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SQSTM1/p62 has an essential role in autophagy, a catabolic pathway that is vital for maintaining 
cell homeostasis. p62 alterations have been observed in multiple pathological conditions, including 
neurodegenerative diseases and bone metabolism alterations. The p.R321C p62 protein mutation has 
been described in patients with amyotrophic lateral sclerosis, frontotemporal lobar degeneration, 
and Paget’s disease of bone. In vitro studies associated the p62-321C variant with a blockade of 
autophagy and with the activation of the NF-kB pathway. We aimed to provide a deeper understating 
of the pathophysiological consequences of the p.R321C p62 mutation using a humanized mouse 
model. Micro-computed tomography, immunohistochemistry, and western blot analysis studied the 
functional consequences of the p. R321C p62 mutation. Statistical analyses were performed using 
SPSS software. The results showed that the p62-321C mice developed seizures after tactile–vestibular 
stimulation, probably associated with a blockage of the autophagy and NF-kB activation. Changes in 
expression of cFos and p62 were found in the amygdala, hypothalamic nuclei, and hippocampi nuclei. 
In addition, numerous degenerating motor neurons were observed in the spinal cord of the p62-321C 
mice. We report that the blockage of the autophagy, caused by p.R321C p62 mutation, is associated 
with abnormalities in the central nervous system, mainly seizures after tactile–vestibular stimulation 
and degeneration of the motor neurons of the spinal cord but not with bone abnormalities in a 
humanized mouse model.
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Sequestosome 1 (SQSTM1) gene, which encodes for p62 protein, localizes in the human chromosome 5 and 
comprises 8 exons distributed through 16  kb. The p62 protein has 440 amino acids (62  kDa) distributed in 
six functional domains, including a N-terminal Phox1 and Bem1p (PB1) domain, a zinc finger (ZZ) domain, 
a tumor necrosis factor receptor-associated factor 6 (TRAF6)-binding (TB) motif, an LC3-interacting region 
(LIR), a Keap1-interacting region (KIR), and a ubiquitin-associated (UBA) domain1–3. p62 plays a crucial role 
in cellular signaling; it is involved in the activation of the nuclear factor kappa B (NF-kB) pathway, participates 
in antioxidant response by the activation of Keap1-Nrf2, and is also important in selective autophagy4–6. p62 
protein is expressed in both the cytoplasm and the nucleus. Flanking the TB domain are the nuclear and nuclear 
export signal sequences (NLS and NES) that facilitate the nuclear-to-cytoplasmic shuttling of the p62 protein7.

SQSTM1/p62 alterations have been observed in multiple pathological conditions8–10. Missense mutations in 
the SQSMT1 gene have been mainly associated with bone metabolism alterations, such as Paget’s disease of bone 
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(PDB), and with neurodegenerative diseases like amyotrophic lateral sclerosis (ALS) or frontotemporal lobar 
degeneration (FTLD). One of the SQSTM1 mutations that are common to PDB, ALS, and FTLD is the p.R321C 
protein variant11–13. The p.R321C mutation is near the LIR domain of the p62 protein, a domain that is crucial 
in autophagy due to its interaction with LC3 protein, allowing the anchoring of p62 to the autophagosome, 
enabling its formation and the degradation of the ubiquitinated proteins14,15. Previous functional in vitro studies 
conducted by our research group revealed that this mutation induces a blockage of autophagy, accumulation of 
the p62 protein, and activation of the NF-kB pathway11. Therefore, the p.R321C variant in the p62 protein may 
be linked to the etiopathogenesis of PDB, ALS, and FTLD due to the role played by autophagy alterations in 
bone metabolism and neurodegenerative pathologies16–20. In this scenario, this study aimed to use a humanized 
mouse model to obtain a deeper understanding of the pathophysiological consequences of the p.R321C p62 
mutation in an in vivo model.

