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Acute intoxication with high levels of organophosphate (OP) cholinesterase inhibitors can cause cholinergic crisis, which is associated with acute, life-threatening parasympathomimetic symptoms, respiratory depression and seizures that can rapidly progress to status epilepticus (SE). Clinical and experimental data demonstrate that individuals who survive these acute neurotoxic effects often develop significant chronic morbidity, including behavioral deficits. The pathogenic mechanism(s) that link acute OP intoxication to chronic neurological deficits remain speculative. Cellular senescence has been linked to behavioral deficits associated with aging and neurodegenerative disease, but whether acute OP intoxication triggers cellular senescence in the brain has not been investigated. Here, we test this hypothesis in a rat model of acute intoxication with the OP diisopropylfluorophosphate (DFP). Adult male Sprague-Dawley rats were administered DFP (4 mg/kg, s.c.). Control animals were administered an equal volume (300 µL) of sterile phosphate-buffered saline (s.c.). Both groups were subsequently injected with atropine sulfate (2 mg/kg, i.m.) and 2-pralidoxime (25 mg/kg, i.m.). DFP triggered seizure activity within minutes that rapidly progressed to SE, as determined using behavioral seizure criteria. Brains were collected from animals at 1, 3, and 6 months post-exposure for immunohistochemical analyses of p16, a biomarker of cellular senescence. While there was no immunohistochemical evidence of cellular senescence at 1-month post-exposure, at 3- and 6-months post-exposure, p16 immunoreactivity was significantly increased in the CA3 and dentate gyrus of the hippocampus, amygdala, piriform cortex and thalamus, but not the CA1 region of the hippocampus or the somatosensory cortex. Co-localization of p16 immunoreactivity with cell-specific biomarkers, specifically, NeuN, GFAP, S100β, IBA1 and CD31, revealed that p16 expression in the brain of DFP animals is neuron-specific. The spatial distribution of p16-immunopositive cells overlapped with expression of senescence associated β-galactosidase and with degenerating neurons identified by FluoroJade-C (FJC) staining. The co-occurrence of p16 and FJC was positively correlated. This study implicates cellular senescence as a novel pathogenic mechanism underlying the chronic neurological deficits observed in individuals who survive OP-induced cholinergic crisis.
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1 INTRODUCTION
Organophosphate cholinesterase inhibitors (OPs) are a family of potent neurotoxic chemicals that includes nerve agents and pesticides. OP poisoning from accidental or intentional (suicidal) exposures, war, or terrorism is a significant global public health issue (Eddleston and Phillips, 2004; Vogel, 2013; UN, 2017; Haley, 2018). It is estimated that acute OP intoxication annually causes 3 million life-threatening poisoning cases and 250,000 deaths worldwide (Pereira et al., 2014; Mew et al., 2017).
The canonical mechanism of acute OP neurotoxicity is acetylcholinesterase inhibition, which results in hyperstimulation of muscarinic and nicotinic cholinergic receptors in the peripheral and central nervous systems due to excessive accumulation of acetylcholine in the synapse (Pope et al., 2005). Acute inhibition of acetylcholinesterase by ≥ 60%–70% triggers cholinergic crisis, a clinical toxidrome that includes seizures that rapidly progress to status epilepticus (SE) (Pereira et al., 2014; Richardson et al., 2019). While current medical countermeasures for OPs are effective in reducing mortality, unless administered within minutes following exposure, they do not effectively terminate OP-induced seizures or protect against delayed brain damage and long-term morbidity (Eddleston et al., 2008; Chen, 2012; Jett and Spriggs, 2020). Clinical and experimental reports describe long-term neurologic effects, such as neuropsychiatric and cognitive deficits, in those who survive acute OP intoxication (Chen, 2012, reviewed in Figueiredo et al., 2018, reviewed in Jett et al., 2020). These observations coupled with the sobering fact that acutely intoxicating OP exposures remain significant public health threats, underscore the importance of better understanding the pathogenic mechanisms underlying adverse neurological outcomes so that more effective neuroprotective therapies can be found.
Impaired cognitive function has been reported in humans who survived acute OP exposures (Miyaki et al., 2005; Yamasue et al., 2007; Loh et al., 2010, reviewed in Jett et al., 2020, reviewed in Figueiredo et al., 2018, reviewed in Vale and Lotti, 2015). Survivors of the Tokyo subway sarin attack in 1995 have been reported to have not only deficits in cognitive function (Miyaki et al., 2005), but also structural brain damage and decreased gray matter volume in some brain regions (Yamasue et al., 2007). Data from preclinical models of acute OP intoxication (de Araujo Furtado et al., 2012; Deshpande et al., 2014; Pereira et al., 2014; Flannery et al., 2016; Guignet et al., 2020) corroborate human deficits in cognitive function. For instance, adult rats acutely intoxicated with the OP, diisopropylfluorophosphate (DFP) were observed to have impaired memory at 1-month post-exposure as assessed using the Morris water maze (Brewer et al., 2013), at 2 months post-exposure as evaluated by Pavlovian fear conditioning (Guignet et al., 2020), and at 3 months post-exposure using novel object recognition (Rojas et al., 2016).
Extensive experimental and epidemiological data implicate non-cholinergic mechanisms in a diverse range of neurotoxic outcomes associated with OPs (reviewed in Naughton and Terry, 2018; Tsai and Lein, 2021). In the context of the chronic neurotoxicity associated with acute OP intoxication, several non-cholinergic mechanisms are widely posited, including neuroinflammation (reviewed in Guignet and Lein, 2019, reviewed in Andrew and Lein, 2021) and oxidative stress (reviewed in Vanova et al., 2018, reviewed in Pearson and Patel, 2016). The spatiotemporal patterns of neuroinflammation and oxidative stress have recently been characterized in the rat model of acute DFP intoxication (Sisó et al., 2017; Putra et al., 2020a; Guignet et al., 2020; Rojas et al., 2022). However, few studies to date have determined whether experimental manipulation of neuroinflammation or oxidative stress ameliorate long-term effects of acute OP intoxication (Putra et al., 2020a; Putra et al., 2020b; Rojas et al., 2020).
Cellular senescence has been linked to cognitive impairment associated with neurodegenerative disease and age-related cognitive impairment (reviewed in Baker and Petersen, 2018, reviewed in Kritsilis et al., 2018). Cellular senescence, which was originally described as the finite capability of cell replication before experiencing stable growth arrest (Hayflick and Moorhead, 1961), is now thought to be a stress response triggered by a variety of intrinsic and extrinsic insults, such as oncogenic activation, oxidative and genotoxic stress, or mitochondrial dysfunction (reviewed in Kuilman et al., 2010, reviewed in McHugh and Gil, 2017). Cellular senescence can be beneficial or deleterious (reviewed in Burton and Krizhanovsky, 2014). For example, induction of cellular senescence can act to irreversibly halt proliferation of cells at risk for malignant transformation (reviewed in Campisi, 2013); conversely, persistent cellular senescence in aged tissues is thought to contribute to age-related pathologies (Baker et al., 2016, reviewed in van Deursen, 2014). Distinguishing characteristics of senescent cells include upregulated gene and protein expression of p16 and p21 (which are cyclin-dependent kinase inhibitors), chromatin reorganization, loss of nuclear lamin B1, adoption of a pro-inflammatory phenotype known as the senescence-associated secretory phenotype (SASP), and increased β-galactosidase (SA-βgal) activity (reviewed in Baker and Petersen, 2018, reviewed in Childs et al., 2017). While the role of cellular senescence in brain aging and neurodegenerative disease has yet to be fully elucidated, various cell types of the central nervous system have been found to display characteristics of senescence in the context of Alzheimer’s and Parkinson’s disease, including neurons, glial cells and endothelial cells (Arendt et al., 1998; Bhat et al., 2012; Chinta et al., 2018; Musi et al., 2018; Riessland et al., 2019; Graves and Baker, 2020).
Reports that repeated exposure to paraquat in a preclinical model of Parkinson’s disease promotes senescence of astrocytes (Chinta et al., 2018) were among the first evidence that exposure to neurotoxic chemicals can promote cellular senescence in the brain. Here, we leverage a well-characterized rat model of acute DFP intoxication to test the hypothesis that acute OP intoxication promotes cellular senescence in the brain. Cellular senescence was assessed using quantitative immunohistochemistry of biomarkers of cellular senescence during the 6 months following DFP-induced SE.
