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Abstract

Under normal conditions, heat shock proteins work in unison through dynamic protein interactions 

collectively referred to as the “chaperome.” Recent work revealed that during cellular stress, the 

functional interactions of the chaperome are modified to form the “epichaperome,” which results 

in improper protein folding, degradation, aggregation, and transport. This study is the first to 

investigate this novel mechanism of protein dishomeostasis in traumatic brain injury (TBI). Male 

and female adult, Sprague-Dawley rats received a lateral controlled cortical impact (CCI) and 

the ipsilateral hippocampus was collected 24 h 1, 2, and 4 weeks after injury. The epichaperome 

complex was visualized by measuring HSP90, HSC70 and HOP expression in native-PAGE 

and normalized to monomeric protein expression. A two-way ANOVA examined the effect of 

injury and sex at each time-point. Native HSP90, HSC70 and HOP protein expression showed a 

significant effect of injury effect across all time-points. Additionally, HSC70 and HOP showed 

significant sex effects at 24 h and 4 weeks. Altogether, controlled cortical impact significantly 

increased formation of the epichaperome across all proteins measured. Further investigation of this 

pathological mechanism can lead to a greater understanding of the link between TBI and increased 

risk of neurodegenerative disease and targeting the epichaperome for therapeutics.
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1. Introduction

A single traumatic brain injury (TBI) significantly increases the risk for developing 

neurodegenerative disease later in life (Brett et al., 2022; Graham and Sharp, 2019). It is 

postulated that TBI induces similar pathological mechanisms of canonical protein pathways 

implicated in Alzheimer’s disease, Parkinson’s Disease and Amyotrophic Lateral Sclerosis, 

contributing to onset and progression (Cruz-Haces et al., 2017). Secondary injury processes 

such as excitotoxicity, apoptosis, neuro-inflammation, oxidative stress occur early after 

a TBI and persist chronically (Bramlett and Dietrich, 2015; Simon et al., 2017). These 

hallmark secondary processes contribute to improper folding, degradation, aggregation and 

transport of proteins (Smith et al., 2003). This can lead to aberrant synaptic communication 

and disrupted neuronal circuitry, leading to impaired cognition. Understanding mechanisms 

that link secondary injury processes to dysfunctional proteostasis can lead to targeted 

therapies for the treatment of TBI.

Heat shock proteins (HSP), also known as chaperones, are responsible for aiding in protein 

folding, degradation, dis-aggregation and transport within the neuron (Balchin et al., 2016; 

Kaushik and Cuervo, 2015; Lindberg et al., 2015). The “chaperome,” is a collective of HSPs 

which work together in unison, through dynamic protein interactions. These interactions 

aren’t based on individual protein expression, but rather through the strength and number 

of interactions (Inda et al., 2020; Rodina et al., 2016; Tai et al., 2016). However, due to 

pathological mechanisms, such as cellular stress, this functional chaperome is modified 

to form the “epichaperome.” Specifically, proteomic imbalance due to increased protein 

synthesis, high metabolic burden, hypoxic and acidic conditions, and production of reactive 

oxygen species increases the demand and ultimately overwhelms the chaperome to function 

properly, leading to the formation of the epichaperome (Ginsberg et al., 2023; Harper 

and Bennett, 2016; Joshi et al., 2018). This form is maladaptive and has been shown to 

contribute to network-wide dysfunction in Alzheimer’s Disease and tumor growth in various 

cancers (Inda et al., 2020; Rodina et al., 2016; Tai et al., 2016). In both human and pre-

clinical models of disease, epichaperome-mediated dysfunctions compromise whole brain 

networks through disrupting synaptic plasticity, cellular communication, protein translation, 

cell cycle, axon guidance, metabolic processes and inflammation, ultimately resulting in 

worsened cognitive performance (Ginsberg et al., 2022; Ginsberg et al., 2021; Inda et al., 

2020; Kishinevsky et al., 2018; Rodina et al., 2016). Further work has shown that functional 

imbalances in synaptic protein networks are reverted to normal upon pharmacologic 

epichaperome inhibition, demonstrating a causal link between dysfunctions in neuronal 

protein pathways and the epichaperome in an experimental model of Alzheimer’s disease 

(AD).

