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Impact of Head Injury in the U.S.Impact of Head Injury in the U.S.

Annual U.S. traumatic brain injury (TBI) statistics
l 2 million TBI cases
l 500,000 hospitalizations
l 100,000 deaths
l 70,000-90,000 people with long-term disabilities
l 2,000 survive in permanent vegetative state
l Medical costs of over $48 Billion annually in US
l Costly MRI ($1,100-1,500) or CT ($700-1,000) scans
l 30% Battlefield injuries are head injury
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Sports & Recreation
10% Falls
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Diagnostic markers could improve TBI 
patient management and outcome 
today
-Objective, quantative index of mild TBI

-Acute patient management: admit  vs. discharge:  

further diagnostics

Biomarkers are necessary for the 
development and introduction of 
new TBI therapy

• Reduce costs/risks of clinical trials – surrogate marker
• Early assessment of treatment efficacy

Need for Diagnostic Biochemical Need for Diagnostic Biochemical 
MarkersMarkers

• New proteomic-based technologies 
are making possible rapid discovery 
exciting and unanticipated 
diagnostic markers

Need for Diagnostic Biochemical Need for Diagnostic Biochemical 
MarkersMarkers
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Neuronal injury biomarkers are also highly Neuronal injury biomarkers are also highly 
relevant to other acute CNS injuries and relevant to other acute CNS injuries and 

psychiatric diseasespsychiatric diseases

l Acute CNS injuries
– TBI, Stroke, Invasive neurosurgical procedures, 

Subarachnoid hemorrhage, Seizure

l Neurodegenerative diseases
– Alzheimer’s disease, ALS
– Parkinsonism

l Psychiatric disorders
– Alcoholism, Binge drinking
– Substance abuse  (Methamphetamine, Ecstasy)

Fate of  brain injury biomarkersFate of  brain injury biomarkers

Protein
efflux

BBB 
leakage

Clearance

TBI Brain           _

CSF Blood
Intracellular
compartment

Extracellular
Fluid

Equilibrium

Brain cell 
injury

Genesis of Biomarkers Detection of Biomarkers
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Impact 
Site

To LVDT

High air
pressure

Low air
pressure

Rat model of TBI: Controlled Cortical Rat model of TBI: Controlled Cortical 
Impact (CCI)Impact (CCI)

Integrated Proteomic Approach to TBI Integrated Proteomic Approach to TBI 
Biomarker DiscoveryBiomarker Discovery

(a) Differential 2D-gel electrophoresis

(b) 1D-Gel Electrophoresis-
LC-MS/MS

(c) Liquid Chromatography/ 1D-Gel 
Electrophoresis-MS/MS

(d) Degradomics and High Throughput High Throughput 
Immunoblotting (HTPI) SystemImmunoblotting (HTPI) System
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What is Neuroproteomics?What is Neuroproteomics?

l Neuroproteomics is the application of multiple proteomic 
techniques to elucidate protein level changes, 
posttranslational modifications and protein-protein-
interactions and protein pathways/networks of the nervous 
system at an organism-wide scale.

l Human neuroproteomics encompasses the central nervous 
system (CNS) (i.e. brain and spinal cord) and the 
peripheral nervous system (PNS).

l Neuroproteomics studies also have important significance 
in biochemical mechanism elucidation, diagnosis and 
therapy development for various neural diseases.

Separations

Why Separate?
• > 10,000 proteins encoded in humans

• Multitude of Post-Translational Modifications

• 7-Order Dynamic Range in Concentration

• Proteins Mix Together In Biological Samples

1D-SDS/PAGE
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2-D Differential In gel electrophoresis
(DIGE)

More and More Separations
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2D-PAGE

DIGE of 325ug of Cerebellum (Cy3, Green) and of Cortex 
(Cy5, Red) Protein Extract with 18cm pH 3 -10NL IPG Strip 

for IEF and Pre-cast 8 -16% Tris-HCl gel in Tris-Glycine 
Running Buffer for SDS-PAGE 

Cerebellum (Cy3, Green)

Cortex (Cy5, Red)
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Differential Expression Analysis

•Total protein difference: 320

•Unmatched proteins:7

(3cerebellum vs 4 cortex)

•More than 2 fold increase in 
cerebellum: 42

•More than 2 fold increase in 
cortex: 33

•238 protein spots differ by 
less than 2 fold

TBI (Cy5, red)

