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SUMMARY

We report that, in the rat hippocampus, learning
leads to a significant increase in extracellular lactate
levels that derive from glycogen, an energy reserve
selectively localized in astrocytes. Astrocytic
glycogen breakdown and lactate release are
essential for long-term but not short-term memory
formation, and for the maintenance of long-term
potentiation (LTP) of synaptic strength elicited
in vivo. Disrupting the expression of the astrocytic
lactate transporters monocarboxylate transporter 4
(MCT4) or MCT1 causes amnesia, which, like LTP
impairment, is rescued by L-lactate but not equica-
loric glucose. Disrupting the expression of the
neuronal lactate transporter MCT2 also leads to
amnesia that is unaffected by either L-lactate or
glucose, suggesting that lactate import into neurons
is necessary for long-term memory. Glycogenolysis
and astrocytic lactate transporters are also critical
for the induction of molecular changes required for
memory formation, including the induction of phos-
pho-CREB, Arc, and phospho-cofilin. We conclude
that astrocyte-neuron lactate transport is required
for long-term memory formation.
INTRODUCTION

Astrocytes have been generally believed to have a mainly

supportive function for neurons in the central nervous system

(Kettenmann and Ransom, 2005). However, a growing body of

evidence suggests that they play many more active roles,

including information processing, signal transmission and regu-

lation of neural and synaptic plasticity (Halassa and Haydon,

2010; Henneberger et al., 2010; Perea et al., 2009). Thus, brain

functions, including perhaps cognitive ones, may result from
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the concerted action of a neuron–glia network. Little is known

about the physiological contribution and relative mechanisms

of astrocytes to cognitive functions. Astrocytic adenosinemodu-

lates sleep homeostasis and cognitive consequences of sleep

loss (Halassa et al., 2009), and some studies have begun inves-

tigating the role of astrocytes in learning and memory. Spatial

learning and working memory in rats appears to increase the

number of astrocytes (Jahanshahi et al., 2008a, 2008b)

and bead discrimination memory in a day-old chick requires

glycogenolysis (Gibbs et al., 2006), which is known to occur in

astrocytes and not in neurons (Magistretti, 2008), suggesting

that byproducts of glycogen metabolism are critical for memory

formation.

One mechanism through which astrocytes and neurons may

actively be linked is through metabolic coupling, particularly as

a result of neuronal activity (e.g., Magistretti, 2008; Tsacopoulos

and Magistretti, 1996). An important source of energy for the

brain is glucose entering via transport across the blood brain

barrier into both neurons and astrocytes. Astrocytes, but not

neurons, store glycogen (Brown et al., 2004; Magistretti, 2008;

Vilchez et al., 2007) that can be rapidly converted to pyruvate/

lactate andmetabolized in the TCAcycle or used for biosynthesis

of glutamate (Hamprecht et al., 2005), as well as also potentially

produce glucose (Ghosh et al., 2005). Both glucose and lactate

can then be exported to neurons as fuel (Brown et al., 2004; Drin-

gen et al., 1993). Alternatively, astrocytes may utilize glycogen

and spare the glucose for neurons’ use (DiNuzzo et al., 2010;

Swanson, 1992). Glycogenolysis also results in lactate release

from astrocytes (Brown et al., 2004; Dringen et al., 1993), and

lactate transport between astrocytes and neurons has been

shown from glutamate-stimulated glycolysis (Magistretti et al.,

1999; Pellerin and Magistretti, 1994) and/or glycogenolysis stim-

ulated by neuromodulators such as noradrenaline and vasoac-

tive intestinal peptide (VIP) (Magistretti, 2006; Magistretti and

Morrison, 1988). The transport of lactate occurs viamonocarbox-

ylate transporters (MCTs), proton-linked membrane carriers that

transport monocarboxylates including lactate, pyruvate and

ketone bodies across the cell membrane. MCT4 is expressed

mainly by astrocytes, whereas MCT2 is primarily neuronal and
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MCT1 is expressed in astrocytes, endothelial cells of microves-

sels ependymocytes and oligodendrocytes (Pierre and Pellerin,

2005; Rinholm et al., 2011). The hypothesis of an astrocyte-

neuron metabolic coupling is attractive because it would under-

score the importance of functionally connecting these two cell

types during activity subserving brain functions, including

perhaps cognitive ones.

New learning initiates a cascade of events in the brain that can

lead to short and long-term memories. While short-term memo-

ries require posttranslational modifications, the consolidation, or

stabilization of long-termmemories depends upon the activation

of a gene cascade and downstream modifications in neurons

that store the acquired information (Dudai, 2004; Kandel, 2001;

Klann and Sweatt, 2008). Among the best characterized and

widely proven gene expression mechanisms known to underlie

memory consolidation are the activation of CREB (cAMP

response element binding protein)-dependent gene expression

(Alberini, 2009; Kandel, 2001) and the translation, at activated

synapses, of the immediate early gene Arc (activity-regulated

cytoskeletal protein), which is believed to play a key role in actin

cytoskeletal dynamics and regulate themembrane expression of

AMPA receptors (Bramham et al., 2008). Long-term synaptic

plasticity and memory are accompanied by synaptic structural

changes, which involve actin polymerization (Chen et al., 2007;

Fischer et al., 2004; Mantzura et al., 2009) associated with the

phosphorylation of the p21-activated kinase-cofilin cascade.

