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b Université Côte d’Azur (UniCa), Institut de Pharmacologie Moléculaire et Cellulaire (IPMC), CNRS UMR7275, Inserm, Sophia Antipolis, Valbonne, France 
c E-Phy-Science, Bioparc, 2400 Route des Colles, Sophia Antipolis 06410, Biot, France   

A R T I C L E  I N F O   

Keywords: 
CHCHD10 
Mitochondrion 
Frontotemporal dementia 
Amyotrophic lateral sclerosis 
Mouse model 

A B S T R A C T   

CHCHD10-related disease causes a spectrum of clinical presentations including mitochondrial myopathy, car-
diomyopathy, amyotrophic lateral sclerosis (ALS) and frontotemporal dementia (FTD). We generated a knock-in 
mouse model bearing the p.Ser59Leu (S59L) CHCHD10 variant. Chchd10S59L/+ mice have been shown to 
phenotypically replicate the disorders observed in patients: myopathy with mtDNA instability, cardiomyopathy 
and typical ALS features (protein aggregation, neuromuscular junction degeneration and spinal motor neuron 
loss). Here, we conducted a comprehensive behavioral, electrophysiological and neuropathological assessment of 
Chchd10S59L/+ mice. These animals show impaired learning and memory capacities with reduced long-term 
potentiation (LTP) measured at the Perforant Pathway-Dentate Gyrus (PP-DG) synapses. In the hippocampus 
of Chchd10S59L/+ mice, neuropathological studies show the involvement of protein aggregates, activation of the 
integrated stress response (ISR) and neuroinflammation in the degenerative process. These findings contribute to 
decipher mechanisms associated with CHCHD10 variants linking mitochondrial dysfunction and neuronal death. 
They also validate the Chchd10S59L/+ mice as a relevant model for FTD, which can be used for preclinical studies 
to test new therapeutic strategies for this devastating disease.   

1. Introduction 

Frontotemporal dementia (FTD) represents one of the most common 
form of dementia in people under 65 years of age (Ratnavalli et al., 
2002). This disease is characterized by changes in behavior and/or 

language due to the relatively selective atrophy of the frontal and 
temporal lobes of the brain (For review see (Snowden, 2023)). FTD 
overlaps with amyotrophic lateral sclerosis (ALS), a motor neuron dis-
ease (MND) leading to a defect of the neuromuscular system and death 
from respiratory failure 2 to 3 years after the onset of symptoms. FTD 
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and ALS share a same clinical spectrum with 50% of ALS patients 
showing frontal lobe dysfunction and 15% of FTD patients developing 
ALS features. FTD and ALS also overlap genetically with several genes, 
like C9orf72, TARDBP, VCP, SQSTMI, UBQLN2, CHMP2B or CHCHD10, 
involved in both diseases (For review see (Parobkova and Matej, 2021)). 
Mouse models are very important for understanding these pathologies 
and for preclinical studies to test candidate molecules in vivo. With the 
increasing identification of the number of genes involved in the ALS-FTD 
spectrum, numerous mouse models have been described in recent years 
(for review see Ahmed et al., 2017). A large number of these models 
correspond to transgenic animals leading to expression level much 
higher than the one of the endogenous gene (TDP-43, tau, VCP…). Given 
that most of the proteins involved will be found as aggregates, it is 
preferable to work with endogenous expression levels. KI models 
expressing mutations identified in patients are to be preferred. However, 
variants that are deleterious in human do not necessarily lead to pa-
thology in mouse. In the end, KI models that recapitulate the signs 
observed in patients with behavioral changes and memory dysfunction 
are currently rare. 

Mitochondria are eukaryotic organelles that act as metabolic hubs 
and signaling platforms that are of central importance in every tissue of 
the body. Mitochondrial diseases, characterized by a respiratory chain 
(RC) deficiency, display heterogeneous clinical presentations in terms of 
age at onset, progression and symptoms. Interestingly, we identified a 
heterozygous variant (p.Ser59Leu, S59L) in the gene encoding the 
mitochondrial Coiled-Coil-Helix-Coiled-Coil-Helix Domain Containing 
protein 10 (CHCHD10) in two families. In the first one, patients devel-
oped a late-onset mitochondrial myopathy and other symptoms 
including MND, cognitive decline resembling FTD and cerebellar ataxia 
(Bannwarth et al., 2014) (Chaussenot et al., 2014). In the second family, 
the same S59L variant was responsible for a typical ALS-FTD. In both 
families, the transmission of the disease was autosomal dominant. Since 
then, the spectrum of CHCHD10-related diseases has broadened 
considerably (for review see (Genin et al., 2023)), including early-onset 
mitochondrial myopathies (Ajroud-Driss et al., 2015), cardiomyopathies 
(Shammas et al., 2022), ALS (Johnson et al., 2014), FTD (Sirkis et al., 
2019), late-onset spinal motor neuropathy (SMAJ) (Penttilä et al., 2015) 
(Müller et al., 2014), and Charcot-Marie-Tooth disease type 2 (CMT2) 
(Auranen et al., 2015). 

The precise function of CHCHD10 in mitochondria is unclear. Fi-
broblasts from patients carrying the S59L mutation (CHCHD10S59L/+) 
display RC deficiency, mitochondrial ultrastructural alterations with 
loss of cristae, and fragmentation of the mitochondrial network (Bann-
warth et al., 2014) (Genin et al., 2016). The analysis of these cells 
provided us with important information (Genin et al., 2018), however, 
specific neuronal models needed to understand the biological function of 
CHCHD10 and the impact of pathogenic mutations were lacking. We 
generated whole-body knock-in (KI) mice carrying the S59L point mu-
tation (Genin et al., 2019). Chchd10S59L/+ mice appeared normal at birth 
but fail to gain weight normally beginning at 10 weeks of age. Around 
one year old, they presented the mitochondrial myopathy observed in 
the patients from our original family. Their condition worsened rapidly 
with severe weight loss and tremors and they developed a severe 
mitochondrial cardiomyopathy, leading to the death of the animals 
before 14 months of age. At the end-stage of the disease, Chchd10S59L/+

animals displayed typical signs of MND including neuromuscular junc-
tion (NMJ) and motor neuron (MN) degeneration with significant MN 
loss in the spinal cord. We also observed TDP-43 cytoplasmic aggregates 
in spinal neurons, corresponding to the TDP-43 proteinopathy found in 
ALS patients (Genin et al., 2019). 

In this study, we show that Chchd10S59L/+ mice display typical FTD 
features including impairment of learning and memory abilities with 
protein aggregates, increased neuronal death and inflammatory activa-
tion of microglia and astrocytes in the hippocampus and para-
hippocampal regions. These results show that Chchd10S59L/+ mice are 
also a relevant model for FTD. 

2. Materials and methods 

2.1. Chchd10S59L/+ mice 

All animal procedures were approved by the Ministère de l’Educa-
tion Nationale, de l’Enseignement Supérieur et de la Recherche (MESR 
agreements: APAFIS#5870–2,016,061,017,306,888 and APAFIS#2285 
1–2,019,110,715,009,566). Chchd10S59L/+ mice were generated in a 
previous work (Genin et al., 2019). They were housed at the IPMC and 
IRCAN facilities with a 12 h light/12 h dark cycle and allowed food and 
water ad libitum. For behavioral studies, male and female mice were 
acclimatized to the test room for 30 to 45 min before the start of training 
or testing. For electrophysiology analysis, all animal experiments were 
conducted in accordance with E-PHY-SCIENCE’s bioethical guidelines, 
which are fully compliant to internationally accepted principles for the 
care and use of laboratory animals (APAFIS#35798–2,022, 
030,115,349,107). 