Naive (Cy3, green)
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1D-Gel Electrophoresis-
LC-MS/MS

From Samples to 1DFrom Samples to 1D--DIGE to CLC/ MS/MSDIGE to CLC/ MS/MS

Gel slices

Trypsin Digestion

Tryptic peptides  (~0.5 to 5 kDa)

Capillary Liquid 
Chromatography (CLC)

First MS

Sequence determination

Subtractive analysis and database 
searching (Sequest and Mascot)

Putative protein biomarker identification

-but MS/MS provides 
sequence…

-MS provides different 
mass patterns,

Naïve and TBI rat cortex samples

DIGE

Peptide separation

Second MS spectra

Mass determination
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Putative Biomarkers Revealed by Putative Biomarkers Revealed by 
Fluorescence Line Plot Ratios:Fluorescence Line Plot Ratios:

InjuredInjured--Cy3 (I)Cy3 (I) HC Vs. HC Vs. NaïveNaïve--Cy5 (N)Cy5 (N) HCHC
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Proof-of-Principle: -Distinct peaks can be identified and quantified

1D1D--Differential In Gel Electrophoresis (1DDifferential In Gel Electrophoresis (1D--DIGE) DIGE) 
Images:Images:

InjuredInjured--Cy3 (I)Cy3 (I) HC Vs. HC Vs. NaïveNaïve--Cy5 (N)Cy5 (N) HCHC

TBI:Cy3-labeled  
(green) image

Naive:Cy5-labeled 
(red) image

Coomassie blue 
stain image

M   I   N  I+N M   I   N  I+N M   I    N  I+NM   I   N   I+N

Combined Cy3+Cy5 
labeled (yellow) image

-Individual unlabeled (TBI, Naïve) and Combined Cy3-Cy5 labeled samples run on 1D-GE
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Representative CLC chromatogram of tryptic peptides from 
the unlabeled injured (I) sample in gel slice 19. 

\ \sequest\Data\19 3/4/2003 12:13:33 PM
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2.11E10
TIC  MS 19

Capillary LC separation of tryptic peptides Capillary LC separation of tryptic peptides 
and  MS determination of exact MWand  MS determination of exact MW

11stst--ranked Tryptic Peptide MSranked Tryptic Peptide MS--MS analysis in Gel Slice 22 MS analysis in Gel Slice 22 
((SynaptojaninSynaptojanin): Injured): Injured--Cy3 (I) HCCy3 (I) HC

Tryptic peptide ID: TPGPLSSQGAPVDTQPAAQK
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Tryptic Peptides Observed in the 1Tryptic Peptides Observed in the 1stst-- ranked protein ranked protein 
((SynaptojaninSynaptojanin) in Gel Slice 22: Injured) in Gel Slice 22: Injured--Cy3 (I) HCCy3 (I) HC

Putative TBI BiomarkersPutative TBI Biomarkers

322 Unique proteins Identified in rat hippocampus          

88 Found in both Injured and Naïve tissue

125 Found only in Injured tissue

89 Found only in Naïve tissue

20 Contaminants (keratins, hemoglobin, and trypsin)
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Liquid Chromatography/ 1D-Gel 
Electrophoresis-MS/MS

S
C
X

Tandem Liquid Chromatography/ 1D-Gel Electrophoresis
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Cerebellum tissue Chromatograms – even protein 
distribution,  low runr-to-run variability

MKR      2              5               8             MKR      11             14             17           MKR      20           23            26

Chromatograms Overlay from Cortex and Cerebellum Brain Samples

Cortex A 280nm and 214nm 1mg, comparable peaks, wide spreading within 30 fractions
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Side-by-Side Cerebellum (1st) and Cortex (2nd) Fraction comparison by 1D-SDS-PAGE
MKR 1         2         3        4                MKR    5          6         7        8                MKR     9        10       11 12

MKR   13      14       15      16                MKR   17       18       19       20                    21       22       23    24       25

MKR   1    2   3    4    5    6   7    8      MKR   9   10  11  12  13  14  15 16     MKR   17 18  19  20   21  22  23 24 25

Differential protein analysis by lane overlay with pseudo-color

Steps to Identification
• Excise Bands of Interest

• Digest Protein with Enzymes

• Perform Mass Spectrometry

• Search Protein Database

Information to Maintain
• Fraction (time) Number

• Mass at Band Location

• Color Shift Value

• Band Intensity
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The Mass Spec Approach:  What’s Involved

