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IFFERENT PROTEIN PROFILES IN INFERIOR COLLICULUS AND

EREBELLUM: A COMPARATIVE PROTEOMIC STUDY
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bteilung Tierphysiologie, Fachbereich Biologie, Technische Univer-
ität Kaiserslautern, Postfach 3049, 67653 Kaiserslautern, Germany

bstract—The characteristic features of individual brain re-
ions are determined by anatomical, physiological, and bio-
hemical properties, which are caused by the nature and
mount of proteins expressed. Proteomics is a powerful tech-
ology for assessing different protein profiles, comparing
undreds of proteins simultaneously. Here we performed a
emi-quantitative proteomic analysis of two prominent brain
egions in the male adult rat, the inferior colliculus and the
erebellum. Both play important roles in sensorimotor inte-
ration but have distinct anatomical and biochemical fea-
ures. Soluble proteins of mainly cytoplasmic origin were
btained through subcellular fractionation, separated by two-
imensional gel electrophoresis, and identified by matrix-
ssisted laser desorption/ionization mass spectrometry. Out
f 169 annotated and quantified spots, 40 (24%) displayed
ignificant differences in intensity between the two brain
egions. Of those, 21 spots (containing 26 proteins) were
ore intense in the inferior colliculus and 19 spots (contain-

ng 25 proteins) in the cerebellum. The inferior colliculus
isplayed a higher abundance of proteins involved in vesic-
lar trafficking, such as dynamin-1 and cofilin-1. In the cere-
ellum, Ca2�-binding proteins (calbindin and calretinin) as
ell as 14-3-3 proteins were more abundant. Both protein
roups play a central role in cellular signaling. Finally, sev-
ral differences occurred among proteins involved in cellular
nergy metabolism. Our study presents a proof of principle to
emonstrate marked heterogeneity of proteins between two
rain samples. The heterogeneity is likely associated with
unctional differences, warranting further histological and
hysiological analyses. © 2008 IBRO. Published by Elsevier
td. All rights reserved.

ey words: brain proteomics, gel-image analysis, two-dimen-
ional gel electrophoresis, region-specific differences, mass
pectrometry.

he mammalian brain, arguably the most complex organ
nown, consists of a plethora of heterogeneous regions
hat differ from each other in anatomical, physiological, and
iochemical properties (Becker et al., 2006). These prop-
rties are derived from both qualitative and quantitative
ifferences in the protein pattern. For assessing differential
rotein expression, proteomics is a powerful tool. The

Corresponding author. Tel: �49-631-205-2424; fax: �49-631-205-4684.
-mail address: eckhard.friauf@biologie.uni-kl.de (E. Friauf).
bbreviations: AF, abundance factor; IC, inferior colliculus; MALDI,
atrix-assisted laser desorption/ionization; MS, mass spectrometry;
(
uBP, Ruthenium II tris bathophenantrolinedisulfonate; SDS-PAGE,
odium dodecyl sulfate polyacrylamide gel electrophoresis.

306-4522/08$32.00�0.00 © 2008 IBRO. Published by Elsevier Ltd. All rights reser
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ajor difference to previously existing analytical tech-
iques (e.g. immunochemistry) is that proteomics does not
nalyze proteins individually, but on a highly automated,

arge-scale level, thus allowing the simultaneous compar-
son of hundreds of different proteins.

Several neuroproteomics studies have analyzed the
rain as a whole or were aimed at identifying differences
etween health and disease (Cheon et al., 2001; Zheng
t al., 2003; Kim et al., 2004), age-related differences
Chen et al., 2003b), or changes caused by traumata
Denslow et al., 2003). Our strategy complements these
pproaches by comparing specific brain regions from
ealthy animals. In the present study, we analyzed the
xpression profiles of proteins in the inferior colliculus (IC)
nd the cerebellum of male adult rats. The IC is an oblig-
tory relay station in the auditory system and participates

n the temporal integration of sound and in the construction
f an initial auditory image used for reflexive behavior
Casseday and Covey, 1996; Davis et al., 2003). The
erebellum controls the timing of coordinated, skilled
ovements of skeletal muscles, integrating inputs from

arious brain regions as well as the spinal cord (Thach and
astian, 2004; Ito, 2005). Degeneration or loss of cells in

he cerebellum leads to unsteadiness of gait, miscoordina-
ion of movement, and ataxia (Gilman, 2000). Thus, both
egions are involved in sensorimotor integration, guiding
ppropriate motor responses, albeit in different context.

Our comparative proteomics study was designed as a
roof of principle study to assess whether distinct, but
resumably small, differences between two brain regions
an be resolved. Combining two-dimensional gel electro-
horesis, quantification with specialized software, and ma-
rix-assisted laser desorption/ionization (MALDI) –mass
pectrometry (MS) based protein identification, we eluci-
ated a series of proteins with different, i.e. region-specific
xpression levels. This demonstrates that an analysis of

ndividual brain regions is feasible by gel-based proteom-
cs. It is a useful approach to analyze developmental pro-
esses or disease models, where changes may be brain-
egion specific.

