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Sažetak 

Ozljeda leđne moždine destruktivni je neurološki poremećaj koji najčešće rezultira 

paralizom i smrti, za koji danas nema poznatog lijeka. Razumijevanje molekularnih i 

staničnih mehanizama uključenih u ozljedu leđne moždine vrlo je slabo. Međutim, 

zna se da nakon početne ozljede leđne moždine, dolazi do sekundarnog oštećenja 

koje uzrokuje smrt okolnog tkiva, a u kojem ekscitotoksičnost igra jednu od glavnih 

uloga. Ekscitotoksičnost uzrokuje smrt motoneurona programiranom staničnom 

smrću, tzv. partanatosom, koji karakterizira ireverzibilna kondenzacijom kromatina i 

translokacija apoptoza-inducirajućeg faktora (AIF) iz citoplazme u jezgru stanice. 

Jedan od zaštitnih mehanizama kojima motoneuroni inhibiraju štetan učinak AIF-a je 

odgovor na toplinski šok (eng. heat shock response), u kojem odlučujuću ulogu igra 

protein toplinskog šoka 70 (HSP70). Naime, HSP70 sprječava AIF translokaciju u 

jezgru stanice vezanjem na HSP70, čime zaustavlja molekularnu kaskadu koja vodi 

ka partanatosu, odnosno smrti motoneurona. 

Ciljovog rada je bio istražiti i iskoristiti potencijalna neuroprotektivna svojstva HSP70, 

koristeći in vitro životinjski model. U tu svrhu istražili smo način kako da farmakološki 

povećamo razinu HSP70 nakon eksperimentalne ozljede leđne moždine. Kao model 

ozljede leđne moždine, korištena je izolirana leđna moždine štakora koja je bila 

izložena kainičnoj kiselini, potentnom analogu glutamata. Da bismo spriječili smrt 

motoneurona koristili smo celastrol, prirodni spoj izoliran iz biljke Tripterygium 

wilfordii za koji je poznato da inducira ekspresiju HSP70. Tretman celastrolom nakon 

ozljede leđne moždine uzrokovane kainičnom kiselinom značajno je smanjio 

oštećenje tkiva leđne moždine te spriječio daljnju smrt motoneurona. Ovi rezultati 

pokazali su na in vitro modelu za istraživanje ozljede leđne moždine  

neuroprotektivan učinak celastrola i njegovu potencijalnu korist u moduliranju 

odgovora na toplinski šok i smanjenju sekundarne štete nakon ozljede leđne 

moždine, te otvaraju put novim strategijama za liječenje ozljeda leđne moždine. 

 

Ključne riječi: motoneuroni, AIF, HSP70, HSP90, celastrol 
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SUMMARY  

 

Spinal cord injury (SCI) is a destructive neurological ailment which results in paralysis 

or death, and for which no cure exist. Our understanding of molecular and cellular 

mechanisms underlying pathology of SCI is very poor. However, it is known that after 

the initial insult, the secondary damage of the spared tissue occurs, in which one of 

the major mechanism responsible for the death of neurons is excitotoxicity. 

Excitotoxicity causes death of motoneurons by programmed cell death called 

parthanatos, characterized by irreversible nuclear chromatin condensation and 

translocation of apoptosis inducing factor (AIF) to the cell nucleus. One of the 

protective mechanisms established in motoneurons, to inhibit detrimental effect of 

AIF, is heat shock response, in which the main role is played by heat shock protein 

70 (HSP70). Namely, HSP70 prevents AIF translocation to the cell nucleus by binding 

it, thus blocking the death cascade leading to parthanatos.  

In this research, our aim was to study and exploit the potential neuroprotective 

properties of HSP70, in the in vitro animal model of SCI. We have searched for a way 

to pharmacologically upregulate HSP70 levels after an experimental SCI. To mimic 

the excitotoxic SCI, an isolated neonatal rat spinal cord preparation was exposed to 

kainic acid, a potent glutamate analog. To prevent motoneuronal death we have used 

celastrol, a natural compound isolated from the plant Tripterygium wilfordii known 

for its ability to induce the HSP70 expression. Celastrol treatment after the kainate-

induced SCI have significantly reduced histological damage of the spinal cord tissue 

and prevented further death of motoneurons. These results have shown the 

neuroprotective effects and potential benefits of celastrol to modulate the heat shock 

response and to reduce the delayed damage after the SCI on rat neonatal SCI model 

and opened the way for the new strategies to cure SCI based on HSP neuroprotection. 

 

Key words: motoneurons, AIF, HSP70, HSP90, celastrol 
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1. Introduction 
 

1.1. Neuropathology of the spinal cord injury 

Spinal cord injury (SCI) is s one of the most important causes of death and disability 

worldwide, with no cure. About 40 million people in the world suffer from this 

irreversible condition, with the growing incidence every year (1).  

SCI occurs after the primary insult of spinal tissue caused by different physical and 

mechanical traumas. Initial injury leads to a secondary injury, causing the 

subsequent damage of intact tissue, in which an important role plays inflammatory 

response, ischemia, free radical formation, ion balance disturbance, and apoptosis. 

Clarifying these events at the molecular and biochemical levels might provide useful 

information on neuronal regenerative mechanisms, as well as may help to develop 

and facilitate the future SCI treatments (2,3). 

In the present research, the in vitro rat spinal cord preparation was used to study 

the acute SCI. This animal model simplifies the complex in vivo pathophysiology of 

SCI and allows to analyze molecular and cellular post injury mechanisms and rapid 

spread of secondary injury. Another advantage of the model is that excludes the 

hindering effects, present in in vivo studies, related to general anesthesia or variation 

in the blood pressure, for example. Although this model has some disadvantages, 

like absence of blood supply, poor immune response and tissue immaturity, still it 

contains cellular networks and activities underlying locomotion and allows easier 

correlation between histological and electrophysiological studies of damaged spinal 

cord (1). 

