
1

Proteomic identification of immunoproteasome accumulation in formalin-fixed

rodent spinal cords with experimental autoimmune encephalomyelitis

Mohit Raja Jain*1, Qing Li*1, Tong Liu1, Joseph Rinaggio2, Amit Ketkar1, Vincent 

Tournier3, Kiran Madura3, Stella Elkabes4 and Hong Li1#

* These authors contributed equally.

1Center for Advanced Proteomics Research and Department of Biochemistry and 
Molecular Biology, UMDNJ-New Jersey Medical School Cancer Center, 205 S. Orange 
Ave., Newark, NJ 07103
2Department of Diagnostic Sciences, Rm. D-860, UMDNJ-New Jersey Dental School, 
110 Bergen Street, Newark, NJ 07103
3Department of Biochemistry, UMDNJ-Robert Wood Johnson Medical School, 683 Hoes 
Lane, Piscataway, NJ 08854
4Department of Neurological Surgery and Tim Reynolds Family Spinal Cord Research 
Laboratory, UMDNJ-New Jersey Medical School, Newark, NJ 07103

Address correspondence and reprint requests to: Hong Li, Department of Biochemistry 
and Molecular Biology, UMDNJ-New Jersey Medical School Cancer Center, 205 S. 
Orange Ave., F-1226, Newark, NJ 07103. Tel.: 973-972-8396; Fax: 973-972-1865; 
Email: liho2@umdnj.edu.

Keywords: Immunoproteasome, experimental autoimmune encephalomyelitis, iTRAQ, 
formalin-fixed paraffin-embedded tissue, biomarker, mass spectrometry

Running Title: Proteomics identification of immunoproteasome in EAE

Abbreviations

2DE, 2D-gel electrophoresis; AMC, 7-amido-4-methylcoumarin; CFA, complete 
Freund's Adjuvant; CNS, central nervous system; EAE, experimental autoimmune 
encephalomyelitis; EPO, epoxomicin; FDR, false discovery rate; FFPE, formalin-fixed 
and paraffin-embedded; IP, immunoproteasome; iTRAQ, isobaric tags for absolute and 
relative quantification; LMP-2, low molecular weight protein 2; LMP-7, low molecular 
weight protein 7; MECL-1, multicatalytic endopeptidase complex subunit; MHC, Major 
Histocompatibility Complex class I; MS, multiple sclerosis; PMSE1(PA28α), proteasome 
activator complex subunit 1; PMSE2(PA28β), proteasome activator complex subunit 2; 
PSME3(PA28γ), proteasome activator complex subunit 3; PTM, post translational 
modification; TCEP, tris(2-carboxyethyl)-phosphine; TCR, T cell receptor; TEAB, 
triethylammonium bicarbonate



2

Abstract

Clinically relevant formalin-fixed and paraffin-embedded (FFPE) tissues have not been 

widely used in neuroproteomic studies because many proteins are presumed to be 

degraded during tissue preservation. Recent improvements in proteomics technologies,

from the 2D gel analysis of intact proteins to the “shotgun” quantification of peptides and 

the use of isobaric tags for absolute and relative quantification (iTRAQ) method has 

made the analysis of FFPE tissues possible. In recent years, iTRAQ has been one of 

the main methods of choice for high throughput quantitative proteomics analysis which 

enables simultaneous comparison of up to eight samples in one experiment. Our

objective was to assess the relative merits of iTRAQ analysis of fresh frozen versus 

FFPE nervous tissues by comparing experimental autoimmune encephalomyelitis 

(EAE)-induced proteomic changes in FFPE rat spinal cords and frozen tissues. EAE-

induced proteomic changes in FFPE tissues were positively correlated with those found 

in the frozen tissues, albeit with ~50% less proteome coverage. Subsequent validation 

of the enrichment of immunoproteasome (IP) activator 1 in EAE spinal cords led us to 

evaluate other proteasome and IP-specific proteins. We discovered that many IP-

specific (as opposed to constitutive) proteasomal proteins were enriched in EAE rat 

spinal cords, and EAE-induced IP accumulation also occurred in the spinal cords of an 

independent mouse EAE model in a disability score-dependent manner. Therefore, we 

conclude that it is feasible to generate useful information from iTRAQ-based 

neuroproteomics analysis of archived FFPE tissues for studying neurological disease 

tissues.
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Introduction

Proteomics technologies have offered unprecedented opportunities for the study of both 

central and peripheral nervous systems 1. Rapid progress in quantitative proteomics 

methods have enabled the unbiased discovery of changes in the expression and post-

translational modifications (PTM) of an ever-growing number of proteins in neurological 

disease models 2. Proteomics technologies are widely used to discover novel 

biomarkers 3, monitor disease progression 4, 5, elucidate novel signal transduction 

pathways 6, detect adverse effects of drugs 7 and detect cell responses to 

environmental hazards 8. Because cellular proteins are prone to proteolysis and 

chemical degradation during tissue processing and storage 9, fresh or snap frozen 

tissues are the most desirable samples for use in proteomic investigations. In a clinical 

setting, however, it is not always practical or cost effective to rapidly collect and freeze a 

sufficient amount of nervous tissue for proteomics studies. In addition, unlike cancer, 

many CNS tissues can only be harvested within a few hours post-mortem, at which 

point massive proteolytic protein degradation events have already occurred 10, 11. FFPE 

tissue archives are a valuable resource for retrospective proteomics biomarker or 

mechanistic studies. However, proteomics investigations of these samples have not 

been widely conducted due to the fact that the proteins in FFPE samples are believed to 

have been degraded during storage 12, 13. In addition, formalin induces extensive cross-

linkage between proteins and other molecular components in cells and tissues, making 

it difficult to extract sufficient intact proteins for conventional 2D gel-based proteomic 

studies 14. In order to overcome this and other deficiencies associated with 2D gel 

analysis, including limited proteome coverage and sensitivity, newer quantitative 



4

proteomics methods have been developed. Typically, proteins are trypsin-digested into 

peptides that can be identified and quantified by sensitive tandem mass spectrometry 

(MS/MS) methods. The relative intensity of ion signals belonging to normal or PTM-

peptides unique to a given protein can be used to extrapolate protein abundance and 

functional changes among different disease states or experimental conditions 15. These 

types of analyses are called “shotgun” proteomics because tryptic peptides derived from 

total cellular protein digestion are usually randomly sequenced and quantified by mass 

spectrometers.