EXPERIMENTAL PROCEDURES

eagents

crylamide and other reagents for polyacrylamide gel electro-
horesis, as well as most other chemicals, were obtained from
oth (Karlsruhe, Germany). SB3-10 was supplied by Sigma (Mu-
ich, Germany) and the protease inhibitor cocktail by Roche

Mannheim, Germany).

ved.

mailto:eckhard.friauf@biologie.uni-kl.de
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nimals and preparation

oung adult male Sprague–Dawley rats (8–9 weeks old) were
btained from Charles River Laboratories (Sulzfeld, Germany)
nd kept 48 h in our local facilities for acclimatization. Animals
ere deeply anesthetized by a peritoneal injection of 700 mg/kg
hloral hydrate and killed by decapitation. Protocols were ap-
roved by the responsible animal care and use committee
Landesuntersuchungsamt Rheinland-Pfalz, Koblenz, Germany)
nd adhered to the NIH Guide for the Care and Use of Laboratory
nimals. All efforts were made to minimize the number of animals
nd their suffering. After removal of the brain from the skull, the
erebellum was separated from the underlying brainstem by cut-
ing horizontally through its pedunculi (Fig. 1a). The cortical hemi-
pheres were separated by cutting along the midline, thus expos-
ng the colliculi (Fig. 1b). The ICs were separated from the supe-
ior colliculi and the underlying tegmental brainstem (Fig. 1c).
erebellum and ICs were prepared conservatively to avoid con-

amination by surrounding brain regions (Fig. 1d). The tissue
amples were collected from single individuals and kept separated
or the generation of biological replicates. They were immediately
rozen in liquid nitrogen and stored at �80 °C.

ample preparation

o focus on soluble, predominantly cytoplasmic proteins, the tis-
ue samples were subjected to subcellular fractionation as de-
cribed previously (Guillemin et al., 2005). In brief, frozen tissue
as transferred to lysis buffer (10 mM Hepes, 10 mM NaCl, 1 mM
H2PO4, 5 mM NaHCO3, 5 mM EDTA, 1 mM CaCl2, 0.5 mM
gCl2, pH 7.5), and pre-homogenized by two strokes in a Teflon/
lass homogenizer. The suspension was incubated in lysis buffer
n ice for 10 min, followed by six strokes of a motorized homog-
nizer. Thereafter, isotonic conditions were restored with 0.1 vol-
me of 2.5 M sucrose. Differential centrifugation was performed,
tarting with an initial centrifugation step at 6300�g for 10 min to
ediment nuclei and cell debris. The supernatant from the first

ig. 1. Preparation of the two rat brain regions. (a) After removing the
rain from the skull, the cerebellum was isolated by cutting horizontally
hrough its pedunculi (P). (b) The cortical hemispheres (Ctx) were
eparated by cutting along the midline, revealing the colliculi below.
c) The IC were separated from the superior colliculi (SC) and the
nderlying tegmental brainstem (Bst). (d) Cerebellum and IC were
i
repared conservatively to minimize contamination by surrounding
rain regions.
ound of centrifugation was subjected to a prolonged centrifuga-
ion step (107,000�g for 30 min). The resulting supernatant was
leaned up by precipitation with trichloroacetic acid (40%), sub-
equently washed with acetone (80%), and resuspended in rehy-
ration buffer (5 M urea, 2 M thiourea, 2% CHAPS, 2% SB 3–10
nd 40 mM Tris) prior to two-dimensional gel electrophoresis.
rotein concentration was determined by densitometry, compar-

ng a sample aliquot with a dilution series of a protein standard
fter separation by sodium dodecyl sulfate polyacrylamide gel
lectrophoresis (SDS-PAGE).

wo-dimensional gel electrophoresis

n order to separate proteins in the first dimension, 18-cm-long im-
obilized pH-gradient strips (ReadyStrip IPG-strip, pH 3–10, Bio-
ad, Munich, Germany) were used following the manufacturer’s

nstructions. After rehydration (12 h), isoelectric focusing was per-
ormed (33,000 Vh) on an IPGphor isoelectric focusing unit (GE
ealthcare). After equilibration, the gel strips were transferred to a
2% SDS-PAGE for the second dimension, using a Protean II xi
ell (25 mA for 6 h, Bio-Rad).

Both analytical and preparative gels were prepared. Analytical
els were loaded with �25 �g of protein sample and stained with
uthenium II tris bathophenantrolinedisulfonate (RuBP), a highly
ensitive dye that stains linearly across a large dynamic range
Berggren et al., 2000; Lamanda et al., 2004). Gel images were
cquired with a Versadoc 3000 imaging system (Bio-Rad). Pre-
arative gels were loaded with �500 �g of protein sample and
tained with colloidal Coomassie Blue G250 (17% ammonium
ulfate, 34% methanol, 0,5% acetic acid, 0,1% Coomassie Blue
250). Gel images were acquired using a gel scanner (GS-800
alibrated densitometer, Bio-Rad).

rotein identification by MS

rotein spots were excised from preparative gels using a spot
utter (ProteomeWorks plus Spot Cutter, Bio-Rad). Excised spots
ere washed first with 50 mM NH4HCO3 and then with 50%
cetonitrile/25 mM NH4HCO3. Protein disulfides were reduced
ith 10 mM DTT at 56 °C for 30 min, followed by carbamidom-
thylation with 5 mM iodoacetamide for 30 min. Finally, the spots
ere washed again as described above and dried. Proteins were

n-gel digested overnight at 37 °C by adding 3 �l of 0.6% (w/v)
rypsin (Promega, Madison, MA, USA) in 50 mM NH4HCO3. Pep-
ides were extracted by incubating them with 0.1% trifluoroacetic
cid for 45 min, then concentrated using PerfectPure C-18 tips
Eppendorf, Hamburg, Germany), and finally eluted onto a MALDI
arget plate (MTP AnchorChip 384/600, Bruker Daltonics, Bre-
en, Germany), using �-cyano-4-hydroxycinnamic acid as matrix.

