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Abstract Astrocytes are glial cells in the central nervous

system (CNS) that play key roles in brain physiology,

controlling processes, such as neurogenesis, brain energy

metabolism and synaptic transmission. Recently, immune

functions have also been demonstrated in astrocytes,

influencing neuronal survival in the course of neuroin-

flammatory pathologies. In this regard, PKCepsilon (PKCe)
is a protein kinase with an outstanding role in inflamma-

tion. Our previous findings indicating that PKCe regulates

voltage-dependent calcium channels as well as morpho-

logical stellation imply that this kinase controls multiple

signalling pathways within astrocytes, including those

implicated in activation of immune functions. The present

study applies proteomics to investigate new protein targets

of PKCe in astrocytes. Primary astrocyte cultures infected

with an adenovirus that expresses constitutively active

PKCe were compared with infection controls. Two-

dimensional gel electrophoresis clearly detected 549 spots

in cultured astrocytes, and analysis of differential protein

expression revealed 18 spots regulated by PKCe. Protein

identification by mass spectrometry (nano-LC–ESI-MS/

MS) showed that PKCe targets molecules with heteroge-

neous functions, including chaperones, cytoskeletal

components and proteins implicated in metabolism and

signalling. These results support the notion that PKCe is

involved in astrocyte activation; also suggesting that mul-

tiple astrocyte-dependent processes are regulated by PKCe,
including those associated to neuroinflammation.
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Introduction

Astrocytes, the most abundant non-neuronal cell type in the

central nervous system (CNS), represent approximately

half of the volume of the adult mammalian brain (Agulhon

et al. 2008). Although originally considered as structural

elements, the fact is that the functional diversity of these

cells is astonishing. Thus, astrocytes involved in guidance

of migrating neurons in early development (Rakic 1972),

are essential for the maintenance of the blood brain barrier

(Abbott et al. 1992) and provide structural and metabolic

support for neurons (Brown and Ransom 2007; Tsacopo-

ulos and Magistretti 1996). They also influence neuro-

transmission by controlling extracellular glutamate levels

as well as the concentration of ions, such as K? (Hertz

et al. 1999; Karwoski et al. 1989).

In addition, astrocytes along with microglia are

responsible for innate neuroimmunity, so that activation of

astrocytes (reactive astrogliosis) is a hallmark of the

neuroinflammatory processes associated to diverse neuro-

pathologies (Buffo et al. 2010; Dong and Benveniste 2001;

Skaper 2007). Therefore, astrocytes assume critical roles

in disorders, such as epilepsy, trauma, ischemic stroke,

Alzheimer’s and Parkinson’s diseases and amyotrophic
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lateral sclerosis (Blasko et al. 2004; Giaume et al. 2007;

Maragakis and Rothstein 2006). Interestingly, astrocytes

undergo a remarkable transformation to become reactive.

This includes hypertrophy, extension of cell processes and

secretion of cytokines and other inflammatory mediators.

Relative to the functional consequences of astrocyte acti-

vation, mounting evidence demonstrates that reactive

astrocytes can contribute to neuroinflammation and exac-

erbate brain injury (Laird et al. 2008). Accordingly, reac-

tive astrocytes present in the glial scar formed in focal

brain lesions inhibit axonal growth and represent a barrier

to regeneration (Rolls et al. 2009). Nevertheless, also a

growing number of reports sustain that reactive astrocytes

play multiple beneficial roles on neuronal survival in

neuropathology (Bush et al. 1999; Faulkner et al. 2004).

On the other hand, PKCe is a novel PKC isoform

(phorbol ester-sensitive and Ca2?-insensitive) that controls

cell shape, growth and differentiation in several cell types

(Akita 2002). Interestingly, it is also implicated in the

regulation of inflammatory processes in a variety of tissues

(Aksoy et al. 2004; Castrillo et al. 2001; Tan and Parker

2003) including CNS (Premkumar and Ahern 2000; Wang

et al. 2004). Our previous work provides data supporting

the involvement of PKCe in the acquisition of a reactive

morphology in astrocytes in response to proinflammatory

agents, such as lipopolysaccharide (LPS; Burgos et al.

2007a). We also found that PKCe upregulates voltage-

gated calcium channels (Burgos et al. 2007b), known to

increase in reactive astrocytes in brain trauma and ischemia

models (Chung et al. 2001; Westenbroek et al. 1998).

These latest observations imply that a vast number of

calcium-dependent processes may be controlled by PKCe
in these cells. In conclusion, PKCe is likely to contribute to

brain inflammation through the regulation of signalling

cascades leading to astrocyte activation.

