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Introduction: Loss of proteasome function, proteinopathy, and proteotoxicity 
may cause neurodegeneration across the human lifespan in several forms of 
brain injury and disease. Drugs that activate brain proteasomes in vivo could 
thus have a broad therapeutic impact in neurology.

Methods: Using pigs, a clinically relevant large animal with a functionally 
compartmental gyrencephalic cerebral cortex, we  evaluated the localization 
and biochemical activity of brain proteasomes and tested the ability of small 
molecules to activate brain proteasomes.

Results: By Western blotting, proteasome protein subunit PSMB5 and PSMA3 
levels were similar in different pig brain regions. Immunohistochemistry for 
PSMB5 showed localization in the cytoplasm (diffuse and particulate) and nucleus 
(cytoplasm  <  nucleus). Some PSMB5 immunoreactivity was colocalized with 
mitochondrial (voltage-gated anion channel and cyclophilin D) and cell death 
(Aven) proteins in the neuronal soma and neuropil in the neocortex of pig and 
human brains. In the nucleus, PSMB5 immunoreactivity was diffuse, particulate, 
and clustered, including perinucleolar decorations. By fluorogenic assay, 
proteasome chymotrypsin-like activities (CTL) in crude tissue soluble fractions 
were generally similar within eight different pig brain regions. Proteasome CTL 
activity in the hippocampus was correlated with activity in nasal mucosa biopsies. 
In pilot analyses of subcellular fractions of pig cerebral cortex, proteasome CTL 
activity was highest in the cytosol and then ~50% lower in nuclear fractions; 
~15–20% of total CTL activity was in pure mitochondrial fractions. With in-gel 
activity assay, 26S-singly and -doubly capped proteasomes were the dominant 
forms in the pig cerebral cortex. With a novel in situ histochemical activity assay, 
MG132-inhibitable proteasome CTL activity was localized to the neuropil, as a 
mosaic, and to cell bodies, nuclei, and centrosome-like perinuclear satellites. 
In piglets treated intravenously with pyrazolone derivative and chlorpromazine 
over 24  h, brain proteasome CTL activity was modestly increased.

Discussion: This study shows that the proteasome in the pig brain has relative 
regional uniformity, prominent nuclear and perinuclear presence with catalytic 
activity, a mitochondrial association with activity, 26S-single cap dominance, 
and indications from small molecule systemic administration of pyrazolone 
derivative and chlorpromazine that brain proteasome function appears safely 
activable.
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Introduction

The pig (Sus domesticus) has an increasing presence in 
neurobiology, behavioral neurology, and experimental 
neuropathology (Lind et al., 2007; Kornum and Knudsen, 2011; 
Koehler et al., 2018). Transgenic pigs harboring human mutant 
genes have been generated to model amyotrophic lateral sclerosis 
(Yang et al., 2014), spinal muscular atrophy (Lorson et al., 2011), 
and ataxia telangiectasia (Beraldi et al., 2015). These swine models 
are generally robust in displaying neurological and 
neuropathological phenotypes like human disease and, in many 
instances, have a more faithful representation than the rodent 
counterparts. Pigs also make superb models of acute acquired 
brain injury, including traumatic (Dai et al., 2018; Wang et al., 
2023) and global hypoxic–ischemic (Martin et al., 1997; Koehler 
et al., 2018; Primiani et al., 2023), with the latter showing patterns 
of selective vulnerability very similar to human infants (Johnston, 
1998). Through cardiovascular and cerebrovascular monitoring, 
pigs show clinically relevant pathophysiology (Brambrink et al., 
1999; Primiani et al., 2023; Wang et al., 2023). As a gyrencephalic 
large animal, their brain neuroanatomy has many similarities in 
structure and disease vulnerability (Martin et al., 1997; Yang et al., 
2014; Koehler et al., 2018; Yan et al., 2018), and pigs purportedly 
have brain resting-state networks homologous to humans 
(Simchick et al., 2019). Pigs were used recently to define, in the 
gyrencephalic brain, the cellular basis for unexplained signal 
intensity changes that are seen in clinical magnetic resonance 
imaging of infants with encephalopathy (Lee et al., 2020, 2021), 
and they were used to study hypothermic protection of functionally 
different neocortical regions after neonatal hypoxia–ischemia 
(Primiani et al., 2023). These attributes consolidate the pig as an 
ideal system for experimental cellular and molecular 
neuropathology, disease mechanism identification, therapeutic 
target realization, and therapeutic drug testing.

The proteasome is one hopeful mechanism-based therapeutic 
target to lessen human neurodegeneration (Chen et al., 2012; Trippier 
et al., 2014; Zhang et al., 2015; Jones et al., 2017; Trader et al., 2017; 
Santoro et  al., 2020). This organelle functions in proteostasis. 
Proteasomes are large multisubunit proteins and multicatalytic 
proteinase complexes that constitute the major machinery for 
non-lysosomal protein degradation in eukaryotic cells (Hershko 
et  al., 1980; Glickman and Ciechanover, 2002). Proteins that are 
damaged, misfolded, mutated, or senescent and targeted for turnover 
are degraded by the proteasome (Hershko et al., 1980; Glickman and 
Ciechanover, 2002). Aberrant proteostasis is a putative fundamental 
mechanism of brain aging, injury, and disease (Keller et al., 2000; 
Davidson and Pickering, 2023). Proteotoxicity due to proteasome 
dysfunction is implicated in several age-related human neurological 
disorders involving superoxide dismutase-1 in mutant and oxidized 
wild-type forms (Kabashi et al., 2004; Tashiro et al., 2012; Rotunno 
and Bosco, 2013; Kim et al., 2020), TAR-DNA binding protein-43 

(Watanabe et  al., 2013), and α-synuclein (McNaught and Jenner, 
2001; Wong and Krainc, 2017; Kumar et al., 2018). Oligomerization 
and aggregation proteins may have key roles in the prion-like origin 
and connectome-wide spreading of nervous system disease (Esiri 
et al., 1990; Pearson, 1996; Cushman et al., 2010). Originally deemed 
to be a driver only in adult age-related chronic neurodegenerative 
disease (Davidson and Pickering, 2023), proteinopathy now appears 
to have roles in acute brain injury in the neonatal period (Lee et al., 
2016; Santos et  al., 2018; Martin et  al., 2019). Protein oxidation 
evolves rapidly in concert with α-synuclein oligomerization in a 
neonatal mouse model of traumatic brain injury (Martin et al., 2019). 
Aberrant brain proteasome localization and activity, increased 
protein oxidative damage (carbonyl accumulation), and elevated 
protein ubiquitination were discovered in neonatal hypoxic–ischemic 
piglets (Santos et al., 2018; El Demerdash et al., 2021). These studies 
seed the idea that proteinopathy as a pathological mechanism in the 
nervous system is not limited to aging and neurodegenerative disease 
in adulthood (Martin et al., 2019, 2022); thus, the clinical need and 
application of targeting the proteasome for activation may broaden.

Experiments on the proteasome in pigs can satisfy important 
preclinical needs to advance the field of nervous system 
therapeutics for injury and disease. Prior studies suggest that 
species differences exist in the localization of proteasome subunits 
(Adori et al., 2006) and the biochemical activities (Sesma et al., 
2003; Pride et al., 2015; El Demerdash et al., 2021). Information 
on proteasome localization and activity in the swine brain is 
limited (Santos et  al., 2018; El Demerdash et  al., 2021). It is 
important to examine proteasome localizations and activities in 
animal alternatives to rodents to better appreciate the attributes 
and relevance of models used for brain injury and disease, 
particularly those involving proteinopathy, and to develop 
proteasome-targeted therapeutics. Pig neurons have molecular 
degeneration mechanisms that appear to be  more like human 
neurons than mouse neurons are to human neurons (Yang et al., 
2014; Martin and Chang, 2018). In addition, a step forward would 
be the identification of CNS-acting small molecule activators of 
the proteasome that have safe and realistic translational 
applications, such as systemic administration. In this regard, a 
single study showed that a small molecule derivative of pyrazolone 
with in vitro proteasome agonist activity extends the lifespan of a 
mouse model of ALS, but the corresponding activation of the 
brain proteasome was not examined, so the mechanism of the 
lifespan extension is uncertain (Chen et  al., 2012). Here, 
we address several aspects of proteasome localization and function 
in pig brain and provide a pilot in vivo screening of two drugs (a 
derivative of pyrazolone and chlorpromazine) previously shown 
to activate the proteasome in cell culture (Trippier et al., 2014; 
Jones et  al., 2017; Trader et  al., 2017; Santoro et  al., 2020). 
We  found that intravenous administration of pyrazolone 
derivative and chlorpromazine can enhance proteasome activity 
in pig brain.
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Materials and methods

Animals

The animal protocol was approved by the Institutional Animal 
Use and Care Committee of Johns Hopkins University (protocol 
number SW23M119). Neonatal Yorkshire male piglets, broadly in the 
range of 2- to 5 days old (1–2 kg), were used for descriptive normative 
neuroanatomical and biochemical experiments and for drug testing 
experiments. Because of the different tissue needs and brain harvesting 
approaches for independent experiments, naïve piglets were used as 
separate groups for the different types of experiments. These animals 
were not subjected to any experimental or surgical procedures. For 
example, fresh brain samples were used for immunoblotting (n = 6 
naïve piglets), optimally prepared paraformaldehyde perfusion fixed 
brains were used for immunohistochemistry and brightfield/confocal 
microscope imaging (n = 8 naïve piglets), and seasonal and littermate 
matched naïve piglets (n = 9) were used for the drug treatment  
experiments.

Proteasome subunit analysis by 
immunoblotting and 
immunohistochemistry in pig brain at 
baseline

For immunoblotting, 2- to 4-day-old naïve piglets (n = 6) received 
a lethal dose of pentobarbital 50 mg/kg and phenytoin 6.4 mg/kg 
(SomnaSol) and, after thoracotomy and left myocardial puncture and 

aortic catheterization, ice-cold 100 mM phosphate-buffered saline 
(PBS, pH 7.4) was perfused (~2 L) for body exsanguination. After 
decapitation, the brain was removed quickly and placed on wet ice. On 
an ice-cold metal plate, the brain was slabbed and microdissected into 
individual anatomical regions (Figure 1) that were snap frozen in 
isopentane (−70°C) cooled by a dry ice/alcohol slurry. All samples 
were stored in individual Eppendorf tubes at −80°C until used.

Nasal mucosa biopsy samples were also studied. The samples were 
obtained with a Cellebrity™ Cytology Brush (Boston Scientific) from 
sham piglets; these animals received surgical anesthesia and were 
instrumented for physiological monitoring. Nasal mucosa tissue was 
eluted from the bristles using PBS and collected by gentle 
centrifugation. The samples were resuspended in PBS, and 
contaminating red blood cells were removed using EasySep™ RBC 
Depletion Reagent (StemCell Technologies). After centrifugation, the 
nasal mucosa samples were frozen on dry ice and stored at −80°C 
until used.

Immunoblotting was done to examine the protein levels of PSMB5 
and PSMA3 in different brain regions (Figure 1), their subcellular 
fractions, and the nasal mucosa of piglets. Frozen tissue samples were 
homogenized with a Brinkmann polytron in ice-cold 20 mM Tris–HCl 
(pH 7.4) containing 10% (wt/vol) sucrose, 200 mM mannitol, 
complete protease inhibitor cocktail (Roche), 0.1 mM 
phenylmethylsulfonyl fluoride, 10 mM benzamidine, 1 mM EDTA, 
and 5 mM EGTA. Crude homogenates were sonicated for 15 s and 
then centrifuged at 1,000 gav for 10 min (4°C). For subcellular 
fractionation of piglet brain tissue, we used a modification of the 
Percoll protocol developed by Wieckowski et al. (2009). With this 
protocol, we isolated pure mitochondria and mitochondrial-associated 

FIGURE 1

Piglet brain regions that were microdissected and used for proteasome Western blotting and biochemical or histochemical activity assays. Piglets were 
euthanized with Somnasol and then quickly perfused intra-aortically with ice-cold PBS for complete exsanguination. The fresh brains were quickly 
removed from the skull and kept ice-cold during microdissection on a chilled plate. The left hemisphere is shown in slabs from anterior (far left, frontal 
lobe) to posterior (far right, the occipital lobe was inadvertently rotated). The brainstem and cerebellum are shown at the bottom. The regions removed 
are identified. The identifications of the different areas of the neocortex are described (Primiani et al., 2023). Column micropunches of different white 
matter regions were taken as described (Lee et al., 2021): (blue, parietal subcortical white matter; yellow, corpus callosum; red, internal capsule). 
Microdissected brain samples were placed in Eppendorf tubes and snap frozen in isopentane (70°C). An additional sample of parietal somatosensory 
cortex was snap frozen as a small tissue block for cryostat sectioning and in situ proteasome activity assay.
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membranes (MAMs) along with pure nuclear and cytosolic fractions. 
Protein concentrations were measured by bicinchoninic acid assay 
(Smith et al., 1985) with a kit (Pierce, Thermo Scientific, Carlsbad, 
CA) using bovine serum albumin as a standard.

Tissue lysates and subcellular fractions were subjected to sodium 
dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and 
transferred to the nitrocellulose membrane by electroelution (Martin 
et al., 2000; Santos et al., 2018; El Demerdash et al., 2021). Ponceau S 
staining of nitrocellulose membranes before immunoblotting verified 
the lane equivalency of sample loading and transfer in each 
experiment. Blots of crude tissue lysates were blocked with 2.5% 
non-fat dry milk with 0.1% Tween 20 in 50 mM Tris-buffered saline 
(pH 7.4), then incubated overnight at 4°C with rabbit polyclonal 
antibody to PSMB5 (GeneTex, GTX23330), a mouse monoclonal 
antibody to 20S proteasome (clone 863425, R&D Systems), or a rabbit 
monoclonal antibody to PSMA3 (clone D490, Cell Signaling 
Technology). To characterize the subcellular identities of the piglet 
brain fractions, a panel of antibodies was used to detect histone H3 
(Cell Signaling Technology) for the nucleus, glyceraldehyde phosphate 
dehydrogenase (GAPDH) (Abcam) for the cytosol, complex V (Life 
Technologies) for the mitochondria, cytochrome P450 reductase 
(Upstate Biotechnology), and inositol triphosphate receptor (IP3R) 
(Fotuhi et  al., 1993) for MAMs and endoplasmic reticulum. 
Proteasome presence in the blots of different subcellular fractions was 
detected using rabbit polyclonal antibody to PSMB5 (GeneTex, 
GTX23330) and mouse monoclonal antibody to 20S proteasome 
(clone 863425, R&D Systems). After the primary antibody incubation, 
blots were rinsed and then incubated with horseradish peroxidase-
conjugated secondary antibody (0.2 μg/mL). For all blots, the primary 
and secondary antibodies were used at concentrations for visualizing 
protein immunoreactivity within the linear range. The blots were 
developed with enhanced chemiluminescence (Pierce) and imaged 
with a ChemiDoc Imaging System (Bio-Rad, Hercules, CA).