2.2. Grip strength 

The maximal muscle strength of forelimbs was measured using a 
digital grip-strength meter (Bioseb, Vitrolles, France). The apparatus 
consisted of a grid of stainless-steel rods (2 mm in diameter) connected 
to a force transducer. At the beginning of each trial, the experimenter 
held the mice by the base of the tail, allowing the animals to grasp one of 
the rods with their forepaws. As soon as the mice grasped it, they were 
gently and progressively pulled backwards by the tail until the grip was 
lost. The peak force was automatically recorded in grams (g) by the 
device. The testing phase consisted of recording 3 trials for each mouse, 
which were then averaged. 

2.3. Rotarod 

Motor coordination and balance were measured by Rotarod (Ugo-
Basile, Gemonio, Italy). Mice were placed on a rotating rod for two 
habituation sessions (5 min each) at constant speed (4 rpm/min), 4 h 
apart. For the testing phase, mice were placed on a rotating rod set to 
accelerate from 4 to 40 rpm in 300 s. Trial began when acceleration was 
started and ended when animal fell off rod. The procedure was repeated 
three times a day for 2 days (48 h apart, Inter Trial Interval = 2 h). 

2.4. Parallel rod floor 

The parallel rod floor test allowed the simultaneous measurement of 
ataxia and locomotor activity. This test evaluated the ability of the mice 
to accurately place the front paws or hind paws during spontaneous 
exploration of an elevated grid. In brief, mice were placed in a 20 × 20 
× 28.5 cm3 acrylic chamber with a wire grid (stainless-steel rods of 1.6 
mm in diameter) as a raised floor (Stoelting Europe, Dublin, Ireland). 
Mice were allowed to freely move for 300 s. The distance crossed and the 
number of foot slip errors were recorded over a period of 5 min. The 
number of slips per minute of walking was then calculated. 

2.5. Pole test 

The pole test was used to assess basal ganglia related movement 
disorders in mice. The procedure evaluated the ability of a mouse to 
grasp and maneuver on a pole back to the bottom. Mice were placed 
with their head oriented upward on top of a rough-surfaced pole (8 mm 
in diameter and 50 cm in height). The time required for the animals to 
orient themselves facing in a downward direction (time to turn) and to 
descend to the base of the pole (total time) was recorded for three trials. 

2.6. Actimetry 

Spontaneous locomotor activity and rearings were measured using 
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an actimeter apparatus (Imetronic, Marcheprime, France). Briefly, the 
mice were left for 3 days in individual cages (20.5 × 11.5 × 16.5 cm3) 
equipped with infrared beams able to detect horizontal and vertical 
movements. At the start of experiment, the cages were placed in an 
enclosure under 12 h light/dark cycle (lights on at 8:00 AM). The var-
iables collected were: number of rearings, front activity, back activity, 
and locomotion. 

2.7. Elevated Plus Maze 

The Elevated Plus Maze test was used to assess anxiety-related 
behavior in our mice. The apparatus (Intellibio, Seichamps, France) 
was made of plastic material and consisted of two open (30 × 5 × 15 
cm3) and closed (30 × 5 × 15 cm3) arms connected to a central area (5 ×
5 cm), with the arms of the same type facing each other. The open arms 
were surrounded by a 1-mm-high ledge to prevent the mice from falling. 
The whole apparatus was elevated to a height of 50 cm above floor level. 
The illumination was set at 100 lx. At the beginning of the test, mice 
were individually placed at the center facing an open arm, and their 
behavior was video recorded for 5 min. The number of entries and the 
time spent in the open and closed arms were analyzed using the ANY- 
Maze video tracking system (Stoelting Europe, Dublin, Ireland). The 
percentage of entries and time spent in the open arms relative to the 
total entries and time spent in the four arms, which are classical indices 
of anxiety, were calculated a posteriori. 

2.8. Barnes maze 

The Barnes maze was designed for testing spatial learning and 
memory. Mice were placed in the middle of a circular platform with 20 
equally spaced holes (5 cm in diameter) around the perimeter. One of 
these holes was connected to a dark escape chamber called target box. 
Bright light (450 lx) shed on the platform was used to encourage mice to 
find it by spatial navigation using extra-maze visual cues placed on the 
walls of the testing room. Mice had a period of habituation, during 
which they were able to freely explore the device, without the target 
box, for 2 min. One day after, they started a spatial acquisition phase 
that lasted for 4 days with 3 trials per day and 45 min between each trial. 
At the beginning of each trial, mice were placed in the center of the maze 
under a rectangular opaque box. The box was then removed and mice 
were allowed to explore the maze. The trial ended when mice entered 
the escape box or after 3min. In this case, mice were gently guided to the 
escape box by the experimenter and remained there for 1min. On day 1 
and day 8 after the training sessions, mice went through the reference 
memory phases, during which the target box was removed and the 
mouse was left free to explore for 90 s. The latency to find the target box 
during each trial as well as the number of visits to each hole during the 
memory phases were recorded with the assistance of ANY-Maze video 
tracking system (Stoelting Europe, Dublin, Ireland). The cumulated 
number of visits to the target hole and to the two holes on both sides of 
the latter were then calculated as an additional index of spatial navi-
gation precision. 

2.9. Open-field and novel object recognition test 

The open-field was used to assess exploratory- and anxiety-related 
behaviors. The novel object recognition test was used to assess recog-
nition memory. On two consecutive days, mice were familiarized with 
an open-field (40 × 40 × 30 cm3) for 15 min, during which the mice 
were monitored for locomotion, exploration and anxiety parameters. On 
day three, for the sample trial, the mice returned to the open field in 
which two different objects had been set up beforehand. The animals 
were left free to explore them for 10 min, 5 h later, mice were again 
placed into the open field for the 10-min-duration test trial in which one 
of the objects previously explored had been replaced with a “new” one 
(the replaced objects across test trials were alternated to avoid a place 

preference bias). We chose a 5 h interval between sample and test trials 
because it represents a very challenging condition for the object memory 
of C57BL/6 mice (Sik et al., 2003). The exploratory activity toward each 
of the objects was videorecorded during both sample and test trials and 
later analyzed using the tracking software ANY-Maze (Stoelting Europe, 
Dublin, Ireland). The exploratory preference index was calculated for 
the test trial as (time spent exploring the novel object/total exploration 
time) x 100. The mice displaying a total exploratory time <10 s for both 
objects during the test trial were discarded from the analysis. 

2.10. Spontaneous social interaction test 

The spontaneous social interaction test investigated the behavior of 
two mice that were unfamiliar with each other and how they interacted 
in an open field. Briefly, a wild-type or a KI mouse was placed in an 
open-field (40 × 40 × 30 cm3) and explored it for 20 min before an 
unknown control mouse of the same sex, age and genetic background 
was introduced into the chamber. Their interactions were then recorded 
for 5 min. Social behaviors such as approaching, contact (nose-to-nose, 
nose-to-anogenital), following, self-grooming and allogrooming were 
manually scored with the assistance of Ethovision video tracking system 
(Noldus, Wageningen, the Netherlands). 

2.11. Electrophysiological recordings 

Mice were anesthetized with 5% isoflurane and then decapitated. 
Brain was dissected out of the cranium and immediately immersed in 
ice-cold freshly prepared artificial cerebrospinal fluid (aCSF) containing, 
in mM: 119 NaCl, 11 D-glucose, 1.3 MgCl2.6H2O, 1.3 NaH2PO4, 2.5 KCl, 
2.5 CaCl2, 26 NaHCO3, continuously oxygenated (95% O2, 5% CO2) 
(pH = 7.4) for a total duration of 3–4 min. Acute slices (350 μm thick) 
were prepared using a vibratome (VT 1000S; Leica Microsystems, Ban-
nockburn, IL). Sections were incubated in standard aCSF supplemented 
with 100 μM Picrotoxin at room temperature for at least 1 h before 
recordings. 

