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Abstract Mammalian AMP-activated protein kinase

(AMPK) functions as a metabolic switch. It is composed of

3 different subunits and its activation depends on phos-

phorylation of a threonine residue (Thr172) in the

a-subunit. This phosphorylation can be brought about by

5-aminoimidazole-4-carboxamide 1-b-D-ribofuranoside

(AICAR) which in the cells is converted to a monophos-

phorylated nucleotide mimicking the effect of AMP. We

show that the preparation of cultured astrocytes used for

metabolic studies expresses AMPK, which could be

phosphorylated by exposure of the cells to AICAR. The

effect of AMPK activation on glutamate metabolism in

astrocytes was studied using primary cultures of these cells

from mouse cerebral cortex during incubation in media

containing 2.5 mM glucose and 100 lM [U-13C]glutamate.

The metabolism of glutamate including a detailed analysis

of its metabolic pathways involving the tricarboxylic acid

(TCA) cycle was studied using high-performance liquid

chromatography analysis supplemented with gas chro-

matography–mass spectrometry technology. It was found

that AMPK activation had profound effects on the path-

ways involved in glutamate metabolism since the entrance

of the glutamate carbon skeleton into the TCA cycle was

reduced. On the other hand, glutamate uptake into the

astrocytes as well as its conversion to glutamine catalyzed

by glutamine synthetase was not affected by AMPK acti-

vation. Interestingly, synthesis and release of citrate, which

are hallmarks of astrocytic function, were affected by a

reduction of the flux of glutamate derived carbon through

the malic enzyme and pyruvate carboxylase catalyzed re-

actions. Finally, it was found that in the presence of glu-

tamate as an additional substrate, glucose metabolism

monitored by the use of tritiated deoxyglucose was unaf-

fected by AMPK activation. Accordingly, the effects of

AMPK activation appeared to be specific for certain key

processes involved in glutamate metabolism.
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Abbreviations

AAT Aspartate aminotransferase

AICAR 5-Aminoimidazole-4-carboxamide

1-b-D-ribofuranoside

ALAT Alanine aminotransferase

AMPK AMP activated protein kinase

BCA Bicinchoninic acid

BSA Bovine serum albumin

DMEM Dulbecco’s modified Eagle’s medium

FCS Foetal calf serum

GDH Glutamate dehydrogenase

GC–MS Gas chromatography–mass spectrometry

HPLC High-performance liquid chromatography

LDH Lactate dehydrogenase

ME Malic enzyme

OPA o-Phthaldialdehyde

PBS Phosphate buffered saline

PC Pyruvate carboxylase

PDH Pyruvate dehydrogenase

TCA Tricarboxylic acid
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Introduction

Brain function is energetically demanding and hence, a

continuous supply of energy is needed [1]. This may be

achieved by regulatory mechanisms capable of maintaining

an optimal energy supply at proper time and place. It is also

important to control energy expenditure, especially during

periods of limited energy supply and, therefore, regulatory

pathways balancing anaplerotic and cataplerotic functions

with regard to cellular energy status are vital. A strict control

of the pathways involved in metabolism of the excitatory

neurotransmitter glutamate is likewise essential for normal

brain function. In addition to being the most abundant neu-

rotransmitter in the brain glutamate is a key metabolite in the

coupling of cellular energy- and amino acid metabolism.

Glutamate is released from glutamatergic neurons and in-

teracts with receptors at the post-synaptic terminal of the

receiving neuron. Astrocytes surrounding the synapses are

essential in order to terminate neurotransmission since the

majority of glutamate is taken up and metabolized by as-

trocytes [2]. Glutamate is an important substrate to support

energy metabolism in astrocytes either via complete oxida-

tive degradation or by providing a net synthesis of tricar-

boxylic acid (TCA) cycle intermediates that increases the

capacity for glucose oxidation [3, 4].

The energy sensor, mammalian AMP-activated protein

kinase (AMPK) has been described as the master metabolic

switch in various cell types [5]. AMPK is composed of

three different subunits; a catalytic a-subunit and regula-

tory b- and c-subunits, with each subunit existing in dif-

ferent isoforms [6–8]. The sensor can be activated by ADP

as well as AMP, when either of these molecules binds to

the c-subunit of AMPK. This binding promotes phospho-

rylation by upstream kinases at a conserved threonine

residue (Thr172) located in the a-subunit of AMPK. In the

case of energy imbalances, e.g. due to the lack of energy

substrates or hypoxia, peripheral cells compensate by ini-

tiating several mechanisms, including the phosphorylation,

i.e. activation of AMPK [9, 10]. Activated AMPK down-

regulates anabolic processes such as glycogen production,

and fatty acid and cholesterol synthesis in order to reduce

the ATP expenditure thereby preventing depletion of ATP.

Furthermore, the activated sensor initiates a number of

catabolic processes, such as glucose uptake, glycolysis, and

fatty acid oxidation [8, 11, 12].

