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Abstract
Brain astrocytes are considered to be highly glycolytic, but these cells also produce ATP via mitochondrial oxidative phos-
phorylation. To investigate how a metabolic depletion of glucose will affect the metabolism of astrocytes, we applied glucose 
at an initial concentration of 2 mM to cultured primary astrocytes and monitored the cell viability and various metabolic 
parameters during an incubation for up to 2 weeks. Already within 2 days of incubation the cells had completely consumed 
the applied glucose and lactate had accumulated in the medium to a concentration of around 3 mM. During the subsequent 
10 days of incubation, the cell viability was not compromised while the extracellular lactate concentration declined to values 
of around 0.2 mM, before the cell viability was compromised. Application of known inhibitors of mitochondrial metabo-
lism strongly accelerated glucose consumption and initial lactate production, while the lactate consumption was completely 
(antimycin A or 8-hydroxy efavirenz) and partially (efavirenz, metformin or tyrphostin 23) inhibited which caused rapid and 
delayed cell toxicity, respectively. The switch from glycolytic glucose metabolism to mitochondrial metabolism during the 
incubation was neither accompanied by alterations in the specific cytosolic lactate dehydrogenase activity or in the WST1 
reduction capacity nor in the mitochondrial citrate synthase activity, but a cellular redistribution of mitochondria from a 
perinuclear to a more spread cytoplasmic localization was observed during the lactate consumption phase. These results 
demonstrate that cultured astrocytes survive a metabolism-induced glucose depletion very well by consuming lactate as fuel 
for mitochondrial ATP generation.
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Introduction

Astrocytes are the most abundant glial cell type in the brain 
[1]. These cells have a central role in the metabolism of the 
brain [2] and are considered to supply neurons with energy 
substrates in the form of lactate that is derived from glyco-
lysis and/or glycogen mobilization [3–5]. Cultured astro-
cytes are known for their high glycolytic activity [6, 7], as 
for example shown by the frequently reported glycolytic 

production of almost two lactate molecules from one glu-
cose molecule consumed [8, 9]. The glycolytic phenotype 
of cultured astrocytes is most likely the consequence of an 
inactivation of the pyruvate dehydrogenase enzyme com-
plex, which slows down mitochondrial metabolism, thereby 
favoring aerobic glycolysis in astrocytes [9, 10]. Despite of 
their high glycolytic potential, cultured astrocytes contain a 
large number of mitochondria [11, 12], express high levels 
of mitochondrial tricarboxylic acid (TCA) cycle enzymes 
[11, 13] and generate quickly TCA intermediates that are 
derived from glucose [14, 15]. The importance of the mito-
chondrial metabolism for astroglial ATP production is also 
supported by the strong acceleration of glycolytic flux that 
is observed after inactivation of mitochondrial respiration in 
cultured astrocytes [16, 17].

Astrocytes contain a large number of mitochondria even in 
their fine processes [18]. However, these organelles do not have 
a fixed location within astrocytes but are mobile and actively 
transported within the cells [19]. Mitochondrial motility is 
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considered to allow mitochondria to be rapidly recruited to 
sites of increased metabolic activity [20, 21]. Mitochondrial 
movement and subsequent retention in astrocytes is strongly 
coupled with neuronal activity, as glutamate uptake by astro-
cytes leads to an increase in cellular  [Ca2+] [19, 22, 23]. This 
causes mitochondria to arrest at active regions especially close 
to synapses [19]. Moreover, individual mitochondria undergo 
continuous cycles of fusion and fission events which is thought 
to be a mechanism of quality control [24–26].

Cultured cells are frequently maintained in medium con-
taining unphysiologically high glucose concentrations which 
creates a hyperglycemic environment. Under such conditions 
cells appear to generate large amounts of ATP via glycolysis, 
although sufficient oxygen is present and mitochondria are 
working properly [27]. The extensive lactate production under 
such a condition of aerobic glycolysis [28, 29] is known as the 
Crabtree effect [30]. Interestingly, this is not only restricted to 
cell cultures exposed to high glucose concentrations but occurs 
also during incubation with more physiological low millimolar 
glucose concentrations [31–33].

Primary mouse embryonic fibroblasts, primary mouse 
astrocytes as well as some cell lines have been shown to 
metabolize glucose quickly by glycolysis to lactate that is 
released into the medium and is successively utilized after 
the glucose has been consumed [34–36]. This switch from 
a glycolytic glucose consuming phase to a lactate consum-
ing phase is accompanied in peripheral cells by an increase 
in the expression of mitochondrial enzymes and proteins and 
in the mitochondrial membrane potential, indicating an adap-
tation of the cells to the need of an increased mitochondrial 
activity during the lactate consumption phase [34–36]. To test 
how brain astrocytes deal with an extended metabolic glu-
cose depletion and whether these cells may also upregulate 
their mitochondrial metabolism after glucose depletion, we 
exposed astrocytes to 2 mM glucose and monitored during 
the next 2 weeks the viability and several metabolic param-
eters of the cultures. The results obtained demonstrate that 
cellular consumption of glucose depletes the culture medium 
already within 2 days completely of glucose and that the cells 
survive for up to 10 days by consuming lactate as fuel for 
mitochondrial ATP production. An upregulation of mitochon-
drial mass or enzyme activity appears not to occur in cultured 
astrocytes during the lactate consumption phase but a cellular 
redistribution of mitochondria from a perinuclear to a more 
spread cytoplasmic localization was observed for the lactate 
consumption phase.

Materials and Methods

Materials

Glucose-free Dulbecco’s modified Eagle’s medium 
(DMEM) powder, antimycin A, menadione, tetrameth-
ylrhodamine ethylester perchlorate, Hoechst 33342 
(H33342), and alcohol dehydrogenase powder were pur-
chased from Sigma–Aldrich (Steinheim, Germany). All 
the other enzymes used for photometric assays were from 
Roche (Mannheim, Germany). Penicillin G/streptomy-
cin solution and fetal calf serum (FCS) were from Bio-
chrom (Berlin, Germany) and MitoTracker Green FM was 
obtained from ThermoFisher (Bremen, Germany). Glu-
cose-containing (25 mM) DMEM powder was obtained 
from Gibco (Darmstadt, Germany). Bovine serum albu-
min, NADH,  NAD+, NADPH and  NADP+ were purchased 
from AppliChem (Darmstadt, Germany). Water-soluble 
tetrazolium salt 1 (WST1) was obtained from Dojindo 
(Munich, Germany). Efavirenz and racemic 8-hydroxy 
efavirenz were purchased from Toronto Research Chemi-
cals (Toronto, Canada) via LGC Standards (Wesel, Ger-
many). Other chemicals of the highest purity available 
were obtained from Merck (Darmstadt, Germany), VWR 
International (Hannover, Germany), Riedel-de Haën 
(Seelze, Germany), Fluka (Buchs, Switzerland), Appli-
Chem (Darmstadt, Germany) or Sigma-Aldrich (Stein-
heim, Germany). Sterile 24-well cell culture plates and 
unsterile 96-well microtiter plates were from Sarstedt 
(Nümbrecht, Germany).

Cell Culture and Experimental Incubation 
of the Cells

Astrocyte-rich primary cultures are strongly enriched for 
astrocytes and were prepared as previously described in 
detail from the brains of newborn Wistar rats [37]. Briefly, 
approximately 300,000 viable cells were seeded in 1 mL 
cell culture medium (90% DMEM containing 25 mM glu-
cose, 44.6 mM sodium bicarbonate, 1 mM pyruvate, 20 
U/mL penicillin G, 20 µg/mL streptomycin sulfate, sup-
plemented with 10% FCS) into wells of a 24-well plate. 
The cultures were maintained at 37 °C with 10%  CO2 in a 
humidified atmosphere in a cell incubator (Sanyo, Osaka, 
Japan). The culture medium was renewed every seventh 
day and one day prior to the onset of an experiment. Con-
fluent astrocyte cultures of an age between 14 and 25 days 
in culture were used to start the incubations.