Pathology of the acute SCI is in large part related to a massive glutamate release, 

termed excitotoxicity. Glutamate is the main CNS excitatory neurotransmitter and 

the continuous stimulation of its receptors results in an excessive influx of calcium 

ions, increasing the catabolic enzyme activities leading to neuronal death (4–6). 

In physiological conditions, PARP-1 is a DNA damage-responsive nuclear enzyme 

important for DNA repair, DNA transcription, mitosis, and cell death regulation. 

However, glutamate excitotoxicity and large-scale cell damage can trigger the PARP-
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1 overactivation and lead to excessive formation of mitochondriotoxic poly-ADP 

ribose (PAR) polymer. It is considered that neurons die mostly via this PAR-mediated 

cell death pathway, termed parthanatos (7,8). 

Produced PAR migrates from the nuclei to the cytosol, disrupting the mitochondrial 

Ca2+ balance. Neuronal mitochondria have a high capacity to store Ca2+ in order to 

protect neurons against increased calcium concentrations. However, excessive 

uptake of Ca2+ can induce mitochondrial membrane permeabilization and release of 

apoptosis-inducing factor (AIF). AIF is a proapoptogenic flavoprotein important for 

proper oxidative phosphorylation and respiratory chain regulation, normally located 

behind the outer mitochondrial membrane (4,6,7).  

Released AIF acts as a mitochondrial death effector, it translocates to the nucleus 

and binds to DNA, thereby inducing the DNA fragmentation and lethal chromatin 

condensation, known as pyknosis (9,10). 

The above described damage can be experimentally induced by transient application 

of kainic acid, a potent glutamate analogue. Kainate acts on CNS glutamate receptors 

both directly by depolarizing the spinal neurons, and indirectly by triggering the 

endogenous glutamate release, thereby increasing the extent of excitotoxicity 

(1,5,11).  

Motoneurons are considered to be highly vulnerable to kainate induced excitotoxicity, 

more than other types of neurons. It is believed this selective susceptibility to kainate 

is due to motoneuronal permeability of Ca2+ receptors. Another explanation is 

impaired ability of astrocytes surrounding the motoneurons to remove surplus of 

glutamate from synaptic cleft (12,13). 

The previous studies on the rat SCI model in vitro, have demonstrated that kainate-

elicited excitotoxicity induces neuronal death with all the features of parthanatos. 

Namely, it causes caspase-independent PARP-1 mediated programmed cell death of 

spinal cord neurons, including motoneurons. However, as a consequence of injury, 

some motoneurons are able to develop a defense mechanism in which the major role 

has Heat Shock Protein 70 (HSP70), to oppose parthanatos (7,14,15). 
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1.2. Heat shock proteins 

Heat shock proteins (HSPs) are highly conserved class of proteins, comprising of a 

several families determined on the basis of their molecular weight. Under the normal 

cell conditions, they constitute 1–2% of the total protein cell content, but under the 

stress conditions the percentage of the HSPs rises up to the 4–6% of overall proteins. 

According to their important role in protein metabolism, where they act as molecular 

chaperones, HSPs are called "cell guardians". They are essential for proper protein 

folding, either de novo or refolding of misfolded proteins. Except of the protein 

folding, HSPs have also an important role in the signal transduction, targeting, 

transport, degradation of proteins and can prevent the apoptosis, as well (15–17). 

The heat shock response (HSR) is a major defense mechanism, evolutionary 

conserved among species, which occurs when cells are exposed to stress or injury. 

HSR starts with relocalization of the stress-induced heat shock transcription factors 

(HSFs) in the nucleus. HSFs bind to heat shock promoter elements, and induce 

increased HSP expression. HSPs are important in prevention of neurodegeneration, 

because of their capability to alter the abnormal protein interactions at the very 

beginning, thereby inhibiting the formation of aberrantly folded and aggregated 

proteins (18,19). 

Number of neurodegenerative disorders, such as familial amyotrophic lateral 

sclerosis, spinal and bulbar muscular atrophy, Alzheimer’s disease, Parkinson’s 

disease, Huntington’s disease and related polyglutamine expansion diseases, are 

caused by HSPs dysfunctions (19). 

The main HSPs, which are essential for the processing and quality control of a greater 

part of the proteome, are Hsp90 and Hsp70 and they act together as a 

multichaperone complex. They have significant role in the screening of detrimental 

and malfunctioning proteins for the ubiquitin-proteasome proteolytic degradation 

(20,21). 

Neurons as a non-dividing cells are incapable to dilute the amount of abnormally 

folded proteins, thereby being especially susceptible to detrimental effects of protein 

aggregates in the cytoplasm. This drawback makes HSPs necessary and extremely 
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important for neuroprotection. HSPs have been shown to play a key role in the 

modulation of the secondary injury that occurs after the initial SCI (17,22). 

 

1.3. Heat Shock Protein 90 

One of the most abundant cellular proteins Heat Shock Protein 90 (HSP90) is a highly 

conserved molecular chaperone located within the cell cytosol. HSP90 plays an 

important role in maintaining the accurate conformation, stability and activity of 

diverse client proteins such as hormone receptors, protein kinases, and transcription 

factors, by assisting their conformational maturation. In spite of its protective 

functions, HSP90 upregulation has been found in many tumors and 

neurodegenerative disorders. HSP90 is considered to be responsible for buffering of 

numerable transformed proteins crucial for apoptosis and stimulation of cell survival 

and growth. Maintaining the subsistence of abnormal proteins subsequently may lead 

to a formation of tumors as well as to formation of detrimental protein aggregates. 

Therefore, application of the HSP90 inhibitor results in disruption and degradation of 

the aggregates. Thus, modulation of HSP90 activity may lead to the development of 

new treatments for various disorders (23–25). 

Well known specific HSP90 inhibitor is Geldanamycin (GA), a benzoquinone 

ansamycin antibiotic isolated from Streptomyces hygroscopicus. GA inhibits HSP90 

activity by binding specifically to HSP90 ATP binding site. GA is known to exert 

inhibiting effects on tumor cell growth by abolishing the HSP90 ability to process 

client proteins such as kinases, transcription factors and numerous receptors known 

for their major part in oncogenesis. Another characteristic of HSP90 inhibition is 

abrogation of HSP90 and HSF1 complex. Released HSF1 monomer trimerizes, 

translocates to the nucleus and triggers the HSR, followed by up regulation of Hsp70, 

which in turn leads to protein aggregates degradation and solubilization (15,23). 