Spectra were acquired using a MALDI-TOF-TOF (time-of-
ight) instrument (Ultraflex, Bruker Daltonics) operating in reflector
ode with the reflector voltage set to 25 kV. External calibration of

he instrument was based on spectra obtained from a mixture of
ine standard peptides (Peptide Calibration Standard II, Bruker
altonics). One-thousand spectra per sample were summed up
nd processed with FlexAnalysis 2.2 (Bruker Daltonics) to gener-
te a mass list. Internal calibration was achieved using trypsin
utoproteolytic fragments present in the spectra. Peptide mass
ngerprints were analyzed with Biotools 2.2 (Bruker Daltonics).
ASCOT searches were conducted considering carbamidom-
thylation and oxidation of methionine as variable modifications.
eptide mass tolerance was set at 0.15 Da. Initial searches were
erformed using the Swissprot database limited to entries for
attus norvegicus. If no significant hits (molecular weight search

Mowse) score of �50; P�0.05) were obtained on initial searches,
he database size was increased to include all mammalian entries
rom the NCBI non-redundant database NCBInr. In case of signif-

cant hits, matching peptides were removed from the mass list and
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econd pass searches were performed to identify additional pro-
eins in the sample.

el image analysis

uBP-stained analytical gels were evaluated using a specialized
oftware tool (Proteomweaver 3.0, Bio-Rad). Gel images (three
iological replicate gels each for cerebellum and IC) were con-
erted to 16 bit grey-scale images in TIFF format. After cropping,
pot detection was performed using the built-in spot detection
izard. Radius, intensity, and contrast limits were initially set to 3,
000, and 14, respectively, and slightly adjusted thereafter. After
pot detection, individual spot sets were manually checked to
emove artifacts and to correct merged or split spots. Each gel
as pair-matched with all other gels in an experiment, and multi-
atching was conducted using standard settings. Normalization
f spot intensities was performed in two steps, using the standard
rocedure provided by the software. First, spot intensities were
onverted to an arbitrary scale, applying a normalization point of
5% and a pre-match normalization factor of 1. Second, a nor-
alization factor was determined for each pair of gels, assuming

hat at least 50% of all spots had equal intensities. From these
actors, an optimal normalization factor was determined and ap-
lied to all spot intensity values. All spots analyzed were assigned
o one of three categories. Spots that appeared on two to three
els in one group, but on less than two gels in the reference
roup, were considered ‘exclusive spots’ and assigned an
bundance factor (AF) of ‘�.’ All exclusive spots were subjected

o manual revision to exclude artifacts. Spots which were de-
ected on two or three gels in both groups analyzed were
efined as ‘major spots.’ For all major spots, AFs (the geomet-
ic mean of spot intensities from one group, divided by the
eometric mean of spot intensities from the reference group)
ere calculated. To check for significant intensity differences
etween major spots in either cerebellum or IC, log-intensities
ere subjected to a Student’s t-test (P�0.05 or P�0.01). Spots
ppearing in less than two gels in both groups were termed

nonspots’ and excluded from further analysis.

estern blotting

xperiments were essentially performed as described previously
Blaesse et al., 2006) and slightly modified. Proteins were ob-
ained from the cytosolic fraction of the IC or the cerebellum of P60
ats, and equal amounts (20–40 �g) were separated by 8–12%
DS-PAGE. Electrophoretic separation was performed with
5 mA for 1–1.5 h. Proteins were electrophoretically transferred to
olyvinylidene difluoride membranes (Roth), and membranes
ere incubated in TTBS/milk. After a blocking reaction for 15
in, the respective antiserum was added and incubation was
one overnight at 7 °C, followed by 2 h at room temperature.
he following primary antibodies and dilutions were used: anti-
albindin mouse monoclonal antibody, clone C8666 (Sigma,
aufkirchen, Germany) at 1:1000; anti-calretinin rabbit poly-
lonal antibody, clone 6B3 (Swant, Bellinzona, Switzerland) at
:2000, anti-14-3-3 gamma mouse monoclonal antibody, clone
G31-2B6 (Upstate Biotechnology, Lake Placid, NY, USA) at
:5000, anti-dynamin 1 rabbit polyclonal antibody, clone 55397
Abcam, Cambridge, UK) at 1:500, and n-cofilin rabbit poly-
lonal antibody (clone KG-60, kind gift from Christine B. Gur-
iak, European Molecular Biology Laboratory, Mouse Biology
nit, Monterotondo, Italy) at 1:1000. The secondary antibodies
ere goat anti-mouse or anti rabbit IgG-HRP (Amersham Bio-
ciences, Freiburg, Germany) and applied at 1:5000 for 1 h at
oom temperature in TTBS/milk. After thorough washes, the
lots were developed using Western Lighting Chemilumines-
ence Reagent Plus (Perkin Elmer, Waltham, MA, USA) and
etected using a VersaDoc 3000 documentation system (Bio-

ad). a
RESULTS

rotein maps for IC and cerebellum

o generate an overview of the protein complement of the
C and the cerebellum, we prepared Coomassie-stained
reparative gels for each of the two brain regions and
nnotated excised protein spots by MALDI-MS analysis.
ur analysis focused on soluble, mainly cytoplasmic pro-

eins which we obtained by differential centrifugation (Guil-
emin et al., 2005).

We annotated a total of 169 spots (Fig. 2). Because
o-migrating proteins were present in 25% of the spots, we
btained a total of 220 annotations (Supplemental Table
). We identified two proteins in 34 spots, three proteins in
even spots and four proteins in one spot (Fig. 3a). Be-
ause many proteins were identified in up to seven spots
e.g. creatine kinase, B chain, Fig. 1, spots 43, 52–55, 67,
4), the 220 annotations corresponded to 117 different
enes (Fig. 3b).