For cell experiments, the culture medium was com-
pletely aspirated and the cells were incubated with 1 mL 
incubation medium (glucose-free DMEM supplemented 
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with 2 mM glucose, 44.6 mM sodium bicarbonate, 20 U/
mL penicillin G, 20 µg/mL streptomycin sulfate) at 37 °C 
with 10%  CO2 in the humidified atmosphere of a cell incu-
bator for the time periods indicated in the figures. If not 
stated otherwise, the incubation medium was harvested 
after the given incubation time and the cells were washed 
twice with 1 mL ice-cold (4 °C) phosphate-buffered saline 
(PBS; 10 mM potassium phosphate buffer pH 7.4 con-
taining 150 mM NaCl) and lysed as described below for 
the determination of cellular enzyme activities or for the 
quantification of cellular metabolites. In case of long-term 
incubations for up to 15 days, media samples of 10 µL 
were taken for each time point to quantify the concentra-
tions of extracellular glucose and lactate as well as the 
lactate dehydrogenase (LDH) activity.

Determination of Substrates, Metabolites, Enzyme 
Activities, Protein and Cell Numbers

The concentration of extracellular glucose or lactate in the 
incubation medium was determined as previously described 
for 10 µL media samples [37]. The activities of the enzymes 
LDH and citrate synthase were measured using the methods 
described previously in detail [37, 38]. Specific metabolite 
contents and enzyme activities were calculated by normal-
izing the values obtained on the protein content per well that 
had been quantified by the Lowry method [39] using bovine 
serum albumin as a standard protein. The cell number per 
well was quantified by counting the number of H33342-
stained nuclei in microscopic images (0.068562 mm2) taken 
for MTG and TMRE stainings and by extrapolating these 
numbers to the total cell growth area (1.86 cm2) in one well 
of the culture plates used.

Determination of Cellular NAD(P)(H) Contents

The quantification of cellular contents of  NAD+ and NADH 
was performed using a modification of the cycling method 
previously described [40] for lysates derived from one well of 
a 24-well plate which contained depending on the incubation 
conditions between 70 and 160 µg protein/well (Table 1). 
The cells were washed twice with 1 mL ice-cold (4 °C) PBS 
and subsequently lysed with 200 µL 50 mM HCl and 20 mM 
NaOH to extract  NAD+ and NADH, respectively, for at least 
30 min at 4 °C. NaOH lysates were additionally heated for 
10 min at 60 °C to decompose  NAD+, while NADH is labile 
and rapidly destroyed in the acidic extracts [41]. The lysate 
from one well was neutralized with 100 µL 0.2 M potas-
sium phosphate buffer pH 7.5 and centrifuged for 3 min at 
12,000 g and 4 °C. 100 µL of the supernatant were mixed 
with 100 µL of reaction mixture containing 300 mM Tris/
HCl buffer pH 8.0, 15 mM EDTA, 3 mM phenazinium etho-
sulfate (PES), 1.5 mM methylthiazolyldiphenyl-tetrazolium 

bromide (MTT) and 81 U/mL alcohol dehydrogenase. The 
reaction was started by adding 100 µL 1.8 M ethanol to each 
well and the increase in absorption at 570 nm was recorded 
in a Multiskan Sky microtiterplate spectrophotometer (Life 
Technologies, Darmstadt, Germany). The contents of  NAD+ 
and NADH in the extracts were quantified by comparing the 
slopes of the linear increase in absorbance of the generated 
MTT formazan with that recorded for standard concentra-
tions of  NAD+ (0–2 µM final concentration in the assay) or 
NADH (0–1.5 µM final concentration in the assay).

The contents of cellular  NADP+ or NADPH were deter-
mined with a similar cycling assay [42] for the cell extracts 
generated as described above, but for the cycling reaction 
a modified reaction mixture was used which contained 
300 mM Tris/HCl buffer pH 8.0, 15 mM EDTA, 3 mM PES, 
1.5 mM MTT and 1.5 U/mL glucose-6-phosphate dehy-
drogenase. The reaction was started by addition of 100 µL 
3 mM glucose-6-phosphate to each well. The contents of 
 NADP+ and NADPH were quantified by comparing the 
slopes of the linear increase in absorbance observed for the 
samples with that determined for standard concentrations 
of  NADP+ (0–0.2 µM final concentration in the assay) or 
NADPH (0–0.4 µM final concentration in the assay).

Cellular WST1 Reduction

The menadione-mediated WST1 reduction of cultured 
astrocytes was determined by using a slight modification 
of a recently published method [43]. Briefly, after the 
given incubation the cells were washed twice with 0.5 mL 
pre-warmed (37 °C) incubation buffer (IB; 145 mM NaCl, 
20  mM HEPES, 5.4  mM KCl, 1.8  mM  CaCl2, 1  mM 
 MgCl2, 0.8 mM  Na2HPO4, pH adjusted to 7.4 at 37 °C) 

Table 1  Protein content and cell number during and after metabolic 
glucose depletion of primary astrocyte cultures

Primary astrocyte cultures were incubated with 2  mM glucose for 
up to 7 days. After the given incubation periods the cellular protein 
content was measured. The cell number per well was quantified by 
counting the number of H33342-stained nuclei in microscopic images 
taken for TMRE and MTG stainings and by extrapolating these num-
bers to the total cell growth area of one well.
The significance of differences (ANOVA) of the data obtained in 
comparison to the initial values determined for untreated cultures 
(0 days) was calculated and is indicated by *p < 0.05, **p < 0.01 and 
***p < 0.001

Time of 
incubation 
(d)

Protein content 
(µg per well)

Counted 
nuclei per 
image

Cell number per well

0 144 ± 15 193 ± 12 512,784 ± 31,934
1 120 ± 21* 175 ± 30 464,588 ± 80,510
2 109 ± 14** 169 ± 17 448,695 ± 45,410
7 79 ± 11*** 117 ± 18** 309,971 ± 48,897**
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and subsequently incubated with 200 µL IB containing 
400 µM WST1, 50 µM menadione and 5 mM glucose at 
37 °C. After 30 min of incubation, 50 µL of the incuba-
tion medium were diluted with 150 µL pure water in wells 
of a 96-well plate and the absorbance of WST1 formazan 
was recorded at 405 nm in the microtiterplate spectropho-
tometer. The concentration of WST1 formazan was calcu-
lated by using the Lambert–Beer law and the molecular 
extinction coefficient of WST1 formazan at 405 nm of 
24.14 mM−1 × cm−1 [43]. The specific WST1 reduction 
was calculated by normalizing the amount of extracellu-
lar WST1 formazan accumulated to the respective protein 
content per well (depending of the incubation conditions 
between 70 and 160 µg protein/well; Table 1).

Mitochondrial Staining and Fluorescence 
Microscopy

After a given incubation period, cultured astrocytes were 
stained with the mitochondrial dyes MitoTracker Green 
FM (MTG; staining for mitochondrial mass; [44]) or 
tetramethylrhodamine ethyl ester (TMRE; staining for 
mitochondrial membrane potential; [45]). 500 µL of the 
existing incubation medium were harvested from each well 
(stored in a closed cup at 37 °C for later use) and the cells 
were incubated in the remaining incubation medium with 
10 µM H33342 plus either 200 nM MTG or 40 nM TMRE 
for 90 min at 37 °C in the humidified atmosphere of a cell 
incubator with 10%  CO2. During this incubation, the cell 
culture plates were wrapped with aluminum foil to prevent 
exposure to light. Subsequently, the cells that had been 
incubated in the presence of MTG were washed twice with 
1 mL pre-warmed (37 °C) PBS and incubated with the 
500 µL incubation medium that had been harvested from 
the respective wells earlier and cellular fluorescence was 
directly analyzed using a fluorescence microscope (Eclipse 
TE-2000-U with a DS-QiMc camera and imaging software 
NIS-Elements BR, Nikon, Düsseldorf, Germany). After 
TMRE treatment, the cells were not washed and the cel-
lular fluorescence was directly documented while the cells 
were kept in the incubation medium. The following filter 
settings were used: for the fluorescence of TMRE (exci-
tation at 510–565 nm, emission at 590 nm, dichromatic 
mirror at 575 nm), for the fluorescence of MTG (excitation 
at 465–495 nm, emission at 505–515 nm, dichromatic mir-
ror at 505 nm) and for the H33342 staining (excitation at 
340–380 nm, emission at 435–485 nm, dichromatic mirror 
at 400 nm). To allow for direct comparison of the differ-
ent incubation times within one experiment, all images 
were taken with the same light intensity and exposure time 
settings.