2 MATERIALS AND METHODS
2.1 Animals
Animals were maintained in facilities fully accredited by AAALAC International, and all studies were performed under protocols approved by the University of California, Davis Institutional Animal Care and Use Committee (IACUC protocol number 20165) in accordance with the ARRIVE guidelines and the National Institutes of Health Guide for the Care and Use of Laboratory Animals. Adult male Sprague-Dawley rats (8 ± 1 weeks old, 225–250 g) were purchased from Charles River Laboratories (Hollister, CA, United States), and upon receipt at the UC Davis vivarium were group housed 3 per cage in standard plastic shoebox cages with autoclaved corncob bedding. Animals were maintained in controlled environmental conditions (22°C ± 2°C, 40%–50% humidity, 12 h light-dark cycle) with ad libitum access to food and water. Animals were allowed to acclimate for at least 7 days before being used for experimentation.
2.2 DFP exposure paradigm and behavioral seizure monitoring
DFP was purchased from Sigma-Aldrich (St. Louis, MO, United States), and stocks were confirmed to have a purity of 90% ± 7% as determined by 1H-, 13C, 19F and 31P NMR methods (Gao et al., 2016). DFP aliquots were stored at −80°C to ensure chemical stability for over a year (Heiss et al., 2016). On the day of dosing, DFP was prepared in ice-cold sterile phosphate-buffered saline (PBS, 3.6 mM Na2HPO4, 1.4 mM NaH2PO4, 150 mM NaCl; pH 7.2) and administered at 4 mg/kg (s.c.) in the scruff of the neck. Control animals were administered a comparable volume (300 µL) of ice-cold sterile PBS. Rats (n = 4–6 per group) were randomly divided into DFP or vehicle control (VEH) groups using a random number generator. Both DFP and VEH groups received a combined intramuscular (i.m.) injection of atropine sulfate (2 mg/kg, purity ≥97%, Sigma-Aldrich) and 2-pralidoxime (2-PAM, 25 mg/kg, purity ≥99%, Sigma-Aldrich) in sterile saline (0.9% NaCl) in the inner thigh of the hind leg 1 min following DFP/VEH administration. This post-exposure treatment has been shown to significantly increase survival by reducing peripheral cholinergic symptoms associated with acute OP intoxication (Pessah et al., 2016).
All animals were continuously monitored for seizure behavior for 4 h post-exposure. Seizure behavior was scored every 5 min for the first 2 h and then every 20 min for the next 2 h using a modified Racine scale as previously described (Deshpande et al., 2010). Briefly, seizure behavior scores ranged from 0 (no signs of symptoms) to 5 (rearing and falling, and loss of righting reflex) (see Figure 1). DFP-intoxicated animals with consecutive seizure scores [image: image] 3 have previously been shown to be in SE as determined using electroencephalographic criteria (Deshpande et al., 2010). The DFP rats included in this study had consecutive seizure scores of [image: image] 3 during the first 40 min after DFP injection. At the end of the 4 h seizure monitoring period, DFP animals were administered 10 mL of 5% dextrose in 0.9% isotonic saline (Baxter International, Deerfield, IL, United States) to replace fluids lost before being returned to their home cages. Soft chow was provided 3–5 days following DFP intoxication until the animals resumed normal consumption of water and solid food.
[image: Figure 1]FIGURE 1 | Experimental design. (A) Adult male Sprague-Dawley rats were treated with DFP (4 mg/kg, s.c.) or equivalent volume of vehicle (300 μL of PBS) at time 0. Both groups were administered atropine sulfate (2 mg/kg, i. m.) and 2-PAM (25 mg/kg, i. m.) 1 min later. Animals were euthanized at 1, 3, or 6 months post-DFP intoxication to collect tissues for immunohistochemistry. (B) Modified Racine scale used to score seizure behavior during the first 4 h post-DFP intoxication. (C) Illustration of the brain regions examined for neuropathology. Created with BioRender.com.
2.3 Histochemistry and immunohistochemistry
At 1, 3, and 6 months post-exposure, animals were humanely euthanized with 4% isoflurane in medical grade oxygen and subsequently perfused transcardially with PBS at a flow rate of 15 mL/min using a Masterflex peristaltic pump (Cole Parmer, Vernon Hills, IL, United States). Following euthanasia, brains were quickly excised from the skull and placed on ice. Each brain was bisected and the right hemisphere sliced into 2-mm thick coronal sections that were post-fixed in 4% (w/v) paraformaldehyde (PFA; Sigma-Aldrich) in phosphate buffer (0.1 M Na2HPO4, 0.1 M NaH2PO4, pH = 7.2) at 4°C overnight. Sections were then switched to 30% (w/v) sucrose (Sigma-Aldrich) in PBS for storage at 4°C until embedded and frozen in Tissue-Plus™ O.C.T. (Thermo Fisher Scientific, Waltham, MA, United States). Brain tissue blocks were cryosectioned into 10-μm thick coronal sections and stored at −80°C.
To detect degenerating neurons, FluoroJade-C (FJC, AG325, Millipore, Burlington, MA, United States) labeling was performed according to the manufacturer’s protocol. Briefly, after drying at 50°C for 10–15 min, sections were rinsed with 70% (v/v) ethanol for 2 min followed by a distilled water wash. Sections were incubated in 0.03% (w/v) potassium permanganate (KMnO4; Sigma-Aldrich) in distilled water for 10 min on a shaker table followed by a 2 min distilled water wash. Next, sections were incubated in a freshly prepared solution of 0.00015% FJC in 0.1% (v/v) acetic acid (Acros Organics, Geel, Belgium) in distilled water containing 0.5 μg/mL DAPI (Invitrogen, Carlsbad, CA, United States) for 10 min. Sections were then washed with distilled water, and dried at 50°C. Dried slides were cleared by immersion in chemical grade xylene (Thermo-Fisher Scientific) for 1 min before being coverslipped in Permount mounting medium (Thermo-Fisher Scientific).
For immunostaining, slides were air dried at room temperature before being rinsed with PBS. Antigen retrieval was performed by incubating the slides in 10 mM sodium citrate buffer (pH = 6.0) for 30 min in a rice cooker (Black & Decker, HS 2000). Following antigen retrieval, sections were washed 3 times with PBS then blocked for 1.5 h at room temperature in 5% (w/v) bovine serum albumin (Sigma-Aldrich) and 10% (v/v) normal goat serum (Vector Laboratories, Burlingame, CA, United States) in PBS containing 0.03% (v/v) Triton X-100 (Thermo-Fisher Scientific). Sections were then incubated with primary antibodies in blocking buffer overnight at 4°C. Primary antibodies used to assess neuropathology included mouse anti p16 (1:500, MA5-17142, RRID AB_2538613, Thermo-Fisher Scientific), rabbit anti-IBA1 (1:1000, 019-19741, RRID AB_839504, Wako Laboratory Chemicals, Richmond, VA, United States), guinea pig anti-GFAP (1:500, 173,004, RRID AB_10641162, Synaptic Systems, Göttingen, Germany), rabbit anti-S100β (1:300, ab52642, RRID AB_882426, Abcam, Cambridge, United Kindom), rabbit anti-NeuN (1:500, PA5-37407, RRID AB_2554049, Thermo Fisher Scientific), rabbit anti-CD31/PECAM-1 (1:250, NB100-2284, RRID AB_10002513, Novus Biologicals, Littleton, CO, United States).
The next day, sections were washed 3 times in PBS with 0.03% (v/v) Triton X-100 before incubation with secondary antibodies in blocking buffer for 1 h at room temperature. The following secondary antibodies were used: for anti-p16, goat anti-mouse IgG1 conjugated to Alexa Fluor 488 (1:500, A21121, RRID AB_2535764, Life Technologies, Carlsbad, CA, United States) or goat anti-mouse IgG1 conjugated to Alexa Fluor 568 (1:500, A21124, RRID AB_2535766, Life Technologies); for anti-IBA1, goat-anti rabbit IgG conjugated to Alexa Fluor 568 (1:1000, A11036, RRID AB_10563566, Life Technologies); for anti-GFAP, goat anti-guinea pig IgG conjugated to Alexa Fluor 647 (1:1000, A21450, RRID AB_2735091, Thermo-Fisher Scientific); for anti-NeuN, goat anti-rabbit IgG (H + L) conjugated to Alexa Fluor 488 (1:500, A11034, RRID AB_2576217, Life Technologies); and for anti-CD31, goat anti-rabbit IgG (H + L) conjugated to Alexa Fluor 647 (1:1000, A21245, RRID AB_2535813, Life Technologies). Negative controls, sections reacted with secondary antibodies only, were run with each batch. All slides were mounted in ProLong™ Gold Antifade with DAPI (Invitrogen, Waltham, MA, United States).
Sections were processed and stained for senescence associated β-galactosidase (SA-β-gal) using the CellEvent Senescence Green Detection Kit (ThermoFisher Scientific). For dual immunostaining and FJC labeling, sections were first processed for immunohistochemistry as described above, and then processed for FJC labeling with the following modifications of the manufacturer’s protocol: sections were immersed in 0.015% KMnO4 for 1 min followed by incubation in 0.0001% FJC solution for 10 min. The sections were rinsed with distilled water and coverslipped in Permount mounting medium.