Phosphorylated cofilin is one of the major regulators of F-actin

dynamics in spines, promotes cytoskeleton assembly and

regulates spine morphology (Bamburg et al., 1999; Chen et al.,

2007; Fedulov et al., 2007).

Thus, long-term memory formation appears to have high

metabolic demands within the underlying active neuronal

network. Here, we employed rat inhibitory avoidance (IA) to

test the hypothesis that astrocyte-neuron metabolic coupling

mechanisms play a critical role in memory formation.

RESULTS

Astrocytic Glycogen Metabolism Is Required in the
Hippocampus for Long-Term Memory Formation
To test whether astrocytic glycogenolysis in the hippocampus

affects short- and/or long-term memory retention, we bilaterally

injected 300 mM (300 pmol) of the inhibitor of glycogen phos-

phorylation 1,4-dideoxy-1,4-imino-D-arabinitol (DAB) (Walls

et al., 2008), either 15 min before or immediately after IA training

(Figures 1A–1C). Chicago sky blue injections showed the diffu-

sion, which spread into the dorsal hippocampus approximately

1.7 mm across the injection site (Figure S1). To test for a dose-

response effect, 1000 mM (1000 pmol) of DAB, injected immedi-

ately after training, was also investigated (Figure 1C).

Student’s t test showed that DAB injected before training did

not affect IA acquisition, as themean latencies to enter the shock

compartment during training (acquisition) were similar in all

groups (p > 0.05). DAB did not affect short-term memory 1 hr

after training (p > 0.05, Student’s t test; Figure 1A). However,

DAB injected either before (Figure 1B) or immediately after

training (Figure 1C) significantly blocked long-term memory

tested at 24 hr (Test 1) in a dose-dependent manner. Retesting
6 days after Test 1 showed that the memory loss persisted

(Test 2, p < 0.05, two-way repeated-measure analysis of

variance [ANOVA] followed by Newman-Keuls post hoc test;

Figure 1B and 1C).

The disrupted memory did not reinstate after a foot-shock

reminder given one day after Test 2 and tested 24 hr later (Test

3, 15 min before, p < 0.05, Student’s t test; immediately after,

p < 0.05, one-way ANOVA followed by Newman-Keuls post

hoc test). Retraining of the DAB-injected group, 24 hr after

Test 3, resulted in normal memory retention 24 hr later (Test 4),

indicating that the hippocampus was functionally intact (Fig-

ure 1B and 1C).

To begin determining the time course of the DAB effect

following training, rats were injected with 300 pmol of DAB

24 hr after training and tested 24 hr (Test 1) and 5 days (Test 2)

later (Figure 1D). At both Tests, DAB and vehicle-injected rats

had comparable memory retention (p > 0.05, two-way

repeated-measure ANOVA), indicating that DAB disrupts long-

term memory formation during a limited time window: it has

a maximal effect when injected shortly before training but no

effect when injected 24 hr after training.

Similarly, bilateral hippocampal injections of another glycogen

phosphorylase inhibitor, isofagomine (Waagepetersen et al.,

2000), 15 min before training, significantly disrupted memory

retention 24 hr later compared to vehicle (p < 0.05, Student’s t

test; Figure 1E).

Thus, astrocytic hippocampal glycogen mobilization is

required for long-term, but not short-term, memory formation.

Learning-Induced Astrocytic Release of Lactate
Is Required for Memory Formation
In vitro studies have suggested that glycogenolysis results in

lactate release (Brown et al., 2004; Dringen et al., 1993). To

test whether glycogenolysis leads to lactate release in vivo after

learning, we determined the levels of lactate in the hippocampus

of rats before and after training using in vivo microdialysis (Rex

et al., 2009). Basal lactate dialysate levels remained constant

over time before training (Vehicle, 197.95 ± 55.95 mM; DAB,

216.14 ± 43.62 mM). Training led to a statistically significant

increase in lactate dialysate levels compared to baseline

concentrations (170%–190%, p < 0.05, two-way repeated-

measure ANOVA followed by Bonferroni post hoc test; Fig-

ure 2A), which was completely abolished by DAB in the perfusion

medium, indicating that it resulted from glycogenolysis (p < 0.05,

two-way repeated-measure ANOVA followed by Bonferroni post

hoc test; Figure 2A). Retention latencies of both DAB- and

vehicle-injected groups are shown in Figure S2.