We identified enzymes involved in energy metabolism
e.g. malate dehydrogenase, pyruvate dehydrogenase),
lements of the cytoskeleton (e.g. tubulin alpha and beta
hains), and other housekeeping molecules (e.g. carbonic
nhydrase II, heat shock cognate 71 kDa protein). The
eural (i.e. neuronal and/or glial) origin of the sample
issues was well reflected by the presence of several brain-
pecific proteins (e.g. glial fibrillary acidic protein, myelin
asic protein S, neurofilaments) and brain-specific iso-
orms of housekeeping enzymes (e.g. creatine kinase B-
ype, gamma enolase). Because of the essential role of
uch proteins in all brain regions, the vast majority of the
pots (�90%) were detected on gels loaded with either
erebellum or IC samples. This observation also held true
or gels loaded with proteins from various other brain prep-
rations, such as superior olivary complex, whole brain-
tem, or total brain (data not shown). As a consequence,
he annotated map of cerebellar proteins that we present
an be used as a general reference for IC gels and others
Fig. 2). It should be noted, though, that the qualitative
imilarities between two samples do not indicate that there
re no differences between the samples. Rather, such
ifferences are likely to be reflected on a quantitative level,
isplaying changes in the abundance of ubiquitous pro-
eins.

ifferential analysis of IC and cerebellum proteomes

o screen for quantitative differences between the pro-
eome of the IC and that of the cerebellum, we prepared
hree RuBP-stained analytical gels of each region. For
ach gel, we used tissue samples from male rats, thereby
uling out effects of gender differences. We analyzed three
ndependent biological replicates, each based on tissue
rom an individual animal. For the quantitative analysis, all
69 annotated spots from the Coomassie-stained prepar-
tive gels were assigned to one of three groups based on
heir frequency on the replicate gels (see Experimental
rocedures).

The first group comprised spots that were detected on

t least two replicate gels for one brain region, but on less
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han two gels for the other region; these were termed
exclusive spots.’ A total of 18 (11%) exclusive spots were
etected and subjected to a stringent manual revision. The
evision revealed that several exclusive spots had intensi-
ies slightly above the detection limit, yet slightly below the
etection limit in the reference sample. This situation
urned low-intensity spots into artificial exclusive spots.
fter removing such artifacts, a total of six (4%; Table 1)
xclusive IC spots and two (1%; Table 2) exclusive cere-
ellar spots remained. For example, the Ca2�-binding pro-
ein calbindin (spot 115) was detected exclusively in the

ig. 2. Two-dimensional map of rat brain proteins. A representative ex
hat were isolated from young adult rat cerebellum. The vast majority (�
r IC samples. See Tables 1 and 2 for quantitative differences betwe
nalysis of RuBP-stained replicate gels. An unabbreviated list of all a
erebellum (Fig. 4). These data fit well with results of d
revious immunohistochemical studies (Celio, 1990; Fri-
uf, 1994; Tardif et al., 2003) and are in accordance with
ur own analysis on the transcript level, which showed a
igh abundance of calbindin mRNA in the Purkinje cells of
he cerebellum, yet no signal in the IC (Fig. 4h, i).

The second and largest group comprised 115 spots
68%) that were detected and matched on at least two gels
or both brain regions and termed ‘major spots.’ For these,
e calculated AFs and we found a total of 32 major spots
ith significantly increased intensity. For example, aconi-

ate hydratase, an enzyme of the citric acid-cycle, was

a Coomassie-stained gel (18 cm�18 cm) loaded with 750 �g proteins
he marked 169 spots were detected on gels run with either cerebellum
hing spots in different brain regions, as determined by densitometric
proteins is provided as Supplemental Table 1.
ample of
90%) of t
en matc
etected in three isoform spots (spots 6–8) which were all
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lassified as major spots, each demonstrating significantly
igher abundance of the protein in the IC (Fig. 5). Of 15
pots with increased intensity in the IC, one spot contained
wo and another three different proteins. In the cerebellum,

ig. 3. Summary of annotated protein spots. (a) Number of different pr
f all spots, only one protein was identified, in the remaining 25%, two t
ercent of all proteins were identified in only one spot, the remaining

able 1. Proteins with higher abundance in the inferior colliculus

pot Gene name Protein name

1 Dnm1 Dynamin-1
3 Dnm1 Dynamin-1
3 Pygb Glycogen phosphorylase, brain form

10 Nsf Vesicle-fusing ATPase
27 Dpysl2 Dihydropyrimidinase related protein-2
27 Tuba2 Tubulin alpha-2 chain
00 Ywhag 14-3-3 Protein gamma
45 Cfl1 Cofilin-1
5 Hspcb Heat shock protein HSP 90-beta
8 Aco2 Aconitate hydratase, mitochondrial

17 Tkt Transketolase
11 Ca2 Carbonic anhydrase II
11 Kcnip2 Kv channel-interacting protein 2
17 Uchl1 Ubiquitin carboxyl-terminal hydrolase isoz
56 Ppia Peptidyl-prolyl cis-trans isomerase A
7 Aco2 Aconitate hydratase, mitochondrial

57 Glu1 Glutamine synthetase
57 Idh1 Isocitrate dehydrogenase [NADP] cytopla
57 Sh3Bp5 SH3 domain-binding protein 5
16 Uchl1 Ubiquitin carboxyl-terminal hydrolase isoz
56 Glu1 Glutamine synthetase
6 Aco2 Aconitate hydratase, mitochondrial

48 Eno1 Alpha enolase
78 Ddah1 NG,NG-dimethylarginine dimethylaminoh
16 Tkt Transketolase
30 Park7 DJ-1 protein

Lists all protein spots (n�21) with significantly higher intensity in the
rotein name, taken from the corresponding Swiss-Prot entry; Swiss-
core achieved by the data set when submitted to a Mascot peptide
attus database; m, indicates a mixture of two proteins detected in the
atched peptides; %, sequence coverage attained by the matching pe

ntensity in the IC by the mean spot intensity in the cerebellum; spots m
bundance factor (exclusive spots); P, significance of abundance fac
P�0.05, significant.
* P�0.01, highly significant.
7 spots with increased intensity were found (three spots
ontained two and one spot three different proteins).

The third group contained 37 spots (22%) which could
ot be detected or matched reliably on at least two gels for

tected per annotated spot on the two-dimensional gel in Fig. 1. In 75%
teins were identified. (b) Number of isoform spots per protein. Fifty-six
e detected in up to seven isoform spots.