As critical hub proteins, heat shock protein 90 (HSP90) and heat-shock cognate 70 (HSC70) 

are the central proteins involved in the pathological formation of the epichaperome (Chiosis 
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et al., 2023; Inda et al., 2020; Kishinevsky et al., 2018; Rodina et al., 2016; Yan et al., 

2020) and are linked together by HSP-organizing protein (HOP). Once HSP90 and HSC70 

are biochemically altered into the epichaperome epicenter, importantly, these proteins both 

lose their normal physiological function of proper protein production, but also recruit a wide 

range of co-chaperones into the scaffold, perpetuating pathological progression. In their 

role as hub proteins, HSP90 and HSC70 are representative markers of the large assembly 

of pathological epichaperome complex, comprised of an entire network of aberrantly 

interacting chaperone proteins (Chiosis et al., 2023; Inda et al., 2020; Kishinevsky et al., 

2018; Rodina et al., 2016).

Previous experimental TBI models have only evaluated monomeric shifts in mRNA and 

protein expression of HSP proteins in the hours to days after injury, with recovery to 

baseline levels generally within 24 hours (Chen et al., 1998; Dutcher et al., 1998; Lai et al., 

2004; Michael et al., 2005; Raghupathi et al., 1995; Seidberg et al., 2003; Truettner et al., 

1999, 2007). Pharmacological and genetic manipulations of monomeric levels of HSP70 can 

attenuate a range of neuropathological responses (Kim et al., 2013, 2015), however no study 

has evaluated therapeutic potential beyond 14 days post-injury. Currently, there is a limited 

understanding of the long-term consequences role these proteins have in the pathogenesis 

of neurodegenerative diseases. Furthermore, as previously mentioned, the development of 

the TBI epichaperome may occur independent of monomeric protein expression. Only a 

minority of HSP90 and HSC70 is incorporated into the epichaperome, so monomeric forms 

of these proteins appear to operate in parallel (Rodina et al., 2016). Previous studies that 

assess only monomeric forms, do not fully capture the pathological nature of the same 

proteins within the epichaperome complex. Even the sequestering of a small proportion of 

these proteins into the epichaperome can have large consequences on protein homeostasis.

This study is the first to our knowledge to examine the effect of TBI on the formation of 

the epichaperome complex. Dynamic protein complexes typically disassemble under native 

protein chromatography, however the epichaperome can be detected as high molecular 

weight (HMW) complexes under these conditions (Rodina et al., 2016). We will measure 

monomeric and HMW expression of HSP90, HSC70 and HOP to determine epichaperome 

expression in the ipsilateral hippocampus 24 hours to 4 weeks after controlled cortical 

impact (CCI). Given the relationship between secondary processes after TBI, cellular stress 

and epichaperome formation, we hypothesize that CCI will increase epichaperome complex 

formation across all time points for both male and female animals.

2. Methods

2.1. Animals and surgical procedures

All experimental procedures were approved by the University of Pittsburgh Institutional 

Animal Care and Use Committee in accordance with the guidelines established by the 

National Institutes of Health in the Guide for the Care and Use of Laboratory Animals. 

Animals were housed up to two rats per cage in the University of Pittsburgh vivarium with a 

12:12 light/dark photoperiod (lights on at 7:00 a.m.) and provided food and water ad libitum. 

Animals were also monitored daily by veterinary technicians.
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A total of 48 male and 48 female adult, Sprague-Dawley rats (250–350 g, Envigo, 

Indianapolis, IN) were used for this study, with 6 animals per injury group per time-point. 

