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Abstract
We examined the expression of genes related to brain energy metabolism and particularly

those encoding glia (astrocyte)-specific functions in the dorsal hippocampus subsequent to

learning. Context-dependent avoidance behavior was tested in mice using the step-through

Inhibitory Avoidance (IA) paradigm. Animals were sacrificed 3, 9, 24, or 72 hours after train-

ing or 3 hours after retention testing. The quantitative determination of mRNA levels

revealed learning-induced changes in the expression of genes thought to be involved in

astrocyte-neuron metabolic coupling in a time dependent manner. Twenty four hours follow-

ing IA training, an enhanced gene expression was seen, particularly for genes encoding

monocarboxylate transporters 1 and 4 (MCT1, MCT4), alpha2 subunit of the Na/K-ATPase

and glucose transporter type 1. To assess the functional role for one of these genes in learn-

ing, we studied MCT1 deficient mice and found that they exhibit impaired memory in the

inhibitory avoidance task. Together, these observations indicate that neuron-glia metabolic

coupling undergoes metabolic adaptations following learning as indicated by the change in

expression of key metabolic genes.

Introduction
Memories can be broadly classified into short term memory (STM) and long term memory
(LTM). While STM involves post-translational modification of pre-existing molecules to mod-
ify the efficiency of synaptic transmission, LTM formation is associated with changes in gene
expression and de novo protein synthesis [1–3]. Learning initiates a cascade of events in the
brain that requires gene activation, post-translational modifications and downstream alter-
ations in neurons to store the newly acquired information [4].
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A ubiquitous feature of neuronal activity is that it requires energy. The coupling between
neuronal activity and energy metabolism is at the basis of functional brain imaging techniques,
which detect increases in energy demands associated with synaptic signaling. At the metabolic
level, the astrocyte–neuron lactate shuttle (ANLS) model summarizes a whole chain of events
involved in the coupling of neuronal and metabolic activity upon functional brain activation
[5–8]. During increased synaptic activity, synaptically-released glutamate is avidly taken up via
a Na+-dependent mechanism by specific glial glutamate transporters. The resulting increase in
[Na+]i activates the Na/K ATPase (particularly by mobilizing its alpha2 subunit), thereby
increasing ATP consumption [9], glucose uptake and glycolysis in astrocytes. This in turn
leads to a large increase in the production of lactate which is released into the extracellular
space and could be used as an energy substrate by neurons for oxidative-derived ATP produc-
tion [5]. Another important astrocyte-neuron metabolic interaction occurs via glycogen
metabolism. In the mature central nervous system, glycogen storage occurs exclusively in astro-
cytes [10–12] and astrocytic glycogen can be subsequently broken down (glycogenolysis) by
the astrocyte-specific enzyme, glycogen phosphorylase [11,12]. Previous studies have shown
the importance of glycogenolysis and the subsequent release of lactate from astrocytes in mem-
ory formation and long-term potentiation [13,14].

The underlying hypothesis that we were interested to test, was whether the plastic changes
that have been revealed for the synaptic machinery following learning are accompanied by cor-
responding changes in the expression of genes involved in energy metabolism, in particular the
neuron-glia metabolic coupling. First, we examined regional brain metabolic activity in several
brain structures following context dependent inhibitory avoidance (IA) learning. In a second
step, we analyzed expression of genes that encode proteins involved in energy metabolism at
several time-points following IA task in the hippocampus, one of the regions that exhibited
increased activity upon metabolic mapping. To obtain a more direct evidence for a functional
role of genes associated with neuron-glia metabolic coupling in learning and memory, we stud-
ied the cognitive behavior of mice deficient for the monocarboxylate transporter 1 (MCT1), a
transporter known to transport lactate across the plasma membrane of astrocytes [8,15].

Materials and Methods

Animals
All animal experiments of this study were approved by the ‘Commission pour les expériences
sur animaux de l’état de Vaud’ [Ethics committee for animal experiments of the canton Vaud],
Switzerland and the authorizations (no. VD2044.1 and VD2044.2) were issued by the ‘Service
de la consommation et des affaires vétérinaires’ [Cantonal veterinary office]. All animal experi-
ments performed in Switzerland underly the 'Loi fédérale sur la protection des animaux (LPA)’
[Federal law on the protection of animals] (455) and the ‘Ordonnance sur la protection des ani-
maux (OPAn)’ [Ordinance on the protection of animals] (455.1) and the ‘Ordonnance sur l'ex-
périmentation animale’ [Ordinance on animal experimentation] (455.163).

Eight to twelve weeks old C57BL/6 male mice (Charles River Laboratories, L'Arbresle,
France) and heterozygous Slc16a1 knock-in/LacZ male mice [B6.129OlaHsd-MCT1tm(lacZ)
Syle], backcrossed for at least 6 generations with C57BL/6 mice (referred as MCT1+/- mice
[16,17]), were group-housed in IVC type cages under standard housing conditions (22°C ±1,
12:12-h light: dark cycle). Pellet food and water were available ad libitum. Prior to experimen-
tation mice were habituated for one week to these conditions. On the day of the experiment,
the animals were allowed to habituate to the experimental room for half an hour before begin-
ning the behavioral test. All animals were monitored at least two to three times each week to
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assess well-being, normal weight (according to the body growth curve for C57BL/6, The Jack-
son Laboratory) and to monitor signs of distress.

Step through inhibitory avoidance
Mice were trained to learn context dependent avoidance behavior using a single trial IA test
(littermate comparison for MCT1 deficient mice). An automated shuttle box MED PC-IV
(Med Associates, St. Albans, USA) consisting of two identical chambers in sound-attenuating
boxes (425 x 635 x 600 mm) separated by a guillotine door was used for the test. The floor of
each chamber was made of stainless-steel grid and connected to a scrambled electric foot shock
generator. To condition the animals to fear, a conditioned stimulus (CS; the context) was
paired with an unconditioned stimulus (US; i.e. foot shock). After acclimatization for a minute
in the light compartment, the guillotine door was automatically opened to start the acquisition
trial. Once the animal was in the dark compartment with all four paws, the door closed auto-
matically and a foot shock was delivered (0.5mA) for a duration of 2 seconds. Transfer latency
was recorded by infrared sensors that monitor the transfer of the animal from light to the dark
compartment (from the time the door was lifted). As the computerized door was closed upon
transfer; the mouse was subjected to the full duration of the electric shock. Ten seconds after
administering the foot shock, the mouse was removed from the chamber and returned to its
home cage. Twenty four hours after the training trial, half of the mice (n = at least 7/group for
each experiment) were subjected to retention testing. Here, the trained mouse was then again
placed in the bright chamber and the latency to re-enter the dark compartment was recorded
as the transfer latency for the retention trial. The cut-off time for retention testing was set to
300 seconds. The learning ability of the animal was determined by an increase in the transfer
latency during the retention testing. Mice were divided into 2 groups: 1) CS-US group, mice
were trained as described above; 2) CS group, mice received a training session in the absence of
a foot shock. A shock only (US) group was also included in one series of experiments to iden-
tify the effects of shock/stress on gene expression. Mice in the US group directly received a foot
shock in the dark compartment and were immediately removed from the box after the foot
shock.

[14C]-2-deoxyglucose technique
One day after IA training, mice received an intraperitoneal injection of [14C] 2-deoxyglucose
[([14C] 2DG), Hartmann Analytic, Braunschweig Germany)] [18] and were returned to their
home cage for 15 min followed by IA retention test, lasting for approximately 5 min. After the
test, the animals were returned to their home cage for 10 min and then sacrificed by lethal IP
injection of pentobarbital (150 mg/kg) (a total time of around 30–35 min after the [14C] 2DG
injection). The brains were then rapidly extracted and frozen in dry ice [18]. Coronal brain sec-
tions of 20 μmwere obtained using a cryostat and processed for autoradiography together with
14C standard microscales (Amersham Biosciences Europe GmbH, Freiburg, Germany). After
exposure, the films were developed and the brain sections stained with cresyl violet. Images of
the brain slices were acquired and autoradiograms along with the corresponding stained
images were digitized with an image densitometry system (MCID, Imaging Research,
St. Catharines, Canada). Using the MCID software, the average optical density (OD) of the hip-
pocampus, amygdala [i.e. basolateral amygdala (BLA) and the lateral nucleus (LA)], anterior
cingulate cortex (ACC), prelimbic (PL) and infralimbic (IL) cortex was determined. Regions
were based on the mouse brain atlas from Hof et al. [19]. Optical density measurements from
the selected regions of interest (ROIs) were obtained from all consecutive sections on which a
given brain structure could be identified. For each ROI, a mean OD value of all consecutive
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sections was calculated for each mouse. The OD values for the white matter (corpus callosum)
was measured on each examined section and used as a background intensity reference to nor-
malize data between animals.