In this study, the effect of the HSP90 inhibition on the motoneuronal survival was 

explored. 
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1.4. Heat Shock Protein 70: a role in neuroprotection 

Hsp70 is one of the major chaperones and plays an important role in neuroprotection, 

especially against harmful aggregated proteins, in autoimmune diseases, 

inflammation, and against apoptosis. HSP70 has the anti-apoptotic ability to inhibit 

both Apaf-1 mediated caspase-dependent and the AIF mediated caspase-

independent programmed cell death by binding to and neutralizing these two pro-

apoptotic proteins (15,26). 

The 70 kDa heat shock protein family consists of several isoforms. Constitutive 

isoform of Hsp70 is expressed under the non-stress conditions and act as a chaperone 

by binding to nascent polypeptides and thus prevents the premature folding. Another 

HSP70 isoform is highly stress inducible, and it is not expressed under the normal 

cell conditions (27). 

Motoneurons, contain low levels of HSP70 and they have an unusually high threshold 

for the stress-induced activation of the heat shock response. This ineffectiveness of 

motoneurons to trigger the HSR may result in an increased aberrant protein folding 

and higher sensitivity to harmful effects of stress. To overcome this shortage, the 

extracellular HSP70 may be necessary to assist cell survival and defend from 

apoptosis as well (18,28). 

Preliminary studies in our laboratory have shown that HSP70 inhibition leads to 

motoneuronal death caused by AIF nuclear translocation (Fig. 1), thereby confirming 

the importance of HSP70 in motoneuronal survival (29). 

Having in mind the large body of evidence for the neuroprotective properties of 

HSP70 and low motoneuronal ability to trigger the HSR as a response to the injury, 

we have searched for a way to pharmacologically upregulate the HSP70 expression, 

since this could result as a prospective treatment approach for the spinal cord injury. 
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Figure 1. The intracellular activity of HSP70 determines whether a spinal 

motoneuron resists an excitotoxic insult by inhibition of AIF nuclear translocation with 

subsequent cell death.  

A shows a motoneuron containing high HSP70 levels capable to bind and block the 

nuclear translocation of AIF; B shows the HSP70 inhibitor adverse effects on HSP70 

protective activity, thereby leading to a cell death. Exploiting the HSP70 activity may 

be a promising tool for neuroprotection against injury (29). Prepared by Antonela 

Petrović. 
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1.5. Induction of heat shock response with celastrol 

 

Enhancement of the HSR has a great potential as the treatment for 

neurodegenerative ailments. In order to reveal new compounds that may alter heat 

shock response and exhibit potential neuroprotective effects, large scale screening 

was conducted on a library of biologically active drugs most of which had been 

approved by US Food and Drug Authority (FDA) (30,31). Among active compounds 

tested, celastrol (CE) was recognized as a heat shock response inducer. Celastrol is 

a pentacyclic triterpenoid isolated from Tripterygium wilfordii root, a perennial vine 

of Celastraceae family known as Thunder God Vine. Therapeutic use of Celastraceae 

family plant extracts is well known in traditional Chinese medicine for treatments of 

fever, inflammation, edema, bacterial infection, and rheumatoid arthritis (31,32). 

Celastrol mechanism of action is still not completely elucidated although several 

effects are discovered. Namely, celastrol prevents the interaction between HSP90 

and its co-chaperone Cdc37, reducing the NF-kB activation and resulting in the 

inhibition of inflammatory responses. Moreover, CE hyperphosphorylates HSF1, 

thereby increasing the HSF1 DNA binding affinity and inducing the HSP-genes 

transcription. Celastrol is capable to activate a heat shock response quickly (in a few 

minutes), the same as exposing to heat shock does (15,32). Numerous studies have 

shown the ability of celastrol to increase the HSP70 protein levels (31–33). 

In this study, the ability of celastrol to induce HSP70 expression and protect 

motoneurons from the kainate evoked excitotoxicity was explored, using the neonatal 

rat SCI in vitro experimental model. 
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2. Aim of the study 

 

In this research our scope was to study and exploit the potential endogenous 

neuroprotective properties of HSP70 in the treatment of spinal cord injury. In order 

to understand the molecular basis of the neuroprotective effects of Hsp70 after acute 

SCI, we studied Hsp70 neuroprotective ability and specificity in a model of neonatal 

rat SCI.  

The effect of different substances related to heat shock proteins HSP70 and HSP90 

were tested on neonatal rat spinal cords in vitro, to study the molecular and cellular 

mechanisms involved in motoneuronal death after SCI. In order to prevent the death 

of motoneurons, we have searched for a way to pharmacologically upregulate HSP70 

levels after an experimental excitotoxic SCI.  

In addition, to confirm the specificity of HSP70 in survival of motoneurons, we studied 

the effects of the inhibition of other important molecular chaperone, HSP90. 
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3. Materials and methods 

 

3.1. Animal model: Neonatal rat spinal cord preparation 

Spinal cords isolated from neonatal 0-2 day old Wistar rats (Harlan Laboratories, S. 

Pietro al Natisone, Udine) were used for our experiments. 

All experiments were conducted in accordance to the National Institutes of Health 

(NIH) guidelines and the Italian act D.Lgs. 27/1/92 n. 116 (implementing the 

European Community directives n. 86/609 and 93/88). All experimental protocols 

were approved by the ethical committee of the International School for Advanced 

Studies (SISSA).  

Pups were sacrificed by fast decapitation and the spinal cord was dissected in 

oxygenized Kreb’s solution: 113mM NaCl, 4.5mM KCl, 1mM MgCl2x6H2O, 2mM CaCl2, 

1mM NaH2PO4, 25mM NaHCO3, 11mM glucose, continuously gassed with 95% O2, 5% 

CO2; pH 7.4 at room temperature (RT). After dissection, isolated spinal cords were 

kept for 24 hours in Kreb’s solution. For the subsequent treatments, the 

neuroprotective or toxic compounds were dissolved in different concentrations in the 

Kreb’s solution, to which the spinal cords were exposed for defined time (as specified 

later in the text). 