Astrocytes are important metabolic partners for neurons

as they express the anaplerotic enzyme pyruvate carboxy-

lase (PC), which is not present in the neurons [13]. This

enzyme is quantitatively the most important anaplerotic

enzyme in brain [14] and hence responsible for de novo

synthesis of glutamate from glucose. The lack of PC in

neurons necessitates metabolic interaction between astro-

cytes and neurons in order to maintain glutamatergic sig-

naling since released glutamate is transported into

astrocytes as stated above. Subsequent to uptake, glutamate

can be amidated to glutamine catalyzed by the astrocyte

specific enzyme glutamine synthetase [15]. Astrocytes re-

lease glutamine as precursor for synthesis of neurotrans-

mitter glutamate in neurons as part of the glutamate-

glutamine cycle [16]. As an alternative to conversion to

glutamine, glutamate taken up by astrocytes may enter

oxidative metabolism in the TCA cycle via a-ketoglutarate.

a-Ketoglutarate can be formed from glutamate by

transamination catalyzed primarily by aspartate amino-

transferase (AAT), or by oxidative deamination via the

action of glutamate dehydrogenase (GDH) [2, 3]. The ox-

idative deamination leads to an elevation of the total

amount of TCA cycle intermediates, which catalytically

facilitates glucose oxidation. A complete oxidative degra-

dation of glutamate requires pyruvate recycling, which is

initiated by the action of malic enzyme (ME) catalyzing the

oxidative decarboxylation of malate to pyruvate. An al-

ternative route includes the concerted action of phospho-

enolpyruvate carboxykinase and pyruvate kinase.

However, the activity of ME has been shown to be much

higher than that of phosphoenolpyruvate carboxykinase in

cultured astrocytes [17], and therefore only pathways in-

volving ME will be considered.

Metabolism of glucose and glutamate in astrocytes is

highly interconnected. However, the regulation of these

metabolic pathways is poorly understood, particularly the role

of AMPK signaling. In order to investigate this, cultured

neocortical astrocytes were exposed to the AMP-analogue

5-aminoimidazole-4-carboxamide 1-b-D-ribofuranoside

(AICAR) in the presence of [U-13C]glutamate. AICAR is

intracellularly converted to the monophosphorylated nu-

cleotide ZMP and mimicks the effects of AMP without

changing the ATP/AMP or ATP/ADP ratio in the cell. AICAR

is capable of activating AMPK both allosterically and by fa-

cilitating phosphorylation [5, 18, 19]. Effects of AMPK acti-

vation on the metabolic fate of the glutamate carbon skeleton

were studied in detail using 13C-labeled glutamate and gas

chromatography coupled to mass spectrometry (GC–MS).

The effect of AMPK activation on glucose uptake and phos-

phorylation in the presence of glutamate as additional sub-

strate was determined using tracer amounts of the

radioactively labeled glucose analogue, 2-deoxyglucose, a

procedure developed by Sokoloff et al. [20].

Using this analytical approach we found that activation

of AMPK had profound effects on metabolic handling of

glutamate in astrocytes. The entrance of glutamate into the

TCA cycle was reduced but neither its cellular uptake nor
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the conversion to glutamine was affected. The flux of

glutamate derived carbon through the reactions catalyzed

by ME and PC was reduced which affected synthesis of

releasable citrate, a process which is normally prominent in

astrocytes [21, 22].

Materials and Methods

Materials

NMRI mice (7-day-old) were obtained from Harlan (The

Netherlands) and housed in the animal facility at Department

of Drug Design and Pharmacology, University of Copen-

hagen (Copenhagen, Denmark) prior to isolation of brain

tissue. Plasticware for cell culturing was acquired from

NUNC A/S (Roskilde, Denmark). Dulbecco’s modified Ea-

gle’s Medium (DMEM) powder, N-methyl-N-(tert-

butyldimethylsilyl)trifluoroacetamide (MTBSTFA) and

N,N-dimethylformamide (DMF) were purchased from Sig-

ma-Aldrich (St. Louis, MO, USA) while 5-aminoimidazole-

4-carboxamide 1-b-D-ribofuranoside (AICAR) was bought

from Tocris Bioscience (Bristol, UK). Foetal calf serum

(FCS) was manufactured by Gibco, Life Technologies

(Carlsbad, CA, USA). 2-[1,2-3H]-Deoxy-D-glucose was

obtained from PerkinElmer (Boston, MA, USA) and

L-[U-13C]glutamic acid (97–99 % enriched) was manufac-

tured by Cambridge Isotope Laboratories (Andover, MA,

USA). HPLC and GC–MS chemicals and columns were

purchased from Agilent Technologies (Santa Clara, CA,

USA) and Phenomenex (Torrance, CA, USA), respectively.

Pierce BCA protein assay-kit was produced by Thermo

Fischer Scientific (Rockford, IL, USA). xCell Surelock

NuPAGE system, buffers and chemicals for the western blots

were purchased from Life Technologies, while a complete

protease inhibitor cocktail was purchased from Roche Ap-

plied Science (Mannheim, Germany), Immobilon-P

polyvinylidene fluoride (PVDF) membrane of 0.45 lm pore

size was purchased from Millipore (Billerica, MA, USA).

Enhanced chemiluminescence (ECL) chemicals as well as

rabbit anti-b-actin antibody (1:5000) were manufactured by

Abcam (Cambridge, UK). Rabbit anti- phospho-AMPKa
(Thr172) antibody (#2531) and rabbit anti-AMPKa antibody

(total AMPKa; #2532) were bought from Cell Signalling

(Leiden, The Netherlands) and goat-anti-rabbit horseradish

peroxidase (HRP)-conjugated secondary antibody from

Dako (Glostrup, Denmark). All other chemicals were ob-

tained in purest grade from regular commercial suppliers.

