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Aberrant generation of dentate gyrus granule cells is associated with epileptic susceptibility in p53 conditional knockout mice
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Neuronal apoptosis is a mechanism used to clear the cells of oxidative stress or DNA damage and refine the final number of neurons for a functional neuronal circuit. The tumor suppressor protein p53 is a key regulator of the cell cycle and serves as a checkpoint for eliminating neurons with high DNA damage, hyperproliferative signals or cellular stress. During development, p53 is largely expressed in progenitor cells. In the adult brain, p53 expression is restricted to the neurogenic niches where it regulates cell proliferation and self-renewal. To investigate the functional consequences of p53 deletion in the cortex and hippocampus, we generated a conditional mutant mouse (p53-cKO) in which p53 is deleted from pallial progenitors and their derivatives. Surprisingly, we did not find any significant change in the number of neurons in the mutant cortex or CA region of the hippocampus compared with control mice. However, p53-cKO mice exhibit more proliferative cells in the subgranular zone of the dentate gyrus and more granule cells in the granular cell layer. Glutamatergic synapses in the CA3 region are more numerous in p53-cKO mice compared with control littermates, which correlates with overexcitability and higher epileptic susceptibility in the mutant mice.
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1 Introduction

The final number of neurons in the mature brain is crucial for the proper functioning of the neuronal circuitry. In physiological conditions, the nervous system overproduces neuronal cells and subsequently eliminates neurons that are not functionally integrated in the neural networks (Yamaguchi and Miura, 2015). There are two waves of cell death in the mouse brain. The first occurs during embryonic development whereas the second takes place during the first two postnatal weeks (Wong and Marin, 2019). Intrinsic apoptosis, one of the mechanisms of programmed cell death in the central nervous system, involves activation of proapoptotic proteins such as Bax and Bak (Wei et al., 2001). Ninety percent of mice with genetic deficiency in Bax and Bak (Bax−/−; Bak−/− double mutant mice) die perinatally. The mutant mice that survive to adulthood exhibit a larger brain and higher number of neurons (Lindsten et al., 2000). In the cortex, programmed cell death starts from E10.5 and affects neuronal progenitors and early neurons during development. In the second wave at the early postnatal stage, pyramidal neurons and GABAergic interneurons undergo cell death to adjust their final number. Other cell populations such as Cajal–Retzius cells, subplate neurons and early born oligodendrocytes are completely eliminated (Wong and Marin, 2019).

During embryonic stages, p53 regulates neural tube closure and the production of neural cells (Armstrong et al., 1995). p53 regulates the cell cycle and acts as a checkpoint in the elimination of cells with high oxidative stress or DNA damage (Jacobs et al., 2006). From E10.5 to E16.5, p53 is expressed in neural progenitors in the ventricular zone (VZ) (Schmid et al., 1991) where it is believed to promote neurogenesis at the expense of gliogenesis (Armesilla-Diaz et al., 2009; Forsberg et al., 2013; Liu et al., 2013). By interacting with Bax and Bak proteins and activating the apoptotic program, the tumor suppressor protein p53 may control cell survival (Chipuk et al., 2004; Leu et al., 2004). However, the role of p53 in programmed cell death is debated (Miller et al., 2000). p53 is also required for NGF-mediated neurite extension via Kif2a activation, a microtubule depolymerizing protein implicated in neuronal morphology (Di Giovanni et al., 2006; Tedeschi et al., 2009; Sun et al., 2010; Ruiz-Reig et al., 2022, 2024).