Swiss-Prot Mowse # % AF IC P

P21575 65 19 21 � ok
P21575 144 30 27 � ok
P53534 54 16 17 � ok
P46460 116 22 29 � ok
P47942 184m 34 40 � ok
Q6P9V9 184m 34 44 � ok
P61983 162 26 59 � ok
P45592 62 11 44 � ok
P34058 168 35 38 4.4 **
Q9ER34 128 23 28 3.1 *
P50137 161 22 33 3.0 *
P27139 121 14 57 3.0 **
Q9JM59 53 9 26 3.0 **
Q00981 89 11 57 2.6 **
P10111 95 11 52 2.5 *
Q9ER34 175 28 36 2.2 *
P09606 237m 17 33 2.1 **
P41562 237m 29 54 2.1 **
Q91Y80 51 10 18 2.1 **
Q00981 63 9 52 2.1 **
P09606 146 25 48 1.9 **
Q9ER34 211 31 38 1.8 **
P04764 67 14 24 1.8 *

1 O08557 93 12 27 1.6 **
P50137 160 22 39 1.5 *
O88767 58 10 46 1.2 *

reviations: Spot, position of the spot on the gel in Fig. 1; Gene name,
ss-Prot primary accession number; Mowse, probability-based Mowse
erprint search; scores �50 indicate a significant (P�0.05) hit in the
arch; second pass searches were routinely performed; #, number of
IC, abundance factor for the IC, calculated by dividing the mean spot

were below the detection limit in the cerebellum, resulting in an infinite
xclusive spot passed manual revision.
oteins de
o four pro
yme L1

smic

yme L1

ydrolase

IC. Abb
Prot, Swi
mass fing

initial se
ptides; AF
arked “�”
tors; ok, e
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ither brain region. These were consequently termed ‘non-
pots’ and excluded from further quantitative analysis.

Twenty gene products were more prominent in the IC.
mong them, at least three (dynamin-1, cofilin-1, vesicle-

using ATPase) are involved in vesicular trafficking and
xo-/endocytosis (Hinshaw, 2000; Whiteheart et al., 2001;
avlov et al., 2007). On the other hand, 22 gene products
ere more prominent in the cerebellum. Among those, we

dentified two calcium-binding proteins (calbindin, calreti-
in) and four different 14-3-3 proteins.

Taken together, out of 169 spots analyzed, a different
bundance in either IC or cerebellum could be detected in
0 spots (24%). Of those, 21 spots (with 26 proteins,
epresenting 20 genes) were more prominent in the IC,
nd 19 spots in the cerebellum (with 25 proteins represent-

ng 22 genes).

alidation experiments: Western blots

e finally performed a series of antibody binding experi-
ents to validate the accuracy of our proteomic data. To
o so, five proteins were selected, namely calbindin, cal-

able 2. Proteins with higher abundance in the cerebellum

pot Gene name Protein name

55 Ckb Creatine kinase, B chain
55 Glu1 Glutamine synthetase
15 Calb1 Calbindin
43 Mbp Myelin basic protein S
01 Calb2 Calretinin
01 Ywhaz 14-3-3 protein zeta/delta
93 Ywhae 14-3-3 protein epsilon
26 Dpysl2 Dihydropyrimidinase related protein-2
52 Ckb Creatine kinase, B chain
15 Alb Serum albumin
77 Idh3a Isocitrate dehydrogenase [NAD] subun

alpha, mitochondrial
99 Ywhag 14-3-3 Protein gamma
99 Ywhaq 14-3-3 Protein theta
99 Ywhaz 14-3-3 Protein zeta/delta
18 Nefl 68 kDa neurofilament protein
46 Snca Alpha-synuclein
53 Ckb Creatine kinase, B chain
11 Hspa5 78 kDa glucose-regulated protein
11 Hspa8 Heat shock cognate 71 kDa protein
32 Park7 DJ-1 protein
50 Eno2 Gamma enolase
83 Mdh1 Malate dehydrogenase, cytoplasmic (m
30 Pkm2 Pyruvate kinase, isozymes M1/M2
04 Rps4x 40S ribosomal protein S4, X isoform
04 Ywhag 14-3-3 Protein gamma

Lists all protein spots (n�19) with significantly higher intensity in the
ame, Protein name, taken from the corresponding Swiss-Prot entry;
owse score achieved by the data set when submitted to a Mascot p

n the Rattus database; m, indicates a mixture of up to three proteins d
, number of matched peptides; %, sequence coverage attained by th
y dividing the mean spot intensity in the cerebellum by the mean spo

imit in the IC, resulting in an infinite abundance factor (exclusive spo
evision.
P�0.05, significant.

* P�0.01, highly significant.
etinin, 14-3-3 protein gamma, cofilin-1, and dynamin-1. u
he proteomics results had revealed a higher abundance
n the cerebellum for the first two (Table 1), whereas the
atter three were more abundant in the IC (Table 2). We
nalyzed their presence in the cytosolic fraction of both

he cerebellum and the IC. In the cerebellum, the Western
lots demonstrated a virtually exclusive expression of cal-
indin and a higher signal for calretinin (Fig. 6). In contrast,
4-3-3 protein gamma, cofilin-1, and dynamin-1 were more
rominent in the IC (Fig. 7). Together, these findings were

n line with the results obtained by our semi-quantitative
roteomic analysis, thereby confirming its validity.