Primary Neocortical Mouse Astrocyte Cultures

Culture medium: Reconstituted DMEM powder was sup-

plemented with 26.2 mM NaHCO3, 2.5 mM glutamine,

6 mM glucose, 100 i.u/mL penicillin, 0.04 mM phenol red

and FCS in suitable concentration and sterile filtered. Pri-

mary cultures of cortical astrocytes were prepared from

mouse brains as described by Hertz et al. [23] and Walls

et al. [24]. In brief, the neocortices were dissected from

7-day-old mice. The brain tissue was squeezed through a

nylon filter (pore size of 80 lM) into a DMEM-solution

containing 20 % FCS. To dissociate the tissue, the ho-

mogenate was processed 3 times with a 20 mL syringe

mounted with a steel cannula (13 G 9 500). Subsequently,

the cell suspension was seeded in 25 cm2 tissue culture

flasks at the density of approximately 0.2 mouse brain

cortex/flask or as indicated below and kept at 37 �C in a

humidified CO2-incubator (95 % atmospheric air/5 %

CO2). The cell culture medium was changed twice a week

with a gradual reduction of FCS (1st week: 20 %, 2nd

week: 15 %, 3rd week: 10 %). In the 3rd week dibuturyl-

cAMP was added to the culture medium in order to dif-

ferentiate the cells. After 3 weeks of culturing the cells

were used for experiments. The cell culture medium was

changed to a corresponding fresh medium 1 day prior to

the experiments. On the day of the experiments the cultures

were examined microscopically to evaluate the confluency

and the morphological appearance of the cells.

Westen Blot

The cells were grown in 6-well-plates at the density of 1.8

cortices/plate according to the culturing protocol provided

above. One day prior to the experiment the media were

exchanged in order to replenish nutrients. On the day of the

experiment the media were removed and the cells incu-

bated for 60 min at 37 �C in basic DMEM supplemented

with 2.5 mM glucose in the presence or absence of 0.5 mM

AICAR. At the end of the incubation period the media

were removed and the cells washed with ice-cold phos-

phate buffered saline (PBS, 137 mM NaCl, 2.7 mM KCl,

7.3 mM Na2HPO4, 1.5 mM, KH2PO4, pH 7.4). The cells

were then harvested in 2 % SDS (sodium dodecyl sulphate)

prepared in PBS and supplemented with a protease in-

hibitor cocktail. Protein content in the prepared lysates was

measured using the Pierce BCA protein assay according to

manufacturer’s instructions.

Proteins were denatured by boiling the samples at 95 �C
for 5 min in the NuPAGE sample buffer supplemented

with the NuPAGE reducing agent. The gels were loaded

with 18 lg protein per lane and the proteins were resolved

on NuPAGE Bis–Tris 4–12 % pre-cast gels (200 V, 1 h).

Proteins were transferred onto a PVDF membrane for 1 h

at 30 V in the NuPAGE transfer buffer supplemented with

20 % methanol. The membranes were then blocked for 2 h

in 5 % BSA solution in TBS-T (50 mM Tris, 100 mM

NaCl, pH 7.2, 0.05 % Tween-20) at room temperature. The
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membranes were incubated overnight with either anti-

AMPKa total or anti-phospho-AMPKa (Thr172) antibody

(4 �C; 1:1000 dilution in 5 % BSA in TBS-T), followed by

1.5 h incubation with anti-rabbit IgG conjugated with horse

radish peroxidase (room temperature; 1:2000 dilution in

5 % BSA in TBS-T). The immuno-reactive bands were

visualized using the ECL development method. In order to

avoid stripping of the antibodies, two identically loaded

gels were always resolved and processed simultaneously.

One of them was used for AMPKa total and the other for

phospho-AMPKa (Thr172) staining. Both stainings were

corrected for b-actin content present in the same sample

lane. ImageJ [25] was used for semiquantification of the

ECL signal. In short, intensity of each band was expressed

as the percent of the total intensity of the particular staining

on a gel. Thus, determined intensity of either AMPKa total

or phospho-AMPKa (Thr172) was then divided by the

percent intensity of the corresponding b-actin stain for the

sample lane in question. Subsequently, the corrected

AMPKa-phospho (Thr172) was divided by the corrected

AMPKa-total signal. These values were used for subse-

quent statistical analysis.

Incubation with [U-13C]glutamate

The astrocytes were grown in 25 cm2 flask following the

dissection and isolation protocol provided above. On the

day of the experiment DMEM-medium (without glu-

tamine) containing 100 lM L-[U-13C]glutamate and

2.5 mM glucose ± 0.5 mM AICAR was CO2-equilibrated

(95 % atmospheric air/5 % CO2) immediately before the

experiment was performed. AICAR was also added to the

cell cultures 30 min prior to the initiation of the incubation.

The media in the cultures were discarded, the cells rinsed

twice with PBS containing 0.9 mM CaCl2 and 0.5 mM

MgCl2, and 3.5 mL of incubation medium was added.

Subsequently, the cultures were incubated for 2 h at 37 �C
in a CO2-incubator (95 % atmospheric air/5 % CO2). After

1 h the cultures were spiked with 100 lM L-[U-13C]glu-

tamate to ensure a concentration of minimum 100 lM

L-glutamate. After 2 h the medium was collected and the

cells were extracted with 70 % ethanol. Afterwards the

tubes were centrifuged (20 min, 20,0009g, 4 �C) in order

to separate the protein (pellet) from the extract (super-

natant). The extracts and media were lyophilized, recon-

stituted in 250 and 400 lL double-distilled water,

respectively, and used for subsequent mass spectrometric-

and HPLC-analyses.

