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Abstract A series of individual proteins have been linked

to performance in the Morris water maze (MWM) but no

global effects have been reported. It was therefore the aim

of the study to show which proteins were strain-indepen-

dent, global factors for training in the MWM. Strains

C57BL/6J, apodemus sylvaticus and PWD/PhJ were used.

MWM and gels from trained animals were from a previous

own study and corresponding yoked groups were gener-

ated. Hippocampal proteins were extracted and run on

two-dimensional gel electrophoresis. Spots with different

expressional levels between trained and yoked groups were

punched and identified by mass spectrometry (nano-LC-

ESI-MS/MS, ion trap). Two-way ANOVA with two factors

(strain and training) was carried out and a Bonferroni test

was used to compare groups. 12 proteins from several

pathways and cascades showed different levels in trained

mice versus corresponding yoked animals in all strains

tested. Four out of these proteins were verified by immuno-

blotting: beta-synuclein, profilin 2, nucleoside diphosphate

kinase A (NME1) and isocitrate dehydrogenase 3. Four

proteins verified by immunoblotting could be shown to

be involved in training in the MWM as a global effect,

independent of the strain tested.

Keywords Morris water maze � Hippocampal proteins �
Beta-synuclein � Profilin-2 � Nucleoside diphosphate

dehydrogenase

Introduction

The Morris water maze (MWM) is widely used to inves-

tigate spatial learning and memory (L&M) and a series of

investigations linking individual proteins to spatial mem-

ory processes were carried out so far (Fukuda et al. 2007;

Tan 2009): Synaptosomal-associated protein-25 (Li et al.

2010), diacylglycerol kinase (Shirai et al. 2010), cyclin-

dependent kinase-like 5 (Cuadrado-Tejedor et al. 2011),

Spred1 (Denayer et al. 2008), phosphorylated protein

kinase A (Sunyer et al. 2009), dual specificity tyrosine-

regulated kinase-1A (Arque et al. 2008) and ElF2alpha

kinase GCN2 (Costa-Mattioli et al. 2005). Moreover, it has

been demonstrated that deficiency of several proteins led to

impairment of spatial memory in the MWM including

NDRG4 (Yamamoto et al. 2011), ATRX gene, a chroma-

tin-remodeling factor (Nogami et al. 2011), phosphorylated

cyclic AMP response element-binding protein (Jung et al.

2010), endothelin-converting enzyme-2 (Rodriguiz et al.

2008), S6K1 and S6K2 (Antion et al. 2008), the UvCK

isoform of creatine kinase (Streijger et al. 2004), apolipo-

protein C–I (Abildayeva et al. 2008) and ARMS/Kidins220
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scaffold protein (Duffy et al. 2011). Overexpression of a

series of individual proteins was linked to impaired spatial

memory in the MWM: a selective role for over-expression

of two different forms of the alpha-secretase ADAM10 in

L&M in mice as evaluated by the MWM was suggested

(Schmitt et al. 2006). Impairment of performance in the

MWM by over-expressed myristoylated alanine-rich C

kinase substrate (MARCKS) was demonstrated by McNa-

mara et al. (2005). Ahn et al. (2006) have shown that

DYRK1A BAC transgenic mice show altered synaptic

plasticity with L&M defects in the MWM.

Hippocampal protein changes in spatial memory retrie-

val in the MWM are well documented, that generated maps

or patterns of spatial memory-related proteins (Patil et al.

2010a, b, 2011). A series of signaling proteins from dif-

ferent pathways were linked to performance in the MWM

including proteins from the Ras signaling pathway

(Brambilla et al. 1997), the WNT signaling (Tabatadze

et al. 2011), protein kinase C and PKA signaling (Holahan

and Routtenberg 2008; Sunyer et al. 2009) and the MAP

kinase signaling pathway (Selcher et al. 1999), to name a

few.

Although previous studies have shown strain-depen-

dence in L&M in the MWM (Brooks et al. 2005; Moy et al.

2007; Nguyen et al. 2000; Patil et al. 2009), there is no

information and data to answer the question which hippo-

campal proteins are strain-independent in the MWM or

other paradigms of spatial memory, i.e. which proteins are

global factors linked to memory training in the MWM.

It was therefore decided to test three different mouse

strains, trained and yoked controls, in a MWM protocol

and to carry out a gel-based proteomic approach with

appropriate statistical handling, in order to find hippo-

campal proteins that are strain-independent but depend on

training in the MWM.

Materials and methods

Animals

Male, 12–14-week-old C57BL/6J, apodemus sylvaticus

(AS) and PWD/PhJ mice were used and housed in their

individual home cages before experiments. An autoclaved

standard rodent diet (Altromin 1314ff) and water were

available ad libitum. Room temperature was 22�C ± 1�C,

and relative humidity was 50 ± 10%. The light–dark

rhythm was 14:10. Ventilation with 100% fresh air resulted

in an air change rate of 15 times per hour. The room was

illuminated with artificial light at an intensity of about

200 lx in 2 m from 5 a.m. to 7 p.m. Behavioral tests were

performed between 8 a.m. and 1 p.m. Experiments were

done under license of the federal ministry of education,

science, and culture, which includes an ethical evaluation

of the project (Project: BMWF-66.009/0152-C/GT/2007).

Housing and maintenance of animals were in compli-

ance with European and national regulations (Patil et al.

2011).

Morris water maze (MWM) studies

Spatial memory was evaluated in the MWM on the iden-

tical three mouse strains as reported earlier (Patil et al.

2010b, 2011) in order to evaluate hippocampal protein

levels in three individual strains showing strain-dependent

protein expression. Yoked mice from the three strains that

spent the same time in the MWM, but were not trained

(absence of a platform during the whole session) were

herein used in the MWM in order to show global training

effects of proteins (reprinted from Sudarshan S. Patil,

Sanjay V. Boddul, Konstantin Schlick, Sung Ung Kang,

Sonja Zehetmayer, Harald Höger, Gert Lubec. Differences

in hippocampal protein levels between C57Bl/6J, PWD/

PhJ, and AS are paralleled by differences in spatial mem-

ory. Hippocampus 21(7):714-723, Copyright (2011), with

permission from Wiley–VCH). These yoked mice were

newly introduced into MWM studies.

Hippocampal samples

Animals trained in the MWM and yoked controls were

used. For chemical analysis, animals were killed by

decapitation 6 h following the probe trial on day 12.