Proteomic technology has been successfully applied to

investigate astrocyte biology. Among other applications,

proteomics has enabled recognition of molecules mediating

transformation of astrocytes to a reactive phenotype by

endothelin-1 (Egnaczyk et al. 2003), characterization of

secreted proteins (Dowell et al. 2009; Keene et al. 2009),

analysis of responses to morphine (Suder et al. 2009) and

effects of ageing (Diez-Vives et al. 2009). In our hands,

proteomics has also proven a powerful method for identi-

fication of cytoskeleton, signalling, metabolic, antioxidant

and proteasomal proteins in different cell types including

astrocytes (Myung et al. 2009; Peyrl et al. 2003; Yang et al.

2005). The present study examines the effects of PKCe on

the astrocyte proteome. With this purpose, primary astro-

cyte cultures in which PKCe was adenovirally overex-

pressed were evaluated using two-dimensional gel

electrophoresis (2DE) coupled with mass spectrometry

(nano-LC–ESI-MS/MS). Results are discussed in the

context of astrocyte reactivity in neuroinflammatory

pathologies.

Materials and methods

Animals and primary astrocyte cultures

C57BL/6 mice were maintained in the animal facility at the

Albacete Medical School. Cell culture procedures from

mice complied with European Union guidelines for the

care and use of laboratory animals (council directive 86/

609EEC). Primary astrocyte cultures were established from

cortex as described (Perez-Ortiz et al. 2004). Briefly, the

cerebral hemispheres were aseptically removed from

newborn animals (2–4 days old) after decapitation, and

cortices were incubated in trypsin–EDTA for 5–10 min at

37�C. Tissue was then mechanically dissociated and

resuspended in Dulbecco’s modified Eagle’s medium

containing 10% foetal bovine serum and antibiotics. Cells

were grown in 150 cm2 culture flasks for 12–14 days. The

purity of astrocyte cultures was increased by shaking

overnight before subculturing.

Adenoviral infection

A replication-defective adenoviral vector driving the

expression of constitutively active PKCe (AdCA-PKCe)
was obtained from Samarel (Heidkamp et al. 2001). Rat

PKCe was rendered constitutively active by deletion of

residues 154–163, which correspond to the inhibitory

pseudosubstrate domain. Control cultures were infected

with adenovirus expressing b-galactosidase (Adb-GAL) (a

gift from A. Samarel) or green fluorescent protein (AdGFP)

from Clontech Laboratories (CA, USA). All adenoviruses

were amplified in the permissive HEK-293 host cell line

(ATCC). Viral particles were purified using the adenoviral

purification kit Adeno-XTM (Clontech Laboratories, CA,

USA), and the viral title was determined by the end-point

dilution assay as described before (Benavides et al. 2005).

Astrocytes were infected 2–3 days after subculturing at a

multiplicity of infection (MOI) of 20. This MOI rendered

high transgenic expression and did not substantially affect

cell viability. All experiments involving the use of ade-

novirus were performed in a P2 biohazard safety level

laboratory.

Two-dimensional gel electrophoresis (2DE)

Mouse primary astrocytes were lysed in sample buffer

consisting of 7 M urea, 2 M thiourea, 4% CHAPS, 10 mM

DTT, 1 mM EDTA, 1 mM phenylmethylsulfonyl fluoride

(PMSF) and a mixture of protease and phosphatase
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inhibitors (Roche Diagnostics, Mannheim, Germany).

After sonication for approximately 15 s, samples were

incubated at 21 ± 1�C for 1 h and centrifuged at

14,000g at 12�C for 60 min to remove nucleic acids and

insoluble material. Desalting was done with Ultrafree-4

centrifugal filter unit (Millipore) and protein content was

determined by the Bradford method. 2DE was performed

essentially as reported (Yang et al. 2004). Protein samples

(0.7 mg) were applied on immobilized pI 3–10 nonlinear

gradient strips. Focusing started at 200 V and the voltage

was gradually increased to 8,000 V over 31 h at 4 V/min

and kept constant for 3 h (approximately 150,000 V h in

total). The second-dimensional separation was performed

on 9–16% gradient SDS–polyacrylamide gels. After pro-

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

gels were stained with colloidal Coomassie Blue (Novex,

San Diego, CA, USA) for 8 h. Excess of dye was washed

out with distilled water. Molecular masses were determined

by running standard protein markers (Bio-Rad Laboratories,

Hercules, CA, USA) covering the range from 10 to 250 kDa.

pI values were used as given by the supplier of the immobi-

lized pH gradient strips (Amersham Bioscience).