In females, vaginal lavage and estrous cycle determination was conducted once immediately 

prior to surgical procedures, using methods previously described (Cora et al., 2015; Fortress 

et al., 2019). Animals were initially anesthetized with 4% isoflurane in 2:1N2O/O2 and 

maintained using 2% isoflurane in 2:1 N2O/O2. Following intubation, rats were placed on 

a thermal blanket to regulate body temperature (37 °C). The animal’s head was placed in a 

stereotaxic frame and a parasagittal craniectomy (center of craniectomy at AP: +4.0mm, L: 

+2.8mm from lambda) 8mm in diameter exposed the brain to allow access for the impactor 

tip (6 mm flat tip) of the CCI device (Pittsburgh Precision Instruments Inc., Pittsburgh 

PA). CCI at a depth of 2.5 mm at 4 m/s was carried out. After injury, the surgical area 

was closed by silk sutures and animal recovery was monitored by measuring righting 

reflexes. Sham (control) injury animals were subjected to identical anesthesia and surgical 

procedures but did not receive a TBI. There were no significant differences in righting times 

between male and female animals after either sham or CCI injury (Supplemental Fig. 1A). 

Furthermore, there were no significant differences between estrous phases between female 

animals between the sham and CCI injured group (Supplemental Fig. 1B).

2.2. Tissue preparation

At 24 hours or 1, 2, or 4 weeks post-injury, animals received an overdose of sodium 

pentobarbital (intraperitoneally, 100 mg/kg Fatal-plus, Vortech Pharmaceuticals, Dearborn, 

MI) and were rapidly decapitated. Ipsilateral hippocampus was rapidly dissected on a chilled 

ice plate and immediately frozen in liquid nitrogen and stored at −80 °C. As adapted from 

in Inda et al., 2020, tissue was homogenized using a dounce homogenizer in lysis buffer (20 

mM Tris pH 7.4, 20 mM KCl, 5 mM MgCl2, 0.01% NP40 buffer with protease/phosphatase 

inhibitors). Homogenates were incubated on ice for 30 min and vortexed. Proteins were 

extracted by freeze-thaw procedures with liquid nitrogen. Lysates were centrifuged at 13,200 

×g for 30 min at 4 °C. Protein concentration was measured with a bicinchoninic acid protein 

assay kit (Thermo Scientific, Pittsburgh PA) using a 96-well microplate reader (Biotek, 

Winooski, VT).

2.3. Native-polyacrylamide gel electrophoresis (PAGE) Western Blot

20 μg of hippocampal total protein in 2× loading buffer (BioRad, #1610738, without 

SDS) was loaded onto a 5.5% native polyacrylamide gel (1.5 M Tris-HCl, Resolving Gel 

buffer, ProtoGel, 30% acrylamide, 10% APS, TEMED, without SDS) with native unstained 

protein marker (Invitrogen, LC0725). Gels were run at 120 V for 2 h followed by a 

transfer onto PVDF membrane in Tris-glycine-0.1% SDS transfer buffer at 200 mA/16 

V overnight at 4 °C. Membranes were blocked in 5% nonfat dry milk in tris-buffered 

saline (TBS) and 0.1% Tween-20 and incubated overnight in mouse anti-HSP90 (H9010, 

Stressmarq SMC-107, 1:2000), rat anti-HSC70 (Enzo, ADI-SPA-815, 1:2000) or mouse 

anti-HOP (Enzo, SRA-1500, 1:2000). Membranes were incubated in respective horseradish 

peroxidase conjugated secondary antibodies (Thermo-Fischer) at room temperature for 1 h 

and developed for image quantification. Chemiluminescent signals were visualized using 

chemiluminescence detection system (Supersignal, Pierce). Blots were imaged with the 

Chemidoc Imager (BioRad). Optical density (OD) of protein bands were measured using 
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ImageJ (National Institutes of Health). OD of HMW bands (between 480 and 720kD for 

HSP90 and HSC70; between 250 and 300kD for HOP) were normalized to SDS PAGE 

measurements of associated monomeric protein and actin OD levels (described below).