Shotgun proteomic quantification using the iTRAQ approach is among the most 

effective methods for the unbiased discovery of proteomic changes in diseased cells 

and tissues 16. In iTRAQ, peptides derived from up to eight different biological conditions 

are first covalently conjugated to a set of eight different chemical “tags” with identical 

mass, i.e. isobaric; a mixture of labeled peptides can then be identified by MS/MS and 

the relative peptide abundance can be quantified by measuring the relative abundances 

of the isobaric tags. This method has been effectively used for the identification of novel 

proteomic changes in many neurological disease models, including changes of protein 

expression 17, PTM 18, and proteolysis 19 in EAE spinal cords and other animal models 

of multiple sclerosis 20. It is also an effective method for studying basic neurobiological 

systems, including peripheral neuroregeneration 21, oligodendrocyte differentiation 22

and the identification of potential targets for cocaine addiction treatment 23. Because the 

iTRAQ method analyzes peptides instead of intact proteins, this method is effective for 

the quantification of peptides that can be extracted from FFPE tissue blocks or slides. 

Previously, we have used Liquid Tissue technology (Expression Pathology, MD) to 
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extract peptides from FFPE slides, followed by iTRAQ technology to compare the 

relative expression of proteins among different FFPE human oral papilloma tissues 24. 

Other studies have shown that proteins can be identified from various FFPE tissues with 

different degrees of efficiency 14, 25-29. To our knowledge, a direct comparison of the 

relative merits of iTRAQ analyses of fresh versus FFPE tissues, especially in the 

context of nervous system tissues, has not been conducted. Therefore, to assess the 

relative effectiveness of iTRAQ analysis of FFPE tissues for neuroproteomics studies, 

we compared proteomic changes found by iTRAQ in FFPE rat EAE spinal cords with 

those observed in our previous study of freshly frozen tissues 17.

EAE is an animal model for multiple sclerosis, an autoimmune disease 

characterized by chronic inflammatory demyelination of the central nervous system 

(CNS) 30, 31. EAE shares pathological features with human multiple sclerosis, including 

focal infiltration of spinal cords and other CNS tissues by lymphocytes and 

macrophages and immune cell-mediated damage to both myelin and axons 32. EAE is 

typically induced by the immunization of genetically susceptible animals with 

immunogenic myelin components or by adoptive transfer with T cells that are reactive 

against CNS myelin antigens 33-35. Distinct EAE models mimic specific facets or 

subtypes of multiple sclerosis, a complex disease with variable clinical courses 33. For 

example, immunization of Lewis rats with myelin basic protein results in acute, 

monophasic EAE with progressive paralysis beginning 10 ± 12 days after immunization, 

followed by spontaneous remission and complete recovery within 8 ± 10 days 36. EAE 

induced in C57BL/6 mice has other clinical and pathological features in common with 

human multiple sclerosis, i.e., a chronic disease course with relapses and nerve 
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demyelination 37. Based on iTRAQ neuroproteomics analysis of fresh frozen rat spinal 

cords, we have previously reported the identification of over 40 proteins with 

significantly altered abundance in EAE models compared to non-diseased controls 17, 

including proteins involved in antigen processing, inflammation, neuroprotection and 

neurodegeneration. By comparison, we report in this study that FFPE treatment did not 

significantly affect iTRAQ quantification accuracy, although the detection sensitivity was 

reduced. We further explored the significance of PSME1 and other IP-specific proteins, 

which were among proteins found to be enriched in both FFPE and frozen samples, in 

EAE tissues. 

Materials and Methods

Materials

HPLC-grade solvents and water were purchased from Mallinckrodt Baker, Inc., 

(Phillipsburg, NJ). Triethylammonium bicarbonate buffer (TEAB), protease inhibitor 

cocktail, phosphatase inhibitor cocktail I, and phosphatase inhibitor cocktail II were 

purchased from Sigma (St. Louis, MO). Tris(2-carboxyethyl)-phosphine (TCEP), methyl 

methanethiosulfonate (MMTS) and iTRAQ reagents were obtained from AB Sciex (AB, 

Foster City, CA). Sequencing grade modified trypsin was purchased from Promega 

Corp. (Madison, WI). PepClean C18 spin columns were purchased from Pierce 

(Rockford, IL). The Liquid Tissue® MS Protein Prep Kit was obtained from Expression 

Pathology (Rockville, MD).

EAE induction, disability evaluation and tissue harvesting
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Both rat and mouse EAE models were used in this study. For the rat model, eight-week-

old female Lewis rats were immunized with myelin basic protein emulsified in complete 

Freund's Adjuvant (CFA) or CFA/vehicle, as described previously 38. For the mouse 

model, 8-10 weeks-old female C57BL/6 mice (Taconic, Hudson, NY) were immunized 

subcutaneously in the flank with 200 μg myelin oligodendrocyte glycoprotein peptide 

35–55 (MEVGWYRSPFSRVVHLYRNGK; Stanford PAN Facility, Stanford, CA) 

emulsified in CFA that had been supplemented with M. tuberculosis strain H37RA (MT; 

Difco Laboratories, Detroit, MI) at 7 mg/ml. All mice also received an intraperitoneal 

injection of 350 ng pertussis toxin (List Biological, Campbell, CA) at 0 and 48 h post-

immunization. Control mice received an emulsion containing only saline and 

adjuvant/MT. Animals were given food and water ad libitum and were monitored daily 

for clinical symptoms. 

Rodent EAE disability severity was assessed with a 0–5 scoring system: no 

symptoms (0), tail weakness (0.5), tail paralysis (1), weakness in one hindlimb (1.5), 

weakness in both hindlimbs or paralysis of one hindlimb (2), weakness in one hindlimb 

and paralysis of one hindlimb (2.5), complete paralysis of both hindlimbs (3.0), 

tetraplegia (4), moribund (5). EAE stage 3 rats were used for iTRAQ proteomics and 

Western blotting comparison with the control rats. EAE stage 1-3 mice were also used 

for the biochemical analysis in this study. Animals were euthanized by exposure to CO2. 

The spinal cords were dissected, meninges were carefully removed, and the tissues 

were thoroughly rinsed with saline to remove blood. The lumbar spinal cord was

immediately frozen on dry ice and then stored at −80 °C or fixed in formalin until later 

use. All animal handling protocols were performed according to institutional guidelines.
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Fixation of rat spinal cords

After collection, the rat spinal cords were immediately immersed in a freshly prepared 

solution of 10% neutral buffered formalin and fixed for 24 h at room temperature. After 

fixation, the spinal cords were dehydrated through a graded alcohol series and 

embedded in paraffin wax. For iTRAQ analysis of the fixed tissues, 10 µm sections were 

cut from each paraffin block and placed on microscope slides. The slides were 

deparaffinized in xylene, rehydrated with 70% ethanol, and placed in distilled water for 1 

min. An area of 16 mm2 (approximately 60,000 cells) was needle dissected from each 

tissue for protein/peptide extraction.