For immunohistochemistry, 2- to 5-day-old naïve piglets (n = 8) 
and sham piglets (n = 6) that were sedated, intubated, anesthetized, 
and instrumented for physiological monitoring were deeply 
anesthetized with pentobarbital 50 mg/kg and phenytoin 6.4 mg/kg 
(SomnaSol) and, after thoracotomy and left myocardial puncture and 
aortic catheterization, ice-cold 100 mM PBS (pH 7.4) was perfused 
(~2 L) for body exsanguination followed by freshly prepared 4% 
paraformaldehyde (PF) in 100 mM phosphate buffer (pH 7.4) for 
brain fixation (~4 L). Appropriate tissue fixation was judged by the 
stiffness of the body and the immovability of the jaw and limbs. After 
decapitation, the head was placed in 4% PF overnight. The following 
day, the calvarium was carefully removed by rongeur, and the brain 
was extracted from the skull base and placed in PF for overnight. 
Brains were cut in the coronal plane, and samples were paraffin 
processed in tissue cassettes. The paraffinized brain blocks were cut on 
a rotary microtome into 10-μm sections that were mounted on gelatin/
chrome alum-coated glass microscope slides for proteasome subunit 
immunohistochemistry (IHC).

Proteasome subunit localization IHC was done using 
immunoperoxidase and immunofluorescence procedures. Negative 
controls for both methods were anatomically matched piglet brain 
sections incubated with rabbit or mouse non-immunized normal IgG 
isotypes (Sigma-Aldrich) at the same concentrations, and for the same 
time, as the primary antibodies. Immunoperoxidase IHC, with 
diaminobenzidine (DAB) as chromogen (immunoreactivity is seen as 

brown), was done on piglet brain paraffin sections as described 
(Santos et al., 2018; Lee et al., 2021) to localize PSMB5 with rabbit 
polyclonal antibody (GeneTex, GTX23330). Primary antibody 
incubation was done overnight at room temperature in a humidified 
chamber. This antibody was characterized for specificity in pig brain 
homogenates using Western blotting. It detects a major band at 
~25 kDa (Figure 2A). Nissl counterstaining with cresyl violet (CV) was 
done for cellular and laminar identifications in the neocortex. 
Immunofluorescence IHC was done on piglet forebrain paraffin 
sections as described (Martin et  al., 2013) to identify potential 
subcellular colocalizations of the proteasome. PSMB5 detection was 
with rabbit polyclonal antibody (GeneTex, GTX23330); mitochondria 
were detected with mouse monoclonal antibody to cyclophilin D 
(clone E11AE12BD4, Abcam) and mouse monoclonal antibody to 
voltage-dependent anion channel (VDAC) (N152B/23, BioLegend). 
Cyclophilin D (also known as peptidylprolyl isomerase D, PPIF) and 
VDAC are well-established mitochondrial proteins, and the antibodies 
to these proteins have been characterized (Martin et al., 2009, 2011; 
Chen et al., 2021). Secondary antibodies (Thermo Fisher Scientific, 
Molecular Probes), used at a dilution of 1:400, were AlexaFluor-594 
goat-anti-rabbit IgG and AlexaFluor-488 goat-anti-mouse IgG.

Piglet brain sections were viewed and imaged using brightfield 
and confocal microscopy. For brightfield microscopy, an Olympus 
BH-2 microscope with a CaptaVision camera and software was used. 
The confocal imaging was done using a Nikon C2 confocal scanning 
microscope equipped with a Nikon LUN4 4-line solid-state laser 
system, a Ti2 motorized stage, a Perfect Focus System-3, and a Nikon 
NIS-Elements software package or a Leica Mica Microhub Widefield 
Imaging System.

Confocal microscope images were used to quantify the 
colocalization of VDAC and PSMB5 immunoreactivities in the 
neuropil and neuronal perikaryal cytoplasm using a modified method 
described in Chang and Martin (2009). Pixel particles with green, red, 
and yellow variant colors were determined per 1 μm2 in randomly 
selected non-overlapping image microzones.

PSMB5 localization in human brain

Immunofluorescence IHC was done on human cerebral cortex 
(postcentral gyrus and superior frontal gyrus) paraffin sections 
(10 μm), as described (Kageyama et al., 2018), to identify descriptively 
the cellular localizations of the proteasome using IHC conditions 
identical to those used for pig brains. Human postmortem autopsy 
brain samples were obtained from the Johns Hopkins Brain Resource 
Center as described (Martin, 1999; Kim et al., 2020). The human brain 
samples used here were from adult male control individuals (n = 3, 
59–80 years old, postmortem delays to autopsy, 6–10 h) without any 
final diagnosis of neurologic disease and from a 1-year-old male. 
Staining of human and pig brain sections was done concomitantly 
with sodium citrate (boiling for 20 min) used for antigen retrieval and 
blocking/permeabilization with 10% NGS and 0.4% Triton X-100 for 
2 h. PSMB5 was detected with rabbit polyclonal antibody (GeneTex, 
GTX23330) at 1:200. A mouse monoclonal antibody (clone 48, BD 
Transduction Laboratories) to the apoptosis inhibitor protein Aven 
was used as a general marker for the cytoplasm, nucleus, and 
mitochondria (Martin et al., 2007) at 1:250. Secondary antibodies 
were the same as those described for pigs. Coverslipping was done 
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with VECTASHIELD® containing DAPI. Piglet and human brain 
sections were imaged with a Mica widefield confocal scanning 
microscope (Leica Microsystems).

Screening small molecules for proteasome 
activity activation in vivo

Neonatal piglets (2–3 days old, 1.5–2.0 kg, male) were sedated, 
intubated, anesthetized, and instrumented with a femoral artery 
catheter for thorough cardiovascular monitoring before, during, and 
after intravenous (iv) treatment with drugs delivered through an 
internal jugular vein catheter tunneled to the back for central venous 
access to deliver additional drug doses (Figure 3). We used a narrow 
age range in an effort to reduce variability. Normothermic 
body temperature was constantly maintained with a warming 
blanket during the procedure. The test drugs were pyrazolone 
(PYR) and chlorpromazine (CPZ). The PYR derivative used 
was 5-[(3,5-dichlorophenoxy)methyl]-1,2-dihydro-3H-pyrazol-3-one, 
C10H8Cl2N2O2 (CMB-087229, Millipore-Sigma). The CPZ used was 
2-chloro-10-(3-dimethylaminopropyl)phenothiazine hydrochloride, 
C17H19ClN2S · HCl (C8138, Sigma-Aldrich, St. Louis, MO). PYR and 

CPZ were identified by others (Trippier et al., 2014; Jones et al., 2017) 
as activators of the 20S proteasome in cell culture-based small 
molecule screens. After establishing hemodynamic baselines with an 
arterial blood pressure catheter, piglets received an iv-cocktail bolus 
of PYR (10 mg/kg or 20 mg/kg) and CPZ (1 mg/kg) delivered over 
2 min. In independent experiments, PYR and CPZ were given alone 
to piglets (data now shown). PYR was well tolerated at 10 and 20 mg/
kg doses. However, higher concentrations of CPZ (>10 mg/kg) 
produced unacceptable lethargy, hypotonia, and acquired dystonia in 
piglets. This is why a lower dose of CPZ was used. Control piglets 
received vehicle (iv DMSO/ethanol/saline). About 3 h later, after blood 
pressure and heart rate monitoring, the piglets had their arterial 
catheter removed and the wound closed. They were awakened from 
anesthesia and extubated. A second dose of PYR/CPZ or vehicle was 
delivered iv 12 h after the first dose. A subset of piglets received a third 
iv dose of PYR/CPZ or vehicle 6 h later (because of insufficient power, 
these animals were combined into the total group of piglets receiving 
20 mg/kg PYR and 1 mg/kg CPZ).

Twenty-four hours after the initial dosing, the piglets received an 
overdose of SomnaSol and were quickly thoracotomized for cardiac 
puncture, aortic cannulation, and exsanguinated with ice-cold PBS 
perfusion (~2 L). Effective and complete exsanguination was necessary 

FIGURE 2

Proteasome 20S subunit PSMB5 in the piglet brain. (A) Western blots show that the brain regional levels of PSMB5 (detected at ~25  kDa) are relatively 
uniform among regions. The abundance of PSMB5 in the nasal mucosa biopsy tissue of piglets is like the different brain regions. Lanes represent 
regional samples from two different pigs. On the left, the 25  kDa molecular weight standard (MWS) is identified. (B–H) Immunohistochemical 
localization of PSMB5. Immunoreactivity is seen as brown staining with a blue Nissl substance (basophilic) counterstain. In primary somatosensory 
cortex (B) and motor cortex (C), PSMB5 is ubiquitously present in patterns that define the horizontal neuronal layering in cerebral cortex (1–6) and 
vertical translaminar arrangements of neurons in somatosensory cortex (B, yellow lines). Essentially, all cortical neurons were PSMB5-positive (B,C). A 
large layer 5 neuron is delineated (D, hatched yellow lines). PSMB5 is enriched in the nucleus (N), while the core of the nucleolus is negative (D, open 
arrow). Particulate immunoreactivity is also present in the cytoplasm and in the neuropil. (E) Some neurons have a discrete perinuclear inclusion (~2  μm 
in diameter) that is positive for PSMB5 (yellow arrows). (F) Essentially, all hippocampal pyramidal neurons were strongly positive for PSMB5. (G) Neurons 
in the caudate nucleus were essentially all PSMB5 positive, but capillary endothelial cells (asterisk) and subsets of glial cells (open arrows) were not 
positive for PSMB5. The neuropil is positive for PSMB5. (H) In the subcortical white matter of the parietal cortex, glial cells can be PSMB5-positive (black 
arrows) or -negative (open arrows). Scale bars (in μm): (B) (same for C), 40; (D) 7; (E) 4; (F) (same for G,H), 12. (I) Western blots show that the levels of 
PSMA3 (detected at ~25  kDa) are relatively uniform among regions of cerebral cortex and white matter in pig brains. Lanes represent regional samples 
from two different pigs.
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for removing proteasome-rich erythrocytes, with their ~20-fold excess 
of 20S proteasome over 26S (Neelam et al., 2011), from the brain. 
Brain gray and white matter regions (Figure 1) were harvested for 
proteasome chymotrypsin-like (CTL) activity (Brown and Monaco, 
1993; Kisselev and Goldberg, 2005), Western blotting, an in-gel 
proteasome activity assay (Yazgili et  al., 2021), or a novel in situ 
proteasome assay.

Native protein extracts were used for biochemical assays of 
functional proteasomes. Tissue samples were homogenized and 
sonicated in ice-cold tissue lysis buffer (40 mM Tris and 50 mM NaCl 
in distilled water at pH 7.2 with 10% glycerol), 2 mM 
β-mercaptoethanol (Sigma-Aldrich), 5 mM MgCl2, and 2 mM 
adenosine 5′-triphosphate (ATP) (UBPBio, Dallas, TX). The samples 
were then centrifuged for 30 min at 4°C. The supernatant was collected 
and kept on ice for protein measurements using a bicinchoninic acid 
assay kit (Smith et al., 1985; Pierce). Proteasome CTL activity was 
measured using a fluorometric assay kit (UBPBio). Proteasome assay 
buffer was prepared by adding 50 μL of 20× proteasome assay buffer 
to 950 μL of sterile water at 37°C. The substrate was prepared by 
adding 2 μL of 1,000× Succinyl-Leu-Leu-Val-Tyr-7-amino-4-
methylcoumarin (Suc-LLVY-AMC) stock to the assay buffer. All 
samples (50 μg total protein input) were assayed in duplicate with and 
without MG132  in 96-well, black-bottom plates. The proteasome 
inhibitor MG132 (Lee and Goldberg, 1998) was added to a parallel set 
of sample wells to distinguish peptidase activities. Suc-LLVY-AMC is 
also degraded by calpains, cathepsins, and other CTL proteases (Rock 
et al., 1994). Adding MG132 isolates proteasome substrate cleavage 
from non-proteasome proteolysis. Each plate included an AMC 
standard (blank, 1:500, 1:1,000, 1:5,000, and 1:10,000) to generate a 
concentration-dependent AMC fluorescence standard curve. 
Liberated AMC fluorescence from proteolysis of Suc-LLVY-AMC was 
immediately measured by a plate reader (TECAN Infinite M Plex) 
with 360 nm excitation/460 nm emission filters for 15 min of assay 
reaction time at 37°C. Each sample’s AMC fluorescence was 

determined from the AMC standard curve and reported as relative 
fluorescence units. The AMC fluorescence from tissue homogenate 
with MG132 was subtracted from that of homogenate without MG132 
to obtain relative fluorescence levels specific to proteasome 
Suc-LLVY-AMC peptidolysis. Replicates were averaged, and their 
corresponding MG132-controlled wells were subtracted. Femtomoles 
of AMC released were calculated from relative fluorescence units 
using a standard curve of purified AMC included in each microplate 
assay. The AMC standard curve slope for each plate was standardized 
to the average activity slope of MG132-inhibited wells with cerebellar 
cortex input.

For the in-gel proteasome activity assay, we used the same tissue 
homogenates that were prepared under non-denaturing conditions 
and used for the proteasome fluorometric microplate assay. Native 
PAGE was done using 3–8% Tris-acetate gels. Purified human 20S 
from human erythrocytes (Enzo Life Sciences) was used as a positive 
control. The resulting gels were incubated for 30 min at 37°C in a dark 
box in a reaction solution containing Tris (100 mM, pH 7.5), ATP/
MgCl2, dithiothreitol (DTT), and Suc-LLVY-AMC (2 mM). Negative 
control gels were incubated in a reaction solution containing MG132 
(10 μM). Proteasome CTL enzymatic activity in gels was imaged with 
a ChemiDoc imaging system (Bio-Rad).