2.4. Sodium dodecyl-sulfate (SDS)-PAGE Western Blot

20 μg of hippocampal protein samples and a molecular weight marker (Bio-Rad, Hercules, 

CA) were separated using SDS-PAGE. The resolved proteins were electrophoretically 

transferred to a PVDF membrane (Invitrogen, Carlsbad, CA). The membranes were blocked 

in 5% nonfat dry milk in tris-buffered saline (TBS) then probed with antibodies recognizing 

HSP90 (Stressmarq), HSC70 (Enzo), and HOP (Enzo) and incubated overnight at 4 °C. The 

following day, the membranes were incubated in their respective horseradish peroxidase 

conjugated secondary antibodies (Thermo-Fischer). Mouse or rabbit anti-actin (Sigma, 

1:10,000) was used as a loading control. Between primary antibody incubations, membranes 

were stripped (RestoreTM PLUS, Thermo Fischer) and re-blocked. Proteins were visualized 

using a chemiluminescence detection system (Supersignal, Pierce). Blots were imaged with 

the Chemidoc Imager (BioRad). Optical density (OD) of monomeric protein bands were 

measured using ImageJ (NIH) and normalized to actin OD levels.

2.5. Statistics

Values are presented as the ratio of optical densities of samples as a percentage of sham 

(100%) for each time point. Data are presented as bar graphs with individual values showing 

the mean ± standard deviation (SD). Immunoblot data was compared using a two-way 

analysis of variance (ANOVA) to evaluate the effects of injury and biological sex at 

each time-point followed by posthoc Tukey’s test, when appropriate. A p-value p < 0.05 

was considered statistically significant for all tests. Statistical tests were completed using 

GraphPad Prism (GraphPad, La Jolla, CA).

3. Results

3.1. CCI significantly increases high molecular weight HSP90 expression at all time-
points

At 24 hours, 1, 2 and 4 weeks post-injury HMW expression of HSP90, one of the central 

proteins within the epichaperome complex, was measured in the ipsilateral hippocampus 

by Native-PAGE and levels were normalized to monomeric (SDS) protein expression (Fig. 

1A–H).

Changes in monomeric HSP90 expression was analyzed by two-way ANOVA to examine 

the effects of injury and sex at each time-point. At 24 hours post-injury, there is a significant 

main effect of injury (p = 0.0054), with no significant effect of sex and no significant 

interaction (Fig. 1I). At 1, 2 and 4 weeks post-injury, there was no significant main effect of 

injury or sex and no significant interaction in HSP90 monomeric expression (Fig. 1J, K, L).

Changes in HMW HSP90 expression was analyzed by two-way ANOVA to examine the 

effects of injury and sex at each time-point. At 24 hours post-injury, there is a significant 

main effect of injury (p = 0.0002), showing significantly higher HMW HSP90 expression 

Svirsky et al. Page 5

Neurobiol Dis. Author manuscript; available in PMC 2023 December 06.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



in the CCI group compared to sham (Fig. 1M). There is no significant effect of sex and no 

significant interaction. At 1 week post-injury, there is a significant main effect of injury (p = 

0.0004), showing significantly higher HMW HSP90 expression in the CCI group compared 

to sham (Fig. 1N). There is no significant effect of sex and no significant interaction. At 

2 weeks post-injury, there is a significant main effect of injury (p < 0.0001), showing 

significantly higher HMW HSP90 expression in the CCI group compared to sham (Fig. 1O). 

There is no significant effect of sex and no significant interaction. At 4 weeks post-injury, 

there is a significant main effect of injury (p < 0.0001), showing significantly higher HMW 

HSP90 expression in the CCI group compared to sham (Fig. 1P). There is no significant 

effect of sex and no significant interaction. Altogether, injury appears to increase HSP90 

epichaperome expression in across all time-points with no differences between sexes.

3.2. CCI significantly increases high molecular weight HSC70 expression at all time-
points

At 24 hours, 1, 2 and 4 weeks post-injury HMW expression of HSC70, another important 

hub protein within the epichaperome complex, was measured in the ipsilateral hippocampus 

by Native-PAGE and levels were normalized to monomeric protein expression (Fig. 2A–H).