At postnatal stages, p53 is expressed in the neurogenic niches and neuroblasts migrating through the rostral migratory stream (van Lookeren Campagne and Gill, 1998; Meletis et al., 2006). In the adult subventricular zone (SVZ), p53−/− mice have a higher number of proliferative cells associated with an elevated proliferation and self-renewal of type B (transient amplifying precursors) and type A (neuroblasts) cells (Gil-Perotin et al., 2006; Meletis et al., 2006). That is translated into more newborn neurons in the olfactory bulb (OB) in p53−/− mice (Gil-Perotin et al., 2011). Adult neurogenesis also occurs in the hippocampus of mice, where progenitors in the subgranular zone (SGZ) generate newborn granule cells that integrate into the dentate gyrus. Changes in hippocampal adult neurogenesis have been associated with epilepsy in mice (Jung et al., 2004, 2006; Cho et al., 2015; Hosford et al., 2017). Interestingly, the role of p53 in adult neurogenesis, and its relationship with epileptic susceptibility has not been investigated. In this study, we specifically ablated p53 from pallial progenitors and their derivatives in the dorsal telencephalon and studied the functional consequences on cortical and hippocampal development and function. Conditional p53 mutant mice (p53-cKO) do not exhibit any glaring phenotype in the neocortex, suggesting that p53 is dispensable for cortical development. However, p53-cKO mice have altered hippocampal neurogenesis and are more vulnerable to epileptic seizures. Consistent with the role of p53 in proliferation in the adult SVZ, we found an increase in subgranular Sox2+ progenitors in the adult hippocampus of p53-cKO mice, which was associated with a rise in the number of granule cells in the dentate gyrus and density of synapses in the CA3 region. Electrophysiological recording in CA3 of the mutant hippocampus revealed an overexcitability after the blocking of GABAA receptors with picrotoxin, suggesting a higher inhibitory state in the mutant hippocampus. Overall, this study revealed a link between p53, adult neurogenesis in the hippocampus, and susceptibility to epileptic seizures in mice.



2 Materials and methods


2.1 Mice

All animal procedures were carried out following European guidelines (2010/63/UE) and approved by the animal ethics committee of the Université Catholique de Louvain under agreement 2019/UCL/MD/006. The following mouse lines were used: Emx1-Cre (Gorski et al., 2002), and Trp53F/F (Marino et al., 2000). To produce Emx1-Cre; Trp53F/F mice (p53-cKO), we crossed Emx1-Cre; Trp53F/F females with Trp53F/F males. Trp53F/F littermates (without Cre) were considered as control mice. All experiments were carried out on both males and females without any distinction of gender.



2.2 PTZ-induced epileptic seizures

To evaluate epileptic susceptibility in mice, experiments were performed as described in Shimada and Yamagata (2018). PTZ solution (Sigma P6500, 10 mg/mL in sterile 0.9% NaCl) was prepared freshly on the day of use. 8-weeks-old mice were placed in an observation cage for a 3-min habituation period and then injected with an intraperitoneal single dose of PTZ (dose 35 mg/Kg). Following injection, mice behavior was monitored for 30 min and classified according to the following scoring: 0: normal behavior, no abnormality; 1: immobilization, lying on belly; 2: head nodding, facial, forelimb, or hindlimb myoclonus; 3: continuous whole-body myoclonus, myoclonic jerks, tail held up stiffly; 4: rearing, tonic seizure, falling down on its side; 5: tonic–clonic seizure, falling down on its back, wild rushing and jumping; 6: death (Shimada and Yamagata, 2018). Mice were injected every other day three times. All the injections were performed in the same room and in the morning, before noon.



2.3 Immunofluorescence and in situ hybridization

Adult mice were intracardially perfused with PBS and 4% paraformaldehyde (PFA) in 0.1 M phosphate buffer (PB), pH 7.4, and with PFA 4%, in 0.1 PBS pH 7.4 or PFA 4%, picric acid 15% in 0.1 M PB for synaptic staining (Vglut1, PSD95, Vgat and GABAAα2). Brains were harvested and post-fixed in the same fixative for 2 h at room temperature (RT) for immunohistochemistry and overnight (ON) at 4°C for in situ hybridization (ISH). Postnatal brains were washed in PBS, embedded in 4% agarose, and sectioned with a Leica VT1000S vibratome (40 μm). Immunohistochemical staining was performed as previously described (Ruiz-Reig et al., 2017). We used the following primary antibodies: Rabbit anti-Foxp2 (Abcam ab16046, 1:500); Rabbit anti-Cux1 (Proteintech 11,733-1-AP, 1:250); Rat anti-Ctip2 (AbCam ab18465, 1:250); Rabbit anti-Calbindin D-28 K (Swant CB38, 1:2000); Rabbit anti-Sox2 (Millipore ab5603, 1:200); Mouse anti-Ki-67 (BD Pharmingen 556,003, 1:50); Goat anti-Prox1 (R&D AF2727, 1:100); Guinea pig anti-Vglut1 (Millipore AB5905, 1:1000); Mouse anti-PSD95 (Thermofisher MA1-045, 1:250); Mouse anti-Vgat (Synaptic Systems 131,011, 1:1,000); Rabbit anti-GABAAα2 (Synaptic Systems 224,103, 1:500). Different AlexaFluor-conjugated secondary antibodies (Invitrogen, 1:800) were used. After immunohistochemistry, the sections were incubated with DAPI (Sigma D9564 100 μM) for 5 min and mounted with Mowiol. ISH as described in Ruiz-Reig et al. (2018). Brain vibratome sections were hybridized with a biotinylated Gad67 riboprobe from the Gad67 plasmid (van den Berghe et al., 2013). Sections were dehydrated in ethanol, incubated twice in toluene for 10 min, and mounted with Neo-Mount® medium (Merck 109,016). To evaluate cell death, we used TUNEL staining (In situ Cell Death Detection Kit, TMR red; Roche) on vibratome sections. As positive control, we used sections pretreated with DNAseI (1,000 U/mL) for 10 min at room temperature.