We developed a novel in situ proteasome enzyme histochemical 
method to localize active proteasome in brain sections. Freshly frozen 
(unfixed) blocks of piglet somatosensory were cut (10 μm thick) on a 
cryostat and mounted on gelatin/chrome alum-coated glass 
microscope slides. The slides were stored at −80°C in closed boxes. 
Sections were incubated in the dark for 2 h at 37°C with a CTL 
proteasome reaction solution containing 100 mM Tris (pH 7.5), 
250 mM ATP/MgCl2, 1 mM DTT, 50 mM Suc-LLVY-2R110 (AAT 
Bioquest), and 20% polyvinyl alcohol. Negative control sections were 
pretreated with MG132 and incubated in a reaction solution 
containing MG132 (10 μM). Afterwards, the slides were rinsed in Tris 
buffer, dipped in 4% PF/20% sucrose for 5 min, counterstained with 

FIGURE 3

Diagram of the experimental protocol used for intravenous (iv) drug treatment of piglets. Piglets (2–3  days old, 1.5–2.0  kg, male) were sedated, 
intubated, and anesthetized for cardiovascular and hemodynamic monitoring before, during, and after iv administration of vehicle or a cocktail of 
pyrazolone (PYR) and chlorpromazine (CPZ). The piglets received multiple iv drug doses and were then euthanized for brain harvesting 24  h after the 
first dose (the group sizes are shown at right). Brain regional microdissections were taken (see Figure 1) and used for proteasome assays. Seasonal- and 
age-matched naïve piglets (N  =  9) did not receive surgical anesthesia or any iv treatments and were euthanized with SomnaSol for immediate brain 
harvesting and microdissection. Animals and protocols used for other experiments (e.g., immunohistochemistry) are described specifically in the 
Materials and Methods.
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DAPI, and coverslipped. Sections were viewed with a Zeiss Axiophot 
microscope under epifluorescence and imaged with SPOT software. 
Suc-LLVY-2R110, upon CTL cleavage, generates a fluorescent product 
that is bright green (excitation 498 nm/emission 520 nm) when viewed 
with a fluorescein isothiocyanate filter set.

Statistical analysis

GraphPad Prism 9 was used to analyze data. Brain regional 
proteasome activity data passed Shapiro–Wilk tests for normality and 
were compared using Kruskal–Wallis ANOVA on ranks. Correlations 
between nasal biopsy and brain regional proteasome activities were 
examined by Spearman correlation.

Results

Proteasome protein levels and localization 
in neonatal pig brain

Western blotting was done to determine relative protein levels of 
the β5 proteasome subunit (PSMB5) in different regions of the 
neonatal pig brain (Figure  2A). Immunoreactivity for the β5 
proteasome subunit was detected at ~25 kDa, consistent with 
expectations from the work of others (Sutovsky et al., 2004) and us 
(Santos et  al., 2018; El Demerdash et  al., 2021). In precisely 
microdissected white matter regions (Figure 1) such as parietal cortex 
subcortical white matter, corpus callosum, and internal capsule β5 
levels were similar (Figure 2A). Microdissected gray matter regions of 
cerebral cortex (primary somatosensory cortex and frontal cortex) 
hippocampus, caudate nucleus, and cerebellar cortex β5 levels were 
similar to each other and to white matter (Figure 2A). Nasal mucosa 
biopsy samples from piglets also had enrichment of β5 
immunoreactivity like the different brain regions (Figure 2A). From 
the Western blotting, we deemed the PSMB5 antibody suitable for 
immunohistochemical application on pig brain (Figures 2B–H). The 
α3 proteasome subunit (PSMA3) was also examined in pig brain by 
Western blotting (Figure 2I). The PSMA3 immunoreactive band was 
also detected at ~25 kDa, like the mobility of PSMB5 (Figure 2A). In 
selected brain regions, PSMA3 levels were similar in gray matter and 
white matter areas (Figure 2I).

IHC was used to localize PSMB5 in different regions of the piglet 
brain (Figures  2B–H and Supplementary Figures  1A–C). PSMB5 
immunoreactivity was ubiquitous and not particularly defining of any 
brain regions. Essentially, every neuron in each layer of the cerebral 
cortex was positive (Figures  2B–E). The somatosensory cortex 
(Figure 2B) had a distinct layer 4 that was inconspicuous in the motor 
cortex (Figure 2C), consistent with other observations (Primiani et al., 
2023). In addition to the horizontal laminar patterns, vertical column 
arrangements of cell bodies, organized orthogonally to the cortical 
surface, were visible in the primary somatosensory cortex (Figure 2B, 
yellow lines). These cortical columns had a width of 4–5 neuronal 
perikarya (40–50 μm in total) and a periodicity of about 50 μm. 
Virtually all pyramidal neurons in the hippocampus were positive for 
PSMB5 (Figure  2F). The principal neurons in the striatum were 
generally positive (Figure 2G). Glial cells in gray matter and white 
matter were positive or negative for PSMB5 (Figures 2E,G,H). PSMB5 

was localized conspicuously in the nuclei of neurons (Figures 2D–G) 
and glia (Figures 2D,G,H) where it was strongly in the nucleoplasmic 
matrix but typically not within the nucleolus. In the cytoplasm and 
neuropil, PSMB5 immunoreactivity had an amorphous diffuse and a 
particulate appearance (Figures 2D,G).

Proteasome protein localization in pig and 
human neocortex

We performed an experiment to compare the localization of 
PSMB5 in neonatal pig neocortex to young and adult human disease-
free neocortex concomitantly using identical immunofluorescence 
methods (Supplementary Figure  1). In pigs (Supplementary  
Figures  1A–C), the PSMB5 staining pattern seen by 
immunofluorescence was like that seen by immunoperoxidase 
(Figures 2B–E). There was prominent nuclear localization in virtually 
all neurons in each cortical layer. PSMB5 was also present in the 
cytoplasm as a diffuse overlapping pattern with immunoreactivity for 
the antiapoptotic protein Aven (Supplementary Figures 1B,C).

The patterns of PSMB5 immunoreactivity in human neocortex in 
young (1-year-old) and aged (59–80 years old) individuals 
(Supplementary Figures 1D–H) were variations of the pattern seen in 
neonatal pigs. In the 1-year-old brain, most neocortical neurons in all 
layers were PSMB5-positive with prominent nuclear labeling but low 
colocalization with Aven (Supplementary Figures 1D–F). There was 
an inhomogeneity of immunoreactivity in the neuropil, with some 
areas slightly higher in PSMB5 immunoreactivity than nearby areas 
(Supplementary Figure  1D, white hatched outlines). In the older 
human brain, neurons were positive or negative for PSMB5 
(Supplementary Figures  1G,H) compared to virtually all 
cerebrocortical neurons being positive in neonatal pig and young 
human brain (Figures 2B–E and Supplementary Figures 1A–C). The 
superficial layers (2 and 3) had more prominent neuropil PSMB5 
immunoreactivity than the deeper layers. Positive neurons in aged 
human brains generally had more apparent PSMB5 immunoreactivity 
in the cytoplasm than in the nucleus (Supplementary Figure 1H), 
while in neonatal pigs and young human brain, PSMB5 nuclear 
immunoreactivity was prominent. The Aven immunoreactivity in the 
cytoplasm was very discreetly and strongly colocalized with PSMB5 in 
older human neocortical neurons in a pattern suggestive of 
mitochondria (Supplementary Figures 1E,F), which contrasted with 
the infant brain.

Detection of mitochondrial-associated 
proteasome CTL activity

We performed a bioinformatic analysis on the human PSMB5 
full-length amino acid sequence using MitoFates (Fukasawa et al., 
2015) to search for mitochondrial targeting and mitochondrial 
processing peptidase (MPP) cleavage sites. This software has better 
discriminative and predictive performance than other predictive tools 
(Fukasawa et al., 2015). A well-known mitochondrial matrix protein, 
CyPD (PPIF), was used as a comparator protein. PSMB5 registered a 
low probability N-terminal mitochondrial targeting sequence 
(probability = 0.002) compared to CyPD (probability = 0.982). 
However, PSMB5 had an N-terminal MPP site in the vicinity of amino 
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acid 17 and a C-terminal VKKVI TOM20 recognition motif (Saitoh 
et al., 2007).

The subcellular localization of PSMB5 was explored directly in 
optimally prepared pig brains using immunofluorescence and 
confocal microscopy. PSMB5 immunoreactivity was enriched in the 
nucleus and cytoplasm (Figures  4A,B and 
Supplementary Figures 1A–C). PSMB5 colocalized partially with two 
different well-known mitochondrial markers (VDAC and cyclophilin 
D) in the cytoplasm of neurons and in the neuropil of the cerebral 
cortex and striatum (Figures  4A,B). Quantification of the 
colocalization showed that about half of the total mitochondria in the 
neuropil and perikaryal cytoplasm detected with VDAC colocalized 
with PSMB5 (Figures 4B,C). There was a significantly greater presence 

of PSMB5  in perikaryal cytoplasmic mitochondria compared to 
neuropil mitochondria (Figures 4B,D).

To confirm that the proteasome is possibly associated with 
mitochondria, piglets were completely exsanguinated by vascular 
perfusion of ice-cold PBS (to remove proteasome-enriched 
contaminant erythrocytes), and the fresh (not frozen) brain tissue was 
used immediately for subcellular fractionation into nuclear, cytosolic, 
crude mitochondrial, pure mitochondria, and mitochondrial-
associated membranes (Figure 4E). The effectiveness of the subcellular 
fractionation method was confirmed using a panel of antibodies to 
different cellular constituents (Figure  4F). Histone H3, seen as a 
17 kDa band, was detected only in the crude homogenate and in the 
nuclear fraction (Figure 4F). Complex V (ATP synthase), seen as a 

FIGURE 4

Subcellular localization of the proteasome seen by confocal microscopy and brain tissue fractionation. (A) Confocal microscope image shows PSMB5 
(red) and voltage-dependent anion channel (VDAC, green) as a mitochondrial marker. Some mitochondria are green only, and some are yellow 
(corresponding to mitochondria-proteasome colocalization). Other mitochondria are seen with proteasome immunoreactivity associated with the 
outer surface (a discrete green profile with closely associated red particles on the surface). Colocalization of proteasomes with mitochondria (yellow) is 
seen within the neuropil, perhaps corresponding to synaptic mitochondria proteasomes. (B) Confocal microscope image shows PSMB5 (red) and 
cyclophilin D (CyPD, green) as a mitochondrial marker. (C) Colocalization graph for VDAC-positive mitochondria located in the neuropil and PSMB5. 
Box plots show mean values with IQR and 5–95th percentile whiskers. (D) Colocalization graph for VDAC-positive mitochondria located in the 
neuronal perikaryal cytoplasm and PSMB5. Box plots show mean values with IQR and 5–95th percentile whiskers. (E) A representative nitrocellulose 
membrane with transferred proteins after SDS-PAGE and Ponceau S staining shows the exquisitely resolved protein banding patterns in different 
subcellular fractions resulting from Percoll ultracentrifugation of piglet somatosensory cortex homogenates. Somatosensory cortex was homogenized 
(Hom) and then fractionated into the following subcellular compartments: nuclear (Nuc), cytosolic (Cyto), crude mitochondria (Mc), pure mitochondria 
(Mp), mitochondrial-associated membranes-mitochondrial pellet (MAM-m), and pure mitochondrial-associated membranes (MAM). At left, the 
molecular weight kDa standards (Precision Plus Protein Dual Color Standards, Bio-Rad) are identified. (F) Western botting was done to characterize the 
fractions with antibodies to inositol triphosphate receptor (IP3R), cytochrome P450 reductase, mitochondrial complex V (ATP synthase), 
glyceraldehyde phosphate dehydrogenase (GAPDH), and histone H3. PSMB5 was detected in all fractions, including the pure mitochondrial fraction. 
Purified human P20S was a positive control.
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57 kDa band, was concentrated in the pure mitochondrial fraction 
(Figure 4F). Critically, GAPDH, a cytosolic marker, was not present 
in the pure mitochondria fraction (Figure 4F), and thus, the pure 
mitochondrial fraction was deemed free of cytosolic proteasome 
contamination. The MAM fraction was enriched in IP3R, seen at 
260–300 kDa, and cytochrome P450 reductase, detected at ~78 kDa 
(Figure 4F).

Subcellular apportioning of proteasome 
CLT activity in neonatal pig brain

Fresh unfrozen naïve piglet brain (N = 2) was microdissected and 
subjected to tissue subcellular fractionation into cytoplasmic (soluble), 
nuclear, and pure mitochondrial compartments that were compared 
to the total activity in crude sonicated homogenate (Figure 5). Western 
blotting confirmed the brain tissue subcellular fractionation method 
(Figure 4F). The results were remarkably consistent among different 
pigs (Figure 5A), though this is only a descriptive pilot experiment 
with a small number of naïve piglet brains. The majority of proteasome 
CTL activity was in the cytosolic fraction (Figure 5B). About 40% of 
the total activity was in the nucleus (Figure 5B), and about 15–20% 
was in the pure mitochondrial fraction (Figure 5B).

The proteasome CTL activity assay was validated. Proteasome 
activity was detected as an increase in fluorescence units over time 
that was blocked effectively by MG132 (Figure  6A). Total AMC 
fluorescence at the reaction termination (15 min) was reduced by 
~85% by MG132 (Figure 6A). This level of proteasome inhibition was 
reproduced in every independent assay (more than 20 different 
experiments) and was shown elsewhere (El Demerdash et al., 2021).

Proteasome biochemical activity in 
different brain regions of naïve piglets

In naïve neonatal pigs, no significant difference in activity was 
observed among different brain regions, including gray and white 
matter areas (Figure 6B). Proteasome activity in different gray and 
white matter regions was examined based on initial t0 activity, peak 

fluorescence (the end of the reaction progress curve), and the slope of 
the reaction progress curve. These parameters did not differ among 
brain regions, except for the corpus callosum (Figure  7). The t0 
proteasome activity in the corpus callosum was significantly higher 
(p < 0.05) compared to the internal capsule and the parietal subcortical 
white matter (Figure 7D). Proteasome activities in the nasal mucosa 
and in different brain regions were examined for correlations 
(Figure 8). In white matter, no significant correlations were observed 
(Figures  8A,B). For example, there was no relationship between 
proteasome peak activity in the internal capsule and nasal mucosa 
proteasome activity (Spearman’s r = 0.80, p = 0.14). However, the 
proteasome activities in the nasal mucosa and some gray matter 
regions were correlated (Figures 8D–F). Proteasome t0 activity in the 
hippocampus is correlated with nasal mucosa proteasome activity 
(Spearman’s r = 0.9746, p = 0.0001). Proteasome peak activity in the 
hippocampus is correlated with nasal mucosa proteasome activity 
(Spearman’s r = 0.900, p = 0.02). In contrast, the hippocampal 
proteasome activity slope did not correlate with nasal mucosa 
proteasome activity (Spearman’s r = 0.632, p = 0.23). Caudate nucleus 
proteasome t0 activity did not correlate with nasal mucosa proteasome 
activity (Spearman’s r = 0.80, p = 0.065).

Proteasome biochemical activity in 
different brain regions of PYR/CPZ-treated 
piglets

Piglet hemodynamics were monitored for 3 h after iv drug/vehicle 
delivery, after which piglets were recovered from anesthesia and 
survived. The average mean arterial pressure was 65 ± 4 mmHg in 
drug-treated piglets and 72 ± 6 mmHg in vehicle-treated piglets. The 
average heart rate was 166 ± 18 beats/min in drug-treated piglets and 
198 ± 25 beats/min in vehicle-treated piglets.