We then asked whether the DAB-induced amnesia could be

rescued by the administration of exogenous lactate. Fifteen

min before training, rats were bilaterally injected into the hippo-

campus with a combination of DAB or vehicle and either

10 nmol (Figure 2B), 100 nmol L-lactate (Figure 2C) or vehicle.

Memory was tested 24 hr (Test 1) and 7 days (Test 2)

after training. Acquisition was not affected by treatment (p >

0.05; one-way ANOVA). DAB injection with vehicle disrupted

long-term memory retention, confirming our previous results

(Figure 1B). Conversely, 100, but not 10 nmol of L-lactate coad-

ministered with DAB significantly rescued the memory loss.
Cell 144, 810–823, March 4, 2011 ª2011 Elsevier Inc. 811
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Figure 1. DAB and Isofagomine Disrupt Long-Term Memory

Acquisition (Acq) and retention are expressed asmean latency ±SEM (in seconds, sec). Latency scores, n and detailed statistic are reported in Table S1. See also

Figure S1.

(A) Hippocampal injections of DAB 15 min before IA training had no effect on short-term memory tested at 1 hr after training (n = 7/group).

(B and C) Hippocampal injections of DAB 15 min before ([B] n = 11/group) or immediately after training ([C] n = 7–9/group) disrupted long-term memory at 24 hr

(Test 1). The disruption persisted 7 days after training (Test 2), andmemory did not recover after a reminder shock (Test 3). DAB-injected rats had normal retention

after retraining (Test 4).

(D) Hippocampal injections of DAB 24 hr after IA training did not affect long-term memory (n = 8/group).

(E) Hippocampal injections of isofagomine 15 min before training disrupted long-term memory (n = 8-9/group). *p < 0.05.
Retesting the rats 7 days after training revealed that the effects

of treatments persisted (p < 0.05 for both tests, two-way

repeated-measure ANOVA followed by Newman-Keuls post

test). To additionally prove that the transport of L-lactate into

neurons is critical for the formation of long-term memory, the
812 Cell 144, 810–823, March 4, 2011 ª2011 Elsevier Inc.
competitive effect of the inactive isomer D-lactate was tested.

Bilateral hippocampal injection of 20 nmol of D-lactate, 15 min

before IA training, significantly blocked memory retention 24 hr

after training compared to vehicle (p < 0.05; Student’s t test;

Figure 2D).
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Figure 2. L-Lactate Rescues the DAB-Induced Memory Impairment

Lactate concentration, latency scores, n and detailed statistic are reported in Table S2.

(A) Dorsal hippocampal extracellular lactate in freely moving rats infused with either vehicle or DAB. Baseline was collected for 20 min before training (0 min, [)

and continued for 50 min. Training resulted in a significant increase in lactate levels compared to baseline (*p < 0.05) that was completely blocked by DAB (# p <

0.05). Data are expressed as % of baseline ± SEM (mean of the first 2 samples set 100%). See also Figure S2.

(B–D) Acquisition (Acq) and retention are expressed as mean latency ± SEM (in seconds, sec).

(B and C) Hippocampal injection of DAB or vehicle in combination with 10 nmol (B, n = 7/group), 100 nmol L-lactate (C, n = 12/group) or vehicle were performed

15 min before training and memory was tested at 24 hr. 100 nmol but not 10 nmol of L-lactate rescued the memory impairment by DAB (Test 1). The effect

persisted at 7 days after training (Test 2).

(D) Hippocampal injections of D-lactate 15 min before training disrupted long-term memory (n = 7–8/group). *p < 0.05.
Hence, training results in a rapid glycogenolysis and conse-

quent efflux of lactate in the hippocampus, which is critical for

long-term memory formation.

Blocking Glycogen Metabolism with DAB Disrupts
Maintenance of Hippocampal LTP In Vivo and the
Impairment Is Rescued by L-Lactate
Long-term potentiation (LTP) is a leading cellular model for

memory formation and is induced at CA1 synapses by IA (Whit-

lock et al., 2006). Accordingly, we next tested the effect of

blocking glycogen metabolism on LTP in area CA1 of anesthe-

tized young adult rats. After establishing a baseline of

responses at Schaffer collateral-area CA1 (SC-CA1) synapses,

LTP of SC-CA1 synapses was induced by a high-frequency

tetanic stimulation protocol in the absence or presence of

DAB delivered locally to the CA1 neuropil through the recording

pipette. In the absence of DAB (the control group), robust LTP

was induced (fEPSP slope: 133.85 ± 7.9% of baseline at

120 min posttetanus; Figure 3A, closed circles) as expected

(Bozdagi et al., 2007). In contrast, in the presence of DAB,
tetanic stimulation produced a strong initial potentiation, but