For recordings, a single slice was placed in the recording chamber 
(room temperature), submerged and continuously superfused with 
gassed aCSF (95% O2, 5% CO2; pH = 7.4) at a constant rate (2 ml min −
1) for the reminder of the experiment. Extracellular field excitatory 
postsynaptic potentials (fEPSPs) were recorded in the Dentate Gyrus 
(DG) using a glass micropipette filled with aCSF. fEPSPs were evoked by 
the electrical stimulation of the Perforant Pathway at 0.1 Hz (i.e., a 
single pulse every 10 s) with a glass stimulating electrode (borosilicate 
capillary glass with filament, standard wall; OD:1.5 mm; ID:0.86 mm; 
Length: 75 mm; ref.: W3 30–0060 from Harvard Apparatus). 

At the beginning of each experiment (when a stable fEPSP response is 
reached), Input/Output (I/O) curves were obtained by gradual increases 
in stimulus intensity (from 0 to 100 μA, 10 μA intervals) to assess 
changes in synaptic transmission. The same intensity of stimulation was 
kept for the reminder of the experiment. 

Stable baseline fEPSPs was then recorded during 10 min by stimu-
lating at 30% of maximal field amplitude (single pulse every 10 s, i.e., 
0,1 Hz). - Paired Pulse Ratios (PPR) were constructed to assess change in 
Short-Term plasticity. Two stimulations were applied with 50, 100, 150, 
200, 300 and 400 ms interval. 

LTP induction protocol by High-Frequency Stimulation (HFS): After 
a 10 min stable, a conditioning stimulus consisting in 3 train of 100-Hz 
stimulation was delivered to assess LTP. Following the conditioning 
stimulus, a 1 h test period was recorded where responses were again 
elicited by a single stimulation every 10 s (0,1 Hz) at the same stimulus 
intensity. Signals were amplified with an Axopatch 200B amplifier 
(Molecular Devices, Union City, CA) digitized by a Digidata 1322 A 
interface (Axon Instruments, Molecular Devices, US) and sampled at 10 
kHz. Recordings were acquired using Clampex (Molecular Devices) and 
analyzed with Clampfit (Molecular Devices). Experimenters were blin-
ded to treatment for all experiment. 
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2.12. Isolation of immune cells from adult mouse brains 

Mice were deeply anesthetized with an intraperitoneal injection of 
ketamine (100 mg/kg)/xylazine (10 mg/kg)/ acepromazine (3 mg/kg). 
Immune brain cells were isolated from hippocampus and para- 
hippocampus-enriched brain regions (perirhinal cortex, entorhinal cor-
tex, presubiculum, parasubiculum, subiculum) as followed. Mice were 
transcardially perfused with ice-cold PBS (pH 7.4, 1 mg/ml EDTA). 
Brain tissue from adult mice was dissociated into single-cell suspensions 
using the Adult Brain Tissue Dissociation Kit in combination with the 
gentleMACS™ Dissociator with Heaters (Miltenyi Biotec, Paris, France). 
After dissociation, cell debris was removed using the Debris Removal 
Solution (Miltenyi Biotec, Paris, France). Brain immune cells were 
collected, washed and labeled for subsequent cell sorting and/or flow 
cytometry analysis. 

2.13. Brain immune cell staining, flow cytometry and cell sorting 

Staining of brain immune cell surface antigens was performed as 
previously described (Cazareth et al., 2014). Briefly, Fc receptors were 
blocked with 2.4G2 antibody. Cells were incubated with the appropriate 
combination of conjugated antibodies CD11b-PercP-Cy5.5, CD45-APC- 
Cy7, Ly6C-PE-Cy7, Ly6G-V450, CD3-FITC, MHC Class II-BV510 (BD 
Biosciences, Le Pont de Claix, France), ACSA-2-APC (Miltenyi Biotec, 
Paris, France) or isotype control antibodies for 30 min. Cells were 
washed and resuspended in PBS containing 0.5% BSA for analysis and 
cell sorting with FACS Aria III (BD Biosciences, Le Pont de Claix, France). 

2.14. RNA isolation and quantitative PCR 

Total RNA from hippocampus and parahippocampal brain regions 
were isolated using the Trizol® RNA extraction kit (ThermoFisher, 
Courtaboeuf, France) according to the manufacturer recommendations 
followed by a RQ1 DNAse (Promega, Charbonnières, France) treatment. 
First-strand cDNA were synthesized from 2 μg of total RNA with 200 U of 
SuperScript III reverse transcriptase (ThermoFisher, Courtaboeuf, 
France) in the appropriate buffer in the presence of 25 μg/ml random 
primers, 0.5 mM desoxyribonucleotide triphosphate mix, 5 mM dithio-
threitol, 40 U RNAsin (Promega, Charbonnières, France). The reaction 
was incubated 5 min at 25 ◦C, then 50 min at 50 ◦C then inactivated 15 
min at 70 ◦C. Quantitative PCR was performed using the SYBRgreen 
method (Roche Diagnostics, France) with the LightCycler 480 sequence 
detector system (Roche Diagnostics, France). Primers were purchased 
from QIAGEN (QuantiTect primer assay, QIAGEN, Courtaboeuf, 
France). 

2.15. Cytokine measurement in CSF by CBA 

Mice were anesthetized with an intraperitoneal injection of ketamine 
(100 mg/kg)/xylazine (10 mg/kg)/ acepromazine (3 mg/kg); then CSF 
(2–5 μl) was obtained by cisternal puncture. Cytokine and chemokine 
concentrations were measured using the V-PLEX Proinflammatory Panel 
1 Mouse Kit according to the manufacturer’s protocol (Meso Scale Dis-
covery, Rockville, USA). 

2.16. Immunohistofluorescence 

Mice were treated with buprenorphine (0.1 mg/kg) and deeply 
anesthetized with xylazine/ketamine (15 mg/kg and 70 mg/kg respec-
tively). Then, they were transcardially perfused with 50 ml of 0.9% 
NaCl, followed by 4% paraformaldehyde (PFA). Tissues were post-fixed 
in 4% PFA for 4 h and then cryoprotected in 30% sucrose for 48 h. 
Samples were snap-frozen in isopentane after cryoprotection with Cry-
omatrix (Thermo Scientific). For brain, 40-μm-thick free-floating serial 
coronal sections were sliced using cryostat. 

For immunostaining, floating sections were incubated with antigen 

unmasking solution H3300 (Vector laboratories) for 10 min at 92 ◦C 
(Citrate buffer (pH 6)) and then sections were incubated in blocking 
buffer (0.5% Triton X-100, 5% normal goat serum, 4% bovine serum 
albumin (BSA)) for 1 h at RT. Staining was performed with primary 
antibodies diluted in blocking buffer overnight, at 4 ◦C. The following 
primary antibodies were used: Gfap, Iba1, PHB2, SLP2, eIF2α-P, TDP-43 
and CHCHD10. The references of antibodies and the concentrations used 
are listed in Table 1. After several washings in PBS/Triton 0.1%, sections 
were incubated for 1 h, at RT, in a solution (PBS, 0.3% Triton X-100, 1% 
BSA) with the corresponding secondary antibodies conjugated to Alexa 
Fluor 488 or 594 (Thermo Fisher Scientific), listed in Table 1. Sections 
were rinsed in PBS/Triton 0.1% and PBS, and incubated with 4′,6-dia-
midino-2-phenylindole, dihydrochloride (DAPI) (2 μg/ml) (Life Tech-
nologies) for 5 min at RT. Finally, sections were mounted in Vectashield 
Hard Set medium (Vector Laboratories). All images were captured with 
a ZEISS LSM 880 or a ZEISS LSM 800 confocal laser-scanning micro-
scope. The images were deconvolved with Huygens Essential Software™ 
(Scientific Volume Imaging) using a theoretically calculated point 
spread function (PSF) for each of the dyes. All selected images were 
iteratively deconvolved with maximum iterations scored 40 and a 
quality threshold at 0.05. The deconvolved images were used for 

Table 1 
Antibodies used in the study.  