Piglets were treated (2–3 doses) with iv 10 mg/kg PYR or 20 mg/
kg PYR with both dosages in a cocktail with 1 mg/kg CPZ (Figure 3). 
Twenty-four hours after the first dose, brain tissues (Figure 1) were 
harvested freshly for proteasome assays (Figure 9). In an analysis of 
eight different brain regions, though trends were apparent for dose-
related changes in proteasome activity with PYR/CPZ, proteasome 

FIGURE 5

Proteasome CTL activity in subcellular fractions of the somatosensory cortex of naïve piglets. (A) Brain tissue from two different piglets was subjected 
to subcellular fractionation and assayed for proteasome CTL activity in the different fractions. The UBPBio fluorogenic assay was done with Suc-LLVY-
AMC as the substrate. Each line (black or red) represents a single piglet brain sample. (B) Mean of the proteasome CTL activities in the different 
subcellular fractions (n  =  2 different pigs).
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activity was not increased significantly (p < 0.05) above vehicle or 
naïve for any brain region (Figure 9A). When brain regions were 
stratified by functional network, trends were again apparent for 
increased proteasome activity with PYR/CPZ, but they did not achieve 
significance (Figure  9B). When all brain regions were grouped 
(Figure 9C), piglets treated with 20 mg/kg PYR/1 mg/kg CPZ had 
significantly higher proteasome activity compared to naïve piglets 
(p = 0.0006), vehicle-treated piglets (p < 0.0001), and 10 mg/kg 
PYR/1 mg/kg CPZ-treated piglets (p = 0.0004). Piglets treated with 
10 mg/kg PYR/1 mg/kg CPZ did not differ significantly from naïve 
and vehicle-treated piglets.

Western blotting was done to determine if PYR/CPZ treatment 
altered the levels of PSMB5  in the somatosensory cortex 
(Supplementary Figure 2A) at 24 h after treatment (see Figure 3 for 
treatment protocol). PSMB5 levels were not significantly different 
(p > 0.05) in drug-treated piglets compared to vehicle-treated piglets 
(Supplementary Figure 2B).

In-gel proteasome biochemical activity in 
pig cerebral cortex

We did in-gel assays to determine the activity and composition of 
functional proteasome complexes in the piglet cerebral cortex 
(Figure 10). In-gel proteasome assays revealed 26S-singly capped and 
30S (26S-doubly capped) active complexes in piglet neocortex 
(Figure 10A). These activity bands were inhibited by 10 μM MG132 
(Figure  10B), demonstrating that they are proteasomes (Lee and 
Goldberg, 1998). We did not identify free 20S proteasome in the piglet 
motor cortex (Figure 10A).

In a side-by-side descriptive comparison of in-gel activities 
with short incubation times, piglets treated with PYR/CPZ showed 
enhanced neocortical proteasome activity compared to 

vehicle-treated piglets. Activity enhancement in somatosensory 
cortex with PYR/CPZ treatment occurred in the 26S-singly capped 
proteasome and as a smear of activity between 26S-singly capped 
and 30S (Figure 10C). No enhancement of activity was seen for 
free 20S.

In situ proteasome histochemical activity in 
piglet cerebral cortex

We adapted the proteasome microplate fluorometric 
biochemical assay to cryostat sections of unfixed piglet brain, 
naming it the in situ proteasome activity assay (Figure 11). With 
Suc-LLVY-2R110 as substrate and the addition of 20% polyvinyl 
alcohol to the reaction mixture as an enzyme stabilizing and 
diffusion limiting agent and tissue protectant (Chayen et al., 1973; 
Martin et  al., 1986; van Noorden and Vogels, 1989), in situ 
proteasome activity was histochemically localized in brain tissue 
(Figure 11). Proteasome CTL activity was present throughout the 
neuropil and in isolated cell bodies, putatively neurons and glia 
(Figures 11A,B,E). The activity was completely inhibited by MG132 
(Figure 11C). In contrast to the antibody-based IHC (Figure 2), 
surprisingly, the proteasome CTL activity was not uniformly or 
homogeneously distributed throughout the neuropil; rather, it had 
a patchy localization in the primary somatosensory cortex, with 
some microregions showing higher activity than nearby regions 
(Figures  11A,B). Some cell bodies appeared full of proteasome 
activity (Figure  11E), but other cells had only very discrete 
inclusions of activity within the nucleus (Figure  11D) or at a 
perinuclear location reminiscent of the centrosome (Figures 11B,D). 
The number of cells with perinuclear inclusions of CTL proteasome 
activity was higher in the cerebral cortical gray matter compared to 
the subcortical white matter (Figure 11F).

FIGURE 6

Proteasome CTL activity in crude homogenates of different brain regions of naïve piglets. (A) Proteasome fluorogenic assay shows reaction progress 
curve raw fluorescence measurements of AMC released from Suc-LLVY-AMC by chymotrypsin-like activity over 14  min in the somatosensory cortex of 
a single naïve piglet. To isolate the specific fluorescent signal produced by AMC liberation due to proteasome activity, MG132 was used as an inhibitor 
in separate duplicate control wells. (B) Boxplots of femtomoles (fmol) AMC released per minute by proteasome CTL activity in each brain region in 
naïve piglets (N  =  9). The individual brain regions are: FC, frontal cortex; M, motor cortex; SC, somatosensory cortex; VC, visual cortex; HC, 
hippocampus; WM, subcortical white matter; CN, caudate nucleus; CC  =  cerebellar cortex. Each box plot shows the minimum/Q1/median/Q3/
maximum values.
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Discussion

The proteasome garners considerable attention in the cell 
biology of aging and neurodegeneration (Davidson and Pickering, 
2023). With proteasome loss of functioning as a putative key 
mechanism of nervous system disease and injury throughout the 
lifelong spectrum, proteasome enhancement strategies are now a 
focus of research and development (Tripper et  al., 2014; Jones 
et al., 2017; Trader et al., 2017; Santoro et al., 2020; El Demerdash 
et al., 2021; George and Tepe, 2021). Small molecule activators 
offer hope for clinically relevant proteasome enhancement (Tripper 
et al., 2014; Jones et al., 2017; Santoro et al., 2020; George and Tepe, 

2021); however, much work needs completion. Some remaining 
hurdles include delivery approaches, testing in relevant animal 
models for evidence of achievable and sustainable proteasome 
activation, biomarkers for demonstrating and tracking proteasome 
effects in target tissues, and in vivo safety profiling of physiological 
effects (hemodynamics and blood chemistry) and toxicity 
(liver enzymes).

The experiments done here generate new knowledge on the brain 
proteasome. We  show with antibody-based proteasome subunit 
localization and enzymatic activity assays the generally low brain 
regional specificity in several discrete gray and white matter regions; 
this is difficult to do in rodents, particularly for white matter. We show 

FIGURE 7

Kinetic analysis of proteasome CTL activity in different gray and white regions of the brain of naïve piglets (N  =  4 or 5 for each brain region). (A–C) 
Relative AMC fluorescence at initial reaction time identified as t0 (A), peak fluorescence (B), and slope of the progress reaction curve (C) in 
hippocampus (HC), caudate nucleus (CN), primary somatosensory cortex (SC), frontal cortex (FC), and cerebellar cortex (CC). (D–F) Relative AMC 
fluorescence at t0 (D), peak fluorescence (E), and slope of the progress reaction curve (F) in the internal capsule (IC), corpus callosum (CpC), and 
parietal subcortical white matter (SCWM). Box plots show mean values with IQR and 5–95th percentile whiskers.
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that neonatal piglets have a neocortical PSMB5 localization like 
human infants. We demonstrate an association of the proteasome with 
mitochondria, supported by colocalization/subcellular fractionation 
data. We found by a novel tissue section activity assay and localization 
a neocortical mosaic distribution for the proteasome. We discovered 
that proteasome activity in nasal mucosa biopsy can serve as a 
potential surrogate for proteasome activity in some brain regions, 
notably the hippocampus. Finally, we demonstrate the feasibility of 
using small molecules to activate proteasome catalytic activity in the 
brain with clinically relevant iv administration and no acutely 
observable untoward physiological effects. The latter experiment is 
important because, while one study showed that a brain-penetrant 
aryloxanyl pyrazolone derivative was therapeutic in a mouse model of 

ALS, brain proteasome activity was not measured during treatment 
(Chen et al., 2012).

Pigs are an ideal model system for the research and development 
of proteasome enhancement therapeutics for neurological disorders. 
Pigs and humans share many gross neuroanatomical and brain 
network complexities (Koehler et al., 2018; Simchick et al., 2019); 
moreover, human and pig genomes have important similarities, 
including synteny, gene order, small and long interspersed nuclear 
elements, DNA methylation, and transcriptomic RNA editing 
(Thomsen and Miller, 1996; Goureau et al., 2001; Schachtschneider 
et al., 2015; Funkhouser et al., 2017). Genome similarities extend to 
DNA damage and DNA repair responses engaged during cell death 
mechanisms in neurons exposed to oxidative stress, where pig neurons 

FIGURE 8

Proteasome CTL activity reaction progress curve properties (fluorescence t0, peak, slope) in different white and gray regions of sham piglet brains 
(N  =  4 or 5) versus proteasome activity in nasal mucosa biopsy samples of the same piglets. (A–C) Scatterplots show the white matter regions of the 
internal capsule (IC), corpus callosum (CpC), and parietal subcortical white matter (SCWM). (D–F) Scatterplots show the gray matter regions of the 
hippocampus (HC), caudate nucleus (CN), primary somatosensory cortex (SC), frontal cortex (FC), and cerebellar cortex (CC).
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modeled human neurons better than mouse neurons in cell culture 
(Martin and Chang, 2018). As whole animals, transgenic pigs 
harboring human disease-causing mutant genes phenotypically 
replicate ALS (Yang et al., 2014), Huntington’s disease (Yan et al., 
2018), AD (Lee et al., 2017), SMA (Lorson et al., 2011), and ataxia 
telangiectasia (Beraldi et  al., 2015). We  therefore studied the 
proteasome in the pig brain by evaluating the localization and 
biochemical activity of brain proteasomes and testing systemically 
administered small molecules for their ability to activate 
brain proteasomes.

The proteasome appears ubiquitously 
uniform throughout the neonatal pig 
forebrain

After carefully characterizing antibodies to PSMB5 and PSMA3 
for specificity by Western blotting and determining their acceptability 
for use in immunohistochemistry, we  mapped the localization of 
PSMB5 in 2- to 5-day-old piglet forebrain. PSMB5 was present in 
virtually all neurons but only in subsets of glial cells. It had low 

regional specificity. In the neocortex, the PSMB5 distribution was 
discerning of laminar and columnar arrangements of neurons. In the 
hippocampus, PSMB5 was present in essentially all pyramidal neurons 
within each subfield. In the striatum, PSMB5 delineated virtually all 
neurons but not all glia. The striking neuronal positivity for PSMB5 in 
the normal pig brain contrasted with the moderate to low PSMB5 
immunoreactivity described for the human control cerebral cortex 
(van Scheppingen et al., 2016). We did our own descriptive analysis of 
PSMB5 localization in human neocortex and found that age is likely 
to be an important consideration for PSMB5 immunoreactivity. A 
caveat of antibody-based localization and protein levels is that the 
information is devoid of functionality.

Proteasomes are known already for their cellular localizations in 
yeast and many mammalian cell types in culture (Peters et al., 1994; 
Rivett, 1998; Rockel et  al., 2005). In human hepatoblastoma cell 
subnuclear fractions, proteasome α subunits were detected in the 
nucleoplasm but not in the nucleolus or nuclear envelop (Rockel et al., 
2005). Less information is available for neurons in situ (Adori et al., 
2005, 2006). Proteasome localization in optimally prepared brains 
from different animals is worthy because species differences might 
exist in the neuronal and glial localizations of proteasomes (Adori 

FIGURE 9

Brain proteasome CTL activity in drug-treated piglets. (A) Box plots of femtomoles (fmol) of AMC released per minute by proteasome chymotrypsin-like 
activity in each brain region in the different piglet treatment groups identified. Each box plot shows the minimum/Q1/median/Q3/maximum values. The 
individual brain regions are: FC, frontal cortex; M, motor cortex; SC, somatosensory cortex; VC, visual cortex; HC, hippocampus; WM, parietal subcortical 
white matter; CN, caudate nucleus; CC, cerebellar cortex. Each box plot shows the minimum/Q1/median/Q3/maximum values. (B) Proteasome activity in 
brain regions grouped by functional relationships. Each box plot shows the minimum/Q1/median/Q3/maximum values. (C) Combined brain region holistic 
scatterplots of fmol AMC released per minute by proteasome chymotrypsin-like activity in each treatment group. Lines are medians. The significance was 
determined by two-way ANOVA (α = 0.05) of multiple comparisons between treatment groups.
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et al., 2006). The nuclear and cytoplasmic comparisons are also of 
importance because there is evidence that the nuclear proteasome 
lacks activity (Dang et al., 2016). The cellular localization of PSMB5 in 
neonatal pig neurons was conspicuous for its cytoplasmic and nuclear 
immunoreactivities. Much of the nuclear PSMB5 appeared to be in the 
nucleoplasmic matrix, but it was not seen within the nucleolus as 
predicted from other studies (Rockel et al., 2005). Cytoplasmic and 
nuclear localizations of PSMB5 were described for human neurons 
(Adori et al., 2006; Nakamura et al., 2006) and rat neurons (Adori 
et al., 2006).

There could be  differential enrichments of PSMB5  in cellular 
compartments in pig neurons (Figure 2) compared to those shown for 
human neurons (Adori et al., 2005). We therefore did a pig and human 
brain side-by-side comparison with the same proteasome antibody, 
staining protocol, and imaging (Supplementary Figure 1). We found 
that aged adult (59–80 years old) human brain neocortical neurons 
show greater variation in their proteasome enrichments compared to 
neonatal pig (2–5 days old) neurons. For example, virtually every 
neuron in the neonatal pig neocortex was strongly positive for PSMB5; 
in contrast, many cortical neurons in the older human postcentral 
gyrus were negative for PSMB5 or had very low immunoreactivity, but 
other nearby neurons were strongly positive. In some human cortical 
neurons, PSMB5 immunoreactivity was enriched in the cytoplasm but 
low in the nucleus, while neocortical neurons in neonatal pigs 
universally had enrichment in the nucleus (Supplementary Figure 1). 

Age could be a factor in these differences, so we examined the brain 
of a 1-year-old infant. We found that the PSMB5 localization pattern 
in the human infant brain more closely resembles the neonatal piglet 
localization than does the brain of older humans 
(Supplementary Figure  1). This pilot experiment suggests brain 
maturation and aging have important roles in the neuronal localization 
of at least one proteasome subunit in the cerebral cortex.