Quantitative Determination of Amino Acids

The amounts of relevant amino acids in the extracts (as-

partate, glutamate, serine, glutamine, alanine, valine,

leucine and isoleucine) and media (glutamine and alanine)

were determined using reverse phased HPLC with LC-

10ADVP liquid chromatograph coupled to an RF-10AXL

fluorescent detector (Shimadzu). Pre-column derivatization

with o-phthaldialdehyde (OPA) and fluorescent measure-

ment (excitation k = 350 nm, emission k = 450 nm) were

performed. For separating the amino acids an Agilent

Eclipse AAA column (4.6 mm 9 150 mm, pore size

5 lm) with a mobile phase gradient based on mobile phase

A and B was employed. Composition of mobile phase A:

0.02 M citrate, 0.06 M phosphate, pH 5.9 with 4.8 %

acetonitrile. Composition of mobile phase B: 90 % ace-

tonitrile. Mobile phase based gradient: from 4.5 to

16.5 min mobile phase B increased from 0 to 7 %, from

16.5 to 35 min from 7 to 50 % and from 36 to 38 min

mobile phase B was reduced to 0 %. All of the amino acids

of interest eluted within 32 min. The content of amino

acids in extract and medium was calculated as nmol per

culture, since the protein content of the cultures was not

determined. However, we have no reason to believe that

the exposure to AICAR and activation of AMPK for 2.5 h

induces detectable changes in protein content.

Metabolic Mapping of Metabolites of Interest Using

Gas Chromatography Coupled to Mass

Spectrometry (GC–MS)

Extract- and media samples were centrifuged (20 min,

20,0009g, 4 �C), adjusted to pH 1–2 with HCl and

evaporated to complete dryness under nitrogen flow. Or-

ganic extraction was performed with 96 % ethanol/benzene

followed by derivatization with 14 % DMF/86 %

MTBSTFA, a procedure modified after Mawhinney et al.

[26]. Standards containing unlabeled metabolites of inter-

est, cell extracts and media were analyzed using a gas

chromatograph (Agilent Technologies 7820A chro-

matograph, J&W GC column HP-5MS, parts no. 19091S-

433) coupled to a mass spectrometer (Agilent Technologies

5977E). The isotopic enrichment of the metabolites of in-

terest were corrected for natural abundance of 13C using

the unlabeled standards and calculated according to Bie-

man [27]. The data are presented as % labeling of M ? X,

where M is the mass of the unlabeled molecule and X is the

number of labeled C-atoms in the metabolite.

2-Deoxyglucose Uptake

The cells were grown in 24-well-plates at the density of 1.0

cortices/plate according to the culturing protocol provided

above. Incubation medium containing 2.5 mM glucose and

100 lM glutamate was CO2-equilibrated with 95 % at-

mospheric air/5 % CO2 just before the experiment. AICAR

(0.5 mM) was added 30 min prior to the initiation of

2434 Neurochem Res (2015) 40:2431–2442

123



incubation. The media were discarded and the astrocytes

were rinsed twice with pre-warmed PBS containing

0.9 mM CaCl2 and 0.5 mM MgCl2 followed by the addi-

tion of 300 lL incubation medium. The cultures were in-

cubated for 15 min in a 37 �C CO2-incubator (95 %

atmospheric air/5 % CO2) and 2-[1,2-3H]deoxyglucose

was added to a final radioactivity of 3.2 lCi/mL. The

cultures were incubated for further 15 min in a 37 �C
CO2-incubator (95 % atmospheric air/5 % CO2) and the

incubations were terminated by collecting the medium and

washing the cells twice with ice-cold PBS. The cells were

harvested and dissolved in 0.1 M KOH overnight (4 �C).

The cell suspensions were neutralized with 10 % (v/v)

formic acid, mixed with Ecoscint A and the radioactivity

determined using a liquid scintillation counter (Tri-Carb,

2900TR Perkin Elmer, Waltham, MA, USA).

Statistics

In testing differences between the control and the AICAR-

treated astrocytes, unpaired Student’s t-test was conducted

using GraphPad Prism 6.0 software. The data are presented

as averages ± standard error of the mean. Statistically

significant differences were detected with p values\ 0.05.

Results

AMPK a-Subunit Expression

In order to determine the degree of AMPK expression and

activation in the murine primary astrocyte cultures, western

blot analysis was performed (Fig. 1a, b). The determination

of the total amount of AMPK a-subunit shows that the as-

trocytes express considerable total amounts of AMPKa. The

low background phosphorylation of Thr172 in the AMPKa
subunit was increased when the cells were incubated with

0.5 mM AICAR for 60 min. This analysis clearly shows that

astrocytic AMPKa is capable of responding to the phar-

macological AMPK activator, AICAR, which was found to

increase AMPK phosphorylation approximately 3-fold. The

use of 2.5 mM AICAR had no additional effect on the extent

of phosphorylation of AMPK (results not shown).

Glutamate Metabolism

Astrocyte cultures were incubated in medium containing

[U-13C]glutamate (100 lM) and glucose (2.5 mM), with or

without 0.5 mM AICAR activating AMPK. Subsequent to

the incubation, the extracts and media were analyzed using

HPLC and GC–MS in order to measure quantitative

amounts of metabolites and determine 13C-labeling, re-

spectively. The labeling pattern provides information about

the effects of AMPK activation on the particular metabolic

pathways involved in metabolism of glutamate. Quantifi-

cation of total amounts of selected amino acids was per-

formed in cell extracts as well as in media using HPLC.

The presence of AICAR during the incubation of the cul-

tured astrocytes in a medium containing glutamate and

glucose had no effect on the intra- or extracellular levels of

the selected amino acids (Table 1).