Quantitative-polymerase chain reaction (Q-PCR)
C57BL/6 mice were sacrificed either at 3, 9, 24, 72 hours post training or 3 hours post retention
testing depending on the experimental group they belonged to. The brains were removed, fro-
zen in dry ice and coronally sectioned (300 μm) using a cryostat. Dorsal hippocampus and
somatosensory cortex were dissected on a refrigerated micro plate [19] and total RNA was iso-
lated using the NucleoSpin RNA II kit (Macherey-Nagel, Oesingen, Switzerland) as per the
manufacturer's instructions. RNA concentration was determined using NanoDrop ND-1000
spectrophotometer (Thermo Fischer scientific, Reinach, Switzerland). The first strand of
cDNA was synthesized from total RNA (60 min at 37°C, followed by 5 min at 95°C) using the
High Capacity RNA-to-cDNA Reverse Transcription system (Applied Biosystems, Foster City,
USA). Resulting cDNA was amplified by quantitative PCR (qPCR) with the ABI PRISM 7900
system (Applied Biosystems). PCR mix was composed of 0.3 ng of cDNA and 200 nM forward
and reverse primers in 10 μl of 1× SYBR Green PCRMaster Mix (Applied Biosystems). Primer
sequences were designed using a primer designing tool (http://www.ncbi.nlm.nih.gov/tools/
primer-blast/) or primer Express 3.0 software (Applied Biosystems) and oligonucleotides were
synthesized by Microsynth (Balgach, Switzerland). Forward and reverse primer sequences for
the genes used for the study were as follows: Beta-actin (β-actin) (NM_007393): 5’-GCTTC
TTTGCAGCTCCTTCGT-3’ and 5’-ATATCGTCATCCATGGCGAAC-3’; Lactate dehydroge-
nase A (Ldha) (NM_010699): 5’- TTGTCTCCAGCAAAGACTACTGTGT-3’ and 5’-TT
TCGCTGGACCAGGTTGAG-3’; Lactate dehydrogenase B (Ldhb) (NM_008492): 5’-GCAG
CACGGGAGCTTGTT-3’ and 5’-CAATCTTAGAGTTGGCTGTCACAGA-3’;Monocarbox-
ylic acid transporter type 1 (MCT1, Slc16a1) (NM_009196): 5’-AATGCTGCCCTGTCCTC
CTA-3’ and 5’-CCCAGTACGTGTATTTGTAGTCTCCAT-3’;Monocarboxylic acid trans-
porter type 2 (MCT2, Slc16a7) (NM_011391): 5’-CAGCAACAGCGTGATAGAGCTT-3’ and
5’-TGGTTGCAGGTTGAATGCTAAT-3’;Monocarboxylic acid transporter type 4 (MCT4,
Slc16a3) (NM_030696): 5’-TCTGCAGAAGCATTATCCAGATCTA-3’ and 5’- ATGATGA
GGGAAGGCTGGAA-3’; Facilited glucose transporter type 1 (Glut1, Slc2a1) (NM_011400): 5’-
CCAGCTGGGAATCGTCGTT-3’ and 5’- CTGCATTGCCCATGATGGA-3’; Facilitated glu-
cose transporter type 3 (Glut3, Slc2a3) (NM_011401): 5’-GAGGAGAACCCTGCATATGATA
GG-3’ and 5’-CAAAGCTCATGGCTTCATAGTCA-3’; ATPase, Na+/K+ transporting, alpha 2
polypeptide (Na/K alpha2, ATP1A2) (NM_178405): 5’-GAGACGCGCAATATCTGTTTCTT-
3’ and 5’-ACCTGTGGCAATCACAATGC-3’; Glucan (1,4-alpha-) branching enzyme 1 (Gbe1)
(NM_028803): 5’-GCTGAGGCTTTTGAACATAATGG-3’ and 5’-TGCAGATCCACATTCT
GAAGGA-3’; Glycogen synthase type 1,muscle (Gys1) (NM_030678): 5’-TGCAGCAGCTCA
CTGTGCCC-3’ and 5’-AGTTGAGCCGGGCCAATGCC-3’; Glycogen synthase type 2, liver
(Gys2) (NM_145572): 5’-CCTTGTCGGTGACATCCCTTGGT-3’ and 5’-TGTCGTTTTGG
CCTTGGTCTGGAT-3’; UDP-glucose pyrophosphorylase type 2 (Ugp2) (NM_139297): 5’-
ACCCAATGGGAAGCGCTGTGA-3’ and 5’-TGTGCTTTGGGCACTTGAGCG-3’; Amylo-
1,6-glucosidase, 4-alpha-glucanotransferase (Agl) (NM_001081326): 5’-TGAGTGGTCGGCT
TATTTCAAG-3’ and 5’-GTGGGATCTGCTTCAGGTAGAAG-3’; Phosphoglucomutase type
1 (Pgm1) (NM_025700): 5’-TGGGTATGGACGCGCGACTG-3’ and 5’-GGCCCCAAAGCA
TTTCCGCA-3’; Phosphoglucomutase type 2 (Pgm2) (NM_028132): 5’-TTTGCACGCAGCAT
GCCCAC-3’ and 5’-CTTCCAGCCAGTTGGGGTCTCA-3’; Glycogen phosphorylase, brain
(Pygb) (NM_153781): 5’-GCTGCTCAACTGCCTACACATT-3’ and 5’-AACAGTCCTGGG
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CACAAAGG-3’; Protein phosphatase 1, regulatory (inhibitor) subunit 3C (PPP1r3C, PTG)
(NM_016854): 5’-TGCCTCTCGGTCCAATGAG-3’ and 5’-GGCATGACGGAACTTGT
CAA-3’; Glycogenin (Gyg) (NM_013755): 5’-ACACCTTCACCACCAACGTCTT-3’ and 5’-
GCTCCTGAGACATGTTCCATCAT-3’; Phosphorylase kinase beta (Phkb) (NM_199446): 5’-
TGGGCCTTGGCGCTAGCATAC-3’ and 5’-GTGCTCCAGCTCATGGGTCCG-3’; Pyruvate
carboxylase (Pcx) (NM_008797): 5’-TCCCGTTCCAGATGCTACTGA-3’ and 5’-ATTCTCT
TTGGCCACCTCACA-3’; Pyruvate dehydrogenase kinase, isoenzyme 1 (Pdk1) (NM_172665):
5’-TTCACGTCACGCTGGGCGAG-3’ and 5’-GCACAGCACGGGACGTTTCA-3’; Pyruvate
dehydrogenase kinase, isoenzyme 2 (Pdk2) (NM_133667): 5’-GTTCTCCCCGTCCCCGTTGT-
3’ and 5’-GCTCCTGCCGGAGGAAAGTGA-3’; Pyruvate dehydrogenase kinase, isoenzyme 3
(Pdk3) (NM_145630): 5’-TCGAGCGCTACTCCCGCTTCT-3’ and 5’-CTCTCTCATGGTGT
TAGCCAGTCGC-3’; Pyruvate dehydrogenase kinase, isoenzyme 4 (Pdk4) (NM_013743): 5’-
TCTCGACCGCGCTCCTGACC-3’ and 5’-GGGCAGCTCTTGCCGCAGAA-3’; Glucose-
6-phosphate dehydrogenase X-linked (G6pdx, G6pdh) (NM_008062): 5’-CCCAGCCCATCCC
CTATG-3’ and 5’-CTCGTACTGGAAGCCCACTCTCT-3’; Transaldolase 1 (Taldo1)
(NM_011528): 5’-GAAAGGAGCTGGAGGAACAG-3’ and 5’-CTGGGCGAAGGAGA
AAAGC-3’; Transketolase (Tkt) (NM_009388): 5’-CACCTTCTCGGAGCTCTTCAA-3’ and
5’-AAAGTACTGCAGAAGGGCACTGT-3’. The specificity of PCR amplification for each set
of primers was checked by the presence of a single sharp peak in the melting curve analysis.
Data were computed using the sequence detector software SDS 2.3 (Applied Biosystems) and
analyzed using a macro developed by the genomic platform of Geneva University (Frontiers in
Genetics, UNIGE). Gene expression levels were normalized to β-actin values. Delta-CT relative
quantification (ΔΔCt) was used and data were expressed as percentage of control.

Western blot analysis
C57BL/6 mice were sacrificed 24 hours post IA training or 6 hours post retention testing. The
brain was removed, frozen in dry ice and coronally sectioned (300 μm) using a cryostat. Dorsal
hippocampus was dissected on a refrigerated micro plate using the Hof mouse atlas as a refer-
ence [19]. Protein extracts were prepared by homogenization in extraction buffer (in mM: 30
HEPES, 210 sucrose, 40 NaCl, 2 EGTA, SDS 2%) containing protease (Roche, Rotkreuz, Swit-
zerland) and phosphatase (Sigma-Aldrich, Buchs SG, Switzerland) inhibitor cocktails. The
supernatant was quantified by BCA assay (Pierce Biotechnology, Lausanne, Switzerland).
Ten μg of whole protein homogenates from each animal was subjected to SDS-PAGE, blotted
and probed with protein-specific antibodies. Proteins were resolved on NuPAGE 15% Bis-Tris
minigels using MES SDS running buffer (Invitrogen, Basel, Switzerland) and transferred to
Immobilon-P PVDF membranes (Millipore, Zug, Switzerland). The membranes were blocked
for 1 hour in PBS containing 0.1% Tween 20 (PBST) and 5% dry milk and then incubated over-
night at 4°C with antibodies directed against MCT1 (anti-chicken polyclonal; AB1286 Milli-
pore; 1/15’000 dilution), MCT4 (anti-rabbit polyclonal; H-90 Santa Cruz Biotechnology, Santa
Cruz, USA; 1/5’000 dilution), Glut1 (anti-mouse monoclonal; ab652, Abcam, Cambridge, UK;
1/5’000 dilution), Na/K ATPase alpha 2 isoform (anti-rabbit polyclonal; NBP1-00937, Novus
Biologicals, Cambridge, UK; 1/3’000 dilution) or Pygb (anti-mouse polyclonal; 12075-1-AP
Proteintech, Cicago, USA; 1/2'000 dilution). After washing with PBST, the blots were probed
with the appropriate HRP-conjugated secondary antibody (GE Healthcare, Glattburg, Switzer-
land) diluted 1:15’000 in PBST plus 5% dry milk. After extensive washing with PBST, the per-
oxidase activity was detected by chemiluminescence using the ECL detection system (GE
Healthcare). The membranes were never stripped to avoid loss of protein and in the case of
proteins with the same molecular weight, separate gels were loaded. β-actin or β-tubulin
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expression was assessed to ensure equal loading. β-tubulin was used where the tested proteins
molecular weight overlapped with that of β-actin. Membranes were washed several times with
PBST and probed as described above using a mouse monoclonal antibody against β-actin
diluted 1:500’000 (Sigma-Aldrich) or β-tubulin diluted 1:40’000 (Sigma-Aldrich). Immunore-
activity was detected using the ChemiDoc XRS system (Bio-Rad, Cressier, Switzerland). Densi-
tometry analysis on the bands was calculated using Quantity One 4.2.3 software (Bio-Rad).
Each band was normalized to β-actin or β-tubulin as determined in the corresponding sample.
Protein changes were represented as a percentage of the mean control value. Protein measure-
ments were performed in the linear range for all immunoblot assays.

Statistical analysis
All results are presented as the mean ± SEM and significance was accepted at p< 0.05 for all
statistical tests. Data were analyzed for statistical significance by two tailed unpaired Student's t
test, or by two-way ANOVA using the Prism 4.0; GraphPad Software. Statistically significant
two-way ANOVAs were followed by a Bonferroni's multiple-comparison test.

