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Abstract There is evidence to suggest that low levels of

magnesium (Mg) are associated with affective disorders,

however, causality and central neurobiological mecha-

nisms of this link are largely unproven. We have recently

shown that mice fed a low Mg-containing diet (10% of

daily requirement) display enhanced depression-like

behavior sensitive to chronic antidepressant treatment. The

aim of the present study was to utilize this model to gain

insight into underlying mechanisms by quantifying amyg-

dala/hypothalamus protein expression using gel-based

proteomics and correlating changes in protein expression

with changes in depression-like behavior. Mice fed Mg-

restricted diet displayed reduced brain Mg tissue levels and

altered expression of four proteins, N(G),N(G)-dimethyl-

arginine dimethylaminohydrolase 1 (DDAH1), manganese-

superoxide dismutase (MnSOD), glutamate dehydrogenase

1 (GDH1) and voltage-dependent anion channel 1. The

observed alterations in protein expression may indicate

increased nitric oxide production, increased anti-oxidant

response to increased oxidative stress and potential alter-

ation in energy metabolism. Aberrant expressions of

DDAH1, MnSOD and GDH1 were normalized by chronic

paroxetine treatment which also normalized the enhanced

depression-like behavior, strengthening the link between

the changes in these proteins and depression-like behavior.

Collectively, these findings provide first evidence of low

magnesium-induced alteration in brain protein levels and

biochemical pathways, contributing to central dysregula-

tion in affective disorders.

Keywords Magnesium restricted diet � Amygdala �
Hypothalamus � Depression � Gel-based proteomics

Introduction

Alteration in magnesium (Mg) homeostasis is proposed to

be involved in biochemical dysregulations contributing to

psychiatric disorders (Murck 2002). In humans, Mg defi-

ciency is common as a significant proportion of people

have Mg intakes lower than the recommended daily intake

(Galan et al. 1997; Schimatschek and Rempis 2001; for

review see Nielsen 2010). In a recent large-scale study,

involving approximately 5,700 people, it was found that

reduced Mg intake was related to enhanced depression, but

not anxiety (Jacka et al. 2009). Furthermore, it was recently

reported that decreased intracellular Mg is observed within

the anterior cingulate cortex in serotonin-selective re-

uptake inhibitor (SSRI) treatment-resistant depressed

patients (Iosifescu et al. 2008), which demonstrates for the

first time that alteration in brain Mg level is associated with

depression. Further, suggesting a role of Mg in mood dis-

orders, it was shown that a reduced serum Mg level is

associated with major depressive disorders, suicide

attempts as well as mood disorders associated with the

menstrual cycle (Banki et al. 1985; Levine et al. 1999;
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Murck 2002; Rasmussen et al. 1989). Conversely, mood-

improving efficacy of Mg supplementation is observed in

patients with major depression, traumatic brain injury and

postpartum depression (Eby and Eby 2006), and has been

shown to result in an anti-depressive phenotype in mice

(Poleszak et al. 2004; Poleszak et al. 2007).

It is well established that experimental reduction of Mg

levels by Mg-restricted diets elicits enhanced depression-

like behavior in rodents (Muroyama et al. 2009; Singewald

et al. 2004; Spasov et al. 2008), suggesting a causal rela-

tionship between Mg and depression. Evidence suggests that

such Mg-restricted diets alter brain Mg levels. Specifically, a

50% reduction in serum Mg concentration has been shown to

be associated with a 40% reduction in brain Mg concentra-

tion (Altura et al. 1997). However, the underlying neuro-

biological mechanisms elicited by the Mg-restricted diet

leading to enhanced depression are still unknown. Mg is an

essential ion and has many diverse functions within the

central nervous system including a voltage-dependent block

of N-methyl-D-aspartate (NMDA) receptors (Haddad 2005)

and being a cofactor in over 300 enzymes including both,

tyrosine and tryptophan hydroxylases (Kantak 1988), aden-

osine triphosphate and enzymes ubiquitous in glycolysis and

tricarboxylic acid cycle metabolic pathways (Cowan 2002;

Garfinkel and Garfinkel 1985). In energy pathways, energy is

released from the ionic species Mg-adenosine triphosphate

(Haddad 2005), and interestingly, reduced brain adenosine

triphosphate levels have been identified in depressed patients

suggesting reduced brain energy metabolism within these

patients is associated with depression (Iosifescu et al. 2008).

In contrast, it was shown in rodents that chronic dietary

Mg-restriction, resulting in a 50% reduction in serum Mg

concentration as well as a 40% reduction in brain Mg con-

centration, does not alter brain adenosine triphosphate con-

centration (Altura et al. 1997).

In the current experiments we aimed to gain insight

into underlying neurobiological changes elicited by a

Mg-restricted diet, which has been shown to reduce plasma

Mg levels by 45% and to elicit clear depression-like

behavior (Singewald et al. 2004). Specifically, we used

proteomics to investigate potentially altered expression of

soluble proteins in the amygdala/hypothalamus in response

to Mg-restriction. Use of proteomics to identify common

pathways affected in depression is rare, however, preclin-

ical and clinical proteomic results suggest alteration in

signal transduction, energy metabolism and oxidative

stress, amongst others, are potentially related to depression

(Beasley et al. 2006; Carboni et al. 2006a; Johnston-Wilson

et al. 2000; Kromer et al. 2005; Mu et al. 2007). Hence,

gel-based proteomics was used to identify novel proteins or

signaling pathways altered by a Mg-restricted diet. Quan-

tification of protein expression in the amygdala was chosen

(1) because of the importance of this area for depression

(Anand and Shekhar 2003; Drevets 2003; Muigg et al.

2007), and (2) based on a preliminary experiment revealing

amygdala hyperactivation (assessed by quantifying imme-

diate-early gene expression) in mice fed the Mg-restricted

diet compared to normally fed control mice following a

forced swim test (Singewald et al. 2010). However, due to

methodological sensitivity limitations in the proteomic

method, a larger amygdala–hypothalamic area was quan-

tified. To reveal whether our Mg-restricted diet indeed

altered Mg levels in this brain area, we quantified Mg

tissue content in control fed- and Mg-restricted mice.

Experimental section

Animals

Experiments were carried out in male C57BL/6N mice

(Charles River, Germany), 8 weeks old and weighing

19–21 g at the beginning of the experiments. Mice were

housed (up to 10 per cage) in a temperature (22 ± 1�C)

and humidity (50–60%) controlled vivarium under a 12 h

light/dark cycle (lights on at 7 a.m.). All experimental

procedures were approved by the Austrian Ethical Com-

mittees on Animal Care and Use (Bundesministerium für

Wissenschaft und Forschung).

Control and magnesium-restricted diets

Mice assigned to a control diet (n = 18) were allowed to

freely take normal mouse chow (ssniff Spezialdiäten, Soest,

Germany) that contains 0.2% Mg, which is 4 times more than

the minimum Mg requirement of 500 mg/kg of food (Kantak

1988). Mice assigned to the Mg-restricted diet (n = 17)

were fed a low Mg-containing diet (50 mg/kg food) which

provided about 10% of daily requirements (Kantak 1988) as

previously reported (Singewald et al. 2004).

Paroxetine (Sigma-Aldrich, St Louis, MO, USA) was

administered to mice fed the Mg-restricted diet via drinking

water (n = 18) and the daily dose of 5 mg/kg body weight

was calculated based upon drinking water consumption.

Mice were left undisturbed in their home cages for

3 weeks from the commencement of diet and/or drug

treatment until the start of experiments. Prior to behavioral

testing, mice were allowed to habituate to the test room for

at least 24 h.

Behavioral testing

Depression-like behavior

Forced swim test Mice were subjected to the forced swim

test as previously described (Singewald et al. 2004). Mice
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were individually placed in an open cylinder (diameter

12 cm, height 20 cm) containing 16-cm deep fresh tap

water maintained at 23�C. Their activity was videotaped

over a period of 6 min. The illumination was set at 100 lux.

The total time of immobility was measured during the last

4 min of testing by an observer blinded to the treatments.

Mice were considered immobile when floating passively in

the water, performing only those movements required for

keeping their heads above the water level.

Tail suspension test Mice were subjected to the tail sus-

pension test as previously described (Whittle et al. 2009).

Mice were securely fastened with medical adhesive tape by

the tip (c.a. 1.0–1.5 cm) of the tail to a flat metallic surface

and suspended for 6 min approximately 30 cm above the

surface. The illumination was set at 100 lux. The activity

of mice was videotaped over the entire testing period. The

total time of immobility was measured during the entire

6 min of testing session by an observer blinded to the

treatment. Immobility, defined as when mice hung pas-

sively without limb movement, was scored manually.

Locomotor activity

Distance traveled in the open field was quantified as pre-

viously described (Tschenett et al. 2003). The open field

consisted of a plastic box (41 9 41 9 41 cm) equipped

with an automated activity monitoring system (Tru Scan,

Coulbourn Instruments, Allentown, USA). Illumination at

floor level was 150 lux. Mice were individually placed into

the periphery of the open field and their behavior was

tracked for 10 min. The overall distance travelled by the

mice during the test session was quantified.

Brain dissection

On the fourth day following the forced swim test, mice

were killed by carbon dioxide inhalation in a chamber in

accordance with established welfare guidelines (Hackbarth

et al. 2000). Brains were rapidly removed from the skull

and a tissue block containing whole amygdala and hypo-

thalamus (-0.46 mm to -3.40 mm Bregma) was taken on

a chilled metal plate and subsequently stored at -80�C; the

freezing chain was never interrupted. Amygdala–hypotha-

lamic brain blocks were then subjected to either gel-based

proteomic studies (n = 7–8/group) or Western blot analy-

sis (n = 10/group).

Sample preparation for gel-based proteomic studies

Individual tissue blocks of amygdala/hypothalamus 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 CompleteTM from Roche Diagnostics, and 0.2% v/v

phosphatase inhibitor cocktail from Calbiochem). The

suspension was sonicated on ice for approximately 30 s

and centrifuged at 15,000 9 g for 120 min at 12�C.

Desalting was carried out with an Ultrafree-4 centrifugal

filter unit with a cut-off molecular weight of 10 kDa

(Millipore, Bedford, MA, USA) at 3,000 9 g at 12�C until

the eluted volume was about 4 mL and the remaining

volume reached 100–200 lL (Weitzdorfer et al. 2008). The

protein content of the supernatant was determined by the

Bradford assay.

Two-dimensional gel electrophoresis (2-DE)

Samples of 700 lg protein were subjected to immobilized

pH 3–10 nonlinear gradient strips. 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 (approxi-

mately 150,000 V 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,

trace of bromophenol blue). DTT (1%) w/v was added at

the first incubation for 15 min and 4% iodoacetamide w/v

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 deter-

mined as given by the supplier of the immobilized pH

gradient strips.