Results
The p62-321C variant was not associated with bone alterations
The full-body CT scan did not reveal focal skeletal lesions in p62-321C mice. The microstructural analysis of the 
femora and tibia by μCT did not reveal obvious abnormalities either. The results also showed no alterations in 
the cortical and trabecular bone of the p62-321C mice. The hematoxylin–eosin study also showed no differences 
in the trabecular and cortical bone of the p62-321C mice (Supplementary Fig. 1).

The p62-321C mice developed seizures and showed increased expression of cFos protein
After tactile–vestibular stimulation, the p62-321C mice developed seizures of severity 5 according to the seizure 
severity index21–23. The p62-321C mice suffered generalized tonic–clonic seizures distributed bilaterally and 
characterized by symmetrical and bilateral spasms of the extremities, with rigidity followed by shaking. After 
tactile–vestibular stimulation, the animal started with an opisthotonus (arching of the cervical musculature) 
and then presented a generalized convulsive phase (hyperkinetic seizures with disconnection from the posterior 
environment) followed by a stuporous period (Supplementary Video 1). These crises occurred in all p62-321C 
mice, and the p62-321R mice did not develop seizures after the same stimulation.

Immunohistochemical detection of cFos-like protein was used to identify central structures activated by 
tactile–vestibular stimulation. The results showed that the cFos brain immunoexpression differed between 
p62-321C and p62-321R mice. The cFos labeling was higher in p62-321C mice than in p62-321R mice. The 
differences were mainly observed in the external cortex of the inferior colliculus, in the hypothalamic and 
amygdaloid areas, in the hippocampal formation, and in the motor cortex. In particular, cFos expression was 
elevated in the anterior hypothalamic and ventromedial hypothalamic areas nuclei, in the posteroventral part of 
the medial amygdaloid nucleus and piriform cortex of the amygdaloid nuclei, in the carnu ammonis area 3 and 
dentate gyrus of the hippocampal, and in the cingulate and motor cortex (Table 1 and Fig. 1).

The p62 protein expression was higher in the p62-321C mice
Western blot analysis detected higher levels of p62 and LC3B-II proteins in the brain (p = 0.012 and 0.032 for 
p62 and LC3B-II, respectively) and spinal cord (p = 0.021 and 0.028 for p62 and LC3B-II, respectively) of the 
p62-321C mice than in those from p62-321R mice. The expression of mTOR and beclin1 proteins were similar 
in p62-321C and p62-321R mice (Fig.  2). The results also revealed differences in the immunohistochemical 
detection of the p62 protein in the central nervous system (CNS) between the p62-321C and p62-321R mice. The 
density of immunopositive neurons varied across different areas of the CNS (Table 2). The main differences were 
in the amygdala, hypothalamic nuclei, and hippocampi nuclei, where the p62 immunoexpression was higher in 
p62-321C mice than in p62-321R mice (Fig. 3). In addition, the labeling was abundant and particularly strong 
in brainstem motor nuclei, such as the facial and trigeminal motor nucleus, the locus coeruleus, the dorsal 
raphe nucleus, the interpeduncular nucleus, and the pontine nuclei (Fig. 4). A more detailed distribution of 
the p62 immunoreactivity is shown in the Supplementary Fig. 2. In the spinal cord, the motoneurons of the 
p62-321C mice were more immunoreactive to p62 than those of p62-321R mice (Fig. 5A). In addition, signs of 
neurodegeneration were observed in the p62-321C mice. Numerous degenerating motor neurons in the spinal 
cord surrounded by leukocytes could be observed, particularly in areas with neurons showing the most intense 
staining with p62 antibodies (Fig. 5B,C).