Quantification of protein spots

Protein spots were outlined automatically and then verified

visually. The Proteomweaver software (Definiens, Munich,

Germany) was used for image quantification. Protein

amount was calculated as spot volume and expressed as

percentage of total volume of spots in each 2DE gel. Spots

differently expressed after PKCe overexpression were

isolated for further analysis.

Sample preparation for mass spectrometry and analysis

of peptides by nano-LC–ESI-MS/MS (High Capacity

Ion Trap, HCT)

Protein spots identified were manually excised and placed

into 0.5 mL LoBind Eppendorf tubes. In-gel digestion and

sample preparation for HCT analysis were performed as

described before (Sunyer et al. 2008). Gel plugs were

washed with 10 mM ammonium bicarbonate and 50%

acetonitrile in 10 mM ammonium bicarbonate repeatedly.

Addition of 100% acetonitrile resulted in gel shrinking and

the shrunk gel plugs were then SpeedVac dried in a

SpeedVac Concentrator 5301 (Eppendorf, Germany). The

dried gel pieces were re-swollen and in-gel digested

overnight at 37�C with 40 ng/lL trypsin (Promega,

Madison, WI, USA) in digestion buffer containing 5 mM

Octyl b-D-glucopyranoside (OGP) and 10 mM ammonium

bicarbonate. Peptide extraction was performed with 20 lL

of 1% trifluoroacetic acid (TFA) in 5 mM OGP for 30 min,

and subsequently with 0.1% TFA in 4% acetonitrile for

30 min. The extracted peptides were pooled for HCT

analysis (a total of 40 lL). The HPLC used was a bio-

compatible Ultimate 3000 system (Dionex Corporation,

Sunnyvale, CA) equipped with a Pep-Map100 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 acetoni-

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

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

300 nL/min from 0 to 12 min, 75 nL/min from 12 to

105 min, 300 nL/min from 105 to 125 min. An HCT ultra

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 informa-

tion-dependent data acquisition over the mass range of m/z

100–2,800. An active exclusion of 0.4 min after two

spectra was used to detect low-abundance peptides. The

voltage between ion spray tip and spray shield was set to

1,100 V. Drying nitrogen gas was heated to 170�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 fragmentation. Multiple charged pep-

tides were chosen for MS/MS experiments due to their

good fragmentation characteristics. MS/MS spectra were

interpreted and peak lists were generated by DataAnalysis

3.4 (Bruker Daltonics, Bremen, Germany). Searches were

done by using the MASCOT 2.2.04 (Matrix Science,

London, UK) against latest UniProtKB database for protein

identification. Searching parameters were set as follows:

enzyme selected as trypsin with two maximum missing

cleavage sites, species limited to mouse, 0.2 Da for MS/

MS tolerance, fixed modification of carbamidomethyl and

variable modification of methionine oxidation and phos-

phorylation (Tyr, Thr and Ser). Positive protein identifi-

cations were based on a significant MOWSE score. After

protein identification, an error-tolerant search was done to

detect unspecific cleavage and unassigned modifications.

Protein identification and modification information returned

from MASCOT were manually inspected and filtered.

Western blot analysis

Cell lysates were loaded onto SDS–polyacrylamide gels,

electrophoresed and subsequently transferred to polyvi-

nylidene fluoride membranes (Pall Corporation, Ann

Arbor, MI, USA) as described previously (Perez-Ortiz

et al. 2004). Protein concentration was measured by the

Bradford assay (Bio-Rad, Hercules, CA, USA). Mem-

branes were incubated with a primary antibody for

a-B-crystallin (1:5,000; Acris antibodies GmbH, Germany)

or HSP60 (1:1,000; Assay designs, Ann Arbor, MI, USA),

followed by a mouse peroxidase-conjugated secondary

antibody according to a protocol as given by the supplier
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(GE Healthcare, UK). An enhanced chemiluminescence

system was used for visualization.

Analysis of gene expression by reverse transcription

followed by quantitative PCR (RT-PCR)

Total RNA was obtained with the Trizol Reagent (Invit-

rogen, Carlsbad, CA, USA) following the manufacturer’s

protocol. The isolated RNA was subsequently treated with

DNase (Promega, Madison, WI, USA) to remove any

contaminating genomic DNA, and the integrity of RNA

was checked by running an aliquot in an agarose gel.