DISCUSSION

e have performed a differential proteomic analysis of the
at cerebellum and IC under non-pathological conditions.
he two brain regions are anatomically and functionally
istinct from each other, but both play a role in sensorimo-
or integration. Despite this relation, our results demon-
trate pronounced differences between their proteomes. In
he IC, we found an increase of proteins involved in vesic-

Swiss-Prot Mowse # % AF Cer P

P07335 103m 22 23 � ok
P09606 103m 22 25 � ok
P07171 80 11 49 � ok
P02688 79 13 61 6.60 **
P47728 161m 15 57 4.79 **
P63103 161m 20 56 4.79 **
P62260 155 20 75 3.37 *
P47942 59 16 18 3.24 **
P07335 235 25 70 2.61 **
P02770 91 18 32 2.21 **
Q99NA5 112 20 38 1.97 *

P61983 315m 51 55 1.97 *
P68255 315m 51 64 1.97 *
P63103 315m 51 62 1.97 *
P19527 66 18 17 1.93 *
P37377 81 10 60 1.85 *
P07335 50 13 20 1.84 *
P06761 164 27 42 1.80 *
P63018 54 12 22 1.80 *
O88767 54 8 40 1.50 **
P07323 237 26 73 1.47 *
P14152 73 13 44 1.41 *
P11980 98 17 31 1.38 *
P62703 64 12 44 1.35 *
P61983 51 14 35 1.35 *

m. Abbreviations: Spot, position of the spot on the gel in Fig. 1; Gene
rot, Swiss-Prot primary accession number; Mowse, probability-based
ass fingerprint search; scores �50 indicate a significant (P�0.05) hit
in the initial search; second pass searches were routinely performed;
ng peptides; AF Cer, abundance factor for the cerebellum, calculated
y in the inferior colliculus; spots marked “�” were below the detection
ignificance of abundance factors; ok, exclusive spot passed manual
it

)

cerebellu
Swiss-P
eptide m
etected
e matchi
t intensit
ts); P, S
lar trafficking. In the cerebellum, we detected an increase
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f proteins involved in intracellular signaling cascades.
dditionally, several proteins indicate regional differences

n energy metabolism. The accuracy of our semi-quantita-
ive proteomics analysis was demonstrated by Western
lotting experiments performed on a selected number of
roteins. Moreover, the experiments provided further evi-
ence that this proteomics approach provides quantitative
ssessments, enabling comparisons between protein
bundances rather than simply distinguishing between

yes’ and ‘no.’

igher abundance of trafficking proteins in the IC

hree of 20 gene products with increased intensity in the
C are reportedly involved in vesicular trafficking and exo-/
ndocytosis. Dynamin-1, a large GTPase, plays a central
ole in synaptic vesicle recycling and endocytosis in gen-

ig. 4. Calbindin was exclusively detected in the cerebellum. On all th
), the Ca2�-binding protein calbindin (spot 115) was prominently repre
els (IC 1–IC 3) loaded with IC samples (d–f). The z-shaped spot
etermination and normalization were performed using Proteomweav
alb1 specific antisense probes supports these findings on the transcr
arrows in h), but below the detection limit in the IC of young adult ra
ral, pinching clathrin-coated vesicles of the membrane m
Hinshaw, 2000). Dynamin-1 is the neuron-specific of three
ammalian isoforms, and a known substrate of protein

inase C (Liu et al., 1994). In addition, numerous splice
ariants of dynamin exist (Cao et al., 1998), and it is likely
hat the exclusive spots for dynamin-1 that we detected
spots 1 and 3; Table 1) represent IC-specific forms of
ynamin-1. Cofilin-1 is the non-muscle isoform of an actin-
epolymerizing factor which enhances the dynamics of
lament assembly and has critical functions in endocytosis
nd cytokinesis (Pavlov et al., 2007; Zhu et al., 2007). The

mportance of cofilin-1 in the nervous system is underlined
y the fact that knockout mice die in utero due to severe
efects in neurogenesis (Gurniak et al., 2005). The vesi-
le-fusing ATPase (NSF) was one of the first components
f the vesicular trafficking machinery described (White-
eart et al., 2001). In addition to a major role in neurotrans-

P-stained analytical gels loaded with cerebellum samples (Cer 1–Cer
–c). The corresponding spot was below the detection limit on all three
cilitated gel matching (dashed line in a–f). Spot detection, volume

ing in an infinite AF for calbindin (g). mRNA in situ hybridization with
h, i). calb1 Was strongly expressed in Purkinje cells of the cerebellum
sal is up and caudal to the right in h and i.
ree RuB
sented (a
pattern fa
er, result
itter release at the synapse, NSF also plays a role in
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ntracellular transport from the endoplasmic reticulum to
he Golgi stack (Muller et al., 1999). NSF and cofilin activity
s regulated by phosphorylation (Nakano et al., 2003;
uynh et al., 2004). Thus, the exclusive spots could indi-
ate specific phosphorylation states present in the IC
spots 10 and 145; Table 1). Taken together, the changes
etected in dynamin-1, cofilin-1 and NSF expression point
oward an increased importance and/or altered regulation
f vesicular trafficking processes in the IC. The constant
nd precisely timed neuronal activity found in auditory
enters is a likely explanation for this observation, as it
ecessitates a constant and reliable function of vesicular
rafficking and neurotransmitter release, probably more so
han in non-auditory regions, such as the cerebellum.

igher abundance of Ca2�-binding and 14-3-3
roteins in the cerebellum

mong the 22 gene products with higher abundance in the
erebellum were the two Ca2�-binding proteins calbindin
nd calretinin (�calbindin 2). These closely related cyto-
olic proteins bind free Ca2�-ions and thus contribute to

ig. 5. Aconitate hydratase, an enzyme of the carboxylic acid cycle, w
erebellum (d–f) analytical gels. Spot detection, volume determinatio
ignificantly higher amount of aconitate hydratase in the IC in all three
igher abundance (P�0.01).
he fast Ca2�-buffer capacity of cells. Strong expression of 1
albindin in cerebellar Purkinje cells was demonstrated by
mmunohistochemistry (Celio, 1990; Fortin et al., 1998;
astianelli, 2003), whereas granule cells express calretinin