Discussion
P62 is a multimodule adaptor protein coded by the SQSTM1 gene that is crucial in multiple cellular processes, 
including NF-kB signaling, apoptosis, or Nrf2 activation24. Also, the p62 protein has an essential role as a cargo 
receptor for ubiquitin-mediated autophagy, a crucial catabolic pathway for removing cell proteins and organelles. 
p62 protein interacts with ubiquitinated proteins through its UBA domain and the complex is sequestered by 
the autophagosome membrane by the interaction between its LIR domain and LC3 protein25. Autophagy is 
vital for maintaining cell homeostasis, and its dysregulation is associated with various human diseases, such as 
cancer, metabolic disorders, and neurodegenerative diseases26–28. Autophagy deficiencies have been implicated 
in several neurodegenerative alterations, including FTLD, ALS, Alzheimer’s disease, and Huntington’s disease, 
among others29–33.

The p. R321C mutation is localized near the LIR domain of the p62 protein and has been described in patients 
with PDB, FTLD, and ALS8,11. The LIR domain is essential in autophagy because it interacts with the LC3 
protein, facilitating the anchoring of p62 to the autophagosome and enabling the degradation of ubiquitinated 
proteins14,15. In vitro studies have shown that the 321C-p62 variant blocks autophagy and activates the NF-
kB pathway. It was observed that the p.R321C mutation was associated with the formation of cytoplasmic 
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aggregates, possibly autophagosomes that could not fuse with lysosomes and, therefore, with increased levels of 
p62 protein11. The levels of p62 protein can be used to monitor autophagy as it is degraded during the process; 
higher levels of p62 protein are linked to reduced autophagic activation34. The p.R321C p62 protein mutation 
causes effects similar to those observed with chloroquine treatment, a known inductor of autophagy blockade 
and NF-kB activation11,35. In this scenario, we used a humanized mouse model to determine the pathological 
consequences of the p.R321C mutation. Our results show that the mice carrying the p321C protein display 
seizures after tactile–vestibular stimulation but not bone alterations. The absence of bone abnormalities strongly 
suggests that a second genetic or environmental hit in the bone may be necessary in the pathophysiology of PDB.

Abnormalities in the autophagy pathway have been previously associated with neurological disorders, 
including epileptic seizures36–38. Our results showed that p62 immunoexpression was higher in the p62-321C 
mice, mainly in the amygdala and in the hypothalamic nuclei. The amygdala and other limbic areas, such as 
the hippocampus, have been classified as trigger zones in some forms of temporal lobe epilepsy (TLE)39–41. 
Epilepsy is one of the most common neurologic disorders in clinical practice. Epileptic seizures represent an 
alteration of neurologic function caused by the excessive, hypersynchronous discharge of neurons in the brain40. 
The immediate early cFos gene has long been known as a molecular marker of neuronal activity42, and it has 
been reported that seizure activity results in increased cFos gene expression in particular subsets of neurons43. 
Considering that the cFos protein is expressed in situations of neuronal activation42,43, its overexpression in 
p62-321C mice may indicate that their neurons show higher basal activity and, therefore, an excess of electrical 
impulses, which are associated with a predisposition to seizures. Our experiments revealed that p62-321C mice, 

Table 1.  Immunopositive areas for the c-Fos antibody in p62-321R and p62-321C mice.
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after seizures, showed mainly an increase of the cFos protein expression in hypothalamic, amygdaloid, and 
hippocampal nuclei. These areas are considered seizure triggers in some forms of epilepsy39–41. The pathways 
involved in seizures originating from the brainstem, such as audiogenic seizures, are well-studied44,45. In our 
case, these reflex seizures are triggered by tactile–vestibular stimuli, and the pathways are not clearly defined. 
It is known that limbic seizures mainly focus on the amygdala46, and seizures originating in the amygdala and 
hippocampus have also been described47. In our case, nuclei that were intensely stained with cFos, associated 
with epilepsy, such as the amygdala, hippocampus, and piriform cortex48, suggest that these nuclei may play a 
role in the potential pathway for this type of seizure. In many cases, seizures are aggravated in situations of stress 
or anxiety49. This stress response is mediated by the hypothalamic–pituitary–adrenal axis, which would explain 
why p62-321C mice have a higher density of cFos protein in these areas after stimulation.