Protein Extraction and Digestion

Protocols for the sample preparation and iTRAQ labeling of fresh frozen rat tissues 

have been described in detail previously 17, 19. Briefly, 15 mg of lumbar spinal cords from 

two controls and two EAE stage 3 rats were homogenized in 300 μl of a lysis buffer 

containing 25 mM TEAB (pH 8.0), 20 mM sodium carbonate and 2 μl of protease 

inhibitor cocktail. The supernatants obtained from centrifugation at 19,000 × g for 30 min 

were collected and adjusted to a pH of 8.0 with 0.1 M HEPES. For each control or EAE 

extract, the disulfides in 90 g of protein were reduced with addition of 2 μl TCEP at 60 

°C for 1 h, and the sample was then alkylated with addition of 1 μl of 200 mM MMTS 

and incubated at room temperature for 10 min. Then, 10 μg of trypsin was added to 

each of the four samples, followed by incubation at 37 °C overnight. The resulting 

peptides were labeled with the appropriate iTRAQ reagents, as described below.
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For the analysis of needle-dissected FFPE rat spinal cord slides, peptide lysates 

from two control and two EAE stage 3 rats were prepared using the Liquid Tissue kit 

according to the manufacturer’s recommendations (Expression Pathology Inc., 

Gaithersburg, MD); this has been described in detail previously 24. Briefly, cells from 

each sample were suspended in 20 μl of the Liquid Tissue buffer and heated at 95°C for 

90 min, followed by cooling on ice for 2 min. Then, 1 μl of the trypsin reagent provided in 

the kit was added to each sample. The samples were incubated at 37°C for 1 h with 

vigorous shaking for 1 min at 20 min intervals and further incubated at 37°C overnight. 

After the digestion, samples were heated at 95°C for 5 min to deactivate the trypsin. 

The final peptide concentration of each sample was determined by a Micro BCA kit 

(Pierce, Rockford, IL, USA). Equal amount of peptides were dried completely using a 

Speed-Vac before further iTRAQ labeling.

iTRAQ Labeling and Tandem Mass Spectrometry

The iTRAQ manufacturer typically recommends that 50-100 g of protein be used as 

the starting material for the iTRAQ chemical reaction. Therefore, we labeled peptides 

derived from 90 g of proteins extracted from each frozen rat spinal cord. However, the 

Liquid Tissue extraction kit is optimized for processing only a small number of FFPE 

tissue slides with limited peptide yield. Consequently, only 12 g of peptides extracted 

from each FFPE sample was processed for iTRAQ labeling. Labeling was conducted 

according to the manufacturer's protocol, with minor modifications (AB SCIEX, Foster 

City, CA). The 4-plex iTRAQ reagents were each dissolved in 100 μl of ethanol. 

Peptides obtained from frozen and FFPE tissues were labeled independently. For each 

iTRAQ labeling experiment, two groups of control peptides were labeled with iTRAQ 
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tags 114 and 115 and EAE peptides were labeled with iTRAQ tags 116 and 117. 

Labeled peptides were then mixed and analyzed by two dimensional liquid 

chromatography coupled with tandem mass spectrometry (Fig. 1).

iTRAQ-labeled peptide mixtures were dried completely using a Speed-Vac and 

re-suspended in 500 µl of solvent A (10 mM KH2PO4 and 20% acetonitrile (ACN), pH 

2.7). Peptides were loaded onto a polysulfoethyl A strong cation exchange column (4.6 

mm x 200 mm, 5 μm, 300 Å, Poly LC Inc., Columbia, MD) with an upstream guard 

column (4 mm x 10 mm) in solvent A at 1 ml/min. Elution was performed with a gradient 

of 0–60% solvent B (10 mM KH2PO4, 20% ACN, 600 mM KCl, pH = 2.7) over 60 min. 

Two minute fractions were collected and desalted via PepClean™ C18 spin columns. 

The second dimension reversed phase liquid chromatography was performed on an 

Ultimate™ Chromatography System equipped with a Probot matrix assisted laser 

desorption ionization (MALDI) spotting device (Dionex, Sunnyvale, CA). Desalted 

peptides from each ion exchange fraction were loaded onto a reversed phase 0.3 mm x 

5 mm trapping column and resolved on a 75 μm x 150 mm capillary PepMap column (3 

μm, 100 Å, C18, Dionex ) using a 70 min step ACN gradient in 0.1% TFA, as described 

previously 19. The HPLC eluent was mixed in a 1:3 ratio with the MALDI matrix (7 mg/ml 

alpha-cyano-4-hydroxycinnamic acid in 60% ACN, 5 mM ammonium monobasic 

phosphate and 50 fmol/μl each of the internal calibrants [Glu-1]-Fibrinopeptide B (Glu-

Fib) and adrenocorticotropic hormone fragment 18-39 (ACTH(18-39)) through a 30 nl 

mixing tee and spotted onto the MALDI plates. Depending on instrument availability, the 

peptides were analyzed on either a 4700 (frozen samples) or a 4800 (FFPE samples) 

Proteomics Analyzer tandem mass spectrometer (AB Sciex) in a data-dependent 
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fashion. MS spectra (m/z 800–3600) were acquired in positive ion mode with internal 

mass calibration. The ten most intense ions per MALDI spot were selected for 

subsequent tandem mass spectrometric (MS/MS) analysis in 1 keV mode. Each MS/MS 

spectrum was averaged over 2000 laser shots.

Protein database search 

Peak lists for the database search were produced in the Mascot generic format (MGF) 

using TS2Mascot (Matrix Science, London, UK) from MS/MS spectra. Only MS/MS 

peaks with a mass from 20 Da to 60 Da below the precursor mass and an S/N ratio ≥ 10 

were analyzed. The resulting MGF file was submitted for Mascot (version 2.3) search 

against rodent proteins (25,645 entries) from the SwissProt protein database (release 

date May 31, 2011). For the analysis of frozen spinal cord peptides, the following search 

parameters were used: iTRAQ 4plex (K), iTRAQ 4plex (N terminal) and methylthio (C) 

as fixed modifications; iTRAQ 4plex (Y) and oxidation (M) as variable modifications; 

trypsin as the digestive enzyme with a maximum of two missed cleavages allowed; 

monoisotopic peptide precursor ion tolerance of 50 ppm; and MS/MS mass tolerance of 

0.3 Da. The database search parameters for the analysis of the FFPE spinal cord 

peptides were identical to those used for the frozen samples, but the methylthio (C) 

modification was omitted because MMTS alkylation was not part of the Liquid Tissue 

processing protocol. Scaffold (version Scaffold_3_01_08; Proteome Software, Inc., 

Portland, OR) was used to validate all MS/MS-based peptide and protein identifications. 

Peptide identifications were accepted if they could be established at a ≥ 95% 

probability, as specified by the Peptide Prophet algorithm, and with a <1% false 

discovery rate (FDR). Protein identifications were accepted if they could be established 
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at a ≥ 99% probability, with a <1% FDR and contained at least one uniquely identified 

peptide. Protein probabilities were assigned by the Protein Prophet algorithm 39. 

Proteins that contained similar peptides and could not be differentiated based on 

MS/MS analysis alone were grouped together to satisfy the principles of parsimony. 