Twenty hippocampal tissue samples per group were taken

from three mouse strains and immediately frozen in liquid

nitrogen and stored at -80�C. The freezing chain was

never interrupted. All efforts were made to minimize ani-

mals suffering.

Sample preparation

Sample preparation was essentially conducted as described

(Zheng et al. 2009). Hippocampi were homogenized and

suspended in 1.2-mL sample buffer (20 mM Tris, 7 M urea,

2 M thiourea, 4% w/v CHAPS, 10 mM 1,4-dithioerythritol,

1 mM EDTA, 1 mM PMSF, 1 tablet Complete
TM

from

Roche Diagnostics, and 0.2% v/v phosphatase inhibitor

cocktail from Calbiochem). After sonication of the sus-

pension *30 s on ice, the suspension was left at 21�C for

1 h and centrifuged at 14,0009g for 60 min at 12�C.

Desalting was carried out with an Ultrafree-4 centrifugal

filter unit with a cutoff molecular weight of 10,000 Da

(Millipore, Bedford, MA) at 3,0009g at 12�C until the

eluted volume was about 4 ml and the remaining volume

reached 100–200 lL. The protein content of the supernatant

was determined by the Bradford (1976) assay.
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Two-dimensional gel electrophoresis

Two-dimensional gel electrophoresis (2-DE) was per-

formed essentially as reported previously (John et al.

2009). The first dimension of gel electrophoresis was car-

ried out using 700 lg of proteins applied to immobilized

pH 3–10 nonlinear gradient strips (Immobiline
TM

Dry strips,

GE Healthcare) with a horizontal electrophoretic apparatus

(Ettan IPGphore 3, GE Healthcare). The isoelectric

focusing started at 200 V, and the voltage was gradually

increased to 8,000 V at 4 V/min and kept constant for a

further 3 h (*150,000 Vh totally). Prior to the second

dimensional run, strips were equilibrated twice for 15 min

with gentle shaking in 10 ml of SDS equilibration buffer

(50 mM pH 8.8 Tris–HCl, 6 M urea, 30% v/v glycerol, 2%

w/v SDS, and trace of bromophenol blue). DTT (1%, w/v)

was added at the first incubation for 15 min and 4% (w/v)

iodoacetamide instead of DTT at the second incubation

step for 15 min. The second-dimensional separation was

performed on 10–16% gradient SDS-PAGE. After protein

fixation for 12 h in 50% methanol and 10% acetic acid, the

gels were stained with colloidal Coomassie blue (Novex,

San Diego, CA, USA) for 8 h, and excess of dye was

washed out from the gels with distilled water. Molecular

masses were determined by running precision protein

standard markers (Bio-Rad Laboratories, Hercules, CA,

USA) covering the range of 10–250 kDa. Isoelectric point

values were determined as given by the supplier of the

immobilized pH-gradient strips (Chen et al. 2010).

Quantification of protein levels

Two-dimensional gel electrophoresis gels were washed

with distilled water to remove excess dye, and gels were

scanned with an Image Scanner (GE Healthcare, Chalfont

St Giles, Buckinghamshire, UK). Image analysis and

quantification of spots were performed with Proteomwe-

aver software (Definiens, Munich, Germany). For quanti-

fication, gel images from trained mice (C57BL/6J, n = 15;

PWD/PhJ, n = 16, AS, n = 16) and yoked controls

(C57BL/6J, n = 13; PWD/PhJ, n = 16, AS, n = 16) were

outlined.

Behavioral data sets from the above-mentioned publi-

cation were corrected for those animals that showed gels of

hippocampal proteins that could be used for the quantifi-

cation because of highest quality: from originally 20 hip-

pocampi per group, a lower number (see Results section)

was used for the protein experiments, because insufficient

protein separation in a few gels did not allow the use for

quantification.

Quantification data from Proteomweaver were processed

as described in statistical analysis. The percentage of the

volume of the spots representing a certain protein was

determined in comparison with the total proteins present in

the 2-DE gel (Langen et al. 1999). The quantified protein

spots from trained mice (C57BL/6J, PWD/PhJ, and AS)

and yoked mice were excised manually based on the

observed statistical difference, and analysis was carried out

as described in the next steps.

Protein identification with nano-LC-ESI-CID/

ETD-MS/MS

Protein identification with nano-LC-ESI-CID/ETD-MS/

MS was performed as described (Monje et al. 2011).

Protein spots of interest (13 spots) were excised and put

into 0.5-mL protein lobind tubes (Eppendorf, Hamburg,

Germany). They were initially washed with 10 mM

ammonium bicarbonate and then with 50% 20 mM

ammonium bicarbonate/50% acetonitrile for 30 min with

occasional vortexing. The step above was repeated until

the color disappeared. Hundred microliters of acetonitrile

were added to each tube to cover the gel piece com-

pletely and incubated for at least 5 min. Gel pieces were

dried completely in a Speedvac Concentrator 5301

(Eppendorf, Hamburg, Germany). The dried gel pieces

were re-swollen and in-gel digested with 12.5 ng/ll

trypsin (Promega, Madison, WI) solution buffered in

25 mM ammonium bicarbonate. Gel pieces were incu-

bated for 16 h (overnight) at 37�C. Supernatants were

transferred to new 0.5-mL tubes, and gel pieces were

extracted again subsequently with 20 lL of 1% formic

acid/5 mM OGP, 20 lL of 0.1% formic acid, and 20 lL

of 0.1% formic acid/20% acetonitrile each time for

15 min on a shaker. Samples in extraction buffer were

pooled in a 0.5-mL tube.

Forty microliters of extracted peptides were analyzed by

nano-LC-ESI-CID/ETD-MS/MS. The HPLC used was an

Ultimate 3000 system (Dionex Corporation, Sunnyvale,

CA) equipped with a PepMap100 C-18 trap column

(300 lm 9 5 mm) and PepMap100 C-18 analytic column

(75 lm 9 150 mm). The gradient was (A = 0.1% formic

acid in water, B = 0.08% formic acid in acetonitrile)

4–30% B from 0 to 105 min, 80% B from 105 to 110 min,

and 4% B from 110 to 125 min. The flow rate was

300 nL/min. A HCT ultra ETD II PTM discover system

(Bruker Daltonics, Bremen, Germany) was used to record

peptide spectra over the mass range of m/z 350–1,500 and

MS/MS spectra in information-dependent data acquisition

over the mass range of m/z 100–2,800. Repeatedly, MS

spectra were recorded followed by four data-dependent

CID-MS/MS spectra and four ETD-MS/MS spectra gen-

erated from the three highest intensity precursor ions. An

active exclusion of 0.4 min after two spectra was used to

detect low-abundant peptides. The voltage between ion

spray tip and spray shield was set to 1,400 V. Dry nitrogen
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gas was heated to 150�C, and the flow rate was 10 L/min.