2.4 Brain slice preparation

Brain slice preparation was performed as previously described (Yerna et al., 2020). Briefly, animals were sacrificed by cervical dislocation and their brains were quickly removed and placed in ice-cold artificial cerebrospinal fluid (ACSF) composed of (mM): 126 NaCl, 3 KCl, 2.4 CaCl2, 1.3 MgCl2, 1.24 NaH2PO4, 26 NaHCO3, and 10 glucose (bubbled with 95%O2-5% CO2%). Cerebellum and frontal cortex were removed. Brains were mounted onto a LeicaVT1200 vibratome, and horizontal sections of a thickness of 350 mm were cut in ice-cold ACSF to obtain ventral hippocampus. Slices recovered in oxygenated ACSF at 32°C for at least 1 h before use.



2.5 Field potential recordings

Field Potential Recordings were performed as previously described (Lepannetier et al., 2018). Briefly, mouse brain slices were transferred to the recording chamber and continuously perfused with oxygenated ACSF (2 mL/min) at 30°C. Excitatory postsynaptic potentials (EPSP) and population spikes (PS) were evoked through a bipolar stimulating electrode which was placed in the hilus region close to the dentate granule cell layer to stimulate mossy fibre axons (Figure 1A). Responses were recorded by the AxoClamp 2B (Axon Instruments, United States) amplifier through a glass electrode which was back-filled with 2 M NaCl and placed in the CA3 region (stratum lucidum or stratum pyramidale for EPSP and PS recording respectively). Stimuli consisted of 100 μs pulses of constant currents. Responses were digitized by Digidata 1322A (Axon Instruments, United States) and recorded to a computer using WinLTP software (Anderson and Collingridge, 2007).
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FIGURE 1
 Epileptic susceptibility in p53-cKO mice. (A,B) No differences were observed in terms of size (A) and weight (B) between control and p53-cKO mice up to 2 months. (C) Mutant brains are macroscopically similar to control brains. (D) In order to analyze epileptic susceptibility, 2-month-old mice (P60) were injected with Pentylenetetrazol (PTZ), and their behavior was observed for 30 min. (E) Increased epileptic susceptibility was observed from the second day of injection (Ctrl: 1 n = 4; p53-cKO: 3.2 ± 0.9 n = 5) and significantly different in the third day of injection (Ctrl: 1 n = 4; p53-cKO: 3.6 ± 0.87 n = 5; p = 0.034). Values were obtained by unpaired Student’s t-test; *p < 0.05, **p < 0.01, and ***p < 0.001. Scale bar (A) 1.7 mm.