Statistical Analysis

All quantitative data are shown as means ± standard devia-
tions of values obtained in three independently performed 
experiments on independently prepared astrocyte cultures. 
Multiple sets of data were compared by ANOVA followed 
by a Bonferroni post-hoc test using the software GraphPad 
InStat 3. The level of significance is indicated by: * p < 0.05, 
** p < 0.01 or *** p < 0.001. p > 0.05 was considered as not 
significant. Figures showing cell images or mitochondrial 
stainings are derived from a representative experiment that 
was reproduced with almost identical outcome on two inde-
pendently generated cultures.

Results

Metabolic Glucose Depletion and Lactate 
Consumption in Astrocyte Cultures

To investigate the long time consequences of an exposure of 
cultured astrocytes to a limited concentration of glucose, the 
cells were exposed to an initial glucose concentration of 2 mM 
and various metabolic parameters and the cell viability were 
monitored for up to 15 days. The cells rapidly consumed the 
available glucose and the culture medium was already within 
2 days completely deprived of glucose (Fig. 1a, control). This 
cell-dependent metabolic glucose depletion was accompanied 
by a rapid increase in the extracellular concentration of lactate, 
which reached after 2 days of incubation a maximal value of 
around 3 mM (Fig. 1d, control). The viability of the cells, as 
demonstrated by morphological inspection (Fig. 2a–c) and the 
absence of any significant increase in extracellular LDH activ-
ity (Fig. 1g, control), was not compromised during the glucose 
consumption phase (initial 2 days of incubation) nor during the 
following 10 days of incubation (Fig. 1g, control). The lactate 
consumption phase was characterized by a steady decrease 
in the extracellular lactate concentration (Fig. 1d, control). 
Only when the extracellular lactate content had been almost 
completely consumed by the cells after more than 12 days of 
incubation (Fig. 1d, control), substantial toxicity was observed 
as indicated by an increase in the extracellular LDH activ-
ity (Fig. 1g, control). Inspection of the cultures during the 
incubation by phase contrast microscopy revealed no obvious 
alterations in cell morphology during the initial 2 days period 
of glucose consumption (Fig. 2a–c) and even after 7 days of 
incubation the morphology of most of the cells in the incu-
bated cultures remained unchanged (Fig. 2d, e) compared to 
untreated cultures (Fig. 2a), although a few areas in the cul-
tures showed cells that were characterized by an accumulation 
of intracellular vesicles (Fig. 2f). These results suggest that 
the majority of cells in astrocyte cultures appears to survive 
even after complete depletion of extracellular glucose for many 
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days by consuming the extracellular lactate as energy substrate 
that had been released from the cells during the initial glucose 
consumption phase.

Effects of Inhibitors of Mitochondrial Metabolism 
on the Viability and the Metabolism of Astrocytes 
During and After Glucose Depletion

To confirm that the survival of astrocytes and the utilization 
of lactate after the metabolic glucose depletion depends on 

the mitochondrial oxidative metabolism, cultured astrocytes 
were incubated in the presence of substances that are known 
to interfere with astrocytic mitochondrial metabolism, such 
as the complex III inhibitor antimycin A [46], the antiretro-
viral drug efavirenz and its primary metabolite 8-hydroxy 
efavirenz [47, 48] as well as the antidiabetic drug metformin 
[16, 17, 49] and the protein tyrosine kinase inhibitor tyr-
phostin 23 (T23;[14, 17]). All these substances significantly 
accelerated the initial glucose consumption and lactate 
production compared to the control condition (Fig. 1a–f), 

Fig. 1  Alterations in the extracellular concentrations of glucose and 
lactate and in the cell viability of cultured astrocytes during and after 
metabolic glucose depletion. Primary astrocyte cultures were exposed 
to an initial glucose concentration of 2 mM and incubated for up to 
15 days in the absence (control) or the presence of 10 µM antimycin 
A (a, d, g), 20 µM efavirenz or 20 µM 8-hydroxy efavirenz (b, e, h), 
1 mM metformin (c, f, i) or 100 µM T23 (c, f, i). For the indicated 
time points, the extracellular glucose concentration (a–c), the extra-

cellular lactate concentration (d–f) and the extracellular LDH activ-
ity (g–i) as indicator for a loss in cell viability were determined. The 
initial cellular LDH activity of the cultures was 139 ± 7 nmol/(min x 
well) and the initial protein content was 115 ± 16 µg/well. The signifi-
cance of differences (ANOVA) between data obtained for the incu-
bation in the presence of modulators of mitochondrial metabolism 
and data obtained for the control condition is indicated by *p < 0.05, 
**p < 0.01 and ***p < 0.001
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thereby depleting the cultures already within 1 day almost 
completely of glucose (Fig. 1a–c) and increasing the extra-
cellular lactate concentration to values of around 4 mM 
(Fig. 1d-f). For cells that had been treated with antimycin A 
or 8-hydroxy efavirenz severe toxicity was observed already 
after 1 day of incubation and after 2 days of incubation the 

initial cellular LDH was almost completely detectable in 
the medium (Fig. 1g, h), demonstrating that these condi-
tions were highly toxic for the cells. Accordingly, due to the 
absence of viable cells the concentration of lactate released 
from the cells during the initial glucose consumption phase 
remained at the high level observed after the first day of 
incubation (Fig. 1d, e). The consequences of a treatment of 
astrocytes with efavirenz, metformin or T23 were less severe 
than those observed for astrocytes that had been exposed 
to antimycin A or 8-hydroxy efavirenz (Fig. 1). The cells 
remained viable during a treatment with efavirenz, met-
formin or T23 for several days after the applied glucose had 
been consumed (Fig. 1h, i). However, compared to control 
cells (absence of modulators of mitochondrial function), the 
consumption of lactate was significantly slower (Fig. 1e–f) 
and some LDH release was found during the lactate con-
sumption phase (Fig. 1h, i). These data suggest that the 
ability of cultured astrocytes to survive metabolic glucose 
depletion depends on their ability to metabolize lactate for 
mitochondrial ATP production.

In order to test whether the toxicity observed for cultured 
astrocytes that had been incubated with 2 mM glucose in the 
presence of antimycin A (Fig. 1) was a direct consequence 
of the rapid depletion of glucose, astrocytes were exposed 

Fig. 2  Morphology of cells in astrocyte primary cultures during and 
after metabolic glucose depletion. The cells were exposed to 2 mM 
glucose and then incubated for up to 7  days. Phase contrast micro-
scopic pictures were taken after 0 days (a), 1 days (b), 2 days (c) and 
7 days (d–f). The scale bar in panel f represents 50 µm and applies to 
all panels

Fig. 3  Alterations in the extracellular concentrations of glucose and 
lactate and in the cell viability of cultured astrocytes during expo-
sure without or with antimycin A. Primary astrocyte cultures were 
exposed to an initial glucose concentration of 2 mM (a–c) or 20 mM 
(d–f) and incubated for up to 3 days in the absence or the presence 
of 10 µM antimycin A. For the indicated time points, the extracellu-
lar glucose concentration (a, d), the extracellular lactate concentra-

tion (b, e) and the extracellular LDH activity (c, f) as indicator for 
a potential loss in cell viability were determined. The initial cellular 
LDH activity of the cultures was 155 ± 23 nmol/(min × well) with an 
initial protein content of 129 ± 12 µg/well. The significance of differ-
ences (paired t-test) between data obtained for the incubation with-
out and with antimycin A are indicated by #p < 0.05, ##p < 0.01 and 
###p < 0.001
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to medium containing either 2 mM or 20 mM glucose in 
the absence or the presence of antimycin A (Fig. 3). As 
described before (Fig. 1a, d, g), the rapid glucose deple-
tion (Fig. 3a) and lactate production (Fig. 3b) observed for 
cells that had been exposed to 2 mM glucose was acceler-
ated in the presence of antimycin A and severe toxicity was 
observed for antimycin A-treated cells (Fig. 3c). For astro-
cytes that had been exposed to 20 mM glucose, a moder-
ate glucose consumption (Fig. 3d) and extracellular lactate 
accumulation was observed. In contrast, if astrocytes were 
incubated with 20 mM glucose in the presence of antimycin 
A, a strongly accelerated and almost linear glucose con-
sumption (Fig. 3d) and lactate production (Fig. 3e) were 
found and the severe toxicity observed for astrocytes that had 
been exposed to 2 mM glucose in the presence of antimycin 
A (Fig. 3c) was completely prevented (Fig. 3f).