Quantification of protein levels

Protein spots from each gel were outlined (first automati-

cally and then manually) and quantified using the Proteo-

mweaver software (Definiens, Munich, Germany, Burgos

et al. 2010). The percentage of the volume of the spots

representing a certain protein was determined in compari-

son with the total proteins present in the 2-DE gel. The

software used also revealed that spots evaluated did not

contain other proteins. Moreover, only well-separated spots

were considered for quantification. Only those proteins

(spots) with different levels between groups were identified

(Zheng et al. 2009).
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Analysis of peptides by nano-LC-ESI-(CID/ETD)-MS/

MS (High capacity ion trap, HCT)

Six spots from each group which showed different levels

between the three groups were manually excised and

placed into 0.5 mL lobind Eppendorf tubes. 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 dried in a Speedvac Con-

centrator 5301 (Eppendorf, Germany). The dried gel pieces

were re-swollen and in-gel digested with 40 ng/lL trypsin

(Promega, Madison, WI, USA) in digestion buffer (con-

sisting of 5 mM octyl b-D-glucopyranoside (OGP) and

10 mM ammonium bicarbonate) and incubated over

night at 37�C. Chymotrypsin digestion was carried out

exactly as published recently (Kang et al. 2009). Peptide

extraction was performed with 10 lL of 10 mM ammo-

nium bicarbonate overnight, 15 lL of 1% formic acid

(FA) in 5 mM OGP for 30 min, 15 lL of 0.1% FA for

30 min, and subsequently 0.1% FA in 20% acetonitrile

(ACN) for 30 min. The extracted peptides were pooled

for HCT analysis.

A 40 lL of extracted peptides was analyzed by HCT. The

HPLC used was a bio-compatible Ultimate 3000 system

(Dionex Corporation, Sunnyvale, CA, USA) equipped with a

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

Map100 C-18 analytic column (75 lm 9 150 mm). The

gradient was (A = 0.1% FA in water, B = 0.08% FA in

ACN) 4 to 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. A 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 information-dependent

data acquisition over the mass range of m/z 100–2,800.

Repeatedly, MS spectra were recorded followed by three

data-dependent CID MS/MS spectra and three ETD MS/MS

spectra generated from 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 1,100 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 peptides were chosen for MS/MS experi-

ments 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 or chymotrypsin 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 carb-

amidomethyl (C) and variable modification of methionine

oxidation and phosphorylation (Tyr, Thr, and Ser). Positive

protein identifications were based on a significant MOWSE

score. After protein identification, an error-tolerant search

was done to detect nonspecific cleavage and unassigned

modifications. Protein identification and modification

information returned from MASCOT were manually

inspected and filtered to obtain confirmed protein identifi-

cation and modification lists of CID MS/MS and ETD MS/

MS (Zheng et al. 2009).

Only proteins that were not showing peptides from other

proteins were considered.

Western blotting

Aliquots of samples for 2DE were used for Western blot-

ting in order to verify observed DDAH1 levels obtained

from 2-DE quantification of amygdala–hypothalamic pro-

teins. Samples (10 lg protein each) were loaded onto

12.5% ExcelGel SDS homogenous gels (Amersham Phar-

macia Biotech, Sweden). Electrophoresis was performed

with a Multiphor II Electrophoresis System (Amersham

Pharmacia Biotech, Sweden). Proteins separated on the gel

were transferred onto PVDF membranes (Millipore, MA,

USA). Membranes were incubated with a 1:100 diluted

primary antibody against DDAH1 (DDAH1, C-19, SC-

26068) and a secondary antibody (donkey anti-goat IgG–

HRP; diluted 1:2,000, SC-2020, both from Santa Cruz

Biotechnology, CA, USA).

Membranes were developed with the Western Light-

ningTM chemiluminescence reagent (New England

Nuclear, MA, USA). Apparent molecular masses were

determined by running standard protein markers (Bio-Rad

Laboratories Technologies, CA, USA) ranging from 10 to

250 kDa. Arbitrary units of optical density of immunore-

active bands were measured by Image J software program

(http://rsb.info.nih.gov/ij/).

Amygdala/hypothalamus Mg determination

Mice, assigned to either a control diet (n = 6) or a

Mg-restricted diet (n = 8), were left undisturbed in their

home cages for 3 weeks as described above. Mice were

then killed by carbon dioxide inhalation in a saturated

chamber in accordance with established welfare guidelines

(Hackbarth et al. 2000). Brains were rapidly removed from

the skull and a tissue block containing whole amygdala and

hypothalamus (-0.46 to -3.40 mm Bregma) was taken on

1234 N. Whittle et al.

123

http://rsb.info.nih.gov/ij/


Table 1 Protein identification and characterization of six significantly changed protein spots revealed by nano-LC-ESI-(CID/ETD)-MS/MS

Accession
number

Protein name Match.
Pept./Seq. Cov.

MS/MS peptides identified by Mascot
(enzyme/ion score/mass error (Da))

Theor.
MW (Da)

Theor.
pI.

Q9CWS0 N(G),N(G)-dimethylarginine
dimethylaminohydrolase 1

21/54.74% 2 M.A*GLGHPSAF.G Acetyl (Protein N-term M) 10 (Chy/39/
0.0012)

2 M.AGLGHPSAFGR.A Acetyl (Protein N-term M) 12 (Try/41/
0.0708)

20 R.APPESLCR.H 27 (Try/47/0.0208)

33 R.SQGEEVDFAR.A 42 (Try/54/0.0678)

51 Y.VGVLGSKL.G 58 (Chy/42/0.068)

112 K.LQLNIVEMKDENATLDGGDVLFTGR.E 136 (Try/68/
0.0117)

112 K.LQLNIVEM*KDENATLDGGDVLFTGR.E Oxidation
(M) 136 (Try/55/0.044)

121 K.DENATLDGGDVLFTGR.E 136 (Try/109/-0.0072)

137 R.EFFVGLSK.R 144 (Try/53/0.0256)

150 R.GAEILADTFK.D 159 (Try/60/0.1259)

150 R.GAEILADTFKDYAVSTVPVADSLHLK.S 175 (Try/49/
0.1071)

159 F.KDYAVSTVPVADSL.H 172 (Chy/58/0.0415)

159 F.KDYAVSTVPVADSLHLKSF.C 177 (Chy/52/0.0162)

160 K.DYAVSTVPVADSLHLK.S 175 (Try/58/-0.0361)

176 K.SFCSMAGPNLIAIGSSESAQK.A 196 (Try/102/0.1303)

178 F.CSMAGPNLIAIGSSESAQKAL.K 198 (Chy/55/-0.0596)

178 F.CSM*AGPNLIAIGSSESAQKAL.K Oxidation (M) 198
(Chy/47/0.1809)

209 R.YDKLTVPDDMAANCIYLNIPSK.G 230 (Try/44/0.0576)

212 K.LTVPDDMAANCIYLNIPSK.G 230 (Try/104/0.1524)

225 Y.LNIPSKGHVLL.H 235 (Chy/50/0.1031)

238 R.TPEEYPESAK.V 247 (Try/61/0.0759)

31,760 5.64

P09671 Superoxide dismutase [Mn],
mitochondrial

27/74.77% 25 H.KHSLPDLPYDYGALEPHIN.A 43 (Chy/57/0.1655)

34 Y.DYGALEPHINAQIMQL.H 49 (Chy/81/0.0391)

34 Y.DYGALEPHINAQIMQL.H Oxidation (M) 49 (Chy/63/
0.0777)

34 Y.DYGALEPHINAQIMQLH.H 50 (Chy/60/0.0932)

54 K.HHAAYVNNLNATEEK.Y 68 (Try/94/0.1565)

59 Y.VNNLNATEEKY.H 69 (Chy/77/0.0474)

59 Y.VNNLNATEEKYHEAL.A 73 (Chy/84/0.1581)

59 Y.VNNLNATEEKYHEALAKGDVTTQVAL.Q 84 (Chy/48/
0.0545)

74 L.AKGDVTTQVALQPALKF.N 90 (Chy/89/0.1367)

76 K.GDVTTQVALQPALK.F 89 (Try/78/0.0518)

90 K.FNGGGHINHTIFWTNLSPK.G 108 (Try/92/0.0731)

91 F.NGGGHINHTIFW.T 102 (Chy/57/0.1054)

103 W.TNLSPKGGGEPKGELL.E 118 (Chy/57/0.1329)

109 K.GGGEPKGELLEAIKR.D 123 (Try/70/-0.0599)

115 K.GELLEAIKR.D 123 (Try/59/-0.0305)

119 L.EAIKRDFGSFEKFKEKL.T 135 (Chy/89/0.1291)

124 R.DFGSFEK.F 130 (Try/36/0.0214)

126 F.GSFEKFKEKLTAVSVGVQGSGW.G 147 (Chy/54/0.0746)

132 F.KEKLTAVSVGVQGSGW.G 147 (Chy/98/0.0753)

132 F.KEKLTAVSVGVQGSGWGWL.G 150 (Chy/62/0.1474)

135 K.LTAVSVGVQGSGWGWLGFNKEQGR.L 158 (Try/80/
0.0514)

148 W.GWLGFNKEQGRLQ.I 160 (Chy/56/0.1248)

180 L.LGIDVWEHAY.Y 189 (Chy/68/0.0929)

195 K.NVRPDYLK.A 202 (Try/32/0.121)

203 K.AIWNVINWENVTER.Y 216 (Try/84/0.0739)

203 K.AIW*NVINWENVTER.Y Dioxidation (W) 216 (Try/95/
0.0086)

206 W.NVINWENVTERY.T 217 (Chy/77/-0.021)

24,816 8.80

Protein expression and magnesium-restricted diet 1235

123



Table 1 continued

Accession
number

Protein name Match.
Pept./Seq. Cov.

MS/MS peptides identified by Mascot
(enzyme/ion score/mass error (Da))

Theor.
MW (Da)

Theor.
pI.