2.6 Data analysis and image processing

Images were captured with a digital camera coupled with an inverted Zeiss Axio Observer microscope or in a Laser Scanning confocal microscope (Olympus Fluoview FV1000). Figures were prepared using Adobe Photoshop and Adobe Illustrator CC 2019, and 2D mosaic reconstructions were produced when needed using the Photomerge tool of Photoshop software package. Cell counting was conducted manually using Fiji software (ImageJ). For Sox2 and Ki-67 positive cells in the dentate gyrus, the images were taken with a confocal microscope with a 20X objective and 10 μm z (1 μm step size). Image stack were reconstructed and analyzed with Fiji software to calculate Sox2 and Ki-67 positive cells in the subgranular zone of the dentate gyrus. For Vglut1+/PSD95+ and GABAAα2+/Vgat+ clusters in the hippocampus, confocal images were obtained with a 63x objective and 3x digital zoom. Image stacks (0.5 μm step size) were reconstructed and analyzed with Fiji software to calculate Vglut1+/PSD95+ and GABAAα2+/Vgat+ cluster density in the CA3 region of the hippocampus. Counting was performed in a 625 μm2 area and quantification was normalized with the control samples. All the cell quantifications were performed in a minimum of three different sections per animal and represented as the mean value per animal. Quantification of data and graphs were constructed using Prism 9 (GraphPad, San Diego, CA, United States) software. A minimum of 3 animals per genotype was used for all analyses and quantifications. The exact sample size is specified in the result section or figure legends. Error bars represent the standard error of the mean (SEM). We performed a Shapiro-Wilks test to evaluate the distribution of the data. We then used a two-tailed Student’s t-test when the data followed a normal distribution and Mann–Whitney test when it did not (n.s. not significant, *p < 0.05, **p < 0.01, ***p < 0.001). Observations without quantification have been validated and successfully reproduced in a minimum of three different animals.




3 Results


3.1 Conditional deletion of p53 in the pallium of mice triggers epileptic seizures

To study the functional consequences of p53 deletion in cortical development and function, we designed a conditional KO mouse line in which p53 is deleted only from pallial progenitors and their derivatives from E9.5 (Emx1Cre Trp53F/F called hereafter p53-cKO) and we compared it with control littermates (Trp53F/F). Mutant mice were similar in size and weight to control littermates (Figures 1A,B) and their brains were macroscopically undistinguishable (Figure 1C). However, we noted that p53-cKO mice develop spontaneous seizures starting from 1 month (Supplementary Video S1). To test whether mutant mice are more susceptible to developing epileptic seizures under pharmacological induction, we injected Pentylenetetrazol (PTZ), a GABAA receptor antagonist, during three alternate days and scrutinized mice behavior for 30 min (Figure 1D). Control mice exhibit immobilization (score 1) but did not display seizure on any analyzed day (Figure 1E; Supplementary Video S2). In contrast, 4 out 5 p53-cKO mice showed signs of epilepsy seizures already starting from the second injection (score between 2 and 5, Figure 1E). This data indicates that the conditional deletion of p53 in pallial progenitors and glutamatergic neurons of the cortex and hippocampus triggers epileptic seizures in mice.



3.2 No cortical development abnormalities in p53 conditional mutant mice

To explore whether p53 contributes to programmed cell death in the cortex, we analyzed the thickness of the somatosensory cortex (S1) and did not detect any noticeable difference (Ctrl = 1,255 ± 12.8 μm n = 7; p53-cKO = 1,246 ± 7 μm n = 7; p = 0.548, Figure 2A). To analyze the potential implication of p53 deletion in cortical layering, we used Foxp2 (a marker of deep cortical neurons) and Cux1 (upper cortical neurons) immunofluorescence and did find any significant difference between the two genotypes (number of Foxp2-positive neurons: Ctrl = 341.7 ± 10.18 cells/390 μm wide stripe n = 6, p53-cKO = 337 ± 17.24 cells/390 μm wide stripe n = 6, p = 0.394, Figure 2B; number of Cux1-positive neurons; Ctrl = 598.4 ± 13.97 cells/390 μm wide stripe n = 6, p53-cKO = 629.4 ± 10.48/390 μm wide stripe n = 6, p = 0.106, Figure 2C). Although we deleted p53 only in glutamatergic progenitors and neurons, we analyzed the number of cortical interneurons in the cortex, since the final number of GABAergic neurons depends on neuronal activity. Here again, we did not detect any change in the density of GAD67+ positive neurons in the S1 cortical region (Ctrl = 182.9 ± 2.36 cells/390 μm wide stripe n = 4; p53-cKO = 181.8 ± 6.7/390 μm wide stripe n = 4, p = 0.884, Figure 2D). These results indicate that p53 deletion in the pallium does not alter the cytoarchitecture of the neocortex.
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FIGURE 2
 Similar cortical cytoarchitecture in p53-cKO mutant mice. (A) Coronal sections labeled with Nissl staining (left) and quantification of the thickness of the somatosensory area (right) (S1, orange lines). (B) Immunofluorescence for Foxp2 (left) and mean density of Foxp2+ cells in the S1 area (right) of the indicated genotypes at P60. (C) Immunofluorescence for Cux1 (left) and mean density of Cux1+ cells in the S1 area (right) of the indicated genotypes at P60 (D) Coronal sections at the level of the S1 area hybridized with Gad67 riboprobe in control and p53-cKO mice (left) and mean density of Gad67+ cells in the S1 area (right) of the indicated genotypes at P60. Values were obtained by unpaired Student’s t-test for (C) and (D) and Mann -Whitney test for Foxp2 quantification (B); *p < 0.05, **p < 0.01, and ***p < 0.001. Scale bar (A) 1 mm, (B–D) 100 μm.