Results
In this study, we investigated some aspects of the molecular mechanisms underlying learning
and memory, by focusing on genes involved in energy metabolism, with a particular emphasis
on neuron-glia metabolic coupling. We used IA task to study the expression of genes involved
in brain energy metabolism following memory formation. This task requires hippocampal-
dependent learning and transcription and has been widely used to characterize the biochemical
requirements for memory formation, particularly in the hippocampus [20–22]. Two groups
were used for this study. A conditioned group of mice (CS-US group) received a footshock
after they entered into the dark compartment in the training session. The control (uncondi-
tioned) animals were treated similarly, except that they did not receive a footshock in the dark
compartment (CS group). Twenty-four hours following training, the CS-US group exhibited 7
times longer latencies (96.5 ± 9.7 vs 13.1 ± 0.5 sec) to enter the dark compartment (Fig 1A), as
compared to the CS group. This indicates that only the CS-US group has learned to associate
the stepping through to the dark chamber with the aversive foot shock.

To identify the brain regions that were activated when IA long term memory is retrieved,
we then performed brain metabolic mapping using radioactive [14C] 2DG autoradiographic
technique [18]. Since the development of the [14C] 2DG autoradiography method in the 1970s
[18], it has been extensively used to obtain functional maps of learning related specific brain
areas such as in classical Pavlovian conditioning [23,24], in fear extinction learning [25] or in
different working memory tasks [26,27]. Regions of interest (ROIs) were chosen for [14C] 2DG
quantification based on previous studies showing regions involved in fear memory i.e., hippo-
campus, amygdala, anterior cingulate cortex (ACC), prelimbic (PL) and infralimbic (IL) cortex
[28–32]. When tested for retention (here referred to the time between learning and testing of
memory retrieval) of LTM, 24 hours following training (Fig 1B), the CS-US group showed
33 ± 3.5% increased glucose utilization in the hippocampus (Fig 1C), 25 ± 2.7% increase in the
amygdala (Fig 1D), 14 ± 0.1% increase in the ACC and 11± 0.07% increase in the IL and PL
cortex (unpaired t-test with Welch’s correction, P< 0.05, data not shown) compared to the CS
group. The observed increases in metabolic activity in the hippocampus, amygdala, ACC, IL
and PL cortex after IA learning identify these regions as being activated, and provide a map-
ping to guide the analysis of the learning- and activation-induced gene expression in the con-
text of LTM formation.
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Fig 1. Metabolic mapping of the brain following inhibitory avoidance (IA) learning. (A) IA learning: Mice subjected to IA training (CS-US) show long-
term memory while those exposed only to the training session without a foot shock (CS) do not acquire the task. Step-through transfer latencies during
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In order to determine if such gene expression changes involve genes related to brain energy
metabolism, we performed a detailed gene expression analysis in the hippocampus at several
time points post IA training and retention testing (Fig 1B). Following IA retention testing,
enhanced glucose utilization was observed in the hippocampus (Fig 1C). For gene expression
analysis, we focused specifically on the dorsal as opposed to ventral region of the hippocampus
because of the well characterized involvement of dorsal hippocampus' role in memory gener-
ally and in contextual fear in particular [33–35]. Studies based on more detailed time courses
have shown that long-term memory formation is associated with an early and late phase of
gene expression [36,37]. We therefore, analyzed the temporal dynamics of brain energy metab-
olism related gene expression over different time intervals following IA task. Dorsal hippocam-
pal gene expression profiles in the CS and CS-US group were analyzed either at 3, 9, 24 or 72
hours after training or 3 hours after retention testing. Expression levels of genes involved in
energy metabolism focusing on Astrocyte-Neuron Lactate Shuttle (ANLS) and glycogen
metabolism were determined following IA learning.

Genes involved in energy metabolism are modulated following IA
learning
Transfer of energy substrates from astrocytes to neurons is the central point of the ANLS [5].
According to the ANLS, lactate produced preferentially by the astrocytes, is shuttled via specific
monocarboxylate transporters (MCTs) from the astrocytes to the active neurons. Previous
work has shown that lactate transport from astrocytes into neurons is necessary for long term
memory formation [13] as well as for short term spatial working memory [14]. When examin-
ing ANLS related genes, no gene expression changes were seen 3 and 9 hours post IA training
(data not shown). However, we found a late phase (24 hours following training) of enhanced
dorsal hippocampal expression of several ANLS related genes in the CS-US group (Fig 2A, vs
CS group, P< 0.05 for each unpaired t-test, n = 8). Specifically we observed a 46 ± 5.4%
increase in mean mRNA levels of monocarboxylate transporter 1 (MCT1), 44 ± 8.3% increase
in astrocytic monocarboxylate transporter 4 (MCT4), a 32 ± 6.4% increase in astrocytic glucose
transporter 1 (Glut1), and a 20 ± 3.4% increase in Na/K-ATPase alpha2 subunit (Na/K
alpha2). Note that a 23 ± 2.3% increase in neuronal glucose transporter 3 (Glut3) was also
observed, while the neuronal Na/K alpha3 subunit expression remained unaltered (data not
shown). In contrast to the dorsal hippocampal gene expression results, no induction of ANLS
related genes was observed in the somatosensory cortex of the CS-US group, 24 hours after IA
training (S1 Table). Furthermore, to investigate if shock alone had any effect on the expres-
sion/modulation of genes related to brain energy metabolism following IA task, a US group
(shock only) was included to the experimental paradigm. Mice in the US group were directly

training and on the retention testing, 24 hours after training are shown. The baseline latencies were not significantly different between the two groups (P>
0.05). During the retention testing, the CS-US group had longer mean step-through latency than the control mice. Data were statistically analyzed with
unpaired t-test (***P < 0.001 vs CS group, n = 40/group). (B) Experimental protocol: Schematic representation of the IA task and time structure of the
different experimental groups used for the study. (i) [14C] 2DG technique allowed metabolic mapping of the brain regions activated during retention testing. (ii,
iii) Gene expression analysis was performed either after inhibitory avoidance training or testing and accordingly animals were sacrificed either at 3, 9, 24 or
72 hours following training or 3 hours after retention testing. Quantitative mRNA levels for genes related to brain energy metabolism were probed in the dorsal
hippocampus. (C, D) Functional activation of the brain during IA retention testing: Representative digitized autoradiograms of the distribution of [14C] 2DG
uptake on brain sections from the CS and CS-US group. Arrows point to dorsal hippocampus (C) and basolateral amygdala (BLA, D). Outlines mark
boundaries in which optical density was measured. In the autoradiographs the level of [14C] 2DG uptake is shown in a color scale ranging from blue (no
uptake at all) to red (maximal uptake). [14C] 2DG uptake was quantified in the region of interests (ROIs) during retention testing. [14C] 2DG uptake (nCi/g) was
evaluated by film densitometry and is expressed as mean ± SEM. CS-US group exhibited increased glucose utilization on the retention test, in the
hippocampus (C, unpaired t-test with Welch’s correction, P< 0.0001, t = 9.445, df = 14) and in the amygdala (BLA and LA) (D, unpaired t-test with Welch’s
correction P< 0.0001, t = 7.416, df = 14).

doi:10.1371/journal.pone.0141568.g001
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placed in the dark compartment where they received a foot shock and were immediately
removed from the box after the foot shock to block context-shock association [38–40]. When
compared to the CS group, there was no induction of ANLS related genes in the US group, 24
hours after IA training (S2 Table).

It has been shown that high levels of phosphorylated cAMP response element-binding pro-
tein (CREB) persist in the hippocampus for several hours following IA training [39,41]. We
therefore extended our gene expression analysis 72 hours post IA training. We observed that
the late phase of enhanced expression of ANLS related genes seen at 24 hours post training (Fig
2A) persisted even at 72 hours after IA training (Fig 2B). All of the genes that were up-regu-
lated 24 hours post IA training, were still up-regulated even at 72 hours. In addition to the
increased expression ofMCT1 (33 ± 11.2%),MCT4 (38 ± 13.1%), Glut1 (24 ±5.1%), Glut3
(25 ± 3.8%) and Na/K alpha2 (22 ± 6.7%), a significant induction of lactate dehydrogenase A
Ldha (22 ± 5.2%) and Ldhb (34 ± 9.3%) was observed at this time point (n = 7).

Fig 2. IA training results in enhanced and prolonged expression of ANLS related genes.Dorsal
hippocampal tissue was collected 24 hours following inhibitory avoidance training (A) or 72 hours following
inhibitory avoidance testing (B) and mRNA expression levels for the ANLS related genes were assessed by
quantitative Q-PCR. Results are expressed as percentage of control values (CS group) and are
means ± SEM. Data were statistically analyzed using two-tailed Student’s t test, * P < 0.05, ** P < 0.01,
*** P < 0.001 vs CS group, n = 8/group for condition A and 7/group for condition B.

doi:10.1371/journal.pone.0141568.g002
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The hippocampus plays a critical role not only in memory consolidation but also in memory
retrieval [42,43]. Moreover, a recent study has shown that memory consolidation may have dif-
ferent metabolic demands compared to memory retrieval [44]. Therefore, in order to under-
stand the contribution of neuron-glia metabolic coupling in memory retrieval, we further
extended our gene expression analysis to IA post retention testing time point. We found that
some of the ANLS related genes that were induced 24 hours after training (Fig 1A) continue to
be highly expressed even at 3 hours post retention testing (Fig 3). Interestingly, in addition to
the significant 10 ± 3.6% induction of Ldha, we found that genes expressed by astrocytes,
namelyMCT1 (24 ± 7.2%),MCT4 (29 ± 6.8%) and Glut1 (22 ± 8.8%) were significantly
induced in the CS-US group.

We further extended our analysis to examine pyruvate metabolism and pentose phosphate
pathway following IA learning (Fig 4). We observed an increased expression of genes related to
pyruvate metabolism following the IA task (Fig 4A and 4B) as well as to the pentose phosphate
pathway (Fig 4C and 4D), at both 24 hours post-training and 3 hours post-retention testing
times. These genes include the astrocytic pyruvate carboxylase (Pcx), pyruvate dehydrogenase
kinases 1–4 (Pdk1-4), glucose 6-phosphate dehydrogenase (G6pdh), transaldolase 1 (Taldo1)
and trasketolase (Tkt).