Relative peptide abundance in EAE and control tissues was quantified using 

centroided iTRAQ reporter ion peak intensity ratios and normalized based on the 

median ratio for each iTRAQ channel across all proteins. Quantitative protein ratios 

were calculated as the median of all uniquely assigned peptide ratios. Based on our 

prior knowledge of the analytical variability of this system 20, proteins that exhibited a 

≥20% increase or decrease in expression relative to the control were considered to be 

differentially expressed in EAE samples. 

Western blotting 

Lumbar spinal cord protein extracts obtained from control and EAE stage 3 rats (n=3 

each) or control and EAE stage 1-3 mice (n = 3 each) were used for western blotting 

analyses. All tissues were homogenized on ice in 200 μl of a lysis buffer containing 10 

mM HEPES (pH 8.0), 150 mM NaCl, 0.2% sodium azide, 0.1% SDS, 1% nonidet P-40, 

0.5% deoxycholic acid, 0.2 mM phenylmethanesulfonyl fluoride, 2 μg/ml leupeptin, 2 

μg/ml aprotinin, 2 μg/ml pepstatin and 50 mM NaF. After 20 min centrifugation at 14,000 

x g at 4 °C, the supernatants were collected and 10 to 20 μg protein from each extract 

were resolved by 12% SDS-PAGE gels (Invitrogen, Carlsbad, CA) and electroblotted 

onto polyvinylidene difluoride membranes (PVDF, Invitrogen). The membranes were 

probed with antibodies against either proteasome, IP subunits or loading controls, 
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specifically, proteasome activator complex subunit 1, (PMSE1, also known as PA28α, 

Cell Signaling, Danvers, MA, 1:1000 dilution), proteasome activator complex subunit 2 

(PMSE2, also known as PA28β, Cell Signaling, 1:1000 dilution), proteasome activator 

complex subunit 3 (PSME3, also known as PA28γ, Cell Signaling, 1:1000 dilution), low 

molecular weight protein 2 (LMP-2, ENZO, Farmingdale, NY, 1:1000 dilution), low 

molecular weight protein 7 (LMP-7, ENZO, NY ,1:1000 dilution), multicatalytic 

endopeptidase complex subunit (MECL-1, Santa Cruz Biotechnology, Santa Cruz, CA, 

1:1000 dilution), 19S regulator, ATPase subunit Rpt1 (ENZO, NY , 1:2000 dilution), 19S 

regulator, non-ATPase subunit Rpn12 (ENZO, NY , 1:1000 dilution) and 

glyceraldehyde-3-phosphate dehydrogenase (GAPDH, Research Diagnostics, Inc., 

Concord, MA, 1:2000 dilution). Secondary antibody-coupled signals were detected 

using the ECL chemiluminescence method (Perkin-Elmer, Boston, MA). Band densities 

were quantified using Quantity One software (v. 4.3.1, Bio-Rad, Hercules, CA). All 

changes are expressed as fold-change relative to a control. 

Proteasome activity assay

Proteasomal chymotrypsin-like activity in the mouse spinal cord extracts was measured 

by the hydrolysis of a fluorogenic substrate, Suc-LLVY-AMC 40, 41. Briefly, spinal cords 

were disrupted by sonication, and the resulting lysates were centrifuged at 12,000 x g

for 10 min. Equal amounts of protein lysate (10 μg in 20 μl) were mixed with either 250 

ng of a proteasome inhibitor, epoxomicin (EPO, Boston Biochem, Cambridge, MA) in 

50% DMSO or DMSO alone. A proteasome assay buffer (175 μl; 25 mM HEPES pH 

7.5, 0.5 mM EDTA) containing 40 μM Suc-LLVY-AMC (Boston Biochem) was added to 

each reaction tube and the reaction was allowed to proceed for 60 min at 37 °C. The 
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fluorescence of 7-amido-4-methylcoumarin (AMC), which is released upon the 

proteolysis of the substrate, was detected using a Tecan Infinite F200 detector. To 

distinguish non-specific chymotryptic activity from proteasome-derived activity, all 

assays were performed in the absence and presence of EPO. Proteasome-specific 

activity was calculated as activity without EPO treatment - activity with EPO treatment. 

Statistics and Bioinformatics

P-values for each protein were derived via a two-tailed Student's t-test comparing the 

two EAE and two control values using Excel (Microsoft, Redmond, WA). The statistical

significance of differential expression between EAE groups and controls was 

determined by Student’s t-test. A p-value ≤ 0.05 was considered statistically significant, 

while a P value ≤ 0.01 was considered highly significant. The functional classification of 

proteins altered in EAE spinal cords was determined by performing DAVID 

(http://david.abcc.ncifcrf.gov/) and KEGG (http://www.genome.jp/kegg/pathway.html) 

pathway analyses.

Results and discussion:

Comparison of proteomics coverage in fixed and fresh frozen EAE spinal cords

Until recently, it was widely assumed that only proteins isolated from fresh or freshly 

frozen tissues can be effectively analyzed by proteomics approaches because many 

proteins are degraded in FFPE-preserved tissues. As such, proteomic investigations of 

neurodegenerative diseases have not been widely conducted on readily available and 

clinically relevant FFPE tissues. In order to determine the effectiveness of iTRAQ 

proteomics analyses of FFPE tissues, we compared the quantitative information 
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obtained from a proteomics analysis of FFPE spinal cords with that obtained in our 

previous analysis of fresh frozen tissues 17. We were able to quantify 262 unique 

proteins from 1155 unique peptides in FFPE samples (Table 1, Supplemental Table 1, 

Supplemental Scaffold file, “Fixed”), compared to 500 unique proteins and 2187 unique 

peptides quantified in the analysis of the frozen tissues (Table 1, Supplemental Table 2, 

Supplemental Scaffold file, “Fresh”). Among the identified proteins, 201 proteins were 

found in both samples (Fig. 2A). This difference is mainly due to the significantly lower 

amount of peptides (12 µg /animal) analyzed from the FFPE tissues relative to the 

amount of proteins processed from fresh frozen tissues (90 µg). This procedural 

difference was necessary because each Liquid Tissue extraction kit is optimized for the 

processing of only a small volume of FFPE tissue; this also approximates the situation 

in which only small amounts of precious clinical samples are available for analysis. 