Changes in monomeric HSC70 expression was analyzed by two-way ANOVA to examine 

the effects of injury and sex at each time-point. At 24 hours post-injury, there is a 

significant main effect of injury (p = 0.0279), showing significantly higher monomeric 

HSC70 expression in the CCI group compared to sham (Fig. 2I). There is no significant 

effect of sex and no significant interaction. At 1 week post-injury, there is a significant main 

effect of injury (p = 0.0025), showing significantly lower monomeric HSC70 expression 

in the CCI group compared to sham (Fig. 2J). There is no significant effect of sex and no 

significant interaction. At 2 and 4 weeks post-injury, there was no significant main effect of 

injury or sex and no significant interaction in HSC70 monomeric expression (Fig. 2K, L).

Changes in HMW HSC70 expression was analyzed by two-way ANOVA to examine the 

effects of injury and sex at each time-point. At 24 hours post-injury, there is a significant 

main effect of injury (p < 0.0001), significant main effect of sex (p = 0.0391) and a 

significant injury*sex interaction (p = 0.0391) (Fig. 2M). Post-hoc shows male animals 

have significantly higher HMW HSC70 expression after CCI compared to sham (p = 

0.0002) while females show no significant difference in expression after CCI. Injured male 

animals have significantly higher HMW HSC70 expression compared to injured female 

animals (p = 0.0254), while there are no differences between the sexes between sham 

animals. At 1 week post-injury, there is a significant main effect of injury (p = 0.0004), 

showing significantly higher HMW HSC70 expression in the CCI group compared to sham 

(Fig. 2N). There is no significant effect of sex and no significant interaction. At 2 weeks 

post-injury, there is a significant main effect of injury (p = 0.0003), showing significantly 

higher HMW HSC70 expression in the CCI group compared to sham (Fig. 2O). There is 

no significant effect of sex and no significant interaction. At 4 weeks post-injury, there is 

a significant main effect of injury (p = 0.0004), significant main effect of sex (p = 0.0147) 

and a significant injury*sex interaction (p = 0.0145) (Fig. 2P). Post-hoc shows female 

animals have significantly higher HMW HSC70 expression after CCI compared to sham 
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(p = 0.0005) while males show no significant difference in expression after CCI. Injured 

female animals have significantly higher HMW HSC70 expression compared to injured 

male animals (p = 0.0059), while there are no differences between the sexes between sham 

animals. Altogether, TBI appears to increase HSC70 epichaperome expression with distinct 

expression patterns for male and female animals at various time-points.

3.3. CCI significantly changes high molecular weight and monomeric HOP expression 
based on sex

At 24 hours, 1, 2 and 4 weeks post-injury HMW expression of HOP, a linking protein 

between HSP90 and HSC70, was measured in the ipsilateral hippocampus by Native-PAGE 

and levels were normalized to monomeric protein expression (Fig. 3A–H).

Changes in monomeric HOP expression was analyzed by two-way ANOVA to examine the 

effects of injury and sex at each time-point. At 24 hours post-injury, there was no significant 

main effect of injury or sex and no significant interaction in HOP monomeric expression 

(Fig. 3I). At 1 week post-injury, there is a significant main effect of injury (p = 0.0005), 

showing significantly lower monomeric HOP expression in the CCI group compared to 

sham (Fig. 3J). There is no significant effect of sex and no significant interaction. At 2 

weeks post-injury, there is a significant main effect of sex (p = 0.0005) and a significant 

injury*sex interaction (p = 0.0032) (Fig. 3K). Post-hoc shows significantly lower monomeric 

HOP expression in the female CCI group. Similarly, 4 week post-injury, there is a significant 

main effect of sex (p = 0.0302) and a significant injury*sex interaction (p = 0.0302) (Fig. 

3L). Post-hoc shows significantly lower monomeric HOP expression in the female CCI 

group.

Changes in HMW HOP expression was analyzed by two-way ANOVA to examine the 

effects of injury and sex at each time-point. At 24 hours post-injury, there is a significant 

main effect of injury (p < 0.0001), significant main effect of sex (p = 0.0087) and a 

significant injury*sex interaction (p = 0.0087) (Fig. 3M). Post-hoc shows male animals 

have significantly higher HMW HOP expression after CCI compared to sham (p < 0.0001) 

while females show no significant difference in expression after CCI. Injured male animals 

have significantly higher HMW HOP expression compared to injured female animals (p 
= 0.0028), while there are no differences between the sexes in sham animals. At 1 week 