2.4 High content imaging and image analysis
Fluorescent images were acquired using the high-content ImageXpress XL imaging system (Molecular Devices, Sunnyvale, CA, United States). Images of p16 immunoreactivity and FJC labeling in the following brain regions were acquired from two serial sections from each animal (n = 4–5 animals for VEH groups; n = 5–7 animals for DFP groups): amygdala, hippocampus (CA1, CA3, dentate gyrus), piriform and somatosensory cortex, and dorsolateral thalamus. The final image of each brain region for analysis was built by stitching multiple overlapping tiles that encompassed an entire brain region (MetaXpress Version 6.2.3.733). ImageJ imaging software (version 1.51n, NIH, United States) was applied to set the threshold for fluorescence intensity. Cell size and circularity were used to determine the number of FJC-positive cells per unit area (mm2). p16/NeuN immunoreactivity was assessed using a custom-designed module (MetaXpress Custom Module Editor Version 6.2.3.733) with respect to the percentage of NeuN-immunopositive cells (identified by DAPI staining) with colocalized p16 immunoreactivity. The custom-designed module is described in the Supplementary Material.
2.5 Statistics
For the histological analysis of neuronal expression of the senescence marker p16 and FJC-positive cell count, mixed-effects models (including animal-specific random effects) were fit to assess differences between exposure groups. Primary factors of interest included exposure (DFP, VEH), region (amygdala, CA3, CA1 and hilus of the hippocampus, somatosensory and piriform cortices, and thalamus), and time post-exposure (1, 3, and 6 months post-exposure). Interactions between the factors (exposure, region, and time point) were considered and the best model was chosen using Akaike Information Criterion. To better meet the assumptions of the model, the outcome was transformed using the natural logarithm after shifting all values by 1 to enable analyses of animals with no colocalization or no detectable FJC. Contrasts for group differences by time point and region (p16/NeuN colocalization) and exposure groups (FJC-positive cell count) were constructed and tested using a Wald test. Further contrasts were constructed between time points by region within each exposure group to assess the temporal differences in p16/NeuN colocalization. The Benjamini-Hochberg false discovery rate (FDR) was used to account for multiple comparisons across contrasts. Results are presented as geometric mean ratios (GMR) between exposure groups or between time points. Point estimates of the ratios and 95% confidence intervals are presented in the figures. When the confidence interval for the GMR includes 1, there is no statistical evidence of a difference between groups; similarly, when the confidence interval for the differences includes 0, there is no statistical evidence of a difference between groups. All analyses were performed using SAS software, version 9.4 with alpha set at 0.05. All reported significant results remained significant after the FDR procedure. Correlations between the number of cells expressing p16 and FJC-positive degenerating neurons were analyzed by Pearson’s correlation coefficient using Prism 9. 1. 2 (GraphPad Software).
3 RESULTS
3.1 Acute DFP intoxication increased p16 immunoreactivity at 3-months post-exposure
p16 is a well-established biomarker of cellular senescence that is associated with aging-related pathologies (Baker et al., 2011). Relative to VEH controls, p16 expression was significantly increased in multiple brain regions in the DFP animals at 3-months post-exposure (Figure 2). In DFP animals, p16 immunopositive cells were detected in the hilus and CA3 subregions of the hippocampus, amygdala, piriform cortex, and thalamus. In contrast, there was negligible p16 expression in the CA1 of the hippocampus and somatosensory cortex of DFP animals.
[image: Figure 2]FIGURE 2 | p16 Immunoreactivity was detected in specific brain regions at 3-months post-DFP intoxication. Representative photomicrographs showing p16-immunopositive cells in the hilus of the dentate gyrus, CA3 of the hippocampus, amygdala, piriform cortex, and thalamus. p16 Immunoreactivity was not detected in the CA1 of the hippocampus and the somatosensory cortex at 3-months post-intoxication. Dashed boxes identify the field in the lower magnification image (scale bar = 200 µm) that is shown at higher magnification in the inset box delineated by solid lines (scale bar = 50 µm).
3.2 p16 is expressed by neurons in the acute DFP rat model
To identify if p16 immunoreactivity was limited to specific cell types in the DFP brain at 3-months post-exposure, brain sections were co-labeled for p16 and cell type-specific markers, including NeuN for neurons (Mullen et al., 1992), GFAP and S100β for astrocytes (Eng and Ghirnikar, 1994; Raponi et al., 2007), IBA-1 for microglia/monocytes (Ito et al., 1998), and CD31 for endothelial cells (Mantovani and Dejana, 1998). As shown in representative photomicrographs of the CA3 region of the hippocampus of DFP-exposed animals at 3-months post-intoxication (Figure 3), p16 immuno-reactivity colocalized with NeuN immunoreactivity but not with the other cell type-specific biomarkers, suggesting that acute DFP intoxication specifically induced cellular senescence in neurons.
[image: Figure 3]FIGURE 3 | Cell specificity of p16 immunoreactivity in the acute DFP rat model. Representative photomicrographs of the CA3 of the hippocampus at 3-months post-DFP intoxication immunostained for p16 (red), a biomarker of senescence, and one of the following cell-specific biomarkers (green): NeuN for neurons; GFAP, astrocytes; S100β, astrocytes; IBA-1, microglia; or CD31, endothelial cell. Sections were counterstained with DAPI (blue) to identify cell nuclei. Scale bar = 100 μm.
3.3 Cellular senescence persisted at 6-months post-DFP intoxication
The time course and persistence of cellular senescence in the brain following DFP-induced SE was examined by comparing p16 expression of DFP-intoxicated animals versus VEH controls at 1, 3, and 6 months post-exposure. As illustrated in representative photomicrographs of the dentate gyrus of the hippocampus (Figure 4A), relative to region-matched samples from VEH controls, DFP-intoxicated animals had significantly increased p16 immunoreactivity at 3- and 6-months post-exposure, but not at 1-month pose-exposure. Consistent with data shown in Figure 3, p16 immunoreactivity co-localized with NeuN immunoreactivity, and quantification of neuronal senescence confirmed significantly increased neuronal expression of p16 in the hippocampus (CA3 and dentate gyrus), amygdala, piriform cortex, and thalamus of DFP animals when compared to VEH controls at both 3- and 6-months post-exposure (Figure 4B; p < 0.001, GMR >5.6; the data presented as dot plots is provided in the Supplementary Material, Supplementary Figure S2). The difference between DFP and VEH animals in the percentage of NeuN immunopositive cells co-labeled for p16 varied by brain region and time point (p = 0.002), suggesting regional differences in the temporal profile of neuronal senescence in DFP animals.
[image: Figure 4]FIGURE 4 | Temporal profile of p16 expression following acute DFP intoxication. (A) Representative photomicrographs of NeuN (green) and p16 (red) immunoreactivity in the dentate gyrus of the hippocampus at 1, 3, and 6 months post-DFP intoxication in comparison to VEH. Scale bar = 200 µm. (B) No p16 immunoreactivity was detected at 1-month post-exposure in any of the brain regions examined. However, at 3- and 6-months post-exposure, neuronal p16 expression was significantly increased in all brain region examined in the DFP vs. VEH animals. Dots represent point estimates of the geometric mean ratios (GMRs) of % NeuN-immunopositive cells co-labeled with p16 in DFP vs. VEH; bars represent the 95% confidence intervals. When the confidence interval includes 1, there is no statistical evidence of a significant difference between the two groups. All significant results (colored blue) remained significant after correction for false discovery rate (FDR).
Within the DFP group, p16 expression in the CA3 region of the hippocampus at 6-months post-exposure was two-fold higher than at 3-months post-exposure (GMR = 2.1%, 95% CI = 1.3–3.3, p = 0.002). In contrast, p16 expression at 6-months post-exposure was lower than at 3-months post-exposure in the hilus of dentate gyrus (GMR = 0.4%, 95% CI = 0.2–0.7, p = 0.002) and thalamus (GMR = 0.6%, 95% CI = 0.4–0.9, p = 0.01). There were no significant differences in p16 expression between 6 months and 3 months in any of the brain regions in VEH animals (p > 0.07).