Other plausible confounding factors that may reduce the proteome coverage of 

analyses of FFPE samples are the well known elements e.g. protein degradation 13, 

protein modifications and cross-linking 42 that occur during FFPE processing. Given 

these challenges, it is surprising that the difference in proteome coverage between 

these two approaches were not greater. It is likely that the difference in proteome 

coverage between the fresh frozen and FFPE spinal cords would be even smaller if 

similar amounts of proteins were analyzed. Overall, the likelihood of obtaining useful 

information from iTRAQ proteomics analysis of FFPE tissues is quite compelling. Given 

the ability of this approach to quantify a large number of proteins, proteomic changes 

can be directly correlated with the rich histological and pathological information that can 

be obtained from archived FFPE tissue slides.
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Similar EAE-related proteomic changes in fixed and fresh frozen spinal cords

In addition to the qualitative effectiveness of iTRAQ analysis of FFPE spinal cords, this 

approach was also largely able to capture the same quantitative proteomic differences 

between EAE and controls that were found in the fresh frozen tissues. Although the 

number of proteins quantified in the fixed spinal cords was smaller than that in the 

frozen samples, the proportions of significantly up-regulated proteins in EAE spinal 

cords compared to the controls were the same (Fig. 2B): 11% in FFPE and 11% in 

frozen tissues, with 9 proteins found to be up-regulated are identified in both analyses 

(Table 2). Similarly, the proportions of EAE down-regulated proteins were also 

comparable in fixed (5%) and frozen samples (2%), with over 80% of proteins 

unaffected by EAE in either frozen or FFPE spinal cords (Fig. 2B). The higher number 

of elevated as opposed to decreased proteins in EAE spinal cords compared to control 

tissues is likely the result of immune cell infiltration at stage 3 of EAE pathology 17. As 

seen in Fig. 2B, the iTRAQ ratios of most proteins were similar in both FFPE and frozen 

tissue analyses. For the evaluation of the proteome coverages in this study, we used 

rather stringent criteria for the comparison of proteins identified from the two 

independent proteomics studies. With a protein confidence interval cutoff of 99% and 

peptide C.I. (confidence interval) cutoff of 95%, the false discovery rates estimated from 

the forward-reverse database searches were less than 0.1% at both peptide and protein 

levels (see Supplemental Tables 1 and 2). Therefore, in order to achieve more in-depth 

comparison, we also compared proteins from the fixed tissues identified with less than 

99% C.I. value, but containing a peptide with at least a 95% C.I. score, and was also 

identified from the fresh tissues with a protein identification C.I. values at or above 99% 
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(Supplemental Table 2). Such extensive analysis reveals  similar quantitative outcomes 

between the two methods at the peptide level (Fig. 3). For example, a peptide 

37ISELDAFLK45 from PSME1/PA28, a specific protein activator of IP, was identified as 

upregulated with EAE/control iTRAQ ratios of 1.9 in fixed spinal cords and 2.5 in fresh 

frozen samples (Fig. 3A-D). Another example is 126AWVAWQR132, a peptide derived 

from lysozyme C, with EAE/control iTRAQ ratios of 4.6 in fixed spinal cords and 4.9 in 

the fresh frozen samples (Fig. 3E-H). In addition to the similar quantitative outcomes of 

the FFPE and frozen tissue analyses, we observed that FFPE processing did not 

significantly affect the MS/MS spectral qualities of the peptide ions; comparable 

proportions of b- and y- ions were observed in the spectra of both analyses (Fig. 3B and 

D; F and H). These results indicate that quantitative information obtained from iTRAQ 

analysis of FFPE was not appreciably different from that of frozen tissues. The 

importance of this information is clear when we consider that only ~30,000 cells from 

FFPE spinal cord slides were analyzed, suggesting that FFPE tissue slides can be a 

good source of protein for quantitative iTRAQ quantification. Proteomics analysis of 

limited samples is common in clinical settings where only minute amounts of proteins 

are usually available, i.e., those retrieved from laser capture microdissection of cells 

from archived FFPE patient slides. Furthermore, with the continued development of 

more sensitive FFPE peptide recovery methods 26, 28 and the availability of increasingly 

sensitive and accurate commercial mass spectrometers, e.g., LTQ Orbitrap and Triple 

TOF instruments, proteomics analyses of FFPE tissues will likely have significant and 

broad impacts in the future.
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Accumulation of antigen processing and presentation proteins in EAE spinal 

cords

To gain novel insights into EAE pathology from these expression proteomics studies, 

we performed a Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis 

of all proteins that were found to be significantly dysregulated (at least 20% change 

from the controls, p≤0.05) in EAE animals from the current iTRAQ analysis of FFPE rat 

spinal cords and our previous analysis of frozen samples (Supplemental Table 2). 

Interestingly, we found that several upregulated proteins are significantly enriched in the 

MHC I and II antigen processing and presentation pathways (Fig. 4). This finding is not 

surprising, given that EAE is induced by immunization with auto-antigens and that 

multiple sclerosis is a disease with strong autoimmune components. Auto-reactive T 

cells are major mediators of multiple sclerosis pathology 43-45. It has been reported that 

both CD4+ and CD8+ T cells contribute to MS disease initiation and progression 46, 47. 

Auto antigen-reactive CD8+ T cells, typically clonally expanded and specific for myelin 

antigens, are found in patients early in the course of the disease 48-50.

The antigen bound on MHC-I and presented to the T cell receptors of CD8+ cells 

is normally produced by proteasomes or IPs (Immunoproteasomes), which do not have 

completely overlapping antigen proteolytic activities 51-53. Among the proteins that were 

significantly upregulated (Supplemental Table 2) in both FFPE and fresh frozen rat EAE 

spinal cords was PA28(Fig. 3A-D), an activator of IPs. Structurally, IPs differ from 

regular proteasomes in that the constitutive proteasomal subunits PSMB5, PSMB6, and 

PSMB7 are replaced with the inducible homologues PSMB8 (LMP7), PSMB9 (LMP2) 

and PSMB10 (MECL1). Two subunits in the cap are also replaced by subunits PA28
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and PA28, which are important for the activation of IP proteolytic and antigen 

processing activities 53, 54. Both in vitro and in vivo studies have implicated 

PA28andin MHC class I antigen processing and thus in CD8+ T cell immune 

response 55, 56. The detection of changes in PA28 expression in our proteomics 

analyses led us to evaluate the possibility that other IP-specific or proteasome 

components may also be affected by EAE but were not quantified due to low 

abundance. Therefore, we performed western blotting analyses to examine the 

expression of all IP-specific proteins in both control and EAE rat spinal cords. As shown 

in Fig. 5, the proinflammatory cytokine IFN--inducible IP subunits LMP2, LMP7 and 

MECL1 and proteasome activator subunits PA28α and PA28β were significantly 

increased in EAE rats and were only marginally detectable in the control spinal cords. 

PA28γ appeared to be slightly elevated in EAE spinal cords, but this change was not 

statistically significant. 

Positive correlation of immunoproteasome protein accumulation in spinal cords 

and EAE pathology scores

The constitutive proteasome core complex, i.e., the 20S proteasome, is a cylindrical 

structure that consists of 28 subunits arranged in four stacked rings. The two outer 

rings, which are each composed of seven α subunits (α1– α7), frame the two inner 

rings, which are each made up of seven  subunits (β1– β7). During immune response 

activation, e.g., by IFN-γ and TNF-α, newly assembled proteasomes incorporate the 

induced subunits β1i (LMP2), β2i (MECL-1) and β5i (LMP7) in the place of the 

constitutive -subunits (1, 2 and 5), thereby producing so-called IPs 57. Constitutive 

proteasomes and IPs usually coexist in cells, but their ratios vary according to cell type, 
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tissue and cellular environment 58. The IP can cleave antigens with different cleavage 

preferences compared to constitutive proteasomes, thus altering antigen presentation 

by MHC class I molecules 57. 