Proteasome types in piglet brain

The proteasome has variations in forms attributed to protein 
regulators. The specific forms of proteasome have different functions. 
The free 20S proteasome, without regulators, can selectively degrade 
oxidized and misfolded proteins through a facilitated unfolding 
mechanism in a ubiquitin- and ATP-independent manner (Pickering 
and Davies, 2012). Two 19S regulators can be added at either end of 
the 20S barrel to generate 26S-singly and -doubly capped forms, 
serving to limit protein targets to those that are ubiquitinated in a 
degradation process that is ATP-dependent (Pickering and Davies, 
2012). In our in-gel activity assay, we found that the 26S-singly capped 
proteasome type dominated in the naïve piglet motor cortex with 
scant presence of the free 20S form. This proteasome composition 
differs from that of HeLa cells and rat tissues, where free 20S 
proteasome represented 40–60% of the total 20S (Tai et al., 2010). This 
might mean that in a naïve piglet brain with replete ATP, misfolded 
proteins are degraded by the ATP-dependent 26S proteasome and 
oxidized proteins are not formed excessively because endogenous 
oxidative stress is managed effectively by antioxidant systems. 
However, we have detected protein carbonyl accumulation in naïve 
piglet brain (Santos et al., 2018). More work needs to be done in piglet 
brain injury models to explore the presence of free 20S proteasome.

Cytoplasmic and nuclear proteasomes 
both have CTL activity

An important controversy is whether cytoplasmic and nuclear 
proteasomes both possess protease activity. Some studies have 
identified proteasome proteolysis activity in the nucleus (Kim et al., 
1999; Ullrich et al., 1999; Rockel et al., 2005), but another study has 
not (Dang et al., 2016). Proteasome subunits in the nucleus might have 
non-peptidase functions involving DNA repair and transcription 
factor-like mechanisms (Russell et  al., 1999; Xie and Varshavsky, 
2001). Using a validated subcellular fractionation protocol combined 
with proteasome CTL activity assay, we showed that both nuclear and 
cytoplasmic compartments possess major biochemical activities. The 
cytosolic proteasome is the main contributor to the total catalytic 
activity in crude brain tissue homogenates.

The proteasome associates with 
mitochondria

More novel is our discovery that the proteasome can localize to 
mitochondria, where it possesses CTL activity. This finding was 
demonstrated microscopically and by subcellular fractionation, 
Western blotting for PSMB5, and an activity assay. By 

FIGURE 10

In-gel proteasome CTL activity in piglet cerebral cortex. (A) Protease 
activity gel shows the presence of the 26S (singly capped) and 30S 
(26S-doubly capped) proteasomes in the piglet motor cortex. 
Purified proteasome 20S from human erythrocytes was used as a 
standard. (B) 26S and 30S proteasome activities in piglet cerebral 
cortex were inhibited by the standard proteasome inhibitor MG132 
(left gel). Representative gel loading verification by Coomassie 
staining (right gel). (C) In-gel proteasome CTL in piglet cerebral 
cortex showed enhanced activity with PYR/CPZ treatment compared 
to vehicle. Enhancement of activity occurred with the 26S 
proteasome and as a smear of activity (bracket) above the 26S-singly 
capped.
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immunofluorescence and confocal microscopy, we found that PSMB5 
partly colocalized with VDAC, cyclophilin D, and Aven in pig 
forebrain neurons and human neocortex. VDAC and cyclophilin D 
are well-known mitochondrial proteins (Martin et al., 2009, 2011). 
Though cytoplasmic proteasomes have recently been associated with 
mitochondrial protein quality control in a process in yeast called 
mitochondria-associated degradation (Rödl and Herrmann, 2023), a 
mitochondrial localization of proteasome has not been shown before. 
The proteasome could be  tethered to the outer mitochondrial 
membrane, like DNA methyltransferase-1 (Wong et  al., 2013), 
potentially associated with the translocator of the outer mitochondrial 
membrane (Bertolin et al., 2013), or within the intermembrane space, 
inner membrane, or mitochondrial matrix. Sub-mitochondrial 
fractionation and intact mitochondria-protease digestion experiments 
need to be done to decipher how the proteasome is associated with 
mitochondria. Intriguingly, the mitochondrial associated proteasome 
has CTL activity. It contributes about 15–20% of the total activity of 
crude homogenate in the cerebral cortex.

A mitochondrial-associated proteasome would be a complement 
to known mitochondrial ATPases associated with diverse cellular 
activities (AAA+) proteases found within the intermembrane space 
(e.g., iAAA), inner membrane (e.g., SPG7/paraplegin), and matrix 
(e.g., LONP1 and ClpXP) (Feng et al., 2021). The AAA+ mitochondrial 
proteins have many non-peptolytic functions, in addition to protease 
activities that degrade preferential mitochondrial protein targets that 
are misfolded or oxidatively damaged. For example, LONP1 functions 
in mitochondrial DNA replication and the degradation of oxidatively 
damaged aconitase (Bota and Davies, 2002). SPG7/paraplegin may 
be a critical component of the mitochondrial permeability transition 
pore (Shanmughapriya et  al., 2015) and assemble mitochondrial 
ribosomes, in addition to proteolyzing damaged cytochrome c oxidase 
subunit 1 (Almontashiri et al., 2014). Interestingly, there are several 
non-mitochondrial cytoplasmic proteins in aberrantly misfolded, 
oxidized, cleaved, and otherwise pathological states (e.g., SOD1, αSyn, 
β-amyloid) that gain access to mitochondria to induce 
mitochondriopathy (Martin et al., 2006, 2007; Ruan et al., 2017). These 

FIGURE 11

Novel in situ histochemical detection of proteasome activity in piglet brain cryostat sections reveals new findings on proteasome localization. 
(A) Proteasome CTL activity (green) is enriched (but not uniformly) in the neocortical neuropil and in subsets of cells in the somatosensory cortex of 
piglet. Blue is the DAPI counterstaining of the nucleus. The white hatched box is shown at higher magnification in panel (B). (B) Large cells (solid white 
arrows), likely neurons, are enriched in proteasome CTL activity, but other neurons (open arrows; blue is DAPI staining of the large nucleus) appear 
without detectable activity. Some small cells (thin white arrows) have perinuclear inclusions with high proteasome CTL activity. The white hatched box 
is shown as the inset to better illustrate the proteasome-active perinuclear satellite. (C) MG132 treatment of sections completely inhibited the 
histochemical detection of proteasome activity (specific green reaction product) in the neuropil and in cell bodies (blue DAPI staining shows cell 
nuclei). (D) Some cells in the neocortex have proteasome activity focally within the nucleus (solid white arrow) with limited to no activity in the 
cytoplasm, while other cells appear completely enriched in proteasome activity (open white arrow). (E) A cell in the cerebral cortex highly enriched in 
proteasome activity. (F) Graph of the number of cells in cortical gray matter and subcortical white matter with perinuclear proteasome-active 
inclusions. Box plots show mean values with IQR and 5–95th percentile whiskers. Scale bars (in μm): (A) 65; (B) 32.5; (B) (inset) 4; (C) 3; (D) 8; (E) 4.
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abnormal proteins might not be substrates for highly specialized and 
dedicated mitochondrial AAA+ proteases. A mitochondrial-
associated proteasome with broad peptidolytic capacity could provide 
an adaptive advantage to cells, and possibly individuals, for degrading 
xenoproteins binding to the surface of mitochondria or anomalously 
gaining access to mitochondria with potential toxicities, such as 
SOD1, αSyn, and β-amyloid. However, caution is warranted regarding 
evidence for an intrinsic mitochondrial proteasome until a 
comparative protease substrate profile is done with mitochondrial 
AAA+ proteases. While Suc-LLVY-AMC is a preferred substrate of 
PSMB5, and this proteasome subunit was detected in lysates of pure 
mitochondria, there could be some, albeit non-preferred, substrate 
overlap with ClpXP (Arribas and Castaño, 1993).

Our novel in situ proteasome 
histochemical assay reveals a new 
proteasome landscape in the cerebral 
cortex

We adapted the standard homogenate-based microplate 
fluorometric assay for proteasome CTL activity to an unfixed brain 
cryostat section assay. This assay is novel. The Y-2R110 reaction 
product formed by CTL cleavage of Suc-LLVY-2R110, stabilized by 
polyvinyl alcohol, was completely inhibitable by MG132. With this 
assay, proteasome CTL activity was visualized in cells and in the 
neuropil. This histological-based assay yielded different data 
compared to the antibody-based IHC that gave the impression of 
brain regional uniformity and generalized enrichment in neurons. 
However, the histochemical proteasome activity assay suggests a 
cellular heterogeneity and proteasome complexity hitherto 
undisclosed by homogenate- and antibody-based assays.

The histochemical activity assay was used on the piglet 
somatosensory cortex. It revealed that neurons and glial cells do not 
appear to be enriched similarly in proteasome CTL activity. It also 
directly showed nuclear proteasome catalytic activity. Within the 
neuropil, there was patchiness in catalytic activity, giving the 
impression of a functional mosaic of the proteasome in the cerebral 
cortex. We  also found a distinguished proteasome compartment 
residing in a perinuclear position. We observed it with difficulty by 
standard immunolocalization, but our new in situ histochemical 
activity assay particularly highlighted this organelle because of the 
striking CTL activity. This perinuclear proteasome satellite might 
be  the centrosome-associated proteasome seen structurally and 
biochemically in cultured HEK293 and HeLa cells (Wigley et al., 1999; 
Fabunmi et al., 2000). The structure was more common in cortical 
gray matter than in subcortical white matter, though it was not seen 
in every cell. To the best of our knowledge, this structure has not been 
described before in the brain. It might correspond to the aggresome 
described in yeast (Enenkel et al., 2022), but its robust visualization in 
naïve piglets suggests that this structure is not pathological and was 
formed only in response to an overload of misfolded proteins. If this 
perinuclear CTL activity-enriched proteasome satellite seen in the pig 
brain is centriole-related, then the centriole pair would be embedded 
in a matrix enriched in pericentriolar material 1 protein (PCM1) 
(Dammermann and Merdes, 2002). We have discovered that PCM1 is 
particularly sensitive to carbonyl oxidation in neonatal piglets with 

hypoxia–ischemia and treatment with hypothermia (El Demerdash 
et al., 2021) and, thus, the centriole might destabilize in neonatal brain 
injury. Because the centriole functions as a site for microtubule 
assembly for neurites and dendrites (Yu et al., 1993), PCM1 oxidation 
could be a pathological mechanism for dendritic or oligodendrocyte 
neurite beading and obliteration that we  have seen in piglet 
encephalopathy (Lee et al., 2021).

There is a brain neuropil proteasome

We studied the not-often-discussed presence of the proteasome 
in the neuropil throughout the piglet forebrain. We observed this 
by immunohistochemistry and with our novel in situ enzyme 
histochemical assay. The catalytically active proteasome in the 
neuropil was completely inhibited by MG132. This brain 
parenchymal neuropil proteasome distribution appeared elegantly 
macro-compartmentalized as a mosaic in pig and human neocortex. 
A neuropil proteasome is interesting because it could 
be mitochondrial associated, as supported by the data shown here, 
and synaptic. A synaptic proteasome has been suggested to 
participate in endosomal uptake of glutamate receptors (Bingol and 
Schuman, 2004), activity-dependent structural plasticity (Bingol 
and Schuman, 2006), and long-term potentiation (Fonseca et al., 
2006; Dong et al., 2008). Neuropil proteasomes could also be glial-
associated (Tydlacka et  al., 2008). It is unknown whether 
pharmacologically forced activation of proteasome activity would 
have deleterious effects on these proteasomal functions.

Activation of the brain proteasome is 
achievable with systemic administration of 
small molecules

We have identified an apparently safe drug combination to 
increase CTL proteasome activity generally throughout the neonatal 
gyrencephalic brain with systemic treatment. In piglets treated 
intravenously with boluses of pyrazolone derivative and 
chlorpromazine cocktail over 24 h, brain proteasome CTL activity was 
modestly increased. Western blotting for PSMB5 indicated that 
upregulation of PSMB5 levels did not account for this catalytic 
increase (Supplementary Figure 2). Pyrazolone analogs are known to 
bind and activate the proteasome in cell-free and cell systems (Tripper 
et al., 2014) and showed promise in a mouse model of ALS involving 
mutant SOD1 proteinopathy. Chlorpromazine, a clinical drug used 
safely for over 5 decades, also activates the proteasome in cell systems 
(Jones et al., 2017). In piglets treated with CPZ, the sedation and 
motor effects were dose-limiting. Proteasome activation with PYR/
CPZ seems possible for the cerebral cortex and deep forebrain, gray 
matter, and white matter. Importantly, these regions are disease- and 
injury-vulnerable in many human neurological conditions in which 
proteasome insufficiency is pathogenically relevant. Many future 
experiments are needed, including additional PYR dose ramping, 
drug effects on the other two catalytic activities of the proteasome, 
pharmacokinetics and brain half-life determinations, brain effect 
durations, and long-term dosing with toxicological and behavioral 
profiling for safety.
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A nasal marker for brain proteasome 
activity

We discovered that proteasome functional activity in some brain 
regions correlates with proteasome activity in the nasal mucosa. 
Hippocampal and nasal mucosal activities are notably correlated. Even 
the protein levels of PSMB5 in the nasal mucosa matched those of 
several different brain regions. This finding could be relevant to CNS 
drug therapy development. A substantial impasse in CNS drug 
discovery for human brain and spinal cord injury and disease is 
demonstrating bioavailability and target engagement in the CNS of 
patients (Kingwell, 2011). If the nasal mucosa epithelial lining can 
serve as a surrogate for CNS proteasome activity, then this could 
advance the preclinical search for proteasome-related drug 
development of therapeutics for neurological disorders related 
to proteinopathy.

Conclusion

We studied the brain proteasome in pigs because this species is 
useful for modeling proteinopathy and encephalopathy involving 
degeneration of neurons and glia. Of the three different catalytic 
activities of the proteasome, we focused on the CTL activity. The 
PSMB5 subunit was ubiquitously present in the pig brain. In naïve 
piglets, proteasome CTL activity levels were relatively uniform in 
many different brain regions. By rigorous subcellular fractionation, 
proteasome CTL activity was present in cytosolic, nuclear, and pure 
mitochondrial fractions. All fractions possessed CTL activity. 
PSMB5 is partly colocalized with mitochondrial proteins in the pig 
and human neocortex. In-gel activity determinations found the 
26S-single capped the prominent type of proteasome in the pig 
cerebral cortex. A new histochemical proteasome activity assay 
revealed in the cerebral cortex a novel proteasome landscape. A 
cocktail of pyrazolone derivative and chlorpromazine can possibly 
increase brain CTL activity with iv treatment. More dosing 
strategies need to be  tested. Overall, this study is pertinent to 
further elucidating mechanisms of encephalopathy in the neonatal 
and adult nervous systems and the development of small molecule 
therapeutics for alleviating proteinopathy in brain disorders 
and diseases.

Data availability statement

The raw data supporting the conclusions of this article will 
be made available by the authors, without undue reservation.