Reverse transcription was performed using 2 lg of DNase-

treated RNA in 100 lL of reaction volume containing 19

RT Buffer (Applied BioSystems, Carlsbad, CA, USA),

5.5 mM MgCl2, 500 lM dNTPs, 2.5 lM random hexa-

mers, 0.4 U/lL RNase inhibitor, and 1.25 U/lL Multi-

Scribe Reverse Transcriptase. Reaction was performed in

a thermal cycler as follows: 25�C for 10 min, 48�C

for 30 min and 95�C for 5 min. Samples were then kept at

-20�C until utilization.

HSP60 and a-B-crystallin expressions were analysed by

quantitative PCR using an ABIPrism 7000 Sequence

Detection System (Applied Biosystem). cDNA (2 lL of

reverse transcription product) was amplified using SYBR�

Green PCR Master Mix (Applied Biosystems) in the

presence of primer oligonucleotides specific for HSP60,

a-B-crystallin or GAPDH. The PCR conditions were: 95�C

for 10 min, followed by 40 cycles consisting of 95�C for

15 s and 60�C for 1 min. Quantification was performed

by the comparative cycle threshold method (Livak and

Schmittgen 2001), using the GAPDH expression level as

internal control. Primers for all target sequences (Table 1)

were designed using the computer Primer Express software

program provided with the 7000 Sequence Detection Sys-

tem (Applied Biosystems).

Statistical analysis

Protein and mRNA expression values in proteomics,

Western blot or RT-PCR experiments are expressed as

mean ± standard deviation (SD). Unpaired Student’s t test

(Sunyer et al. 2007) was used for statistical analysis of

differences between the CA-PKCe-treated and control

groups in all experiments. Spot differences in Proteo-

mweaver analysis were considered significant at p < 0.05.

Statistical significance of Western blot and RT-PCR

quantifications are referred by asterisks (*p \ 0.05;

**p \ 0.01).

Results and discussion

PKCe induces astrocyte stellation

Our previous findings suggest that the astrocyte activation

program triggered by PKCe affects multiple cellular path-

ways. We demonstrated that PKCe induces the expression

of voltage-gated calcium channels that may affect a broad

range of calcium-dependent processes (Burgos et al.

2007b) and also regulates cytoskeletal components impli-

cated in cell morphology determination (Burgos et al.

2007a). Inspired by the fact that astrocyte activation has a

profound impact on neuronal survival in neuroinflamma-

tory pathologies, here we use a proteomics approach to

disclose novel PKCe molecular targets.

Our first step to identify proteins regulated by PKCe was

to set primary astrocyte cultures from mice cortex. We

have previously shown that this cellular system responds to

PKCe. To analyse the effects of PKCe in the present

experiments, astrocyte cultures were infected with an

adenovirus expressing a constitutively active form of PKCe
(AdCA-PKCe). Western blot analysis demonstrated that

AdCA-PKCe infection triggers a high CA-PKCe expression

(Fig. 1a). Moreover, PKCe induction was associated to a

dramatic change in morphology. Astrocytes developed

long cell processes clearly visible in phase-contrast images

and similar to those found in reactive astrocytes (Fig. 1b).

Complementary immunofluorescence staining showed that

PKCe overexpression by adenoviral infection is effective in

most astrocytes within the culture (over 90%). Control

cultures were infected with an adenovirus expressing

b-galactosidase (Adb-GAL) or green fluorescent protein

(AdGFP). No changes were observed after infection with

any control adenovirus, implying that the morphological

transformation observed depends on the expression of

PKCe, and not on the adenoviral infection itself.

Analysis of indicated spots

Regulation of protein expression by PKCe in primary

astrocyte cultures was analysed by proteomics technique.

To examine proteome differences between CA-PKCe-
infected astrocytes and b-GAL-expressing controls,

Table 1 Oligonucleotide primer pairs used for HSP60, a-B-crystallin

and GAPDH quantification

Name Sequence

HSP60-F 50-CACAGTCCTTCGCCAGATGAG-30

HSP60-R 50-TGGCATAGGCCCGAGTGA-30

a-B-crystallin-F 50-CCAACCGACTCTGCATTCATC-30

a-B-crystallin-R 50-GGGCGCCGGATCCA-30

GAPDH-F 50-CATCTTCTTGTGCAGTGCCAG-30

GAPDH-R 50-CACCGACCTTCACCATTTTGT-30
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proteins were extracted and separated on 2DE (Fig. 2).

Densitometric analysis using Proteomweaver software was

applied to 549 spots. The unpaired Student’s t test detected

statistically significant differences among controls and

CA-PKCe overexpressing astrocytes in 18 spots. All dif-

ferentially expressed spots were subjected to nano-LC–ESI-

MS/MS for protein identification (Supplementary Table 1).