As a whole, the gene expression analyses presented here demonstrate learning-induced
increased dorsal hippocampal expression of genes involved in neuron-glia metabolic coopera-
tion after IA learning, revealing the contribution of these genes to the formation of IA memory.
The work reported in this article does not have the ambition to provide support for the exis-
tence of the ANLS; it simply describes the fact that some genes whose expression is modulated
by learning are related to the ANLS model, but that others, also regulated by learning are not.

Glycogen metabolism-related gene expression following IA learning
Recently, we have shown that astrocytic glycogen metabolism in the hippocampus plays a criti-
cal role in LTM formation [13]. We therefore performed a detailed gene expression analysis of
genes related to glycogen metabolism following an IA task. Several genes related to both glyco-
gen synthesis and degradation were modulated following IA learning. Fig 5 summarizes the

Fig 3. Expression of ANLS related genes following IA long termmemory.Gene expression profile for
ANLS related genes was assessed in the dorsal hippocampus 3 hours following retention testing using
quantitative Q-PCR. Results are expressed as percentage of control values (CS group) and are
means ± SEM. Data were statistically analyzed using two-tailed Student’s t test, * P < 0.05, ** P < 0.01 vs CS
group, n = 10/ group.

doi:10.1371/journal.pone.0141568.g003
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modulation of glycogen metabolism related genes in the dorsal hippocampus across the differ-
ent experimental conditions used in the study i.e. 3, 24 and 72 hours post-training (Fig 5A) and
3 hours after post-retention testing (Fig 5B). The dorsal hippocampus of the CS-US group
demonstrated a 21 ± 8.3% increase of protein targeting to glycogen (PTG) mRNA as early as 3

Fig 4. Differential expression of pentose phosphate pathway and pyruvate metabolism following IA
learning. Dorsal hippocampal mRNA levels for pyruvate metabolism (A andB) and pentose phosphate
pathway (C andD) related genes were assessed by Q-PCR following IA task. Gene expression profile was
assessed in animals sacrificed 24 hours following IA training (A and C) or 3 hours following IA testing (B and
D). A 19 ± 2.2% increase of pyruvate carboxylase (Pcx) was seen in the CS-US group 24 hours post training.
Furthermore, this increase was seen even 3 hours post-retention testing (37 ± 5.1%). The expression of
pyruvate dehydrogenase kinases (Pdk’s) was modulated following IA learning. A 19 ± 4.9% increase in
dorsal hippocampal expression of pyruvate dehydrogenase kinase 3 (Pdk3) and an almost significant
induction of pyruvate dehydrogenase kinase 1 and 2 (Pdk1and Pdk2) was seen in the CS-US group, 24
hours post training (For Pdk1, P = 0.066; For Pdk2, P = 0.085). When assessed 3 hours post retention
testing, we found significant induction of all the Pdk’s in the CS-US group (a 19 ± 3.5% increase of Pdk1; a
14 ± 2.1% for Pdk2; a 16 ± 2.7% for Pdk3; a 28 ± 4.6% for Pdk4). In contrast to the above data, when tested at
72 hours post training, no significant gene expression differences were seen across the two groups (p<0.05,
data not shown). A significant up-regulation of glucose-6-phosphate dehydrogenase (G6pdh), transaldolase
1 (Taldo1) and transketolase (Tkt) was seen in the dorsal hippocampus 24 hours post training (a 19 ± 2.5%
increase ofG6pdh, a 15 ± 1.7% increase of Taldo, a 31 ± 6% increase of Tkt) as well as 3 hours post
retention testing (a 19 ± 7% increase ofG6pdh, a 21 ± 7.8% increase of Taldo1, a 14 ± 5.9% increase of Tkt).
Results are expressed as percentage of control values (CS group) and are the means of ± SEM. Data were
statistically analyzed using two-tailed Student’s t test, * P < 0.05, ** P < 0.01, vs CS group, n = 8/group.

doi:10.1371/journal.pone.0141568.g004
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hours post training. This induction persisted 24 hours post-training (18 ± 7.6%) as well as 3
hours post retention testing (9 ± 2.1%). However, this differential expression of PTG was lost
72 hours post-training (P> 0.05). We also observed a 16 ± 3.6% increase in hippocampal
expression of glycogen branching enzyme 1 (Gbe1) in the CS-US group 3 hours post training,
and this induction persisted both 24 hours (23 ± 4.5%) as well as 72 hours post-training
(26 ± 3.3%). Furthermore, this up-regulation of Gbe1 was also seen at 3 hours post-retention
testing (14 ± 4.3%). In addition, expression of phosphorylase b kinase (Phkb), which has a
major regulatory role in the breakdown of glycogen was increased by 15 ± 5.7%, 24 hours post
training and by 20 ± 5.5% 3 hours post-retention testing. Increased expression (31 ± 6%) of the
muscle isoform of glycogen synthase (Gys1) that catalyzes the progressive extension of glyco-
gen chain by adding successive glucose molecules was seen only at 24 hours post IA training
but not at other time points (Fig 5). The expression of mRNA for other genes such as the brain
isoform of glycogen phosphorylase (Pygb), responsible for glycogen degradation, did not differ
across the two groups for all the tested time points (Fig 5).

Induction of proteins expressed by astrocytes following IA learning
To determine whether the protein levels for a selection of genes related to energy metabolism
correspondingly changed with mRNA induction, we performed quantitative western blot anal-
ysis on dorsal hippocampal protein extracts after the behavioral test (Fig 6). Groups of mice
received IA training and protein concentrations were measured 24 hours after training and 6
after retention testing and compared with controls (CS group). As shown in Fig 6A, dorsal hip-
pocampus of CS-US animals show an increased expression of MCT1 (26%), MCT4 (41%),

Fig 5. Glycogen regulation following IA learning. The table summarizes the changes seen in the mRNA
expression of genes related to glycogen metabolism following IA task at 3, 24 or 72 hours after training (A) or
3 hours after testing (B). An upright arrow indicates significant induction of the gene in dorsal hippocampus of
the CS-US group (P < 0.05, versus CS group, n = 7-8/group) whereas an upright arrow in brackets indicates
an almost significant induction (i.e. P values very close to significance [P<0.05]) and a “-“entry indicates no
significant difference across the two groups. Data were statistically analyzed using two-tailed Student’s t test.
For abbreviations, see materials and methods section.

doi:10.1371/journal.pone.0141568.g005
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Glut1 (33%), Na/K alpha2 (30%) and a substantial 70% increased expression of Pygb 24 hours
post IA training. Furthermore, this increased protein expression was persistent even at 6
hours post retention testing [(Fig 6B); for MCT1 (47%), MCT4 (17%), Glut1 (36%) and Pygb
(20%)].

Memory impairment in MCT1 heterozygous mice
Recently it was shown that interference of lactate transfer from astrocytes to neurons via the
MCTs (MCT1, 2 and 4) impairs long term memory [13]. Complementing the above findings,
in our study we found that MCT1, an ANLS related gene was highly induced in the dorsal hip-
pocampus following IA learning (Figs 2 and 6). In order to investigate the behavioral conse-
quences of down regulatingMCT1, we used mice heterozygous for aMCT1 targeted disruption
(MCT1+/−) to examine the implication of this gene in the IA cognitive task. The MCT1+/−mice
have a 50% reduction of the MCT1 protein in total brain extracts [17] and a 40% decrease in
the hippocampus (data no shown). While MCT1-/- mice die at an early embryonic stage,
MCT1+/- mice, which have been previously characterized, show no apparent abnormalities at
the morphological and functional levels under standard conditions [17]. Before testing the
MCT1+/- in cognitive behavior, we also examined their motor and sensory functions and found
no difference compared to their wild-type littermates (data not shown).

When tested for context-dependent avoidance behavior, MCT1+/- mice exhibited 4 times
lower transfer latencies (19.9 ± 2.3 vs 79.3± 14.3 sec) for retention trial than the controls indi-
cating impairment of long term memory (Fig 7). Two-way ANOVA followed by Bonferroni
post hoc test revealed that MCT1+/- mice have significantly lower transfer latency on the reten-
tion testing day (P< 0.001) whereas baseline latency to enter the dark chamber did not differ
between the two groups (p> 0.05). The above results point to a critical role of MCT1 for long
term memory formation.

Fig 6. Analysis of selected proteins following IA learning.Dorsal hippocampal protein expression levels
were measured using extracts from animals sacrificed 24 hours following IA training (A) or 6 hours following IA
retention testing (B). Protein expression level of MCT1, Na/K alpha2, Glut1, MCT4 and Pygb were assessed by
the western blotting. Results are expressed as percentage of control value and are means ± SEM of OD units
from each group normalized to β-actin, except for Glut1 which was normalized to β-tubulin. Asterisks indicate a
significant difference (Student’s t-test; * P < 0.05, **P < 0.01, *** P < 0.001 vs CS group, n = 7 per group).

doi:10.1371/journal.pone.0141568.g006
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Discussion
The data reported here show that genes encoding proteins involved in brain energy metabo-
lism, including sets of genes implicated in neuron-glia metabolic coupling and in several cases
specific to astrocytic metabolic pathways are regulated during learning. These changes were
seen in dorsal hippocampus, a region that we found metabolically active during the retrieval of
IA learning task.