Incubations performed in medium containing [U-13C]

glutamate gave rise to a high labeling (%) in glutamate

(M ? 5) (Fig. 2a). No significant differences in intracel-

lular M ? 5 isotopomers of glutamate and glutamine be-

tween control and AICAR-treated astrocytes were detected
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Fig. 1 Representative immunoblots (a) of astrocytes incubated for

60 min in DMEM supplemented with 2.5 mM glucose in the absence

(-) or presence (?) of the AMPK activator—AICAR (0.5 mM). The

upper panel shows the blot probed for phospho-AMPKa (Thr172),

while the lower panel represents the immunoblot probed for the total

AMPKa subunit. All lanes were loaded with 18 lg protein. Results of

the semi-quantitative analysis (b) of the induction of AMPKa
phosphorylation. The immunoblots were densitometrically analysed

in ImageJ. The relative signal intensity of AMPKa total and phospho-

AMPKa (Thr172) was corrected each for their corresponding b-actin

signal. Finally, the corrected phospho-AMPKa (Thr172) value was

divided by the corrected AMPKa total intensity for each experimental

sample (n = 3). Values are shown ± SEM; *p\ 0.05 (unpaired

Student’s t-test)
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(Fig. 2a, b). This indicates that activating AMPK does not

affect the two essential components of the glutamate-glu-

tamine cycle, namely glutamate uptake and glutamine

synthesis catalyzed by glutamine synthetase.

[U-13C]Glutamate is taken up into the mitochondria via

either one of the glutamate carriers (GC1 & GC2) or aralar,

and 13C label can enter the TCA cycle via conversion of

glutamate to a-ketoglutarate (M ? 5). a-Ketoglutarate

(M ? 5) is decarboxylated to succinyl-CoA and further

metabolized to succinate (M ? 4), M ? 4 fumarate,

malate and oxaloacetate (Fig. 2b). Aspartate (M ? 4) is in

equilibrium with M ? 4 oxaloacetate due to the high ac-

tivity of AAT. A significant reduction in the labeling (%)

of a-ketoglutarate (M ? 5), succinate (M ? 4) and aspar-

tate (M ? 4) of 30, 51 and 11 %, respectively, was ob-

served in AICAR-treated astrocytes compared to control

cells (Fig. 2a). Since the amount and the labeling of in-

tracellular [U-13C]glutamate was not affected by activation

of AMPK, these reductions of labeling in TCA cycle in-

termediates indicate that either the transport of glutamate

into the mitochondria or the entry of glutamate via a-ke-

toglutarate into the TCA cycle is down regulated by the

activation of AMPK signaling. The reduction in labeling

(%) of fumarate (M ? 4), malate (M ? 4) and citrate

(M ? 4) was not statistically significant, but tended to be

reduced (p values: 0.09, 0.11, 0.18, respectively) (Fig. 2a).

Citrate (M ? 4) is formed from condensation of M ? 4

oxaloacetate and unlabeled acetyl-CoA (Fig. 2b). Citrate as

well as glutamine are released by the astrocytes to the

medium (Fig. 2b). A 25 % reduced labeling (%) of citrate

(M ? 4) in the medium was seen in AICAR-treated astro-

cytes compared to control cells whereas that of glutamine

(M ? 5) was unaffected (Fig. 2c). As observed intracellu-

larly, the labeling (%) of released glutamine (M ? 5) was

not affected by the presence of AICAR (Fig. 2c).

Metabolism Via Malic Enzyme, Pyruvate Carboxylase,

Lactate- and Pyruvate-Dehydrogenase

Glutamate (M ? 5) may, when entering the TCA cycle, be

converted to malate (M ? 4) which, in turn, can be de-

carboxylated to pyruvate (M ? 3) via the action of ME

(Fig. 3b). Pyruvate (M ? 3) may be reduced to lactate

(M ? 3) catalyzed by lactate dehydrogenase (LDH) or

transaminated into alanine (M ? 3) catalyzed by alanine

aminotransferase (ALAT). As can be seen in Fig. 3b, as-

trocytes release lactate (M ? 3) and alanine (M ? 3) to the

media. A statistically significant decrease (29 %) in the

labeling of lactate (M ? 3) released to the media was ob-

served when comparing AICAR-treated astrocytes with

control cells (Fig. 3a). In contrast, the labeling of extra-

cellular alanine was unaffected (Fig. 3a). The amount of

lactate in the medium primarily produced from unlabeled

glucose was estimated from the GC–MS measurements and

the amount of lactate released was not affected by AMPK

activation (results not shown).

Instead of being reduced to lactate or transaminated to

alanine, pyruvate may be carboxylated to oxaloacetate by

the anaplerotic enzyme PC, located in the mitochondria.