Differences in protein expression are shown in Table 2.

Although proteins identified as PKCe targets in our

study have heterogeneous functions, they can be classified

in to chaperones, cytoskeletal, metabolism-related and

antioxidant proteins. In addition, both upregulated and

downregulated proteins were found. Thus, a-B-crystallin,

60 kDa heat shock protein (HSP60), 14-3-3 e, pyruvate

kinase isozymes M1/M2, T-complex protein 1h and

UPF0556 protein C19orf10 homologue showed signifi-

cantly higher expression in the CA-PKCe-infected group;

whereas expression of alcohol dehydrogenase (NADP?),

dynamin-1-like-protein, glutamate dehydrogenase 1 (mito-

chondrial), interferon-induced protein with tetratricopep-

tide repeats 3, myosin regulatory light polypeptide 9,

peroxiredoxin-6, platelet-activating factor acetylhydrolase

IB b, profilin-2, triosephosphate isomerase, tropomyosin

a-1 chain and protein S100-A10 were significantly

decreased after CA-PKCe induction.

The regulation of a-B-crystallin and HSP60 in response

to PKCe overexpression was further analysed by Western

blotting. Control and AdCA-PKCe-treated samples were

incubated with HSP60 and a-B-crystallin specific anti-

bodies. Both HSP60 and a-B-crystallin were significantly

increased in CA-PKCe-overexpressing astrocytes (44 and

50% respectively), which confirmed proteomics results

(Fig. 3a). To assess whether changes in protein levels are

the consequence of transcriptional or post-transcriptional

mechanisms, mRNA levels were measured by RT-PCR with

oligonucleotides designed to specifically amplify HSP60 or

a-B-crystallin. Whereas expression of a-B-crystallin mRNA

Fig. 1 PKCe induces a reactive morphology in astrocytes. Astrocyte

cultures were transduced with an adenoviral construct expressing a

constitutively active form of PKCe (AdCA-PKCe) whereas controls

were exposed to adenovirus producing b-GAL (AdbGAL). a After

72 h PKCe expression in AdCA-PKCe and AdbGAL cultures was

studied by Western blot analysis. Detection of a-tubulin was included

as a loading control. b Cultures were processed to evaluate astrocyte

morphology by phase-contrast microscopy (upper panels) or PKCe
expression by immunofluorescence (lower panels). Scale bar corre-

sponds to 100 and 50 lm (upper and lower images respectively). Data

shown are representative of at list six independent experiments. PKCe
overexpression triggers a dramatic morphological change inducing

the elongation of cell processes which is characteristic of reactive

astrocytes

Fig. 2 2DE image of primary astrocyte cultures. Proteins from

AdCA-PKCe-infected astrocytes and AdbGAL-infected controls were

extracted and separated on an immobilized pH 3–10 non-linear

gradient strip followed by separation on a 9–16% polyacrylamide

gradient. Gels were stained with Coomassie Blue and spots were

subjected to densitometric analysis using Proteomweaver software.

Spots highlighted correspond to differentially expressed proteins

identified by nano-LC–ESI-MS/MS. Accession numbers for these

proteins are provided. Unpaired Student’s t test was used for

statistical analysis
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was significantly increased by CA-PKCe, we found no

evidence of effects on HSP60 mRNA (Fig. 3b). This result

indicates different levels of regulation for the proteins

studied.

Stress proteins identified as PKCe targets play roles

in neuroinflammation

Our experiments show increased expression of several

specific chaperone and chaperone-related (chaperonin)

proteins in astrocytes as a consequence of PKCe overex-

pression. These proteins are a-B-crystallin, HSP60, the

subunit theta of T-complex protein 1 (TCP-1) and 14-3-3 e.
The expression of chaperones is generally constitutive, as

they regulate fundamental cellular process affecting protein

folding, sorting, degradation, assembly into complexes and

resolubilization of aggregates (Chen et al. 2006). Interest-

ingly, chaperones have a particularly high expression in

response to deleterious cell environments that alter protein

folding, and are often markedly upregulated under condi-

tions of cellular stress including inflammation. In conse-

quence, the regulation of stress proteins by PKCe
uncovered by our experiments may be related with the

function of chaperones as inflammatory mediators. In fact,

chaperones are known to influence inflammatory signalling

pathways (van Noort 2008). Furthermore, since astrocytes

are cells with immune functions and our previous data

indicate that PKCe induces astrocyte activation, the

evidence gathered here suggests the involvement of chap-

erones in the inflammatory signalling cascades controlled

by PKCe that are related to astrogliosis. Evidence sup-

porting this notion for specific PKCe-regulated chaperones

is discussed below.