Previously, we demonstrated how the p62 p.R321C mutation induces an autophagy blockade and activates 
the transcriptional regulator NF-kB pathway by accumulating the p62 protein11. NF-kB plays a key role in 
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cellular activity by binding to promoter regions in the nucleus and transcribing numerous protein-coding genes, 
including those that support neurogenesis, neuronal death survival, and synaptic plasticity50–52. In this scenario, 
several studies have implicated the critical role of NF-kB in epilepsy53. Elevated NF-kB expression has been 
noted in brain tissue from animal models and patients with epilepsy, being linked to an imbalance of glutamate 
and gamma-aminobutyric acid, changes in ion concentrations, and modifications of synaptic functions and 
neuronal excitability54,55. In addition, autophagic mechanisms regulate synaptic transmission and plasticity56,57, 
and impaired autophagy could facilitate aberrant synaptic reorganization, such as mossy fiber sprouting and the 
formation of epileptic circuits58,59. Autophagy is linked to epilepsy through observations of impaired autophagy 
in mouse models of epilepsy, such as those with mutations in the mTOR pathway or in the Atg7 gene, which 
are essential for its activation60. This suggests that defective autophagy may contribute to the development of 
epilepsy. The specific cellular and molecular mechanisms by which impaired autophagy leads to epilepsy still 
need to be investigated in more detail. However, it is well-known that disruption of GABA receptor function 
and the excitatory/inhibitory balance in the brain is a well-established mechanism contributing to epilepsy 
associated with autophagy modifications61,62. Thus, our results support the idea that the p.R321C mutation in 
p62 protein is linked to epilepsy in two ways: through activating the NF-kB pathway and inhibiting autophagy.

We have also observed an accumulation of p62 protein in the spinal cord, together with numerous phagocytic 
cells and degenerating motor neurons, in p62-321C mice. This observation aligns with the previously reported 
connection between autophagy alterations and neurodegenerative disorders such as ALS29. The blockade 

Fig. 1.  Distribution of the cFos protein in several nuclei of the brainstem in p62-321R and p62-321C mice 
after the tactile–vestibular stimulation. Scheme showing coronal sections of the brain at different rostrocaudal 
levels (references in relation to the interaural (I.A.) level). The images on the left show the interaural level 
from which the sections were prepared outlined with a box. (A,B) Fos immunoreactivity in the external 
cortex of the inferior colliculus. (C,D) High magnification of the square outlined in (A) and (B), respectively. 
(E,F) Fos immunoreactivity in the hypothalamic nuclei. (G,H) High magnification of the square outlined in 
the AHP in (E) and (F), respectively. (I,J) High magnification of the square outlined in the VMH in (E) and 
(F), respectively. (K,L) Fos immunoreactivity in the amygdaloid nuclei. (M,N) High magnification of the 
square outlined in the MePV in (K) and (L) respectively. (O,P) High magnification of the square outlined in 
the Pir in (K) and (L), respectively. (Q,R) Fos immunoreactivity in the hippocampal formation; (S,T) High 
magnification of the square outlined in the DG of the hippocampus in (K) and (L), respectively. (U,V) Fos 
immunoreactivity in the field CA3 of the hippocampus; (W,X) Fos immunoreactivity in the motor cortex; 
(Y,Z) High magnification of the square outlined in the Mo in (W) and (X) respectively. ACo anterior cortical 
amygdaloid area, Aq aqueduct, APH anterior hypothalamic nucleus, CA3 Cornu Ammonis area 3, Cg cingulate 
cortex, DG dentate gyrus, ECIC external cortex of the inferior colliculus, HF hippocampal formation, hil hilus, 
MePV medial amygdaloid nucleus, posteroventral part, Mo motor cortex, Pir piriform cortex, s.g. stratum 
granulosum, VMH ventromedial hypothalamic nucleus. Scale bars: 500 µm (A,B,E,F,K,L,Q,R,W and X) and 
20 µm (C,D,G–J,M–P,S–V,Y and Z).