Pyruvate can furthermore be oxidatively decarboxylated to

Table 1 Contents of amino

acids in cells and media

(nmol/culture) in cultured

astrocytes incubated in medium

containing glucose (2.5 mM)

and glutamate (100 lM) in the

presence and absence of the

AMPK activator AICAR

Contents of amino acids in cells and media (nmol/culture)

Control AICAR

Amino acid in cells

Glutamate 34.4 ± 3.9 31.2 ± 4.7

Glutamine 8.9 ± 0.8 8.2 ± 1.2

Aspartate 11.3 ± 1.4 11.4 ± 2.1

Alanine 3.0 ± 0.2 2.9 ± 0.4

Serine 9.7 ± 0.5 9.0 ± 0.9

Valine 9.9 ± 0.5 9.2 ± 0.7

Isoleucine 14.5 ± 0.7 13.5 ± 1.0

Leucine 8.3 ± 0.4 7.7 ± 0.5

Amino acid in media

Glutamine 366.6 ± 36.5 400.0 ± 34.4

Alanine 42.0 ± 4.1 41.9 ± 5.5

Cortical astrocytes were cultured as described in ‘‘Materials and Methods’’ and subsequently incubated for

2 h with 100 lM glutamate and 2.5 mM glucose ± 0.5 mM AICAR. Cell extracts and media were ana-

lyzed by HPLC for determination of contents of amino acids. Results are averages ± SEM for controls

(n = 10–23) and for AICAR-treated cultures (n = 14–23). Controls were compared with AICAR-treated

cultures and no statistically significant differences were observed using Student’s unpaired t-test
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acetyl-CoA by pyruvate dehydrogenase (PDH) (Fig. 3b).

Pyruvate (M ? 3) decarboxylated by PDH or carboxylated

by PC gives rise to either acetyl-CoA (M ? 2) or ox-

aloacetate (M ? 3), respectively. Oxaloacetate (M ? 3)

may via back flux in the TCA cycle lead to M ? 3 labeling

in malate, fumarate and succinate (Fig. 3b). If oxaloacetate

(M ? 3) condenses with M ? 2 or unlabeled acetyl-CoA,

citrate (M ? 5) or (M ? 3) is formed. Alternatively, if

oxaloacetate (M ? 4) (direct synthesis) condenses with

acetyl-CoA (M ? 2), citrate (M ? 6) is formed. Further-

more, oxaloacetate (M ? 3) can be transaminated in the

AAT catalyzed reaction giving rise to aspartate (M ? 3)

(Fig. 3b). We observed statistically significant reductions

with regard to M ? 3 labeling in succinate, fumarate,

malate and aspartate (43, 27, 31 and 31 %, respectively) in

AICAR-treated astrocytes compared to control cells

(Fig. 3c). This observation points to a reduction of flux of

glutamate derived carbon via ME and/or PC when AMPK

is active. The labeling of intracellular citrate (M ? 3,

M ? 5 and M ? 6) was not significantly affected (p-val-

ues: 0.079, 0.064, 0.97, respectively) but that of the cor-

responding extracellular pool of citrate (M ? 3, M ? 5)

was reduced (Fig. 3d). Glutamate (M ? 4) is a result of

pyruvate recycling, and it includes condensation of

[1,2-13C]acetyl-CoA and oxaloacetate (M ? 3) formed by

the concerted action of ME and PC. Glutamate (M ? 4)

labeling was 9 % reduced in AICAR-treated astrocytes

compared to control cells (Fig. 3c), which likely reflects

the reduction of oxaloacetate (M ? 3) labeling formed by

pyruvate carboxylation. The reductions in extracellular

citrate (M ? 5) labeling also likely originate from reduc-

tion in oxaloacetate (M ? 3) labeling. This is supported by

the fact that the relative reduction observed in aspartate

(M ? 3) labeling is higher than that observed in citrate
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Fig. 2 Control (black columns) and AICAR treated (grey columns)

astrocytes were incubated for 2 h in basic DMEM supplemented with

[U-13C]glutamate (100 lM) and glucose (2.5 lM)as detailed in

‘‘Materials and Methods’’. Cell extracts (a) and media (c) were

analyzed using GC–MS for determination of the percentage distribu-

tion of 13C-labeled metabolites that arise from direct metabolism of

[U-13C]glutamate in the TCA cycle (b). Effects of AICAR treatment

were tested using unpaired Student’s t-test and an asterisk indicates a

statistically significant difference (*p\ 0.05). Values are aver-

ages ± SEM, (n = 5–12). Each experimental condition consists of

3–5 samples derived from 3 individual cell culture batches.

[U-13C]Glutamate (M ? 5 Glu) is via direct metabolism converted

to [U-13C]glutamine (M ? 5 Gln) or it is entering the TCA cycle for

conversion into TCA cycle intermediates such as a-[U-13C]ketoglu-

tarate (M ? 5 a-KG), [U-13C]succinate (M ? 4 Suc), [U-13C]fu-

marate (M ? 4 Fum) and [U-13C]malate (M ? 4 Mal).

[U-13C]Aspartate (M ? 4 Asp) is formed due to the equilibrium

with [U-13C]oxaloacetate catalyzed by aspartate aminotransferase (a,

b). [U-13C]Oxaloacetate condenses with unlabeled acetyl-CoA and

[3,4,5,6-13C]citrate (M ? 4 Cit) is formed. Glutamine (M ? 5) and

citrate (M ? 4) are released and detected in the medium (b, c)
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(M ? 5) and glutamate (M ? 4) (Fig. 3). Interestingly,

labeling of citrate (M ? 5) in the media was higher than

that observed in the extracts (p = 0.0043) (Fig. 3c, d).

From this observation it may be inferred that citrate, the

synthesis of which is coupled to the PC reaction is pref-

erentially exported to the media. In addition to that, AMPK

affects a compartment with extensive PC activity and in

which citrate is synthesized from glutamate. No statisti-

cally significant changes in citrate (M ? 6) were detected

in the media.