Antigen Host Source Dilution 

ACSA-2-APC Human Miltenyi Biotec # 
130–116-245 

FACS: 1/ 
400 

CD3e-FITC Hamster BD Biosciences # 553061 FACS: 1/ 
400 

CD11b-PercP-Cy5.5 Rat BD Biosciences # 550993 FACS: 1/ 
400 

CD45-APC-Cy7 Rat BD Biosciences # 561037 FACS: 1/ 
400 

CHCHD10 Rabbit Sigma-Aldrich # 
HPA003440 

IHF: 1/100 

GFAP Mouse Proteintech # 60190–1- 
Ig 

IHF: 1/200 

Iba1 Rabbit Wako # 019–19,741 IHF: 1/ 
1000 

IgG1-APC (REA control 
antibody) 

Human Miltenyi Biotec # 
130–113-446 

FACS: 1/ 
400 

IgG2a-BV510 (isotype 
control) 

Rat BD Biosciences # 562952 FACS: 1/ 
400 

IgG2a-V450 (isotype 
control) 

Rat BD Biosciences # 560377 FACS: 1/ 
400 

IgG2b-APC-Cy7 (isotype 
control) 

Rat BD Biosciences # 552773 FACS: 1/ 
400 

IgG2b-FITC (isotype 
control) 

Hamster BD Biosciences # 553062 FACS: 1/ 
400 

IgG2b-PercP-Cy5.5 (isotype 
control) 

Rat BD Biosciences # 550764 FACS: 1/ 
400 

IgM-PE-Cy7 (isotype 
control) 

Rat BD Biosciences # 560572 FACS: 1/ 
100 

Ly6C-PE-Cy7 Rat BD Biosciences # 560593 FACS: 1/ 
100 

Ly6G-V450 Rat BD Biosciences # 560603 FACS: 1/ 
400 

MHC Class II-BV510 Rat BD Biosciences # 743871 FACS: 1/ 
400 

Fc Block 2.4G2 Rat BD Biosciences # 553142 FACS: 1/ 
200 

Mouse IgG Alexa Fluor 488 Goat Thermo Fischer # 
A11029 

IHF: 1/500 

PHB2 Mouse Proteintech # 66424–1- 
Ig 

IHF: 1/400 

Phospho-eIF2α Rabbit Cell Signaling # 3398 IHF: 1/200 
Rabbit IgG Alexa Fluor 594 Donkey Thermo Fischer # 

A21207 
IHF: 1/500 

SLP2 Rabbit Proteintech # 10348–1- 
AP 

IHF: 1/100 

TDP-43 Mouse Proteintech # 67345–1- 
Ig 

IHF: 1/400 

IHF: ImmunoHistoFluorescence, FACS: Flow Cytometry. 
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quantitative cytoplasmic TDP-43 inclusion analysis with Huygens 
Essentiel Software™ with the following standardized set of parameters: 
threshold = 10%, seed = 10%, garbage = 20 and remove round objects 
with axial sphericity threshold = 0.4 or 0.5 for the hippocampus or the 
entorhinal cortex respectively. 

2.17. TUNEL assay 

Brain tissues from animals perfused with 4% PFA were cut into 40 
μm sections and stained with the In Situ Cell Death Detection Kit, 
Fluorescein (Roche). Briefly, sections were treated with antigen 
unmasking solution H3300 (Vector laboratories) for 20 min at 92 ◦C, 
washed in PBS and blocked for 60 min in Tris-HCL 0.1 M pH 7.5, 3% 
BSA, 20% normal goat serum, 0.1% Triton. Sections were mounted onto 
glass slides and reaction mix containing fluorescein-dUTP and terminal 
deoxynucleotidyl transferase (TdT) was applied for 60 min at 37◦ C. A 
set of sections was incubated in the absence of TdT as a negative control. 
After PBS washes and counterstain with DAPI 2 μg/ml for 5 min, sections 
were washed again in PBS. Images were captured with a ZEISS LSM 800 
confocal laser-scanning microscope. 

2.18. Statistical analysis 

Wherever possible, we grouped males and females of the same ge-
notype. To ensure that this grouping was legal, we observed the 
graphical dispersion of individuals (Supplementary Figs. 1, 2 and 3) and 
subjected our data to two-way ANOVAs (genotype x sex). In the event of 
a significant genotype x sex interaction, we performed separate analyses 
for males and females (grip strength and open-field tests) (Supplemen-
tary Fig. 4). 

For behavioral studies, the statistical analyses were conducted using 
the InVivoStat software (Clark et al., 2012) or GraphPadPrism (Graph-
pad Software). We applied factorial ANOVA followed by Holm’s test for 
post-hoc comparisons to most of the data. For the other ones, either t-test 
or Mann-Whitney test was used, depending if the parametric conditions 
were met or not. The normality of residuals was assessed with normal 
probability plots and homoscedasticity with standardized residuals vs 
fitted values plot. 

For immunofluorescence, statistical analyses were performed with 
Mann-Whitney’s test. The quantitative data were analyzed in Microsoft 
Excel and GraphPad Prism (GraphPad Software). Data are means ±
SEM. “n” represents number of mice per experiment. The data from 
Chchd10S59L/+ mice were compared to the control littermates. P-value =
* < 0.05, ** < 0.01, *** < 0.001 and **** < 0.0001. ns = not significant. 

3. Results 

3.1. Evaluation of Chchd10S59L/+ mice reveals no major motor disability 
at 5 and 10 months of age 

Few cognitive tests are suitable for motor impaired animals. 
Chchd10S59L/+ (KI) mice started developing motor dysfunction after 8 
months of age (Anderson et al., 2019; Genin et al., 2019). To ensure that 
cognitive phenotypes could not be obscured by neuromuscular defects in 
Chchd10S59L/+ mice, we analyzed several aspects of motor functions of 
the animals at 5 and 10 months of age. Chchd10S59L/+ mice showed no 
motor deficits during rotarod, pole and parallel rod floor tests (Fig. 1a- 
g). Only the grip strength and actimetry tests revealed slight deficits in 
KI mice at 10 months. The grip strength results showed a decrease in the 
forelimb strength of 10-month-old KI female mice only (Fig. 1e). The 
actimetry test, which measures spontaneous locomotor activity, showed 
a slight rearing deficiency in KI 10-month-old mice compared to WT 
animals (Fig. 1h-o). These results are compatible with the onset of a 
motor deficit from 8 to 10 months, which will worsen until the animals 
are killed at around 12–14 months (end stage), due to their cardiac 
decompensation. They validate the choice of behavioral tests used in the 

rest of this study. 

3.2. Chchd10S59L/+ mice show normal spatial memory but impaired 
recognition memory capacities and altered anxiety-related behaviors 

To determine whether expression of the heterozygous S59L variant 
in mouse leads to the defects found in FTD patients, we analyzed per-
formances of the animals, at 5 and 10 months of age, in behavioral tests 
designed to assess various aspects of their cognitive abilities. The Barnes 
maze is designed for testing spatial memory. No behavioral differences 
were observed between Chchd10S59L/+ mice and control littermates 
(Fig. 2a-h). Indeed, KI mice learn and remember the target location in 
the same way as WT animals. We then used the novel object recognition 
test (NORT), which is based on measuring the spontaneous preference 
for novelty in rodents, to assess recognition memory. As shown in 
Fig. 2k-l, the 5- and 10-month-old WT animals spent significantly more 
time in front of the novel object during the test phase. Conversely, the 5- 
month-old KI mice did not spend any more time in front of the new 
object (Fig. 2k). At 10 months, they spent even less time in front of the 
novel object (Fig. 2l), thus suggesting abnormalities in object recogni-
tion memory of KI animals. Open-field and elevated plus maze (EPM) 
tests, used to assess anxiety-related behavior, also revealed differences 
between Chchd10S59L/+ mice and control littermates (Fig. 3a-d). Open- 
field is one of the only tests we’ve carried out that revealed an age- 
dependent interaction between mouse sex and genotype. In this test, 
5-month-old KI female mice spent a higher percentage of time in the 
center of the arena as compared to their WT female littermates, sug-
gesting less anxiety. 10-month-old KI male mice make more entries into 
the open-field center than WT male controls in relation to the distance 
they travel, suggesting less anxiety. In the EPM test, 5-month-old KI mice 
made fewer entries in the open arm than WT animals, indicating more 
anxious traits. These observations suggest anxiety-linked behavioral 
changes in KI mice which, depending on sex, manifest themselves at 
different ages. No difference was observed in spontaneous social inter-
action tests between KI and WT animals (Fig. 3e-j). 