Investigation of Basic Metabolic Parameters 
for the Glucose Consumption and the Lactate 
Consumption Phase

To test for a potential adaptation of cellular metabolism 
due to the switch from glucose consumption to lactate con-
sumption, several metabolic parameters were determined 
for untreated astrocyte cultures (0 day) as well as for cul-
tures that had been incubated for 1 day (glucose consump-
tion phase), 2 days (glucose completely depleted) or 7 days 
(lactate consumption phase). As described above (Fig. 1), 
astrocytes consumed the initially applied 2 mM glucose 
completely within 2 days and the lactate concentration had 
increased to around 3 mM during this time (Fig. 4a), while 
after 7 days of incubation the extracellular lactate concentra-
tion had been lowered by cellular consumption from 3 mM 
to around 0.8 mM (Fig. 4a). During the incubation, the 
amount of protein per well decreased significantly from an 
initial value of 144 ± 15 µg/well to 79 ± 11 µg/well 7 days 
after onset of the incubation (Table 1). Also the number of 
cells calculated for the cultures declined during the incuba-
tion and at least after 7 days of incubation the number of 
cell nuclei was significantly lowered compared to that of 
untreated cultures (Table 1). However, the specific cellular 
LDH activity remained almost constant during the entire 
incubation and almost identical to the values of untreated 
cells (Fig. 4b). In addition, the extracellular LDH activity 
remained very low throughout the incubation (Fig. 4b) and 
the specific WST1 reduction capacity of astrocytes, deter-
mined after application of glucose, was not altered (Fig. 4c). 
These data demonstrate that the viability of most of the cells 
in the cultures was not compromised for the incubation 
condition used. Also the specific activity of the mitochon-
drial enzyme citrate synthase remained almost constant at 
around 100 nmol/(min × mg) during the 7 days of incubation 
(Fig. 4d).

The specific cellular contents of  NAD+ and  NADP+ were 
not significantly altered during the incubation and remained 
at about 2 nmol/mg protein (Fig.  4e) and 0.5 nmol/mg 
protein (Fig. 4f), respectively. In contrast, the amount of 
NADH (Fig. 4e) and the ratio of NADH to  NAD+ (Fig. 4g) 
decreased within the first day of incubation, but remained 
almost constant during longer incubations (Fig. 4e, g). Also 
the specific NADPH content (Fig. 4f) and the ratio of cel-
lular NADPH to  NADP+ (Fig. 4h) appear to decline during 
the first day of incubation, but the differences observed did 
not reach the level of significance (Fig. 4f, h).

Staining for Mitochondrial Mass and Membrane 
Potential

To monitor potential changes in mitochondrial mass and/
or membrane potential during the glucose consumption and 
the lactate consumption period, the treated cultures were 
stained with TMRE to monitor mitochondrial membrane 
potential [45] or with MTG as indicator for mitochondrial 
mass [44]. Both staining protocols allowed visualization of 
mitochondria in cultured astrocytes (Fig. 5). The overall 
fluorescence intensity after staining of untreated cultures 
with TMRE was high but seemed to decrease during the first 
2 days of incubation (Fig. 5a, c, e), while after 7 days the 
fluorescence intensity was found higher (Fig. 5g) than that 
recorded after 2 days of incubation (Fig. 5e). In contrast, the 
fluorescence signal obtained after MTG staining appeared to 
remain constant or even slightly increased during the 7 days 
of incubation (Fig. 5b, d, f, h). However, for both types of 
mitochondrial stainings a change in the cellular localization 
of mitochondria was observed from a mainly perinuclear 
staining of high intensity (Fig. 5a, b) to a more outspread 
localization of the stained mitochondria throughout the cyto-
plasm of the cells (Fig. 5g, h).

Discussion

Cultured rat astrocytes consumed glucose that had been 
applied in a concentration of 2 mM almost completely 
within the initial 2 days of incubation, while substantial 
amounts of lactate were produced and released from the 
cells during this glucose consumption phase. This observa-
tion is consistent with the reported high glycolytic capac-
ity of cultured astrocytes to metabolize glucose to lactate 
[7, 50], even if only low concentrations of glucose are 
available [51]. After the applied glucose had been com-
pletely consumed by the cells, the released lactate was 
taken up and consumed during the following 10 days (lac-
tate consumption phase), thereby keeping the cells viable. 
This separation of a glycolytic glucose consumption phase 
and a subsequent lactate consumption phase has previously 
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been reported for cultured primary mouse fibroblasts and 
astrocytes [34] as well as for some cell lines of peripheral 
origin [35, 36]. The transporters involved in the observed 
transport processes are well known for astrocytes. Glu-
cose uptake in astrocytes is mediated by the glucose trans-
porter GluT1 [52], while the monocarboxylate transporters 
MCT1 and MCT4 are likely to contribute to the export and 
reuptake of lactate by astrocytes [53, 54].

The majority of cells in astrocyte cultures survived 
both the glucose consumption phase and the long lactate 
consumption phase, as indicated by the unaltered specific 
cellular LDH activity, the low extracellular LDH activity 
and the high specific cellular WST1 reduction capacity. 
Nevertheless, a loss in total protein content was observed 
during the lactate consumption phase and some morpho-
logical alterations were seen during the incubation, at least 

Fig. 4  Cell viability and meta-
bolic parameters of cultured 
astrocytes during and after 
metabolic glucose depletion. 
Primary astrocyte cultures were 
exposed to 2 mM glucose and 
then incubated for up to 7 days. 
For the given incubation periods 
the extracellular concentrations 
of glucose and lactate (a), the 
cellular and extracellular LDH 
activities (b), the specific cel-
lular WST1 reduction capacity 
after application of glucose as 
substrate (c), the specific cel-
lular citrate synthase activity 
(d), and the specific cellular 
contents of  NAD+ and NADH 
(e) as well as the contents of 
 NADP+ and NADPH (f) were 
determined. Furthermore the 
cellular ratios of NADH to 
 NAD+ (g) and of NADPH to 
 NADP+ (h) were calculated. 
The significance of differences 
(ANOVA) of the data obtained 
in comparison to the initial 
values determined for untreated 
cultures (time point 0 day) was 
calculated and is indicated by 
*p < 0.05 and ***p < 0.001
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for some cells in the cultures. This observation may reflect 
the presence of a minor population of cells in the astrocyte 
cultures which is more vulnerable towards glucose depri-
vation than the majority of astrocytes populating the cul-
tures. A vulnerable subtype of astrocytes may be present in 
untreated glucose-fed cultures, as the astrocytes populating 
primary cultures may be as heterogeneous in morphology 
and function [55, 56], as astrocytes in the brain [57–59]. 
Alternatively, microglial or oligodendroglial cells which are 
present in low number in the primary cultures used [8, 37] 
may be more vulnerable to the depletion of glucose than 
astrocytes, as reported at least for oligodendrocytes [60] but 

not for microglia [61]. The loss of some cells in the cultures 
appears not to be compensated by proliferation of remain-
ing viable cells, as for the serum-free incubation conditions 
applied cell proliferation in astrocyte cultures is expected to 
be strongly limited [62, 63]. The gradual loss of some cells 
during the incubation could also contribute to the gradual 
slowing of lactate consumption during extended incubations 
for up to 2 weeks. Nevertheless, the majority of cells in the 
astrocyte cultures survived the lactate consumption phase, 
at least as long as sufficient amounts of extracellular lactate 
were present, as demonstrated by the unchanged specific 
activities of various enzymes. However, as soon as most of 
the extracellular lactate had been utilized, the viability of the 
cells in the cultures was severely compromised, suggesting 
that the depletion of the extracellular substrate lactate will 
lower mitochondrial ATP production which will in turn lead 
to the observed cell death.