Ethics statement

This study used human postmortem autopsy tissue. All autopsies 
had approved consent. The protocol for use of human autopsy tissue 
was reviewed and approved by the JHMI-IRB (application number 
NO:02–09024-04e). The use of human tissues was also approved by 
the JHMI-Office of Health, Safety and Environment (JHU registration 
B1011021110). The studies were conducted in accordance with the 
local legislation and institutional requirements. Written informed 

consent for participation was not required from the participants or the 
participants’ legal guardians/next of kin in accordance with the 
national legislation and institutional.

Author contributions

AA: Data curation, Formal analysis, Methodology, Writing – 
review & editing. MC: Data curation, Formal analysis, Investigation, 
Writing – review & editing. ND: Data curation, Formal analysis, 
Writing – review & editing. CJ: Investigation, Methodology, Writing –  
review & editing. DP: Data curation, Formal analysis, Writing – 
review & editing. JL: Conceptualization, Data curation, Formal 
analysis, Funding acquisition, Investigation, Methodology, Project 
administration, Resources, Writing – review & editing. LM: 
Conceptualization, Data curation, Formal analysis, Funding 
acquisition, Investigation, Methodology, Project administration, 
Supervision, Writing – original draft, Writing – review & editing.

Funding

The author(s) declare financial support was received for the 
research, authorship, and/or publication of this article. This study was 
funded by NIH NINDS grants R01 NS113921 and R01 NS107417.

Acknowledgments

The authors are grateful for the clinical consultations with the 
veterinarian staff of the JHU Department of Molecular and 
Comparative Pathobiology. JL discloses that she is a paid consultant 
for the United  States Food and Drug Administration and for 
Edwards Lifesciences.

Conflict of interest

The authors declare that the research was conducted in the 
absence of any commercial or financial relationships that could 
be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors 
and do not necessarily represent those of their affiliated organizations, 
or those of the publisher, the editors and the reviewers. Any 
product that may be evaluated in this article, or claim that may be 
made by its manufacturer, is not guaranteed or endorsed by the 
 publisher.

Supplementary material

The Supplementary material for this article can be found online 
at: https://www.frontiersin.org/articles/10.3389/fncel.2024.1353542/
full#supplementary-material

https://doi.org/10.3389/fncel.2024.1353542
https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/articles/10.3389/fncel.2024.1353542/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fncel.2024.1353542/full#supplementary-material


Amrein Almira et al. 10.3389/fncel.2024.1353542

Frontiers in Cellular Neuroscience 18 frontiersin.org

References
Adori, C., Kovács, G. G., Low, P., Molnár, K., Gorbea, C., Fellinger, E., et al. (2005). 

The ubiquitin-proteasome system in Creutzfeldt-Jakob and Alzheimer disease: 
intracellular redistribution of components correlates with neuronal vulnerability. 
Neurobiol. Dis. 19, 427–435. doi: 10.1016/j.nbd.2005.01.015

Adori, C., Low, P., Moszkovkin, G., Bagdy, G., László, L., and Kovács, G. G. (2006). 
Subcellular distribution of components of the ubiquitin-proteasome system in non-
diseased human and rat brain. J. Histochem. Cytochem. 54, 263–267. doi: 10.1369/
jhc.5B6752.2005

Almontashiri, N. A., Chen, H. H., Mailloux, R. J., Tatsuta, T., Teng, A. C., 
Mahmoud, A. B., et al. (2014). SPG7 variant escapes phosphorylation-regulated 
processing by AFG3L2, elevates mitochondrial ROS, and is associated with multiple 
clinical phenotypes. Cell Rep. 7, 834–847. doi: 10.1016/j.celrep.2014.03.051

Arribas, J., and Castaño, J. G. (1993). A comparative study of the chymotrypsin-like 
activity of the rat liver multicatalytic proteinase and the ClpP from Escherichia coli. J. 
Biol. Chem. 268, 21165–21171. doi: 10.1016/S0021-9258(19)36906-6

Beraldi, R., Chan, C. H., Rogers, C. S., Kovács, A. D., Meyerholz, D. K., Trantzas, C., 
et al. (2015). A novel porcine model of ataxia telangiectasia reproduces neurological 
features and motor deficits of human disease. Hum. Mol. Gen. 24, 6473–6484. doi: 
10.1093/hmg/ddv356

Bertolin, G., Ferrando-Miguel, R., Jacoupy, M., Traver, S., Grenier, K., Greene, A. W., 
et al. (2013). The TOMM machinery is a molecular switch in PINK1 and PARK2/
PARKIN-dependent mitochondrial clearance. Autophagy 9, 1801–1817. doi: 10.4161/
auto.25884

Bingol, B., and Schuman, E. M. (2004). A proteasome-sensitive connection between 
PSD-95 and GluR1 endocytosis. Neuropharmacology 47, 755–763. doi: 10.1016/j.
neuropharm.2004.07.028

Bingol, B., and Schuman, E. M. (2006). Activity-dependent dynamics and 
sequestration of proteasomes in dendritic spines. Nature 441, 1144–1148. doi: 10.1038/
nature04769

Bota, D. A., and Davies, K. J. (2002). Lon protease preferentially degrades oxidized 
mitochondrial aconitase by an ATP-stimulated mechanism. Nat. Cell Biol. 4, 674–680. 
doi: 10.1038/ncb836

Brambrink, A. M., Ichord, R. N., Martin, L. J., Koehler, R. C., and Traystman, R. J. 
(1999). Poor outcome after hypoxia-ischemia in newborns is associated with 
physiological abnormalities during early recovery. Possible relevance to secondary brain 
injury after head trauma in infants. Exp. Toxicol. Path. 51, 151–162. doi: 10.1016/
S0940-2993(99)80089-X

Brown, M. G., and Monaco, J. J. (1993). Biochemical purification of distinct 
proteasome subsets. Enzyme Protein 47, 343–353. doi: 10.1159/000468692

Chang, Q., and Martin, L. J. (2009). Glycinergic innervation of motoneurons is 
deficient in amyotrophic lateral sclerosis mice: a quantitative confocal analysis. Am. J. 
Path. 174, 574–585. doi: 10.2353/ajpath.2009.080557

Chayen, J, Bitensky, L, and Butcher, R. Practical histochemistry. John Wiley & Sons, 
New York. (1973).

Chen, T., Benmohamed, R., Kim, J., Smith, K., Amante, D., Morimoto, R. I., et al. 
(2012). ADME-guided design and synthesis of aryloxanyl pyrazolone derivatives to 
block mutant superoxide dismutase 1 (SOD1) cytotoxicity and protein aggregation: 
potential application for the treatment of amyotrophic lateral sclerosis. J. Med. Chem. 
55, 515–527. doi: 10.1021/jm2014277

Chen, M. W., Santos, P., Kulikowicz, E., Koehler, R. C., Lee, J. K., and Martin, L. J. 
(2021). Targeting the mitochondrial permeability transition pore for neuroprotection in 
a piglet model of neonatal hypoxic-ischemic encephalopathy. J. Neurosci. Res. 99, 
1550–1564. doi: 10.1002/jnr.24821

Cushman, M., Johnson, B. S., King, O. D., Gitler, A. D., and Shorter, J. (2010). Prion-
like disorders: blurring the divide between transmissibility and infectivity. J. Cell Sci. 123, 
1191–1201. doi: 10.1242/jcs.051672

Dai, J. X., Ma, Y. B., Le, N. Y., Cao, J., and Wang, Y. (2018). Large animal models of 
traumatic brain injury. Int. J. Neuro. 128, 243–254. doi: 10.1080/00207454.2017.1380008

Dammermann, A., and Merdes, A. (2002). Assembly of centrosomal proteins and 
microtubule organization depends on PCM-1. J. Cell Biol. 159, 255–266. doi: 10.1083/
jcb.200204023

Dang, F. W., Chen, L., and Madura, K. (2016). Catalytically active proteasomes 
function predominantly in the cytosol. J. Biol. Chem. 291, 18765–18777. doi: 10.1074/
jbc.M115.712406

Davidson, K., and Pickering, A. M. (2023). The proteasome: a key modulator of 
nervous system function, brain aging, and neurodegenerative disease. Front. Cell 
Develop. Biol. 11:1124907. doi: 10.3389/fcell.2023.1124907

Dong, C., Upadhya, S. C., Ding, L., Smith, T. K., and Hegde, A. N. (2008). Proteasome 
inhibition enhances the induction and impairs the maintenance of late-phase long-term 
potentiation. Learn. Mem. 15, 335–347. doi: 10.1101/lm.984508

El Demerdash, N., Chen, M. W., O'Brien, C. E., Adams, S., Kulikowicz, E., Martin, L. J., 
et al. (2021). Oleuropein activates neonatal neocortical proteasomes, but proteasome 

gene targeting by AAV9 is variable in a clinically relevant piglet model of brain hypoxia-
ischemia and hypothermia. Cell 10:2120. doi: 10.3390/cells10082120

Enenkel, C., Kang, R. W., Wilfling, F., and Ernst, O. P. (2022). Intracellular localization 
of the proteasome in response to stress conditions. J. Biol. Chem. 298:102083. doi: 
10.1016/j.jbc.2022.102083

Esiri, M. M., Pearson, R. C., Steele, J. E., Bowen, D. M., and Powell, T. P. (1990). A 
quantitative study of the neurofibrillary tangles and the choline acetyltransferase activity 
in the cerebral cortex and the amygdala in Alzheimer's disease. J. Neurol. Neurosurg. 
Psychiatry 53, 161–165. doi: 10.1136/jnnp.53.2.161

Fabunmi, R. P., Wigley, W. C., Thomas, P. J., and DeMartino, G. N. (2000). Activity 
and regulation of the centrosome-associated proteasome. J. Biol. Chem. 275, 409–413. 
doi: 10.1074/jbc.275.1.409

Feng, Y., Nouri, K., and Schimmer, A. D. (2021). Mitochondrial ATP-dependent 
proteases-biological function and potential anti-cancer targets. Cancers 13:2020. doi: 
10.3390/cancers13092020

Fonseca, R., Vabulas, R. M., Hartl, F. U., Bonhoeffer, T., and Nägerl, U. V. (2006). A 
balance of protein synthesis and proteasome-dependent degradation determines the 
maintenance of LTP. Neuron 52, 239–245. doi: 10.1016/j.neuron.2006.08.015

Fotuhi, M., Dawson, T. M., Sharp, A. H., Martin, L. J., Graybiel, A. M., and 
Snyder, S. H. (1993). Phosphoinositide second messenger system is enriched in 
striosomes: immunohistochemical demonstration of inositol 1,4,5-trisphosphate 
receptors and phospholipase C beta and gamma in primate basal ganglia. J. Neurosci. 13, 
3300–3308. doi: 10.1523/JNEUROSCI.13-08-03300.1993

Fukasawa, Y., Tsuji, J., Fu, S. C., Tomii, K., Horton, P., and Imai, K. (2015). MitoFates: 
improved prediction of mitochondrial targeting sequences and their cleavage sites. Mol. 
Cell. Proteomics 14, 1113–1126. doi: 10.1074/mcp.M114.043083

Funkhouser, S. A., Steibel, J. P., Bates, R. O., Raney, N. E., Schenk, D., and Ernst, C. W. 
(2017). Evidence for transcriptome-wide RNA editing among Sus scrofa PRE-1 SINE 
elements. BMC Genomics 18:360. doi: 10.1186/s12864-017-3766-7

George, D. E., and Tepe, J. J. (2021). Advances in proteasome enhancement by small 
molecules. Biomol. Ther. 11:1789. doi: 10.3390/biom11121789

Glickman, M. H., and Ciechanover, A. (2002). The ubiquitin-proteasome proteolytic 
pathway: destruction for the sake of construction. Physiol. Rev. 82, 373–428. doi: 
10.1152/physrev.00027.2001

Goureau, A., Garrigues, A., Tosser-Klopp, G., Lahbib-Mansais, Y., Chardon, P., and 
Yerle, M. (2001). Conserved synteny and gene order difference between human 
chromosome 12 and pig chromosome 5. Cytogenet. Cell Gen. 94, 49–54. doi: 
10.1159/000048782

Hershko, A., Ciechanover, A., Heller, H., Haas, A. L., and Rose, I. A. (1980). Proposed 
role of ATP in protein breakdown: conjugation of protein with multiple chains of the 
polypeptide of ATP-dependent proteolysis. Proc. Natl. Acad. Sci. U. S. A. 77, 1783–1786. 
doi: 10.1073/pnas.77.4.1783

Johnston, M. V. (1998). Selective vulnerability in the neonatal brain. Ann. Neurol. 44, 
155–156. doi: 10.1002/ana.410440202

Jones, C. L., Njomen, E., Sjögren, B., Dexheimer, T. S., and Tepe, J. J. (2017). Small 
molecule enhancement of 20S proteasome activity targets intrinsically disordered 
proteins. ACS Chem. Biol. 12, 2240–2247. doi: 10.1021/acschembio.7b00489

Kabashi, E., Agar, J. N., Taylor, D. M., Minotti, S., and Durham, H. D. (2004). Focal 
dysfunction of the proteasome: a pathogenic factor in a mouse model of amyotrophic 
lateral sclerosis. J. Neurochem. 89, 1325–1335. doi: 10.1111/j.1471-4159.2004.02453.x

Kageyama, Y., Saito, A., Pletnikova, O., Rudow, G. L., Irie, Y., An, Y., et al. (2018). 
Amyloid β toxic conformer has dynamic localization in the human inferior parietal 
cortex in absence of amyloid plaques. Sci. Rep. 8:16895. doi: 10.1038/s41598-018-35004-3

Keller, J. N., Hanni, K. B., and Markesbery, W. R. (2000). Possible involvement of 
proteasome inhibition in aging: implications for oxidative stress. Mech. Ageing Dev. 113, 
61–70. doi: 10.1016/s0047-6374(99)00101-3

Kim, B. W., Jeong, Y. E., Wong, M., and Martin, L. J. (2020). DNA damage accumulates 
and responses are engaged in human ALS brain and spinal motor neurons and DNA 
repair is activatable in iPSC-derived motor neurons with SOD1 mutations. Acta 
Neuropathol. Commun. 8:7. doi: 10.1186/s40478-019-0874-4

Kim, H. D., Tomida, A., Ogiso, Y., and Tsuruo, T. (1999). Glucose-regulated stresses 
cause degradation of DNA topoisomerase IIalpha by inducing nuclear proteasome 
during G1 cell cycle arrest in cancer cells. J. Cell. Physiol. 180, 97–104. doi: 10.1002/(SI
CI)1097-4652(199907)180:1<97::AID-JCP11>3.0.CO;2-Y

Kingwell, K. (2011). Nasal markers of CNS-targeted drug activity. Nat. Rev. Neurol. 
7:596. doi: 10.1038/nrneurol.2011.166

Kisselev, A. F., and Goldberg, A. L. (2005). Monitoring activity and inhibition of 26S 
proteasomes with fluorogenic peptide substrates. Meth. Enzymol. 398, 364–378. doi: 
10.1016/S0076-6879(05)98030-0