# 1: Address Sample Complexity

1
Sample

10,000
Proteins

1,000,000
Tryptic

Peptides

Mass Spectrometers
MALDI / MS 
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Mass (m/z)
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1379.1053 1937.5321 2212.6673
1839.40561418.0707942.5132 2285.8510

1271.8410 1507.1603
1663.2362

748.4357     ALELFR
941.4733     YKELGFQG

1271.6636   LFTGHPETLEK
1360.7589   ALELFRNDIAAK
1378.8422   HGTVVLTALGGILK

1506.9372   HGTVVLTALGGILKK
1606.8553   VEADIAGHGQEVLIR
1661.8539   LFTGHPETLEKFDK

1815.9030   GLSDGEWQQVLNVWGK
1937.0173   LFTGHPETLEKFDKFK

60%

Myoglobin
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Mass Spectrometers

NanoLC-ESI / MSMS 
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More Data
More Numbers

MKR   1    2   3    4    5    6   7    8      MKR   9   10  11  12  13  14  15 16     MKR   17 18  19  20   21  22  23 24 25

--3-oxoacid CoA transferase (56 kDa)210
Aldehyde dehydrogenase 2(56 kDa)Pyruvate kinase muscle (58 kDa)110
Aldehyde dehydrogenase 2(56 kDa)Pyruvate kinase muscle (58 kDa)19
Phosphatidyl. Binding (21 kDa)ADP-ribosylation Factor (21 kDa)38
Transaldolase 1 (37 kDa)Aldo -keto Reductase 1 (36 kDa)28
--Pyruvate Kinase (57 kDa)18
Parvalbumin (12 kDa)Ubiquitin & Ribosomal L40 (14 kDa)13
--Calbindin 2 (29 kDa)42
Profilin (14 kDa)Parvalbumin Ca Binding (12 kDa)* 3 ** 2 *
--Carbonic anhydrase (29 kDa)22
Aldolase A (39 kDa)Creatine kinase (42 kDa)12
a-Enolase 1 (47 kDa)Enolase 1; phosphopyruvate (47kDa)11

Protein 2Protein 1BandFrac.

* *
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TBI DegradomicsTBI Degradomics

TBI DegradomeTBI Degradome-- The complete set of protein substrates that The complete set of protein substrates that 
are subjected to protease degradation during and after are subjected to protease degradation during and after 

traumatic brain injurytraumatic brain injury

TBI “Degradome”: A unique biomarker TBI “Degradome”: A unique biomarker 
opportunityopportunity

“Degradomics” Overall et al., Nature Reviews 3:509 (2002)

“Protease over“Protease over--activation is a major theme in activation is a major theme in 
traumatic and ischemic brain injury”traumatic and ischemic brain injury”

--Calpain,Calpain,
--Caspases,Caspases,

--Cathepsins, Cathepsins, 
--MMP’s & ProteasomeMMP’s & Proteasome
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(a) TBI Proteolytic Markers(a) TBI Proteolytic Markers

Protease overProtease over--activation is a activation is a 
major theme in traumatic and major theme in traumatic and 

ischemic brain injuryischemic brain injury

Protein fragments become Protein fragments become 
markers for brain injurymarkers for brain injury

aII-SPECTRIN  BREAKDOWN PRODUCTS (SBDPs) 
AS A PROTOTYPICAL BIOCHEMICAL MARKER

- aII-spectrin

- aII-spectrin
Ipsi 

Cortex

CSF

-150/145 kDa 

-120 kDa

-150/145 kDa 
-120 kDa

sham
24h 48h 72h

TBI
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TBI Degradomic Markers: What’s Next

•TBI degradomic markers identified :

• Provide not only surrogate endpoints but mechanistic 
analysis of injury, but also powerful insight into 
subcellular localization of injury

• Next:

•“Fragment-specific” Antibodies
• Sandwich ELISA for CSF and blood sample analysis

High Throughput Immunoblotting High Throughput Immunoblotting 
(HTPI) System(HTPI) System
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High Throughput Immunoblotting (HTPI) High Throughput Immunoblotting (HTPI) 
SystemSystem

•Protein samples subjected to a set of 5 blots

•Each blot has 39 usable lanes  (manifold system)

•Each lane is developed with 5-6 different monoclonal 
antibodies (toward antigen with non-overlapping molecular 
weight)