Q60932 Voltage-dependent anion-
selective channel protein 1

34/86.49% 15 M.A*VPPTYADLGKSARDVF.T Acetyl (Protein N-term) 31
(Chy/58/0.0484)

21 Y.ADLGKSARDVF.T 31 (Chy/47/0.0982)

34 K.GYGFGLIK.L 41 (Try/37/0.0663)

38 F.GLIKLDLKTKSEN*GLEF.T Deamidated (NQ) 54 (Chy/49/
0.1156)

46 K.TKSEN*GLEFTSSGSANTETTK.V Deamidated (NQ) 66
(Try/75/0.0324)

55 F.TSSGSANTETTKVN*GSLETKY.R Deamidated (NQ) 75
(Chy/56/0.0563)

77 R.WTEYGLTFTEK.W 87 (Try/46/0.0893)

81 Y.GLTFTEKW.N 88 (Chy/48/0.0791)

81 Y.GLTFTEKWNTDNTL.G 94 (Chy/64/0.0745)

88 K.WNTDNTLGTEITVEDQLAR.G 106 (Try/108/0.1483)

89 W.NTDNTLGTEITVEDQLARGL.K 108 (Chy/86/0.0718)

95 L.GTEITVEDQLARGL.K 108 (Chy/51/0.0571)

109 L.KLTFDSSF.S 116 (Chy/56/0.0829)

110 K.LTFDSSFSPNTGKK.N 123 (Try/67/0.0672)

132 Y.KREHINLGCDVDFDIAGPSIRGAL.V 155 (Chy/81/
0.1399)

134 R.EHINLGCDVDFDIAGPSIR.G 152 (Try/66/0.1623)

139 L.GCDVDFDIAGPSIRGAL.V 155 (Chy/52/0.0416)

158 L.GYEGWLAGY.Q 166 (Chy/44/0.0584)

167 Y.QMNFETSKSRVTQSNF.A 182 (Chy/75/0.1577)

177 R.VTQSNFAVGYK.T 187 (Try/39/-0.1298)

187 Y.KTDEFQLHTNVNDGTEF.G 203 (Chy/64/0.0933)

187 Y.KTDEFQLHTNVNDGTEFGGSIY.Q 208 (Chy/62/0.0639)

188 K.TDEFQLHTNVNDGTEFGGSIYQK.V 210
(Try/81/-0.0633)

209 Y.QKVNKKLETAVNL.A 221 (Chy/64/0.1493)

209 Y.QKVNKKLETAVNLAW.T 223 (Chy/66/0.1719)

214 K.KLETAVNLAWTAGNSNTR.F 231 (Try/49/0.0844)

238 K.YQVDPDACFSAK.V 249 (Try/85/0.0778)

247 F.SAKVNNSSLIGLGY.T 260 (Chy/68/0.0484)

250 K.VNNSSLIGLGYTQTLKPGIK.L 269 (Try/37/0.1149)

261 Y.TQTLKPGIKL.T 270 (Chy/46/0.1356)

261 Y.TQTLKPGIKLTLSALL.D 276 (Chy/50/0.1811)

270 K.LTLSALLDGK.N 279 (Try/85/0.1229)

287 H.KLGLGLEFQA.- 296 (Chy/41/0.1773)

288 K.LGLGLEFQA.- 296 (Try/39/0.0539)

32,502 8.55

P26443 Glutamate dehydrogenase 1,
mitochondrial

96/80.29% 54 Y.SEAAADREDDPNFF.K 67 (Chy/83/-0.0379) 61,640 8.05

68 F.KMVEGFF.D 74 (Chy/45/0.0617)

69 K.MVEGFFDR.G 76 (Try/47/0.033)

69 K.M*VEGFFDR.G Oxidation (M) 76 (Try/54/0.0387)

75 F.DRGASIVEDKLVEDL.K 89 (Chy/69/0.0918)

77 R.GASIVEDKLVEDLK.T 90 (Try/98/0.0583)

77 R.GASIVEDKLVEDLKTR.E 92 (Try/72/-0.0338)

108 R.IIKPCNHVLSLSFPIR.R 123 (Try/56/0.0842)

108 R.IIKPCN*HVLSLSFPIR.R Deamidated (NQ) 123 (Try/46/
0.0374)

124 R.RDDGSWEVIEGYR.A 136 (Try/64/0.0528)

125 R.DDGSWEVIEGYR.A 136 (Try/91/0.0502)

125 R.DDGSW*EVIEGYR.A Dioxidation (W) 136 (Try/59/
0.0548)

152 R.YSTDVSVDEVK.A 162 (Try/50/-0.0711)

152 R.YSTDVSVDEVKALASLMTYK.C 171 (Try/48/0.1259)

152 R.YSTDVSVDEVKALASLM*TYK.C Oxidation (M) 171
(Try/49/0.139)
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Table 1 continued

Accession
number

Protein name Match.
Pept./Seq. Cov.

MS/MS peptides identified by Mascot
(enzyme/ion score/mass error (Da))

Theor.
MW (Da)

Theor.
pI.

153 Y.STDVSVDEVKAL.A 164 (Chy/66/-0.0083)

153 Y.STDVSVDEVKALASL.M 167 (Chy/57/0.0897)

153 Y.STDVSVDEVKALASLM.T 168 (Chy/104/0.0334)

153 Y.STDVSVDEVKALASLM*.T Oxidation (M) 168 (Chy/64/
0.0287)

153 Y.STDVSVDEVKALASLM*TY.K Oxidation (M) 170 (Chy/
75/0.0043)

163 K.ALASLMTYK.C 171 (Try/74/0.0617)

163 K.ALASLM*TYK.C Oxidation (M) 171 (Try/54/-0.0102)

172 K.CAVVDVPFGGAK.A 183 (Try/35/0.0471)

180 F.GGAKAGVKINPKNY.T 193 (Chy/67/0.1936)

192 K.NYTDNELEKITR.R 203 (Try/77/0.0883)

204 R.RFTMELAK.K 211 (Try/52/-0.0059)

204 R.RFTMELAKK.G 212 (Try/48/0.1618)

205 R.FTM*ELAK.K Oxidation (M) 211 (Try/35/0.1367)

212 K.KGFIGPGIDVPAPDMSTGER.E 231 (Try/70/0.0532)

213 K.GFIGPGIDVPAPDMSTGER.E 231 (Try/79/0.0199)

213 K.GFIGPGIDVPAPDM*STGER.E Oxidation (M) 231 (Try/
87/-0.0591)

215 F.IGPGIDVPAPDMSTGEREM.S 233 (Chy/80/0.0109)

234 M.SWIADTY.A 240 (Chy/46/-0.0426)

236 W.IADTYASTIGHY.D 247 (Chy/81/0.048)

241 Y.ASTIGHYDINAH.A 252 (Chy/77/0.1062)

248 Y.DINAHACVTGKPI.S 260 (Chy/56/0.1077)

261 I.SQGGIHGRISATGRGVF.H 277 (Chy/46/-0.0877)

278 F.HGIENFINEASY.M 289 (Chy/47/0.0619)

278 F.HGIENFINEASYM.S 290 (Chy/56/-0.0106)

290 Y.MSILGMTPGFGDKTF.V 304 (Chy/96/-0.0137)

290 Y.M*SILGM*TPGFGDKTF.V 2 Oxidation (M) 304 (Chy/99/
0.0003)

291 M.SILGMTPGFGDKTF.V 304 (Chy/62/0.0388)

291 M.SILGM*TPGFGDKTF.V Oxidation (M) 304 (Chy/73/
0.0269)

294 L.GMTPGFGDKTF.V 304 (Chy/61/0.0595)

294 L.GMTPGFGDKTFVVQGF.G 309 (Chy/45/0.0002)

303 K.TFVVQGFGNVGLHSMR.Y 318 (Try/137/-0.0028)

303 K.TFVVQGFGNVGLHSM*R.Y Oxidation (M) 318 (Try/
122/-0.0649)

305 F.VVQGFGNVGLHSM.R 317 (Chy/66/0.011)

324 F.GAKCVGVGESDGSIW.N 338 (Chy/83/-0.0241)

327 K.CVGVGESDGSIWNPDGIDPK.E 346 (Try/101/-0.0424)

327 K.CVGVGESDGSIWNPDGIDPKELEDFK.L 352 (Try/64/-
0.0914)

339 W.NPDGIDPKELEDF.K 351 (Chy/55/0.0247)

347 K.ELEDFKLQHGSILGFPK.A 363 (Try/76/0.048)

353 K.LQHGSILGFPK.A 363 (Try/55/0.0567)

364 K.AKVYEGSILEADCDILIPAASEK.Q 386 (Try/75/0.0349)

366 K.VYEGSILEADCDILIPAASEK.Q 386 (Try/77/0.0996)

366 K.VYEGSILEAD*CDILIPAASEK.Q Oxidation (D) 386 (Try/
60/0.1184)

368 Y.EGSILEADCDILIPAASEKQL.T 388 (Chy/78/-0.1137)

368–391 Y.EGSILEADCDILIPAASEKQLTKS.N (Chy/56/0.0296)

373 L.EADCDILIPAASEKQL.T 388 (Chy/53/-0.0185)

398 K.AKIIAEGANGPTTPEADKIFLER.N 420 (Try/66/-0.0121)

400 K.IIAEGANGPTTPEADK.I 415 (Try/82/0.0168)

400 K.IIAEGANGPTTPEADKIFLER.N 420 (Try/68/0.0232)

430 Y.LNAGGVTVSYF.E 440 (Chy/43/0.0218)

440 Y.FEWLKNLNHVSY.G 451 (Chy/68/0.1414)

441 F.EWLKNLNHVSY.G 451 (Chy/48/0.0778)
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Table 1 continued

Accession
number

Protein name Match.
Pept./Seq. Cov.

MS/MS peptides identified by Mascot
(enzyme/ion score/mass error (Da))

Theor.
MW (Da)

Theor.
pI.

445 K.NLNHVSYGR.L 453 (Try/42/0.0744)

454 R.LTFKYER.D 460 (Try/41/0.1178)

457 F.KYERDSNYHLL.M 467 (Chy/43/0.0586)

461 R.DSNYHLLMSVQESLER.K 476 (Try/77/0.2004)

461 R.DSNYHLLM*SVQESLER.K Oxidation (M) 476 (Try/114/-
0.0718)

461 R.DSNYHLLMSVQESLERK.F 477 (Try/54/0.1862)

461 R.DSNYHLLM*SVQESLERK.F Oxidation (M) 477 (Try/
39/-0.0341)

465 Y.HLLMSVQESL.E 474 (Chy/45/0.0809)

465 Y.HLLMSVQESLERKF.G 478 (Chy/82/0.171)

465 Y.HLLM*SVQESLERKF.G Oxidation (M) 478 (Chy/47/
0.1586)

468 L.MSVQESL.E 474 (Chy/50/0.1149)

468 L.MSVQESLERKF.G 478 (Chy/44/0.066)

479 F.GKHGGTIPVVPTAEF.Q 493 (Chy/46/0.0335)

481 K.HGGTIPVVPTAEFQDR.I 496 (Try/83/-0.0043)

494 F.QDRISGASEKDIVHSGL.A 510 (Chy/60/0.1488)

497 R.ISGASEKDIVHSGLAYTMER.S 516 (Try/73/0.0403)

497 R.ISGASEKDIVHSGLAYTM*ER.S Oxidation (M) 516 (Try/
75/0.0297)

504 K.DIVHSGLAYTMER.S 516 (Try/95/0.0545)

504 K.DIVHSGLAYTM*ER.S Oxidation (M) 516 (Try/102/0.018)

524 R.TAMKYNLGLDLR.T 535 (Try/70/0.1084)

524 R.TAM*KYNLGLDLR.T Oxidation (M) 535 (Try/78/-
0.0146)

527 M.KYNLGLDLRTAAY.V 539 (Chy/76/0.1657)

528 K.YNLGLDLR.T 535 (Try/73/0.1161)

529 Y.NLGLDLRTAAY.V 539 (Chy/66/0.0746)

536 R.TAAYVNAIEK.V 545 (Try/79/0.012)

540 Y.VNAIEKVF.K 547 (Chy/48/0.0496)

540 Y.VNAIEKVFKVY.N 550 (Chy/82/0.128)

548 F.KVYNEAGVTF.T 557 (Chy/47/0.0564)

548 F.KVYNEAGVTFT.- 558 (Chy/51/-0.0613)

549 K.VYNEAGVTFT.- 558 (Try/67/-0.0588)

P17183 Gamma-enolase 71/80.41% 2 M.S*IEKIW.A Acetyl (Protein N-term) 7 (Chy/42/0.0106) 47,609 4.99