◂

Fig. 2.  Comparison of the expression of autophagy-related proteins in the brain and spinal cord in p62-
321R and p62-321C mice. (A) mTOR, p62, LC3B and beclin1 proteins were analysed by Western blotting. 
(B–E) Relative protein abundance of mTOR (B), p62 (C), LC3B (D) and beclin1 (E) were quantified. All blots 
were derived from different parts of the same gel and were processed in parallel. Data represent the average 
(standard deviation) of the optical density. N = 3/per group. **p < 0.01, A.U arbitrary units and N.S. not 
significant.
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of autophagy caused by the 321C variant may be linked to the neurodegeneration of spinal motor neurons, 
consistent with reports connecting the p. R321C p62 mutation to ALS8,12.

In summary, our results strongly suggest that the p. R321C p62 mutation is insufficient to produce bone 
alterations associated with Paget’s disease. This reinforces the hypothesis that either mutations in other genes 
or environmental factors are involved in this disease. Nevertheless, our observations of the CNS of the p. 321C 
mice suggest that this mutation could be mainly related to abnormalities in limbic areas such as the amygdala 
and hippocampus and increased susceptibility to seizures.

Methods
Generation of humanized p62-321C and p62-321R mice
The human SQSTM1 cDNA was cloned into the EcoRI site of the pCAG.GS vector to generate the pCAG.GS-
cSQSTM1-321R construct. The p.R321C mutation was introduced into this construct using the QuikChange 
site-directed mutagenesis kit (Stratagene) using primers designed to introduce a C > T base change at position 
+ 961. Primer sequences for the site-directed mutagenesis were as follows: sense 5′GAG-TCC-GAG-GGG-
TGC-CCT-GAG-GAA-C-3′ and antisense 5′G-TTC-CTC-AGG-GCA-CCC-CTC-GGA-CTC-3′. Vectors were 
transformed into E. coli DH5α and plasmid DNA were purified using the Rapid DNA plasmid miniprep kit 
(Genedan). All constructs were verified by automated sequencing.

The CAGpro-cSQSTM1.321R-beta.globin.pA and CAGpro-cSQSTM1.321C-beta.globin.pA transgenes 
were isolated and purified after digestion with the restriction enzymes SalI and PscI (Thermo Scientific). Both 
transgenes were diluted to 5 ng/µl in a Tris–HCl (10 mM) EDTA (0.25 mM) microinjection buffer. Recombinant 
DNA was microinjected into the pronucleus of one-cell-stage embryos, hybrids of the C57BL/6J and CBA/J 
strains, at the Transgenic Facility of the University of Salamanca. All founders were identified by polymerase 
chain reaction (PCR) amplification and automated sequencing using specific primers: sense 5′TGG-TAA-TCG-
TGC-GAG-AGG-3′ and antisense 5′GCT-GCA-GCA-GAA-GCT-GAA-3′. Founder mice were crossed with 
wild-type C57BL6/J mice to test germ-line transmission and establish mouse colonies. Two different transgenic 
mouse lines were established, one wild type and one mutated, named p62-321R and p62-321C, respectively. All 
mice used were C57BL6/J and were obtained from the Transgenic Service of the University of Salamanca.

All animals were housed in a temperature-controlled facility with individually ventilated cages, a standard diet, 
and a 12-h light–dark cycle following European Union regulations. All procedures received approval from the 
Ethical Committee for Animal Experimentation of the University of Salamanca and were performed following EU 
Directive 2010/63/EU. All methods were carried out in compliance with the relevant guidelines and regulations. 

Table 2.  Immunopositive areas for the anti-p62 antibody in p62-321R and p62-321C mice.
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Additionally, this study adhered to the ARRIVE guidelines to ensure transparency and reproducibility. Every 
effort was made to minimize suffering and to utilize humane endpoints. Mice were anesthetized with 100 mg/
kg ketamine and 8 mg/kg xylazine and were euthanized using carbon dioxide (CO2) inhalation. The sample size 
for each analysis included three animals per transgenic line. Male mice aged 4–6 months were used for CNS 
studies, while mice aged 10–12 months were utilized for analyses of bone structure. All studies described below 
were conducted blindly.