Koehler, R. C., Yang, Z. J., Lee, J. K., and Martin, L. J. (2018). Perinatal hypoxic-ischemic 
brain injury in large animal models: relevance to human neonatal encephalopathy. J. Cereb. 
Blood Flow Metabol. 38, 2092–2111. doi: 10.1177/0271678X18797328

https://doi.org/10.3389/fncel.2024.1353542
https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org
https://doi.org/10.1016/j.nbd.2005.01.015
https://doi.org/10.1369/jhc.5B6752.2005
https://doi.org/10.1369/jhc.5B6752.2005
https://doi.org/10.1016/j.celrep.2014.03.051
https://doi.org/10.1016/S0021-9258(19)36906-6
https://doi.org/10.1093/hmg/ddv356
https://doi.org/10.4161/auto.25884
https://doi.org/10.4161/auto.25884
https://doi.org/10.1016/j.neuropharm.2004.07.028
https://doi.org/10.1016/j.neuropharm.2004.07.028
https://doi.org/10.1038/nature04769
https://doi.org/10.1038/nature04769
https://doi.org/10.1038/ncb836
https://doi.org/10.1016/S0940-2993(99)80089-X
https://doi.org/10.1016/S0940-2993(99)80089-X
https://doi.org/10.1159/000468692
https://doi.org/10.2353/ajpath.2009.080557
https://doi.org/10.1021/jm2014277
https://doi.org/10.1002/jnr.24821
https://doi.org/10.1242/jcs.051672
https://doi.org/10.1080/00207454.2017.1380008
https://doi.org/10.1083/jcb.200204023
https://doi.org/10.1083/jcb.200204023
https://doi.org/10.1074/jbc.M115.712406
https://doi.org/10.1074/jbc.M115.712406
https://doi.org/10.3389/fcell.2023.1124907
https://doi.org/10.1101/lm.984508
https://doi.org/10.3390/cells10082120
https://doi.org/10.1016/j.jbc.2022.102083
https://doi.org/10.1136/jnnp.53.2.161
https://doi.org/10.1074/jbc.275.1.409
https://doi.org/10.3390/cancers13092020
https://doi.org/10.1016/j.neuron.2006.08.015
https://doi.org/10.1523/JNEUROSCI.13-08-03300.1993
https://doi.org/10.1074/mcp.M114.043083
https://doi.org/10.1186/s12864-017-3766-7
https://doi.org/10.3390/biom11121789
https://doi.org/10.1152/physrev.00027.2001
https://doi.org/10.1159/000048782
https://doi.org/10.1073/pnas.77.4.1783
https://doi.org/10.1002/ana.410440202
https://doi.org/10.1021/acschembio.7b00489
https://doi.org/10.1111/j.1471-4159.2004.02453.x
https://doi.org/10.1038/s41598-018-35004-3
https://doi.org/10.1016/s0047-6374(99)00101-3
https://doi.org/10.1186/s40478-019-0874-4
https://doi.org/10.1002/(SICI)1097-4652(199907)180:1<97::AID-JCP11>3.0.CO;2-Y
https://doi.org/10.1002/(SICI)1097-4652(199907)180:1<97::AID-JCP11>3.0.CO;2-Y
https://doi.org/10.1038/nrneurol.2011.166
https://doi.org/10.1016/S0076-6879(05)98030-0
https://doi.org/10.1177/0271678X18797328


Amrein Almira et al. 10.3389/fncel.2024.1353542

Frontiers in Cellular Neuroscience 19 frontiersin.org

Kornum, B. R., and Knudsen, G. M. (2011). Cognitive testing of pigs (Sus scrofa) in 
translational biobehavioral research. Neurosci. Biobehav. Rev. 35, 437–451. doi: 10.1016/j.
neubiorev.2010.05.004

Kumar, V., Singh, D., Singh, B. K., Singh, S., Mittra, N., Jha, R. R., et al. (2018). Alpha-
synuclein aggregation, ubiquitin proteasome system impairment, and L-Dopa response 
in zinc-induced parkinsonism: resemblance to sporadic Parkinson’s disease. Mol. Cell. 
Biochem. 444, 149–160. doi: 10.1007/s11010-017-3239-y

Lee, D. H., and Goldberg, A. L. (1998). Proteasome inhibitors: valuable new tools for 
cell biologists. Trends Cell Biol. 8, 397–403. doi: 10.1016/s0962-8924(98)01346-4

Lee, S. E., Hyun, H., Park, M. R., Choi, Y., Son, Y. J., Park, Y. G., et al. (2017). 
Production of transgenic pig as an Alzheimer’s disease model using a multi-cistronic 
vector system. PLoS One 12:e0177933. doi: 10.1371/journal.pone.0177933

Lee, J. K., Liu, D., Jiang, D., Kulikowicz, E., Tekes, A., Liu, P., et al. (2021). Fractional 
anisotropy from diffusion tensor imaging correlates with acute astrocyte and myelin 
swelling in neonatal swine models of excitotoxic and hypoxic-ischemic brain injury. J. 
Comp. Neurol. 529, 2750–2770. doi: 10.1002/cne.25121

Lee, J. K., Liu, D., Raven, E. P., Jiang, D., Liu, P., Qin, Q., et al. (2020). Mean diffusivity 
in striatum correlates with acute neuronal death but not lesser neuronal injury in a pilot 
study of neonatal piglets with encephalopathy. J. Magn. Resonance Imaging 52, 
1216–1226. doi: 10.1002/jmri.27181

Lee, J. K., Wang, B., Reyes, M., Armstrong, J. S., Kulikowicz, E., Santos, P. T., et al. 
(2016). Hypothermia and rewarming activate a macroglial unfolded protein response 
independent of hypoxic-ischemic brain injury in neonatal piglets. Dev. Neurosci. 38, 
277–294. doi: 10.1159/000448585

Lind, N. M., Moustgaard, A., Jelsing, J., Vajta, G., Cumming, P., and Hansen, A. K. 
(2007). The use of pigs in neuroscience: modeling brain disorders. Neurosci. Biobehav. 
Rev. 31, 728–751. doi: 10.1016/j.neubiorev.2007.02.003

Lorson, M. A., Spate, L. D., Samuel, M. S., Murphy, C. N., Lorson, C. L., Prather, R. S., 
et al. (2011). Disruption of the survival motor neuron (SMN) gene in pigs using ssDNA. 
Transgenic Res. 20, 1293–1304. doi: 10.1007/s11248-011-9496-8

Martin, L. J. (1999). Neuronal death in amyotrophic lateral sclerosis is apoptosis: 
possible contribution of a programmed cell death mechanism. J. Neuropathol. Exp. 
Neurol. 58, 459–471. doi: 10.1097/00005072-199905000-00005

Martin, L. J., Adams, N. A., Pan, Y., Price, A., and Wong, M. (2011). The mitochondrial 
permeability transition pore regulates nitric oxide-mediated apoptosis of neurons 
induced by target deprivation. J. Neurosci. 31, 359–370. doi: 10.1523/
JNEUROSCI.2225-10.2011

Martin, L. J., Brambrink, A., Koehler, R. C., and Traystman, R. J. (1997). Primary 
sensory and forebrain motor systems in the newborn brain are preferentially damaged 
by hypoxia-ischemia. J. Comp. Neurol. 377, 262–285. doi: 10.1002/(sici)1096-9861
(19970113)377:2<262::aid-cne8>3.0.co;2-1

Martin, L. J., Brambrink, A. M., Price, A. C., Kaiser, A., Agnew, D. M., Ichord, R. N., 
et al. (2000). Neuronal death in newborn striatum after hypoxia-ischemia is necrosis 
and evolves with oxidative stress. Neurobiol. Dis. 7, 169–191. doi: 10.1006/
nbdi.2000.0282

Martin, L. J., and Chang, Q. (2018). DNA damage response and repair, DNA 
methylation, and cell death in human neurons and experimental animal neurons are 
different. J. Neuropathol. Exp. Neurol. 77, 636–655. doi: 10.1093/jnen/nly040

Martin, L. J., Doebler, J. A., Wall, T. J., Shih, T.-M., and Anthony, A. (1986). Brain 
neuronal chromatin responses in acute soman intoxicated rats. Neurochem. Res. 11, 
1203–1215. doi: 10.1007/BF00965948

Martin, L. J., Gertz, B., Pan, Y., Price, A. C., Molkentin, J. D., and Chang, Q. (2009). The 
mitochondrial permeability transition pore in motor neurons: involvement in the 
pathobiology of ALS mice. Exp. Neurol. 218, 333–346. doi: 10.1016/j.expneurol.2009.02.015

Martin, L. J., Katzenelson, A., Koehler, R. C., and Chang, Q. (2013). The olfactory bulb 
in newborn piglet is a reservoir of neural stem and progenitor cells. PLoS One 8:e81105. 
doi: 10.1371/journal.pone.0081105

Martin, L. J., Liu, Z., Chen, K., Price, A. C., Pan, Y., Swaby, J. A., et al. (2007). Motor 
neuron degeneration in amyotrophic lateral sclerosis mutant superoxide dismutase-1 
transgenic mice: mechanisms of mitochondriopathy and cell death. J. Comp. Neurol. 500, 
20–46. doi: 10.1002/cne.21160

Martin, L.J., Niedzwiecki, M., Brown, S., Olberding, V., Lester, B., Rivera-Diaz, N., 
et al. (2022). Toxic conformer and intrinsically disordered prion-like proteins rapidly 
accumulate in neonatal human and piglet encephalopathies and iPS cell-derived 
neuroprogenitor models of excitotoxicity. Society for Neuroscience Program No. 622.23. 
2022 Neuroscience Meeting Planner, San Diego, CA.

Martin, L. J., Pan, Y., Price, A. C., Sterling, W., Copeland, N. G., Jenkins, N. A., et al. 
(2006). Parkinson's disease alpha-synuclein transgenic mice develop neuronal 
mitochondrial degeneration and cell death. J. Neurosci. 26, 41–50. doi: 10.1523/
JNEUROSCI.4308-05.2006

Martin, L. J., Wong, M., and Hanaford, A. (2019). Neonatal brain injury and genetic 
causes of adult-onset neurodegenerative disease in mice interact with effects on acute 
and late outcomes. Front. Neurol. 10:635. doi: 10.3389/fneur.2019.00635

McNaught, K. S., and Jenner, P. (2001). Proteasomal function is impaired in substantia 
nigra in Parkinson’s disease. Neurosci. Lett. 297, 191–194. doi: 10.1016/s0304-3940(00)01701-8

Nakamura, A., Kitami, T., Mori, H., Mizuno, Y., and Hattori, N. (2006). Nuclear 
localization of the 20S proteasome subunit in Parkinson’s disease. Neurosci. Lett. 406, 
43–48. doi: 10.1016/j.neulet.2006.07.050

Neelam, S., Kakhniashvili, D. G., Wilkens, S., Levene, S. D., and Goodman, S. R. 
(2011). Functional 20S proteasomes in mature human red blood cells. Exp. Biol. Med. 
236, 580–591. doi: 10.1258/ebm.2011.010394

Pearson, R. C. (1996). Cortical connections and the pathology of Alzheimer’s disease. 
Neurodegeneration 5, 429–434. doi: 10.1006/neur.1996.0058

Peters, J. M., Franke, W. W., and Kleinschmidt, J. A. (1994). Distinct 19 S and 20 S 
subcomplexes of the 26 S proteasome and their distribution in the nucleus and the 
cytoplasm. J. Biol. Chem. 269, 7709–7718. doi: 10.1016/S0021-9258(17)37345-3

Pickering, A. M., and Davies, K. J. (2012). Degradation of damaged proteins: the main 
function of the 20S proteasome. Prog. Mol. Biol. Transl. Sci. 109, 227–248. doi: 10.1016/
B978-0-12-397863-9.00006-7

Pride, H., Yu, Z., Sunchu, B., Mochnick, J., Coles, A., Zhang, Y., et al (2015). Long-
lived species have improved proteostasis compared to phylogenetically-related shorter-
lived species. Biochem. Biophys. Res. Comm. 457, 669–675. doi: 10.1016/j.
bbrc.2015.01.046

Primiani, C. T., Lee, J. K., O'Brien, C. E., Chen, M. W., Perin, J., Kulikowicz, E., et al. 
(2023). Hypothermic protection in neocortex is topographic and laminar, seizure 
unmitigating, and partially rescues neurons depleted of RNA splicing protein Rbfox3/
NeuN in neonatal hypoxic-ischemic male piglets. Cell 12:2454. doi: 10.3390/
cells12202454

Rivett, A. J. (1998). Intracellular distribution of proteasomes. Curr. Opin. Immunol. 
10, 110–114. doi: 10.1016/s0952-7915(98)80040-x

Rock, K. L., Gramm, C., Rothstein, L., Clark, K., Stein, R., Dick, L., et al. (1994). 
Inhibitors of the proteasome block the degradation of most cell proteins and the 
generation of peptides presented on MHC class I molecules. Cell 78, 761–771. doi: 
10.1016/s0092-8674(94)90462-6

Rockel, T. D., Stuhlmann, D., and von Mikecz, A. (2005). Proteasomes degrade 
proteins in focal subdomains of the human cell nucleus. J. Cell Sci. 118, 5231–5242. doi: 
10.1242/jcs.02642

Rödl, S., and Herrmann, J. M. (2023). The role of the proteasome in mitochondrial 
protein quality control. IUBMB Life, 75, 868–879. doi: 10.1002/iub.2734

Rotunno, M. S., and Bosco, D. A. (2013). An emerging role for misfolded wild-type 
SOD1  in sporadic ALS pathogenesis. Front. Cell. Neurosci. 7:253. doi: 10.3389/
fncel.2013.00253

Ruan, L., Zhou, C., Jin, E., Kucharavy, A., Zhang, Y., Wen, Z., et al. (2017). Cytosolic 
proteostasis through importing of misfolded proteins into mitochondria. Nature 543, 
443–446. doi: 10.1038/nature21695

Russell, S. J., Reed, S. H., Huang, W., Friedberg, E. C., and Johnston, S. A. (1999). The 
19S regulatory complex of the proteasome functions independently of proteolysis in 
nucleotide excision repair. Mol. Cell 3, 687–695. doi: 10.1016/s1097-2765(01)80001-0

Saitoh, T., Igura, M., Obita, T., Ose, T., Kojima, R., Maenaka, K., et al. (2007). Tom20 
recognizes mitochondrial presequences through dynamic equilibrium among multiple 
bound states. EMBO J. 26, 4777–4787. doi: 10.1038/sj.emboj.7601888

Santoro, A. M., Lanza, V., Bellia, F., Sbardella, D., Tundo, G. R., Cannizzo, A., et al. 
(2020). Pyrazolones activate the proteasome by gating mechanisms and protect neuronal 
cells from β-amyloid toxicity. Chem. Med. Chem. 15, 302–316. doi: 10.1002/
cmdc.201900612