Resibois and Rogers, 1992; Marini et al., 1997; Bearzatto
t al., 2005). In contrast, only a faint expression of calbi-
din was shown in the IC (Celio, 1990; Friauf, 1994; Tardif
t al., 2003). Calretinin expression is present in the IC, but
estricted mainly to the dorsal cortex and the commissure,
nd down-regulated with age (Lohmann and Friauf, 1996;
ettel et al., 1997). Thus, our proteomic data match with
rotein expression data obtained with classical methods.
he importance of Ca2�-buffering for proper motor control

s well documented, and its perturbation can result in
taxia and kinetic tremor (Airaksinen et al., 1997). Inter-
stingly, a recent proteomic study of 129/Sv mice, a strain
hat displays impaired motor skill, has demonstrated a
own-regulation of calbindin in the cerebellum (Pollak
t al., 2005). In calretinin-deficient mice, targeted expression
f calretinin in cerebellar granule cells restores normal
otor control (Bearzatto et al., 2005). Another group of
roteins showing higher abundance in the cerebellum was

abundant in the IC. It was detected in spots 6–8 on both IC (a–c) and
ormalization were performed using Proteomweaver and revealed a
–i). * Significantly higher abundance (P�0.05), ** highly significantly
as more
n and n
4-3-3 proteins; four different isoforms of these abundant
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rain proteins were found in spots 93, 99, 101 and 104.
ith more than 200 binding partners known, 14-3-3 pro-

eins are linked to numerous cellular processes, ranging
rom cell cycle control and apoptosis to neurotransmitter
ynthesis (van Heusden, 2005). Changes in 14-3-3 ex-
ression have been demonstrated in conjunction with nu-
erous neuronal diseases, including Alzheimer’s disease,
own syndrome, Parkinson disease and diffuse Lewy
ody disease (Fountoulakis et al., 1999; Kawamoto et al.,
002; Xu et al., 2002a). The functional implications of
hanges in 14-3-3 levels are not always clear. For exam-
le, 14-3-3 epsilon and zeta isoforms have been shown to
ediate ataxin-1 neurotoxicity in spinocerebellar ataxia

Chen et al., 2003a). This indicates the importance of
4-3-3 proteins for proper motor control, and may explain
he increased protein levels we detected in the cerebellum.
n contrast, 14-3-3 gamma protein is strongly increased in
erebrospinal fluids of patients with Creutzfeldt-Jacob dis-
ase, but 14-3-3 gamma deficient mouse strains show no
ltered pathogenesis of prion diseases or any other obvi-
us phenotype (Kretzschmar et al., 1996; Wiltfang et al.,
999; Steinacker et al., 2005).

egional differences in energy metabolism

e detected abundance differences of several metabolic
nzymes which indicate a difference in the way energy is

ig. 6. Western blot analysis from the cytosolic fractions of cerebel-
um and IC tissue, demonstrating calbindin and calretinin immunore-
ctivity. Calbindin was virtually absent in the IC, consistent with the AF
f � shown by proteomics. Calretinin immunoreactivity was present in
oth brain regions, but the signal was stronger in the cerebellum. This
esult is in line with a more than fourfold higher abundance demon-
trated by proteomics.
obilized in the two brain regions analyzed. Seven out of
w
i

0 enzymes involved in glycolysis were detected in our
tudy, distributed in a total of 34 spots. Two of these,
gamma enolase, spot 50 and pyruvate kinase, spot 30,
able 2) were significantly more abundant in the cerebel-

um, hinting at increased activity of this pathway in the
erebellum. In contrast, we found a higher abundance of
ransketolase (spots 16 and 17, Table 1), a key enzyme of
he phosphogluconate pathway, in the IC. Transketolase
ejoins the phosphogluconate pathway with glycolysis by
enerating glyceraldehyde-3-phosphate and fructose-6-
hosphate. Unlike glycolysis, the phosphogluconate path-
ay generates NADPH/H�, which is utilized in the synthe-
is of steroids and lipids instead of being utilized in oxida-
ive phosphorylation. The role of the phosphogluconate
athway in the IC remains unclear, but it has been shown
hat transketolase activity in the brain is tightly regulated,
nd deficiencies in transketolase activity are seen in pa-
ients with Alzheimer’s disease and Wernicke-Korsakoff
yndrome (Martin et al., 1995; Paoletti et al., 1997; Xu
t al., 2002b). Three enzymes of the citric acid cycle were
lso found to be differently expressed: isocitrate dehydro-
enase and malate dehydrogenase were more prominent

n the cerebellum and aconitate hydratase was more prom-
nent in the IC. This may indicate differential regulation of
his important metabolic pathway in the brain regions an-
lyzed, although neither enzyme represents a classical
ite of citric acid cycle regulation. Two other differently
xpressed proteins display the different forms of energy
obilization in IC and cerebellum. On the one hand, we

ound an increase of glycogen phosphorylase in the IC, an
nzyme that mobilizes glucose from glycogen, a process
hat mainly ensures mid- to long-term preservation of en-
rgy pools and could represent an adaptation to maintain
he constant and precisely timed activity required in audi-

ig. 7. Western blot analysis from the cytosolic fractions of cerebel-
um and IC tissue, demonstrating immunoreactivity for 14-3-3 protein
amma, cofilin-1, and dynamin-1. For each protein, a stronger band

as present in the IC. The results are in accordance with the proteom-

cs data which had also shown a higher abundance in the IC.
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ory neurons. On the other hand, creatine kinase is more
bundant in the cerebellum. This protein allows the imme-
iate regeneration of ATP from energy-rich phosphocre-
tine. It has recently been demonstrated that diffusion is
ot sufficient to maintain ATP levels in cochlear hair bun-
les (Shin et al., 2007). These cellular processes are too

ar removed from mitochondria and rely on creatine kinase
o constantly provide ATP. In the cerebellum, the large
endritic arbors of Purkinje cells may represent a similar
ituation, and explain the higher abundance of creatine
inase.