The collision energy was set automatically according to the

mass and charge state of the peptides chosen for frag-

mentation. Multiple-charged peptides were chosen for

MS/MS experiments due to their good fragmentation char-

acteristics. MS/MS spectra were interpreted, and peak lists

were generated by Data Analysis 4.0 (Bruker Daltonics,

Bremen, Germany). All the searches were done using the

software MASCOT 2.2.04 (Matrix Science, London, UK)

against latest UniProtKB database for protein identifica-

tion. Searching parameters were set as follows: enzyme

selected as trypsin with two maximum missing cleavage

sites, species limited to mouse, a mass tolerance of 0.2 Da

for peptide tolerance, 0.2 Da for MS/MS tolerance, fixed

modification of carbamidomethyl(C), and variable modifi-

cation of methionine oxidation and phosphorylation

(Tyr, Thr, and Ser). Positive protein identifications were

based on a significant MOWSE score. After protein iden-

tification, an error-tolerant search was done to detect

unspecific cleavage and unassigned modifications. Pro-

tein identification and modification information returned

from MASCOT were manually inspected and filtered to

obtain confirmed protein identification and modification

lists.

Immunoblotting

To verify main findings from the gel-based mass spectro-

metrical procedure, immunoblotting was carried out in

trained versus yoked mice.

After the determination of protein concentration, sam-

ples containing 10 lg of protein were prepared. Samples

were denatured at 95�C for 5 min and loaded onto 15%

SDS gels. Electrophoresis was performed with a Bio-Rad

Electrophoresis System (Bio-Rad, Criterion
TM

Cell, Hercules,

CA) and proteins separated on the gel were transferred

(Bio-Rad, Transfer Blot SD Cell, Hercules, CA) onto

PVDF membranes that were probed with mouse mono-

clonal antibody NME1/NDKA (1:1,000; Cell Signaling

Technologies Inc, Danvers, MA, USA), monoclonal

antibody beta Synuclein (ab76111, 1:5,000; Abcam,

Cambridge, UK), polyclonal antibody isocitrate dehydro-

genase IDH3A (ab58641, 1:5,000; Abcam, Cambridge,

UK),and polyclonal antibody Profilin 2 (ab96676, 1:5,000;

Abcam, Cambridge, UK). Detection was carried out with

horseradish peroxidase-coupled secondary antibodies: anti-

rabbit IgG (Cell Signaling Technologies Inc, Danvers, MA,

USA) according to the supplier’s protocol. Membranes

were developed with the ECL plus Western Blotting

Detection System (GE Healthcare, Buckinghamshire,

UK). Densities of immunoreactive bands were measured

by Image J software program (http://rsb.info.nih.gov/ij/).

GAPDH immunoreactivity was used as a loading control.

Statistical analysis

Changes in hippocampal protein levels were evaluated

using two-way analysis of variance (ANOVA) with the two

factors, strain (AS, PWD/PhJ and C57BL/6) and training

(trained vs. yoked control) and post hoc pairwise compar-

isons using Tuckey-HSD (Li et al. 2009; Uddin et al.

2010). For high stringency, an alpha-level cut-off was set

to 0.001. For immunoblotting, independent student t test

were carried out to compare trained and yoked mice in

three different strains. All calculations were done

employing SPSS 17.0 (SPSS GmbH Software, München,

Germany).

Pathway analysis

Differentially expressed proteins were analyzed further

by bioinformatic pathways analysis [Ingenuity Pathway

Analysis (IPA); Ingenuity� Systems, Mountain View, CA;

http://www.ingenuity.com]. IPA constructs hypothetical

protein interaction clusters on the basis of a regularly

updated ‘‘Ingenuity Pathways Knowledge Base.’’ The

Ingenuity Pathways Knowledge Base is a very large

curated database that consists of millions of individual

relationships between proteins, culled from the biologic

literature. These relationships involve direct protein inter-

actions, including physical binding interactions, enzyme

substrate relationships, and cis–trans relationships in trans-

criptional control. The networks are displayed graphically

as nodes (individual proteins) and edges (the biologic

relationships between the nodes).

Therefore, data set containing the identifiers of differ-

entially expressed protein kinases and protein phosphatases

identified by protein microarrays with subsequent immu-

noblot verification is uploaded into IPA. IPA then builds

hypothetical networks from these proteins, and other pro-

teins from the database that are needed to fill out a protein

cluster. Network generation is optimized for inclusion of

many proteins from the input expression profile as possible

and aims for highly connected networks (Hoorn et al. 2005;

Raponi et al. 2004; Siripurapu et al. 2005).

Results and discussion

Three mouse strains performed training in the MWM (Patil

et al. 2011) and the added corresponding yoked (untrained)

controls were kept for the same time in the MWM.

Global effects i.e. strain-independent expressional

changes linked to memory training in the MWM, were

observed for 12 proteins. These proteins were from dif-

ferent protein networks as protein synthesis (eukaryotic

translation initiation factor 4H, ribosomal protein SA),

1742 K. Li et al.
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Table 1 Protein identification data on global factor proteins verified by western blotting

Accession
number

Protein name MS/
MS
score

Match
pept.

Seq. Cov.
(%)

MS/MS peptides Theor. MW
(Da)

Theor.
pI

Q91ZZ3 SYUB_MOUSE
Beta-synuclein

559 7 97.7 -.MDVFMKGL.S 14,043 4.38

K.EGVVAAAEK.T

K.QGVTEAAEK.T K.EGVLYVGSK.T
K.TSGVVQGVASVAEK.T

K.TKEQASHLGGAVFSGAGNI
AAATGLVK.K

L.VKKEEFPTDLKPEEVAQEAAEE
PLIEPLMEPEGESY.E

Y.EDSPQEEYQEYEPEA.-

Q9JJV2 PROF2_MOUSE
Profilin-2

421 8 72.1 M.AGWQSY.V 15,364 6.55

Y.VDNLMCDGCCQEAAIVGY.C

Y.CDAKYVW.A

Y.VWAATAGGVF.Q

K.DREGFFTNGLTLGAK.K

K.KCSVIRDSLYVDGDCTMDIR.T

K.SQGGEPTYNVAVGR.A

R.VLVFVMGK.E

P15532 NDKA_MOUSE
Nucleoside
diphosphate
kinase A

485 10 78.3 R.TFIAIKPDGVQR.G 17,311 6.84

R.GLVGEIIK.R

K.FLQASEDLLK.E

K.DRPFFTGLVK.Y

K.YMHSGPVVAMVWEGLNVVK.