 

3.1. Spinal cord drug treatments 

3.1.1. Geldanamycin application 

The 1mM Geldanamycin (GA, Abcam, ab120896) stock solution was prepared by 

dissolving it in DMSO (Sigma-Aldrich, D4540). Afterward, the GA was diluted in Kreb’s 

solution (DMSO < 0.001%), to three different final concentrations: 10nM, 20nM, 

50nM (34) to study the effects of HSP90 inhibition. At least three spinal cords were 

treated in each experimental group, with different GA concentrations. As a control 

condition spinal cords were kept for 24h only in Kreb’s (SHAM preparations). 
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3.1.2. Celastrol application 

 

In order to analyze the neuroprotective effects of celastrol, firstly we explored the 

possible toxic effects of celastrol. For this purpose, the spinal cord preparations 

(uninjured) were treated with a two different celastrol concentrations (1 μM and 1.5 

μM), for different application times (8h and 24h), at RT. 

Secondly, to investigate its possible neuroprotective effects, the spinal cords were 

treated with the 1 μM and 1.5 μM celastrol, 1h or 4h before, and 24h after kainate 

application (experimental excitotoxic SCI). 

As a control condition spinal cords were kept for 24h only in Kreb’s (SHAM 

preparations). 

 

 

 

3.2. Experimental SCI: Application of glutamate receptor agonist 

kainic acid 

 

To mimic the excitotoxic spinal cord injury, a glutamate analogue kainic acid (Tocris 

Bioscience, Cat No. 0222) was applied to spinal cord preparations in two different 

concentrations (50 μM and 100 μM), for 1h at RT. After 24h of wash out in Kreb’s 

solution, the injured spinal cords were fixed and further analyzed for the extent of 

histological damage. 

As a control condition spinal cords were kept for 24h only in Kreb’s (SHAM 

preparations). 
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3.3. Immunohistochemistry 

Upon the completion of the 24h treatments, the spinal cords were fixed in 4% 

paraformaldehyde (PFA) in 1x phosphate-buffered saline (PBS) for 12-24h at 4°C, 

followed by 30% sucrose in 1x PBS, for cryoprotection, for 24h at 4°C.  

Spinal cord segments from T13-L3 were sectioned on sliding microtome to obtain 30 

μm thick tissue sections, collected and stored in 12-well plate containing 1x PBS.  

Immunohistochemical staining was performed with a free-floating 

immunofluorescence protocol. At first, spinal cord sections were rinsed with 2ml of 

1xPBS (3 x 5'), followed by 2 hours of incubation in blocking solution (BS) containing 

5% fetal bovine serum (FBS), 5% bovine serum albumin (BSA), 0.3% Triton, in 1x 

PBS at RT. After blocking, the sections were incubated with primary antibodies in 

antibody solution (ABS) containing 1% fetal bovine serum (FBS), 1% bovine serum 

albumin (BSA), 0.1% Triton in 1x PBS, overnight at 4°C.  

Primary antibodies used were: AIF (Millipore, 04-430, 1:100), HSP70 (Abcam, 

ab6535, 1:300), HSP90 (Abcam, ab13492, 1:1000), NeuN (Milipore, MAB377, 

1:100).  

The day after, spinal cord sections were rinsed with 2ml of 1x PBS (3 x 10') and then 

incubated with secondary antibodies, in ABS for two hours at RT. Used secondary 

fluorescent antibodies were goat anti-rabbit Alexa Fluor 488 and goat anti-mouse 

Alexa Fluor 594 antibodies (1:500 dilution, Invitrogen, CA, USA). Sections were 

rinsed with 2ml of 1xPBS (3 x 5'), followed by DAPI (4', 6-diamidino-2-phenylindole) 

staining for 20 minutes at RT, to visualize cell nuclei.  

After final fast washing in 1xPBS and H2O, the sections were transferred at Superfrost 

Plus microscope slides (Menzel-Glaser, Braunschweig, Germany), mounted with 

mounting medium (DAKO, Glostrup, Denmark) and left 15 minutes to dry. 

Sections were analyzed using a Zeiss Axioskop2 microscope with MetaVue (Molecular 

Devices) and ImageJ software (National Institutes of Health,  

Bethesda, Maryland, U.S.). 
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3.4. Morphological assessment of motoneuron survival 

At least 3 spinal cord sections from 3 different spinal cords (animals) were analyzed 

for each experimental group. Sections from T12 to L3 segments were taken for 

analysis, because this spinal cord region contains the locomotor central pattern 

generator (35). 

For this experiment motoneurons were analyzed in lumbar spinal cord region of 

interest (ROI), precisely ventral horn of spinal cord (Fig 2). After immunofluorescent 

staining of the spinal cord sections, immunoreactivity of ventral horn motoneurons 

was analyzed with Zeiss Axioscope2 and MetaVue software. The procedure for the 

identification, analysis and counting of immunostained spinal motoneurons was 

validated previously (36). 

  

 

Figure 2. Scheme specifies 

the region of interest (ROI) in 

the ventral horn of the lumbar 

spinal cord,  wherein the 

analysis of motoneurons was 

conducted. In right panel, the  

half section of the lumbar 

spinal cord segment was 

stained with DAPI.  
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3.5. Western blot 

 

3.5.1. Tissue lysis for total protein extraction 

After 24h of treatment, the spinal cords were lysed with CHAPS Lysis buffer (0.5% 

CHAPS, 50mM Tris pH 7.5, 1mM EDTA, 150mM NaCl, 10% glycerol + protease 

inhibitor, 1:50, Roche) and incubated 5' on ice, followed by tissue homogenization 

with electric homogenizer. Tissue lysates were sonicated 3 x 10 seconds and 

centrifuged 1', 10 000 RPM at room temperature.  