The importance of mitochondrial metabolism for the sur-
vival of astrocytes during the lactate consumption phase was 
confirmed by the application of modulators of mitochondrial 
metabolism, including the complex III inhibitor antimycin 
A [64], the antiretroviral drug efavirenz and its metabolite 
8-hydroxy efavirenz [48, 65–68], the antidiabetic drug met-
formin [69, 70] and the protein tyrosine kinase inhibitor T23 
[71]. Compared to control cells (absence of modulators) all 
these substances accelerated the initial glucose consumption 
and increased the initial extracellular lactate accumulation. 
This increase in glycolytic flux is thought to meet the cellu-
lar energy demand during compromised mitochondrial ATP 
production and confirms literature data on the alteration of 
mitochondrial functions and on the stimulation of glycolytic 
lactate production in astrocytes after exposure to antimycin 
A [46, 72], efavirenz [47], 8-hydroxy efavirenz [47, 48], 
metformin [16, 49] or T23 [14, 17].

After exposure of astrocytes to 2 mM glucose in presence 
of antimycin A the glucose consumption was accelerated 
and the ratio of extracellular lactate to glucose consumed 
was two, as expected for a situation that prevents mitochon-
drial ATP production [16]. Glucose depletion in presence 
of antimycin A was accompanied with severe cell toxicity, 
suggesting that the absence of extracellular glucose that is 
essential as substrate for glycolytic ATP production under 
these conditions is the reason for the observed toxicity. 
Indeed, the rapid toxicity of antimycin A was completely 
prevented in the presence of 20 mM glucose, demonstrating 
that a continuous excess of the substrate glucose which is 
efficiently metabolized to lactate is sufficient to keep cul-
tured astrocytes alive in a situation of impaired mitochon-
drial ATP production. This is consistent with the reported 
ability of astrocytes in vivo to survive despite of a defective 
respiratory chain [73].

The metabolism of extracellular lactate is thought to 
involve lactate uptake, cytosolic oxidation of lactate to 

Fig. 5  Staining for mitochondrial membrane potential and mitochon-
drial mass of cultured astrocytes during and after metabolic glucose 
depletion. Primary astrocyte cultures were exposed to 2 mM glucose 
and then incubated for up to 7 days. After the given incubation peri-
ods, the cells were stained with TMRE (a, c, e, g) to indicate mito-
chondrial membrane potential or with MTG (b, d, f, h) to visualize 
the presence and the cellular localization of mitochondria. In addi-
tion, the cultures were stained with H33342 (blue) to visualize all cell 
nuclei. The scale bar in panel h represents 50 µm and applies to all 
panels
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pyruvate, uptake of pyruvate into mitochondria and subse-
quent mitochondrial oxidation of pyruvate [74]. However, 
for some cells lactate appears to be taken up and oxidized 
directly in mitochondria for energy production. Such a mito-
chondrial lactate oxidation complex has been reported for rat 
neurons [75, 76] and mitochondrial LDH activity has been 
at least reported for human astrocytoma cells [77]. However, 
whether mitochondrial lactate oxidation takes place in astro-
cytes remains to be elucidated.

Of the applied inhibitors of mitochondrial metabolism, 
antimycin A as well as 8-hydroxy efavirenz caused rapid and 
severe toxicity already during the first day of the incubation, 
most likely due to their high potential to inhibit the mito-
chondrial respiratory chain [48, 64]. In contrast, the pres-
ence of efavirenz, metformin or T23 did not immediately 
prevent but rather slowed down the lactate consumption that 
followed the glucose consumption phase. Thus, these sub-
stances appear to be less efficient to affect mitochondrial 
metabolism in the concentrations applied, as indicated by 
the detectable lactate consumption and by the ability of the 
cells to survive at least for some days following metabolic 
glucose depletion.

For cultured fibroblast, the metabolic switch from the 
glycolytic glucose consumption phase to the mitochondrial 
ATP production during the lactate consumption phase was 
accompanied by an increase in mitochondrial membrane 
potential and by an increased expression of mitochondrial 
proteins, including citrate synthase [34]. However, such 
alterations were not observed for astrocytes. The mitochon-
drial membrane potential was already very prominent for 
untreated astrocytes, confirming literature data [78–80] and 
was not found to be increased during or after glucose deple-
tion. Also the specific citrate synthase activity remained 
unchanged during the incubation with a specific activity of 
approximately 100 nmol/(min × mg protein), a value consist-
ent with literature data [38]. Moreover, no obvious increase 
for mitochondrial mass was detected by MTG staining for 
cultured astrocytes in the lactate consumption phase. The 
absence of any obvious upregulation of mitochondrial mass 
during or after glucose depletion suggests that the principal 
metabolic capacity of the mitochondria which are present 
in untreated astrocyte cultures is sufficiently high, even if 
the cultures had been cultured continuously in high-glu-
cose-containing medium, to meet the energy demand of the 
cells by mitochondrial ATP production that is fueled by the 
metabolism of the lactate that had been released during the 
glucose consumption phase.

Comparison of the initial glucose consumption during 
the first day of incubation (1249 ± 131 nmol/d) and the 
lactate consumption in the first 3 days of the lactate con-
sumption phase between 2 and 5 days of the incubation 
(488 ± 20 nmol/d), revealed that the initial glucose con-
sumption was 2.5 times higher than the lactate consumption 

after glucose depletion. Glucose is consumed quickly 
within 2 days and the lactate produced from glucose dur-
ing this time serves the cells well to keep them alive for 
around 2 weeks. This is consistent with the known higher 
efficiency for ATP production of oxidative lactate consump-
tion in comparison to ATP synthesis during glycolytic glu-
cose metabolism to lactate. As the glycolytic metabolism 
of 1 mol glucose to 2 mol lactate yields only 2 mol ATP, 
while mitochondrial metabolism of 1 mol lactate generates 
around 15 mol of ATP, the potential maximal rates of ATP 
generation from extracellular substrates appear to be around 
2.5-times higher during the lactate consumption phase com-
pared with the initial glucose consumption phase. This sug-
gests that during the initial glucose consumption phase the 
mitochondrial oxidative phosphorylation contributes already 
substantially to the overall ATP production of the cultures. 
This view is strongly supported by the low ratio for lactate 
produced versus glucose consumed of 1.5 after the glucose 
consumption phase, which was found increased to the maxi-
mal value of two for incubations with inhibitors of mito-
chondrial metabolism.

Mitochondria can be directly recruited to sites of elevated 
metabolic load or activity in various brain cell types [19, 81, 
82]. Also for astrocyte cultures it has been demonstrated that 
mitochondria are moved to sites of high activity in order to 
provide locally the energy required [19]. Although no indi-
cation for an increase in mitochondrial mass was observed 
during or after glucose depletion, the mitochondrial stain-
ing revealed evidence for alterations in the cellular locali-
zation of mitochondria in astrocyte cultures from a mainly 
perinuclear localization at the onset of the incubation to a 
spread localization throughout the cytoplasm, confirming 
the high dynamics of mitochondrial localization in astro-
cytes [83]. Interestingly, the high intensity of staining of the 
mitochondrial membrane potential of untreated cultures was 
found lowered during the glucose consumption phase, but 
the intensity of this staining recovered at least partially in the 
lactate consumption phase. This observation may be a con-
sequence of the ongoing reorganization of the mitochondrial 
network, which is required for the redistribution of mito-
chondria in the cells. Such fission events are characterized 
by an initial depolarization of the mitochondrial membrane 
potential and by a recovery of the membrane potential after 
reorganization of the mitochondrial network [24]. The more 
spread localization of mitochondria in astrocytes may facili-
tate a more efficient utilization of the substrate lactate for 
mitochondrial ATP production under conditions of glucose 
deprivation, as previously discussed for other experimental 
conditions [19].

During the glucose consumption phase the overall 
fluorescence intensity of the TMRE staining appeared to 
be weakened during the first 2 days of incubation. Poten-
tial reasons for this observation could be the high glucose 
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concentration applied to the cells 24 h before the onset of the 
experiment as well as the absence of serum during the incu-
bation. However, control experiments revealed that neither 
the fluorescence intensity for MTG and TMRE nor the cel-
lular distribution of mitochondria was obviously altered by 
omitting the medium renewal before the onset of the experi-
ment nor by serum-deprivation (data not shown).