thereafter, potentiation decayed rapidly to baseline by 75 min

in the DAB injected group (Figure 3A, open circles), indicating

that DAB blocks the maintenance but not the induction of

LTP. To rule out that the effect of DAB on LTP maintenance re-

sulted from non-specific general metabolic demands of the

high-frequency tetanic stimulation per se, we tested the effect

of DAB on baseline neurotransmission in a group of rats in

which LTP was blocked by an i.p. injection of the N-methyl-

D-aspartate receptor (NMDAR) antagonist MK-801 prior to

stimulation. Figure 3A shows that when LTP was blocked by

MK-801, DAB had no effect on baseline over 120 min following

stimulation, supporting the ides that DAB blocked LTP mainte-

nance selectively. We verified that DAB alone, in the absence of

tetanic stimulation, had no effects on basal synaptic transmis-

sion by examining parameters that reflect normal synaptic

function, including the relationship between stimulus strength

and the size of the postsynaptic response (input-output

relationship; Figure 3B) or paired-pulse facilitation (PPF,

Figure 3C).
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Figure 3. DAB Impairs In Vivo Hippocampal LTP and the Impairment Is Rescued by L-Lactate

(A) Average Field EPSP data recorded for 120 min posttetanus shows that DAB injection (bar) before high frequency stimulation (arrow) blocks LTP (p < 0.05

versus controls at 120 min, n = 4/group). LTP is abolished in animals receiving an intraperitoneal injection of the N-methyl-D-aspartate (NMDA) receptor

antagonist MK-801 (3mg/kg) 30 min prior to tetanus (open triangles). Inset: Representative EPSP traces were recorded before and 120 min after (indicated by

arrows) LTP induction. Left panel, control; right panel, in the presence of DAB.

(B and C) No effect on the relationship between stimulus strength and the size of the postsynaptic response (input-output relationship, B, n = 4/group, p > 0.05) or

paired-pulse facilitation (PPF, C, n = 4/group, p > 0.05).

(D) DAB injected 30 min after high frequency stimulation did not affect synaptic potentiation (n = 4/group).

(E) L-lactate reversed the blocking effect of DAB on LTP (n = 4/group).

All data are expressed as mean values ± SEM.
To determine whether DAB has an effect on LTP once it is es-

tablished, we injected DAB into CA1 30min following LTP induc-

tion. There was no effect of DAB on synaptic potentiation once

established, indicating that glycogen phosphorylase function is

required during the induction or early phases of LTP (Figure 3D)

(average percentage of baseline 60 min after LTP induction:

control, 131.39 ± 11.01%, DAB, 139.86 ± 6.8%, p > 0.05, one-

way ANOVA).

To test if the effect of DAB was due to the astrocytic lactate

production, we injected lactate together with DAB prior to LTP

induction. Under these conditions, lactate abrogated the block-

ing effect of DAB on LTP. In the animals injected with lactate and

DAB, the increase in fEPSP slope after LTP induction was not

significantly different compared to that of control animals

(control: 131.39 ± 11.01%, lactate+DAB: 127 ± 13%, of baseline

at 60 min posttetanus, p > 0.05, one-way ANOVA; Figure 3E).

Lactate Transport through MCT1 and MCT4 Plays an
Essential Role in Long-Term Memory Formation
We then investigated whether the effect we found with DAB was

indeed due to the astrocytic release of lactate. Toward this end,

we tested the effects of knocking down the hippocampal expres-

sion of the lactate transporters MCT1 andMCT4 using antisense

oligodeoxynucleotides (ODNs). In the brain, the MCT1 is ex-

pressed mainly in endothelial cells of microvessels, ependymo-
814 Cell 144, 810–823, March 4, 2011 ª2011 Elsevier Inc.
cytes astrocytes and oligodendrocytes but not in neurons,

whereas the MCT4 is expressed virtually exclusively in astro-

cytes (Pierre and Pellerin, 2005).Western blot analyses of synap-

toneurosomal preparations (Villasana et al., 2006) showed that

MCT4 and MCT2 are highly enriched in the synaptic fraction

compared to the total lysate; MCT1, although not enriched

compared to total lysate, is clearly present (Figure 4A). Hence,

all these MCTs may be involved in lactate transport across the

astrocytic-synaptic compartments. Rats were bilaterally injected

into the hippocampus with MCT1-ODN or a relative scrambled

control ODN containing the same base pair sequence but in

a randomized order (scrambled-ODN, SC1-ODN) 1 hr before

training and were euthanized 12 hr after training. Control rats

received the same injections but did not undergo training. An

ODN injection into the dorsal hippocampus targets and remains

confined to this region (e.g., Taubenfeld et al., 2001a), as also

shown by the Chicago blue diffusion shown in Figure S1. Dorsal

hippocampal extracts obtained from these animals were

analyzed for MCT1 expression levels using quantitative western

blot analyses. A one-way ANOVA followed by Newman-Keuls

post hoc test showed that the expression of MCT1 was signifi-

cantly higher in trained compared to untrained rats injected

with SC1-ODN (p < 0.05). This induction was completely and

selectively blocked by MCT1-ODN (p < 0.05; Figure 4B). In

fact, no change in MCT4 and MCT2 concentrations was found



across the same samples (MCT2, p > 0.05; MCT4, p > 0.05;

one-way ANOVA followed by Newman-Keuls post hoc test;

Figure 4B). Thus, MCT1, but not MCT4 or MCT2 expression is

significantly upregulated upon training and MCT1-ODN selec-

tively blocks this enhancement.