3.4 Senescence-associated β-galactosidase (SA β-gal) coincides with p16 expression
Senescence-associated β-galactosidase (SA β-gal) activity, which is a measure of lysosomal galactosidase activity at pH 6.0, is widely used as a biomarker of senescent cells both in vitro and in vivo (Lee et al., 2006). To corroborate our findings with p16 immunoreactivity, we stained brain sections from DFP animals for SA β-gal at 6-months post-exposure. As shown in the representative photomicrographs in Figure 5, fluorescent β-gal was detected in multiple brain regions of DFP animals and it coincided spatially with p16 expression.
[image: Figure 5]FIGURE 5 | Expression of senescence-associated β-galactosidase (SA β-gal) activity coincided with increased p16 expression in the brain following acute DFP intoxication. Representative photomicrographs of fluorescent β-gal (green) and p16 (red) dual staining of the hippocampus (hilus of dentate gyrus, CA1, and CA3), amygdala, piriform cortex, and thalamus at 6 months post-DFP intoxication. Scale bar = 100 µm.
3.5 Neuronal senescence overlaps with neurodegeneration in the DFP rat brain
We have previously reported that acute DFP intoxication increases neurodegeneration, evident as increased FluoroJade-C (FJC) staining, in multiple brain regions as early as 4 h post-exposure (Li et al., 2011) that persists at 6-months post-exposure (Supasai et al., 2020). To confirm these earlier observations in the current study, we used FJC staining on brain sections from DFP and VEH animals to visualize degenerating neurons (Schmued et al., 2005) in the amygdala, hippocampus, piriform and somatosensory cortices, and thalamus at 3- and 6-months post-DFP intoxication. Consistent with our previous report (Supasai et al., 2020), negligible FJC labeling was observed in brain sections of VEH animals, while in brain sections of DFP animals, FJC-labeled cells were observed in multiple brain regions, including the hippocampus (Supplementary Material, Supplementary Figure S1) at both 3- and 6-months post-intoxication. Quantitative analysis of the number of FJC-positive cells per unit area as a function of time post-exposure confirmed that acute DFP intoxication resulted in significant neurodegeneration (Supplementary Material, Supplementary Figure S1). The difference in FJC-labeled cells between DFP and VEH did not significantly differ by brain region or time, so an overall estimate of the group difference was obtained. The number of FJC-positive cells was significantly higher in DFP animals than VEH animals (GMR = 36.6%, 95% CI = 22.7–59.0; p < 0.001).
To determine whether the spatiotemporal profile of neurodegeneration coincided with that of neuronal senescence, brain sections were immunostained for p16 and then labeled with FJC. There was considerable overlap of p16 immunoreactivity with FJC labeling, as shown in the representative photomicrographs of the hilus of the dentate gyrus, CA3 of the hippocampus, and the thalamus of DFP animals (Figure 6). Pearson correlational analysis of all animals from the 3-month cohort demonstrated a positive correlation between the presence of FJC-positive cells and p16-immunopositive cells in the hilus (r = 0.8894, p = 0.0013), CA3 (r = 0.7448, p = 0.0213), amygdala (r = 0.8353, p = 0.0193), piriform cortex (r = 0.7768, p = 0.0233), and thalamus (r = 0.9546, p = 0.0002) (Figure 7A). At 6-months post-exposure (Figure 7B), a positive correlation was found for CA3 (r = 0.7323, p = 0.0249), amygdala (r = 0.9605, p = 0.0001), piriform cortex (r = 0.8864, p = 0.0034), and thalamus (r = 0.9048, p = 0.0008), but not the hilus (p = 0.0734).
[image: Figure 6]FIGURE 6 | Colocalization of neuronal p16 expression and FJC-labeled cells in various brain regions following acute DFP intoxication. Representative photomicrographs of p16 immunoreactivity (red) and FJC staining (green) in multiple brain regions at 6-months post-DFP intoxication. Sections were counterstained with DAPI (blue) to identify cell nuclei. Scale bar = 200 µm.
[image: Figure 7]FIGURE 7 | Neuronal senescence and neurodegeneration are positively correlated in multiple brain regions of DFP-intoxicated animals. (A) (B) Pearson correlation of p16-immunopositive versus FJC-labeled cells in the hilus, the CA3 of the hippocampus, amygdala, piriform cortex, and the thalamus at 3 (A) and 6 (B) months post-DFP intoxication.
4 DISCUSSION
There is increasing interest in the contribution of cellular senescence in the brain to the pathophysiology of brain aging and neurodegenerative disease (reviewed in Baker and Petersen, 2018, reviewed in Kritsilis et al., 2018, reviewed in Wissler Gerdes et al., 2020). In various animal models, the clearance of senescent cells via pharmacological approaches significantly improved the performance of animals in behavioral tests of cognitive function (Bussian et al., 2018; Zhang et al., 2019; Ogrodnik et al., 2021), providing proof-of-concept evidence linking cellular senescence to the cognitive deficits associated with aging- and neurodegenerative disease. Cognitive deficits are also associated with acute OP intoxication, and in the rat model of acute DFP intoxication, impaired learning and memory manifests during the weeks to months following DFP exposure (Brewer et al., 2013; Flannery et al., 2016; Rojas et al., 2016; Guignet et al., 2020). However, cellular senescence has not been investigated in the context of acute OP intoxication.
To test the hypothesis that acute OP intoxication promotes cellular senescence, we quantified the expression of well-characterized biomarkers of cellular senescence in the adult rat model of acute DFP intoxication. The hypothesis is supported by our findings. Specifically, we observed: 1) acute DFP intoxication significantly increased expression of p16 and SA β-gal in overlapping areas; 2) p16 immunoreactivity colocalized with a neuron-specific biomarker but not with biomarkers for astrocytes, microglia, or endothelial cells; and 3) neuronal senescence in the brain of DFP animals is spatially heterogeneous, with significant p16 immunoreactivity detected in the CA3 and hilus of the hippocampus, amygdala, piriform cortex, and thalamus, but not in the CA1 of the hippocampus or somatosensory cortex. In contrast to other well-documented neuropathologic consequences of acute OP intoxication, such as neuroinflammation, oxidative stress, and neurodegeneration which are significantly elevated during the first few days to weeks post-exposure (Li et al., 2011; Rojas et al., 2015; Flannery et al., 2016; Siso et al., 2017; Liang et al., 2018), p16 expression was not observed during the first month after DFP intoxication. Significant p16 expression was evident at 3-months post-DFP and remained at high levels through 6 months post-intoxication.
Various cell types in the brain have been reported to express features of cellular senescence in aging and neurodegenerative diseases including neurons (Jurk et al., 2012; Musi et al., 2018; Moreno-Blas et al., 2019; Vazquez-Villaseñor et al., 2020), astrocytes (Bhat et al., 2012; Chinta et al., 2018; Vazquez-Villaseñor et al., 2020), microglia (Bussian et al., 2018) and oligodendrocyte progenitor cells (Zhang et al., 2019). Our observation of delayed neuronal senescence in the brain of the DFP rat months post-exposure adds to the nascent body of literature identifying senescent phenotypes in postmitotic cells. This finding calls into question the widely held view that cellular senescence is a property of proliferating cells (reviewed in Gorgoulis et al., 2019, reviewed in von Zglinicki et al., 2020).
It was first shown by Jurk and colleagues that DNA damage leads to a senescence-like state in mature postmitotic neurons in vivo via a p21-dependent mechanism (Jurk et al., 2012). Reports of altered expression of cellular senescence-related cell cycle markers in postmitotic neurons challenge the current dogma that neurons exit from the cell cycle once they are terminally differentiated (Copani et al., 2001; Wani et al., 2017; Moreno-Blas et al., 2019; Barrio-Alonso et al., 2020). It is worth noting that aberrant expression of cell cycle proteins in postmitotic cells often results in abnormal cell cycle reentry and subsequent cell death (reviewed in Xia et al., 2019). For example, differentiated PC12 cells exposed to the OP pesticide dichlorvos for 12 h exhibited increased expression of p53, cyclin-D1 and pRb, but decreased expression of p21(Wani et al., 2017). Further cell cycle analysis via flow cytometry confirmed that dichlorvos shifted the distribution of cells among the different phases of the cell cycle, with fewer cells in the G0/G1 phase and more in the S and G2/M phases compared to controls. These effects of dichlorvos coincided with increased expression of pro-apoptotic proteins Bax and cytochrome c and decreased expression of anti-apoptotic protein Bcl-2, suggesting that dichlorvos caused neuronal cell damage potentially via triggering re-entry of differentiated PC12 cells into the cell cycle, which led to apoptotic cell death.