3.3 p53 Deletion increases granule cell generation in adult mice and its distribution in the dentate gyrus

To investigate possible anatomical abnormalities in the hippocampus due to p53 deletion, we scrutinized the cellular composition of hippocampal formation. We labeled pyramidal neurons of the CA1 and granular neurons of the dentate gyrus (DG) with Ctip2 and Prox1 antibodies (Figures 3A,A’). While the number of Ctip2 positive neurons in the CA1 region was unaffected by the loss of p53 (Ctrl = 150 ± 5.3 cells/600 μm wide stripe n = 5, p53-cKO = 153.3 ± 3.7/600 μm wide stripe n = 6; p = 0.643, Figures 3B,B’,D), the number of granule cells labeled with Ctip2 and Prox1 was significantly greater in p53-cKO mice compared with control littermates (Ctip2: Ctrl = 259.7 ± 12 cells/600 μm wide stripe n = 6, p53-cKO = 304.3 ± 10.6/600 μm wide stripe n = 6; p = 0.019, Prox1: Ctrl = 159.4 ± 5.8 cells/300 μm wide stripe n = 4, p53-cKO = 189.5 ± 8/300 μm wide stripe n = 4; p = 0.023, Figures 3C,C’,E, F,F’,G). Importantly, some granule cells were scattered in the superior molecular layer (SML) of the mutant dentate gyrus (Figures 3C,C’,F,F’) but we did not find Ctip2 or Prox1 positive cells in the hilus of the mutant hippocampus. We did not observed any difference in the number of Gad67-positive cells in the CA1 or DG of the hippocampus between control and mutant mice (CA1: Ctrl = 103.8 ± 3.4 cells/600 μm wide stripe n = 4, p53-cKO: 108.8 ± 5/600 μm wide stripe n = 4, p = 0.438; DG: Ctrl:=130 ± 6.5 cells/600 μm wide stripe n = 4, p53-cKO = 126.4 ± 6.4/600 μm wide stripe n = 4; p = 0.698, Figures 3H–J). To assess the role of p53 in the proliferation and self-renewal of progenitors in the SVZ of adult mice, we analyzed the number of progenitors Sox2-positive in the subgranular zone (SGZ) (Figures 4A,A’). We observed a significantly higher density of these progenitors in the mutant DG compared with control littermates (Ctrl = 59.35 ± 1.2 cells/1000 μm n = 5; p53-cKO = 69.49 ± 4/1000 μm n = 5, p = 0.043, Figure 4B). Some of the Prox1cells in the SVZ were positive for Ki-67 (Figures 4A,A’). The percentage of cells positive for Ki-67 and Sox2 among the Sox2 population in the SGZ was not change between Ctrl and mutant mice (Ctrl = 6.4 ± 0.69 n = 5; p53-cKO = 7.1 ± 0.84 n = 5; p = 0.515; Figures 4A,A’,C). We did not find a decrease in the number of TUNEL-positive cells in the mutant hippocampus indicating no change in cell death (Ctrl = 2.44 ± 0.8 n = 3; p53-cKO = 2.33 ± 1 n = 3; p = 0.936 Figures 4D,D’,E). These results suggest that p53 negatively regulates adult neurogenesis in the hippocampus and p53 deletion increases the number of adult progenitors and granule cells in the dentate gyrus.
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FIGURE 3
 Increased granule cell density in p53-cKO hippocampus. (A) Immunofluorescence for Ctip2 in coronal sections at the level of the hippocampus of control and p53-cKO mice at P60. (B,B′) Magnification of the CA1 region depicting Citp2-positive cells in control (B) and p53-cKO mice (B′). (C,C′) Magnification of the DG depicting Citp2-positive cells in control (C) and p53-cKO mice (C′). (D,E) Quantification of Ctip2 density in the CA1 region (D) and DG (E). (F,F′) Immunofluorescence for Prox1 on coronal sections at the level of the DG of control and p53-cKO mice at P60. (G) Quantification of Prox1 positive cells density in the DG (H,H′) Hippocampal coronal sections hybridized with Gad67 riboprobe in control (F) and p53-cKO mice (F′). (I,J) The mean density of Gad67-positive neurons in the CA1 region (G) and DG (H). DG, dentate gyrus; SO, stratum oriens; SP, stratum pyramidale; SR, stratum radiatum; SLM, stratum lacunosum-moleculare; SML, superior molecular layer; IML, inferior molecular layer; H-SGZ, Hilus-subgranular zone. Values were obtained by unpaired Student’s t-test; *p < 0.05, **p < 0.01, and ***p < 0.001. Scale bar (A’,H′) 200 μm (B′,C′,F′) 100 μm.
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FIGURE 4
 The lack of p53 increases the number of Sox2+ progenitors in the hippocampus. (A,A’) Coronal section immunolabeled with Sox2 and Ki-67 antibodies at the level of the dentate gyrus of control (A) and p53-cKO mice (A’) at P60. The dashed line delineated the SGZ of the hippocampus. (B) Quantification of the density of Sox2 positive cells in the SGZ of the hippocampus. (C) Quantification of Sox2 and Ki-67 positive cells among the Sox2 positive population in the SGZ. (D,D′) Coronal sections at the level of the DG stained with TUNEL in control (D) and mutant mice (D′). (E) Quantification of TUNEL positive cells in the GCL per dentate gyrus. GCL, granula cell layer; SGCL, superior granular cell layer; IGCL, inferior granular cell layer; H-SGZ, Hilus-subgranular zone. Values were obtained by unpaired Student’s t-test; *p < 0.05, **p < 0.01, and ***p < 0.001. Scale bar (A’,D′) 100 μm.