post-injury, there is a significant main effect of injury (p = 0.0012), showing a significant 

increase in HMW HOP expression in the CCI group compared to sham (Fig. 3N). There is 

no significant effect of sex and no significant interaction. At 2 weeks post-injury, there is 

a significant main effect of injury (p = 0.0003), showing significantly higher HMW HOP 

expression in the CCI group compared to sham (Fig. 3O). There is no significant effect 

of sex and no significant interaction. At 4 weeks post-injury, there is a significant main 

effect of injury (p = 0.0001), showing significantly higher HMW HOP expression in the CCI 

group compared to sham (Fig. 3P). There is no significant effect of sex and no significant 

interaction. Altogether, TBI appears to increase HOP epichaperome expression with distinct 

expression patterns for male and female animals at various time-points.
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4. Discussion

Formation of the epichaperome was initially discovered as a survival mechanism in 

tumors (Rodina et al., 2016), and later found in brain regions responsible for cognition 

in human and pre-clinical AD models (Inda et al., 2020). Given the connection between 

TBI and neurodegenerative diseases, this study aimed to examine epichaperome formation 

in an experimental model of TBI. We hypothesized that TBI would similarly increase. 

We measured high molecular weight expression of HSP90, HSC70 and HOP, key hub 

proteins within the epichaperome, 24 hours, 1, 2 and 4 weeks after CCI. We found 

TBI significantly increases epichaperome complex formation across all three proteins, 

independent of monomeric changes after injury.

Measurement of monomeric HSP90 and HSC70 protein levels generally replicated previous 

findings in TBI (Chen et al., 1998; Dutcher et al., 1998; Hayes et al., 1995; Lai et al., 2004; 

Michael et al., 2005; Raghupathi et al., 1995; Seidberg et al., 2003; Truettner et al., 1999, 

2007). We found an increase in monomeric expression of HSP90 and HSC70 24 h after 

CCI By 2 weeks post-injury levels return to baseline and remained unchanged through 4 

weeks post-injury. Conversely, monomeric HOP expression was unchanged early, however 

had a significant drop in expression at 1 week post-injury and remained below baseline 

through 4 weeks. Data suggests, that regardless of monomeric levels, especially during 

decreases, epichaperome formation remains increased after CCI. This divergence highlights 

the importance of distinguishing HSPs within the epichaperome from their monomeric form.

HSP90, the most-abundant HSP and primary epichaperome hub protein, had the most 

consistent injury response, showing steady increases across all time-points in both sexes. 

HSC70 and HOP appeared to display a much higher response early that leveled off to 

quantities as HSP90 by 2 weeks post-injury. This suggests that HSC70 and HOP may 

be more sensitive to hallmark TBI neuronal pathologies such as inflammation, oxidative 

stress, vascular disruption, and/or excitotoxicity (Chiu et al., 2016; Kalimon and Sullivan, 

2021; Kenney et al., 2016; Krishnamurthy and Laskowitz, 2016). Across all proteins, the 

1 week time-point showed a relatively larger degree of variability compared to the other 

time-points, reflecting a possible inflection point of compensatory mechanisms or reflecting 

heterogeneity of TBI outcomes. The epichaperome complexes provide a lens into known 

TBI pathologies while also providing a unique perspective into a contributing pathological 

mechanism.

While no sex differences were observed in HSP90 expression, HSC70 and HOP 

demonstrated sex differences, particularly at the 24 hours and 4 week time-point. Male 

animals showed significantly higher epichaperome formation early. Conversely, female 

animals showed significantly higher epichaperome formation late. This pattern parallels 

previous work examining behavioral and molecular sex differences after experimental 

TBI. For example, males demonstrate larger neuroinflammatory response than females at 

early time-points (Doran et al., 2019; Villapol et al., 2017). Females have faster baseline 

recovery in motor performance acutely after injury (Doran et al., 2019; Wagner et al., 

2004). Similarly, another study found males had peak protein degradative neurodegenerative 

histopathology at 3 days post-injury, while female animals peaked at 14 days post-injury 
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(Kupina et al., 2003) or at 4 weeks (Hall et al., 2005). It is unknown whether increased 

risk of developing neurodegenerative disease after TBI is modulated by biological sex 

(Biegon, 2021), however epichaperome assist decoding sex differences and identifying 

neurodegenerative associated pathology in acute and chronic time-points post-injury.