Using [14C] 2DG as an indicator of brain activity, we mapped glucose utilization in brain
areas following IA learning and found that hippocampus, BLA, ACC and IL and PL cortex
were metabolically activated upon IA memory retrieval. Consistent with previous studies
showing an active role of the above mentioned regions in IA learning [29,32,40,45,46], our
results show that retrieval of IA memory places a higher metabolic demand (higher glucose uti-
lization) on the very same regions. The [14C] 2DG technique gives an excellent mapping of the
regional metabolic activity, but does not distinguish between different compartments such as
neuronal and glial cells. With respect to this, studies have shown that at rest, astrocytes of the
rat brain are responsible for approximately half of glucose utilization [47,48], and that this pro-
portion increases even further upon functional brain activation [47]. These observations sup-
port the view that functional imaging experiments based on glucose analogue extraction may
predominantly reflect the metabolic activity of the astrocytic network [5,49]. In light of the
hypothesis that glucose positron emission tomography (PET) signals mainly reflect glucose
consumption in astrocytes rather than in neurons, an interesting observation of our study is
the learning-specific induction of the genes expressed by astrocytes (MCT1,MCT4, Glut1, Na/
K alpha2 and Pcx) in the metabolically active dorsal hippocampus. A recent article by Lund-
gaard et al. [50], using a novel near infrared 2-deoxyglucose optical imaging dye, IRDye

Fig 7. Down regulation of MCT1 impairs long termmemory in MCT1 +/- heterozygous mice. Step-
through latencies were measured during IA training and retention testing (24 hours after the foot shock).
Results are shown as mean ± SEM transfer latency responses. Baseline latency did not differ significantly
across the two groups (p>0.05). MCT1+/- mice depicted a significantly reduced transfer latency time for the
retention trial than the wild-type (WT) littermates (Two-way ANOVA followed by Bonferroni post hoc test;
***P < 0.001, MCT1+/-: n = 14; WT littermates: n = 14).

doi:10.1371/journal.pone.0141568.g007
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800CW 2-DG, has suggested a predominant uptake of glucose into neurons rather than astro-
cytes, not in support of the ANLS. The study by Lundgaard et al. has used a dye, IRDye 800CW
2-DG which, as stated by their developers, Kovar et al. (2009), detects uptakes of Glut1/IRDye
800CW 2-DG complexes (most likely through an endocytotic process) into cells rather than
glucose transport [51]. This is not surprising as the molecular weight of the dye is 1166 com-
pared to 180 for glucose.

It is therefore likely that what the article by Lundgaard et al. reports is an endocytotic pro-
cess of a glucose transporter, possibly an interesting observation, however unrelated to the pro-
cess of glucose transport into neural cells.

Pertaining to the nature of the cell type predominantly taking up circulating glucose into
the brain parenchyma Cholet et al. and Voutsinos-Porche et al. have shown that astrocytic glu-
tamate transporters represent the key signal for glucose uptake into these cells as predicted by
the ANLS [52,53]. Also further stressing the importance of glucose uptake into astrocyes com-
pared to neurons, transgenic mice with an haploinsufficiency of glucose transporters Glut3
(the neuron-specific glucose transporter) do not present a pathological phenotype and have a
normal cerebral glucose utilization [54,55], while haploinsufficiency of Glut1, which is absent
in neurons and expressed in astrocytes, produces a severe neurological phenotype [56].

The induction of genes related to brain energy metabolism in the hippocampus after IA
training is selective for the shock–context association and is not an effect of novelty alone nor
shock alone, as shown here for ANLS-related genes. These findings support previous studies
showing that the hippocampal response is selective for learning [31,57]. We observed no
changes in the expression level of the same set of genes in somatosensory cortex, further
highlighting the regional specificity of learning associated changes in the CS-US group.
Together, these results indicate that fear-based contextual learning involves selective activation
of genes related to brain energy metabolism within restricted brain regions.

Our results also show that following IA learning there is marked hippocampal induction of
genes related to the ANLS (Fig 2). Despite the fact that considerable experimental evidence
accrued over twenty years supports the existence of the ANLS, some discordant views on cer-
tain of its aspects are still occasionally presented on theoretical or modeling grounds [58–61].
These views have been regularly addressed and discussed (see e.g. Pellerin and Magistretti 2012
[7]) most recently in Magistretti and Allaman 2015 [6].

Regarding genes involved in the ANLS we describe here a significant induction of the mono-
carboxylate transportersMCT1 andMCT4, which are expressed in astrocytes, following IA
training as well as IA testing, whereas the neuronal transporterMCT2 remained unchanged.
The absence of changes in the expression of mRNA encoding for MCT2 may appear surprising
as far as the ANLS model is concerned. However it is conceivable that the actual uptake capac-
ity prior to learning is not maximal and that the expression level of MCT2 in neurons is suffi-
cient to accommodate an increased release by astrocytes. Of note are the observations by
Pellerin and collaborators that MCT2 expression can be controlled through translational
mechanisms [62,63] and that activation promotes the translocation at the postsynaptic mem-
brane of MCT2 from an intracellular cytoplasmic pool [64]. The observation of an increased
GLUT3 expression is of interest, as it indicates that, even though glucose uptake in mainly
determined by hexokinase rather than by transporters, possibly there is indeed an increased
glucose use by neurons following learning. Since an important proportion of glucose is used by
neurons in the pentose phosphate shunt to produce reducing equivalents [65,66], it may be
that the increased reducing power afforded by an upregulation of neuronal glucose metabolism
matches an increased necessity of reactive oxygen species scavenging.

We also found that mice heterozygous forMCT1 have severe LTM deficits when tested in
the same behavioral paradigm (Fig 7). These mice show only minor differences in blood
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metabolic parameters, compared to wild-type littermates [17], making it unlikely that systemic
changes affected memory performance. These data are consistent with previous reports show-
ing that lactate transport through astrocytic MCT1 and MCT4 is critical for long-term memory
formation [13] and further provide not only correlative but also functional evidence for a role
of MCT1 in hippocampal learning.

Another gene that we found to be induced following IA learning is the astrocyte-enriched
Na/K alpha2 indicating its importance in learning and memory. Interestingly, reduction in the
expression of Na/K alpha2 was reported to result in hippocampal learning deficits [67,68]. Fur-
thermore, astrocytic glucose transporter Glut1 was induced both following IA training and test-
ing in contrast to neuronal glucose transporter Glut3 which was induced only following IA
training but not post IA testing. Overall, these observations support the notion of an important
role of astrocyte-neuron lactate shuttling in neuronal functions and point towards its critical
role in IA LTM formation.

An important source of lactate in the brain is glycogen. Astrocytic glycogen can be mobi-
lized via glycogenolysis [10,69]. The importance of glycogenolysis as an energy source must be
short term, since glycogen stores in the brain are depleted rapidly (within minutes) if glycogen
serves as the only metabolic substrate. Supplementing to this fast process, it is interesting to
note that among all the pathways we analyzed, genes related to glycogen metabolism, in partic-
ular synthesis, were the only ones that were up regulated as early as 3 hours post-IA training.
Consistent with the previous reports that PTG induction results in increased glycogen synthesis
and storage in cells and tissues with high levels of PTG [70,71], we also observed induction of
PTG as early as 3 hours post-IA training. Complementing the recent finding that mice lacking
glycogen synthase in brain exhibit deficits in cognitive learning [72], in our study we found a
learning specific induction of Gys1 only in the CS-US group 24 hours following IA training.
Furthermore, we found a persistent up-regulation (from 3 to 72 hours post-IA training) of
Gbe1, a gene that is required for sufficient glycogen accumulation. Pygb was induced following
IA training and testing at the protein level but not at the mRNA level suggesting posttransla-
tional modifications. Overall, complementing the importance of glycogen mobilization in
memory formation shown in previous reports [14,73] our results are consistent with the exis-
tence of an increased glycogen metabolism, and further support the role of glycogen in learning
and memory.

The temporal profiles of gene induction after IA training exhibit two important features:
first, the onset of enhanced gene expression of the metabolic pathways occurs in a delayed
manner (24 hours) and second, the changes are sustained for several hours (at least 72 hours)
following IA training. Together with studies reported earlier [74–76], our findings are consis-
tent with the hypothesis that LTM storage is achieved by recurrent rounds of consolidation-
like mRNA and protein synthesis-dependent processes [77,78].

The gene expression data presented in this study point towards the key metabolic event, lac-
tate production following IA learning and support the hypothesis that following neuronal
activity, lactate produced via glycolysis and glycogenolysis in astrocytes not only provides
energy to activated neurons, but is also needed for the establishment of LTM. This could be
mediated by a recently discovered molecular mechanism that involves NMDA receptor modu-
lation [79].

Both glycogen metabolism and glycolysis by ANLS result in lactate production thereby posi-
tioning the monocarboxylate transporters as an essential bridge for astrocyte-neuron interac-
tion following learning. This key role of MCTs was highlighted in our findings where we
observed that LTM formation is associated with induction of MCT1 in the hippocampus fol-
lowing learning. Further complementing this finding, by using genetic manipulation as a tool,
we observed that a partial knockdown of MCT1 results in impaired IA memory in mice. These
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findings provide an insight into the behavioral/cognitive consequences of inactivating the
expression of a glia-specific gene and contribute to our understanding of the relationship
between brain energy metabolism and cognition. It should however be acknowledged that for
most studied enzymes increases in both mRNA and protein (determined for MCT1, MCT4,
Na/K alpha2, Glut1 and Pygb) although statistically significant were small in percentage,
potentially raising the question of the biological/metabolic meaning of such changes. In this
context, one should mention that an increase as modest as 20% of MCT1 in the hippocampus
was shown to be crucial for the establishment of LTM in IA in rat [13], suggesting that expres-
sion changes reported here are biologically relevant.

An increased expression of enzymes related to pyruvate metabolism as well as the pentose
phosphate pathway was also seen following IA learning, suggesting that learning overall modu-
lates several energy metabolism related pathways. However, the precise role for such alterations
remains to be established.

As a whole, the results obtained in this study demonstrate modulation of hippocampal gene
expression following learning and provide evidence for the existence of adaptive mechanisms
related to neuron-glia metabolic coupling associated with memory formation. The identifica-
tion of metabolic genes induced following learning, provides novel insights into molecular
aspects of memory and highlights the indispensable role of astrocytes and neuronal–astrocyte
metabolic coupling in learning and memory consolidation. These results may have important
implications for conditions involving deficits in cognitive performance such as Alzheimer’s dis-
ease, aging, and dementia [80–82].
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test and no statistical differences were observed between CS and US (Shock only) groups. The
statistical details are provided in the table.
(PDF)

Acknowledgments
The authors wish to thank Xavier Warot, Raphaël Doenlen and their team from Ecole Poly-
technique Fédérale de Lausanne’s CPG—Phenogenomics Center for expert technical assistance
in the behavioral experiments.

Learning and Brain Energy Metabolism

PLOSONE | DOI:10.1371/journal.pone.0141568 October 29, 2015 17 / 21

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0141568.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0141568.s002


Author Contributions
Conceived and designed the experiments: MT IA SL GG PJM. Performed the experiments:
MT. Analyzed the data: MT IA SL GG PJM. Contributed reagents/materials/analysis tools: SL.
Wrote the paper: MT IA GG PJM.