p16 is a cyclin-dependent kinase inhibitor that prevents cell cycle progression (Sherr and Roberts, 1999). Thus, it is possible that in the acutely intoxicated DFP rat, increased expression of p16 might be potentially beneficial initially by allowing stressed neurons to enter a senescent state to avoid cell cycle re-entry and subsequent apoptosis. However, accumulation of senescent neurons in the brain may eventually result in neural network dysregulation and chronic inflammation. In support of this possibility, senescent neurons have been shown to adopt the senescence-associated secretory phenotype (SASP) and become pro-inflammatory (reviewed in Chinta et al., 2015; Jurk et al., 2012, reviewed in Sah et al., 2021). While we did not measure the SASP in this study, we propose the testable hypothesis that senescent neurons in the DFP brain contribute to persistent DFP-induced neuroinflammation (Supasai et al., 2020) by secreting SASP factors, such as pro-inflammatory cytokines and exosomes, to induce senescence in neighboring neurons in a paracrine fashion as previously demonstrated in other models (Nelson et al., 2012).
In this study, we observed a positive correlation between senescent and degenerating neurons in the amygdala, hippocampus, piriform cortex, and thalamus, as indicated by p16 immunoreactivity and FJC labeling. This raises questions as to whether cellular senescence drives neurodegeneration or, conversely, whether neurodegeneration promotes neuronal senescence. However, our observation that not all brain regions previously reported to exhibit significant FJC labeling at 3- and 6-months post-DFP intoxication (Supasai et al., 2020) exhibited p16 immunoreactivity suggests that neuronal senescence and neurodegeneration are likely independent but parallel processes that occur months after acute DFP intoxication.
A key question raised by our study concerns the mechanism(s) by which acute DFP intoxication causes delayed neuronal senescence. Previous studies have demonstrated that intoxication with a single seizurogenic dose of DFP triggers a robust neuroinflammatory response (Liu et al., 2012; Rojas et al., 2015; Flannery et al., 2016; Siso et al., 2017; Guignet et al., 2020) and upregulates multiple biomarkers of oxidative stress (Zaja-Milatovic et al., 2009; Liang et al., 2018; Putra et al., 2020a; Putra et al., 2020b; Guignet et al., 2020) within hours that persist for weeks to months post-exposure. Cellular senescence can be induced by neuroinflammation and oxidative stress (reviewed in Gorgoulis et al., 2019, reviewed in Martínez-Zamudio et al., 2017, reviewed in Baker and Petersen, 2018, reviewed in Walton and Andersen, 2019), suggesting potential mechanisms underlying neuronal senescence in the brain of DFP rats. Further studies will be required to assess causal relationships between neuroinflammation, oxidative stress, and neuronal senescence following acute OP intoxication and evaluate their contributions to adverse neurological outcomes.
While we observed delayed but persistent neuronal senescence in brain regions that are critically involved in cognitive behavior after acute DFP intoxication, there are several limitations of this study that need to be addressed. First, these findings need to be corroborated by characterizing expression of additional biomarkers of cellular senescence, such as p21, lamin B1, and SASP. Second, it would be of value to determine which neuronal cell type(s) are expressing p16 and whether treatments targeting cellular senescence mitigate not only neuronal senescence, but also cognitive impairment. Third, further studies are warranted to determine whether cellular senescence is a phenotype generalized across OPs.
In summary, we present novel data demonstrating that acute DFP intoxication caused delayed cellular senescence, specifically in neurons. Spatiotemporal characterization of neuronal p16 expression indicated that senescence developed between 1- and 3-months post-DFP exposure and persisted at 6-months post-exposure. In addition, we identified a positive correlation between neurodegeneration and neuronal senescence in the amygdala, hippocampus, piriform cortex, and thalamus; however, it is not clear whether there is a causal relationship between these two pathogenic outcomes because neurodegeneration was observed in brain regions at 6 months post-DFP intoxication that exhibited negligible p16 immunoreactivity. These findings implicate cellular senescence as a potential pathogenic mechanism linking acute OP intoxication to chronic neurotoxic outcomes, identifying cellular senescence as a potential therapeutic target for protecting brain function in individuals acutely intoxicated with OPs.
DATA AVAILABILITY STATEMENT
The original contributions presented in the study are included in the article/Supplementary Material, further inquiries can be directed to the corresponding author.
ETHICS STATEMENT
The animal study was approved by the University of California, Davis Institutional Animal Care and Use Committee. The study was conducted in accordance with the local legislation and institutional requirements.
AUTHOR CONTRIBUTIONS
YT: Conceptualization, Data curation, Formal Analysis, Investigation, Methodology, Visualization, Writing–original draft, Writing–review and editing. EG: Investigation, Writing–review and editing. AG: Conceptualization, Methodology, Writing–review and editing. DB: Investigation, Methodology, Writing–review and editing. NS: Formal Analysis, Visualization, Writing–original draft. DH: Formal Analysis, Visualization, Writing–original draft, Writing–review and editing. PL: Conceptualization, Funding acquisition, Methodology, Project administration, Supervision, Visualization, Writing–review and editing.
FUNDING
The author(s) declare that financial support was received for the research, authorship, and/or publication of this article. This work was supported by the CounterACT Program, National Institutes of Health (NIH) Office of the Director and the National Institute of Neurological Disorders and Stroke (NINDS) [grant number U54 NS079202], and predoctoral fellowships to EG from the NINDS [grant number F31 NS110522], the NIH Initiative for Maximizing Student Development [grant number R25 GM5676520], and the ARCS Foundation. This project used core facilities supported by the UC Davis MIND Institute Intellectual and Developmental Disabilities Research Center (P50 HD103526). The sponsors were not involved in the study design, in the collection, analysis, or interpretation of data, in the writing of the report, or in the decision to submit the paper for publication.
ACKNOWLEDGMENTS
The authors thank Dr. Suzette Smiley-Jewell (UC Davis CounterACT Center of Excellence) for her assistance in proofreading and editing this manuscript.
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.
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/ftox.2024.1360359/full#supplementary-material
REFERENCES
 Andrew, P. M., and Lein, P. J. (2021). Neuroinflammation as a therapeutic target for mitigating the long-term consequences of acute organophosphate intoxication. Front. Pharmacol. 12, 674325. doi:10.3389/fphar.2021.674325
 Arendt, T., Holzer, M., and Gärtner, U. (1998). Neuronal expression of cycline dependent kinase inhibitors of the INK4 family in Alzheimer's disease. J. Neural Transm. 105, 949–960. doi:10.1007/s007020050104
 Baker, D. J., Childs, B. G., Durik, M., Wijers, M. E., Sieben, C. J., Zhong, J., et al. (2016). Naturally occurring p16Ink4a-positive cells shorten healthy lifespan. Nature 530, 184–189. doi:10.1038/nature16932
 Baker, D. J., and Petersen, R. C. (2018). Cellular senescence in brain aging and neurodegenerative diseases: evidence and perspectives. J. Clin. Investigation 128, 1208–1216. doi:10.1172/JCI95145
 Baker, D. J., Wijshake, T., Tchkonia, T., Lebrasseur, N. K., Childs, B. G., Van De Sluis, B., et al. (2011). Clearance of p16Ink4a-positive senescent cells delays ageing-associated disorders. Nature 479, 232–236. doi:10.1038/nature10600
 Barrio-Alonso, E., Fontana, B., Valero, M., and Frade, J. M. (2020). Pathological aspects of neuronal hyperploidization in Alzheimer’s disease evidenced by computer simulation. Front. Genet. 11, 287. doi:10.3389/fgene.2020.00287
 Bhat, R., Crowe, E. P., Bitto, A., Moh, M., Katsetos, C. D., Garcia, F. U., et al. (2012). Astrocyte senescence as a component of Alzheimer’s disease. PLOS ONE 7, e45069. doi:10.1371/journal.pone.0045069
 Brewer, K. L., Troendle, M. M., Pekman, L., and Meggs, W. J. (2013). Naltrexone prevents delayed encephalopathy in rats poisoned with the sarin analogue diisopropylflurophosphate. Am. J. Emerg. Med. 31, 676–679. doi:10.1016/j.ajem.2012.12.003