8 W.AREILDSRGNPTVEVDLY.T 25 (Chy/53/0.0795)

10 R.EILDSR.G 15 (Try/35/0.0534)

13 L.DSRGNPTVEVDLY.T 25 (Chy/50/0.0244)

16 R.GNPTVEVDLYTAK.G 28 (Try/90/0.0035)

32 F.RAAVPSGASTGIY.E 44 (Chy/55/0.0306)

32 F.RAAVPSGASTGIYEAL.E 47 (Chy/72/0.0101)

32 F.RAAVPSGASTGIYEALEL.R 49 (Chy/55/-0.0218)

33 R.AAVPSGASTGIYEALELR.D 50 (Try/111/0.029)

33 R.AAVPSGASTGIYEALELRDGDK.Q 54 (Try/46/0.1247)

45 Y.EALELRDGDKQRY.L 57 (Chy/60/0.122)

64 L.KAVDHINSRIAPALISSGISVVEQEKLDNL.M 93 (Chy/43/
0.0716)

73 R.IAPALISSGISVVEQEK.L 89 (Try/113/0.1258)

90 K.LDNLMLELDGTENK.S 103 (Try/100/0.0917)

91 L.DNLMLELDGTENKSKF.G 106 (Chy/47/0.1275)

94 L.MLELDGTENKSKF.G 106 (Chy/65/0.0835)

104 K.SKFGANAILGVSLAVCK.A 120 (Try/119/0.1888)

106 K.FGANAILGVSLAVCK.A 120 (Try/89/0.155)

106 K.FGANAILGVSLAVCKAGAAER.D 126 (Try/43/0.1352)

107 F.GANAILGVSL.A 116 (Chy/49/0.012)

117 L.AVCKAGAAERDLPL.Y 130 (Chy/53/0.0187)

117 L.AVCKAGAAERDLPLY.R 131 (Chy/82/0.0379)
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Table 1 continued

Accession
number

Protein name Match.
Pept./Seq. Cov.

MS/MS peptides identified by Mascot
(enzyme/ion score/mass error (Da))

Theor.
MW (Da)

Theor.
pI.

133 R.HIAQLAGNSDLILPVPAFNVINGGSHAGNK.L 162 (Try/
77/0.1536)

151 F.NVINGGSHAGNKLAMQEF.M 168 (Chy/51/-0.0042)

163 K.LAM*QEFMILPVGAESFR.D Oxidation (M) 179 (Try/98/
0.0014)

163 K.LAM*QEFM*ILPVGAESFR.D 2 Oxidation (M) 179 (Try/
87/0.1445)

169 F.MILPVGAESF.R 178 (Chy/74/0.0443)

169 F.M*ILPVGAESF.R Oxidation (M) 178 (Chy/74/0.1088)

169 F.MILPVGAESFRDAM.R 182 (Chy/68/0.0768)

169 F.M*ILPVGAESFRDAM.R Oxidation (M) 182 (Chy/64/
0.0483)

170 M.ILPVGAESFRDAM.R 182 (Chy/57/0.0591)

179 F.RDAMRLGAEVY.H 189 (Chy/47/0.1016)

184 R.LGAEVYHTLK.G 193 (Try/62/0.0042)

200 K.YGKDATNVGDEGGFAPNILENSEALELVK.E 228 (Try/
85/0.0238)

201 Y.GKDATNVGDEGGFAPNILENSEAL.E 224 (Chy/78/
0.0704)

203 K.DATNVGDEGGFAPNILENSEALELVK.E 228 (Try/79/-
0.0808)

225 L.ELVKEAIDKAGY.T 236 (Chy/54/0.0381)

227 L.VKEAIDKAGYTEKMVIGMDVAASEF.Y 251 (Chy/44/
0.047)

229 K.EAIDKAGYTEK.M 239 (Try/55/0.0226)

237 Y.TEKMVIGMDVAASEF.Y 251 (Chy/111/0.0065)

237 Y.TEKM*VIGMDVAASEF.Y Oxidation (M) 251 (Chy/106/-
0.0322)

237 Y.TEKM*VIGM*DVAASEF.Y 2 Oxidation (M) 251 (Chy/
85/-0.0285)

237 Y.TEKMVIGMDVAASEFY.R 252 (Chy/109/-0.0104)

240 K.MVIGMDVAASEFYR.D 253 (Try/103/0.0935)

240 K.M*VIGMDVAASEFYR.D Oxidation (M) 253 (Try/130/
0.0928)

240 K.M*VIGM*DVAASEFYR.D 2 Oxidation (M) 253 (Try/99/
0.0789)

241 M.VIGMDVAASEF.Y 251 (Chy/56/0.0552)

253 Y.RDGKYDLDFKSPADPSRY.I 270 (Chy/54/-0.0704)

254 R.DGKYDLDFK.S 262 (Try/48/0.0496)

254 R.DGKYDLDFKSPADPSR.Y 269 (Try/66/0.0231)

257 K.YDLDFKSPADPSR.Y 269 (Try/45/0.0899)

270 R.YITGDQLGALYQDFVR.N 285 (Try/109/0.0559)

271 Y.ITGDQLGALY.Q 280 (Chy/54/0.0545)

307 K.FTANVGIQIVGDDLTVTNPK.R 326 (Try/124/-0.0065)

307 K.FTANVGIQIVGDDLTVTNPKR.I 327 (Try/86/0.0116)

308 F.TANVGIQIVGDDL.T 320 (Chy/55/0.1175)

336 K.ACNCLLLK.V 343 (Try/58/0.0152)

341 L.LLKVNQIGSVTEAIQACKL.A 359 (Chy/57/0.0852)

342 L.LKVNQIGSVTEAIQACKL.A 359 (Chy/65/0.1182)

343 L.KVNQIGSVTEAIQACKL.A 359 (Chy/96/-0.0328)

344 K.VNQIGSVTEAIQACK.L 358 (Try/107/0.0436)

359 K.LAQENGWGVMVSHR.S 372 (Try/76/0.0552)

359 K.LAQENGWGVM*VSHR.S Oxidation (M) 372 (Try/67/
0.0352)

360 L.AQENGWGVM.V 368 (Chy/43/0.0263)

407 K.YNQLMR.I 412 (Try/40/0.0224)

407 K.YNQLM*RIEEELGDEAR.F Oxidation (M) 422 (Try/69/
0.0062)

408 Y.NQLMRIEEELGDEARF.A 423 (Chy/66/0.0782)

408 Y.NQLM*RIEEELGDEARF.A Oxidation (M) 423 (Chy/66/
0.1327)
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a chilled metal plate and subsequently stored at -80�C.

Brain tissue was mineralized for 12 h in a 30-fold dilution

(wt per vol) of acid solution (3:1 solution of 65% HNO3

and 70% HClO4) at 22 ± 1�C before being further diluted

100-fold with 10% HNO3. Concentration of Mg was

analyzed using inductively coupled plasma optical emis-

sion spectography (ICP-OES; Philips PU 7000) under

standard conditions as previously described (Singewald

et al. 2004).

Statistical analysis

All behavioral and protein data were tested for equality of

variances using Levene0s test and analyzed using 1-way

ANOVA. Where appropriate, post hoc comparison was

performed using Bonferroni0s multiple comparison test.

Correlations between behavioral output measures and

protein expression were performed using the Spearman0s
coefficient test. Analysis of Mg tissue levels was performed

Table 1 continued

Accession
number

Protein name Match.
Pept./Seq. Cov.

MS/MS peptides identified by Mascot
(enzyme/ion score/mass error (Da))

Theor.
MW (Da)

Theor.
pI.

412 M.RIEEELGDEARFAGHNF.R 428 (Chy/46/0.0778)

413 R.IEEELGDEAR.F 422 (Try/85/-0.0058)

423 R.FAGHNFR.N 429 (Try/34/-0.0437)

Q60930 Voltage-dependent anion-
selective channel protein 2

37/85.08% 2 M.A*ECCVPVCPR.P Acetyl (Protein N-term) 11 (Try/40/
0.0422)

32,340 7.44

12 R.PMCIPPPYADLGK.A 24 (Try/43/0.0456)

12 R.PM*CIPPPYADLGK.A Oxidation (M) 24 (Try/64/0.0284)

14 M.CIPPPYADL.G 22 (Chy/52/0.1096)

20 Y.ADLGKAARDIFNKGFGF.G 36 (Chy/64/0.1352)

33 K.GFGFGLVK.L 40 (Try/42/0.076)

35 F.GFGLVKL.D 41 (Chy/42/0.1024)

35 F.GFGLVKLDVKTKSCSGVEF.S 53 (Chy/45/0.0975)

45 K.TKSCSGVEFSTSGSSNTDTGK.V 65 (Try/113/0.0768)

47 K.SCSGVEFSTSGSSNTDTGK.V 65 (Try/156/0.0356)

47 K.SCSGVEFSTSGSSNTDTGKVSGTLETK.Y 73 (Try/80/-
0.0506)

54 F.STSGSSNTDTGKVSGTL.E 70 (Chy/84/0.0265)

54 F.STSGSSNTDTGKVSGTLETKY.K 74 (Chy/50/0.0173)

66 K.VSGTLETK.Y 73 (Try/33/0.0442)

74 K.YKWCEYGLTFTEK.W 86 (Try/101/0.0165)

80 Y.GLTFTEKWNTDNTL.G 93 (Chy/64/0.0745)

87 K.WNTDNTLGTEIAIEDQICQGLK.L 108 (Try/91/-0.1095)

88 W.NTDNTLGTEIAIEDQICQGL.K 107 (Chy/51/0.1319)

108 L.KLTFDTTF.S 115 (Chy/66/0.0676)

109 K.LTFDTTFSPNTGKK.S 122 (Try/80/0.112)

157 F.GYEGWLAGY.Q 165 (Chy/44/0.0584)

157 F.GYEGWLAGYQMTF.D 169 (Chy/62/0.0847)

179 R.SNFAVGYR.T 186 (Try/45/0.0971)

182 F.AVGYRTGDFQLHTNVNNGTEFGGSIY.Q 207 (Chy/59/-
0.0612)

187 R.TGDFQLHTNVNNGTEFGGSIYQK.V 209 (Try/76/0.0076)

208 Y.QKVCEDFDTSVNLAW.T 222 (Chy/73/-0.009)

210 K.VCEDFDTSVNLAWTSGTNCTR.F 230 (Try/76/0.0526)

223 .TSGTNCTRFGIAAKY.Q 237 (Chy/46/0.1438)

237 K.YQLDPTASISAK.V 248 (Try/66/0.019)

238 Y.QLDPTASISAKVNNSSLIGVGY.T 259 (Chy/84/-0.0114)

249 K.VNNSSLIGVGYTQTLRPGVK.L 268 (Try/71/-0.018)

260 Y.TQTLRPGVKLTLSALVDGKSF.N 280 (Chy/120/0.1088)

269 K.LTLSALVDGK.S 278 (Try/84/0.0843)

270 L.TLSALVDGKSF.N 280 (Chy/73/0.1449)

272 L.SALVDGKSF.N 280 (Chy/55/0.0954)

281 F.NAGGHKLGLALELEA.- 295 (Chy/66/0.1143)

287 K.LGLALELEA.- 295 (Try/34/0.0469)
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using student’s t test. A probability level of p \ 0.05 was

considered as statistically significant.