R.VMLGETNPADSKPGTIR.G

R.GDFCIQVGR.N

R.NIIHGSDSVK.S

K.EISLWFQPEELVEYK.S

K.SCAQNWIYE.-

Q9D6R2 IDH3A_MOUSE Isocitrate
dehydrogenase [NAD]
subunit alpha, mitochondrial

1,255 23 68 F.AGGVQTVTL.I 40,069 6.27

K.APIQWEER.N

R.NVTAIQGPGGK.W

K.WMIPPEAK.E

W.MIPPEAKESMDKNKMGL.K

L.KGPLKTPIAAGHPSMNL.

K.TPIAAGHPSMNLLLR.K

Y.ANVRPCVSIEGY.K

K.TPYTDVNIVTIR.E

R.ENTEGEYSGIEHVIVDGVVQSIK.L

L.ITEEASKRIAEFAFEY.A

R.IAEFAFEYAR.N

R.MSDGLFLQK.C

F.LQKCREVAENCKDIKF.N

F.NEMYLDTVCL.N

L.NMVQDPSQF.D

L.IGGLGVTPSGNIGANGVAIF.E

F.ESVHGTAPDIAGKDMANPTAL.L

R.HMGLFDHAAK.I

F.DHAAKIEAACF.A

K.IEAACFATIK.D

K.CSDFTEEICR.R

F.TEEICRRVKDLD.-
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protein degradation (ubiquitin-40S ribosomal protein

S27a), protein isomerisation (protein disulfide-isomerase

A3), signaling (nucleoside diphosphate kinase A, pro-

grammed cell death 6-interacting protein), intermediary

metabolism (malate dehydrogenase, ATP synthase subunit

d, isocitrate dehydrogenase subunit alpha), a protein

involved in neurodegeneration (beta-synuclein) and cyto-

skeleton organisation (clathrin light chain B and profilin-2,

Fig. 1 Hippocampal levels

(arbitrary units of optical

density) of the four proteins

identified as global factors for

memory training in three

individual strains are shown.

****P B 0.0001

Fig. 2 Immunochemical

verification of beta-synuclein,

profilin-2, nucleoside

diphosphate kinase a, and

isocitrate dehydrogenase

subunit alpha. GAPDH was

used as loading control. The

findings obtained from

quantifying corresponding spots

from the 2DE were verified. For

comparison of different

blottings one sample was

permanently loaded on all gels

1744 K. Li et al.
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represented by two expression forms). The statistical

results following stringent criteria of P \ 0.001 for the

individual proteins as global factors for training in the

MWM are shown in supplemental Table 1.

Identification results by mass spectrometry for the four

immunochemically verified proteins are shown in Table 1.

As shown in supplemental Fig. 1, hippocampal proteins

were well separated and proteins are given in the map as

UniProtKB accession numbers. Identification results indi-

cating protein accession numbers (UniProtKB), protein

name, MS/MS scores, number of matched peptides,

sequence coverages (ranging from 49.3 to 97.7%),

sequence of MS/MS peptides, theoretical MW and theo-

retical pI are listed in supplemental Table 2; data on the

four verified proteins are provided in Table 1. Only 4 out of

these 12 proteins were verified by immunoblotting and are

herein further discussed.

Hippocampal levels (arbitrary units of optical density)

of the four proteins identified as global factors for memory

training in three individual strains are shown in Fig. 1. The

immunoblots showing verification of differences of the

four proteins between trained and yoked controls are given

in Fig. 2. In addition, statistical analysis of immunoblots

with mean, standard deviation and P value from indepen-

dent student T test between trained and yoked groups of

three strains is given in Table 2.

Altered levels of beta-synuclein and NME1 have been

reported to be dysregulated in neurological disorders with

mental deficits; profilin-2 is an essential component of the

dendritic spine formation and the isocitrate dehydrogenase

3 may be required for provision of energy for hippocampal

cognitive functions. The current report reveals for the first

time a global effect and this work may be important for

design and interpretation of strain-independent cognitive

studies.

The synuclein family of proteins consists of synucleins

alpha, beta, gamma. Beta-synuclein is co-expressed with

alpha-synuclein at presynaptic nerve terminals. It is subject

to phosphorylation by Ca(2?) calmodulin protein kinase II

(Sopher et al. 2001), Polo-like kinases (Mbefo et al. 2010),

Table 2 Statistical analysis of

immunoblots with mean,

standard deviation and P value

from independent student T test

between trained and yoked

groups of three strains

Protein strain N Mean ± SD P value

Beta_synuclein

Apodemus sylvaticus Trained mice 20 1.80 ± 0.55 0.05

Yoked controls 20 2.07 ± 0.50

PWD/PhJ Trained mice 20 1.83 ± 0.74 0.0001

Yoked controls 20 6.33 ± 1.71

C57Bl/6J Trained mice 20 2.22 ± 0.57 0.0001

Yoked controls 20 3.96 ± 0.36

Profilin-2

Apodemus sylvaticus Trained mice 20 3.10 ± 1.37 0.1143

Yoked controls 20 3.72 ± 1.78

PWD/PhJ Trained mice 20 3.43 ± 0.79 0.0001

Yoked controls 20 7.22 ± 2.55

C57Bl/6J Trained mice 20 2.56 ± 0.61 0.0001

Yoked controls 20 6.39 ± 1.61

Isocitrate dehydrogenase (NAD) subunit alpha

Apodemus sylvaticus Trained mice 20 0.79 ± 0.27 0.0001

Yoked controls 20 2.82 ± 1.47

PWD/PhJ Trained mice 20 1.32 ± 0.20 0.0001

Yoked controls 20 1.95 ± 0.50

C57Bl/6J Trained mice 20 0.50 ± 0.10 0.12

Yoked controls 20 0.63 ± 0.22

Nucleoside diphosphate kinase A

Apodemus sylvaticus Trained mice 20 1.63 ± 0.31 0.0169

Yoked controls 20 2.08 ± 0.84

PWD/PhJ Trained mice 20 3.71 ± 1.04 0.0018

Yoked controls 20 4.70 ± 0.99

C57Bl/6J Trained mice 20 1.46 ± 0.32 0.0001

Yoked controls 20 3.09 ± 0.49
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C-terminal Src kinase homologous kinase CHK (Ia et al.