a-B-crystallin

Our experiments reveal a substantial upregulation of

a-B-crystallin in PKCe-stimulated astrocytes. Proteomics

data was confirmed through complementary Western blot

analysis. Moreover, RT-PCR showed that regulation of

a-B-crystallin by PKCe implicates changes at the mRNA

level. The chaperone protein a-B-crystallin is known to

increase in the brain in cellular stress conditions, and often

in neurological diseases related to aggregation of misfolded

proteins. In agreement with our results, a-B-crystallin

expression is particularly high in reactive astrocytes both in

diseased human brain (Iwaki et al. 1992) and in animal

models of neuropathology, such as middle cerebral artery

occlusion (Piao et al. 2005), tauopathies (Dabir et al. 2004),

kainate-mediated excitotoxicity (Che et al. 2001) and

Parkinson disease (Renkawek et al. 1999). Moreover,

a-B-crystallin upregulation in glial cells has been shown

protective in Huntington’s disease by suppression of

a-synuclein aggregates (Wang et al. 2008). In the same

line, CNS inflammation and demyelination in experimental

autoimmune encephalomyelitis (EAE) was aggravated in a

Table 2 Quantification of

proteins after 2DE analysis and

identification by nano-LC–ESI-

MS/MS

Relative protein expression

(mean ± SD) shown is the

result of Proteomweaver

software-assisted quantification.

Only proteins presenting a

statistically different expression

between AdCA-PKCe- and

Adb-gal-infected astrocytes

(p \ 0.05 Student’s t test) are

listed

Accession

number

Name Adb-gal-

infected

astrocytes

AdCA-PKCe-
infected

astrocytes

P62259 14-3-3 e 2.27 ± 0.90 5.17 ± 1.43

P63038 60 kDa heat shock protein mitochondrial 1.88 ± 0.36 2.71 ± 0.51

Q99KI0 Aconitate hydratase mitochondrial 0.90 ± 0.11 1.28 ± 0.19

Q9JII6 Alcohol dehydrogenase [NADP?] 0.43 ± 0.05 0.33 ± 0.08

P23927 a-B-crystallin 0.35 ± 0.12 0.58 ± 0.11

Q8K1M6 Dynamin-1-like protein 1.51 ± 0.28 1.10 ± 0.12

P26443 Glutamate dehydrogenase 1 mitochondrial 1.99 ± 0.20 1.51 ± 0.30

Q64345 Interferon-induced protein with tetratricopeptide

repeats 3

0.59 ± 0.18 0.36 ± 0.05

Q9CQ19 Myosin regulatory light polypeptide 9 0.40 ± 0.047 0.25 ± 0.11

O08709 Peroxiredoxin-6 0.87 ± 0.18 0.55 ± 0.12

Q61206 Platelet-activating factor acetylhydrolase IB b 0.36 ± 0.03 0.30 ± 0.02

Q9JJV2 Profilin-2 0.43 ± 0.01 0.30 ± 0.08

P52480 Pyruvate kinase isozymes M1/M2 0.63 ± 0.20 0.83 ± 0.33

P42932 T-complex protein 1 h 0.33 ± 0.04 0.46 ± 0.07

P17751 Triosephosphate isomerase 0.40 ± 0.05 0.33 ± 0.02

P58771 Tropomyosin a-1 chain 5.84 ± 0.49 3.85 ± 0.82

Q9CPT4 UPF0556 protein C19orf10 homolog 0.22 ± 0.04 0.30 ± 0.02

P08207 Protein S100-A10 1.03 ± 0.03 0.85 ± 0.12
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mouse model in which astrocytes lacked a-B-crystallin

expression (Ousman et al. 2007). Therefore, there is evi-

dence to sustain the hypothesis that PKCe-controlled sig-

nalling pathways in which a-B-crystallin is implicated

might be neuroprotective. On the other hand, although this

is the first report associating PKCe to a-B-crystallin, pre-

vious work has linked PKC activation to the regulation of

this chaperone. In this regard, PKC-induced activation of

p38 has been shown responsible for a-B-crystallin

phosphorylation (Launay et al. 2006); and a-B-crystallin is

a PKCd target in retinas of type 2-diabetes patients (Kim

et al. 2007).