Uptake and Phosphorylation of 2-Deoxyglucose

2-Deoxyglucose is a glucose analogue, which is taken up

and phosphorylated by hexokinase but cannot undergo

further metabolism, causing it to be trapped intracellularly

as 2-deoxyglucose-6-phosphate. 2-Deoxyglucose mimics

glucose with regard to the transmembrane transport

and phosphorylation and by using a tracer amount of

2-[3H]deoxyglucose it is possible to monitor glucose

uptake and phosphorylation [20]. According to Sokoloff
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Fig. 3 Control (black columns) and AICAR treated (grey columns)

astrocytes were incubated for 2 h in basic DMEM supplemented with

[U-13C]glutamate (100 lM) and glucose (2.5 lM) as detailed in

‘‘Materials and Methods’’. Media (a, d) and cell extracts (c) were

analyzed using GC–MS for determination of the percentage distribu-

tion of 13C labeling in intracellular metabolites that arise from

metabolism of [U-13C]glutamate via malic enzyme (ME) combined

with pyruvate carboxylase (PC) and/or pyruvate dehydrogenase

activity, i.e. pyruvate recycling (b). Effects of AICAR treatment

were tested using unpaired Student’s t test and an asterisk indicates a

statistically significant difference (*p\ 0.05). Values are aver-

ages ± SEM, (n = 5–12). Each experimental condition consists of

3-5 samples derived from three individual cell culture batches.

[U-13C]Malate (M ? 4 Mal) formed from direct metabolism of

[U-13C]glutamate (M ? 5 Glu) may be decarboxylated to

[U-13C]pyruvate (M ? 3 Pyr) catalyzed by ME (b). M ? 3 Pyr

may be reduced to [U-13C]lactate (M ? 3 Lac) or transaminated by

alanine aminotransferase into [U-13C]alanine (M ? 3 Ala) that is

subsequently released to the medium (a, b). M ? 3 Pyr may be

carboxylated by the action of PC forming triple labeled oxaloacetate

(M ? 3) being in equilibrium with triple labeled aspartate (M ? 3

Asp). Oxaloacetate (M ? 3) is in equilibrium with Mal, Fum and Suc,

all being M ? 3. M ? 3 Oxaloacetate may condense with either

unlabeled acetyl-CoA forming triple labeled citrate (M ? 3 Cit) or

double labeled acetyl-CoA (b) forming quintuple labeled citrate

(M ? 5 Cit). Alternatively, uniformly labeled citrate (M ? 6 Cit)

may be formed from condensation of double labeled acetyl-CoA and

[U-13C]oxaloacetate (M ? 4) formed from direct metabolism of

M ? 5 Glu (b)
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et al. [20] the accumulated radioactivity in the cells reflects

total uptake and metabolism of glucose regardless of the end

product of glucose metabolism. We observed no statistically

significant difference in glucose uptake and phosphoryla-

tion in the presence of glutamate when comparing astro-

cytes incubated with AICAR to control cells (Fig. 4).

Discussion

AMPK is described as the major metabolic switch in pe-

ripheral cells, which regulates several mechanisms in-

volved in energy homeostasis [5, 8]. As reviewed in detail

by Ronnett et al., the presence of AMPK in hypothalamic

energy-sensing neurons supports the function as a master

regulator of energy homeostasis, affecting food intake,

energy expenditure and body weight [28]. In neurons and

skeletal muscle cells, translocation of the glucose trans-

porters, GLUT3 and GLUT4 to the plasma membrane is

increased by AMPK activation [29, 30]. In astrocytes,

glucose is the major energy substrate and building block

for de novo synthesis of glutamate and glutamine [1, 31]

and AMPK activation has been shown to induce synthesis

of the major activator of glycolysis, fructose-2,6-bis-

phosphate, thereby promoting astrocytic survival when the

nitric oxide (NO) level is elevated [28, 32]. NO also in-

duced inhibition of mitochondrial respiration, but that ef-

fect was not shown to be linked to the activation of AMPK

[32]. In the brain, astrocytes surround synapses and take up

and metabolize glutamate as energy substrate, in addition

to glucose [2]. In the presence of glutamate, activation of

AMPK had no significant effect on glucose uptake in

astrocytes. The main glucose transporter in astrocytes is

GLUT1 [33, 34]. GLUT1 has been shown to translocate to

the plasma membrane in response to AMPK activation in

cardiac myocytes [35]. The presence of glutamate as an

additional and efficient energy substrate may be the reason

why AMPK activation does not induce an increased glu-

cose uptake in the cultured astrocytes.

Glutamate-glutamine Cycle Versus TCA Cycle

Metabolism of Glutamate

In astrocytes, glutamate is either converted into glutamine

for release or it enters the mitochondria to support meta-

bolism in the TCA cycle. Activation of AMPK did not lead

to changes in intracellular glutamate and intra- and extra-

cellular glutamine (M ? 5) labeling and amounts. This

suggests that the essential parts of the glutamate–glutamine

cycle, i.e. glutamate uptake, glutamine synthesis and re-

lease are not affected by AMPK activation, although glu-

tamate transport and synthesis of glutamine are energy

requiring processes (see Schousboe et al. [2] ). In contrast,

the entrance of glutamate into the TCA cycle was de-

creased as observed by a reduced a-ketoglutarate (M ? 5)

labeling. It may be speculated that the processes located in

astrocytes, which are needed to maintain neuronal signal-

ing, are prioritized compared to energy production. It

should be noted that in the present study, AMPK is acti-

vated in the presence of glucose as energy substrate, which

means that the astrocytes are unlikely to have an impaired

ATP production. The reduced labeling of a-ketoglutarate,

which is also reflected in subsequent TCA cycle interme-

diates, may originate from lower uptake of glutamate into

the mitochondria or a lower conversion of glutamate to a-

ketoglutarate, a prerequisite for TCA cycle metabolism of

the carbon skeleton of glutamate. This entry of glutamate

into the TCA cycle requires either GDH or transaminase

activity. However, GDH is thought to be the main enzyme

responsible for conversion of glutamate into a-ketoglu-

tarate in astrocytes [36–38]. Interestingly, one study in

hypoxia tolerant crayfish, has shown a reduction in al-

losteric activation of GDH by ADP when AMPK was ac-

tivated [39].