The efficacy of the MCT1-ODN knock-down was further

confirmed with quantitative western blot analyses of hippo-

campal extracts of trained rats obtained from the area targeted

by the injection, that is 1.7 mm around the needle placement.

As shown in Figure 4C, MCT1 level was significantly reduced

by the MCT1-ODN compared to SC1-ODN (p < 0.05; Student’s

t test), whereas no change in MCT2 and MCT4 were found

(MCT2, p > 0.05; MCT4, p > 0.05; Student’s t test).

The effect of MCT1-ODN-mediated knock down was then as-

sessed on memory retention (Figures 4D and 4E). Hippocampal

injection of MCT1-ODN, compared to SC1-ODN, 1 hr before

training, had no effect on acquisition (p > 0.05; Student’s t test

or one-way ANOVA) or short-term memory tested 1 hr after

training (p > 0.05, Student’s t test; Figure 4D). However, it

completely disrupted long-term memory 24 hr after training

(Test 1). This disruption persisted 7 days after training (Test 2,

p < 0.05, two-way repeated-measure ANOVA followed by

Newman-Keuls post hoc test; Figure 4E), and memory did not

reinstate following a reminder foot shock (Test 3, p < 0.05;

Student’s t test). However, after retraining, the MCT1-ODN-

injected rats had normal memory retention, indicating that

their hippocampi were functioning normally. Thus, blocking the

induction of MCT1 evoked by IA training disrupts long-term

memory.

Given the evidence for a role of lactate in long-term memory

formation, we next asked whether exogenous L-lactate could

rescue the MCT1-ODN-induced amnesia. Because a memory-

enhancing effect has been reported for glucose (McNay and

Gold, 2002; Messier, 2004) we also tested the potential rescuing

effect of this energy substrate. Rats were injected with MCT1- or

SC1-ODN 1 hr before training and again injected, 15 min before

training, with either 100 nmol L-lactate, equicaloric 50 nmol

glucose or vehicle (Figure 4F). Memory was tested 24 hr (Test

1) and 7 days (Test 2) after training. The acquisition latencies

were similar in all groups (p > 0.05; one-way ANOVA). A two-

way repeated-measure ANOVA followed by Newman-Keuls

post hoc test indicated that MCT1-ODNwith vehicle significantly

impaired memory at both Test 1 and Test 2 (p > 0.05), thus con-

firming our previous results shown in Figure 4E. Furthermore,

rats injected with SC1-ODN and glucose had a significant

increase in memory retention at 24 hr after training compared

to SC1-ODN-vehicle-injected rats (p < 0.05). Notably, L-lactate

but not glucose significantly rescued memory retention caused

by MCT1-ODN (p < 0.05).

Because glucose enhanced memory retention, we tested

whether higher concentrations of glucose could rescue/enhance

the MCT1-induced amnesia. Rats were injected with MCT1-

ODN or SC1-ODN 1 hr before training and again injected,

15 min before training, with 150 nmol of glucose or vehicle (Fig-

ure 4G). A two-way repeated-measure ANOVA followed by

Newman-Keuls post hoc test revealed that, as with previous

results, MCT1-ODN significant impaired memory at both Test 1

and Test 2 (p < 0.05) and glucose significantly rescued memory
impairment at Test 1 (p < 0.05). However, the effect was tran-

sient, as memory was again impaired at Test 2 (p < 0.05).

We next determined the effect of knocking down the expres-

sion of the astrocytic MCT4 on memory formation (Figure 5).

Hippocampal injection of MCT4-ODN 1 hr before training signif-

icantly and selectively knocked down MCT4 concentration 12 hr

after training, compared to scrambled-ODN (SC4-ODN), as

revealed by quantitative western blot analyses of extracts ob-

tained from 1.7 mm around the needle placement (Figure 5A,

p < 0.05; Student’s t test). No change in MCT1 and MCT2

expression levels was found across samples (MCT1, p > 0.05;

MCT2, p > 0.05; Student’s t test). MCT4-ODN injected 1 hr

before training significantly impaired memory retention at both

24 hr (Test 1) and 7 days (Test 2) after training compared to

SC4-ODN (p < 0.05, two-way repeated-measure ANOVA fol-

lowed by Newman-Keuls post hoc test, Figure 5B). Notably,

the memory of MCT4-ODN-injected rats was significantly

rescued by 100 nmol of L-lactate but not of equicaloric,

50 nmol glucose injected 15 min before training (p < 0.05). There

was no effect of treatment on acquisition (p > 0.05; one-way

ANOVA). These data suggest that lactate transport through

MCT1 and MCT4 is critical for long-term memory formation.