 

 

3.5.2. Determining the total protein concentration  

Total protein concentrations in the tissue lysates were determined with BCA Protein 

Assay Kit (Cat. No. BCA1 and B9643, Sigma-Aldrich). 

Bovine serum albumin (BSA) standards were prepared from 1 ml of BSA stock (2 

mg/mL, dissolved in H2O) in 5 serial dilutions with a range of 0.25 - 2 mg/ml. 

Afterward, 25μL of each BSA standard and each protein sample (diluted 1:6 with 

H2O) was pipetted into a microplate wells, in duplicates. Water was used as blank 

solution for standard curve. The BCA working reagent (WR) was prepared by mixing 

50 parts of Bicinchoninic Acid solution (bicinchoninic acid, sodium carbonate, sodium 

tartrate, and sodium bicarbonate in 0.1 N NaOH) and 1 part of Copper (II) sulfate 

pentahydrate 4% solution and 200 µl of the WR was added to each well. Microplate 

was covered with aluminum foil and incubated at 60°C for 15 minutes. Finally, 

absorbance was measured at 550nm with Multiskan (Thermo Scientific). A standard 

curve was generated and used to determine the concentration of protein samples. 
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3.5.3. Sodium dodecyl sulfate polyacrylamide gel electrophoresis 

Samples, each containing 40μg of protein, were prepared by mixing with Sample 

Buffer 2x (20% glycerol 100mM Tris-HCl pH 6.8, 4% SDS, 8M Urea, 0.01% 

bromophenol blue, 200mM DTT) in total volume of 20 μl, and boiled for 5' at 95°C. 

After the assembling of a 12% running gel (dH2O, 40% acrylamide, 1.5M Tris pH8.8, 

10% SDS, 10% APS, Temed), the gel was poured into the rack and left for 15 minutes 

until solidified. Afterward, running gel was overlaid with the stacking gel (dH2O, 40% 

acrylamide, 1.5M Tris pH6.8, 10% SDS, 10% APS, Temed), together with the comb 

inserted. The solidified gel was placed inside the electrophorator, together with 1x 

running buffer (10x RB: dH2O, Trizma BASE 250mM, SDS 1%, Glycin 1.92M pH8.3). 

After the comb removal, the molecular marker (PageRuler Prestained Protein Ladder, 

Thermo Scientific) and the samples were loaded on the gel and separated by 

electrophoresis. The electrophorator was connected to a power supply and the gel 

was ran at 180 V for 1h 30', first at the lower electric current for the stacking gel 

(25mA) and later at higher electric current for the running gel (30mA). 

 

 

3.5.4. Blotting – Electrotransfer 

Upon completion of the electrophoresis, gel was removed out of the glass plates and 

together with sponge, 4 filter papers and nitrocellulose membrane (Amersham, GE 

Healthcare), presoaked in the 1x transfer buffer (100mL of 10X transfer buffer 

(Trizma BASE 250mM, Glycin 1.92M) + 200mL MeOH 20% + 700mL dH2O). The 

transfer sandwich was prepared in this order: a sponge, 2 filter papers, the 

membrane, gel, 2 filter papers and a sponge. The transfer sandwich was placed in 

the plastic cassette and into the transfer apparatus, with 1x transfer buffer, and 

connected to a power supply. Running time of the transfer was 1h 15' at 100V, 

400mA, at 4°C in the cold room. 
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3.5.5. Antibody incubation and Western blot analysis 

After the transfer, membrane was blocked with the 5% skimmed milk in 1x TBS-T 

(TBS-T 10X: Tris-HCl 100mM, NaCl 1.5M, 0.5% Tween-20) for 1 hour at the room 

temperature, followed by rinsing with TBS-T 3 x 5'. Membrane was incubated with 

primary antibody HSP70 (Abcam, ab6535, 1:5000) overnight at 4°C on a shaker. The 

day after it was rinsed with TBS-T 3 x 10' followed by 1 hour incubation at RT with 

secondary antibody, horseradish peroxidase conjugated (HRP) - goat anti-mouse 

(1:1000). After rinsing with 1x TBS-T 3 x 5', membrane was incubated 1 minute with 

ECL mix of reagent 1 and 2 in the same proportions (RPN 2209, ECL Western Blotting 

Detection Reagent, Amersham, GE Healthcare), developed in Alliance (Uvitec, 

Cambridge) and quantified with UVIband software (Uvitec, Cambridge). To normalize 

HSP70 signal the membrane was incubated 1 hour with HRP- conjugated ß-actin 

(A3854, Sigma, 1:10000) and analyzed further as described above. 

 

 

3.5.6. Data analysis 

Results are presented as mean ± SD. Statistical significance was determined using 

the Student’s t-test. A p-value of <0.05 was considered to be statistically significant.  
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4. Results 

 

4.1. Characterization of spinal cord motoneurons in parthanatos 

Firstly, we investigated the immunoreactivity of motoneurons after spinal cord injury 

with kainate. Fig. 3 shows immunoreactive motoneurons for AIF (green) and HSP70 

(red) (24 h in vitro), while cell nuclei were visualized with DAPI (blue). One group of 

motoneurons were immunopositive for HSP70 and cytoplasmic AIF. Following spinal 

cord injury motoneurons with nuclear AIF translocation positivity were clearly visible 

(Fig. 3). Nuclear AIF translocation was taken as an index of a cell death by 

parthanatos as demonstrated in prevoius studies (1,9,14). 

Preliminary results from our group have demonstrated that survived motoneurons 

after kainate excitotoxic insult express  higher HSP70 levels (29). 

 

 

 

Figure 3. Example of the ventral horn of spinal cord with dying and surviving 

motoneurons  

Yellow box marks the motoneuron dying by parthanatos, characterised by nuclear 

AIF translocation (a2), lack of HSP70 expression (a3) and lethal nuclear chromatin 

condensation known as pyknosis (a4), while white box marks surviving motoneuron 

expressing both cytoplasmic AIF (a2) and HSP70 (a3), with no sign of pyknosis (a4).  