The cellular redox pairs NADH/NAD+ and NADPH/
NADP+ are crucial for astrocytic metabolism and the main-
tenance of their redox states is important to ensure proper 
cellular functions [84]. Cultured rat astrocytes contained an 
initial total concentration of NADH plus  NAD+ of approxi-
mately 3.4 nmol/mg protein which is close to the values 
reported for cortical mouse astrocytes and also the initial 
NADH/NAD+ ratio of approximately 0.35 for untreated 
rat cultures was similar to reported data [40], demonstrat-
ing the oxidized status of the NADH/NAD+ redox pair 
to accept electrons that are generated for example by the 
glycolytic enzyme glyceraldehyde-3-phosphate dehydro-
genase (GAPDH) [40, 84]. The initial content of NADPH 
plus  NADP+ of approximately 1.5 nmol/mg protein and the 
reduced status of the NADPH/NADP+ redox pair confirm 
literature data [85], consistent with the view that NADPH 
has to be available for reductive biosynthesis reactions and 
glutathione regeneration [84, 86].

For the incubation conditions studied here, the specific 
cellular contents of  NAD+ and  NADP+ remained almost 
constant during the 7 days of incubation, while a quick loss 
in the contents of NADH and NADPH was found already 
after the first day of incubation. Such a loss in the content 
of NADH, while the  NAD+ content remains unaltered, has 
previously been reported for cultured mouse astrocytes incu-
bated with low concentrations of glucose [40], but the reason 
for this loss in NADH (and NADPH) that is not accompa-
nied by an increase in the levels of the oxidized cofactors 
remains to be elucidated. During the first day of incuba-
tion, the cells efficiently consumed glucose and lowered the 
extracellular glucose concentration from the initial 2 mM to 
around 0.7 mM. A likely explanation for the loss in cellular 
NADH and NADPH contents during this first day of incuba-
tion is that the available extracellular glucose concentration 
becomes too low to maintain the initial high rates of glucose 
uptake and metabolism that is required to foster maximal 
 NAD+ reduction via the glycolytic GAPDH reaction [84, 
87] and efficient reduction of  NADP+ by the oxidative part 
of the pentose phosphate pathway [86].

In conclusion, glucose depletion experiments revealed 
that astrocytes in culture efficiently metabolize glucose to 
lactate via glycolysis and subsequently utilize the lactate 
released for mitochondrial energy production. This meta-
bolic capacity of astrocytes prevents cell toxicity after glu-
cose depletion and keeps the cells viable as long as sufficient 
lactate is available as energy fuel. The switch from glycolytic 

glucose metabolism to mitochondrial lactate oxidation was 
not accompanied by an alteration of mitochondrial mass, but 
a redistribution of mitochondria was observed after glucose 
depletion from a perinuclear to a more distributed localiza-
tion in the cytoplasm. These data demonstrate the remark-
able ability of astrocytes to survive glucose depletion and 
provides evidence that an alteration of mitochondrial locali-
zation in astrocytes may be a consequence of the need for an 
accelerated mitochondrial metabolism. Further studies are 
now required to elucidate whether the observed alteration in 
the cellular localization of mitochondria after glucose deple-
tion is correlated with altered functions and/or an altered 
metabolic potential of astrocytic mitochondria.

Acknowledgements Christian Arend and Ralf Dringen would like 
to acknowledge the substantial financial support of the Tönjes-Vagt-
Foundation for this project. The authors would also like to acknowledge 
the excellent advice received from Dr. Johannes Hirrlinger (University 
of Leipzig) on the assays used for determination of NAD(P)(H).

Compliance with Ethical Standards 

Conflict of interest The authors have no conflict of interest to declare.

References

 1. Jäkel S, Dimou L (2017) Glial cells and their function in the adult 
brain: a journey through the history of their ablation. Front Cell 
Neurosci 11:24

 2. Weber B, Barros LF (2015) The astrocyte: powerhouse and recy-
cling center. Cold Spring Harb Perspect Biol 7:a020396

 3. Rogatzki MJ, Ferguson BS, Goodwin ML, Gladden LB (2015) 
Lactate is always the end product of glycolysis. Front Neurosci 
9:22

 4. Tang F, Lane S, Korsak A, Paton J, Gourine A, Kasparov S, 
Teschemacher A (2014) Lactate-mediated glia-neuronal signal-
ling in the mammalian brain. Nat Commun 5:3284

 5. Pellerin L, Magistretti PJ (1994) Glutamate uptake into astro-
cytes stimulates aerobic glycolysis: a mechanism coupling neu-
ronal activity to glucose utilization. Proc Natl Acad Sci USA 
91:10625–10629

 6. Bolaños JP (2016) Bioenergetics and redox adaptations of astro-
cytes to neuronal activity. J Neurochem 2:115–125

 7. Bouzier-Sore AK, Pellerin L (2013) Unraveling the complex meta-
bolic nature of astrocytes. Front Cell Neurosci 7:179

 8. Petters C, Dringen R (2014) Comparison of primary and sec-
ondary rat astrocyte cultures regarding glucose and glutathione 
metabolism and the accumulation of iron oxide nanoparticles. 
Neurochem Res 39:46–58

 9. Magistretti PJ, Allaman I (2015) A cellular perspective on brain 
energy metabolism and functional imaging. Neuron 86:883–901

 10. Halim ND, McFate T, Mohyeldin A, Okagaki P, Korotchkina LG, 
Patel MS, Jeoung NH, Harris RA, Schell MJ, Verma A (2010) 
Phosphorylation status of pyruvate dehydrogenase distinguishes 
metabolic phenotypes of cultured rat brain astrocytes and neurons. 
Glia 58:1168–1176

 11. Lovatt D, Sonnewald U, Waagepetersen HS, Schousboe A, He W, 
Lin JH, Han X, Takano T, Wang S, Sim FJ, Goldman SA, Neder-
gaard M (2007) The transcriptome and metabolic gene signature 



2299Neurochemical Research (2019) 44:2288–2300 

1 3

of protoplasmic astrocytes in the adult murine cortex. J Neurosci 
27:12255–12266

 12. Derouiche A, Haseleu J, Korf H-W (2015) Fine astrocyte pro-
cesses contain very small mitochondria: glial oxidative capability 
may fuel transmitter metabolism. Neurochem Res 40:2402–2413

 13. Lange SC, Bak LK, Waagepetersen HS, Schousboe A, Noren-
berg MD (2012) Primary cultures of astrocytes: their value in 
understanding astrocytes in health and disease. Neurochem Res 
37:2569–2588

 14. Hohnholt MC, Blumrich E-M, Waagepetersen HS, Dringen R 
(2017) The tricarboxylic acid cycle activity in cultured primary 
astrocytes is strongly accelerated by the protein tyrosine kinase 
inhibitor tyrphostin 23. Neurochem Int 102:13–21

 15. Sonnewald U (2014) Glutamate synthesis has to be matched 
by its degradation—where do all the carbons go? J Neurochem 
131:399–406

 16. Westhaus A, Blumrich E-M, Dringen R (2017) The antidiabetic 
drug metformin stimulates glycolytic lactate production in cul-
tured primary rat astrocytes. Neurochem Res 42:294–305

 17. Blumrich E-M, Kadam R, Dringen R (2016) The protein tyrosine 
kinase inhibitor tyrphostin 23 strongly accelerates glycolytic lac-
tate production in cultured primary astrocytes. Neurochem Res 
41:2607–2618

 18. Agarwal A, Wu P-H, Hughes EG, Fukaya M, Tischfield MA, 
Langseth AJ, Wirtz D, Bergles DE (2017) Transient open-
ing of the mitochondrial permeability transition pore induces 
microdomain calcium transients in astrocyte processes. Neuron 
93:587–605

 19. Jackson JG, Robinson MB (2018) Regulation of mitochon-
drial dynamics in astrocytes: mechanisms, consequences, and 
unknowns. Glia 66:1213–1234

 20. Zhang CL, Ho PL, Kintner DB, Sun D, Chiu SY (2010) Activity-
dependent regulation of mitochondrial motility by calcium and 
Na/K-ATPase at nodes of Ranvier of myelinated nerves. J Neuro-
sci 30:3555–3566