References
1. McGaugh JL. Memory—a century of consolidation. Science. 2000; 287: 248–51. PMID: 10634773

2. Kandel ER. The molecular biology of memory storage: a dialogue between genes and synapses. Sci-
ence. 2001; 294: 1030–8. PMID: 11691980

3. Kandel ER, Dudai Y, Mayford MR. The molecular and systems biology of memory. Cell. 2014; 157:
163–86. doi: 10.1016/j.cell.2014.03.001 PMID: 24679534

4. Klann E, Sweatt JD. Altered protein synthesis is a trigger for long-termmemory formation. Neurobiol
Learn Mem. 2008; 89: 247–59. PMID: 17919940

5. Pellerin L, Magistretti PJ. Glutamate uptake into astrocytes stimulates aerobic glycolysis: a mechanism
coupling neuronal activity to glucose utilization. Proc Natl Acad Sci U S A. 1994; 91: 10625–9. PMID:
7938003

6. Magistretti PJ, Allaman I. A cellular perspective on brain energy metabolism and functional imaging.
Neuron. 2015; 86: 883–901. doi: 10.1016/j.neuron.2015.03.035 PMID: 25996133

7. Pellerin L, Magistretti PJ. Sweet sixteen for ANLS. J Cereb Blood Flow Metab. 2012; 32: 1152–66. doi:
10.1038/jcbfm.2011.149 PMID: 22027938

8. Allaman I, Magistretti PJ. Brain Energy Metabolism. In: Squire LR, Berg D, Bloom FE, du Lac S, Ghosh
A, Spitzer NC, editors. Fundamental Neuroscience. San Diego: Academic Press; 2013. pp. 261–84.

9. Magistretti PJ, Chatton JY. Relationship between L-glutamate-regulated intracellular Na+ dynamics
and ATP hydrolysis in astrocytes. J Neural Transm. 2005; 112: 77–85. PMID: 15599606

10. Brown AM, Baltan Tekkok S, Ransom BR. Energy transfer from astrocytes to axons: the role of CNS
glycogen. Neurochem Int. 2004; 45: 529–36. PMID: 15186919

11. Allaman I. Glial Glycogen Metabolism. In: Squire LR, editor. Encyclopedia of Neuroscience. Oxford:
Academic Press; 2009. pp. 811–8.

12. Vilchez D, Ros S, Cifuentes D, Pujadas L, Valles J, Garcia-Fojeda B, et al. Mechanism suppressing gly-
cogen synthesis in neurons and its demise in progressive myoclonus epilepsy. Nat Neurosci. 2007; 10:
1407–13. PMID: 17952067

13. Suzuki A, Stern SA, Bozdagi O, Huntley GW, Walker RH, Magistretti PJ, et al. Astrocyte-neuron lactate
transport is required for long-termmemory formation. Cell. 2011; 144: 810–23. doi: 10.1016/j.cell.
2011.02.018 PMID: 21376239

14. Newman LA, Korol DL, Gold PE. Lactate produced by glycogenolysis in astrocytes regulates memory
processing. PLoS One. 2011; 6: e28427. doi: 10.1371/journal.pone.0028427 PMID: 22180782

15. Pierre K, Pellerin L. Monocarboxylate transporters in the central nervous system: distribution, regulation
and function. J Neurochem. 2005; 94: 1–14.

16. Lee Y, Morrison BM, Li Y, Lengacher S, Farah MH, Hoffman PN, et al. Oligodendroglia metabolically
support axons and contribute to neurodegeneration. Nature. 2012; 487: 443–8. doi: 10.1038/
nature11314 PMID: 22801498

17. Lengacher S, Nehiri-Sitayeb T, Steiner N, Carneiro L, Favrod C, Preitner F, et al. Resistance to diet-
induced obesity and associated metabolic perturbations in haploinsufficient monocarboxylate trans-
porter 1 mice. PLoS One. 2013; 8: e82505. doi: 10.1371/journal.pone.0082505 PMID: 24367518

18. Sokoloff L, Reivich M, Kennedy C, Des Rosiers MH, Patlak CS, Pettigrew KD, et al. The [14C]deoxyglu-
cose method for the measurement of local cerebral glucose utilization: theory, procedure, and normal
values in the conscious and anesthetized albino rat. J Neurochem. 1977; 28: 897–916. PMID: 864466

19. Hof PR, YoungWG, Bloom FE, Belichenko PV, Celio MR. Comparative cytoarchitectonic atlas of the
C57BL/6 and 129/Sv mouse brains. Amsterdam: Elsevier; 2000.

20. Izquierdo I, Medina JH. Memory formation: the sequence of biochemical events in the hippocampus
and its connection to activity in other brain structures. Neurobiol Learn Mem. 1997; 68: 285–316.
PMID: 9398590

21. Abel T, Lattal KM. Molecular mechanisms of memory acquisition, consolidation and retrieval. Curr Opin
Neurobiol. 2001; 11: 180–7. PMID: 11301237

22. Taubenfeld SM,Wiig KA, Bear MF, Alberini CM. A molecular correlate of memory and amnesia in the
hippocampus. Nat Neurosci. 1999; 2: 309–10. PMID: 10204535

Learning and Brain Energy Metabolism

PLOSONE | DOI:10.1371/journal.pone.0141568 October 29, 2015 18 / 21

http://www.ncbi.nlm.nih.gov/pubmed/10634773
http://www.ncbi.nlm.nih.gov/pubmed/11691980
http://dx.doi.org/10.1016/j.cell.2014.03.001
http://www.ncbi.nlm.nih.gov/pubmed/24679534
http://www.ncbi.nlm.nih.gov/pubmed/17919940
http://www.ncbi.nlm.nih.gov/pubmed/7938003
http://dx.doi.org/10.1016/j.neuron.2015.03.035
http://www.ncbi.nlm.nih.gov/pubmed/25996133
http://dx.doi.org/10.1038/jcbfm.2011.149
http://www.ncbi.nlm.nih.gov/pubmed/22027938
http://www.ncbi.nlm.nih.gov/pubmed/15599606
http://www.ncbi.nlm.nih.gov/pubmed/15186919
http://www.ncbi.nlm.nih.gov/pubmed/17952067
http://dx.doi.org/10.1016/j.cell.2011.02.018
http://dx.doi.org/10.1016/j.cell.2011.02.018
http://www.ncbi.nlm.nih.gov/pubmed/21376239
http://dx.doi.org/10.1371/journal.pone.0028427
http://www.ncbi.nlm.nih.gov/pubmed/22180782
http://dx.doi.org/10.1038/nature11314
http://dx.doi.org/10.1038/nature11314
http://www.ncbi.nlm.nih.gov/pubmed/22801498
http://dx.doi.org/10.1371/journal.pone.0082505
http://www.ncbi.nlm.nih.gov/pubmed/24367518
http://www.ncbi.nlm.nih.gov/pubmed/864466
http://www.ncbi.nlm.nih.gov/pubmed/9398590
http://www.ncbi.nlm.nih.gov/pubmed/11301237
http://www.ncbi.nlm.nih.gov/pubmed/10204535


23. Jones D, Gonzalez-Lima F. Mapping Pavlovian conditioning effects on the brain: blocking, contiguity,
and excitatory effects. J Neurophysiol. 2001; 86: 809–23. PMID: 11495952

24. Cybulska-Klosowicz A, Zakrzewska R, Kossut M. Brain activation patterns during classical conditioning
with appetitive or aversive UCS. Behav Brain Res. 2009; 204: 102–11. doi: 10.1016/j.bbr.2009.05.024
PMID: 19477203

25. Toledo-Rodriguez M, Pitiot A, Paus T, Sandi C. Stress during puberty boosts metabolic activation asso-
ciated with fear-extinction learning in hippocampus, basal amygdala and cingulate cortex. Neurobiol
Learn Mem. 2012; 98: 93–101. doi: 10.1016/j.nlm.2012.05.006 PMID: 22664720

26. Sybirska E, Davachi L, Goldman-Rakic PS. Prominence of direct entorhinal-CA1 pathway activation in
sensorimotor and cognitive tasks revealed by 2-DG functional mapping in nonhuman primate. J Neu-
rosci. 2000; 20: 5827–34. PMID: 10908624

27. Davachi L, Goldman-Rakic PS. Primate rhinal cortex participates in both visual recognition and working
memory tasks: functional mapping with 2-DG. J Neurophysiol. 2001; 85: 2590–601. PMID: 11387403

28. Tang J, Ko S, Ding HK, Qiu CS, Calejesan AA, Zhuo M. Pavlovian fear memory induced by activation in
the anterior cingulate cortex. Mol Pain. 2005; 1: 6. PMID: 15813993

29. Izquierdo I, Quillfeldt JA, Zanatta MS, Quevedo J, Schaeffer E, Schmitz PK, et al. Sequential role of hip-
pocampus and amygdala, entorhinal cortex and parietal cortex in formation and retrieval of memory for
inhibitory avoidance in rats. Eur J Neurosci. 1997; 9: 786–93. PMID: 9153585

30. Nader K, Schafe GE, Le Doux JE. Fear memories require protein synthesis in the amygdala for recon-
solidation after retrieval. Nature. 2000; 406: 722–6. PMID: 10963596

31. D'Agata V, Cavallaro S. Hippocampal gene expression profiles in passive avoidance conditioning. Eur
J Neurosci. 2003; 18: 2835–41. PMID: 14656332

32. Zhang XH, Wu LJ, Gong B, Ren M, Li BM, Zhuo M. Induction- and conditioning-protocol dependent
involvement of NR2B-containing NMDA receptors in synaptic potentiation and contextual fear memory
in the hippocampal CA1 region of rats. Mol Brain. 2008; 1: 9. doi: 10.1186/1756-6606-1-9 PMID:
18826591

33. Kim JJ, FanselowMS. Modality-specific retrograde amnesia of fear. Science. 1992; 256: 675–7. PMID:
1585183

34. Barkus C, McHugh SB, Sprengel R, Seeburg PH, Rawlins JN, Bannerman DM. Hippocampal NMDA
receptors and anxiety: at the interface between cognition and emotion. Eur J Pharmacol. 2010; 626:
49–56. doi: 10.1016/j.ejphar.2009.10.014 PMID: 19836379

35. FanselowMS, Dong HW. Are the dorsal and ventral hippocampus functionally distinct structures? Neu-
ron. 2010; 65: 7–19. doi: 10.1016/j.neuron.2009.11.031 PMID: 20152109