3.3. Long Term Potentiation induced by high frequency stimulation is 
impaired in Chchd10S59L/+ mice 

NORT results indicate a defect in non-spatial learning of object 
identity in Chchd10S59L/+ mice. The perirhinal cortex belongs to the 
parahippocampal regions that provide sensory inputs to the dentate 
gyrus of the hippocampus through lateral entorhinal cortex. Therefore, 
we performed electrophysiological analysis of long-term potentiation 
(LTP) at the Perforant Pathway-Dentate Gyrus (PP-DG) synapses in brain 
slices from Chchd10S59L/+ mice and control littermates, aged 5 or 10 
months (Fig. 4a). High frequency stimulation (HFS) of the PP resulted in 
robust LTP in slices from WT mice but clearly revealed impaired LTP in 
those from Chchd10S59L/+ mice at 10 months of age (Fig. 4b-e). At 10 
months, KI mice also showed a lower amplitude of post-tetanic poten-
tiation (PTP) at PP-DG synapses, suggesting altered short-term plas-
ticity. One explanation could be that the S59L mutation in CHCHD10, 
which leads to disorganization of mitochondrial cristae and disassembly 
of the MICOS complex, could result in defects in the storage and/or 
release of intramitochondrial Ca2+, potentially impacting presynaptic 
plasticity. 

Electrophysiological analysis also showed normal basal synaptic 
transmission (Fig. 4f, g) and paired-pulse ratios (Fig. 4h, i) at PP-DG 
synapses of Chchd10S59L/+ mice. 

3.4. Integrated stress response (ISR) activation is associated with SLP2/ 
PHB2 aggregates in the hippocampus but not in the entorhinal cortex of 
Chchd10S59L/+ mice 

At the end-stage of the disease, Chchd10S59L/+ mice display typical 
ALS features in spinal cord MNs. However, in ALS, the presence of 
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Fig. 1. Motor function assessment of Chchd10S59L/+mice reveals mild late-onset deficits. 
a-d, Rotarod performance was evaluated on 5- (a, b) and 10-month-old (c, d) wild-type (WT) and Chchd10S59L/+ (S59L) mice. a, c, Latency to fall was measured 
across 6 consecutive trials. b, d, Mean latency to fall in seconds was calculated for the first 3 and the last 3 trials. Data were analyzed by 3-way ANOVA (genotype x 
sex x trial) and show that 5-month-old KI mice, overall, perform better than WT mice, but that their learning capacity in the rotarod task is identical. No further 
difference in 10-month old mice was observed. e-g, Grip strength (e), pole test (f) and parallel rod floor (g) were performed on 5- and 10-month-old WT (black) and 
S59L (white) male and female mice. e, Forelimb grip strength was performed to measure to neuromuscular function of 5- and 10-month-old WT male (black dots), 
WT female (black triangles) and Chchd10S59L/+ male (white dots) and female (white triangles) mice. Results are expressed in grams and are the average of 3 trials per 
mouse. They reveal differences between 5-month and 10-month-old WT male and female mice as well as a slight decrease in grip strength of 10-month-old KI female 
mice. f, Basal ganglia related movement deficits were evaluated through the pole test. Results show the latency to go down recorded in seconds and are the average of 
3 trials per mouse. g, The parallel rod floor test was used to estimate the motor coordination of Chchd10S59L/+ mice. Results show the number of foot slip errors 
recorded over a period of 5 min (slip frequency). Results are presented as mean ± standard error of the mean (SEM) and show no significant differences between WT 
and S59L mice. ns, non significant. N = 5–6. h-o, Actimetry was recorded over a 3-day period. h, j, The curves at the top represent the back-and-forth activity of the 
mice (WT, black curve and S59L, gray curve). i, k, Total locomotor activity represents the number of back-and-forth recorded over the 3-day period. l, n, The curves 
represent rearing activity (WT, black curve and S59L, gray curve). m, o, The total number of rearings was counted over the recording period and shows a deficit in 
10-month-old S59L mice. Results reveal a slight deficit in the righting ability of 10-month-old S59L mice. Results are presented as mean ± SEM. * Significance to 
control. *p < 0.05; ns, non significant. N = 5–6. Detailed statistical test results are available in Sup. Fig. 4. 
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protein aggregates is not restricted to the spinal cord and different brain 
region as the hippocampus can be affected. We carried out a neuro-
pathological analysis of the hippocampus in these animals. We previ-
ously described a novel type of aggregates in Chchd10S59L/+ mice, 
composed of Stomatin-Like Protein 2 (SLP2) and prohibitins (PHB1 and 
PHB2), key proteins in the inner mitochondrial membrane (IMM) or-
ganization (Mitsopoulos et al., 2015; Signorile et al., 2019). We found a 

significant accumulation of SLP2/PHB2 aggregates in DG, as shown on 
the lower panel of Fig. 5a, and cornus ammonis (CA) from Chchd10S59L/+

mice at the end-stage compared with WT littermates (Genin et al., 
2022). As axons from the PP convey sensory information from neurons 
of the entorhinal cortex to the DG (Fig. 4a), we also performed immu-
nostaining with antibodies against SLP2 and PHB2 on entorhinal cortex 
regions from Chchd10S59L/+ and WT mice at 10 months of age without 