AIF + HSP70 + DAPI 

a1 a2 a3 a4 
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4.2. Geldanamycin application 

 

Absence of histological damage after HSP90 inhibition 

In previous studies, our group has shown that HSP70 inhibition with VER-155008 

inhibitor leads to high motoneuron loss (29). Also, the results confirmed the 

connection between high HSP70 expression and motoneuron survival: certain 

percentage of motoneurons is able to overexpress cytoplasmic HSP70 after 

excitotoxic injury, thereby preventing the AIF nuclear translocation and subsequent 

cell death by parthanatos (26,37). 

To evaluate the specificity and exclusivity of HSP70 neuroprotective role after 

excitotoxic insult, we have studied the effects of the inhibition of other important 

molecular chaperone, HSP90. Specific inhibitor geldanamycin (GA) was used to inhibit 

the HSP90. 

Analyzed ventral horn motoneurons, both in control condition and following GA 

application, were fairly immunopositive for HSP90 (red), with a lack of nuclear AIF 

translocation (green) thereby indicatining the absence of parthanatos (Fig. 4a1-a4). 

Cell nuclei were stained with DAPI (blue). 

Bar graph clearly shows no difference between percentage of motoneurons 

expressing the nuclear AIF in control condition and following three various GA 

treatments (Fig. 4B).  

According to this observation, GA did not cause a nuclear AIF translocation which 

follows with the parthanatos of motoneurons nor any histological damage. 
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Figure 4. Lack of nuclear AIF translocation in motoneurons after HSP90 

inhibitor Geldanamycin application 

A shows spinal cords under the sham conditions (a1), or treated with 10 nM, 20 nM, 

or 50 nM Geldanamycin (GA) (a2, a3, a4) for 24 h. Motoneurons are stained with AIF 

(green) and HSP90 (red) antibody in the ventral part of spinal cord, 24 hours after 

specified experimental treatments (a1-a4). Cell nuclei are stained with DAPI (blue). 

Note the absence of cells with nuclear AIF (nAIF) expression taken as an index of cell 

death. No histological damage nor pyknosis observed. Scale bar is 100 µm. 

B Bar graph shows percentage of motoneurons expressing the nuclear AIF (nAIF) 

under the experimental conditions shown in a1-a4.  There is no significant difference 

in motoneuronal death between sham and GA treated spinal cord motoneurons. Data 

are mean ± SD (n = 3 rat spinal cords for each group (3-6 slices)   
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4.3. Celastrol application  

 

Effect of celastrol on motoneurons in control condition 

Some of the previous studies on celastrol have shown its toxic effects on primary 

neuron cultures (28). Therefore, to assay this result, we have tested the effect of 

celastrol, in different concentration and exposure time combinations, on spinal cord 

preparations without induced experimental injury. 

The immunofluorescent staining of lumbar spinal cord sections have shown the 

ventral horn motoneurons to be immunopositive for HSP70 (red) and negative for 

nuclear AIF (green), both in celastrol treated and in control condition. Cell nuclei were 

stained with DAPI (blue). (Fig. 5a1-a4) 

None of the celastrol treatments that were carried out, with various CE concentrations 

and exposure times, made any difference in the percentage of motoneurons with 

nuclear AIF translocation comparing to control. Namely, more than 95% of 

motoneurons are immunopositive to cytoplasmic AIF, with no nuclear AIF 

translocation (Fig. 5B). 

Thus, the lack of nuclear AIF translocation following CE application, indicates that CE 

was not toxic to the ventral horn motoneurons in our neonatal rat in vitro SCI model. 
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Figure 5. Nontoxic effects of celastrol on motoneurons in control condition 

A Shows spinal cords under the sham conditions (a1), or treated with celastrol (a2, 

a3, a4) for 24 h. Motoneurons are stained with AIF (green) and HSP70 (red) antibody 

in the ventral part of spinal cord, 24 hours after specified experimental treatments 

(a1-a4). Cell nuclei are stained with DAPI (blue). Note the absence of cells 

immunopositive for nuclear AIF (nAIF). Scale bar is 100 µm. 

B bar graph quantifies percentage of motoneurons expressing the nuclear AIF (nAIF) 

under the experimental conditions shown in a1-a4.  There is no significant difference 

in motoneuronal death between spinal cord motoneurons in control condition and 

with celastrol applied. Data are mean ± SD (n = 3 rat spinal cords for each group; 

3-6 slices analyzed per experiment).   
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4.4. Kainate and celastrol application 

 

Celastrol contributes to survival of motoneurons 

In order to exploit the HSP70 neuroprotective potential, we have used a natural 

compound celastrol, known to induce HSP70 expression (31,33), to assist the survival 

of motoneurons after excitotoxic SCI. 

Firstly, to induce the experimental lesion of the spinal cord, kainic acid was applied. 

The extent of nuclear AIF translocation was validated 24 hours after 50μM kainic acid 

was applied for 1 hour. The results have shown that more than 1/4 of ventral horn 

motoneurons were immunopositive for AIF showing its nuclear translocation, with low 

HSP70 positivity, indicating the motoneurons dying via parthanatos. The rest of the 

motoneurons were double immunopositive for HSP70 and cytoplasmic AIF. Cell nuclei 

were stained with DAPI (Fig. 6A). 

The subsequent experiments were performed to test the ability of celastrol to 

increase the HSP70 levels in spinal motoneurons and to protect them from 

excitotoxicity and from consequential death by parthanatos. 

At first, the pretreatment was done with various celastrol concentrations and 

application times, to define the time frame needed to raise the HSP70 expression 

level. Celastrol pretreatment was followed by 1h exposure to 50μM kainate, to induce 

the excitotoxic SCI. The results have shown that the number of ventral horn 

motoneurons expressing nuclear AIF was significantly reduced after celastrol 

treatment, compared to untreated injured spinal cords. There was no difference in 

percentage of nuclear AIF positive motoneurons between the celastrol treated groups 

(Fig. 6B). 