Santos, P. T., O'Brien, C. E., Chen, M. W., Hopkins, C. D., Adams, S., Kulikowicz, E., 
et al. (2018). Proteasome biology is compromised in white matter after asphyxic 
cardiac arrest in neonatal piglets. J. Am. Heart Assoc. 7:e009415. doi: 10.1161/JAHA. 
118.009415

Schachtschneider, K. M., Madsen, O., Park, C., Rund, L. A., Groenen, M. A., and 
Schook, L. B. (2015). Adult porcine genome-wide DNA methylation patterns support 
pigs as a biomedical model. BMC Genomics 16:743. doi: 10.1186/s12864-015-1938-x

Sesma, L., Alvarez, I., Marcilla, M., Paradela, A., and López de Castro, J. A. (2003). 
Species-specific differences in proteasomal processing and tapasin-mediated loading 
influence peptide presentation by HLA-B27  in murine cells. J. Biol. Chem. 278, 
46461–46472. doi: 10.1074/jbc.M308816200

Shanmughapriya, S., Rajan, S., Hoffman, N. E., Higgins, A. M., Tomar, D., Nemani, N., 
et al. (2015). SPG7 is an essential and conserved component of the mitochondrial 
permeability transition pore. Mol. Cell 60, 47–62. doi: 10.1016/j.molcel.2015.08.009

Simchick, G., Shen, A., Campbell, B., Park, H. J., West, F. D., and Zhao, Q. (2019). Pig 
brains have homologous resting-state networks with human brains. Brain Connect. 9, 
566–579. doi: 10.1089/brain.2019.0673

Smith, P. K., Krohn, R. I., Hermanson, G. T., Mallia, A. K., Gartner, F. H., 
Provenzano, M. D., et al. (1985). Measurement of protein using bicinchoninic acid. Anal. 
Biochem. 150, 76–85. doi: 10.1016/0003-2697(85)90442-7

Sutovsky, P., Manandhar, G., McCauley, T. C., Caamaño, J. N., Sutovsky, M., 
Thompson, W. E., et al. (2004). Proteasomal interference prevents zona pellucida 
penetration and fertilization in mammals. Biol. Reprod. 71, 1625–1637. doi: 10.1095/
biolreprod.104.032532

https://doi.org/10.3389/fncel.2024.1353542
https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org
https://doi.org/10.1016/j.neubiorev.2010.05.004
https://doi.org/10.1016/j.neubiorev.2010.05.004
https://doi.org/10.1007/s11010-017-3239-y
https://doi.org/10.1016/s0962-8924(98)01346-4
https://doi.org/10.1371/journal.pone.0177933
https://doi.org/10.1002/cne.25121
https://doi.org/10.1002/jmri.27181
https://doi.org/10.1159/000448585
https://doi.org/10.1016/j.neubiorev.2007.02.003
https://doi.org/10.1007/s11248-011-9496-8
https://doi.org/10.1097/00005072-199905000-00005
https://doi.org/10.1523/JNEUROSCI.2225-10.2011
https://doi.org/10.1523/JNEUROSCI.2225-10.2011
https://doi.org/10.1002/(sici)1096-9861(19970113)377:2<262::aid-cne8>3.0.co;2-1
https://doi.org/10.1002/(sici)1096-9861(19970113)377:2<262::aid-cne8>3.0.co;2-1
https://doi.org/10.1006/nbdi.2000.0282
https://doi.org/10.1006/nbdi.2000.0282
https://doi.org/10.1093/jnen/nly040
https://doi.org/10.1007/BF00965948
https://doi.org/10.1016/j.expneurol.2009.02.015
https://doi.org/10.1371/journal.pone.0081105
https://doi.org/10.1002/cne.21160
https://doi.org/10.1523/JNEUROSCI.4308-05.2006
https://doi.org/10.1523/JNEUROSCI.4308-05.2006
https://doi.org/10.3389/fneur.2019.00635
https://doi.org/10.1016/s0304-3940(00)01701-8
https://doi.org/10.1016/j.neulet.2006.07.050
https://doi.org/10.1258/ebm.2011.010394
https://doi.org/10.1006/neur.1996.0058
https://doi.org/10.1016/S0021-9258(17)37345-3
https://doi.org/10.1016/B978-0-12-397863-9.00006-7
https://doi.org/10.1016/B978-0-12-397863-9.00006-7
https://doi.org/10.1016/j.bbrc.2015.01.046
https://doi.org/10.1016/j.bbrc.2015.01.046
https://doi.org/10.3390/cells12202454
https://doi.org/10.3390/cells12202454
https://doi.org/10.1016/s0952-7915(98)80040-x
https://doi.org/10.1016/s0092-8674(94)90462-6
https://doi.org/10.1242/jcs.02642
https://doi.org/10.1002/iub.2734
https://doi.org/10.3389/fncel.2013.00253
https://doi.org/10.3389/fncel.2013.00253
https://doi.org/10.1038/nature21695
https://doi.org/10.1016/s1097-2765(01)80001-0
https://doi.org/10.1038/sj.emboj.7601888
https://doi.org/10.1002/cmdc.201900612
https://doi.org/10.1002/cmdc.201900612
https://doi.org/10.1161/JAHA.118.009415
https://doi.org/10.1161/JAHA.118.009415
https://doi.org/10.1186/s12864-015-1938-x
https://doi.org/10.1074/jbc.M308816200
https://doi.org/10.1016/j.molcel.2015.08.009
https://doi.org/10.1089/brain.2019.0673
https://doi.org/10.1016/0003-2697(85)90442-7
https://doi.org/10.1095/biolreprod.104.032532
https://doi.org/10.1095/biolreprod.104.032532


Amrein Almira et al. 10.3389/fncel.2024.1353542

Frontiers in Cellular Neuroscience 20 frontiersin.org

Tai, H. C., Besche, H., Goldberg, A. L., and Schuman, E. M. (2010). Characterization 
of the brain 26S proteasome and its interacting proteins. Front. Mol. Neurosci. 3:12. doi: 
10.3389/fnmol.2010.00012

Tashiro, Y., Urushitani, M., Inoue, H., Koike, M., Uchiyama, Y., Komatsu, M., et al. 
(2012). Motor neuron-specific disruption of proteasomes, but not autophagy, replicates 
amyotrophic lateral sclerosis. J. Biol. Chem. 287, 42984–42994. doi: 10.1074/jbc.
M112.417600

Thomsen, P. D., and Miller, J. R. (1996). Pig genome analysis: differential distribution 
of SINE and LINE sequences is less pronounced than in the human and mouse genomes. 
Mamm. Genome 7, 42–46. doi: 10.1007/s003359900010

Trader, D. J., Simanski, S., Dickson, P., and Kodadek, T. (2017). Establishment of a 
suite of assays that support the discovery of proteasome stimulators. Biochim. Biophys. 
Acta 1861, 892–899. doi: 10.1016/j.bbagen.2017.01.003

Trippier, P. C., Zhao, K. T., Fox, S. G., Schiefer, I. T., Benmohamed, R., Moran, J., et al. 
(2014). Proteasome activation is a mechanism for pyrazolone small molecules displaying 
therapeutic potential in amyotrophic lateral sclerosis. ACS Chem. Neurosci. 5, 823–829. 
doi: 10.1021/cn500147v

Tydlacka, S., Wang, C. E., Wang, X., Li, S., and Li, X. J. (2008). Differential activities 
of the ubiquitin-proteasome system in neurons versus glia may account for the 
preferential accumulation of misfolded proteins in neurons. J. Neurosci. 28, 
13285–13295. doi: 10.1523/JNEUROSCI.4393-08.2008

Ullrich, O., Reinheckel, T., Sitte, N., Hass, R., Grune, T., and Davies, K. J. (1999). Poly-ADP 
ribose polymerase activates nuclear proteasome to degrade oxidatively damaged histones. 
Proc. Natl. Acad. Sci. USA 96, 6223–6228. doi: 10.1073/pnas.96.11.6223

Van Noorden, C. J., and Vogels, I. M. (1989). Polyvinyl alcohol and other tissue 
protectants in enzyme histochemistry: a consumer's guide. Histochem. J. 21, 373–379. 
doi: 10.1007/BF01789734

van Scheppingen, J., Broekaart, D. W., Scholl, T., Zuidberg, M. R., Anink, J. J., 
Spliet, W. G., et al. (2016). Dysregulation of the (immuno)proteasome pathway in 
malformations of cortical development. J. Nneuroinflamm. 13:202. doi: 10.1186/
s12974-016-0662-z

Wang, J., Shi, Y., Cao, S., Liu, X., Martin, L. J., Simoni, J., et al. (2023). Polynitroxylated 
PEGylated hemoglobin protects pig brain neocortical gray and white matter after 
traumatic brain injury and hemorrhagic shock. Front. Med. Technol. 5:1074643. doi: 
10.3389/fmedt.2023.1074643

Watanabe, S., Kaneko, K., and Yamanaka, K. (2013). Accelerated disease onset with 
stabilized familial amyotrophic lateral sclerosis (ALS)-linked mutant TDP-43 proteins. 
J. Biol. Chem. 288, 3641–3654. doi: 10.1074/jbc.M112.433615

Wieckowski, M. R., Giorgi, C., Lebiedzinska, M., Duszynski, J., and Pinton, P. (2009). 
Isolation of mitochondria-associated membranes and mitochondria from animal tissues 
and cells. Nat. Protoc. 4, 1582–1590. doi: 10.1038/nprot.2009.151

Wigley, W. C., Fabunmi, R. P., Lee, M. G., Marino, C. R., Muallem, S., DeMartino, G. N., 
et al. (1999). Dynamic association of proteasomal machinery with the centrosome. J. 
Cell Biol. 145, 481–490. doi: 10.1083/jcb.145.3.481

Wong, M., Gertz, B., Chestnut, B. A., and Martin, L. J. (2013). Mitochondrial 
DNMT3A and DNA methylation in skeletal muscle and CNS of transgenic mouse 
models of ALS. Front. Cell. Neurosci. 7:279. doi: 10.3389/fncel.2013.00279

Wong, Y. C., and Krainc, D. (2017). α-Synuclein toxicity in neurodegeneration: 
mechanism and therapeutic strategies. Nat. Med. 23, 1–13. doi: 10.1038/nm.4269

Xie, Y., and Varshavsky, A. (2001). RPN4 is a ligand, substrate, and transcriptional 
regulator of the 26S proteasome: a negative feedback circuit. Proc. Natl. Acad. Sci. U. S. 
A. 98, 3056–3061. doi: 10.1073/pnas.071022298

Yan, S., Tu, Z., Liu, Z., Fan, N., Yang, H., Yang, S., et al. (2018). A huntingtin knockin 
pig model recapitulates features of selective neurodegeneration in Huntington’s disease. 
Cell 173, 989–1002.e13. doi: 10.1016/j.cell.2018.03.005

Yang, H., Wang, G., Sun, H., Shu, R., Liu, T., Wang, C. E., et al. (2014). Species-
dependent neuropathology in transgenic SOD1 pigs. Cell Res. 24, 464–481. doi: 10.1038/
cr.2014.25

Yazgili, A. S., Meul, T., Welk, V., Semren, N., Kammerl, I. E., and Meiners, S. (2021). 
In-gel proteasome assay to determine the activity, amount, and composition of 
proteasome complexes from mammalian cells or tissues. STAR Protoc. 2:100526. doi: 
10.1016/j.xpro.2021.100526

Yu, W., Centonze, V. E., Ahmad, F. J., and Baas, P. W. (1993). Microtubule nucleation 
and release from the neuronal centrosome. J. Cell Biol. 122, 349–359. doi: 10.1083/
jcb.122.2.349

Zhang, Y., Zhao, K. T., Fox, S. G., Kim, J., Kirsch, D. R., Ferrante, R. J., et al. (2015). 
Tertiary amine pyrazolones and their salts as inhibitors of mutant superoxide dismutase 
1-dependent protein aggregation for the treatment of amyotrophic lateral sclerosis. J. 
Med. Chem. 58, 5942–5949. doi: 10.1021/acs.jmedchem.5b00561

https://doi.org/10.3389/fncel.2024.1353542
https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org
https://doi.org/10.3389/fnmol.2010.00012
https://doi.org/10.1074/jbc.M112.417600
https://doi.org/10.1074/jbc.M112.417600
https://doi.org/10.1007/s003359900010
https://doi.org/10.1016/j.bbagen.2017.01.003
https://doi.org/10.1021/cn500147v
https://doi.org/10.1523/JNEUROSCI.4393-08.2008
https://doi.org/10.1073/pnas.96.11.6223
https://doi.org/10.1007/BF01789734
https://doi.org/10.1186/s12974-016-0662-z
https://doi.org/10.1186/s12974-016-0662-z
https://doi.org/10.3389/fmedt.2023.1074643
https://doi.org/10.1074/jbc.M112.433615
https://doi.org/10.1038/nprot.2009.151
https://doi.org/10.1083/jcb.145.3.481
https://doi.org/10.3389/fncel.2013.00279
https://doi.org/10.1038/nm.4269
https://doi.org/10.1073/pnas.071022298
https://doi.org/10.1016/j.cell.2018.03.005
https://doi.org/10.1038/cr.2014.25
https://doi.org/10.1038/cr.2014.25
https://doi.org/10.1016/j.xpro.2021.100526
https://doi.org/10.1083/jcb.122.2.349
https://doi.org/10.1083/jcb.122.2.349
https://doi.org/10.1021/acs.jmedchem.5b00561

	Proteasome localization and activity in pig brain and in vivo small molecule screening for activators
	Introduction
	Materials and methods
	Animals
	Proteasome subunit analysis by immunoblotting and immunohistochemistry in pig brain at baseline
	PSMB5 localization in human brain
	Screening small molecules for proteasome activity activation in vivo
	Statistical analysis

	Results
	Proteasome protein levels and localization in neonatal pig brain
	Proteasome protein localization in pig and human neocortex
	Detection of mitochondrial-associated proteasome CTL activity
	Subcellular apportioning of proteasome CLT activity in neonatal pig brain
	Proteasome biochemical activity in different brain regions of naïve piglets
	Proteasome biochemical activity in different brain regions of PYR/CPZ-treated piglets
	In-gel proteasome biochemical activity in pig cerebral cortex
	In situ proteasome histochemical activity in piglet cerebral cortex

	Discussion
	The proteasome appears ubiquitously uniform throughout the neonatal pig forebrain
	Proteasome types in piglet brain
	Cytoplasmic and nuclear proteasomes both have CTL activity
	The proteasome associates with mitochondria
	Our novel in situ proteasome histochemical assay reveals a new proteasome landscape in the cerebral cortex
	There is a brain neuropil proteasome
	Activation of the brain proteasome is achievable with systemic administration of small molecules
	A nasal marker for brain proteasome activity

	Conclusion
	Data availability statement
	Ethics statement
	Author contributions

	References