general map of common brain proteins

ountoulakis (2004) summarized data from 100 indepen-
ent proteomic analyses of human brain tissue and listed
0 proteins, which occurred with a frequency of 57% and
igher, all of them being housekeeping proteins. Nineteen
f these common brain proteins were also detected in our
tudy, further demonstrating their ubiquitous expression.
s a result, there is a general similarity of the spot patterns
btained with IC and cerebellum samples (�90%). We
onclude that annotations can be easily transferred to gels
repared with samples from different brain regions. In-
eed, we have successfully transferred the annotations of
he protein maps presented here to gels prepared with
issue from superior olivary complex, brainstem, and whole
rain, as confirmed by multiple MALDI-MS measurements
f matched spots (data not shown). This transfer is useful
hen analyzing brain regions of very small volume, such
s the cochlear nuclear complex or the superior olivary
omplex, where tissue samples sufficient for preparative
els are hard to obtain. Differently intensive spots, de-
ected on analytical gels, can be identified by running
reparative gels using larger brain regions or even whole
rain tissue, and transferring the annotations obtained
here.

verlapping protein spots

n overlap of different proteins in a single spot represents
problem for two-dimensional gel electrophoresis-based

uantification methods (Pietrogrande et al., 2003; Cam-
ostrini et al., 2005). The number of spots for which we

dentified two or more overlapping proteins (25%) fits with
published model which predicts the number of overlap-

ing proteins (Pietrogrande et al., 2003; Campostrini et al.,
005). We are therefore confident that we indeed detected
he majority of overlapping proteins. Out of 40 spots on IC
r cerebellum gels displaying different intensity, only eight
20%) contained overlapping proteins, for which quantifi-
ation is of limited use. However, if overlapping proteins fit
nto the same functional group, such as two heat shock
roteins in spot 11 or three different 14-3-3 proteins in spot
9, a higher intensity of that group in general is likely.
oreover, the higher intensity of an overlapping protein in
dditional spots supports an increased abundance of that
rotein in general (e.g. creatine kinase, spots 52, 53 and
5). A considerably higher Mowse score often indicates
ne protein as the major component of a spot, which
mplies that an increase in spot intensity is mainly due to r
he higher abundance of this protein (e.g. carbonic anhy-
rase II and Kv channel-interacting protein 2 in spot 111).
ased on these considerations, limited information on dif-

erently expressed proteins can be gained even from spots
ith overlapping proteins, although validation with inde-
endent methods (such as immunohistochemistry or MS-
ased quantification) is essential.

imitations and drawbacks of the technique

side from the caveat mentioned above (overlap of differ-
nt proteins in a single spot), there are other limitations
hat one should not conceal. Global proteomic studies are
creening studies and can provide candidate molecules,
ut they cannot replace anatomical or physiological exper-

ments. It is mandatory that the results of a proteomic study
e validated and followed up by independent experiments.
estern blotting and immunohistochemistry represent ob-

ious choices to validate expression levels (supplemented
y RNA-based techniques when antibodies are not avail-
ble). Intensive data mining can help to trim down a list of
andidates to a more manageable size for low-throughput
ollow-up studies. Following this, results from pharmaco-
ogical, RNAi, or knockout experiments can provide a link
rom candidate to function. When this rule is followed, the
rawbacks of the method are considerably reduced.

Limited coverage is another caveat to be considered.
ur study and many others demonstrate that today’s pro-

eomics technology is only applicable to abundant and
asily soluble proteins. Reduction of the sample complex-

ty by pre-fractionation represents a possible solution to
his problem. Several pre-fractionation protocols have
een developed that are applicable to brain tissue, includ-

ng those suitable for plasma membrane proteins, which
ay be most interesting to neuroscientists (Li et al., 2004;
uillemin et al., 2005; Schindler et al., 2006, 2008). Sep-
rating the proteome into less complex sub-fractions is
enerally limited by the amount of starting tissue available,
s each separating step involves loss of proteins. Espe-
ially when analyzing small brain regions, highly sensitive
roteomic methods are required, such as in-gel difference
lectrophoresis (Tonge et al., 2001) or gel-free ap-
roaches based on multidimensional chromatographic
eparation of complex protein mixtures (Gevaert et al.,
007).

Finally, our proteomics approach, like many global
ene expression studies (e.g. microarray analysis), cannot
ttribute observed differences in protein level to neurons or
lial cells. A distinction between these two cell types can
nly be done by obtaining pure samples, which is endeav-
red in the brain, or by performing follow-up experiments,
or example immunocytochemistry on identified cells.

CONCLUSION

ur results show pronounced differences in the proteome
etween the IC and the cerebellum, despite their shared
ole in sensorimotor integration. They also demonstrate
hat regional differences in the protein pattern can be

esolved using gel-based proteomic methods. In addition,
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he protein map presented here represents a resource that
acilitates the annotation of proteins in follow-up studies.

The present study represents a proof-of-principle dem-
nstration of the feasibility of a differential analysis of
elatively small brain regions, such as the IC and other
uditory relay stations. It thus provides the groundwork for
laborate proteomic studies. In the auditory system, such
tudies may comprise an analysis of developmental
hanges in a given auditory region and a multiplexed anal-
sis of several auditory brainstem areas. They may be
omplemented by the search for alterations induced by
enetic mutations, e.g. those causing deafness. As the
lterations may be restricted to specific regions or be
iametrically opposed in different regions, they may elude
etection when heterogeneous organs, such as the brain,
re analyzed as a whole. The application of fluorescent
yes in two-dimensional differential gel electrophoresis
2D-DIGE; Unlu et al., 1997; Tonge et al., 2001; Van den
ergh and Arckens, 2004) enables the detection of quan-

itative differences between samples in a single gel and
as unveiled the potential of gel-based proteomics (Van
en Bergh et al., 2006). In conclusion, the generation of
uantitative proteome databases will yield a comprehen-
ive understanding of the characteristic protein profile, and
hus the molecular phenotype, of a given brain region. All
n all, they will thus provide a basis for future physiological
tudies.
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