•Total:  probed with >1,000 monoclonal antibodies 

aIIaII--spectrin immunoblot as Quality Control spectrin immunoblot as Quality Control 
before HTSIbefore HTSI
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HTPI RunHTPI Run--toto--Run Run 
variability is lowvariability is low

Example of Calpain Degradome Example of Calpain Degradome 
(Template A)(Template A)

Munc-18 (div/0)

BDP

Rabphilin-3A (xdiv/0)

MYPT1 (x3.38)

PKCgamma (>x100)

CaMPKII (X5.23)

Amphiphysin (>x150)

ASAP1 (x23.46)BRMP2 -87KD (x23.47)

Dynactin 50kDa (xdiv/0)

Endopeptidase (div/o)PKCe (>x6.50)

SNAP-25 (div/0)

Synapsin IIa (Xdiv/0) Synaptojanin1 (div/0)
GSPT2 (x4.77) M-Calherin(x??)

GABA-BR2 (x?) ZO-2 (div/0)

mGluR1 (div/0)

Synaptotagmin (2.83)
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Example of CaspaseExample of Caspase--3 Degradome 3 Degradome 
(Template A)(Template A)

Munc-H (x/??)

nNOS (x2.51)

(x23.47)

MYPT1 (x??)

PKCgamma (>x100)

CaMPKII (X5.23)

PMCA2

BDP

BDP

GABA-BR2 (x?)

Example of TBI Degradome Example of TBI Degradome 
(Template A)(Template A)

Munc-H (x45)

BDP

Rabphilin-3A (x23.47)

MYPT1 (x5)

PKCgamma (>x100)

CaMPKII (X5.23)
GABA-BR2Synaptojanin1PMCA2

BRMP2

SNAP-25

SNAP-25

nNOS (x2.51)
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Number of degradomic hits from each Number of degradomic hits from each 

Template of PowerBlotTemplate of PowerBlot

Template A B C D E TOTAL 
Hits

Calpain-2 22 14 8 3 9 56

Caspase- 3 9 14 5 3 9 40

TBI 13 9 5 4 8 39

% Hits Rate :  Calpain-2:  56 / 1,000   =  5.6%
Caspase-3:  40 / 1,000   =  4.0%
TBI :  39 / 1,000   =  3.9%

Swiss Pro ID M.W. 
(kDa)

Calpain-1 
degraded

Caspase-3 
degraded

TBI degraded

AKAP220 A 1 Q62924 220 (+) (+) (+)
Amphiphysin A 1 O95163 125 (+)
ASAP1 A 39   Q9QWY8 130 (+)
BRMP2 A 15 O08539 96/89 (+) (+)
CaMPK-II A 36 P11275 52 (+) (+) (+)
Dynactin A 19 Q13561 50 (+) (+) (+)
Endopeptidase A 29 P42676 80 (+)
GABA-B-R2 A 36 O088871 130 (+) (+) (+)
GSPT2 A 33 O88180 88 (+)
M-Calherin A 34 P10287 130 (+)
MGluR1  (check) A 19 P23385 133 (+)??
Munc-18 A 3 Q99PV2 68 (+) (+)
MYPT1 A 29 ??? 130 (+) (+)
PkC-b A 18 P05771 80 (+)
PKC-e A 10 Q02156 90 (+)
PKC-g A 30 P05129 80 (+) (+) (+)
PMCA2 A 17 P11506 133 (+) (+) (+)
Rabphilin-3A A 23 P47709 75 (+) S
SNAP-25 A 7 P13795 25 (+) (+) (+)
Synapsin-IIa A 13 Q63537 74 (+) (+) (+)
Synaptojanin-1 A 23 Q62910 140 (+) (+)
Synaptotagmin A 11 P21579 65 (+)

Adaptin B 29 P17426 112 (+)
Bad (check) B 30 Q61337 23 (+)?? (+)
B-Catenin B 5 Q02248 92 (+) (+) (+)
Cathepsin L B 22 P07711 43 (+) (+) (+)
Dynamin B 26 P21575 100 (+) (+) (+)
Ki-67 B 8 P46013 395 (+) (+)
MEF2D B 3 Q63943 70 (+) (+)
NCK B 2 P16333 47 (+)
NSP1 B 24 Q9Y2X4 72 (+) (+) (+)
P150Glued B 26 P28023 150 (+) (+) (+)
P190 B 3 Q13017 190 (+) (+) (+)
PKC-a B 25 P17252 82 (+) (+) (+)
Rap-1 (check) B 29 Q9NYB0 21 (+)?
RhoGD1 (check) B 3 P52566 28 (+)?
SII/TFIIS B 32 P23193 38 (+) (+)
Smac/Diablo B 6 Q9NR28 22 (+) (+) (+)
TAF1170 or DRBP76 B 7 P49848; Q12906 72/90 (+)