In order to determine how general IP enrichment is in EAE animal models, we 

also analyzed IP-specific components in spinal cord extracts obtained from an 

independent mouse EAE model. Consistent with what we observed in the rat model, 

PA28α, PA28β, PA28γ, LMP2, LMP7 and MECL1 expression were all significantly 

enhanced during the course of the disease, beginning at E1 (tail weakness only) (Fig. 

6A). In addition, a progressive increase in the abundance of IP-specific proteins was 

observed in the more advanced disability stages E2 (hindlimb weakness) and E3 

(hindlimb paralysis), with ~5-12 fold increases compared to control tissue levels (Fig. 

6A). Overall, the increase in IP-specific proteins in mouse EAE spinal cords appeared to 

be disease severity-dependent. This observation is consistent with gene expression 

profiling of CNS tissues in murine EAE models, which showed that LMP2, LMP7, 

MECL1 and PA28α are increased from disease onset to peak disability 59. Furthermore, 

Fissolo et al. reported enhanced activities of proteasome subunits 1i (LMP2), 2, 2i 

(MECL1) and 5 in the CNS of EAE mice and that the symptoms of EAE mice were 

ameliorated by dual inhibition of proteasomal and lysosomal activities 60. We found no 

significant EAE-induced changes in the regular proteasome components evaluated, 

including Rpt1 and Rpn12 (Fig. 6B), indicating that the enrichment of IP proteins is 

specific in the EAE models we examined (Fig. 6C-D). In addition, the chymotrypsin-like 

activities of constitutive proteasomes, as measured using the fluorogenic substrate Suc-

LLVY-AMC, were comparable among EAE at E1 and E2 stages and the control mouse 
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spinal cord extracts (Fig. 7). Overall, the increase in IP versus constitutive proteasome 

components suggests that MHC class I antigen presentation and CD8+ T cell activation 

may play a role in EAE development. 

IPs regulate many physiological processes, including cytokine production and 

antigen processing, and IP dysfunction has been associated with several inflammatory 

pathologies, including multiple sclerosis and autoimmune disease 61-63. Human IP 

proteins are not abundantly expressed in infants; however, they are readily detected in 

the brains of elderly individuals and patients affected by Alzheimer’s disease, 

Huntington’s disease, epilepsy and multiple sclerosis 61, 64-67. For example, a 60HH 

variant of the IP-specific LMP2 gene has been correlated with altered MBP epitope 

generation and reduced risk of multiple sclerosis development in HLA-A*02+ Italian 

females 61. However, in LMP2 knockout mice, MOG peptide-induced EAE symptoms 

were not significantly different compared to wild type animals 68. 

Immunoproteasomes as therapeutic targets for autoimmune disease

Given the changes in IP protein expression in EAE animals and the possible function of 

IP in autoantigen production in multiple sclerosis, drugs that modulate proteasome or IP 

function may be useful for the treatment of multiple sclerosis or EAE. Vanderlugt et al. 

reported that the proteasome inhibitor PS-519 can alleviate EAE symptoms, possibly via 

the downregulation of NF-κB 69. Similarly, the HIV-1 protease inhibitor Ritonavir was 

shown to protect against EAE, presumably due to its ability to partially inhibit 

proteasome activity 70. Further studies of whether these drugs can target both 

constitutive and immunoproteasomes will reveal whether these protective functions are 

constitutive or specific to the immunoproteasome. 
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In addition to multiple sclerosis, other autoimmune diseases also exhibit IP 

abnormalities. For example, circulating autoantibodies against MECL-1, LMP2 and 

LMP7 are increased in systemic lupus erythematosus (SLE) and Sjögren syndrome 

patients 71-73. Interestingly, the efficacy of therapies targeting IP proteins have been 

demonstrated in different autoimmune disease models. PR-957, a selective inhibitor of 

IP LMP7, attenuated the progression of experimental arthritis in an animal model by 

blocking the presentation of MHC class I–restricted antigens and the production of 

cytokines IL-23, IFN-γ  and  IL-2 74. Furthermore, PR-957 also strongly reduced 

pathological inflammation and tissue destruction in dextran sulfate sodium-induced 

colitis 75. It is unknown whether IP protein inhibitors are effective against EAE or multiple 

sclerosis. Future studies will be needed to explore the precise function of IP induction in 

EAE and the possible therapeutic uses of IP inhibitors for EAE or multiple sclerosis.

Future directions

Since a pioneer study by Hood et al. 27, which showed that FFPE materials are 

accessible to proteomic analysis, much work has been done to enhance peptide 

recovery from FFPE tissues. By comparing buffers containing different concentrations of 

various detergents, Azimzadeh et al. 29 concluded that a buffer containing 20 mM Tris-

HCl, pH 8.8, 2% SDS, 1% β-octylglucoside, 200 mM DTT, 200 mM glycine and a 

mixture of protease inhibitors is optimal for achieving sensitive and reproducible peptide 

recovery from FFPE samples. Furthermore, Ostasiewicz et al. 25 discovered that total 

proteomes, phosphoproteomes, and N-glycoproteomes can be effectively analyzed in 

FFPE samples using a filter-aided sample preparation method.
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These developments will likely reduce the proteome coverage gap between analyses of 

FFPE and frozen tissues. Currently, neuronal tissue fixation protocols are not 

standardized and may vary from lab to lab; an optimized FFPE procedure that is 

reproducible and amenable to subsequent high peptide yield proteomics workflows will 

facilitate the achievement of the full potential for proteomics analysis of achieved FFPE 

patient samples. From our current study, it has been proven that iTRAQ-based 

quantitative analysis of proteins extracted from FFPE tissue is at par with that from fresh 

tissues. Since iTRAQ method allows comparing of up to eight samples in parallel, it 

would enable us to perform high throughput protein quantitative analysis from archived 

FFPE samples as compared to other quantitative techniques such as ICAT or SILAC, 

with less multiplexing capability. In an iTRAQ analysis, quantitative information is 

derived from tandem MS spectra which provide very accurate quantitative information 

for up to eight samples in a single experiment. Other quantitative labeling techniques 

such as ICAT rely on measuring the intensity of light/heavy parent ions in MS scans to 

derive the protein expression ratios and limited to compare only two samples in a single 

experiment. Further, classical SILAC approach is not appropriate for quantitative 

analysis of proteins in FFPE tissue samples, which are not easily amenable to in vivo 

labeled samples.