36. Alberini CM. Transcription factors in long-termmemory and synaptic plasticity. Physiol Rev. 2009; 89:
121–45. doi: 10.1152/physrev.00017.2008 PMID: 19126756

37. Squire LR, Genzel L, Wixted JT, Morris RG. Memory Consolidation. Cold Spring Harb Perspect Biol.
2015; 7: a021766. doi: 10.1101/cshperspect.a021766 PMID: 26238360

38. Igaz LM, Bekinschtein P, Izquierdo I, Medina JH. One-trial aversive learning induces late changes in
hippocampal CaMKIIalpha, Homer 1a, Syntaxin 1a and ERK2 protein levels. Brain Res Mol Brain Res.
2004; 132: 1–12. PMID: 15548423

39. Taubenfeld SM, Wiig KA, Monti B, Dolan B, Pollonini G, Alberini CM. Fornix-dependent induction of hip-
pocampal CCAAT enhancer-binding protein [beta] and [delta] Co-localizes with phosphorylated cAMP
response element-binding protein and accompanies long-termmemory consolidation. J Neurosci.
2001; 21: 84–91. PMID: 11150323

40. Zhang Y, Fukushima H, Kida S. Induction and requirement of gene expression in the anterior cingulate
cortex and medial prefrontal cortex for the consolidation of inhibitory avoidance memory. Mol Brain.
2011; 4: 4. doi: 10.1186/1756-6606-4-4 PMID: 21244716

41. Alberini CM. Transcription factors in long-termmemory and synaptic plasticity. Physiol Rev. 2009; 89:
121–45. doi: 10.1152/physrev.00017.2008 PMID: 19126756

42. Riedel G, Micheau J, Lam AG, Roloff EL, Martin SJ, Bridge H, et al. Reversible neural inactivation
reveals hippocampal participation in several memory processes. Nat Neurosci. 1999; 2: 898–905.
PMID: 10491611

43. Holt W, Maren S. Muscimol inactivation of the dorsal hippocampus impairs contextual retrieval of fear
memory. J Neurosci. 1999; 19: 9054–62. PMID: 10516322

44. Sandusky LA, Flint RW, McNay EC. Elevated glucose metabolism in the amygdala during an inhibitory
avoidance task. Behav Brain Res. 2013; 245C: 83–7.

45. Kim JJ, Rison RA, FanselowMS. Effects of amygdala, hippocampus, and periaqueductal gray lesions
on short- and long-term contextual fear. Behav Neurosci. 1993; 107: 1093–8. PMID: 8136063

Learning and Brain Energy Metabolism

PLOSONE | DOI:10.1371/journal.pone.0141568 October 29, 2015 19 / 21

http://www.ncbi.nlm.nih.gov/pubmed/11495952
http://dx.doi.org/10.1016/j.bbr.2009.05.024
http://www.ncbi.nlm.nih.gov/pubmed/19477203
http://dx.doi.org/10.1016/j.nlm.2012.05.006
http://www.ncbi.nlm.nih.gov/pubmed/22664720
http://www.ncbi.nlm.nih.gov/pubmed/10908624
http://www.ncbi.nlm.nih.gov/pubmed/11387403
http://www.ncbi.nlm.nih.gov/pubmed/15813993
http://www.ncbi.nlm.nih.gov/pubmed/9153585
http://www.ncbi.nlm.nih.gov/pubmed/10963596
http://www.ncbi.nlm.nih.gov/pubmed/14656332
http://dx.doi.org/10.1186/1756-6606-1-9
http://www.ncbi.nlm.nih.gov/pubmed/18826591
http://www.ncbi.nlm.nih.gov/pubmed/1585183
http://dx.doi.org/10.1016/j.ejphar.2009.10.014
http://www.ncbi.nlm.nih.gov/pubmed/19836379
http://dx.doi.org/10.1016/j.neuron.2009.11.031
http://www.ncbi.nlm.nih.gov/pubmed/20152109
http://dx.doi.org/10.1152/physrev.00017.2008
http://www.ncbi.nlm.nih.gov/pubmed/19126756
http://dx.doi.org/10.1101/cshperspect.a021766
http://www.ncbi.nlm.nih.gov/pubmed/26238360
http://www.ncbi.nlm.nih.gov/pubmed/15548423
http://www.ncbi.nlm.nih.gov/pubmed/11150323
http://dx.doi.org/10.1186/1756-6606-4-4
http://www.ncbi.nlm.nih.gov/pubmed/21244716
http://dx.doi.org/10.1152/physrev.00017.2008
http://www.ncbi.nlm.nih.gov/pubmed/19126756
http://www.ncbi.nlm.nih.gov/pubmed/10491611
http://www.ncbi.nlm.nih.gov/pubmed/10516322
http://www.ncbi.nlm.nih.gov/pubmed/8136063


46. Holloway CM, McIntyre CK. Post-training disruption of Arc protein expression in the anterior cingulate
cortex impairs long-termmemory for inhibitory avoidance training. Neurobiol Learn Mem. 2011; 95:
425–32. doi: 10.1016/j.nlm.2011.02.002 PMID: 21315825

47. Chuquet J, Quilichini P, Nimchinsky EA, Buzsaki G. Predominant enhancement of glucose uptake in
astrocytes versus neurons during activation of the somatosensory cortex. J Neurosci. 2010; 30:
15298–303. doi: 10.1523/JNEUROSCI.0762-10.2010 PMID: 21068334

48. Nehlig A. Brain uptake and metabolism of ketone bodies in animal models. Prostaglandins Leukot
Essent Fatty Acids. 2004; 70: 265–75. PMID: 14769485

49. Jakoby P, Schmidt E, Ruminot I, Gutierrez R, Barros LF, Deitmer JW. Higher Transport and Metabolism
of Glucose in Astrocytes Compared with Neurons: A Multiphoton Study of Hippocampal and Cerebellar
Tissue Slices. Cereb Cortex. 2014; 24: 222–31. doi: 10.1093/cercor/bhs309 PMID: 23042735

50. Lundgaard I, Li B, Xie L, Kang H, Sanggaard S, Haswell JD, et al. Direct neuronal glucose uptake Her-
alds activity-dependent increases in cerebral metabolism. Nat Commun. 2015; 6: 6807. doi: 10.1038/
ncomms7807 PMID: 25904018

51. Kovar JL, VolcheckW, Sevick-Muraca E, Simpson MA, Olive DM. Characterization and performance of
a near-infrared 2-deoxyglucose optical imaging agent for mouse cancer models. Anal Biochem. 2009;
384: 254–62. doi: 10.1016/j.ab.2008.09.050 PMID: 18938129

52. Cholet N, Pellerin L, Welker E, Lacombe P, Seylaz J, Magistretti P, et al. Local injection of antisense oli-
gonucleotides targeted to the glial glutamate transporter GLAST decreases the metabolic response to
somatosensory activation. J Cereb Blood Flow Metab. 2001; 21: 404–12. PMID: 11323526

53. Voutsinos-Porche B, Bonvento G, Tanaka K, Steiner P, Welker E, Chatton JY, et al. Glial glutamate
transporters mediate a functional metabolic crosstalk between neurons and astrocytes in the mouse
developing cortex. Neuron. 2003; 37: 275–86. PMID: 12546822

54. Schmidt S, Richter M, Montag D, Sartorius T, Gawlik V, Hennige AM, et al. Neuronal functions, feeding
behavior, and energy balance in Slc2a3+/- mice. Am J Physiol Endocrinol Metab. 2008; 295: E1084–
E1094. doi: 10.1152/ajpendo.90491.2008 PMID: 18780771

55. Stuart CA, Ross IR, Howell ME, McCurry MP, Wood TG, Ceci JD, et al. Brain glucose transporter
(Glut3) haploinsufficiency does not impair mouse brain glucose uptake. Brain Res. 2011; 1384: 15–22.
doi: 10.1016/j.brainres.2011.02.014 PMID: 21316350

56. Wang D, Pascual JM, Yang H, Engelstad K, Mao X, Cheng J, et al. A mouse model for Glut-1 haploin-
sufficiency. HumMol Genet. 2006; 15: 1169–79. PMID: 16497725

57. Vianna MR, Alonso M, Viola H, Quevedo J, de Paris F, Furman M, et al. Role of hippocampal signaling
pathways in long-termmemory formation of a nonassociative learning task in the rat. Learn Mem. 2000;
7: 333–40. PMID: 11040265

58. Dienel GA. Brain lactate metabolism: the discoveries and the controversies. J Cereb Blood Flow
Metab. 2012; 32: 1107–38. doi: 10.1038/jcbfm.2011.175 PMID: 22186669

59. DiNuzzo M, Mangia S, Maraviglia B, Giove F. Changes in glucose uptake rather than lactate shuttle
take center stage in subserving neuroenergetics: evidence frommathematical modeling. J Cereb Blood
Flow Metab. 2010; 30: 586–602. doi: 10.1038/jcbfm.2009.232 PMID: 19888285

60. Mangia S, Giove F, Tkac I, Logothetis NK, Henry PG, Olman CA, et al. Metabolic and hemodynamic
events after changes in neuronal activity: current hypotheses, theoretical predictions and in vivo NMR
experimental findings. J Cereb Blood FlowMetab. 2009; 29: 441–63. doi: 10.1038/jcbfm.2008.134
PMID: 19002199

61. Patel AB, Lai JC, Chowdhury GM, Hyder F, Rothman DL, Shulman RG, et al. Direct evidence for activ-
ity-dependent glucose phosphorylation in neurons with implications for the astrocyte-to-neuron lactate
shuttle. Proc Natl Acad Sci U S A. 2014; 111: 5385–90. doi: 10.1073/pnas.1403576111 PMID:
24706914

62. Chenal J, Pierre K, Pellerin L. Insulin and IGF-1 enhance the expression of the neuronal monocarboxy-
late transporter MCT2 by translational activation via stimulation of the phosphoinositide 3-kinase-Akt-
mammalian target of rapamycin pathway. Eur J Neurosci. 2008; 27: 53–65. PMID: 18093179

63. Chenal J, Pellerin L. Noradrenaline enhances the expression of the neuronal monocarboxylate trans-
porter MCT2 by translational activation via stimulation of PI3K/Akt and the mTOR/S6K pathway. J Neu-
rochem. 2007; 102: 389–97. PMID: 17394554