HSP60

HSP60 belongs to a particular family of chaperone proteins

named chaperonins. HSP60 is known to act as a potent

stimulator of innate immunity (Quintana and Cohen 2008),

and to induce the release of inflammatory mediators, such

as IL-6 in mouse adipocytes (Gulden et al. 2008). Con-

versely, proinflammatory cytokines have been reported to

enhance HSP60 expression in astrocytes (Bajramovic et al.

2000), inspiring the idea that HSP60 play a role in the

pathogenesis of autoimmune diseases. In accordance with

the implication of HSP60 in neuroinflammatory patholo-

gies, data collected here associate HSP60 expression with

PKCe-induced astrocyte activation. Our initial proteomic

experiments were confirmed by Western blotting. Besides,

RT-PCR analysis added complementary evidence sug-

gesting that HSP60 regulation by PKCe takes place at the

posttranscriptional level. Further supporting the role of

HSP60 in PKCe signalling, a previous report showed that

HSP60 overexpression in stressing conditions can be

inhibited by PKC blockers (Chen et al. 2006).

14-3-3 e

14-3-3 is a highly conserved family of adapter proteins

(Bridges and Moorhead 2005) that regulates the function of

a large number of target proteins by restricting their sub-

cellular location, modulating their catalytic activity and

protecting them from dephosphorylation or proteolysis. In

consequence, 14-3-3 chaperones control signalling path-

ways involved in cell differentiation, proliferation, trans-

formation and apoptosis (Berg et al. 2003). The proteome

analysis shown here detects that PKCe enhances the

expression of the epsilon subtype specifically. Previous

reports have shown upregulation of 14-3-3 e in brains of

patients with Alzheimer disease and Down syndrome

(Fountoulakis et al. 1999). Moreover, in accordance with

our observations, expression of 14-3-3 e is increased in

reactive astrocytes present in models of brain lesion, such

as hippocampal denervation in mouse (Sihlbom et al.

2007). It is also associated to astrocyte activation in human

neuropathologies including multiple sclerosis (Satoh et al.

2004) and cerebrovascular ischemia (Kawamoto et al.

2006). Therefore, the finding that 14-3-3 e is under PKCe
control further supports the involvement of this kinase in

astrogliosis and pathogenesis in the CNS. It is also inter-

esting to note that 14-3-3 proteins can form molecular

complexes with HSP60, another protein identified here as a

chaperone responsive to PKCe (Satoh et al. 2005).

Fig. 3 Western blot and RT-PCR analysis of HSP60 and

a-B-crystallin regulation by PKCe. Astrocyte cultures overexpressing

CA-PKCe or GFP (controls) were compared. a Protein extracts were

processed for immunoblotting with specific antibodies to HSP60 or

a-B-crystallin and detection of a-tubulin was included as a loading

control. Western blot shown is representative of four independent

experiments. Optical density values in the densitometric analysis are

expressed as percentage of AdbGAL-infected controls. b RNA

obtained from astrocytes overexpressing CA-PKCe or GFP was

subjected to RT-PCR. GAPDH expression was used as internal

control. Numeric values are presented as increments over control

astrocytes. Results are expressed as mean ± standard deviation (SD)

of nine experiments performed using three independent astrocyte

cultures. *p \ 0.05 and **p \ 0.01 vs. controls. Whereas both

HSP60 and a-B-crystallin proteins are significantly increased in cells

overexpressing CA-PKCe only a-B-crystallin mRNA was upregulated

by PKCe
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Metabolic proteins and other enzymes with a putative

role in neuroinflammation

Acquisition of the reactive phenotype in astrocytes is

associated to profound metabolic changes. Triosephosphate

isomerase, alcohol dehydrogenase, aconitate hydratase and

pyruvate kinase are a group of proteins related to the cel-

lular metabolism that are altered by PKCe overexpression.

Supporting their possible involvement in PKCe-induced

astrogliosis, the activity of pyruvate kinase was previously

found increased in reactive astrocytes in a model of

hypoxia (Marrif and Juurlink 1999), as well as in brains of

patients with Alzheimer’s disease (Bigl et al. 1999). In

addition, peroxiredoxin-6 is a protein belonging to a

ubiquitous family of antioxidant enzymes downregulated

here by PKCe. Inhibition of this enzyme in lung tumori-

genesis was also linked to inflammation (Meier et al.