The link between TBI and development of dementia and neurodegenerative disease 

is unclear. Current hypotheses postulate that TBI-induced axonal injury, blood brain 

barrier breakdown and rising neuroinflammation contribute to the production of hallmark 

pathological proteins such as amyloid beta and tau. HSP90 and its co-chaperones are 

responsible for folding tau or hyper phosphorylated tau while HSP70 chaperone complex 

mediates tau degradation (Dickey et al., 2007; Thompson et al., 2012). The switch 

of the chaperome to the epichaperome precedes hippocampal tau pathology in the tau 

P301S (PS19) transgenic mice by a few months and pharmacological reduction of the 

epichaperome reduces expression soluble, hyperphosphorylated and oligomeric tau species 

(Inda et al., 2020). TBI-induced increases in epichaperome formation, particularly through 

sub-acute time-points post-injury, could be a link between TBI and neurodegenerative 

disease. Studies not examining the epichaperome directly, but looking at proteostasis, 

note changes in tau kinase activity, stress granule assembly APP biosynthesis (Wu et al., 

2022). This might allude to downstream impacts of epichaperome formation. Connection 

of the TBI-induced epichaperome and downstream development of tauopathy would be an 

interesting future direction.

Pharmacological or transgenic therapies that activate or increase expression of HSPs 

have conferred some therapeutic benefit, specifically through reducing inflammation and 

apoptosis (Eroglu et al., 2014; Gu et al., 2016; Kim et al., 2013, 2015). However, 

these studies have not evaluated molecular and behavior improvements beyond 14 days 

post-injury. The epichaperome can be dismantled pharmacologically and has been tested 

in animals and humans across various disorders. Icapamespib (also known as PU-AD 

or PUHZ-151) is a blood brain barrier penetrable small molecular that is deigned 

to specifically target and inhibit epichaperome formation in diseases cells (Bolaender 

et al., 2021). It is highly selective for the conformationally altered HSP90 adenosine 

triphosphate binding site. Importantly, icapamespib does not change HPS90 monomeric 

expression or interfere with healthy chaperome function. In pre-clinical models of early 

and late-stage AD, epichaperome inhibition by chronic, intermittent administration of 

PU-AD corrected the activity of synaptic protein networks, restored synaptic plasticity 

and improved learning and memory behaviors (Inda et al., 2020). In a neuron-astrocyte 

organoid tauopathy model, epichaperome disruption with PU-H71 reduced expression of 

misfolded and hyperphosphorylated tau and decreased expression of neuronal cell death 

markers. Additionally, PU-H71 treatment shifted reactive astrocyte phenotype towards a 

protective astrocytic form and a similar shift was observed in transcriptomic analysis of 

the neuroinflammatory profile (Rickner et al., 2022). This suggests observed TBI-mediated 

epichaperome formation may span across cell-types and exacerbate or mediate canonical 

TBI inflammatory pathology. Clinical trials have determined that this drug is able to 

be safely used in humans for long periods of time/chronic administration (Silverman et 

al., 2022). Understanding the timeline and severity of epichaperome formation after TBI 

can lead to targeting intervention by these established therapies. Furthermore, beyond 
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therapeutics, the use of epichaperome inhibitors, such as PU-AD, provide a valuable tool 

to understand the breadth of epichaperome mediated protein network dysfunction after TBI.