2011), G protein-coupled receptor kinases (Pronin et al.

2000) and is important for neural plasticity.

Beta-synuclein regulates Akt (serine threonine kinase

Akt) activity and can be therefore considered as a major

player in memory mechanisms (Hashimoto et al. 2004a):

Akt has been shown to be a key element in spatial memory

processes (Chao et al. 2007; Chen et al. 2011; Horwood

et al. 2006; Mizuno et al. 2003). In mice lacking all three

members of the synuclein family, a series of neurochemical

and behavioral changes were observed but spatial memory

was not evaluated (Anwar et al. 2011).

A beta-synuclein mutation is linked to memory deficits in

a transgenic mouse model (Fujita et al. 2010) and abnormal

beta-synuclein brain levels are associated with Parkinson’s

disease (Beyer et al. 2011). Moreover, beta-synuclein may

play a role for Parkinson’s disease and dementia with Lewy

bodies and an experimental treatment approach in trans-

genic mice might have potential for the development of

corresponding therapies (Hashimoto et al. 2004b).

Herein, we observed that in a strain-independent way

beta-synuclein levels were a global factor for memory

training in the MWM.

The identification of profilin-2 as global factor for

memory training is compatible with so far known functions

of this molecule: it contributes to synaptic vesicle exocy-

tosis i.e. neural transmission and is involved in cognitive

function albeit not in memory processes (Pilo Boyl et al.

2007). In addition, profilin is involved in synaptic plasticity

(Ackermann and Matus 2003) and in a fear memory set-

ting, profilin is driven into amygdala dendritic spines,

structures considered important for memory formation

(Lamprecht et al. 2006). The findings in the current study

identify profilin-2 as a global factor for spatial memory and

is may be indirectly supporting evidence for abovemen-

tioned previous findings.

Nucleoside diphosphate kinases are regulating several

cellular functions in mammals including signaling via G

proteins (Kimura et al. 2000). The enzyme is present in the

postsynaptic density fraction (Satoh et al. 2002) and a role

in mouse brain development was proposed (Carotenuto

et al. 2006). Nucleoside diphosphate kinase a levels were

shown to be significantly decreased in brain of patients

with Alzheimer’s disease (Kim et al. 2002) and it may be

speculated that this kinase may be associated with the

memory loss in this disorder.

Herein, we show for the first time a link to spatial

memory training identifying nucleoside diphosphate kinase

a as a global factor.

As to isocitrate dehydrogenase as a global factor, we

may propose that this key regulatory enzyme in the Krebs

cycle (Weiss et al. 2000) is essential for energy provision

to serve memory functions.

A network was created from the four proteins (Fig. 3)

which proposes strong links of all global factors for

memory training to TP53: Profilin-2 shows protein–protein

interaction with FAM173A which in turn interacts with

TP53 (Stelzl et al. 2005). The nature of the link between

beta-synuclein and TP53 is that beta-synuclein displays an

antiapoptotic p53-dependent phenotype (da Costa et al.

2003). Cyclin D1 is a part of the interactome in human

cancers and is thus linked to TP53 (Jirawatnotai et al.

2011) and by involvement in p53-mediated proliferation of

primary embryonic fibroblasts (Guo and Zheng 2004).

Finally, nucleoside diphosphate kinase is potentiating P53

by direct interaction (Jung et al. 2007).

Nucleoside diphosphate kinase in turn is able to induce

cell cycle arrest and apoptosis in lymphocytes (Choudhuri

et al. 2010). The interaction between nucleoside diphos-

phate kinase a and serine–threonine kinase receptor-asso-

ciated protein, that negatively regulates TGF-beta signaling

has been reported (Seong et al. 2007)—no functional rel-

evance for memory training could be suggested from

literature.

Taken together, four hippocampal proteins have been

identified as global factors for memory training in a strain-

independent manner. One would therefore expect that these

spatial memory training-related proteins could be impor-

tant for interpretation of previous and for the design of

future studies on spatial memory. These finding are also

challenging previous findings of proteins ‘‘linked to

Fig. 3 A protein network was constructed and the interactions are

shown. A solid line indicates direct interaction, the dashed line is

indicating indirect regulation or activation. PFN2 profilin-2, IDH3A
isocitrate dehydrogenase subunit alpha, SNCB beta-synuclein, NME1
nucleoside diphosphate kinase a, CCND1 cyclin D1, FAM173A
family with sequence similarity 173, member A
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memory’’ when only one mouse strain was used because

aberrant levels or expressions of this protein may simply

indicate a strain-effect. Further studies on global effects

ruling out strain-dependence of protein expression are

carried out in our laboratory to generate a network of

unambiguously memory-related proteins.

Conflict of interest The authors declare that there are no financial/

commercial conflicts of interest.