Lactate Transport through MCT2 Is Also Required
for Long-Term Memory Formation
We next tested the effect of antisense-mediated knock-down of

the neuronal lactate transporter MCT2 on memory formation

(Figure 6). Rats received a bilateral hippocampal injection of

MCT2-ODN or scrambled-ODN (SC2-ODN) 1 hr before training

and were euthanized 12 hr after training. Quantitative western

blots of the hippocampal area targeted by the injection

(1.7 mm radius) showed that MCT2 concentrations were signifi-

cantly reduced by MCT2-ODN compared to SC2-ODN (Fig-

ure 6A, p < 0.05; Student’s t test). No change in MCT1 and

MCT4 concentrations was found across samples (MCT1,

p > 0.05; MCT4, p > 0.05; Student’s t test), indicating that

MCT2-ODN selectively downregulates the expression of MCT2.

We then examined the effect of knocking down of MCT2 on

memory retention. Rats were injected with MCT2-ODN or SC2-

ODN 1 hr before training. Memory retention was tested 1 or

24 hr after training. Acquisitions were similar in all groups

(p > 0.05; Student’s t test). MCT2-ODN did not affect short-

term memory at 1 hr after training (p > 0.05; Student’s t test; Fig-

ure 6B). However, it significantly disrupted long-term memory

retention at 24 hr after (Test 1) and 7 days after training (Test 2,

p < 0.05, two-way repeated-measure ANOVA followed by New-

man-Keuls post hoc test; Figure 6C). Memory did not recover

following a reminder foot shock (Test 3, p < 0.05; Student’s

t test), but the memory of MCT2-ODN-injected rats was normal

after retraining (Figure 6C). Hence, blocking the function of

MCT2 impairs long-term memory.

To determine whether L-lactate and/or glucose rescues the

MCT2-ODN-induced memory impairment, MCT2- or SC2-ODN

were injected 1 hr before training and 100 nmol of L-lactate,

50 nmol of glucose or vehicle were injected 15 min before

training. Memory was tested 1 (Test 1) and 7 days (Test 2) after

training. A two-way repeated-measure ANOVA followed byNew-

man-Keuls post hoc test showed that, confirming our previous
Cell 144, 810–823, March 4, 2011 ª2011 Elsevier Inc. 815
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Figure 4. Disruption of MCT1 expression impairs long-term memory

Mean %, n, latency and detailed statistic are reported in Table S3.

(A) MCTs expression performed on total (T) or synaptoneurosomal (S) extracts of dorsal hippocampus. Postsynaptic density-95 (PSD95) is used to show syn-

aptoneurosomal enrichment. Glial fibrillary acidic protein (GFAP) is used as an astrocytic marker.

(B) Examples and densitometric quantitative western blot analysis of MCT1, MCT2, and MCT4 carried out in dorsal hippocampal extracts from trained and

untrained rats (n = 6/group) injected with MCT1- or SC1-ODN and euthanized 12 hr after training. MCT1, but not MCT2 or MCT4, was significantly induced by

training. This induction was selectively blocked by MCT1-ODN injection. Data are expressed as mean percentage ± SEM of the untrained-SC1-ODN (100%)

mean values. All MCTs values were normalized to those of actin.
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Figure 5. Disruption of MCT4 Expression Also Impairs Long-Term

Memory

Mean %, n, latency, and detailed statistic are reported in Table S4.

(A) Examples and densitometric analysis of MCT4, MCT1, and MCT2 quanti-

tative western blots of extracts from dorsal hippocampal punches taken

around the needle placement from trained rats that received hippocampal

MCT4- or SC4-ODN injections and were euthanized 12 hr after training

(n = 4/group). Data are expressed as mean percentage ± SEM of trained-SC4-

ODN (100%) mean values. All MCTs values were normalized to those of actin.

(B) Memory acquisition (acq) and retention are expressed as mean latency ±

SEM (in seconds, sec). Hippocampal injection of MCT4-ODN disrupted long-

term memory and L-lactate but not glucose, rescued it. MCT4- or SC4-ODN

were injected 1 hr before training. L-lactate, glucose or vehicle (PBS) were

injected 15 min before training. Rats were tested 24 hr after training (Test 1)

and 6 days later (Test 2). (n = 10-12/group). *p < 0.05.
data (Figure 6C), MCT2-ODN with vehicle significantly impaired

memory retention at both Test 1 and Test 2 (p > 0.05), and

both L-lactate and glucose failed to rescue this amnesia
(C) Examples and densitometric analysis of MCT1, MCT2, and MCT4 quantitative

needle placement from trained rats that received hippocampal MCT1- or SC1-O

expressed as mean percentage ± SEM of trained-SC1-ODN (100%) mean value

(D–G) Memory acquisition (acq) and retention are expressed as mean latency ±

(D) Hippocampal injections of MCT1-ODN 1 hr before training did not affect sho

(E) Hippocampal injection of MCT1-ODN disrupted long-term memory. MCT1- o

training (Test 1) and 6 days later (Test 2). Thememory disruption persisted at Test

amnesic rats showed normal retention after retraining (Test 4) (n = 10–11/group)