While HSP90, HSC70 and HOP are the primary indicators of epichaperome formation, 

there are a host of other proteins that are recruited into this pathological complex, including 

HSP110 and CDC37. The immunoblot method limits us to measuring one protein at a time 

which is not efficient for understanding the network of proteins involved. Innovative and 

unbiased proteomics approach uses epichaperome targeted bait to not only understand the 

contents of the epichaperome, but the degree of interaction between proteins within the 

complex (Inda et al., 2020). Moreover, this method limits the identification of pathological 

high molecular weight HSP90 across various cell types such as glial cells or within specific 

cellular compartments within the neuron. In a murine model of AD, the epichaperome 

was detected primarily in the hippocampus, but also in the entorhinal cortex and amygdala 

(Inda et al., 2020). Cognitive impairments due to TBI involve dysfunction across brain 

regions beyond the temporal lobe (Paterno et al., 2017). Characterization of epichaperome 

formation various brain regions, particularly in diffuse experimental TBI models such as 

fluid percussion, could reveal the connection between TBI injury mechanisms and the 

epichaperome.

5. Conclusions

Controlled cortical impact significantly increases epichaperome protein expression of 

HSP90, HSC70 and HOP in the ipsilateral hippocampus up to 4 weeks post-injury. 

This finding suggests a potential link between acute and sub-acute injury cascades 

and neurodegenerative pathologies. Future studies pharmacologically dismantling the 

epichaperome could be a therapeutic target for treating TBI.
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Fig. 1. 
CCI significantly increases high molecular weight HSP90 expression at all time-points. 

Protein expression of HSP90 within the epichaperome was measured by native-PAGE (high 

molecular weight; HMW) and SDS-PAGE (monomer) after sham or CCI injury in male 

(A-D) and female (E-H) animals 24 hours to 4 weeks post-injury. Bracket shows HMW 

expression measured for optical density analysis. Representative n = 2 animals per group are 

shown (N = 6 total animals per group). Bar graphs show quantification of monomeric (I-L) 

and HSP90 HMW expression normalized to monomeric and beta-actin (M-P) in male and 

female animals after sham or CCI injury. Data is represented as mean ± standard deviation 

and normalized to corresponding sham group. Two-way ANOVA was used to analyze injury 

and sex effects at each timepoint. ## p < 0.01, ### p < 0.001, #### p < 0.0001 compared to 

sham animals (overall injury effect). No post hoc comparisons are displayed.
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Fig. 2. 
CCI significantly increases high molecular weight HSC70 expression at all time-points. 

Protein expression of HSC70 within the epichaperome was measured by native-PAGE (high 

molecular weight; HMW) and SDS-PAGE (monomer) after sham or CCI injury in male 

(A-D) and female (E-H) animals 24 hours to 4 weeks post-injury. Bracket shows high 

molecular weight (HMW) expression measured for optical density analysis. Representative 

n = 2 animals per group are shown (N = 6 total animals per group). Bar graphs show 

quantification of monomeric (I-L) and HMW HSC70 expression normalized to monomeric 

and beta-actin (M-P) in male and female animals after sham or CCI injury. Data is 

represented as mean ± standard deviation and normalized to corresponding sham group. 

Two-way ANOVA was used to analyze injury and sex effects at each timepoint. # p < 

0.05, ## p < 0.01, ### p < 0.001, #### p < 0.0001 compared to sham animals (overall 

injury effect); && p < 0.01 compared to male animals (overall sex effect). No post hoc 
comparisons are displayed.
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Fig. 3. 
CCI significantly changes high molecular weight and monomeric HOP expression based on 

sex. Protein expression of HOP within the epichaperome was measured by native-PAGE 

(high molecular weight; HMW) and SDS-PAGE (monomer) after sham or CCI injury in 

male (A-D) and female (E-H) animals 24 hours to 4 weeks post-injury. Bracket shows high 

molecular weight (HMW) expression measured for optical density analysis. Representative 

n = 2 animals per group are shown (N = 6 total animals per group). Bar graphs show 

quantification of monomeric (I-L) and HMW HOP expression normalized to monomeric and 

beta-actin (M-P) in male and female animals after sham or CCI injury. Data is represented as 

mean ± standard deviation and normalized to corresponding sham group. Two-way ANOVA 

was used to analyze injury and sex effects at each timepoint. ## p < 0.01, ### p < 0.001, 

#### p < 0.0001 compared to sham animals (overall injury effect); & p < 0.05, && p < 0.01 

compared to male animals (overall sex effect). No post hoc comparisons are displayed.
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