Fig. 3.  Distribution of the p62 protein in the amygdala, hypothalamus and hippocampi nuclei in p62-321R 
and p62-321C mice. Scheme showing coronal section of the brain in relation to the interaural (I.A.) level) in 
p62-321R and p62-321C mice. (A,B) Hypotalamic areas. (C,D) High magnification of the square outlined 
in the AHP in (A) and (B), respectively. (E,F) High magnification of the square outlined in the Mtu in (A) 
and (B), respectively. (G,H) Amygdaloid area. (I,H) High magnification of the square outlined in the AN 
in (G) and (H), respectively. (K,L) High magnification of the square outlined in the MEPV in (G) and (H), 
respectively. (LL–M) High magnification of the square outlined in the PIR in (G) and (H), respectively. 
(M,N) Hippocampal formation. (O,P) High magnification of the square outlined in the s.m. in (M) and (N), 
respectively. (Q–R) High magnification of the square outlined in the CA3 in (M) and (N), respectively. AHP 
anterior hypothalamic nucleus, AN amygdaloid nuclei, CA1-3 Cornu Ammonis area 1–3, HF hippocampal 
formation, HL lateral hypothalamus, MePV medial amygdaloid nucleus, posteroventral part, Mtu medial 
tuberal nucleus, Pir piriform cortex, sm stratum moleculare, sp stratum pyramidale. Scale bars: 500 µm 
(A,B,G,H and N) and 20 µm (C–F,I,H,K,L,LL,M,O,P–R).
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Fig. 4.  Distribution of the p62 protein in several nuclei of the brainstem in p62-321R and p62-321C mice. 
Scheme showing coronal sections of the brain at different rostrocaudal levels in p62-321R and p62-321C mice 
(references in relation to the interaural (I.A.) level). The images on the left show the interaural level from which 
the sections were prepared outlined with a box. (A,B) P62 immunoreactivity in the facial motor nucleus. (C,D) 
High magnification of the square outlined in the 7N in (A) and (B), respectively. (E,F) P62 immunoreactivity 
in the locus coeruleus. (G,H) High magnification of the square outlined in the LC in (E) and (F), respectively. 
(I,J) P62 immunoreactivity in the trigeminal motor nucleus. (K,L) High magnification of the square outlined 
in the 5N in (I) and (J), respectively. (M,N) P62 immunoreactivity in the dorsal raphe nucleus. (O,P) High 
magnification of the square outlined in the DR in (M) and (N), respectively. (Q,R) P62 immunoreactivity in 
the interpeduncular and pontine nuclei. (S,T) High magnification of the square outlined in the Pn in (Q) and 
(R), respectively. Aq aqueduct, CG central gray, DR dorsal raphe nucleus, IP interpeduncular nucleus, LC locus 
coeruleus, PAG periaqueductal grey, Pn pontine nuclei, Pr5 principal sensory trigeminal nucleus, s5 sensory 
root of the trigeminal nerve, 4V 4th ventricle, 5N Trigeminal motor nucleus, 7N Facial motor nucleus. Scale 
bars: 500 µm (A,B,E,F,I,J,M,N,Q and R) and 20 µm (C,D,G,H,K,L,O,P,S and T).
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Micro-computed tomography (μCT)
Whole mice were scanned, looking for focal bone lesions that could resemble PDB. Scans were obtained using 
a high-energy micro-computed tomography system (SkyScan 1172, Bruker Micro-CT, Kontich, Belgium) and 
Skyscan1172 µCT data acquisition software (version 1.5.4.6, Bruker). Scanning was made at 50 kV and an Al 
0.5 mm filter was used to reduce noise during scanning. Then, the femora and tibia were scanned at the highest 
resolution, with a pixel size of 6.7 µm and voxel size of 300.8 µm3. During the reconstruction, parameters were 
used to correct possible beam hardening, ring artifacts, and misalignment problems. Cortical and trabecular 
areas of the tibia and femur were analyzed. The structural parameters of cortical bone analyzed were tissue 
mineral density (TMD) and thickness. In trabecular bone, bone volume over total volume (BV/TV), bone 
mineral density (BMD), trabecular number (Tb.N), trabecular thickness (Tb. Th), and trabecular separation 
(Tb.Sp) were analyzed. The µCT experiments were conducted on six mice (three for each genotype).