Malic Enzyme Coupled to Pyruvate Carboxylase,

Pyruvate Dehydrogenase or Lactate Dehydrogenase

As reviewed by Sonnewald [40] anaplerosis via PC in as-

trocytes must be coupled to cataplerosis (i.e., exit of carbon

atoms from the TCA cycle) at a matching magnitude be-

cause the TCA cycle cannot function as a carbon-sink [40].

Cataplerosis of TCA cycle intermediates requires the

concerted action of ME and PDH, i.e. pyruvate recycling.

We found no statistically significant reduction in the
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column) of AICAR. The experimental condition is described in

‘‘Materials and Methods’’. Values representing counts per culture are

averages ± SEM (n = 9) derived from 3 individual cell culture

batches. Effects of AICAR treatment was tested using unpaired

Student’s t-test showing no statistically significant difference
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labeling of malate (M ? 4) which is formed via direct

metabolism of [U-13C]glutamate but that of lactate

(M ? 3) was reduced suggesting that AMPK activation

may lower the flux of glutamate derived carbon through the

ME and LDH catalyzed reactions. However, since the la-

beling of alanine (M ? 3) was unchanged, the effect is

likely restricted to the LDH reaction. It should be kept in

mind that the LDH as well as ME catalyzed reactions are

sensitive to the redox state of the cell, which may be related

to the activation of AMPK. Distinct labeling of the lactate

and alanine pool may point to intracellular compartmen-

tation of the pyruvate pool, a phenomenon that has been

observed repeatedly [21, 41].

Lactate formation from glutamate is a partial oxidation

and degradation of the carbon skeleton and since lactate is

released it is an eventual loss of metabolite, thus a catabolic

pathway that only partially supports energy production. A

reduction in the flux to lactate from glutamate may support

an anaplerotic function of glutamate that increases the

capacity for glucose oxidation during AMPK activation.

Pyruvate may be oxidatively decarboxylated to acetyl-CoA

via PDH, i.e. pyruvate recycling, instead of being con-

verted to lactate. AMPK activation does not seem to affect

the flux through this pathway since the labeling patterns

primarily reflect the alterations of flux in the reaction cat-

alyzed by PC.

The decarboxylation of malate to pyruvate catalyzed by

ME followed by carboxylation of pyruvate to oxaloacetate

seems redundant. Nevertheless, the labeling of the TCA

cycle intermediates and aspartate clearly shows that the

glutamate derived carbon is metabolized through this

pathway. The effect of AMPK activation on this pathway

was even more prominent than that observed on direct

metabolism of glutamate in the TCA cycle. Particularly,

the flux of glutamate derived pyruvate via the anabolic

process pyruvate carboxylation was down regulated in as-

trocytes exposed to AMPK activation.

Citrate Synthesis and Release

Citrate is extensively synthesized and released from

cultured astrocytes and is found in a high concentration

in cerebrospinal fluid [22, 42]. Citrate is not efficiently

taken up by neurons and is therefore not a candidate to

support neither neuronal glutamate synthesis nor energy

metabolism [42]. However, it has been suggested that

extracellular citrate regulates the concentration of

Zn2?-ions by chelation thereby modulating the ex-

citability of neurons [43]. This marked release of citrate

from astrocytes is known to be coupled to an extensive

pyruvate carboxylation [21]. Addition of K? and bicar-

bonate stimulates pyruvate carboxylation as well as ci-

trate release in astrocytes [42, 44]. In the present study

the activation of AMPK led to reduced pyruvate car-

boxylation of glutamate derived pyruvate and this was

clearly reflected in the labeling of extracellular citrate.

This confirms that releasable citrate is synthesized from

oxaloacetate in a cellular compartment exhibiting exten-

sive PC activity [21]. AMPK activation is known to

down regulate anabolic processes [45] and these results

suggest that glutamate derived carbon is important for

the anabolic synthesis of releasable citrate and that this

pathway is regulated by AMPK. The higher labeling of

citrate, extracellularly compared to intracellularly sup-

ports that glutamate is preferentially supporting synthesis

of the releasable pool of citrate. The two intracellular

pools of citrate, i.e. the one representing the main in-

tracellular pool and the one from which citrate is re-

leased are compartmentalized as previously shown [21].

It may be postulated that the reduced entrance of glu-

tamate into the TCA cycle observed during AMPK ac-

tivation is due to the fact that glutamate serves an

anabolic role for the TCA cycle, i.e. being precursor for

citrate synthesis.

In conclusion, the effects of AMPK activation appeared

to be specific for certain processes involved in glutamate

metabolism, i.e. entrance of glutamate into the TCA cycle

and synthesis of releasable citrate via pyruvate carboxyla-

tion. Since AMPK activation induces catabolic processes

these results may suggest an anabolic function of glutamate

in the TCA cycle. In contrast, processes of the glutamate-

glutamine cycle, i.e. glutamate uptake, glutamine synthesis

and release were not affected by AMPK activation.
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