Arp-3 C 18 P32391 50 (+) (+)
CaMPK-IV C 12 Q16566 60 (+) (+) (+)
c-Cbl C 9 P22681 120 (+)
hPrp-17 C 15 O60508 66 (+) (+) (+)
Nek2 C 5 P51955 46 (+)
P55 Cdc C 8 Q9BW56 55 (+)
Profilin C 28 ?? 15 (+) (+)
a-/b-SNAP C 21 P54920 35/36 (+) (+)
Striatin C 22 P70483 110 (+)
TNIK C 38 Q9UKE5 150 (+) (+)

Catenin/pp120 D 32 P30999 120 (+) (+) (+)
P190-B D 28 Q13017 195 (+) (+) (+)
RONa D 27 Q04912 40 (+)
Synapsin-Ia D 38 P09951 80 (+) (+) (+)

ATP Synthase a E 21 ?? 55 (+) (+) (+)
BII-Spectrin E 8 ?? 240 (+) (+) (+)
B-Raf E 25 ?? 95/72 (+) (+) (+)
CapZ a E 8 ?? 37 (+) (+) (+)
Clathrin Heavy Chain E 39 P11442 120 (+) (+) (+)
CtBP1 E 26 Q91W16 48 (+) (+)
JIP E 13 Q9WV19 112 (+) (+) (+)
NSF E 13 P46459 82 (+) (+) (+)
SCAR-1 E 4 Q92588 80 (+) (+) (+)

Protein name Template 
+ Lane

Table 2.  Calpain-2, Caspase -3 and TBI degradomes
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Anti-ßII-Spectrin
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sham TBI-48 h

ßII-Spectrin 
(240 kDa)

ßII-SBDP108 kDa
ßII-SBDP85 kDa

HTPI approach allows rapid “hits” confirmation

Casein kinase I epsilon
(47kDa) –2.6 fold

CRP1 (23kDa) +1.8 fold
Cysteine rich protein 1

p24 (24kDa) +2.2 fold

Thrombin 
Receptor/PAR1

(47kDa)

Carboxypeptidase E 
(50kDa)

p23 (23kDa)

TaipoxinBP (49kDa)

ZO-2(160kDa)

PP2C delta (48kDa)

Rat CSF : 
TBI vs. Sham

-400 ug CSF protein 
loaded

Insufficient loading 
of CSF proteins as 
evidence of the IgG
bands and the weak 
detection signal of 
most protein bands.

Yet, three proteins 
with significant 
increases or 
decreases in TBI are 
identified.

Pooled 
Sham
CSF

Pooled
TBI 
(48h)
CSF

IgG bands



26

Acknowledgements
McKnight Brain Institute-University 
of Florida
Ronald L. Hayes, PhD 
Nancy Denslow, PhD (ICBR)
Andrew Ottens, PhD
Ming Cheng Liu, PhD
Jose Pineda, MD
Anu Waghray, PhD
Stan Svetlov, PhD
Steve Lewis, MD
Mark S. Gold, MD
SuShing Chen, PhD (CISE)
Jeremy Flint
William E. Haskins, PhD
Barbara O’Steen
(Brian R.  Pike,  PhD)
Paul Tolentino, MD
Clair Ringger, DVM
Stephen F. Larner
Eric Johnson
Shannon Jansen
Matt Warren

University of Messina, Italy
Filippo Flavio Angileri, MD
Domenico d’Avella, MD
Oreste de Divitiis, MD
Antonino Germano, MD

University of Pecs, Hungary
Andreas Buki, MD, PhD

Walter Reed Army Institute of Research
Frank Tortella, PhD
Jitendra Dave, PhD

Banyan Biomarkers, Inc.
Dennis Tomisaka
Ronald L. Hayes
Kevin K.W. Wang
Nancy Denslow
Caroline Popper
Ken Walsh