Fig. 2. Chchd10S59L/+mice have normal spatial memory but show deficits in the novel object recognition test. 
a-h, Barnes Maze test: Spatial memory acquisition and retention were evaluated on 5- (a-d) and 10-month-old (e-h) WT (black dots) and S59L (white dots) male and 
female mice. Probe trials at day 1 (a, b, e, f) and day 8 (c, d, g, h) after the learning sessions. a, c, e, g, show the number of exploration bouts that were recorded at 
the location of the target hole (defined as position 0) as well as each individual non-target hole. The absolute value of the “hole number relative to target” reflects the 
distance from the target hole (WT, black curve and S59L, gray curve). b, d, f, h, Percentage of bouts to the target hole was calculated as (the number of bouts to the 
target hole to the total number of bouts to all holes) x 100. Results show no significant difference between WT and S59L mice performances in spatial memory 
acquisition and retrieval. i-l, NORT: NORT protocol consisted of two 15 min habituation sessions to the open-field on days 1 and 2. i-j, On day 3, two identical objects 
were placed in the arena and 5- (i) and 10-month-old (j) WT (black dots) and S59L (white dots) mice were allowed to explore for 10min (learning phase). k-l, After 
5h, one object was replaced by a new one for the test phase and 5- (k) and 10-month-old (l) WT (black dots) and S59L (white dots) mice were allowed to explore for 
10min. The dotted line represents the theoretical expected 50% of time that mice should spend exploring each object. Histograms represent the percentage of time 
sniffing each object for each experimental group during the learning and test phases. Results reveal deficits in object recognition for both 5- and 10-month-old S59L 
mice. Values are shown as mean ± SEM; **p < 0.01; ns, non significant. N = 7–11. Detailed statistical test results are available in Sup. Fig. 4. 
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Fig. 3. Anxiety-related behavior tests reveal alterations in Chchd10S59L/+ mice. 
Anxiety-related behaviors were estimated by the open-field (a-b) and the elevated plus maze (c-d) tests. a-b, Behaviors in the open-field test were recorded for 10 
min. a, Results show the percentage of time spent in the aversive center of the arena by WT (black dots), S59L (white dots) male mice and by WT (black triangles), 
S59L (white triangles) female mice at 5 and 10 months of age. a, Results show the % of time spent in the center of the arena and suggest that 5-month-old S59L female 
mice spend more time in the aversive zone of the open-field than the WT female control mice. b, Results show the total number of entries in the center related to the 
total distance covered and indicate that 10-month-old S59L male mice make more entries in the center of the open-field that the WT male control mice. c-d, Be-
haviors in the elevated plus maze test were recorded for 5 min. c, Results show the total number of entries in the open arms performed by WT (black dots) and S59L 
(white dots) mice at 5 and 10 months of age. d, Results show the percentage of entries in the open arms performed by mice and indicate that 5-month-old S59L mice 
make less entries in the open arms than the WT mice. e-j, Social interaction test: 5- and 10-month-old WT (black dots) and S59L (white dots) mice were subjected to a 
20 min exploratory session before the social interaction session of 5 min with an unknown mouse of the same sex, age and genetic background. Grooming cumulative 
duration (e), grooming (f), pursuit (g), contact (h), nose-to-nose (i) and nose-to-anogenital (j) frequencies were scored. Results indicate that S59L mice have un-
altered spontaneous social interactions as compared to WT mice. *** p < 0.005; ns, non significant. N = 5–6. Detailed statistical test results are available in 
Sup. Fig. 4. 
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finding SLP2/PHB2 aggregates (Fig. 5a). We also observed that SLP2/ 
PHB2 aggregates were associated with increased cell death in DG, as 
shown on the lower panel of Fig. 5b, and CA areas of Chchd10S59L/+

animals (Genin et al., 2022). However, TUNEL analysis did not reveal an 
increase of apoptosis in the entorhinal region of these mice (Fig. 5b-c). It 
has been proposed that protein aggregation triggers the mitochondrial 
integrated stress response (mtISR) found in CHCHD10-related disease 
(Anderson et al., 2019). Since ISR activation is based on phosphorylation 
of the eukaryotic translation initiation factor eIF2, we analyzed the 
expression of phosphorylated eiF2 (eiF2α-P) in the hippocampus and in 
the entorhinal cortex of Chchd10S59L/+ and WT mice. Quantitative 
analysis revealed a significant increase of eiF2α-P expression in these 
brain areas from Chchd10S59L/+ mice compared to control littermates 
(Fig. 5d-e). It has been shown that TDP-43 and CHCHD10 aggregates co- 
localize in mouse and patient brains (Liu et al., 2022). We found TDP-43 
and CHCHD10 in the same cytoplasmic inclusions in the hippocampus 
(CA) of Chchd10S59L/+ mice at 10 months (Fig. 6). 

3.5. Neuroinflammation in the hippocampus and entorhinal cortex of 
Chchd10S59L/+ mice 

Neuroinflammation is a common feature in ALS/FTD, primarily 
characterized by activation of innate immune sensing pathways in 
microglia and astrocytes resident to the central nervous system (CNS). 
The first cells to respond are likely microglia, as they are exquisitely 
sensitive to any perturbation in their environment. We analyzed the 
expression of the actin-binding protein (Iba1) on hippocampus and en-
torhinal cortex sections from Chchd10S59L/+ mice and WT animals at 10 
months of age. Immunostaining with antibodies against Iba1 revealed 
microglial activation in Chchd10S59L/+ brains compared with WT 
(Fig. 7a). We analyzed the expression of the astrocytic marker GFAP in 
the same brain regions. Quantitative analysis revealed a significant in-
crease of anti-GFAP immunostaining signals in the DG but not in the 
entorhinal cortex of Chchd10S59L/+ animals compared with control lit-
termates (Fig. 7b). 

According to these results, we found an upregulation of surface 
marker RNA expression (astrocytic GFAP, microglial CD11b and 
CX3CR1) in the hippocampus of Chchd10S59L/+ mice (Fig. 8a), and of 
pro-inflammatory cytokine (IL-1β, IL-6, TNF-α) gene expression in 
microglia of the animals (Fig. 8b). In ALS and FTD patients, analysis of 
CSF revealed altered secretions of inflammatory cytokines and chemo-
kines such as SDF-1α (also known as CXCL12) (Andrés-Benito et al., 
2020), as observed in our mouse model at 10 months of age (Fig. 8e). 
Interestingly, this chemokine also appeared to be significantly elevated 
in the plasma of KI mice at the same age (Fig. 8d). CNS-border- 
associated macrophages (BAMs) are found at brain border structures 
and are important in regulating the exchange of molecules between the 
brain and peripheral tissues. They include several types of macrophages, 
such as meningeal macrophages, perivascular macrophages (PVMs), and 
choroid plexus macrophages. Although single-cell profiling studies 

revealed the heterogeneity of BAMS, they are often identified by their 
higher expression of CD45 surface marker (CD11b + CD45high), as 
compared to microglia (CD11b + CD45low) (Fig. 8f). While the role of 
BAMs in neurodegenerative disease remains unknown, they have been 
shown to support blood vessel repair, mediate blood–brain barrier 
permeability, produce reactive oxygen species, secrete chemokines to 
orchestrate monocyte and granulocyte recruitment, and are highly 
phagocytic, indicating they may play a role in disease pathogenesis as 
effectors or regulators of immune responses. Here we show that BAMS 
from Chchd10S59L/+ animals express higher levels of IL-6 and TNF-α 
mRNAs as compared to their WT littermates (Fig. 8c), that could be 
involved in the recruitment of circulating immune cells, such as lym-
phocytes, neutrophils and inflammatory monocytes by altering the 
integrity of blood-brain barrier (BBB) (Fig. 8 g). 

4. Discussion 

The identification of the CHCHD10 gene in ALS patients was the first 
genetic evidence that a mitochondrial defect may be the cause of MND 
(Bannwarth et al., 2014). To understand how mitochondrial dysfunction 
can lead to neuronal death, we generated a mouse model expressing the 
deleterious variant (S59L) identified in our original family. Chchd10S59L/ 

+ mice die prematurely (before 14 months of age) from mitochondrial 
cardiomyopathy. Nevertheless, at the end stage of the disease, they show 
typical MND features: fragmentation of neuromuscular junctions, TDP- 
43 proteinopathy and a 16% reduction in spinal motor neurons; this 
decrease being clearly insufficient to cause major motor disability 
(Genin et al., 2019). The aim of this study was to determine whether 
Chchd10S59L/+ mice also reproduce the signs of FTD, found in patients 
expressing the same CHCHD10 variant. By using NORT, we show that 
both male and female KI animals present impaired episodic-like memory 
as early as 5 months of age. Memory impairment was demonstrated by 
NORT in several FTD mouse models, such as transgenic mice over-
expressing TDP-43 in the forebrain (CaMKII-TDP-43 Tg mice) (Tsai 
et al., 2010) or K3 animals that express the K369I human tau variant in 
neurons (Ittner et al., 2008); for review see (Ahmed et al., 2017). The 
learning and memory deficiency in FTD patients is a key factor leading 
to social behavior and language disorders. In Chchd10S59L/+ mice, NORT 
is impaired in young animals, while protein aggregates are not yet found 
in the hippocampus (Genin et al., 2022). These results show that some 
memory defects are early events in the pathological cascade leading to 
FTD in Chchd10S59L/+ mice also. The entorhinal cortex is located in the 
medial temporal lobe and serves as a crucial interface between the 
neocortex and the hippocampus, through the PP. In various types of 
dementia, including Alzheimer’s disease (AD), there is evidence of early 
and significant damage to the entorhinal cortex and PP. Here, both 
electrophysiological measurements at synapses between the PP and DG 
and neuropathological analyses validate the impairment of this crucial 
brain region in Chchd10S59L/+ mice. 