 21. Yi M, Weaver D, Hajnóczky G (2004) Control of mitochondrial 
motility and distribution by the calcium signal: a homeostatic cir-
cuit. J Cell Biol 167:661–672

 22. Bazargani N, Attwell D (2016) Astrocyte calcium signaling: the 
third wave. Nat Neurosci 19:182

 23. Jackson JG, O’Donnell JC, Takano H, Coulter DA, Robinson MB 
(2014) Neuronal activity and glutamate uptake decrease mito-
chondrial mobility in astrocytes and position mitochondria near 
glutamate transporters. J Neurosci 34:1613–1624

 24. Ni H-M, Williams JA, Ding W-X (2015) Mitochondrial dynamics 
and mitochondrial quality control. Redox Biol 4:6–13

 25. Hewitt V, Whitworth A (2017) Mitochondrial fission and fusion. 
In: Verstreken P (ed) Parkinson’s disease: molecular mechanisms 
underlying pathology. Elsevier, London, pp 77–111

 26. Haroon S, Vermulst M (2016) Linking mitochondrial dynamics 
to mitochondrial protein quality control. Curr Opin Genet Dev 
38:68–74

 27. Fernández-Moncada I, Ruminot I, Robles-Maldonado D, Alegría 
K, Deitmer JW, Barros LF (2018) Neuronal control of astrocytic 
respiration through a variant of the Crabtree effect. Proc Natl Acad 
Sci USA 115:1623–1628

 28. Shannon BJ, Vaishnavi SN, Vlassenko AG, Shimony JS, Rutlin J, 
Raichle ME (2016) Brain aerobic glycolysis and motor adaptation 
learning. Proc Natl Acad Sci USA 113:3782–3791

 29. Barros LF, Brown A, Swanson RA (2018) Glia in brain energy 
metabolism: a perspective. Glia 66:1134–1137

 30. Crabtree HG (1929) Observations on the carbohydrate metabolism 
of tumours. Biochem J 23:536–545

 31. Rodríguez-Enríquez S, Juárez O, Rodríguez-Zavala JS, Moreno-
Sánchez R (2001) Multisite control of the crabtree effect in ascites 
hepatoma cells. Eur J Biochem 268:2512–2519

 32. Marín-Hernández A, Gallardo-Pérez JC, Rodríguez-Enríquez 
S, Encalada R, Moreno-Sánchez R, Saavedra E (2011) Mod-
eling cancer glycolysis. Biochim Biophys Acta Bioenerg 
1807:755–767

 33. Marín-Hernández A, López-Ramírez SY, Mazo-Monsalvo D, 
Gallardo-Pérez JC, Rodríguez-Enríquez S, Moreno-Sánchez R, 
Saavedra E (2014) Modeling cancer glycolysis under hypoglyce-
mia, and the role played by the differential expression of glycolytic 
isoforms. FEBS J 281:3325–3345

 34. Mot AI, Liddell JR, White AR, Crouch PJ (2016) Circumventing 
the crabtree effect: a method to induce lactate consumption and 
increase oxidative phosphorylation in cell culture. Int J Biochem 
Cell Biol 79:128–138

 35. Zagari F, Jordan M, Stettler M, Broly H, Wurm FM (2013) Lactate 
metabolism shift in CHO cell culture: the role of mitochondrial 
oxidative activity. N Biotechnol 30:238–245

 36. Liste-Calleja L, Lecina M, Lopez-Repullo J, Albiol J, Solà C, 
Cairó JJ (2015) Lactate and glucose concomitant consumption 
as a self-regulated pH detoxification mechanism in HEK293 cell 
cultures. Appl Microbiol Biotechnol 99:9951–9960

 37. Tulpule K, Hohnholt M, Hirrlinger J, Dringen R (2014) Primary 
cultures of astrocytes and neurons as model systems to study the 
metabolism and metabolite export from brain cells. In: Hirrlinger 
J, Waagepetersen HS (eds) Neuromethods: brain energy metabo-
lism. Springer, New York, pp 45–72

 38. Minich T, Yokota S, Dringen R (2003) Cytosolic and mitochon-
drial isoforms of  NADP+-dependent isocitrate dehydrogenases are 
expressed in cultured rat neurons, astrocytes, oligodendrocytes 
and microglial cells. J Neurochem 86:605–614

 39. Lowry OH, Rosebrough NJ, Farr AL, Randall RJ (1951) Pro-
tein measurement with the Folin phenol reagent. J Biol Chem 
193:265–275

 40. Wilhelm F, Hirrlinger J (2011) The  NAD+/NADH redox state in 
astrocytes: independent control of the  NAD+ and NADH content. 
J Neurosci Res 89:1956–1964

 41. Lu W, Wang L, Chen L, Hui S, Rabinowitz JD (2018) Extrac-
tion and quantitation of nicotinamide adenine dinucleotide redox 
cofactors. Antioxid Redox Signal 28:167–179

 42. Zerez CR, Lee SJ, Tanaka KR (1987) Spectrophotometric 
determination of oxidized and reduced pyridine nucleotides in 
erythrocytes using a single extraction procedure. Anal Biochem 
164:367–373

 43. Stapelfeldt K, Ehrke E, Steinmeier J, Rastedt W, Dringen R (2017) 
Menadione-mediated WST1 reduction assay for the determina-
tion of metabolic activity of cultured neural cells. Anal Biochem 
538:42–52

 44. Agnello M, Morici G, Rinaldi AM (2008) A method for measur-
ing mitochondrial mass and activity. Cytotechnology 56:145–149

 45. Perry SW, Norman JP, Barbieri J, Brown EB, Gelbard HA (2011) 
Mitochondrial membrane potential probes and the proton gradi-
ent: a practical usage guide. Biotechniques 50:98–115

 46. Pauwels PJ, Opperdoes FR, Trouet A (1985) Effects of antimycin, 
glucose deprivation, and serum on cultures of neurons, astrocytes, 
and neuroblastoma cells. J Neurochem 44:143–148

 47. Arend C, Rother A, Stolte S, Dringen R (2016) Consequences of a 
chronic exposure of cultured brain astrocytes to the anti-retroviral 
drug efavirenz and its primary metabolite 8-hydroxy efavirenz. 
Neurochem Res 41:3278–3288

 48. Brandmann M, Nehls U, Dringen R (2013) 8-Hydroxy-efavirenz, 
the primary metabolite of the antiretroviral drug efavirenz, stimu-
lates the glycolytic flux in cultured rat astrocytes. Neurochem Res 
38:2524–2534

 49. Hohnholt MC, Blumrich E-M, Waagepetersen HS, Dringen R 
(2017) The antidiabetic drug metformin decreases mitochondrial 
respiration and tricarboxylic acid cycle activity in cultured pri-
mary rat astrocytes. J Neurosci Res 95:2307–2320



2300 Neurochemical Research (2019) 44:2288–2300

1 3

 50. Magistretti PJ, Allaman I (2018) Lactate in the brain: from meta-
bolic end-product to signalling molecule. Nat Rev Neurosci 
19:235

 51. Potter PGW, Walker JMV, Robb JL, Chilton JK, Williamson R, 
Randall AD, Ellacott K, Beall C (2018) Human primary astrocytes 
increase basal fatty acid oxidation following recurrent low glucose 
to maintain intracellular nucleotide levels. bioRxiv 271981. https 
://doi.org/10.1101/27198 1

 52. Patching SG (2017) Glucose transporters at the blood-brain bar-
rier: function, regulation and gateways for drug delivery. Mol 
Neurobiol 54:1046–1077

 53. Halestrap AP (2012) The monocarboxylate transporter family - 
structure and functional characterization. IUBMB Life 64:1–9

 54. Vijay N, Morris ME (2014) Role of monocarboxylate transporters 
in drug delivery to the brain. Curr Pharm Des 20:1487–1498

 55. McKhann GM, D’Ambrosio R, Janigro D (1997) Heterogeneity of 
astrocyte resting membrane potentials and intercellular coupling 
revealed by whole-cell and gramicidin-perforated patch record-
ings from cultured neocortical and hippocampal slice astrocytes. 
J Neurosci 17:6850–6863