Conclusions

Our results have indicated that iTRAQ analysis of FFPE tissues is an effective method 

for the proteomic investigation of neurological disease animal models using archival 

clinical tissue slides. Among the many proteins induced in EAE, IP components may be 

used a biomarker for studying EAE pathology or as possible therapeutic targets for the 
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clinical management of multiple sclerosis-related neurological disease. Similar 

retrospective proteomics studies can be conducted for other diseases for which patient 

tissues are preserved via FFPE and clinical data have been collected; these data may 

be directly correlated with proteomic changes. We envision that such studies can 

provide valuable insights into disease mechanisms and identify biomarkers for 

monitoring disease progression and evaluating therapeutic efficacies. 
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Figure Legends:

Fig. 1. Overview of iTRAQ analyses of FFPE and fresh frozen EAE tissues. (A)

FFPE spinal cord sections on microscope slides were de-paraffinized and processed 

using the Liquid Tissue kit according the manufacturer’s protocol. The resulting tryptic 

peptides from four animals (two controls and two EAE animals) were each labeled with 

a different iTRAQ reagent (annotated as 114 to 117, according to their size) and mixed 

together. (B) For fresh frozen tissue samples, following the initial extractions, proteins 

from four animals were reduced, alkylated, and subsequently digested by trypsin. The 

resulting tryptic peptides were labeled with iTRAQ reagents and mixed together. For 

both FFPE and frozen samples, mixtures of iTRAQ-labeled peptides were fractionated 

by two-dimensional liquid chromatography consisting of a strong cation exchange 

followed by reversed-phase HPLC. Separated peptides were analyzed by tandem mass 

spectrometry. Proteins and peptides were quantified using the iTRAQ reporter ion (A1 

and B1) peak areas revealed in the tandem mass spectra and were identified by the b-

and y- series of ion (A2 and B2).

Fig. 2. Comparison of proteins identified and quantified from FFPE and frozen 

spinal cords. (A) A Venn diagram showing number of proteins uniquely identified in 

either FFPE (61) or fresh frozen samples (299). Shaded area (201) shows the number 

of proteins identified in both fixed and frozen spinal cords. (B) A scatter plot showing the 

iTRAQ expression ratios of proteins identified in both fixed (Supplemental Table 1) and 

fresh frozen samples (Supplemental Table 2) . The iTRAQ ratios of most proteins were 
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consistent between the two analyses. Most proteins were not changed between EAE 

and the control animals. Most changed proteins were up-regulated in EAE, presumably 

due to immune cell infiltration of the spinal cords.

Fig 3. Sample MS/MS spectra from iTRAQ neuroproteomics analyses of FFPE and 

frozen spinal cords. P28α peptide 37ISELDAFLK45 (FFPE, A-B; frozen, C-D) and 

Lysozyme C-1 peptide 126AWVAWQR132 (FFPE, E-F; frozen, G-H). Peptide sequences 

were deduced from MS/MS spectra based on the observation of a continuous series of 

either N-terminal (b-series) or C-terminal (y-series) ions (B, D, F and H). The peak 

areas (A, C, E and G) of iTRAQ quantification ions m/z 114–117 were used to measure 

the relative abundance of individual peptides. Red bars represents intensities in control 

samples (labeled with iTRAQ reagent 114 and 115) and green bar represents intensities 

in EAE samples (labeled with iTRAQ reagent 116 and 117).  All the peptides shown 

here were more abundant in EAE samples; therefore, EAE peaks were elevated relative 

to the control peptide peaks (A, C, E and G). Quantitative information from iTRAQ was 

comparable between the analyses of fixed spinal cords and the frozen samples (A 

compared to C and E compare to G). Mass spectra (B compared to D and F 

compared to H) of the same peptide were comparable among fixed and fresh samples.

Fig. 4. Molecular pathway analysis of proteins upregulated in EAE. Using a DAVID 

(http://david.abcc.ncifcrf.gov) analysis protocol for KEGG database, proteins involved in 

antigen processing and presentation were found to be enriched in list of EAE-

upregulated proteins compiled from the analyses of both FFPE and frozen spinal cords. 

EAE-upregulated proteins involved in antigen processing and presentation are 

highlighted. PA28 and BiP (heat shock 70 kDa protein) are involved in MHC I antigen 
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processing, while CTSB (cathepsin B) and CTSB/L/S (cathepsin B, L and S) are 

involved in MHC II antigen processing and presentation.

Fig 5. Western blot comparison of control and EAE immunoproteasome-specific 

proteins in rat spinal cords. (A) Representative blots showing increased PA28α (~ 28

kDa), PA28β (~29 kDa), PA28γ (~30 kDa), LMP-2 (~22 kDa), LMP-7 (~25 kDa), and 

MECL-1 (~29 kDa) expression in EAE spinal cords. GAPDH (~40 kDa) was used as a 

loading control (n=3). (B) Western blot quantification using Quantity One software (Bio-

Rad). *p< 0.05, ** p< 0.01.

Fig. 6 Western blot comparison of immune- and constitutive proteasome proteins 

in mouse spinal cords during different phases of EAE. (A) Representative blots 

showing EAE disability score-related increases in PA28α (~28 kDa), PA28β (~29 kDa), 

PA28γ (~30 kDa), LMP-2 (~22 kDa), LMP-7 (~25 kDa) and MECL-1 (~29 kDa). GAPDH 

(~40 kDa) is shown as a control. (n=3). E1: tail weakness; E2: hindlimb weakness; E3: 

hindlimb paralysis; C: controls. (B) Representative blots showing that the expression of 

the constitutive proteasome proteins Rpt1 (~48 kDa) and Rpn12 (~32 kDa) are 

unaffected in EAE. GAPDH was used as a loading control. (C and D) Western blot 

quantification using Quantity One software (Bio-Rad). Comparisons were made with 

the controls unless marked otherwise. *p< 0.05 and ** p< 0.01.

Fig. 7.  Comparison of proteasomal chymotryptic activities in mouse spinal cords

during different phases of EAE. Enzyme activity was evaluated using the Suc-LLVY-

AMC fluorogenic assay according to a standard method 40. Non-proteasome-specific 

chymotrypsin activity was determined by adding epoxomicin to a separate reaction 
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control; proteasome-specific activity was then determined by subtracting nonspecific 

activity from the total activity. *P<0.05 (n=2 for control, n=4 for EAE Stage 1, n=3 for 

EAE Stage 2 and n=3 for EAE Stage 3).
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Table 1. Comparison of proteomics analyses of frozen and FFPE-fixed rat spinal 
cords

Fresh Frozen Formalin Fixed 
Paraffin Embedded

Protein amounts used 90 µg 12 µg
Instruments ABI 4700 ABI 4800
No. of proteins identified 500 262
No. of unique peptides identified 2187 1155
Percentage of proteins up-regulated 
in EAE (≥ 1.2 fold%, p-value ≤ 0.05)

11% 11%

Percentage of proteins down-
regulated in EAE (≤ 0.8 fold%, p-
value ≤ 0.05)

2% 5%

Percentage of proteins un-changed 87% 84%
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Table 2. Proteins up-regulated in EAE spinal cords determined by iTRAQ 
analyses. 