References

Abildayeva K, Berbee JF, Blokland A, Jansen PJ, Hoek FJ, Meijer O,

Lutjohann D, Gautier T, Pillot T, De Vente J, Havekes LM,

Ramaekers FC, Kuipers F, Rensen PC, Mulder M (2008) Human

apolipoprotein C-I expression in mice impairs learning and

memory functions. J Lipid Res 49:856–869

Ackermann M, Matus A (2003) Activity-induced targeting of profilin

and stabilization of dendritic spine morphology. Nat Neurosci

6:1194–1200

Ahn KJ, Jeong HK, Choi HS, Ryoo SR, Kim YJ, Goo JS, Choi SY,

Han JS, Ha I, Song WJ (2006) DYRK1A BAC transgenic mice

show altered synaptic plasticity with learning and memory

defects. Neurobiol Dis 22:463–472

Antion MD, Merhav M, Hoeffer CA, Reis G, Kozma SC, Thomas G,

Schuman EM, Rosenblum K, Klann E (2008) Removal of S6K1

and S6K2 leads to divergent alterations in learning, memory, and

synaptic plasticity. Learn Mem 15:29–38

Anwar S, Peters O, Millership S, Ninkina N, Doig N, Connor-Robson

N, Threlfell S, Kooner G, Deacon RM, Bannerman DM, Bolam

JP, Chandra SS, Cragg SJ, Wade-Martins R, Buchman VL

(2011) Functional alterations to the nigrostriatal system in mice

lacking all three members of the synuclein family. J Neurosci

31:7264–7274

Arque G, Fotaki V, Fernandez D, Martinez de Lagran M, Arbones

ML, Dierssen M (2008) Impaired spatial learning strategies and

novel object recognition in mice haploinsufficient for the dual

specificity tyrosine-regulated kinase-1A (Dyrk1A). PLoS ONE

3:e2575

Beyer K, Ispierto L, Latorre P, Tolosa E, Ariza A (2011) Alpha- and

beta-synuclein expression in Parkinson disease with and without

dementia. J Neurol Sci 310:112–117

Bradford MM (1976) A rapid and sensitive method for the

quantitation of microgram quantities of protein utilizing the

principle of protein–dye binding. Anal Biochem 72:248–254

Brambilla R, Gnesutta N, Minichiello L, White G, Roylance AJ,

Herron CE, Ramsey M, Wolfer DP, Cestari V, Rossi-Arnaud C,

Grant SG, Chapman PF, Lipp HP, Sturani E, Klein R (1997) A

role for the Ras signalling pathway in synaptic transmission and

long-term memory. Nature 390:281–286

Brooks SP, Pask T, Jones L, Dunnett SB (2005) Behavioural profiles

of inbred mouse strains used as transgenic backgrounds. II:

cognitive tests. Genes Brain Behav 4:307–317

Carotenuto P, Marino N, Bello AM, D’Angelo A, Di Porzio U,

Lombardi D, Zollo M (2006) PRUNE and NM23-M1 expression

in embryonic and adult mouse brain. J Bioenerg Biomembr

38:233–246

Chao CC, Ma YL, Lee EH (2007) Protein kinase CK2 impairs spatial

memory formation through differential cross talk with PI-3

kinase signaling: activation of Akt and inactivation of SGK1.

J Neurosci 27:6243–6248

Chen WQ, Priewalder H, John JP, Lubec G (2010) Silk cocoon of

Bombyx mori: proteins and posttranslational modifications–

heavy phosphorylation and evidence for lysine-mediated cross

links. Proteomics 10:369–379

Chen L, Xing T, Wang M, Miao Y, Tang M, Chen J, Li G, Ruan DY

(2011) Local infusion of ghrelin enhanced hippocampal synaptic

plasticity and spatial memory through activation of phosphoin-

ositide 3-kinase in the dentate gyrus of adult rats. Eur J Neurosci

33:266–275

Choudhuri T, Murakami M, Kaul R, Sahu SK, Mohanty S, Verma SC,

Kumar P, Robertson ES (2010) Nm23-H1 can induce cell cycle

arrest and apoptosis in B cells. Cancer Biol Ther 9:1065–1078

Costa-Mattioli M, Gobert D, Harding H, Herdy B, Azzi M, Bruno M,

Bidinosti M, Ben Mamou C, Marcinkiewicz E, Yoshida M,

Imataka H, Cuello AC, Seidah N, Sossin W, Lacaille JC, Ron D,

Nader K, Sonenberg N (2005) Translational control of hippo-

campal synaptic plasticity and memory by the eIF2alpha kinase

GCN2. Nature 436:1166–1173

Cuadrado-Tejedor M, Ricobaraza A, Del Rio J, Frechilla D, Franco R,

Perez-Mediavilla A, Garcia-Osta A (2011) Chronic mild stress in

mice promotes cognitive impairment and CDK5-dependent tau

hyperphosphorylation. Behav Brain Res 220:338–343

da Costa CA, Masliah E, Checler F (2003) Beta-synuclein displays an

antiapoptotic p53-dependent phenotype and protects neurons

from 6-hydroxydopamine-induced caspase 3 activation: cross-

talk with alpha-synuclein and implication for Parkinson’s

disease. J Biol Chem 278:37330–37335

Denayer E, Ahmed T, Brems H, Van Woerden G, Borgesius NZ,

Callaerts-Vegh Z, Yoshimura A, Hartmann D, Elgersma Y,

D’Hooge R, Legius E, Balschun D (2008) Spred1 is required for

synaptic plasticity and hippocampus-dependent learning. J Neu-

rosci 28:14443–14449

Duffy AM, Schaner MJ, Wu SH, Staniszewski A, Kumar A, Arevalo

JC, Arancio O, Chao MV, Scharfman HE (2011) A selective role

for ARMS/Kidins220 scaffold protein in spatial memory and

trophic support of entorhinal and frontal cortical neurons. Exp

Neurol 229:409–420

Fujita M, Sugama S, Sekiyama K, Sekigawa A, Tsukui T, Nakai M,

Waragai M, Takenouchi T, Takamatsu Y, Wei J, Rockenstein E,

Laspada AR, Masliah E, Inoue S, Hashimoto M (2010) A beta-

synuclein mutation linked to dementia produces neurodegener-

ation when expressed in mouse brain. Nat Commun 1:110

Fukuda MT, Francolin-Silva AL, Hernandes AS, Valadares CT,

Almeida SS (2007) Effects of early protein malnutrition and

scopolamine on learning and memory in the Morris water maze.