 56. Zhang Y, Barres BA (2010) Astrocyte heterogeneity: an underap-
preciated topic in neurobiology. Curr Opin Neurobiol 20:588–594

 57. Khakh BS, Sofroniew MV (2015) Diversity of astrocyte functions 
and phenotypes in neural circuits. Nat Neurosci 18:942–952

 58. Oberheim NA, Goldman SA, Nedergaard M (2012) Heterogeneity 
of astrocytic form and function. Methods Mol Biol 814:23–45

 59. Matyash V, Kettenmann H (2010) Heterogeneity in astrocyte mor-
phology and physiology. Brain Res Rev 63:2–10

 60. Rinholm JE, Hamilton NB, Kessaris N, Richardson WD, Berg-
ersen LH, Attwell D (2011) Regulation of oligodendrocyte 
development and myelination by glucose and lactate. J Neurosci 
31:538–548

 61. Churchward MA, Tchir DR, Todd KG (2018) Microglial function 
during glucose deprivation: inflammatory and neuropsychiatric 
implications. Mol Neurobiol 55:1477–1487

 62. Morrison RS, De Vellis J (1981) Growth of purified astrocytes 
in a chemically defined medium. Proc Natl Acad Sci USA 
78:7205–7209

 63. Nagano N, Aoyagi M, Hirakawa K (1993) Extracellular matrix 
modulates the proliferation of rat astrocytes in serum-free culture. 
Glia 8:71–76

 64. Rieske J (1976) Composition, structure, and function of complex 
III of the respiratory chain. Biochim Biophys Acta Rev Bioenerg 
456:195–247

 65. Apostolova N, Funes HA, Blas-Garcia A, Galindo MJ, Alvarez 
A, Esplugues JV (2015) Efavirenz and the CNS: what we already 
know and questions that need to be answered. J Antimicrob Chem-
oth 70:2693–2708

 66. Cihlar T, Ray AS (2010) Nucleoside and nucleotide HIV reverse 
transcriptase inhibitors: 25 years after zidovudine. Antivir Res 
85:39–58

 67. Decloedt EH, Maartens G (2013) Neuronal toxicity of efavirenz: 
a systematic review. Expert Opin Drug Saf 12:841–846

 68. Funes HA, Apostolova N, Alegre F, Blas-Garcia A, Alvarez A, 
Marti-Cabrera M, Esplugues JV (2014) Neuronal bioenergetics 
and acute mitochondrial dysfunction: a clue to understanding 
the central nervous system side effects of efavirenz. J Infect Dis 
210:1385–1395

 69. Madiraju AK, Erion DM, Rahimi Y, Zhang X-M, Braddock DT, 
Albright RA, Prigaro BJ, Wood JL, Bhanot S, MacDonald MJ 
(2014) Metformin suppresses gluconeogenesis by inhibiting mito-
chondrial glycerophosphate dehydrogenase. Nature 510:542–546

 70. Rena G, Hardie DG, Pearson ER (2017) The mechanisms of action 
of metformin. Diabetologia 60:1577–1585

 71. Soltoff SP (2004) Evidence that tyrphostins AG10 and AG18 are 
mitochondrial uncouplers that alter phosphorylation-dependent 
cell signaling. J Biol Chem 279:10910–10918

 72. Scheiber IF, Dringen R (2011) Copper accelerates glycolytic flux 
in cultured astrocytes. Neurochem Res 36:894–903

 73. Supplie LM, Duking T, Campbell G, Diaz F, Moraes CT, Gotz M, 
Hamprecht B, Boretius S, Mahad D, Nave KA (2017) Respiration-
deficient astrocytes survive as glycolytic cells in vivo. J Neurosci 
37:4231–4242

 74. Chih CP, Roberts EL Jr (2003) Energy substrates for neurons dur-
ing neural activity: a critical review of the astrocyte-neuron lactate 
shuttle hypothesis. J Cereb Blood Flow Metab 23:1263–1281

 75. Hashimoto T, Hussien R, Cho H-S, Kaufer D, Brooks GA (2008) 
Evidence for the mitochondrial lactate oxidation complex in rat 
neurons: demonstration of an essential component of brain lactate 
shuttles. PLoS ONE 3:e2915

 76. Fields RD, Araque A, Johansen-Berg H, Lim SS, Lynch G, Nave 
KA, Nedergaard M, Perez R, Sejnowski T, Wake H (2014) Glial 
biology in learning and cognition. Neuroscientist 20:426–431

 77. Lemire J, Mailloux RJ, Appanna VD (2008) Mitochondrial lac-
tate dehydrogenase is involved in oxidative-energy metabolism in 
human astrocytoma cells (CCF-STTG1). PLoS ONE 3:e1550

 78. Jouroukhin Y, Kageyama Y, Misheneva V, Shevelkin A, Andrabi 
S, Prandovszky E, Yolken RH, Dawson VL, Dawson TM, Aja S 
(2018) DISC1 regulates lactate metabolism in astrocytes: implica-
tions for psychiatric disorders. Transl Psychiatry 8:76

 79. Yuan C, Gao J, Guo J, Bai L, Marshall C, Cai Z, Wang L, Xiao M 
(2014) Dimethyl sulfoxide damages mitochondrial integrity and 
membrane potential in cultured astrocytes. PLoS ONE 9:e107447

 80. Buckman JF, Hernández H, Kress GJ, Votyakova TV, Pal S, Reyn-
olds IJ (2001) MitoTracker labeling in primary neuronal and astro-
cytic cultures: influence of mitochondrial membrane potential and 
oxidants. J Neurosci Methods 104:165–176

 81. Rinholm JE, Vervaeke K, Tadross MR, Tkachuk AN, Kopek BG, 
Brown TA, Bergersen LH, Clayton DA (2016) Movement and 
structure of mitochondria in oligodendrocytes and their myelin 
sheaths. Glia 64:810–825

 82. Schwarz TL (2013) Mitochondrial trafficking in neurons. Cold 
Spring Harb Perspect Biol 5:a011304

 83. Stephen T-L, Gupta-Agarwal S, Kittler JT (2014) Mitochondrial 
dynamics in astrocytes. Biochem Soc Trans 42:1302–1310

 84. Hirrlinger J, Dringen R (2010) The cytosolic redox state of astro-
cytes: maintenance, regulation and functional implications for 
metabolite trafficking. Brain Res Rev 63:177–188

 85. García-Nogales P, Almeida A, Bolaños JP (2003) Peroxynitrite 
protectsneurons against nitric oxide-mediated apoptosis. A key 
role for glucose-6-phosphate dehydrogenase activity in neuropro-
tection. J Biol Chem 278:864–874

 86. Dringen R, Hoepken H, Minich T, Ruedig C (2007) Pentose phos-
phate pathway and NADPH metabolism. In: Lajtha A, Gibson 
GE, Dienel GA (eds) Handbook of neurochemistry and molecular 
neurobiology. Springer, Boston, pp 41–62

 87. Hertz L, Gibbs ME, Dienel GA (2014) Fluxes of lactate into, 
from, and among gap junction-coupled astrocytes and their inter-
action with noradrenaline. Front Neurosci 8:261

Publisher’s Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1101/271981
https://doi.org/10.1101/271981

	Consequences of a Metabolic Glucose-Depletion on the Survival and the Metabolism of Cultured Rat Astrocytes
	Abstract
	Introduction
	Materials and Methods
	Materials
	Cell Culture and Experimental Incubation of the Cells
	Determination of Substrates, Metabolites, Enzyme Activities, Protein and Cell Numbers
	Determination of Cellular NAD(P)(H) Contents
	Cellular WST1 Reduction
	Mitochondrial Staining and Fluorescence Microscopy
	Statistical Analysis

	Results
	Metabolic Glucose Depletion and Lactate Consumption in Astrocyte Cultures
	Effects of Inhibitors of Mitochondrial Metabolism on the Viability and the Metabolism of Astrocytes During and After Glucose Depletion
	Investigation of Basic Metabolic Parameters for the Glucose Consumption and the Lactate Consumption Phase
	Staining for Mitochondrial Mass and Membrane Potential

	Discussion
	Acknowledgements 
	References