To test whether the celastrol has a therapeutic effect after the spinal cord injury, it 

was applied after the kainate evoked excitotoxicity. The ventral horn motoneurons 

were analyzed after 1 hour kainate exposure followed by 24 hours celastrol treatment 

(two different concentrations). The results have shown around 10% less nuclear AIF 

immunopositive motoneurons in celastrol treated spinal cords when compared to 
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kainate treated ventral horn motoneurons (with no celastrol applied). There was 

slight but not significant decrease in the percentage of motoneurons with nAIF in 

1.5μM celastrol treated spinal cords in comparison with 1μM celastrol treated spinal 

cords. 

Following experiment was to assay neuroprotective capability of celastrol after the 

severe experimental SCI, caused by higher kainic acid concentration. Namely, 50 μM 

kainate injury is considered to be moderate, while 100 μM kainate injury is considered 

to be severe, in our experimental conditions. 

After the 100 μM kainic acid application, the extent of histological damage was larger: 

precisely more than 1/3 of observed ventral horn motoneurons had nuclear AIF 

translocation and very weak HSP70 immunopositivity as well. However, survived 

motoneurons expressed both HSP70 and cytoplasmic AIF suggesting the protective 

role of HSP70 after excitotoxicity (Fig. 6C).  

Twenty-four hour application of 1.5 μM celastrol reduced the number of motoneurons 

with nuclear AIF more than 10% after the 100 μM kainate-evoked excitotoxicity, 

indicating that celastrol contributes to the prevention of parthanatos (Fig. 6D). 
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Figure 6. Celastrol driven reduction of nuclear AIF translocation in 

motoneurons after excitotoxic insult  

A Pattern of HSP70 (green) and AIF (red) immunoreactivity in the ventral horn of the 

lumbar spinal cords following kainate elicited injury and treatment with celastrol, 

after 24 hours in vitro. Example of spinal cord section immunostainig under the 

control conditions (a1), or after various experimental treatments as follows: treated 

with 50μM kainate alone (a2), pretreated with celastrol (a3) or treated with celastrol 

after kainate was applied (a4). Cell nuclei are stained with DAPI (blue). Notice the 

present group of motoneurons with nuclear AIF (nAIF) translocation after kainate 

insult (a2). Following celastrol application fewer motoneurons expressed nAIF (a3, 

a4). Scale bar is 100 µm. 

C 

D 

c1 

c3 

c2 
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B The bar diagram shows the percentage of motoneurons expressing the nuclear AIF 

(nAIF) under the experimental conditions shown in a1-a4.  Notice the significant 

difference in nuclear AIF translocation between control and kainate treated spinal 

cord motoneurons. There is significant decrease in the percentage of motoneurons 

expressing the nAIF. Data are mean ± SD (n=3 experiments for each group; 3-6 

slices analyzed per experiment) (**p<0.002, ***p<0.001). 

C Example of HSP70 (green) and AIF (red) immunoreactivity in the ventral horn of 

the lumbar spinal cords following severe kainate excitotoxicity and treatment with 

celastrol, after 24 hours in vitro. Spinal cord sections under the control conditions 

(c1), treated with 100μM kainate (c2) and with celastrol applied after kainate induced 

injury (c3). Notice the greater extent of histological damage after 100μM kainate 

elicited excitotoxicity (c2), and reduced nAIF translocation when kainate is followed 

by celastrol treatment (c3). 

D The bar graphs quantify the percentage of motoneurons expressing the nuclear 

AIF under the various experimental protocols shown in c1-c3. The high value was 

observed following 100 µM kainate application, and after celastrol was applied the 

value of nAIF significantly reduced, while more than 95% of motoneurons in control 

condition were negative for nuclear AIF. Data are mean ± SD (n=3 experiments for 

each group; 3-6 slices analyzed per experiment) (**p<0.002, ***p<0.001). 
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4.5. Western blot analysis of HSP70 levels 

We next studied the levels of HSP70 expression in spinal cords after different types 

of treatment using the Western blot analysis. We were interested whether the 

celastrol application will increase the level of HSP70 in spinal cord. However, our 

results showed no difference between HSP70 levels in spinal cords after various 

treatments i.e. under the control condition, following kainate injury or treated with 

celastrol (Fig. 7B).  

 

 

 

 

A 

B 
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Figure 7: Western blot analysis for Hsp70 levels in the spinal cords following 

kainate injury and treatment with celastrol. 

Western blot analysis of hsp70 levels in freshly fixed spinal cords, under control 

condition, kainate injured, celastrol pretreated, kainate injured followed by celastrol, 

and treated with celastrol only was carried out 24 hours after specified treatments. 

A An example of such immunoblot. Three western blots were run for each group and 

the mean band density of each blot was measured. Equal loading was confirmed by 

blotting for actin. The results are summarized in B Bar graph shows no significant 

difference in HSP70 levels between specified spinal cord treatments. 
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5. Discussion 

In this study we examined the role of HSP70 and HSP90 in motoneuronal survival 

after excitotoxic SCI. In particular, we tested the effect of geldanamycin (HSP90 

inhibitor) and celastrol treatment (HSP70 inducer), on motoneuronal survival, in a 

rat model of acute spinal cord injury. Our results have demonstrated that celastrol 

application, after kainate excitotoxic insult, saved more than 10% of motoneurons 

from parthanatos, 24 hours after injury. 

Previous experiments from our laboratory demonstrated the extensive histological 

damage and high percent of motoneuronal death after the HSP70 inhibition with 

specific (VER155008) inhibitor (29). 

In this study we tested if the inhibition of second important molecular chaperone 

HSP90 have the same or different consequences. For this purpose, we have used 

HSP90 specific inhibitor Geldanamycin (GA).The results have shown that the HSP90 

inhibition did not induce a significant histological damage of spinal cord (Fig. 4A). 

Observed survival of spinal cord ventral horn motoneurons was higher than 95%, 

even after the highest GA concentration was applied (Fig. 4B). This is very different 

from the results obtained with the HSP70 inhibitor, which reduces significantly the 

motoneuronal survival (29). Thus, we can conclude that HSP70, and not the HSP90, 

has a major role in motoneuronal survival after excitotoxic SCI, at least in our 

experimental conditions.  