Results and discussion

This study was undertaken to gain insight into the molec-

ular modifications induced by a Mg-restricted diet.

Importantly, no differences in body weight gain (control

fed group, 2.7 ± 0.6 g; Mg-restricted diet group,

2.1 ± 0.3 g; Mg-restricted diet group chronically treated

with paroxetine, 3.1 ± 0.2 g) or food intake (control fed

group, 2.9 ± 0.1 g/mouse per day; Mg-restricted diet

group, 2.8 ± 0.1 g/mouse per day; Mg-restricted diet

group chronically treated with paroxetine, 2.8 ± 0.2 g/

mouse per day) were observed during the course of the

experiment. The major finding was that the Mg-restricted

diet, which enhanced depression-like behavior, induced

altered expression of four proteins associated with nitric

oxide signaling, oxidative stress and possibly energy

metabolism. The altered expression was normalized after

reversal of the enhanced depression-like behavior by

chronic paroxetine treatment supporting a relation of the

protein changes with depression-like behavior.

Protein identification

Unambiguous identification of proteins is shown in Table 1

providing accession numbers in UniProtKB database,

protein name, matched peptides and sequence coverage,

peptides used for identification along with information

about generation of peptides by trypsin or chymotrypsin,

ion score and mass errors in Da. Representative spectra are

given in supplementary Fig. 1.

Mg-restricted diet enhances depression-like behavior

which is sensitive to chronic paroxetine treatment

Replicating previous reports (Muroyama et al. 2009;

Singewald et al. 2004; Spasov et al. 2008), current data

demonstrate that a Mg-restricted diet elicits enhanced

depression-like behavior. Specifically, increased immo-

bility time was observed in mice fed the Mg-restricted

diet compared to control fed mice in both the forced

swim and tail suspension tests (Table 2). Importantly, the

enhanced depression-like behavior elicited by the Mg-

restricted diet was not due to unspecific locomotor

effects, indicated by unaltered distance traveled in the

open field test (Table 2). The current data further dem-

onstrate the robustness of the Mg-restricted diet model to

induce enhanced depression-like behavior in rodents and

is congruent with the observation in humans that reduced

levels of Mg is associated with pro-depressive behavior

(see ‘‘Introduction’’). Despite this association between

results in rodents and humans, it should be kept in mind that

the forced swim and tail suspension tests have high pre-

dictive validity (Cryan et al. 2002; Petit-Demouliere et al.

2005), but rather limited construct validity (Petit-Demou-

liere et al. 2005). Hence, additional tests of depression-like

behavior including anhedonia, quantified in the sucrose

consumption test, should be performed in the future.

We have shown previously that chronic treatment with

the tricyclic antidepressant desipramine is effective in res-

cuing enhanced depression-like behavior elicited by a Mg-

restricted diet (Singewald et al. 2004). In the current

experiment we have chosen to determine whether chronic

treatment with paroxetine, a SSRI (Bourin et al. 2001), is

also effective. Chronic paroxetine has been shown to reduce

depression-like behavior in mice at concentrations ranging

from 1 to 10 mg/kg/day (for example see Elizalde et al.

2008; Gardier et al. 2003; Sillaber et al. 2008). In the current

experiment, we have chosen an intermediate dose of 5 mg/

kg/day. This dose was sufficient to elicit an antidepressant

response in mice fed the Mg-restricted diet as normalization

of immobility times in both, the forced swim and tail sus-

pension tests was observed (Table 2). This antidepressive

effect was not due to unspecific locomotor effects elicited

by chronic paroxetine treatment as locomotor activity,

indicated by unaltered distance traveled in the open field

test (Table 2). This current result is congruent with the

reported antidepressant effect of chronic paroxetine treat-

ment in a rat model of enhanced anxiety and co-morbid

depression, which was associated with normalization of

central amygdala hyperactivation (Muigg et al. 2007).

Altered protein expression elicited by a Mg-restricted

diet

To gain insight into underlying neurobiological changes

elicited by a Mg-restricted diet, amygdala/hypothalamus

protein expression using gel-based proteomic methods was

quantified. This region was chosen on the basis of its impor-

tance in depression (see ‘‘Introduction’’) and the current

finding that the Mg-restricted diet reduced Mg tissue con-

centration in this region (control fed group, 10.9 ± 0.6 lmol/mg

tissue; Mg-restricted diet group, 8.8 ± 0.5 lmol/mg tissue;

t12 = 2.60, p \ 0.05). To validate the accuracy of the gel-

based proteomic experiment, confirmation of a selected

protein with altered expression was performed using

Western blot. Proteomic quantification of the amygdala/

hypothalamus identified 302 individual proteins, repre-

sented by 360 protein spots which may reflect the various

functional states of the respective gene products (supple-

mentary Table 1). Mice fed a Mg-restricted diet displayed

alteration only in four amygdala/hypothalamus proteins

compared to fully supplemented control mice; namely
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N(G),N(G)-dimethylarginine dimethylaminohydrolase 1

(DDAH1; Q9CWS0), manganese superoxide dismutase

(MnSOD; SOD2; P09671), voltage-dependent anion

channel 1 (VDAC1; Q60932) and glutamate dehydroge-

nase 1 (GDH1; P26443) (Fig. 1).

Altered nitric oxide signaling

Proteomic quantification revealed that mice fed the Mg-

restricted diet displayed reduced expression of DDAH1

compared to control fed mice (Table 3). Western blot

quantification validated the proteomic result as it also

revealed reduced DDAH1 expression in mice fed the Mg-

restricted diet (Table 3; Fig. 2). Importantly, correlation

analysis of the whole sample [i.e. control mice, Mg-

restricted mice and Mg-restricted mice chronically treated

with paroxetine (see below)] revealed a significant negative

correlation between measures for depression-like behavior

(i.e. immobility time) during both forced swim and tail

suspension tests and DDAH1 protein expression in pro-

teomic and Western blot experiments (Fig. 3). As DDAH1

is a signaling protein negatively regulated by nitric oxide

(MacAllister et al. 1996), the reduced expression of this

protein correlating with enhanced depression-like behavior,

may indicate that enhanced central nitric oxide signaling is

elicited by dietary induced Mg-restriction. Indeed, a pre-

liminary experiment has revealed that enhanced depres-

sion-like behavior elicited by the Mg-restricted diet was

antagonized in heterozygous neuronal nitric oxide synthase

knock out mice (Singewald et al. 2010) providing behav-

ioral evidence that enhanced nitric oxide signaling elicited

by the Mg-restricted diet contributes to the underlying

neurobiological mechanisms leading to pro-depression-like

behavior. This result is reinforced by findings showing that

Mg-restricted diets increase peripheral nitric oxide pro-

duction in rats (Mak et al. 1996; Rock et al. 1995) which is

sensitive to the nitric oxide synthase inhibitor L-NAME

(Mak e tal. 1996). Further supporting our collective find-

ings that enhanced nitric oxide signaling contributed to the

enhanced depression-like behavior elicited by the Mg-res-

tricted diet, it was recently shown that Flinders rats, a

genetic animal model of depression, display increased

stress-evoked nitric oxide signaling (Wegener et al. 2010)

and that enhanced nitric oxide production, via injection of

Table 2 Behavioral parameters quantified in depression and locomotor tests in control mice (Ctl), mice fed a Mg-restricted diet (Mg-R) and

mice fed a Mg-restricted diet chronically treated with paroxetine (Mg-R PAR)

Ctl Mg-R Mg-R PAR Statistics

Depression-like behavior

Forced swim test

Immobility time (s) 70.9 ± 6.0 143.4 ± 5.1** 75.0 ± 3.7�� F(2, 51) = 70.28, p \ 0.01

Tail suspension test

Immobility time (s) 116.9 ± 3.7 165.1 ± 6.2** 116.3 ± 3.3�� F(2, 51) = 39.10, p \ 0.01

Locomotor activity

Open field test

Distance traveled (cm) 2,355 ± 104 2,198 ± 98 1,989 ± 121 F(2, 51) = 1.86, p = 0.08

Data are presented as mean ± SEM

** p \ 0.01 Mg-R versus Ctl; �� p \ 0.01 Mg-R versus Mg-R PAR

Fig. 1 An amygdala/hypothalamus protein map of a representative

mouse fed the Mg-restricted diet chronically treated with paroxetine

on a two-dimensional gel stained with Coomassie blue. Protein spots

exhibiting significant alteration in expression either in control, mice

fed the Mg-restricted diet and/or mice fed the Mg-restricted diet

chronically treated with paroxetine are illustrated. Altered expression

was observed in N(G),N(G)-dimethylarginine dimethylaminohydro-

lase 1 (DDAH1), manganese-superoxide dismutase (MnSOD), volt-

age-dependent anion channel 1 (VDAC1), glutamate dehydrogenase 1

(GDH1), gamma-enolase (c-ENO), voltage-dependent anion channel

2 (VDAC2)
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its precursor L-arginine, elicits enhanced depression-like

behavior in rodents (Ergun and Ergun 2007; Inan et al.

2004; Wu 2009; Wu et al. 2001, 2009).

Within the central nervous system, Mg is present as an

inhibitory modulator of NMDA receptor gated channels.

Activation of this receptor affects a series of signaling

pathways including activation of neuronal nitric oxide syn-

thase and nitric oxide production (Husi and Grant 2001).

Thus, enhanced central nitric oxide signaling in Mg-res-

tricted mice may be due to enhanced NMDA receptor

activity elicited by the Mg-restricted diet. Supporting evi-

dence for this suggestion comes from ex-vivo brain slice

experiments (Libri et al. 1997; Schuchmann et al. 2002).

Altered oxidative stress

In the proteomic experiment, mice fed the Mg-restricted diet

displayed increased expression of the anti-oxidant protein

MnSOD compared to control fed mice (Table 3). Correla-

tion analysis of the whole sample [i.e. control fed mice, Mg-

restricted mice and Mg-restricted mice chronically treated

with paroxetine (see below)] revealed a significant positive

correlation between measures for depression-like behavior

(i.e. immobility time) during both forced swim and tail

suspension tests and MnSOD protein expression (Fig. 3).

Under physiological conditions there is a balance between

oxidative and antioxidative systems, however, when

physiological conditions are perturbed towards oxidative

systems, oxidative stress, originating from an imbalance

between production of reactive oxygen/nitrogen species

[including superoxide anion (O2
-�), hydroxyl radicals (�OH),

hydrogen peroxide (H2O2) and peroxynitrite (ONOO-)] and

antioxidant capacities of cells results (Hayashi 2009). As

MnSOD is an anti-oxidant protein inhibiting accumulation

of oxidative stress by reducing superoxide to peroxide

(Giulivi et al. 1995) (thus competing with nitric oxide for

superoxide to prevent the generation of peroxynitrite, Keller

et al. 1998), increased MnSOD expression may be an adap-

tive change when physiological conditions are perturbed

towards oxidative stress (Michel et al. 2004). Indeed, there is

evidence that oxidative stress is elicited in peripheral tissue

and plasma by Mg-restricted diets as enhanced tissue,

erythrocyte and lipoprotein peroxidation (Astier et al. 1996;

Bussiere et al. 1995; Freedman et al. 1991, 1992; Gueux et al.