Anxiety-related behavior tests also revealed alterations in 

Fig. 4. Assessment of the hippocampal long-term potentiation (LTP) at performant pathway-dentate gyrus synapses (PP-DG) reveals late-onset deficits in 
Chchd10S59L/+mice. 
a, Schematic representation of the protocol. The stimulating electrode was located in the perforant pathway from the entorhinal cortex and the recording electrode 
was implanted in the dentate gyrus of the hippocampus. b, c, Results show the time course of the average slope of elicited field responses following LTP induction by 
a high frequency stimulation (HFS) induction protocol (3*100 Hz) at the PP-DG synapses from 5- (b) and 10- (c) month-old male and female S59L (white dots) mice 
and their wild-type littermates (WT, black dots). Time-point 0 represents delivery of HFS, as indicated by an arrow. Slopes of fEPSP are normalized to the baseline 
and plotted against time. The data are represented as means ± SEM. e, Columns represent the average slope response during baseline (− 10 to 0 min), 0–20 min post- 
LTP induction, 20–40 min post-LTP induction and 40–60 min post-LTP induction for 5- (d) and 10- (e) month-old WT and S59L mice. LTP was measured as percent of 
baseline fEPSP slope recorded over a 10-min period before LTP induction. This value was taken as 100% of the excitatory post-synaptic potential slope and all 
recorded values were normalized to this baseline. Results show that LTP is impaired in 10-month old S59L mice, when compared to littermates. f, g, Evoked response 
amplitudes were recorded from the DG in response to increasing stimulating currents (50 to 100 μA) to the PP. Normalized average slope of fEPSP evoked during 
input-output responses were recorded at the perforant pathway-dentate gyrus (PP-DG) synapses from 5- (f) and 10-month-old (g) WT (black dots) and S59L (white 
dots). h, i, Paired-pulse facilitation of fEPSPs were recorded at the PP-DG synapses from 5- (h) and 10-month-old (i) WT (black dots) and S59L (white dots). The 
paired-pulse ratio was measured at stimulus intervals of 50, 100, 150, 200, 300 and 400 ms. Results show that S59L mice have unaltered basal synaptic transmission 
and short-term plasticity at the PP-DG synapses. The data are represented as means ± SEM. * p < 0.05; **p < 0.01; ns, non significant. N = 5–6. 
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Chchd10S59L/+ animals. It cannot be ruled out that memory dysfunction 
may contribute to this behavior disturbance. Nevertheless, these 
behavioral abnormalities are frequently found in mouse models of FTD 
and anxiety symptoms are highly prevalent among people with de-
mentia (Ahmed et al., 2017) (Benussi et al., 2021). 

Protein aggregation in degenerating neurons is a hallmark of FTD, 
ALS and other neurodegenerative diseases. The aggregates observed in 
Chchd10S59L/+ mice include proteins such as TDP-43, CHCHD10 and its 
paralog CHCHD2 (Anderson et al., 2019) (Genin et al., 2019) (Shammas 
et al., 2022). We also found a new type of aggregates including SLP2 and 
PHB proteins, which do not co-localize with CHCHD10 inclusions. SLP2/ 
PHB small aggregates are associated with an increase of apoptosis in the 
hippocampus of Chchd10S59L/+ mice at end-stage compared with WT 
littermates (Genin et al., 2022). Protein aggregation is at least in part 
responsible for mtISR activation reported in the heart tissue from KI 
mice carrying CHCHD10 variants (Anderson et al., 2019) (Shammas 
et al., 2022). The phosphorylation of eIF2 results in a general reduction 
in protein synthesis and reprogramming specific gene expression in 
response to internal or environmental stresses. SLP2 and prohibitins 
control the activity of proteases such as OMA1 (Wai et al., 2016) 
(Steglich et al., 1999). In Chchd10S59L/+ mouse heart tissue, we have 
shown that SLP2/PHB aggregates are associated with an instability of 
the PHB complex in the inner mitochondrial membrane at least in part 
responsible for the activation of the OMA1 cascade. OMA1 cleaves 
DELE1, the short form of which is released into the cytoplasm and ac-
tivates HRI, one of four eIF2α kinases (Fessler et al., 2022). Several 
studies demonstrated that CHCHD10 mutations induce mtISR activation 
in vivo, likely by different mechanisms including protein aggregation 
and OMA1 activation (Anderson et al., 2019) (Shammas et al., 2022). 
Activation of the mtISR in the entorhinal cortex of 10-month-old KI mice 
in the absence of protein aggregates could suggest that these aggregates 
play a greater role in perpetuating stress than in triggering it. 

The brain is one of the most sensitive organs to alterations in the ISR, 
which are involved in cognitive deficits and neurodegenerative pathol-
ogies (for review see (Costa-Mattioli and Walter, 2020)). Numerous re-
ports have demonstrated that ISR is a molecular control center 
regulating the switch from short to long term memory (Costa-Mattioli 
et al., 2007) (Trinh and Klann, 2013) (Chesnokova et al., 2017). Long- 
term potentiation (LTP) is a persistent increase in synaptic strength 
following high frequency stimulation. The late phase of LTP (L-LTP) is 
involved in the formation of long-term memory that requires de novo 
protein synthesis to establish stronger synaptic connections. ISR acti-
vation impairs long-term memory formation by preventing the synthesis 
of proteins required for synaptic modification (Costa-Mattioli et al., 
2007). The increase of eiF2α-P expression that we found in the hippo-
campus of Chchd10S59L/+ mice confirms that mtISR activation is likely in 
part responsible for the impairment of memory and learning found in 
these animals. The presence of phosphorylated eIF2 has also been re-
ported in post-mortem brains of patients affected by neurodegenerative 
disorders, including ALS or AD (Moon et al., 2018). ISR activation is 
thought to be beneficial in stress situations when it is temporary via a 
decrease in protein translation. However, prolonged ISR without 

resolution can be harmful and lead to cell death, perhaps explaining, at 
least in part, the atrophy of the hippocampus and entorhinal cortex 
observed in FTD patients. These results underline the relevance of 
Chchd10S59L/+ mice as a model for deciphering the mechanisms 
involved in the human disease. 

Even though the exact role of neuroinflammation in neuro-
degeneration is still debated, it is a key component in both ALS and FTD. 
It has been proposed that neuroinflammation contributes to ISR acti-
vation, which can also sustain the inflammatory process through the 
overexpression of cytokines and NF-αB (for review see (Moon et al., 
2018)). The proinflammatory cytokine TNF-α is required for eiF2α 
phosphorylation triggered by Aβ oligomers in AD disease models 
(Lourenco et al., 2013). Neuroinflammation affects various areas of the 
brain, in particular the hippocampal and parahippocampal regions. 
Collectively, our data show that Chchd10S59L/+ mice present signs of 
neuroinflammation in the hippocampal and parahippocampal regions 
from the age of 5 months which are much more pronounced at 10 
months of age, where the mice exhibit reduced synaptic plasticity and 
substantial decline in performance of an episodic memory task that 
depends on entorhinal cortical projections. From AD animal models, it is 
known that chronic neuroinflammation results in the loss of pyramidal 
cells within layers II and III of the entorhinal cortex and a significant 
attenuation of LTP within the dentate gyrus, leading to a temporal lobe 
atrophy, memory deficits and dementia (Janelsins et al., 2005); (Li et al., 
2022). 