Preliminary results have indicated that, after kainate insult, there are motoneuronal 

cells with the completely different morphological and molecular content, related to 

their death/survival. Namely, one part of motoneurons had strong nuclear AIF 

immunopositivity, with lack of HSP70 expression, indicating the parthanatos. Other 

surviving motoneurons, showed strong cytoplasmic expression of HSP70, without 

nuclear AIF translocation (29). 

Several studies have demonstrated the essential function of HSP70 in preventing the 

AIF translocation from cytoplasm to nucleus (26,38). Knowing that motoneuronal 

death by parthanatos, caused by glutamate excitotoxicity, is mediated by PAR 

induced AIF release from mitochondria (10,14), we studied the role  of HSP70 in 
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motoneuronal neuroprotection and tried to pharmacologically upregulate HSP70 

expression. For this purpose we have used a natural compound named celastrol. 

Previous studies have demonstrated the ability of celastrol to increase HSP70 levels 

(33) and even to protect them from various cytotoxic stressors (31,39–41). However, 

Kalmar and Greensmith have stated in their research that celastrol exhibits a 

negative effect on the motoneuronal survival (28). Therefore we have tested on our 

experimental model whether the celastrol is neurotoxic per se. Results obtained in 

the present study showed an absence of nuclear AIF translocation and subsequent 

death by parthanatos after celastrol application, with no histological damage 

observed. This evidence confirms no cytotoxic effects of celastrol on spinal cord 

motoneurons. 

Our main finding is the reduction of motoneuronal nuclear AIF translocation after 

celastrol application in the experimental acute SCI. Nuclear AIF translocation causes 

lethal chromatin condensation and it is essential for death of motoneurons by 

parthanatos as demonstrated in other studies (10,14). When we applied celastrol 

after the kainate excitotoxic insults, nuclear AIF translocation was reduced for 10%. 

Reduction of nAIF was the same at both kainate concentrations applied, after 50μM 

KA and 100μM KA, suggesting the possible limited ability of celastrol to protect only 

certain number of motoneurons. 

Further, we tested the HSP70 levels after celastrol treatment, using Western blot 

(WB) analysis. Although HSP70 upregulation after celastrol treatment was previously 

demonstrated in several studies (31,33,39–41), in our study this was not the case. 

Our WB results did not show significant difference in HSP70 levels between the control 

and celastrol-treated preparations (Fig. 7B). Similarly, WB analysis did not 

demonstrate significant difference in HSP70 levels between control and kainate-

treated preparations (Fig. 7). The level of HSP70 did not decrease in spite of 

motoneuronal loss that occurred in a spinal cord treated with excitotoxic drug kainate 

(Fig. 6). This is probably because the total percentage of motoneurons in spinal cord 

is  small, less than 10%, and the percentage of dead motoneurons after the kainate 

application is even smaller than that (36). WB analysis, performed on the 
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homogenized spinal tissue, is probably not sensitive enough to detect the changes in 

the amount of motoneuronal HSP70, after kainate or celastrol treatment. 

Furthermore, the changes in HSP70 levels in motoneurons could be subtle. Namely, 

motoneurons have decreased ability to upregulate HSP70, when compared with other 

types of neurons. Namely, the induction of the heat shock response and the HSP70 

expression in the motoneurons seems to be rather difficult (18). Majority of 

motoneurons contain high levels of the HSP70 constitutive form and low levels of the 

inducible form (25). Some authors consider the reduced capability of motoneurons 

to synthesize HSP70 to be related to great metabolic demands of this biggest type of 

neurons (31).  

The next reason for difficulty to observe the HSP70 levels increase after spinal cord 

treatment with celastrol by WB, may be that 24h is too short time period. In fact, it 

could be that significant increase or decrease of HSP70 occur after 24h (the time limit 

of our experimental model). Accordingly, in few studies HSP70 upregulation was 

observed one or two weeks after celastrol application (31,39). It should be tested in 

future studies if prolonged celastrol application (daily) could induce higher levels of 

HSP70 and further improve the outcome of the SCI. 

There is also a possibility that the increase in HSP70 levels could not be detected 

after blotting because of the inadequate HSP70 antibody (the antibody used 

recognizes both constitutive and inducible form of HSP70). It is very likely that very 

high levels of constitutive HSP70 in spinal cord may hindered a distinction of inducible 

HSP70 levels (25). Furthermore, we could speculate that increased motoneuronal 

survival after celastrol treatment is due to its different mechanisms of action, such 

as anti-inflammatory effect followed by reduced glial activation, or induction of HSP70 

in astroglial cells (13). Extracellular HSP70, as well, was shown as extremely 

important for providing the survival of motoneurons and it could play a compensatory 

role in stress conditions diminishing the vulnerability of motoneurons (42,43). 

Further studies are necessary to elucidate celastrol mechanism of action and the right 

application time frame, needed to exhibit the therapeutic effects. Understanding of 

the celastrol’s ability to protect the motoneurons after different types of injury may 



39 

 

be valuable contribution to develop a new strategies for treatment of spinal cord 

injury. 

 

6. Conclusion 
 

Modulation of the heat shock response is an interesting and promising way to develop 

new treatments for spinal cord injury. Previous research has shown HSP70 to be 

essential for the survival of motoneurons. In this research we have tested the effect 

of HSP90 inhibition and HSP70 upregulation on the motoneuronal survival after 

excitotoxic SCI, on an in vitro rat model. We have demonstrated that the natural 

compound celastrol, which has the ability to increase cellular HSP70 levels, acts 

neuroprotective on motoneurons after the acute SCI. Celastrol treatment reduced 

translocation of the death effector AIF into the cell nucleus and thereby blocked the 

cell death molecular pathways related to parthanatos. Prevention of the nuclear AIF 

translocation using the celastrol may provide an important therapeutic approach to 

constrain the destructive effects of parthanatos and indicates the potential use of this 

and similar drugs for the further spinal cord injury treatments. 
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