Animal stimulation
Mice received tactile–vestibular stimulation to induce seizures, which were assessed using the categorized 
seizure severity index (Supplementary Table 1)21–23.

Tissue collection and processing
Bone tissue was fixed with 4% paraformaldehyde (Panreac Quimica) in phosphate-buffered saline (PBS) for 
24 h at 4 °C, and it was decalcified with 5% nitric acid in PBS for 3 h. The samples were embedded in paraffin 
(Paraplast Plus, Leica Biosystems) using an automatic tissue processor (ASP300, Leica Microsystems), and 4-μm 
sections were obtained with a rotatory microtome (Leica Microsystems). Paraffin-embedded sections were 
deparaffinized in xylene (Sigma-Aldrich) and rehydrated in decreasing ethanol concentrations. The sections 
were then stained with hematoxylin–eosin (Sigma-Aldrich). For the histological analysis of the nervous tissue, 
the animals were perfused through the heart with 4% paraformaldehyde in 0.1 M PBS. After perfusion, the brain 
and spinal cord were removed and cryoprotected by immersion in 30% sucrose for 48 h. The spinal cord was cut 
into 1cm sections and arranged in parallel on an agarose gel (2% in 0.1 M PB) until solidifying. The agarose gel 
with the spinal cord sections was placed on the holder of the vibratome, with the most rostral parts upwards and 
ensuring that the tissue was parallel to the cutting plane. The gel was kept cold with PB ice. Using a vibratome 
(Leica Microsystems), 60 μm thickness coronal sections were cut and placed in 5 wells containing 0.1 M PB to 
have a representative sample of all spinal cord sections in each well. The brain was rostrocaudally pierced with 
a hypodermic needle to determine the laterality of the sections. Brain coronal sections were cut with a freezing 
sliding microtome (Leica Microsystems) at 40 μm thickness, and serial sections were divided into a series of 6 

Fig. 5.  Spinal motor neurons and distribution of the p62 protein in the spinal cord. (A) Coronal section of the 
spinal cord labeled with anti-p62 antibody in p62-321R and p62-321C mice. Scale bar: 100 µm. The images 
show numerous degenerating motor neurons in the spinal cord surrounded by leukocyte (B,C). (B) Spinal cord 
sections were stained with Nissl and (C) labeled with anti-p62 protein antibody and counterstained with Nissl. 
Scale bars: 20 µm.
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and placed in wells containing 0.1 M PB. Each well has a representative sample of the whole brain. Additionally, 
the brain and spinal cord were embedded in paraffin to prepare 2-μm coronal sections for Nissl staining (Sigma-
Aldrich), which labels pyknotic nuclei and enables us to study the cytoarchitecture and subsequently select 
nuclei for analysis. Hematoxylin–eosin staining (Sigma-Aldrich) was also carried out. The histological analysis 
was performed on ten mice (five per genotype).