 Burton, D. G. A., and Krizhanovsky, V. (2014). Physiological and pathological consequences of cellular senescence. Cell. Mol. Life Sci. 71, 4373–4386. doi:10.1007/s00018-014-1691-3
 Bussian, T. J., Aziz, A., Meyer, C. F., Swenson, B. L., Van Deursen, J. M., and Baker, D. J. (2018). Clearance of senescent glial cells prevents tau-dependent pathology and cognitive decline. Nature 562, 578–582. doi:10.1038/s41586-018-0543-y
 Campisi, J. (2013). Aging, cellular senescence, and cancer. Annu. Rev. Physiology 75, 685–705. doi:10.1146/annurev-physiol-030212-183653
 Chen, Y. (2012). Organophosphate-induced brain damage: mechanisms, neuropsychiatric and neurological consequences, and potential therapeutic strategies. NeuroToxicology 33, 391–400. doi:10.1016/j.neuro.2012.03.011
 Childs, B. G., Gluscevic, M., Baker, D. J., Laberge, R.-M., Marquess, D., Dananberg, J., et al. (2017). Senescent cells: an emerging target for diseases of ageing. Nat. Rev. Drug Discov. 16, 718–735. doi:10.1038/nrd.2017.116
 Chinta, S. J., Woods, G., Demaria, M., Rane, A., Zou, Y., Mcquade, A., et al. (2018). Cellular senescence is induced by the environmental neurotoxin paraquat and contributes to neuropathology linked to Parkinson’s disease. Cell Rep. 22, 930–940. doi:10.1016/j.celrep.2017.12.092
 Chinta, S. J., Woods, G., Rane, A., Demaria, M., Campisi, J., and Andersen, J. K. (2015). Cellular senescence and the aging brain. Exp. Gerontol. 68, 3–7. doi:10.1016/j.exger.2014.09.018
 Copani, A., Copani, A., Angela Sortino, M., Nicoletti, F., Bruno, V., Nicoletti, F., et al. (2001). Activation of cell-cycle-associated proteins in neuronal death: a mandatory or dispensable path?Trends Neurosci. 24, 25–31. doi:10.1016/S0166-2236(00)01663-5
 De Araujo Furtado, M., Rossetti, F., Chanda, S., and Yourick, D. (2012). Exposure to nerve agents: from status epilepticus to neuroinflammation, brain damage, neurogenesis and epilepsy. NeuroToxicology 33, 1476–1490. doi:10.1016/j.neuro.2012.09.001
 Deshpande, L. S., Carter, D. S., Blair, R. E., and Delorenzo, R. J. (2010). Development of a prolonged calcium plateau in hippocampal neurons in rats surviving status epilepticus induced by the organophosphate diisopropylfluorophosphate. Toxicol. Sci. 116, 623–631. doi:10.1093/toxsci/kfq157
 Deshpande, L. S., Phillips, K., Huang, B., and Delorenzo, R. J. (2014). Chronic behavioral and cognitive deficits in a rat survival model of paraoxon toxicity. NeuroToxicology 44, 352–357. doi:10.1016/j.neuro.2014.08.008
 Eddleston, M., Buckley, N. A., Eyer, P., and Dawson, A. H. (2008). Management of acute organophosphorus pesticide poisoning. Lancet 371, 597–607. doi:10.1016/S0140-6736(07)61202-1
 Eddleston, M., and Phillips, M. R. (2004). Self poisoning with pesticides. BMJ 328, 42–44. doi:10.1136/bmj.328.7430.42
 Eng, L. F., and Ghirnikar, R. S. (1994). GFAP and astrogliosis. Brain Pathol. 4, 229–237. doi:10.1111/j.1750-3639.1994.tb00838.x
 Figueiredo, T. H., Apland, J. P., Braga, M. F. M., and Marini, A. M. (2018). Acute and long-term consequences of exposure to organophosphate nerve agents in humans. Epilepsia 59, 92–99. doi:10.1111/epi.14500
 Flannery, B. M., Bruun, D. A., Rowland, D. J., Banks, C. N., Austin, A. T., Kukis, D. L., et al. (2016). Persistent neuroinflammation and cognitive impairment in a rat model of acute diisopropylfluorophosphate intoxication. J. Neuroinflammation 13, 267. doi:10.1186/s12974-016-0744-y
 Gao, J., Naughton, S. X., Wulff, H., Singh, V., Beck, W. D., Magrane, J., et al. (2016). Diisopropylfluorophosphate impairs the transport of membrane-bound organelles in rat cortical axons. J. Pharmacol. Exp. Ther. 356, 645–655. doi:10.1124/jpet.115.230839
 Gorgoulis, V., Adams, P. D., Alimonti, A., Bennett, D. C., Bischof, O., Bishop, C., et al. (2019). Cellular senescence: defining a path forward. Cell 179, 813–827. doi:10.1016/j.cell.2019.10.005
 Graves, S. I., and Baker, D. J. (2020). Implicating endothelial cell senescence to dysfunction in the ageing and diseased brain. Basic & Clin. Pharmacol. Toxicol. 127, 102–110. doi:10.1111/bcpt.13403
 Guignet, M., Dhakal, K., Flannery, B. M., Hobson, B. A., Zolkowska, D., Dhir, A., et al. (2020). Persistent behavior deficits, neuroinflammation, and oxidative stress in a rat model of acute organophosphate intoxication. Neurobiol. Dis. 133, 104431. doi:10.1016/j.nbd.2019.03.019
 Guignet, M., and Lein, P. J. (2019). “Chapter two - neuroinflammation in organophosphate-induced neurotoxicity,” in Advances in Neurotoxicology ed . Editors M. ASCHNER,, and L. G. COSTA (United States: Academic Press). 
 Haley, N. (2018). Remarks at an emergency UN security council briefing on chemical weapons use by Russia in the United Kingdom. New York City: U.S. Mission to the United Nations. 
 Hayflick, L., and Moorhead, P. S. (1961). The serial cultivation of human diploid cell strains. Exp. Cell Res. 25, 585–621. doi:10.1016/0014-4827(61)90192-6
 Heiss, D. R., Zehnder, D. W., Jett, D. A., Platoff, G. E., Yeung, D. T., and Brewer, B. N. (2016). Synthesis and storage stability of diisopropylfluorophosphate. J. Chem. 2016, 3190891. doi:10.1155/2016/3190891
 Ito, D., Imai, Y., Ohsawa, K., Nakajima, K., Fukuuchi, Y., and Kohsaka, S. (1998). Microglia-specific localisation of a novel calcium binding protein, Iba1. Mol. Brain Res. 57, 1–9. doi:10.1016/S0169-328X(98)00040-0
 Jett, D. A., Sibrizzi, C. A., Blain, R. B., Hartman, P. A., Lein, P. J., Taylor, K. W., et al. (2020). A national toxicology program systematic review of the evidence for long-term effects after acute exposure to sarin nerve agent. Crit. Rev. Toxicol. 50, 474–490. doi:10.1080/10408444.2020.1787330
 Jett, D. A., and Spriggs, S. M. (2020). Translational research on chemical nerve agents. Neurobiol. Dis. 133, 104335. doi:10.1016/j.nbd.2018.11.020
 Jurk, D., Wang, C., Miwa, S., Maddick, M., Korolchuk, V., Tsolou, A., et al. (2012). Postmitotic neurons develop a p21-dependent senescence-like phenotype driven by a DNA damage response. Aging Cell 11, 996–1004. doi:10.1111/j.1474-9726.2012.00870.x
 Kritsilis, M., Rizou, V., Koutsoudaki, P. N., Evangelou, K., Gorgoulis, V. G., and Papadopoulos, D. (2018). Ageing, cellular senescence and neurodegenerative disease. Int. J. Mol. Sci. 19, 2937. doi:10.3390/ijms19102937
 Kuilman, T., Michaloglou, C., Mooi, W. J., and Peeper, D. S. (2010). The essence of senescence. Genes & Dev. 24, 2463–2479. doi:10.1101/gad.1971610
 Lee, B. Y., Han, J. A., Im, J. S., Morrone, A., Johung, K., Goodwin, E. C., et al. (2006). Senescence-associated beta-galactosidase is lysosomal beta-galactosidase. Aging Cell 5, 187–195. doi:10.1111/j.1474-9726.2006.00199.x
 Li, Y., Lein, P. J., Liu, C., Bruun, D. A., Tewolde, T., Ford, G., et al. (2011). Spatiotemporal pattern of neuronal injury induced by DFP in rats: a model for delayed neuronal cell death following acute OP intoxication. Toxicol. Appl. Pharmacol. 253, 261–269. doi:10.1016/j.taap.2011.03.026
 Liang, L.-P., Pearson-Smith, J. N., Huang, J., Mcelroy, P., Day, B. J., and Patel, M. (2018). Neuroprotective effects of AEOL10150 in a rat organophosphate model. Toxicol. Sci. 162, 611–621. doi:10.1093/toxsci/kfx283
 Liu, C., Li, Y., Lein, P. J., and Ford, B. D. (2012). Spatiotemporal patterns of GFAP upregulation in rat brain following acute intoxication with diisopropylfluorophosphate (DFP). Curr. Neurobiol. 3, 90–97.
 Loh, Y., Swanberg, M. M., Ingram, M. V., and Newmark, J. (2010). Case report: long-term cognitive sequelae of sarin exposure. NeuroToxicology 31, 244–246. doi:10.1016/j.neuro.2009.12.004
 Mantovani, A., and Dejana, E. (1998). “Endothelium,” in Encyclopedia of immunology . Second Edition (Oxford: Elsevier).
 Martínez-Zamudio, R. I., Robinson, L., Roux, P.-F., and Bischof, O. (2017). SnapShot: cellular senescence pathways. Cell 170, 816–816.e1. doi:10.1016/j.cell.2017.07.049
 Mchugh, D., and Gil, J. (2017). Senescence and aging: causes, consequences, and therapeutic avenues. J. Cell Biol. 217, 65–77. doi:10.1083/jcb.201708092
 Mew, E. J., Padmanathan, P., Konradsen, F., Eddleston, M., Chang, S.-S., Phillips, M. R., et al. (2017). The global burden of fatal self-poisoning with pesticides 2006-15: systematic review. J. Affect. Disord. 219, 93–104. doi:10.1016/j.jad.2017.05.002
 Miyaki, K., Nishiwaki, Y., Maekawa, K., Ogawa, Y., Asukai, N., Yoshimura, K., et al. (2005). Effects of sarin on the nervous system of subway workers seven years after the Tokyo subway sarin attack. J. Occup. Health 47, 299–304. doi:10.1539/joh.47.299
 Moreno-Blas, D., Gorostieta-Salas, E., Pommer-Alba, A., Muciño-Hernández, G., Gerónimo-Olvera, C., Maciel-Barón, L. A., et al. (2019). Cortical neurons develop a senescence-like phenotype promoted by dysfunctional autophagy. Aging 11, 6175–6198. doi:10.18632/aging.102181
 Mullen, R. J., Buck, C. R., and Smith, A. M. (1992). NeuN, a neuronal specific nuclear protein in vertebrates. Development 116, 201–211. doi:10.1242/dev.116.1.201