Neuroinflammation in ALS/FTD is primarily characterized by reac-
tive gliosis affecting both microglia and astrocytes in the CNS. The bulk 
of evidence from imaging studies in humans, and pathology studies in 
model organisms support that this process occurs early, long before 
neuronal cell death, via yet unknown signaling events between injured 
neurons and neighboring glial cells. We found evidence of gliosis, in the 
hippocampal and parahippocampal regions of the Chchd10S59L/+ mice, 
characterized by the upregulation of astrocytic (GFAP), microglial 
(CD11b, CX3CR1) markers, glia proliferation and the secretion of pro- 
inflammatory cytokines (IL-1α, IL-6, TNF-α). Clear evidence of micro-
glial and astrocytic activation has been found in SOD1, TDP43 and 
C9orf72 models of ALS (for review see (Vahsen et al., 2021)). C9orf72 is 
required for the normal function of myeloid cells and altered microglial 
function, with increased expression of IL-6 and IL-1β and upregulation of 
inflammatory genes, may contribute to neurodegeneration in C9orf72 
expansion carriers (O’Rourke et al., 2016). SOD1 models indicate that 
microglial activation has neurotoxic effects. Most studies with SOD1, 
TDP43 and C9orf72 models also support a neurotoxic astrocyte pheno-
type that could be mediated by crosstalk with other non-neuronal cells 
(Vahsen et al., 2021). 

In conclusion, Chchd10S59L/+ mice display pathological phenotypes 
associated with FTD in patients, including behavioral disorders sug-
gestive of impaired learning and memory capacities. 

Such results are consistent with the hippocampal lesions observed in 
these animals: ISR activation, protein aggregation, gliosis and neuronal 
degeneration. They demonstrate the value of Chchd10S59L/+ mice, which 
recapitulate all the disorders found in patients expressing CHCHD10 

Fig. 5. SLP2/PHB2 aggregates and activation of mtISR in Chchd10S59L/+ mice. a, Absence of SLP2/PHB2 aggregates in the entorhinal cortex (EC) of 
Chchd10S59L/+ mice. Brain sections visualizing the entorhinal cortex from Chchd10S59L/+ mice (S59L/+) and control littermates (WT) at 10-month-old. Immuno-
labeling was performed with antibodies against SLP2 (red) and PHB2 (green). Scale bar = 20 μm. The lower panel shows the presence of these aggregates (arrows) in 
the DG of Chchd10S59L/+ mice at 10 months (Genin et al., 2022). b-c, No increase of apoptosis in the entorhinal cortex of Chchd10S59L/+ mice. b, TUNEL staining of 
brain sections visualizing the entorhinal cortex from Chchd10S59L/+ mice (S59L/+) and control littermates (WT) at 10-month-old. Arrows indicate apoptotic 
(TUNEL+/DAPI+) cells. Scale bar = 20 μm. c, Quantification of TUNEL positive cells observed in b. n = 3 independent experiments with 3 Chchd10S59L/+ mice and 3 
control littermates. For each animal, 2 to 4 fields (at least 4 images per field) were randomly selected and analyzed for scoring TUNEL-positive cells versus total 
number of nuclei. Values are mean ± SEM. The lower panel shows the increase of apoptotic cells (arrows) in the DG of Chchd10S59L/+ mice at 10 months (Genin et al., 
2022). d-e, Increase of phosphorylated eiF2 (eiF2α-P) expression in the hippocampus and the entorhinal cortex of Chchd10S59L/+ mice at end-stage. Brain sections 
visualizing hippocampal areas: DG (left panel) and CA (middle panel) and the entorhinal cortex (right panel) were labeled with antibodies against eiF2α-P (green). 
Scale bar = 20 μm. Quantification of eiF2α-P staining observed in d. n = 3 independent experiments with 3 Chchd10S59L/+ mice and 3 control littermates. The data 
are represented as means ± SEM. P-value = ** < 0.01, *** < 0.001, ns = not significant. (For interpretation of the references to colour in this figure legend, the 
reader is referred to the web version of this article.) 
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Fig. 6. Cytoplasmic TDP-43 inclusions and colocalization between TDP-43 and CHCHD10 in Chchd10S59L/+ mice. a, No increase in cytoplasmic TDP-43 
inclusions in the DG of the hippocampus of Chchd10S59L/+ mice. Brain sections from Chchd10S59L/+ mice (S59L/+) and control littermates (WT) at 10-month-old 
(left panel). Quantification of cytoplasmic TDP-43 inclusions (right panel). b, Accumulation of cytoplasmic TDP-43 inclusions in the CA of the hippocampus of 
Chchd10S59L/+ mice. Brain sections of the CA from Chchd10S59L/+ mice (S59L/+) and control littermates (WT) at 10-month-old (left panel). Quantification of 
cytoplasmic TDP-43 inclusions (right panel). c, TDP-43 and CHCHD10 in the same cytoplasmic inclusions (arrows) in the CA of the hippocampus of Chchd10S59L/+

mice. Brain sections visualizing the CA from Chchd10S59L/+ mice (S59L/+) and control littermates (WT) at 10-month-old (left panel). Quantification of colocalization 
between TDP-43 and CHCHD10 (D10) (right panel). d, No increase in cytoplasmic inclusions of TDP-43 in the entorhinal cortex of Chchd10S59L/+ mice. Brain sections 
showing the entorhinal cortex from Chchd10S59L/+ mice (S59L/+) and control littermates (WT) at 10-month-old (left panel). Quantification of cytoplasmic TDP-43 
inclusions (right panel). a-d, Immunolabeling was performed with antibodies against TDP-43 (green) and/or CHCHD10 (red). DAPI was used for nuclear staining. 
Scale bar = 20 μm. n = 3 independent experiments with 3 Chchd10S59L/+ mice and 3 control littermates. The data are represented as means ± SEM. P-value = * <
0.05, **** < 0.0001, ns = not significant. To quantify the number of cytoplasmic TDP-43 inclusions in a, b and d, analysis was performed using Huygens Essential 
Software™. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

Fig. 7. Microglial proliferation in the hippocampus and the entorhinal cortex of Chchd10S59L/+ mice. a-b, Brain sections visualizing hippocampal areas: DG 
and CA and the entorhinal cortex from Chchd10S59L/+ mice (S59L/+) and control littermates (WT) at 10-month old (upper panels). Immunolabeling was performed 
with antibodies against Iba1 (red) (a) or GFAP (green) (b). DAPI was used for nuclear staining. Scale bar = 20 μm. Lower panels correspond to quantification of Iba1 
or GFAP positive cells. Quantification of Iba1 (a) or GFAP (b) positive cells in DG (left panel) and CA (middle panel) and the entorhinal cortex (right panel) from 3 
Chchd10S59L/+ mice and 3 control littermates. The data are represented as means ± SEM. P-value = * < 0.05, **** < 0.0001, ns = not significant. (For interpretation 
of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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variants. These KI mice represent a relevant model both for under-
standing the link between mitochondrial dysfunction and neurodegen-
erative diseases and for testing the preclinical efficacy of molecules with 
therapeutic aims. 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.nbd.2024.106498. 
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a two-way ANOVA followed by multiple comparison test. * p < 0.05; **p < 0.01; ns, non significant. N = 6. f, Representative bivariate dot plots of isolated brain cells 
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suspension isolated from hippocampal and peri-hippocampal brain regions of 10-month-old WT (black dots) and S59L (white dots) mice. The data are represented as 
means ± SEM and analyzed using a Mann&Withney test. Results show an increase in the percentages of microglia, lymphocytes, neurotrophils and inflammatory 
monocytes in 10-month-old S59L hippocampus region as compared to WT animals. * p < 0.05; ns, non significant. N = 4. 
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