3.4 p53 Mutant mice have increased glutamatergic synapses in the hippocampus

Mossy fiber sprouting is one of the reasons for the epileptic brain’s increased excitability. Calbindin staining did not detect any aberrant growth of the dentate gyrus granule cell axons (Figure 5A). However, analysis of the density of glutamatergic synapses (Vglut1 + Psd95+ puncta) in the stratum lacosum of the CA3 region (Figures 5B,C), revealed more excitatory puncta in p53 cKO compared with control mice (+24% ± 0.1; p = 0.042, Figures 5C,D). Interestingly, although we did not find changes in the number of GABAergic interneurons in the mutant hippocampus, we observed an increase in the number of inhibitory synapses (Vgat+GABAAα2+) around the soma of CA3 pyramidal neurons in the stratum pyramidale (+19.7% ± 0.08; p = 0.031, Figures 5B,E,F). These results indicate that p53-cKO mice present an increase in excitatory synapses with a concomitant increase in inhibitory synapses around the soma of pyramidal neurons in the CA3 region of the hippocampus.
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FIGURE 5
 p53-cKO mice present an increase in glutamatergic and GABAergic synapses in the CA3 region. (A) Immunofluorescence for Calbindin (CB) in coronal sections at the level of the hippocampus of control and p53-cKO mice at P60 labeling the granule cells of the dentate gyrus. (B) Schematic illustration of a hippocampus showing the regions where the pictures were taken. (C) Immunofluorescence for Vglut1 and PSD95 in the stratum lucidum of the CA3 region. Circles delineated the synaptic puncta (colocalization between Vglut1 and PSD95). (D) Quantification of the density of glutamatergic synaptic puncta in the CA3 region of control and p53-cKO mice (Ctrl: 1 ± 0.06, n = 7; p53-cKO: 1.24 ± 0.09, n = 7). (E) Immunofluorescence for GABAAα2 and Vgat in the stratum pyramidale of the CA3 region. Arrowheads indicate the GABAergic synaptic puncta (colocalization between GABAAα2 and Vgat). (F) Quantification of the density of GABAergic synaptic puncta in the CA3 region of control and p53-cKO mice (Ctrl: 1 ± 0.06, n = 7; p53-cKO: 1.2 ± 0.06, n = 7). DG, dentate gyrus. Values were obtained by unpaired Student’s t-test; *p < 0.05, **p < 0.01, and ***p < 0.001. Scale bar (A) 200 μm, (C) 2 μm, (E) 5 μm.