64. Pierre K, Chatton JY, Parent A, Repond C, Gardoni F, Di Luca M., et al. Linking supply to demand: the
neuronal monocarboxylate transporter MCT2 and the alpha-amino-3-hydroxyl-5-methyl-4-isoxazole-
propionic acid receptor GluR2/3 subunit are associated in a common trafficking process. Eur J Neu-
rosci. 2009; 29: 1951–63. doi: 10.1111/j.1460-9568.2009.06756.x PMID: 19453627

Learning and Brain Energy Metabolism

PLOSONE | DOI:10.1371/journal.pone.0141568 October 29, 2015 20 / 21

http://dx.doi.org/10.1016/j.nlm.2011.02.002
http://www.ncbi.nlm.nih.gov/pubmed/21315825
http://dx.doi.org/10.1523/JNEUROSCI.0762-10.2010
http://www.ncbi.nlm.nih.gov/pubmed/21068334
http://www.ncbi.nlm.nih.gov/pubmed/14769485
http://dx.doi.org/10.1093/cercor/bhs309
http://www.ncbi.nlm.nih.gov/pubmed/23042735
http://dx.doi.org/10.1038/ncomms7807
http://dx.doi.org/10.1038/ncomms7807
http://www.ncbi.nlm.nih.gov/pubmed/25904018
http://dx.doi.org/10.1016/j.ab.2008.09.050
http://www.ncbi.nlm.nih.gov/pubmed/18938129
http://www.ncbi.nlm.nih.gov/pubmed/11323526
http://www.ncbi.nlm.nih.gov/pubmed/12546822
http://dx.doi.org/10.1152/ajpendo.90491.2008
http://www.ncbi.nlm.nih.gov/pubmed/18780771
http://dx.doi.org/10.1016/j.brainres.2011.02.014
http://www.ncbi.nlm.nih.gov/pubmed/21316350
http://www.ncbi.nlm.nih.gov/pubmed/16497725
http://www.ncbi.nlm.nih.gov/pubmed/11040265
http://dx.doi.org/10.1038/jcbfm.2011.175
http://www.ncbi.nlm.nih.gov/pubmed/22186669
http://dx.doi.org/10.1038/jcbfm.2009.232
http://www.ncbi.nlm.nih.gov/pubmed/19888285
http://dx.doi.org/10.1038/jcbfm.2008.134
http://www.ncbi.nlm.nih.gov/pubmed/19002199
http://dx.doi.org/10.1073/pnas.1403576111
http://www.ncbi.nlm.nih.gov/pubmed/24706914
http://www.ncbi.nlm.nih.gov/pubmed/18093179
http://www.ncbi.nlm.nih.gov/pubmed/17394554
http://dx.doi.org/10.1111/j.1460-9568.2009.06756.x
http://www.ncbi.nlm.nih.gov/pubmed/19453627


65. Herrero-Mendez A, Almeida A, Fernandez E, Maestre C, Moncada S, Bolanos JP. The bioenergetic
and antioxidant status of neurons is controlled by continuous degradation of a key glycolytic enzyme by
APC/C-Cdh1. Nat Cell Biol. 2009; 11: 747–52. doi: 10.1038/ncb1881 PMID: 19448625

66. Rodriguez-Rodriguez P, Fernandez E, Bolanos JP. Underestimation of the pentose-phosphate path-
way in intact primary neurons as revealed by metabolic flux analysis. J Cereb Blood Flow Metab. 2013;
33: 1843–5. doi: 10.1038/jcbfm.2013.168 PMID: 24064491

67. Moseley AE, Williams MT, Schaefer TL, Bohanan CS, Neumann JC, Behbehani MM, et al. Deficiency
in Na,K-ATPase alpha isoform genes alters spatial learning, motor activity, and anxiety in mice. J Neu-
rosci. 2007; 27: 616–26. PMID: 17234593

68. Lingrel JB, Williams MT, Vorhees CV, Moseley AE. Na,K-ATPase and the role of alpha isoforms in
behavior. J Bioenerg Biomembr. 2007; 39: 385–9. PMID: 18044013

69. Magistretti PJ, Morrison JH, Shoemaker WJ, Sapin V, Bloom FE. Vasoactive intestinal polypeptide
induces glycogenolysis in mouse cortical slices: a possible regulatory mechanism for the local control
of energy metabolism. Proc Natl Acad Sci U S A. 1981; 78: 6535–9. PMID: 6118864

70. Allaman I, Pellerin L, Magistretti PJ. Protein targeting to glycogen mRNA expression is stimulated by
noradrenaline in mouse cortical astrocytes. Glia. 2000; 30: 382–91. PMID: 10797618

71. Greenberg CC, Meredith KN, Yan L, Brady MJ. Protein targeting to glycogen overexpression results in
the specific enhancement of glycogen storage in 3T3-L1 adipocytes. J Biol Chem. 2003; 278: 30835–
42. PMID: 12805359

72. Duran J, Saez I, Gruart A, Guinovart JJ, Delgado-Garcia JM. Impairment in long-termmemory forma-
tion and learning-dependent synaptic plasticity in mice lacking glycogen synthase in the brain. J Cereb
Blood FlowMetab. 2013; 33: 550–6. doi: 10.1038/jcbfm.2012.200 PMID: 23281428

73. Gibbs ME, Lloyd HG, Santa T, Hertz L. Glycogen is a preferred glutamate precursor during learning in
1-day-old chick: biochemical and behavioral evidence. J Neurosci Res. 2007; 85: 3326–33. PMID:
17455305

74. Bekinschtein P, Cammarota M, Katche C, Slipczuk L, Rossato JI, Goldin A, et al. BDNF is essential to
promote persistence of long-termmemory storage. Proc Natl Acad Sci U S A. 2008; 105: 2711–6. doi:
10.1073/pnas.0711863105 PMID: 18263738

75. Katche C, Bekinschtein P, Slipczuk L, Goldin A, Izquierdo IA, Cammarota M, et al. Delayed wave of c-
Fos expression in the dorsal hippocampus involved specifically in persistence of long-term memory
storage. Proc Natl Acad Sci U S A. 2010; 107: 349–54. doi: 10.1073/pnas.0912931107 PMID:
20018662

76. Miniaci MC, Kim JH, Puthanveettil SV, Si K, Zhu H, Kandel ER, et al. Sustained CPEB-dependent local
protein synthesis is required to stabilize synaptic growth for persistence of long-term facilitation in Aply-
sia. Neuron. 2008; 59: 1024–36. doi: 10.1016/j.neuron.2008.07.036 PMID: 18817739

77. Dudai Y, Eisenberg M. Rites of passage of the engram: reconsolidation and the lingering consolidation
hypothesis. Neuron. 2004; 44: 93–100. PMID: 15450162

78. Miyashita T, Kubik S, Lewandowski G, Guzowski JF. Networks of neurons, networks of genes: an inte-
grated view of memory consolidation. Neurobiol Learn Mem. 2008; 89: 269–84. PMID: 17931913

79. Yang J, Ruchti E, Petit JM, Jourdain P, Grenningloh G, Allaman I, et al. Lactate promotes plasticity
gene expression by potentiating NMDA signaling in neurons. Proc Natl Acad Sci U S A. 2014; 111:
12228–33. doi: 10.1073/pnas.1322912111 PMID: 25071212

80. Stranahan AM, Mattson MP. Metabolic reserve as a determinant of cognitive aging. J Alzheimers Dis.
2012; 30 Suppl 2: S5–13. doi: 10.3233/JAD-2011-110899 PMID: 22045480

81. Kapogiannis D, Mattson MP. Disrupted energy metabolism and neuronal circuit dysfunction in cognitive
impairment and Alzheimer's disease. Lancet Neurol. 2011; 10: 187–98. doi: 10.1016/S1474-4422(10)
70277-5 PMID: 21147038

82. Simpson JE, Ince PG, Lace G, Forster G, Shaw PJ, Matthews F, et al. Astrocyte phenotype in relation
to Alzheimer-type pathology in the ageing brain. Neurobiol Aging. 2010; 31: 578–90. doi: 10.1016/j.
neurobiolaging.2008.05.015 PMID: 18586353

Learning and Brain Energy Metabolism

PLOSONE | DOI:10.1371/journal.pone.0141568 October 29, 2015 21 / 21

http://dx.doi.org/10.1038/ncb1881
http://www.ncbi.nlm.nih.gov/pubmed/19448625
http://dx.doi.org/10.1038/jcbfm.2013.168
http://www.ncbi.nlm.nih.gov/pubmed/24064491
http://www.ncbi.nlm.nih.gov/pubmed/17234593
http://www.ncbi.nlm.nih.gov/pubmed/18044013
http://www.ncbi.nlm.nih.gov/pubmed/6118864
http://www.ncbi.nlm.nih.gov/pubmed/10797618
http://www.ncbi.nlm.nih.gov/pubmed/12805359
http://dx.doi.org/10.1038/jcbfm.2012.200
http://www.ncbi.nlm.nih.gov/pubmed/23281428
http://www.ncbi.nlm.nih.gov/pubmed/17455305
http://dx.doi.org/10.1073/pnas.0711863105
http://www.ncbi.nlm.nih.gov/pubmed/18263738
http://dx.doi.org/10.1073/pnas.0912931107
http://www.ncbi.nlm.nih.gov/pubmed/20018662
http://dx.doi.org/10.1016/j.neuron.2008.07.036
http://www.ncbi.nlm.nih.gov/pubmed/18817739
http://www.ncbi.nlm.nih.gov/pubmed/15450162
http://www.ncbi.nlm.nih.gov/pubmed/17931913
http://dx.doi.org/10.1073/pnas.1322912111
http://www.ncbi.nlm.nih.gov/pubmed/25071212
http://dx.doi.org/10.3233/JAD-2011-110899
http://www.ncbi.nlm.nih.gov/pubmed/22045480
http://dx.doi.org/10.1016/S1474-4422(10)70277-5
http://dx.doi.org/10.1016/S1474-4422(10)70277-5
http://www.ncbi.nlm.nih.gov/pubmed/21147038
http://dx.doi.org/10.1016/j.neurobiolaging.2008.05.015
http://dx.doi.org/10.1016/j.neurobiolaging.2008.05.015
http://www.ncbi.nlm.nih.gov/pubmed/18586353