1993; Petrault et al. 2002; Rayssiguier et al. 1993), oxidative

modification of proteins (Stafford et al. 1993) and increased

plasma nitric oxide production (Mak et al. 1996; Rock et al.

1995) have been reported. Furthermore, a preliminary

experiment has revealed that enhanced depression-like

behavior elicited by the Mg-restricted diet was antagonized

in heterozygous neuronal nitric oxide synthase knock out

mice (Singewald et al. 2010) which indicates that enhanced

central nitric oxide production, thus oxidative stress, is

elicited by the Mg-restricted diet. Our current data showing

enhanced MnSOD expression in brain tissue further suggests

that enhanced central oxidative stress is elicited in mice fed

the Mg-restricted diet as increased MnSOD expression may

result as a compensatory mechanism in response to increased

oxidative stress. This present result adds to data indicating

enhanced central anti-oxidative responses are elicited in

rodents fed with a Mg-restricted diet (German-Fattal et al.

2008). Underlining the link to the observed depression-like

behavior, evidence for alterations in central oxidative/anti-

oxidative systems is provided in animal models of

Table 3 Proteomic and western blot quantification of protein expression in control mice (Ctl), mice fed a Mg-restricted diet (Mg-R) and mice

fed a Mg-restricted diet chronically treated with paroxetine (Mg-R PAR)

Ctl Mg-R Mg-R PAR Statistics

Proteomics

DDAH1 0.56 ± 0.05 0.38 ± 0.04* 0.59 ± 0.04�� F(2,20) = 6.47, p \ 0.01

MnSOD 0.29 ± 0.02 0.39 ± 0.03* 0.29 ± 0.03� F(2,20) = 5.52, p = 0.01

VDAC1 0.10 ± 0.01 0.18 ± 0.01** 0.18 ± 0.01§§ F(2,20) = 22.11, p \ 0.01

GDH1 1.20 ± 0.02 0.96 ± 0.02** 1.01 ± 0.02 F(2,20) = 7.31, p \ 0.01

c-ENO 0.43 ± 0.06 0.42 ± 0.07� 0.75 ± 0.08§ F(2,20) = 6.80, p \ 0.01

VDAC2 0.97 ± 0.05 0.97 ± 0.07� 1.28 ± 0.10§ F(2,20) = 4.91, p = 0.02

Western blot

DDAH1 3,964 ± 277 1,710 ± 156** 2,740 ± 287��, § F(2,27) = 21.81, p \ 0.01

Data are presented as mean optical density ± SEM. n = 6–10/group

* p \ 0.05, ** p \ 0.01 Ctl versus Mg-R; � p \ 0.05, �� p \ 0.01 Mg-R versus Mg-R PAR; § p \ 0.05, §§ p \ 0.01 Ctl versus Mg-R PAR

Fig. 2 Western blot images of DDAH1 protein expression in the

amygdala/hypothalamus in control mice (Ctl), mice fed the Mg-

restricted diet (Mg-R) and mice fed the Mg-restricted diet chronically

treated with paroxetine (Mg-R PAR)
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depression (Carboni et al. 2006, b; Kromer et al. 2005) and in

human postmortem tissue (Michel et al. 2007). Taken toge-

ther, our data provide further evidence for the oxidative

stress hypothesis of depression (Michel et al. 2007) which

has important implications for understanding the etiology

and treatment of depressed patients.

VDAC1, amongst other proteins, is found in the outer

mitochondrial membrane and its function is to inhibit

Fig. 3 Correlation analysis

between amygdala–

hypothalamic protein

expression and behavioral

measures for depression (i.e.

immobility time) in the forced

swim and tail suspension tests in

control mice (closed circles),

mice fed the Mg-restricted diet

(closed triangles), and mice fed

the Mg-restricted diet

chronically treated with

paroxetine (open triangles).

R correlation coefficient
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cytochrome c release in response to the pro-death Bcl-2

family members Bax and Bid (Baines et al. 2007). We

observed that in one out of seven identified VDAC1 gel

spots there was enhanced expression in mice fed the Mg-

restricted diet (Table 3). The functional relevance of the

alteration in expression of this specific VDAC1 protein gel

spot remains to be determined.

Altered energy metabolism

In the proteomic experiment, mice fed the Mg-restricted

diet displayed reduced protein expression of GDH1 com-

pared to control fed mice (Table 3). Importantly, correla-

tion analysis of the whole sample [i.e. control mice, Mg-

restricted mice and Mg-restricted mice chronically treated

with paroxetine (see below)] revealed a significant nega-

tive correlation between measures for depression-like

behavior (i.e. immobility time) both during forced swim

and during tail suspension tests and GDH1 protein

expression (Fig. 3), suggesting a link between depression-

like behavior and GDH1 protein expression. Interestingly,

reduced GDH1 protein expression is observed also in

the brain (anterior cingulate cortex) of bi-polar patients

(Beasley et al. 2006). A relation of GDH levels and energy

metabolism has been suggested (Belin et al. 1997) as

GDH1 facilitates oxidative transamination of glutamate

into a-ketoglutarate, a key intermediate of the tricarbox-

ylic acid cycle (Frigerio et al. 2008). A growing body of

evidence suggests that alteration in energy metabolism

may contribute to neurobiological mechanisms underlying

depression. Studies in animal models of enhanced

depression-like behavior show alteration in enzymes

associated with the tricarboxylic acid cycle (Carboni et al.

2006a; Mu et al. 2007), which was also found in post-

mortem samples of depressed patients (Beasley et al.

2006; Johnston-Wilson et al. 2000). Furthermore, non-

invasive clinical studies using phosphorus-31 magnetic

resonance spectroscopy in patients with mood disorders

reveal alteration in markers for energy metabolism. Spe-

cifically, reduced baseline levels of b-nucleoside triphos-

phate and total nucleoside triphosphate, reflecting reduced

available adenosine triphosphate, is observed in major

depressive patients compared with normal control subjects

(Iosifescu and Renshaw 2003). Moreover, a recent clinical

study in depressed patients with reduced central Mg con-

centration revealed reduction in central adenosine tri-

phosphate concentration suggesting reduced brain energy

metabolism (Iosifescu et al. 2008). Thus, although this is

speculative at the moment, alteration in energy metabo-

lism indicated by reduced protein expression of GDH1

may contribute to the neurobiological mechanisms leading

to enhanced depression-like behavior elicited by the

Mg-restricted diet.

Effect of chronic paroxetine treatment on altered

protein expression elicited by the Mg-restricted diet

In addition to correlating the observed changes in protein

expression to changes in depression-like behavior (see

above), we wanted to underline the link to depression by

experimentally modulating depression-like behavior and

investigating the effects on the aberrant expression of the

identified proteins. Successful chronic paroxetine treatment

which normalized the enhanced depression-like behavior

of mice fed the Mg-restricted diet was correlated with

alterations in the expression of DDAH1, GDH1 and

MnSOD, assessed in the proteomic and Western blot

experiments (Table 3; Figs. 2, 3). Specifically, within the

proteomic experiment chronic paroxetine treatment

increased protein expression in DDAH1 and GDH1 and

reduced protein expression in MnSOD to a similar level

found in control fed mice (Table 3; Fig. 3). Western blot

quantification of DDAH1 protein expression confirmed that

chronic paroxetine normalized the expression of this pro-

tein (Table 3; Figs. 2, 3).

The exact mechanism(s) by which paroxetine normal-

ized the aberrant protein expression elicited by the

Mg-restricted diet is an issue of further investigation. In

addition to inhibiting the serotonin re-uptake transporter,

SSRIs including paroxetine and fluoxetine have been

shown to interact with the nitric oxide system (Crespi

2010; Finkel et al. 1996; Wegener et al. 2003), by reducing

brain nitric oxide levels and inhibiting nitric oxide syn-

thase. It is suggested that these effects are important fea-

tures of the antidepressant activity (Crespi 2010) and that

inhibition of nitric oxide formation could be used as a

strategy to enhance the clinical efficacy of serotonergic

antidepressants (Harkin et al. 2004). Thus, normalization of

DDAH1 protein expression may be in part mediated via

antagonism of nitric oxide synthase (Finkel et al. 1996)

resulting in normalization of nitric oxide signaling. Chronic

paroxetine treatment further normalized the expression of

MnSOD, potentially indicating restoration in the balance of

oxidative and antioxidative systems. This suggestion is

supported by a recent preclinical study which has demon-

strated reduction in the gene expression of the antioxidant

peroxiredoxin-4 following chronic paroxetine treatment

(Sillaber et al. 2008), as well as by reports showing that

monoamine based antidepressants reduce peripheral

markers of oxidative stress (for example, see Kolla et al.

2005; Li et al. 2000; Zafir et al. 2009; Zafir and Banu

2007).

Chronic paroxetine treatment in mice fed the

Mg-restricted diet induced expression in two proteins;

gamma-enolase (P17183) and voltage-dependent anion

channel 2 (Q78MH6) (Table 3; Fig. 3) compared to both

control fed mice and mice fed the Mg-restricted diet. It has

Protein expression and magnesium-restricted diet 1245

123



been suggested that chronic antidepressant treatments may

exert their therapeutic effects at the molecular level by

stimulating adaptive neuronal plasticity (Duman et al.

1997, 1999; Nestler 1998). Gamma-Enolase is found in

mature neurons and neuroendocrine cells (Marangos et al.

1980) and is a multifunctional protein displaying neuro-

trophic and neuroprotective effects on cultured neurons

(Hattori et al. 1995; Takei et al. 1991) in addition to being

an enzyme in the tricarboxylic acid cycle (Marangos et al.

1978). Thus, we provide evidence that in an etiologically

relevant animal model of enhanced depression-like

behavior, an antidepressive response elicited by chronic

paroxetine, may enhance neuroplasticity and energy

metabolism which may, in part, contribute to mechanisms

underlying successful antidepressant treatment. Reasons

why increased VDAC2 expression was observed only in

the paroxetine treated mice fed the Mg-restricted diet

remain unknown as no published report has investigated

the interaction of antidepressants and VDAC2. However,

increased expression of this protein may be a beneficial

action of chronic paroxetine treatment as over-expression

of VDAC2 is observed to inhibit BAK-dependent mito-

chondrial apoptosis (Cheng et al. 2003).

Conclusion

The current study has revealed that enhanced depression-

like behavior elicited by feeding mice a Mg-restricted diet

was associated with restricted changes in signaling and

metabolic protein levels, in addition to reduction in brain

Mg tissue levels, in the amygdala/hypothalamus, important

in the regulation of depression-like behavior (see ‘‘Intro-

duction’’). It is intriguing that several proteins with dif-

ferential expression levels between groups were correlated

with key individual parameters for depression-related

behavior proposing corresponding tentative functions for

these proteins. Specifically, the observed alterations in the

expression of proteins indicate increased nitric oxide pro-

duction, increased anti-oxidant response to increased oxi-

dative stress and potential alteration in energy metabolism.