3.5 Overexcitability in p53 mutant hippocampus after picrotoxin perfusion

To test whether p53 deletion affects basic synaptic transmission, we measured the input/output (I/O) functions in the hippocampus of control and p53-cKO mice (Figure 6A). The I/O curve of Exctitatory PostSynaptic Potential (EPSP) slopes was first measured in the stratum lucidum and was similar in both genotypes (Figures 6B,C). We then recorded in the stratum pyramidale and measured postsynaptic (PS) amplitude (Figure 6D). Again, no statistically significant difference was observed between control and p53 cKO mice. Thereafter, without moving the recording electrode, we perfused the slice for 10 min with 100 μM picrotoxin, an inhibitor of GABAAR. Picrotoxin induced a slight increase of the PS responses and slightly left-shifted the response curves, the I50 (the intensity giving 50% of the maximal response, measured by nonlinear regression curve fitting with variable slope) passing from 46.2 μA to 38.2 μA in Ctrl (p = 0.007, n = 21) and from 50.8 μA to 43.5 μA in p53 cKO (p = 0.059, n = 20; Figure 6D). The PS responses were significantly more increased in the p53 cKO than in the control group for stimuli above 75 μA (Figures 6D–F), suggesting a higher inhibitory status in basal state of p53-cKO.
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FIGURE 6
 Basal DG-CA3 synaptic transmission in p53-cKO compared to control mice. (A) Disposition of the stimulation (Stimul.) and the recording (Rec.) electrodes in brain hippocampal slices. (B) The I/O relationship between the intensity of DG stimulation and the fEPSP slope was measured in CA3 stratum lucidum (SL). (C) Examples of fEPSP recording traces. (D) The I/O relationship between the intensity of DG stimulation and the PS amplitude measured in CA3 stratum pyramidale (SP), before and after 10 min stimulation with 100 μM picrotoxin (Three-way ANOVA with Tukey’s multiple comparison test, *** p < 0.001; n = 21 for Ctrl and 20 for p53-cKO). (E) Ratios of the responses before and after picrotoxin stimulation, in Ctl and cKO brain slices (Mann–Whitney test *p < 0.05; ***p < 0.001; n = 21 for Ctrl and 20 for p53 cKO). (F) Examples of PS recording traces. Note the effect of picrotoxin in p53-cKO slices (purple arrow) and the absence of effect in Ctrl (black arrow).