 Musi, N., Valentine, J. M., Sickora, K. R., Baeuerle, E., Thompson, C. S., Shen, Q., et al. (2018). Tau protein aggregation is associated with cellular senescence in the brain. Aging Cell 17, e12840. doi:10.1111/acel.12840
 Naughton, S. X., and Terry, A. V. (2018). Neurotoxicity in acute and repeated organophosphate exposure. Toxicology 408, 101–112. doi:10.1016/j.tox.2018.08.011
 Nelson, G., Wordsworth, J., Wang, C., Jurk, D., Lawless, C., Martin-Ruiz, C., et al. (2012). A senescent cell bystander effect: senescence-induced senescence. Aging Cell 11, 345–349. doi:10.1111/j.1474-9726.2012.00795.x
 Ogrodnik, M., Evans, S. A., Fielder, E., Victorelli, S., Kruger, P., Salmonowicz, H., et al. (2021). Whole-body senescent cell clearance alleviates age-related brain inflammation and cognitive impairment in mice. Aging Cell 20, e13296. doi:10.1111/acel.13296
 Pearson, J. N., and Patel, M. (2016). The role of oxidative stress in organophosphate and nerve agent toxicity. Ann. N. Y. Acad. Sci. 1378, 17–24. doi:10.1111/nyas.13115
 Pereira, E. F. R., Aracava, Y., Detolla, L. J., Beecham, E. J., Basinger, G. W., Wakayama, E. J., et al. (2014). Animal models that best reproduce the clinical manifestations of human intoxication with organophosphorus compounds. J. Pharmacol. Exp. Ther. 350, 313–321. doi:10.1124/jpet.114.214932
 Pessah, I. N., Rogawski, M. A., Tancredi, D. J., Wulff, H., Zolkowska, D., Bruun, D. A., et al. (2016). Models to identify treatments for the acute and persistent effects of seizure-inducing chemical threat agents. Ann. N. Y. Acad. Sci. 1378, 124–136. doi:10.1111/nyas.13137
 Pope, C., Karanth, S., and Liu, J. (2005). Pharmacology and toxicology of cholinesterase inhibitors: uses and misuses of a common mechanism of action. Environ. Toxicol. Pharmacol. 19, 433–446. doi:10.1016/j.etap.2004.12.048
 Putra, M., Gage, M., Sharma, S., Gardner, C., Gasser, G., Anantharam, V., et al. (2020a). Diapocynin, an NADPH oxidase inhibitor, counteracts diisopropylfluorophosphate-induced long-term neurotoxicity in the rat model. Ann. N. Y. Acad. Sci. 1479, 75–93. doi:10.1111/nyas.14314
 Putra, M., Sharma, S., Gage, M., Gasser, G., Hinojo-Perez, A., Olson, A., et al. (2020b). Inducible nitric oxide synthase inhibitor, 1400W, mitigates DFP-induced long-term neurotoxicity in the rat model. Neurobiol. Dis. 133, 104443. doi:10.1016/j.nbd.2019.03.031
 Raponi, E., Agenes, F., Delphin, C., Assard, N., Baudier, J., Legraverend, C., et al. (2007). S100B expression defines a state in which GFAP-expressing cells lose their neural stem cell potential and acquire a more mature developmental stage. Glia 55, 165–177. doi:10.1002/glia.20445
 Richardson, J. R., Fitsanakis, V., Westerink, R. H. S., and Kanthasamy, A. G. (2019). Neurotoxicity of pesticides. Acta Neuropathol. 138, 343–362. doi:10.1007/s00401-019-02033-9
 Riessland, M., Kolisnyk, B., Kim, T. W., Cheng, J., Ni, J., Pearson, J. A., et al. (2019). Loss of SATB1 induces p21-dependent cellular senescence in post-mitotic dopaminergic neurons. Cell Stem Cell 25, 514–530. doi:10.1016/j.stem.2019.08.013
 Rojas, A., Abreu-Melon, J., Wang, S., and Dingledine, R. (2022). Time-dependent neuropathology in rats following organophosphate-induced status epilepticus. Neurotoxicology 91, 45–59. doi:10.1016/j.neuro.2022.04.010
 Rojas, A., Ganesh, T., Lelutiu, N., Gueorguieva, P., and Dingledine, R. (2015). Inhibition of the prostaglandin EP2 receptor is neuroprotective and accelerates functional recovery in a rat model of organophosphorus induced status epilepticus. Neuropharmacology 93, 15–27. doi:10.1016/j.neuropharm.2015.01.017
 Rojas, A., Ganesh, T., Manji, Z., O'neill, T., and Dingledine, R. (2016). Inhibition of the prostaglandin E2 receptor EP2 prevents status epilepticus-induced deficits in the novel object recognition task in rats. Neuropharmacology 110, 419–430. doi:10.1016/j.neuropharm.2016.07.028
 Rojas, A., Ganesh, T., Wang, W., Wang, J., and Dingledine, R. (2020). A rat model of organophosphate-induced status epilepticus and the beneficial effects of EP2 receptor inhibition. Neurobiol. Dis. 133, 104399. doi:10.1016/j.nbd.2019.02.010
 Sah, E., Krishnamurthy, S., Ahmidouch, M. Y., Gillispie, G. J., Milligan, C., and Orr, M. E. (2021). The cellular senescence stress response in post-mitotic brain cells: cell survival at the expense of tissue degeneration. Life 11, 229. doi:10.3390/life11030229
 Schmued, L. C., Stowers, C. C., Scallet, A. C., and Xu, L. (2005). Fluoro-Jade C results in ultra high resolution and contrast labeling of degenerating neurons. Brain Res. 1035, 24–31. doi:10.1016/j.brainres.2004.11.054
 Sherr, C. J., and Roberts, J. M. (1999). CDK inhibitors: positive and negative regulators of G1-phase progression. Genes & Dev. 13, 1501–1512. doi:10.1101/gad.13.12.1501
 Siso, S., Hobson, B. A., Harvey, D. J., Bruun, D. A., Rowland, D. J., Garbow, J. R., et al. (2017). Editor's highlight: spatiotemporal progression and remission of lesions in the rat brain following acute intoxication with diisopropylfluorophosphate. Toxicol. Sci. 157, 330–341. doi:10.1093/toxsci/kfx048
 Supasai, S., González, E. A., Rowland, D. J., Hobson, B., Bruun, D. A., Guignet, M. A., et al. (2020). Acute administration of diazepam or midazolam minimally alters long-term neuropathological effects in the rat brain following acute intoxication with diisopropylfluorophosphate. Eur. J. Pharmacol. 886, 173538. doi:10.1016/j.ejphar.2020.173538
 Tsai, Y.-H., and Lein, P. J. (2021). Mechanisms of organophosphate neurotoxicity. Curr. Opin. Toxicol. 26, 49–60. doi:10.1016/j.cotox.2021.04.002
 Un (2017). Report of the independent international commission of inquiry on the arab Syrian republic. Int. Leg. Mater. 51, 1381–1466. doi:10.5305/intelegamate.51.6.1381
 Vale, A., and Lotti, M. (2015). “Chapter 10 - organophosphorus and carbamate insecticide poisoning,” in Handbook of clinical neurology ed . Editors M. LOTTI,, and M. L. BLEECKER (Oxford: Elsevier). 
 Van Deursen, J. M. (2014). The role of senescent cells in ageing. Nature 509, 439–446. doi:10.1038/nature13193
 Vanova, N., Pejchal, J., Herman, D., Dlabkova, A., and Jun, D. (2018). Oxidative stress in organophosphate poisoning: role of standard antidotal therapy. J. Appl. Toxicol. 38, 1058–1070. doi:10.1002/jat.3605
 Vazquez-Villaseñor, I., Garwood, C. J., Heath, P. R., Simpson, J. E., Ince, P. G., and Wharton, S. B. (2020). Expression of p16 and p21 in the frontal association cortex of ALS/MND brains suggests neuronal cell cycle dysregulation and astrocyte senescence in early stages of the disease. Neuropathology Appl. Neurobiol. 46, 171–185. doi:10.1111/nan.12559
 Vogel, L. (2013). WHO releases guidelines for treating chemical warfare victims after possible Syria attacks. Can. Med. Assoc. J. 185, E665. doi:10.1503/cmaj.109-4592
 Von Zglinicki, T., Wan, T., and Miwa, S. (2020). Senescence in post-mitotic cells: a driver of aging?Antioxidants Redox Signal. 34, 308–323. doi:10.1089/ars.2020.8048
 Walton, C. C., and Andersen, J. K. (2019). Unknown fates of (brain) oxidation or UFO: close encounters with neuronal senescence. Free Radic. Biol. Med. 134, 695–701. doi:10.1016/j.freeradbiomed.2019.01.012
 Wani, W. Y., Kandimalla, R. J. L., Sharma, D. R., Kaushal, A., Ruban, A., Sunkaria, A., et al. (2017). Cell cycle activation in p21 dependent pathway: an alternative mechanism of organophosphate induced dopaminergic neurodegeneration. Biochimica Biophysica Acta (BBA) - Mol. Basis Dis. 1863, 1858–1866. doi:10.1016/j.bbadis.2016.05.014
 Wissler Gerdes, E. O., Zhu, Y., Weigand, B. M., Tripathi, U., Burns, T. C., Tchkonia, T., et al. (2020). Cellular senescence in aging and age-related diseases: implications for neurodegenerative diseases. Int. Rev. Neurobiol. 155, 203–234. doi:10.1016/bs.irn.2020.03.019
 Xia, P., Liu, Y., Chen, J., and Cheng, Z. (2019). Cell cycle proteins as key regulators of postmitotic cell death. Yale J. Biol. Med. 92, 641–650.
 Yamasue, H., Abe, O., Kasai, K., Suga, M., Iwanami, A., Yamada, H., et al. (2007). Human brain structural change related to acute single exposure to sarin. Ann. Neurology 61, 37–46. doi:10.1002/ana.21024
 Zaja-Milatovic, S., Gupta, R. C., Aschner, M., and Milatovic, D. (2009). Protection of DFP-induced oxidative damage and neurodegeneration by antioxidants and NMDA receptor antagonist. Toxicol. Appl. Pharmacol. 240, 124–131. doi:10.1016/j.taap.2009.07.006
 Zhang, P., Kishimoto, Y., Grammatikakis, I., Gottimukkala, K., Cutler, R. G., Zhang, S., et al. (2019). Senolytic therapy alleviates Aβ-associated oligodendrocyte progenitor cell senescence and cognitive deficits in an Alzheimer's disease model. Nat. Neurosci. 22, 719–728. doi:10.1038/s41593-019-0372-9
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 © 2024 Tsai, González, Grodzki, Bruun, Saito, Harvey and Lein. 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/ftox-06-1360359-g005.gif