These changes in protein expression elicited by Mg-defi-

ciency were all normalized by chronic paroxetine treatment

which also normalized the enhanced depression-like

behavior, strengthening the link between changes in these

proteins and depression. It must be stated that, at present,

we cannot exclude that a combination of behavioral stress

and the Mg-restricted diet contributed to the observed

alterations in protein expression that was mitigated by

chronic paroxetine treatment. This remains subject to fur-

ther investigations. Furthermore, chronic paroxetine treat-

ment was also associated with increased expression of

proteins associated with neuronal plasticity and energy

metabolism. Collectively, the present data indicate neuro-

biological correlates underlying enhanced depression-like

behavior elicited by a Mg-restricted diet and reveal puta-

tive novel targets for antidepressant therapy.

Acknowledgments The authors thank Dr. Richard Tessadri for the

determination of Mg levels. This work was funded by the FWF

(P22931-B18).

Conflict of interest The authors declare that they have no conflict

of interest.

References

Altura BM, Gebrewold A, Zhang A, Altura BT, Gupta RK (1997)

Short-term reduction in dietary intake of magnesium causes

deficits in brain intracellular free Mg2? and [H?]i but not high-

energy phosphates as observed by in vivo 31P-NMR. Biochim

Biophys Acta 1358:1–5

Anand A, Shekhar A (2003) Brain imaging studies in mood and

anxiety disorders: special emphasis on the amygdala. Ann N Y

Acad Sci 985:370–388

Astier C, Rock E, Lab C, Gueux E, Mazur A, Rayssiguier Y (1996)

Functional alterations in sarcoplasmic reticulum membranes of

magnesium-deficient rat skeletal muscle as consequences of free

radical-mediated process. Free Radic Biol Med 20:667–674

Baines CP, Kaiser RA, Sheiko T, Craigen WJ, Molkentin JD (2007)

Voltage-dependent anion channels are dispensable for mito-

chondrial-dependent cell death. Nat Cell Biol 9:550–555

Banki CM, Vojnik M, Papp Z et al (1985) Cerebrospinal fluid

magnesium and calcium related to amine metabolites, diagnosis,

and suicide attempts. Biol Psychiatry 20:163–171

Beasley CL, Pennington K, Behan A, Wait R, Dunn MJ, Cotter D

(2006) Proteomic analysis of the anterior cingulate cortex in the

major psychiatric disorders: evidence for disease-associated

changes. Proteomics 6:3414–3425

Belin MF, Didier-Bazes M, Akaoka H, Hardin-Pouzet H, Bernard A,

Giraudon P (1997) Changes in astrocytic glutamate catabolism

enzymes following neuronal degeneration or viral infection. Glia

21:154–161

Bourin M, Chue P, Guillon Y (2001) Paroxetine: a review. CNS Drug

Rev 7:25–47

Burgos M, Fradejas N, Calvo S, Kang SU, Tranque P, Lubec G (2010)

A proteomic analysis of PKCepsilon targets in astrocytes:

implications for astrogliosis. Amino Acids (in press)

Bussiere L, Mazur A, Gueux E, Nowacki W, Rayssiguier Y (1995)

Triglyceride-rich lipoproteins from magnesium-deficient rats are

more susceptible to oxidation by cells and promote proliferation

of cultured vascular smooth muscle cells. Magnes Res

8:151–157

Carboni L, Piubelli C, Pozzato C, Astner H, Arban R, Righetti PG,

Hamdan M, Domenici E (2006a) Proteomic analysis of rat

hippocampus after repeated psychosocial stress. Neuroscience

137:1237–1246

Carboni L, Vighini M, Piubelli C, Castelletti L, Milli A, Domenici E

(2006b) Proteomic analysis of rat hippocampus and frontal

cortex after chronic treatment with fluoxetine or putative novel

antidepressants: CRF1 and NK1 receptor antagonists. Eur

Neuropsychopharmacol 16:521–537

Cheng EH, Sheiko TV, Fisher JK, Craigen WJ, Korsmeyer SJ (2003)

VDAC2 inhibits BAK activation and mitochondrial apoptosis.

Science 301:513–517

Cowan JA (2002) Structural and catalytic chemistry of magnesium-

dependent enzymes. Biometals 15:225–235

1246 N. Whittle et al.

123



Crespi F (2010) The selective serotonin reuptake inhibitor fluoxetine

reduces striatal in vivo levels of voltammetric nitric oxide (NO):

a feature of its antidepressant activity? Neurosci Lett 470:95–99

Cryan JF, Markou A, Lucki I (2002) Assessing antidepressant activity

in rodents: recent developments and future needs. Trends

Pharmacol Sci 23:238–245

Drevets WC (2003) Neuroimaging abnormalities in the amygdala in

mood disorders. Ann N Y Acad Sci 985:420–444

Duman RS, Heninger GR, Nestler EJ (1997) A molecular and cellular

theory of depression. Arch Gen Psychiatry 54:597–606

Duman RS, Malberg J, Thome J (1999) Neural plasticity to stress and

antidepressant treatment. Biol Psychiatry 46:1181–1191

Eby GA, Eby KL (2006) Rapid recovery from major depression using

magnesium treatment. Med Hypotheses 67:362–370

Elizalde N, Gil-Bea FJ, Ramirez MJ, Aisa B, Lasheras B, Del Rio J,

Tordera RM (2008) Long-lasting behavioral effects and recog-

nition memory deficit induced by chronic mild stress in mice:

effect of antidepressant treatment. Psychopharmacology (Berl)

199:1–14

Ergun Y, Ergun UG (2007) Prevention of pro-depressant effect of

L-arginine in the forced swim test by NG-nitro-L-arginine and

[1H-[1, 2, 4]Oxadiazole[4, 3-a]quinoxalin-1-one]. Eur J Phar-

macol 554:150–154

Finkel MS, Laghrissi-Thode F, Pollock BG, Rong J (1996) Paroxetine

is a novel nitric oxide synthase inhibitor. Psychopharmacol Bull

32:653–658

Freedman AM, Cassidy MM, Weglicki WB (1991) Magnesium-

deficient myocardium demonstrates an increased susceptibility to

an in vivo oxidative stress. Magnes Res 4:185–189

Freedman AM, Mak IT, Stafford RE, Dickens BF, Cassidy MM,

Muesing RA, Weglicki WB (1992) Erythrocytes from magne-

sium-deficient hamsters display an enhanced susceptibility to

oxidative stress. Am J Physiol 262:C1371–C1375

Frigerio F, Casimir M, Carobbio S, Maechler P (2008) Tissue

specificity of mitochondrial glutamate pathways and the control

of metabolic homeostasis. Biochim Biophys Acta 1777:965–972

Galan P, Preziosi P, Durlach V, Valeix P, Ribas L, Bouzid D, Favier

A, Hercberg S (1997) Dietary magnesium intake in a French

adult population. Magnes Res 10:321–328

Gardier AM, David DJ, Jego G, Przybylski C, Jacquot C, Durier S,

Gruwez B, Douvier E, Beauverie P, Poisson N, Hen R, Bourin M

(2003) Effects of chronic paroxetine treatment on dialysate

serotonin in 5-HT1B receptor knockout mice. J Neurochem

86:13–24

Garfinkel L, Garfinkel D (1985) Magnesium regulation of the

glycolytic pathway and the enzymes involved. Magnesium

4:60–72

German-Fattal M, Lecerf F, Sabbagh F, Maurois P, Durlach J, Bac

P(2008) Neuroprotective gene profile in the brain of magnesium-

deficient mice. Biomed Pharmacother 62:264–272

Giulivi C, Boveris A, Cadenas E (1995) Hydroxyl radical generation

during mitochondrial electron transfer and the formation of

8-hydroxydesoxyguanosine in mitochondrial DNA. Arch Bio-

chem Biophys 316:909–916

Gueux E, Cubizolles C, Bussiere L, Mazur A, Rayssiguier Y (1993)

Oxidative modification of triglyceride-rich lipoproteins in

hypertriglyceridemic rats following magnesium deficiency. Lip-

ids 28:573–575

Hackbarth H, Kuppers N, Bohnet W (2000) Euthanasia of rats with

carbon dioxide—animal welfare aspects. Lab Anim 34:91–96

Haddad JJ (2005) N-methyl-D-aspartate (NMDA) and the regulation

of mitogen-activated protein kinase (MAPK) signaling path-

ways: a revolving neurochemical axis for therapeutic interven-

tion? Prog Neurobiol 77:252–282

Harkin A, Connor TJ, Burns MP, Kelly JP (2004) Nitric oxide

synthase inhibitors augment the effects of serotonin re-uptake

inhibitors in the forced swimming test. Eur Neuropsychophar-

macol 14:274–281

Hattori T, Takei N, Mizuno Y, Kato K, Kohsaka S (1995)

Neurotrophic and neuroprotective effects of neuron-specific

enolase on cultured neurons from embryonic rat brain. Neurosci

Res 21:191–198

Hayashi M (2009) Oxidative stress in developmental brain disorders.

Neuropathology 29:1–8

Husi H, Grant SG (2001) Proteomics of the nervous system. Trends

Neurosci 24:259–266

Inan SY, Yalcin I, Aksu F (2004) Dual effects of nitric oxide in the

mouse forced swimming test: possible contribution of nitric

oxide-mediated serotonin release and potassium channel mod-

ulation. Pharmacol Biochem Behav 77:457–464

Iosifescu DV, Renshaw PE (2003) 31P-magnetic resonance spectros-

copy and thyroid hormones in major depressive disorder: toward

a bioenergetic mechanism in depression? Harv Rev Psychiatry

11:51–63

Iosifescu DV, Bolo NR, Nierenberg AA, Jensen JE, Fava M, Renshaw

PF (2008) Brain bioenergetics and response to triiodothyronine

augmentation in major depressive disorder. Biol Psychiatry

63:1127–1134

Jacka FN, Overland S, Stewart R, Tell GS, Bjelland I, Mykletun A

(2009) Association between magnesium intake and depression

and anxiety in community-dwelling adults: the Hordaland Health

Study. Aust N Z J Psychiatry 43:45–52

Johnston-Wilson NL, Sims CD, Hofmann JP, Anderson L, Shore AD,

Torrey EF, Yolken RH (2000) Disease-specific alterations in

frontal cortex brain proteins in schizophrenia, bipolar disorder,

and major depressive disorder. The Stanley Neuropathology

Consortium. Mol Psychiatry 5:142–149

Kang SU, Fuchs K, Sieghart W, Pollak A, Csaszar E, Lubec G (2009)