(F) L-lactate but not glucose rescued the memory impairment induced by blocki

before training. L-lactate, glucose or vehicle (PBS) were injected 15 min before t

(G) High concentration of glucose transiently rescued the MCT1-ODN-induced

before training. 150 nmol of glucose or vehicle (PBS) were injected 15 min before

*p < 0.05.
(p > 0.05; Figure 6D). These results confirm that glucose does

not rescue the memory impairment due to astrocytic export of

lactate and indicates that lactate import through MCT2 is essen-

tial for long-term memory formation.
Training-Dependent Induction of Arc, pCREB,
and Pcofilin Are Completely Blocked by DAB
and Significantly Rescued by L-lactate
We tested whether disrupting astrocytic glycogen mobilization

influences neuronal hippocampal molecular changes known

to be required for memory consolidation in a variety of tasks.

Toward this end, we investigated the induction of Arc

expression, ser 133 pCREB, which is known to be critical for

CREB-dependent gene expression regulation (Alberini, 2009;

Mayr and Montminy, 2001) and the phosphorylation of cofilin

(pcofilin).

The change in expression levels of these markers following

training, as well as the effect of hippocampal DAB and L-lactate

administrations were determined. Rats were either trained in IA

or remained in the homecage (untrained controls). Untrained

controls, or rats 15 min before training, received a bilateral injec-

tion into the hippocampus of either 300 pmol DAB or vehicle, or

DAB and 100 nmol L-lactate. All animals were euthanized either

30 min or 20 hr after training. Thirty minutes after training was

used to examine Arc expression, since Arc is known to be rapidly

induced (Bramham et al., 2008). Twenty hours after training was

used to determine pCREB and pcofilin changes, since they are

known to accompany the formation of long-term memory and

plasticity for several hours or days (Alberini, 2009; Fedulov

et al., 2007). The homecage control rats that received similar

treatments were euthanized at paired time points (Figure 7).

Quantitative western blot analyses were used to determine

Arc, pCREB, CREB, pcofilin, and cofilin concentrations. Quanti-

tative western blot analyses indicated that, as expected, rats that

received vehicle injection and underwent IA training (vehicle-

trained) had a significant increase in hippocampal Arc compared

with untrained vehicle-injected rats (p < 0.05, one-way ANOVA

followed by Newman-Keuls post hoc test, Figures 7A and 7B).

This increase was completely blocked by DAB (p < 0.05).

L-lactate significantly rescued this DAB effect compared to

vehicle (p < 0.05).

Similarly, at 20 hr after training, pCREB and pcofilin were

significantly increased in the hippocampus of vehicle-injected,

trained rats compared to vehicle-injected untrained (p < 0.05,

one-way ANOVA followed by Newman-Keuls post hoc test,
western blots of extracts from dorsal hippocampal punches taken around the

DN injections and were euthanized 12 hr after training (n = 4/group). Data are

s. All MCTs values were normalized to those of actin.

SEM (in seconds, sec).

rt-term memory (n = 7/group).

r SC1-ODN were injected 1 hr before training and rats were tested 24 hr after

2, andmemory did not recover following a reminder shock (Test 3). MCT1-ODN

.

ng MCT1 expression (n = 7-13/group). MCT1- or SC1-ODN were injected 1 hr

raining. Rats were tested 24 hr after training (Test 1) and 6 days later (Test 2).

memory impairment (n = 8-11/group). MCT1- or SC1-ODN were injected 1 hr

training. Rats were tested 24 hr after training (Test 1) and 6 days later (Test 2).
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Figure 6. Disruption of MCT2 Expression Impairs Long-Term Memory

Mean %, n, latency, and detailed statistics are reported in Table S5.

(A) Examples and densitometric analysis of MCT2, MCT1, and MCT4 quantitative western blots of extracts from dorsal hippocampal punches taken around the

needle placement from trained rats that received hippocampal MCT2- or SC2-ODN injections and were euthanized 12 hr after training (n = 4/group). Data are

expressed as mean percentage ± SEM of trained-SC2-ODN (100%) mean values. All MCTs values were normalized to those of actin.

(B–D) Acquisition (acq) and retention are expressed as mean latency ± SEM (in seconds, sec).

(B) Hippocampal injections of MCT2-ODN 1 hr before training did not affect short-term memory tested 1 hr later (n = 8/group).

(C) Hippocampal injections of MCT2-ODN disrupted long-term memory. MCT2- or SC2-ODN were injected 1 hr before training. Rats were tested 24 hr after

training (Test 1) and 6 days later (Test 2). The memory disruption persisted at Test 2, and memory did not recover following a reminder foot shock (Test 3). The

amnesic rats that received the MCT2-ODN showed normal retention after retraining (Test 4) (n = 8/group).