OPS/images/ftox-06-1360359-g006.gif





OPS/images/ftox-06-1360359-g003.gif





OPS/images/ftox-06-1360359-g004.gif





OPS/images/inline_2.gif





OPS/images/ftox-06-1360359-g007.gif





OPS/images/inline_1.gif





OPS/xhtml/nav.xhtml
Contents

		Cover

		Acute intoxication with diisopropylfluorophosphate promotes cellular senescence in the adult male rat brain		1 Introduction

		2 Materials and methods		2.1 Animals

		2.2 DFP exposure paradigm and behavioral seizure monitoring

		2.3 Histochemistry and immunohistochemistry

		2.4 High content imaging and image analysis

		2.5 Statistics





		3 Results		3.1 Acute DFP intoxication increased p16 immunoreactivity at 3-months post-exposure

		3.2 p16 is expressed by neurons in the acute DFP rat model

		3.3 Cellular senescence persisted at 6-months post-DFP intoxication

		3.4 Senescence-associated β-galactosidase (SA β-gal) coincides with p16 expression

		3.5 Neuronal senescence overlaps with neurodegeneration in the DFP rat brain





		4 Discussion

		Data availability statement

		Ethics statement

		Author contributions

		Funding

		Acknowledgments

		Publisher’s note

		Supplementary material

		References









OPS/images/cover.jpg
& frontiers | Frontiers in Toxicology






OPS/images/ftox-06-1360359-g001.gif
Setrre Sevety sconmg

-
VOHPBE) snope stz g, )
o g

o

[ S——
LU0 oo, crmn e, s

[——
Futing, os o g rebex:





OPS/images/ftox-06-1360359-g002.gif









OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
P frontiers | Frontiers in Toxicology