Gel-based mass spectrometric analysis of a strongly hydrophobic

GABAA-receptor subunit containing four transmembrane

domains. Nat Protoc 4:1093–1102

Kantak KM (1988) Magnesium deficiency alters aggressive behavior

and catecholamine function. Behav Neurosci 102:304–311

Keller JN, Kindy MS, Holtsberg FW, St Clair DK, Yen HC,

Germeyer A, Steiner SM, Bruce-Keller AJ, Hutchins JB,

Mattson MP (1998) Mitochondrial manganese superoxide

dismutase prevents neural apoptosis and reduces ischemic brain

injury: suppression of peroxynitrite production, lipid peroxida-

tion, and mitochondrial dysfunction. J Neurosci 18:687–697

Kolla N, Wei Z, Richardson JS, Li XM (2005) Amitriptyline and

fluoxetine protect PC12 cells from cell death induced by

hydrogen peroxide. J Psychiatry Neurosci 30:196–201

Kromer SA, Kessler MS, Milfay D, Birg IN, Bunck M, Czibere L,

Panhuysen M, Putz B, Deussing JM, Holsboer F, Landgraf R,

Turck CW (2005) Identification of glyoxalase-I as a protein

marker in a mouse model of extremes in trait anxiety. J Neurosci

25:4375–4384

Levine J, Stein D, Rapoport A, Kurtzman L (1999) High serum and

cerebrospinal fluid Ca/Mg ratio in recently hospitalized acutely

depressed patients. Neuropsychobiology 39:63–70

Li XM, Chlan-Fourney J, Juorio AV, Bennett VL, Shrikhande S,

Bowen RC (2000) Antidepressants upregulate messenger RNA

levels of the neuroprotective enzyme superoxide dismutase

(SOD1). J Psychiatry Neurosci 25:43–47

Libri V, Santarelli R, Nistico S, Azzena GB (1997) Inhibition of nitric

oxide synthase prevents magnesium-free-induced epileptiform

activity in guinea-pig piriform cortex neurones in vitro. Naunyn

Schmiedebergs Arch Pharmacol 355:452–456

MacAllister RJ, Parry H, Kimoto M, Ogawa T, Russell RJ, Hodson H,

Whitley GS, Vallance P (1996) Regulation of nitric oxide

synthesis by dimethylarginine dimethylaminohydrolase. Br J

Pharmacol 119:1533–1540

Protein expression and magnesium-restricted diet 1247

123



Mak IT, Komarov AM, Wagner TL, Stafford RE, Dickens BF,

Weglicki WB (1996) Enhanced NO production during Mg

deficiency and its role in mediating red blood cell glutathione

loss. Am J Physiol 271:C385–C390

Marangos PJ, Zis AP, Clark RL, Goodwin FK (1978) Neuronal, non-

neuronal and hybrid forms of enolase in brain: structural,

immunological and functional comparisons. Brain Res

150:117–133

Marangos PJ, Schmechel DE, Parma AM, Goodwin FK (1980)

Developmental profile of neuron-specific (NSE) and non-neuro-

nal (NNE) enolase. Brain Res 190:185–193

Michel TM, Thome J, Martin D, Nara K, Zwerina S, Tatschner T,

Weijers HG, Koutsilieri E (2004) Cu, Zn- and Mn-superoxide

dismutase levels in brains of patients with schizophrenic

psychosis. J Neural Transm 111:1191–1201

Michel TM, Frangou S, Thiemeyer D, Camara S, Jecel J, Nara K,

Brunklaus A, Zoechling R, Riederer P (2007) Evidence for

oxidative stress in the frontal cortex in patients with recurrent

depressive disorder–a postmortem study. Psychiatry Res

151:145–150

Mu J, Xie P, Yang ZS, Yang DL, Lv FJ, Luo TY, Li Y (2007)

Neurogenesis and major depression: implications from proteo-

mic analyses of hippocampal proteins in a rat depression model.

Neurosci Lett 416:252–256

Muigg P, Hoelzl U, Palfrader K, Neumann I, Wigger A, Landgraf R,

Singewald N (2007) Altered brain activation pattern associated

with drug-induced attenuation of enhanced depression-like

behavior in rats bred for high anxiety. Biol Psychiatry

61:782–796

Murck H (2002) Magnesium and affective disorders. Nutr Neurosci

5:375–389

Muroyama A, Inaka M, Matsushima H, Sugino H, Marunaka Y,

Mitsumoto Y (2009) Enhanced susceptibility to MPTP neuro-

toxicity in magnesium-deficient C57BL/6N mice. Neurosci Res

63:72–75

Nestler EJ (1998) Antidepressant treatments in the 21st century. Biol

Psychiatry 44:526–533

Nielsen FH (2010) Magnesium, inflammation, and obesity in chronic

disease. Nutr Rev 68:333–340

Petit-Demouliere B, Chenu F, Bourin M (2005) Forced swimming test

in mice: a review of antidepressant activity. Psychopharmacol-

ogy (Berl) 177:245–255

Petrault I, Zimowska W, Mathieu J, Bayle D, Rock E, Favier A,

Rayssiguier Y, Mazur A (2002) Changes in gene expression in

rat thymocytes identified by cDNA array support the occurrence

of oxidative stress in early magnesium deficiency. Biochim

Biophys Acta 1586:92–98

Poleszak E, Szewczyk B, Kedzierska E, Wlaz P, Pilc A, Nowak G

(2004) Antidepressant- and anxiolytic-like activity of magne-

sium in mice. Pharmacol Biochem Behav 78:7–12

Poleszak E, Wlaz P, Kedzierska E, Nieoczym D, Wrobel A, Fidecka

S, Pilc A, Nowak G (2007) NMDA/glutamate mechanism of

antidepressant-like action of magnesium in forced swim test in

mice. Pharmacol Biochem Behav 88:158–164

Rasmussen HH, Mortensen PB, Jensen IW (1989) Depression and

magnesium deficiency. Int J Psychiatry Med 19:57–63

Rayssiguier Y, Gueux E, Bussiere L, Durlach J, Mazur A (1993)

Dietary magnesium affects susceptibility of lipoproteins and

tissues to peroxidation in rats. J Am Coll Nutr 12:133–137

Rock E, Astier C, Lab C, Malpuech C, Nowacki W, Gueux E, Mazur

A, Rayssiguier Y (1995) Magnesium deficiency in rats induces a

rise in plasma nitric oxide. Magnes Res 8:237–242

Schimatschek HF, Rempis R (2001) Prevalence of hypomagnesemia

in an unselected German population of 16, 000 individuals.

Magnes Res 14:283–290

Schuchmann S, Albrecht D, Heinemann U, und Halbach O (2002)

Nitric oxide modulates low-Mg2?-induced epileptiform activity

in rat hippocampal-entorhinal cortex slices. Neurobiol Dis

11:96–105

Sillaber I, Panhuysen M, Henniger MS, Ohl F, Kuhne C, Putz B, Pohl

T, Deussing JM, Paez-Pereda M, Holsboer F (2008) Profiling of

behavioral changes and hippocampal gene expression in mice

chronically treated with the SSRI paroxetine. Psychopharmacol-

ogy (Berl) 200:557–572

Singewald N, Sinner C, Hetzenauer A, Sartori SB, Murck H (2004)

Magnesium-deficient diet alters depression- and anxiety-related

behavior in mice—influence of desipramine and Hypericum
perforatum extract. Neuropharmacology 47:1189–1197

Singewald N, Sartori SB, Shin JH, Lin L, Lubec G, Whittle N (2010)

Magnesium- and zinc-deficiency models for depression: Involve-

ment of NMDA/NO pathways. Biol Psychiatry 67:689

Spasov AA, Iezhitsa IN, Kharitonova MV, Kravchenko MS (2008)

Depression-like and anxiety-related behaviour of rats fed with

magnesium-deficient diet. Zh Vyssh Nerv Deiat Im I P Pavlova

58:476–485

Stafford RE, Mak IT, Kramer JH, Weglicki WB (1993) Protein

oxidation in magnesium deficient rat brains and kidneys.

Biochem Biophys Res Commun 196:596–600

Takei N, Kondo J, Nagaike K, Ohsawa K, Kato K, Kohsaka S (1991)

Neuronal survival factor from bovine brain is identical to

neuron-specific enolase. J Neurochem 57:1178–1184

Tschenett A, Singewald N, Carli M, Balducci C, Salchner P, Vezzani

A, Herzog H, Sperk G (2003) Reduced anxiety and improved

stress coping ability in mice lacking NPY-Y2 receptors. Eur J

Neurosci 18:143–148

Wegener G, Volke V, Harvey BH, Rosenberg R (2003) Local, but not

systemic, administration of serotonergic antidepressants

decreases hippocampal nitric oxide synthase activity. Brain

Res 959:128–134

Wegener G, Harvey BH, Bonefeld B, Müller HK, Volke V, Overstreet

DH, Elfving B (2010) Increased stress-evoked nitric oxide

signalling in the Flinders sensitive line (FSL) rat: a genetic animal

model of depression. Int J Neuropsychopharmacol 13:461–473

Weitzdorfer R, Hoger H, Burda G, Pollak A, Lubec G (2008)

Differences in hippocampal protein expression at 3 days,

3 weeks, and 3 months following induction of perinatal asphyxia

in the rat. J Proteome Res 7:1945–1952

Whittle N, Lubec G, Singewald N (2009) Zinc deficiency induces

enhanced depression-like behaviour and altered limbic activation

reversed by antidepressant treatment in mice. Amino Acids

36:147–158

Wu G (2009) Amino acids: metabolism, functions, and nutrition.

Amino Acids 37:1–17

Wu G, Haynes TE, Li H, Yan W, Meininger CJ (2001) Glutamine

metabolism to glucosamine is necessary for glutamine inhibition

of endothelial nitric oxide synthesis. Biochem J 353:245–252

Wu G, Bazer FW, Davis TA, Kim SW, Li P, Marc Rhoads J, Carey

Satterfield M, Smith SB, Spencer TE, Yin Y (2009) Arginine

metabolism and nutrition in growth, health and disease. Amino

Acids 37:153–168

Zafir A, Banu N (2007) Antioxidant potential of fluoxetine in

comparison to Curcuma longa in restraint-stressed rats. Eur J

Pharmacol 572:23–31

Zafir A, Ara A, Banu N (2009) Invivo antioxidant status: a putative

target of antidepressant action. Prog Neuropsychopharmacol

Biol Psychiatry 33:220–228

Zheng J, Patil SS, Chen WQ, An W, He J, 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

1248 N. Whittle et al.

123


	Changes in brain protein expression are linked to magnesium restriction-induced depression-like behavior
	Abstract
	Introduction
	Experimental section
	Animals
	Control and magnesium-restricted diets
	Behavioral testing
	Depression-like behavior
	Forced swim test
	Tail suspension test

	Locomotor activity

	Brain dissection

	Sample preparation for gel-based proteomic studies
	Two-dimensional gel electrophoresis (2-DE)
	Quantification of protein levels
	Analysis of peptides by nano-LC-ESI-(CID/ETD)-MS/MS (High capacity ion trap, HCT)
	Western blotting

	Amygdala/hypothalamus Mg determination
	Statistical analysis
	Results and discussion
	Protein identification
	Mg-restricted diet enhances depression-like behavior which is sensitive to chronic paroxetine treatment
	Altered protein expression elicited by a Mg-restricted diet
	Altered nitric oxide signaling
	Altered oxidative stress
	Altered energy metabolism
	Effect of chronic paroxetine treatment on altered protein expression elicited by the Mg-restricted diet

	Conclusion
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