Fresh Frozen Formalin Fixed 
Paraffin Embedded

Protein Name Accession 
Numbera

iTRAQ 
Ratio 
(E/C)b

p-valuec
iTRAQ 
Ratio 
(E/C)b

p-valuec

Actin, cytoplasmic 1 ACTB_RAT 1.5 0.05 1.3 0.03
Alpha-1-
macroglobulin A1M_RAT 2.9 0.04 1.7 0.01

Apolipoprotein E APOE_RAT 2.3 0.00 3.3 0.01
Ceruloplasmin CERU_RAT 2.6 0.04 2.2 0.01
Heat shock protein 
beta-1 HSPB1_RAT 1.8 0.03 2.5 0.00

Hemopexin HEMO_RAT 1.9 0.02 3.5 0.00
Histone H2B type 1 H2B1_RAT 2.0 0.01 2.2 0.02
Plastin-2 Q5XI38_RAT 3.2 0.02 2.6 0.03
Vimentin VIME_RAT 1.7 0.01 1.8 0.01

a SwissProt accession number.
b iTRAQ Ratio E/C denotes iTRAQ ratio of EAE/Control
c p-values were derived via the 2-tailed Student's t-test for each protein by comparing 
the two EAE with the two control values using Excel (Microsoft, Redmond, WA).
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Fig. 1. Overview of iTRAQ analyses of FFPE and fresh frozen EAE tissues. (A)
FFPE spinal cord sections on microscope slides were de-paraffinized and processed 
using the Liquid Tissue kit according the manufacturer’s protocol. The resulting tryptic 
peptides from four animals (two controls and two EAE animals) were each labeled with 
a different iTRAQ reagent (annotated as 114 to 117, according to their size) and mixed 
together. (B) For fresh frozen tissue samples, following the initial extractions, proteins 
from four animals were reduced, alkylated, and subsequently digested by trypsin. The 
resulting tryptic peptides were labeled with iTRAQ reagents and mixed together. For 
both FFPE and frozen samples, mixtures of iTRAQ-labeled peptides were fractionated 
by two-dimensional liquid chromatography consisting of a strong cation exchange 
followed by reverse-phase HPLC. Separated peptides were analyzed by tandem mass 
spectrometry. Proteins and peptides were quantified using the iTRAQ reporter ion (A1 
and B1) peak areas revealed in the tandem mass spectra and were identified by the b-
and y- series of ion (A2 and B2).
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Fig. 2. Comparison of proteins identified and quantified from FFPE and frozen 
spinal cords. (A) A Venn diagram showing number of proteins uniquely identified in 
either FFPE (61) or fresh frozen samples (299). Shaded area (201) shows the number 
of proteins identified in both fixed and frozen spinal cords. (B) A scatter plot showing the 
iTRAQ expression ratios of proteins identified in both fixed and fresh frozen samples 
(Supplemental Table 2) . The iTRAQ ratios of most proteins were consistent between 
the two analyses. Most proteins were not changed between EAE and the control 
animals. Most changed proteins were up-regulated in EAE, presumably due to immune 
cell infiltration of the spinal cords.
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Fig 3. Sample MS/MS spectra from iTRAQ neuroproteomics analyses of FFPE and 
frozen spinal cords. P28α peptide 37ISELDAFLK45 (FFPE, A-B; frozen, C-D) and 
Lysozyme C-1 peptide 126AWVAWQR132 (FFPE, E-F; frozen, G-H). Peptide sequences 
were deduced from MS/MS spectra based on the observation of a continuous series of 
either N-terminal (b-series) or C-terminal (y-series) ions (B, D, F and H). The peak 
areas (A, C, E and G) of iTRAQ quantification ions m/z 114–117 were used to measure 
the relative abundance of individual peptides. Red bars represents intensities in control 
samples (labeled with iTRAQ reagent 114 and 115) and green bar represents intensities 
in EAE samples (labeled with iTRAQ reagent 116 and 117). All the peptides shown here 
were more abundant in EAE samples; therefore, EAE peaks were elevated relative to 
the control peptide peaks (A, C, E and G). Quantitative information from iTRAQ was 
comparable between the analyses of fixed spinal cords and the frozen samples (A 
compared to C and E compare to G). Mass spectra (B compared to D and F 
compared to H) of the same peptide were comparable among fixed and fresh samples.
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Fig. 4. Molecular pathway analysis of proteins upregulated in EAE. Using a DAVID 
(http://david.abcc.ncifcrf.gov) analysis protocol for KEGG database, proteins involved in 
antigen processing and presentation were found to be enriched in list of EAE-
upregulated proteins compiled from the analyses of both FFPE and frozen spinal cords. 
EAE-upregulated proteins involved in antigen processing and presentation are 
highlighted. PA28 and BiP (heat shock 70 kDa protein) are involved in MHC I antigen 
processing, while CTSB (cathepsin B) and CTSB/L/S (cathepsin B, L and S) are 
involved in MHC II antigen processing and presentation.
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Fig 5. Western blot comparison of control and EAE immunoproteasome-specific 

proteins in rat spinal cords. (A) Representative blots showing increased PA28α (~ 28

kDa), PA28β (~29 kDa), PA28γ (~30 kDa), LMP-2 (~22 kDa), LMP-7 (~25 kDa), and 

MECL-1 (~29 kDa) expression in EAE spinal cords. GAPDH (~40 kDa) was used as a 

loading control (n=3). (B) Western blot quantification using Quantity One software (Bio-

Rad). *p< 0.05, ** p< 0.01.
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Fig. 6 Western blot comparison of immune- and constitutive proteasome proteins 
in mouse spinal cords during different phases of EAE. (A) Representative blots 
showing EAE disability score-related increases in PA28α (~28 kDa), PA28β (~29 kDa), 
PA28γ (~30 kDa), LMP-2 (~22 kDa), LMP-7 (~25 kDa) and MECL-1 (~29 kDa). GAPDH 
(~40 kDa) is shown as a control. (n=3). E1: tail weakness; E2: hindlimb weakness; E3: 
hindlimb paralysis; C: controls. (B) Representative blots showing that the expression of 
the constitutive proteasome proteins Rpt1 (~48 kDa) and Rpn12 (~32 kDa) are 
unaffected in EAE. GAPDH was used as a loading control. (C and D) Western blot 
quantification using Quantity One software (Bio-Rad). Comparisons were made with 
the controls unless marked otherwise. *p< 0.05 and ** p< 0.01.
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Fig. 7. Comparison of proteasomal chymotryptic activities in mouse spinal cords
during different phases of EAE. Enzyme activity was evaluated using the Suc-LLVY-
AMC fluorogenic assay according to a standard method 40. Non-proteasome-specific 
chymotrypsin activity was determined by adding epoxomicin to a separate reaction 
control; proteasome-specific activity was then determined by subtracting nonspecific 
activity from the total activity. *P<0.05 (n=2 for control, n=4 for EAE Stage 1, n=3 for 
EAE Stage 2 and n=3 for EAE Stage 3).
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