4 Discussion

During neurulation, p53 plays an important role in regulating the proliferation of neuroepithelial cells thus preventing neural tube closure defects. Its loss causes exencephaly in around 37% of p53−/− females, a consequence of overproduction of neural tissue and failure in the neural tube closure (Armstrong et al., 1995; Sah et al., 1995). At the onset of cortical neurogenesis (E11.5), p53 is expressed in proliferative cells (Forsberg et al., 2013), and restrains differentiation of cortical neurons (Forsberg et al., 2013; Liu et al., 2013). However, the role of p53 in programmed cell death is controversial (Miller et al., 2000). To study the role of p53 in cortical and hippocampal formation and function after neural tube closure, we designed a mouse model in which p53 is deleted from glutamatergic progenitors and their derivatives in the pallium as early as E9.5. We did not find any alteration in the cortical thickness or the number of upper or lower cortical neurons, suggesting that either p53 has no effect on neurogenesis and programmed cell death in the pallium or there is a compensatory mechanism by other members of family such as p63 and p73 (Jacobs et al., 2006). DNA damage during brain development causes p53-dependent apoptosis (Xiong et al., 2020). DNA damage could be triggered by targeted mutations in genes encoding for proteins involved in DNA repair (e.g., LIG4, XRCC4, NBN1), microtubule cytoskeleton (e. g. NDE1, CEP63, TUBB5), cell division (e.g., KIF20B, CITK) or RNA metabolism (e.g., EIF4A3, RBM8A, MAGOH) (Frappart et al., 2005; Houlihan and Feng, 2014; Marjanovic et al., 2015; Breuss et al., 2016; Mao et al., 2016; Bianchi et al., 2017; Little and Dwyer, 2019). Mutations in these genes cause apoptosis in the developing cerebral leading to primary microcephaly, and these phenotypes could largely be rescued by p53 deletion. In the adult brain, p53 negatively regulates the proliferation and renewal of neural stem cells (NSCs) of the SVZ (Medrano and Scrable, 2005). Studies using the p53-null mice have shown that the lack of p53 increases the number of progenitors in the SVZ in vivo (Gil-Perotin et al., 2006; Meletis et al., 2006) producing more neuroblasts that incorporate in the OB (Gil-Perotin et al., 2011). An increase in olfactory interneurons in the OB in the p53−/− mice resulted in changes in olfactory behavior but normal memory (Gil-Perotin et al., 2011). Interestingly, 50% reduction of p53 in glutamatergic neurons in conditional Emx1Cre; p53F/+ mice impairs social interaction in the three-chamber test, an olfaction-dependent behavior, even though the authors did not discuss whether changes in social behavior are associated with alteration in novel odor exploration (Lee et al., 2023). On the other hand, conditional knock-down mice (Emx1Cre; p53F/+) present impaired hippocampus-dependent learning and memory, a phenotype ascribed to the partial deletion of p53 in pyramidal neurons of the hippocampus (Lee et al., 2023). This is however unlikely since the p53 protein level in the adult brain is maintained very low in neurons by ubiquitination and protein degradation (Jones et al., 1995; Iwakuma and Lozano, 2003). In the cortex and hippocampus, p53 is virtually absent in unstressed control mice, and its expression raises only in response to neuronal injury (Hughes et al., 1996; LaFerla et al., 1996; Sakhi et al., 1996; Morrison and Kinoshita, 2000). To the best of our knowledge, the role of p53 in adult hippocampal neurogenesis has not been addressed. We found that a lack of p53 increases the number of Sox2 progenitors in the dentate subgranular zone and the number of dentate gyrus granule cells. These results are in line with the known role of p53 regulating proliferation in the SVZ, the other neurogenic niche in the adult brain and already discussed previously. Increased adult neurogenesis in the hippocampus has been associated with epileptogenesis (Danzer, 2018). Decreasing granule cell neurogenesis by pharmacological agents or genetic ablation of newborn cells reduces seizure frequency in epileptic mouse models (Jung et al., 2004, 2006; Cho et al., 2015; Hosford et al., 2017). We also found more glutamatergic synapses in the stratum lucidum of the hippocampal CA3, the region where granule cells connect with CA3 pyramidal neurons. The rise in glutamatergic synapses in p53-cKO mice does not trigger overexcitability in basal conditions in the CA3 region, most probably due to a compensatory mechanism by the increase of inhibitory synapses. When GABAA receptors are blocked by picrotoxin, the mutant hippocampus presents higher postsynaptic responses, confirming the augmentation of the inhibitory status in basal condition. Granule cells in the dentate gyrus send their axons to the CA3 region of the hippocampus where they make powerful excitatory “detonator” synapses on CA3 pyramidal neurons (Henze et al., 2002). An increase in granule cell activation is associated with epilepsy development (Dengler et al., 2017). We also found that granule cells are spread in the superior granule cell layer in p53-cKO mice, suggesting a migration defect in a non-cell-autonomous manner. One of the factors implicated in the migration of granule cells in the hippocampus is the extracellular protein reelin released by Cajal–Retzius cells (Wang et al., 2018). These cells in the hippocampus persist in the postnatal brain and they are localized in the outer molecular layer of the dentate gyrus (Anstotz et al., 2016, 2018). Interestingly, the epileptogenic hippocampus was associated with a decrease in reelin signaling in humans and mice (Haas et al., 2002; Gong et al., 2007) suggesting that abnormal spreading granule cells in the p53-cKO mice could be a consequence of reelin downregulation due to seizure episodes.

Overall, this study shed light on the functional consequences of p53 deletion in cortical and hippocampal development and function. p53 is dispensable for programmed cell death in the developing cortex but essential to eliminating dysfunctional cells or cells with high oxidative stress, DNA damage, or aneuploidy. Indeed, karyotype aberrations are associated with cancer development (Davoli et al., 2013) and the inactivation of p53 is linked with the development of several cancers. Interestingly, p53 is commonly mutated in glioblastoma (GBM) (Li et al., 2023), the most severe primary malignant tumor of the adult brain. NSCs of the SVZ are believed to be one of the cells of origin for GBM in humans (Beiriger et al., 2022). Given that p53 has a role in NSCs proliferation and self-renewal in the SVZ, its implication in glioblastoma genesis deserves further investigations.
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