Nutr Neurosci 10:251–259

Guo F, Zheng Y (2004) Involvement of Rho family GTPases in

p19Arf- and p53-mediated proliferation of primary mouse

embryonic fibroblasts. Mol Cell Biol 24:1426–1438

Hashimoto M, Bar-On P, Ho G, Takenouchi T, Rockenstein E, Crews

L, Masliah E (2004a) Beta-synuclein regulates Akt activity in

neuronal cells. A possible mechanism for neuroprotection in

Parkinson’s disease. J Biol Chem 279:23622–23629

Hashimoto M, Rockenstein E, Mante M, Crews L, Bar-On P, Gage

FH, Marr R, Masliah E (2004b) An antiaggregation gene therapy

strategy for Lewy body disease utilizing beta-synuclein lentivi-

rus in a transgenic model. Gene Ther 11:1713–1723

Holahan M, Routtenberg A (2008) The protein kinase C phosphor-

ylation site on GAP-43 differentially regulates information

storage. Hippocampus 18:1099–1102

Hoorn EJ, Hoffert JD, Knepper MA (2005) Combined proteomics and

pathways analysis of collecting duct reveals a protein regulatory

network activated in vasopressin escape. J Am Soc Nephrol

16:2852–2863

Horwood JM, Dufour F, Laroche S, Davis S (2006) Signalling

mechanisms mediated by the phosphoinositide 3-kinase/Akt

Global memory training effects of hippocampal proteins 1747

123



cascade in synaptic plasticity and memory in the rat. Eur J

Neurosci 23:3375–3384

Ia KK, Jeschke GR, Deng Y, Kamaruddin MA, Williamson NA,

Scanlon DB, Culvenor JG, Hossain MI, Purcell AW, Liu S, Zhu

HJ, Catimel B, Turk BE, Cheng HC (2011) Defining the

substrate specificity determinants recognized by the active site of

C-terminal Src kinase-homologous kinase (CHK) and identifi-

cation of beta-synuclein as a potential CHK physiological

substrate. Biochemistry 50:6667–6677

Jirawatnotai S, Hu Y, Michowski W, Elias JE, Becks L, Bienvenu F,

Zagozdzon A, Goswami T, Wang YE, Clark AB, Kunkel TA,

van Harn T, Xia B, Correll M, Quackenbush J, Livingston DM,

Gygi SP, Sicinski P (2011) A function for cyclin D1 in DNA

repair uncovered by protein interactome analyses in human

cancers. Nature 474:230–234

John JP, Sunyer B, Hoger H, Pollak A, Lubec G (2009) Hippocampal

synapsin isoform levels are linked to spatial memory enhance-

ment by SGS742. Hippocampus 19:731–738

Jung H, Seong HA, Ha H (2007) NM23-H1 tumor suppressor and its

interacting partner STRAP activate p53 function. J Biol Chem

282:35293–35307

Jung WY, Park SJ, Park DH, Kim JM, Kim DH, Ryu JH (2010)

Quercetin impairs learning and memory in normal mice via

suppression of hippocampal phosphorylated cyclic AMP

response element-binding protein expression. Toxicol Lett

197:97–105

Kim SH, Fountoulakis M, Cairns NJ, Lubec G (2002) Human brain

nucleoside diphosphate kinase activity is decreased in Alzhei-

mer’s disease and Down syndrome. Biochem Biophys Res

Commun 296:970–975

Kimura N, Shimada N, Fukuda M, Ishijima Y, Miyazaki H, Ishii A,

Takagi Y, Ishikawa N (2000) Regulation of cellular functions by

nucleoside diphosphate kinases in mammals. J Bioenerg Bio-

membr 32:309–315

Lamprecht R, Farb CR, Rodrigues SM, LeDoux JE (2006) Fear

conditioning drives profilin into amygdala dendritic spines. Nat

Neurosci 9:481–483

Langen H, Berndt P, Roder D, Cairns N, Lubec G, Fountoulakis M

(1999) Two-dimensional map of human brain proteins. Electro-

phoresis 20:907–916

Li L, Whittle N, Klug S, Chen WQ, Singewald N, Toth M, Lubec G

(2009) Serotonin(1A)-receptor-dependent signaling proteins in

mouse hippocampus. Neuropharmacology 57:556–566

Li N, Jia JX, Zheng YT, Liu XX, Zhu MJ, Shi BQ, Li WJ (2010) Lead

impairs ability of learning and memory and affects expression of

synaptosomal-associated protein-25 in hippocampus of off-

spring. Zhonghua Lao Dong Wei Sheng Zhi Ye Bing Za Zhi

28:652–655

Mbefo MK, Paleologou KE, Boucharaba A, Oueslati A, Schell H,

Fournier M, Olschewski D, Yin G, Zweckstetter M, Masliah E,

Kahle PJ, Hirling H, Lashuel HA (2010) Phosphorylation of

synucleins by members of the Polo-like kinase family. J Biol

Chem 285:2807–2822

McNamara RK, Hussain RJ, Simon EJ, Stumpo DJ, Blackshear PJ,

Abel T, Lenox RH (2005) Effect of myristoylated alanine-rich C

kinase substrate (MARCKS) overexpression on hippocampus-

dependent learning and hippocampal synaptic plasticity in

MARCKS transgenic mice. Hippocampus 15:675–683

Mizuno M, Yamada K, Takei N, Tran MH, He J, Nakajima A, Nawa

H, Nabeshima T (2003) Phosphatidylinositol 3-kinase: a mole-

cule mediating BDNF-dependent spatial memory formation. Mol

Psychiatry 8:217–224

Monje FJ, Birner-Grunberger R, Huttinger B, Divisch I, Pollak DD,

Lubec G (2011) Proteomics reveals selective regulation of

proteins in response to memory-related serotonin stimulation in

Aplysia californica ganglia. Proteomics doi:10.1002/pmic.

201100418 (in press)

Moy SS, Nadler JJ, Young NB, Perez A, Holloway LP, Barbaro RP,

Barbaro JR, Wilson LM, Threadgill DW, Lauder JM, Magnuson

TR, Crawley JN (2007) Mouse behavioral tasks relevant to

autism: phenotypes of 10 inbred strains. Behav Brain Res

176:4–20

Nguyen PV, Abel T, Kandel ER, Bourtchouladze R (2000) Strain-

dependent differences in LTP and hippocampus-dependent

memory in inbred mice. Learn Mem 7:170–179

Nogami T, Beppu H, Tokoro T, Moriguchi S, Shioda N, Fukunaga K,

Ohtsuka T, Ishii Y, Sasahara M, Shimada Y, Nishijo H, Li E,

Kitajima I (2011) Reduced expression of the ATRX gene, a

chromatin-remodeling factor, causes hippocampal dysfunction in

mice. Hippocampus 21:678–687

Patil SS, Sunyer B, Hoger H, Lubec G (2009) Evaluation of spatial

memory of C57BL/6J and CD1 mice in the Barnes maze, the

Multiple T-maze and in the Morris water maze. Behav Brain Res

198:58–68

Patil SS, Schlick F, Hoger H, Lubec G (2010a) Involvement of

individual hippocampal signaling protein levels in spatial

memory formation is strain-dependent. Amino Acids 39:75–87

Patil SS, Schlick F, Hoger H, Lubec G (2010b) Linkage of

hippocampal proteins to spatial memory formation and strain-

dependence in Apodemus sylvaticus, C57BL/6J and PWD/PhJ

mice. Neurochem Int 56:522–527

Patil SS, Boddul SV, Schlick K, Kang SU, Zehetmayer S, Hoger H,

Lubec G (2011) Differences in hippocampal protein levels

between C57Bl/6J, PWD/PhJ, and Apodemus sylvaticus are

paralleled by differences in spatial memory. Hippocampus

21:714–723

Pilo Boyl P, Di Nardo A, Mulle C, Sassoe-Pognetto M, Panzanelli P,

Mele A, Kneussel M, Costantini V, Perlas E, Massimi M, Vara

H, Giustetto M, Witke W (2007) Profilin2 contributes to synaptic

vesicle exocytosis, neuronal excitability, and novelty-seeking

behavior. EMBO J 26:2991–3002

Pronin AN, Morris AJ, Surguchov A, Benovic JL (2000) Synucleins

are a novel class of substrates for G protein-coupled receptor

kinases. J Biol Chem 275:26515–26522

Raponi M, Belly RT, Karp JE, Lancet JE, Atkins D, Wang Y (2004)