Determination of immunochemical markers
Free-floating sections underwent an immunohistochemistry protocol to visualize the distribution of the p62 
and cFos proteins in the brain and spinal cord. After incubation with primary antibodies [anti-p62 (Abcam) 
and anti-cFos (Santa Cruz Biotechnology)], the sections were thoroughly rinsed and reacted for 90 min with 
a secondary antibody [Biotinylated goat anti-rabbit (Vector Laboratories)], following the protocols routinely 
used in our laboratory63. As a control for the antibody labeling reaction, a set of parallel tests was performed: 
immunohistochemistry without the primary and secondary antibodies to identify non-specific ABC binding, 
immunohistochemistry without the primary and secondary antibodies as well as without the ABC to detect 
possible endogenous peroxidase activity, and incubation with H202 to detect potential endogenous chromogens. 
To analyze the results, we prepared rostrocaudally ordered coronal slices reflecting different interaural levels 
and used the mouse Brain in Stereotaxic Coordinates by Franklin and Paxinos64. Immunohistochemistry was 
conducted to visualize the distribution of cFos protein on brain tissue from mice perfused 90 min after tactile–
vestibular stimulation. The immunohistochemical detection of cFos and p62 proteins was conducted in twenty 
mice: ten per marker and five for each genotype.

Histological material observation
After completing the histological and immunohistochemistry protocols, all sections were mounted onto slides 
ordered rostrocaudally. All sections were dehydrated and coverslipped with Entellan-Neu (Merck). Sections were 
observed under a Leica LB30T microscope and a digital camera (Olympus DT70). All microscope parameters and 
settings for digitizing the photomicrographs remained constant across both experimental groups and for each 
animal. Pictures were taken of some sections using the software DP Controller vs 1.2.1.108. Low-magnification 
images were taken with the 4× or 10× objective lens, and high-magnification images were taken with a 40× 
or 100× objective lens (oil immersion). Morphometric measurements of labeled structures were achieved by 
analyzing high-magnification images with the ImageJ software (version 1.53c) as described previously65. For the 
immunohistochemistry quantification, the 40× objective was used, photographs were taken, and the cFos and 
p62-positive cells were quantified in the p62-321R mice (wild-type), and grouped into three categories: strong 
(+++), medium (++), and weak (+). Then, the quantification was performed in the p62-321C mice. The images 
were processed using Photoshop CS2 to adjust the contrast, and the figures were prepared using Canvas 14.

Western blot analysis
Brain and spinal cord tissue from p62-321R and p62-321C mice were lysed with polytron tissue homogenizer 
in RIPA buffer (2% sodium dodecyl sulphate, 2  mM EDTA, 2  mM EGTA, and 50  mM Tris, pH 7.5), 
supplemented with phosphatase inhibitors (1 mM Na3VO4 and 50 mM NaF) and protease inhibitors (100 μM 
phenylmethylsulfonyl fluoride, 50 μg/ml antipapain, 50 μg/ml pepstatin, 50 μg/ml amastatin, 50 μg/ml leupeptin, 
50 μg/ml bestatin, and 50 μg/ml soybean trypsin inhibitor). Protein concentrations were determined by the BCA 
(bicinchoninic acid) method, using bovine serum albumin as a standard (BCA Protein Assay kit; Thermo Fisher 
Scientific). Protein extracts were boiled for 5 min and fractionated by SDS-PAGE, transferred to an Immobilon-P 
membrane (Millipore), and incubated with primary specific antibodies anti-p62 (Abcam), anti-LC3B (Novus 
Biologicals), anti-mTOR (Cell Signaling), anti-beclin1 (Abcam), and anti-β-actin (Thermo Fisher). The ECL 
Plus Detection System (GE-Healthcare) with HRP conjugated anti-mouse (for anti-β-actin) (Thermo Fisher) or 
anti-rabbit (for anti-p62, anti-LC3B, anti-mTOR, and anti-beclin1) (Thermo Fisher) secondary antibodies were 
used for detection. The protein analysis experiments were conducted in ten mice (five per genotype).

Statistical analysis
Statistical analyses were performed using the SPSS version 22.0 statistical package (SPSS). When the data were 
normally distributed, we applied an analysis of variance (ANOVA), whereas if data were not normally distributed, 
we used the Kruskal–Wallis test. Differences with a p value < 0.05 were considered statistically significant.

Data availability
All data generated during and/or analyzed during the current study are available from the corresponding author 
upon reasonable request.
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