2007). It is interesting to note that not all enzymatic

changes induced by PKCe in our study are supposed to lead

to increased inflammation. In this regard, IFN-induced

protein with tetratricopeptide repeat 3 is a proinflammatory

marker of astrocyte activation decreased after PKCe stim-

ulation. Another protein with enzymatic activity found

differentially regulated by proteomics is platelet-activating

factor acetyl (PAF) hydrolase (PAF-AH), which catalyzes

the degradation of PAF. This factor is a mediator of

inflammation in activated leukocytes, further suggesting

that at least part of the signalling pathways activated by

PKCe in reactive astrocytes may be anti-inflammatory. In

agreement with our results, a previous work found

decreased PAF-AH after PKC activation with phorbol

esters in macrophages (Narahara et al. 2003).

Candidates to mediate astrocyte stellation induced

by PKCe

PKCe stimulation induces the growth of cellular processes

in the astrocyte activation model used here. This transfor-

mation resembles the morphological change observed in

reactive astrocytes in damaged brains, and was character-

ized in our previous work. Thus, we found that PKCe
promotes the assembly of actin and tubulin filaments, as

well as myosin light chain 2 phosphorylation (Burgos et al.

2007a). In this context, it is meaningful that our proteomic

approach was able to identify as PKCe targets several

proteins involved in cell shaping. One of them is myosin

regulatory light polypeptide 9, a protein that modulates the

ATPase activity of myosin heads (Takashima 2009). We

found a decrease in the levels of this protein in response to

PKCe activation. Other proteins downregulated according

to the present proteomic results are: tropomyosin a-1 chain,

also related to myosin (Malhotra 1994); dynamin 1-like-

protein, involved in endocytosis and vesicular trafficking

(Koch et al. 2004), and S100A10 (p11), a member of the

S100 protein family that forms a heterotetrameric complex

with annexin 2 and regulates intracellular trafficking and

protein expression at the cell surface. Besides, S100A10

(p11) can influence the organization of the actin cytoskel-

eton (Benaud et al. 2004). Another protein identified that

also relates to the cytoskeleton is T-complex protein 1

subunit theta (TCP-1 d). Proteins of the TCP-1 complex

belong to the same chaperone family than HSP60, also

found here. Interestingly, TCP-1 acts as a cytosolic chap-

erone implicated in folding of the cytoskeletal proteins

actin and tubulin (Dunn et al. 2001), as well as myosin

(Srikakulam and Winkelmann 1999). In addition, both

HSP60 and TCP-1 show abnormal activity in neuroin-

flammatory pathologies, such as Alzheimer’s disease

(Nicolls et al. 2003). All these evidence together underline

the remarkable similarities between the functions of the

structural proteins detected as PKCe targets, and the actions

of PKCe on the cytoskeleton previously described. Then, a

plausible hypothesis is that our proteomic analysis has

identified several mediators of the cytoskeletal effects of

PKCe. Finally, it can also be proposed that these cyto-

skeleton-associated proteins could be involved in astrocyte

stellation linked to astrogliosis.

Conclusions

Even though 2DE is only able to separate highly abundant

proteins (around 2,000 out of the 104 proteins expressed in

a single eukaryotic cell), proteomics has been validated as

a potent technique for comparison of proteins differentially

expressed among experimental groups (Suder et al. 2009).

Thus, despite the fact that the map of proteins under PKCe
regulation obtained is not exhaustive, the proteomics

approach used here has proven greatly informative and has

yielded data that extend to a broad range of protein cate-

gories. Moreover, considering that our astrogliosis model

by PKCe overexpression may be applied to astrocyte

activation in many neuroinflammatory disorders, the results

presented in this report may throw light on intracellular

pathways common to numerous neuropathologies.

Several classifications of proteins regulated by PKCe
could have been applied to attend the diversity of PKCe
actions. However, proteins have been finally organized in a

way that facilitates understanding the implication of PKCe
activation for neuroimmunity. In fact, we found that most

proteins identified by proteomics fit naturally within sig-

nalling pathways possibly related to immune functions

played by astrocytes. In particular, we detected a group of

chaperones needed for correct brain function and the

expression of which is found altered in association to

inflammation. Our findings support the idea that
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modulation of astrocytic chaperones by PKCe, as well as

metabolic and antioxidant enzymes, favour mainly proin-

flammatory processes which could be relevant in the con-

text of neurological disorders. Furthermore, the fact that a

group of proteins related to the actin and myosin cyto-

skeleton are identified in this study strengthens the notion

that PKCe controls astrocyte morphology, and support our

previous findings indicating that PKCe promotes a stellated

morphology characteristic of reactive astrocytes associated

to neuroinflammation. Overall, the proteomic analysis

presented here may contribute to elucidate signalling cas-

cades implicated in astrocyte activation in response to

PKCe stimulation, as well as the implication of astrocytes

in the progression of neuroinflammatory disorders.
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