Microarray analysis reveals genetic pathways modulated by

tipifarnib in acute myeloid leukemia. BMC Cancer 4:56

Rodriguiz RM, Gadnidze K, Ragnauth A, Dorr N, Yanagisawa M,

Wetsel WC, Devi LA (2008) Animals lacking endothelin-

converting enzyme-2 are deficient in learning and memory.

Genes Brain Behav 7:418–426

Satoh K, Takeuchi M, Oda Y, Deguchi-Tawarada M, Sakamoto Y,

Matsubara K, Nagasu T, Takai Y (2002) Identification of

activity-regulated proteins in the postsynaptic density fraction.

Genes Cells 7:187–197

Schmitt U, Hiemke C, Fahrenholz F, Schroeder A (2006) Over-

expression of two different forms of the alpha-secretase

ADAM10 affects learning and memory in mice. Behav Brain

Res 175:278–284

Selcher JC, Atkins CM, Trzaskos JM, Paylor R, Sweatt JD (1999) A

necessity for MAP kinase activation in mammalian spatial

learning. Learn Mem 6:478–490

Seong HA, Jung H, Ha H (2007) NM23-H1 tumor suppressor

physically interacts with serine–threonine kinase receptor-asso-

ciated protein, a transforming growth factor-beta (TGF-beta)

receptor-interacting protein, and negatively regulates TGF-beta

signaling. J Biol Chem 282:12075–12096

Shirai Y, Kouzuki T, Kakefuda K, Moriguchi S, Oyagi A, Horie K,

Morita SY, Shimazawa M, Fukunaga K, Takeda J, Saito N, Hara

H (2010) Essential role of neuron-enriched diacylglycerol kinase

1748 K. Li et al.

123

http://dx.doi.org/10.1002/pmic.201100418
http://dx.doi.org/10.1002/pmic.201100418


(DGK), DGKbeta in neurite spine formation, contributing to

cognitive function. PLoS ONE 5:e11602

Siripurapu V, Meth J, Kobayashi N, Hamaguchi M (2005) DBC2

significantly influences cell-cycle, apoptosis, cytoskeleton and

membrane-trafficking pathways. J Mol Biol 346:83–89

Sopher BL, Koszdin KL, McClain ME, Myrick SB, Martinez RA,

Smith AC, La Spada AR (2001) Genomic organization, chro-

mosome location, and expression analysis of mouse beta-

synuclein, a candidate for involvement in neurodegeneration.

Cytogenet Cell Genet 93:117–123

Stelzl U, Worm U, Lalowski M, Haenig C, Brembeck FH, Goehler H,

Stroedicke M, Zenkner M, Schoenherr A, Koeppen S, Timm J,

Mintzlaff S, Abraham C, Bock N, Kietzmann S, Goedde A,

Toksoz E, Droege A, Krobitsch S, Korn B, Birchmeier W,

Lehrach H, Wanker EE (2005) A human protein–protein

interaction network: a resource for annotating the proteome.

Cell 122:957–968

Streijger F, Jost CR, Oerlemans F, Ellenbroek BA, Cools AR,

Wieringa B, Van der Zee CE (2004) Mice lacking the UbCKmit

isoform of creatine kinase reveal slower spatial learning

acquisition, diminished exploration and habituation, and reduced

acoustic startle reflex responses. Mol Cell Biochem 256–257:

305–318

Sunyer B, Shim KS, An G, Hoger H, Lubec G (2009) Hippocampal

levels of phosphorylated protein kinase A (phosphor-S96) are

linked to spatial memory enhancement by SGS742. Hippocam-

pus 19:90–98

Tabatadze N, Tomas C, McGonigal R, Lin B, Schook A, Routtenberg

A (2011) WNT transmembrane signaling and long-term spatial

memory. Hippocampus. doi:10.1002/hipo.20991

Tan SE (2009) Activation of hippocampal nitric oxide and calcium/

calmodulin-dependent protein kinase II in response to Morris

water maze learning in rats. Pharmacol Biochem Behav

92:260–266

Uddin M, Aiello AE, Wildman DE, Koenen KC, Pawelec G, de Los

Santos R, Goldmann E, Galea S (2010) Epigenetic and immune

function profiles associated with posttraumatic stress disorder.

Proc Natl Acad Sci USA 107:9470–9475

Weiss C, Zeng Y, Huang J, Sobocka MB, Rushbrook JI (2000)

Bovine NAD?-dependent isocitrate dehydrogenase: alternative

splicing and tissue-dependent expression of subunit 1. Biochem-

istry 39:1807–1816

Yamamoto H, Kokame K, Okuda T, Nakajo Y, Yanamoto H, Miyata

T (2011) NDRG4 protein-deficient mice exhibit spatial learning

deficits and vulnerabilities to cerebral ischemia. J Biol Chem

286:26158–26165

Zheng JF, Patil SS, Chen WQ, An W, He JQ, Hoger H, Lubec G

(2009) Hippocampal protein levels related to spatial memory are

different in the Barnes maze and in the multiple T-maze.

J Proteome Res 8:4479–4486

Global memory training effects of hippocampal proteins 1749

123

http://dx.doi.org/10.1002/hipo.20991

	Strain-independent global effect of hippocampal proteins in mice trained in the Morris water maze
	Abstract
	Introduction
	Materials and methods
	Animals
	Morris water maze (MWM) studies
	Hippocampal samples
	Sample preparation
	Two-dimensional gel electrophoresis
	Quantification of protein levels
	Protein identification with nano-LC-ESI-CID/ ETD-MS/MS
	Immunoblotting
	Statistical analysis
	Pathway analysis

	Results and discussion
	Conflict of interest
	References