(D) Neither L-lactate nor glucose rescued the memory impairment induced by MCT2 disruption (n = 6-8/group). MCT2- or SC2-ODN were injected 1 hr before

training. L-lactate, glucose or vehicle (PBS) were injected 15 min before training. Rats were tested 24 hr after training (Test 1) and 6 days later (Test 2). *p < 0.05.
Figures 7A and 7C–7F), whereas the total concentration of CREB

and cofilin, respectively, remained unchanged (p > 0.05). Both

increases were completely blocked by DAB (p < 0.05). L-lactate

injection rescued the effect of DAB and restored a high pCREB

and pcofilin expression, which was comparable to that of trained

rats that received vehicle injection (p > 0.05). These results were

further confirmed by MCT1 knock down treatments. Bilateral

hippocampal MCT1-ODNs injection significantly blocked

pCREB induction 12 hr after training, compared to SC1-ODN

(p < 0.05, one-way ANOVA followed by Newman-Keuls post

hoc test, Figure S3).

Together, these data indicate that both DAB and downregula-

tion of MCT1 expression block molecular changes induced by

learning and required for long-term memory formation as well

as relative synaptic structural changes, and that L-lactate is

sufficient to fully rescue the effect.
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DISCUSSION

Little is known about the contribution of astrocytes to cognitive

functions. The results of this study lead to the conclusion that

astrocyte-neuron lactate transport plays a critical role in long-

term memory formation.

The Critical Role of Glycogen Metabolism-Derived
Lactate in Long-Term Plasticity and Memory Formation
Our results on the DAB-dependent hippocampal lactate release

after training, DAB- and isofagomine-induced amnesia rescued

by exogenous L-lactate and D-lactate-induced amnesia indicate

that learning leads to astrocytic glycogenolysis and lactate

release that is critical for long-term memory formation, but

dispensable for learning and short-term memory. The DAB-

dependent effects are astrocytic and not neuronal because
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Figure 7. Training-Induced Increase of Arc,

pCREB, and Pcofilin Are Completely

Blocked by DAB and Significantly Rescued

by L-Lactate

Mean %, n, and detailed statistic are reported in

Table S6.

(A–F) Examples (A) and densitometric western blot

analysis of Arc (B), pCREB (C), CREB (D), pcofilin

(E), and cofilin (F) performed on dorsal hippo-

campal extracts from trained and untrained rats

injected 15 min before training with vehicle,

DAB+vehicle or DAB+L-lactate and euthanized

30 min (for Arc) or 20 hr (for all other markers) after

training. See also Figure S3.

Arc (B), pCREB (C), and pcofilin (E) expression

were significantly increased after training. This

increase was completely blocked by DAB and

rescued by L-lactate. There is no change in

expression of CREB (D) and cofilin (F) across

samples (n = 4–7/group).

Data are expressed as mean percentage ± SEM of

untrained, vehicle-injected control (100%) mean

values. All proteins values were normalized to

those of actin. *p < 0.05.
although glycogen can be found in fetal, neonatal, and postnatal

juvenile neurons up to onemonth of age (McKenna et al., 2006), it

is absent from neurons of the hippocampus and neocortex of

adult brain and only found occasionally in large neurons in the

brainstem or in the peripheral nervous system (Magistretti,

2008; Sotelo and Palay, 1968).

An amnestic effect of DAB onmemory retention at 30 to 70min

after training has been previously reported by Gibbs et al. (2006)

in a day-old chick bead-discrimination learning paradigm. This

amnesia was rescued by lactate, glutamine or acetate plus
Cell 144, 810–8
aspartate. Glucose also had an effect in

rescuing DAB-induced memory impair-

ment, but it was transient and found

only immediately after the injection but

not later (Gibbs et al., 2006). The authors

concluded that glycogenolysis is impor-

tant to provide neurons with glutamine

as the precursor for neuronal glutamate

and GABA and that glycogen is

a preferred glutamate precursor during

learning in chick (Gibbs et al., 2007).

Our results extend these findings to an

adult rat hippocampal memory and show

that the hippocampus is an anatomical

site where glycogenolysis, around the

time of training but not 24 hr later, is

required for long-termmemory formation.

Furthermore, we show (for the first time

to our knowledge) that learning results

in glycogenolysis-dependent lactate

release in the hippocampus critical for

memory formation. In line with our data,

sensory and cognitive stimuli in humans

and animals produce an increase in brain
lactate (Fray et al., 1996; Urrila et al., 2004). The DAB-induced

amnesia did not reverse after a foot-shock reminder, suggesting

that disrupting glycogen metabolism around the time of training

persistently impairs memory consolidation or storage.

Our results do not exclude that, in addition to L-lactate, other

substrates that crosstalk with or are downstream of lactate

productionmay rescue or enhance the impairedmemory caused

by blocking glycogenolysis. For example, glutamine and GABA

may rescue the DAB-induced amnesia, as one of the end-results

of training-induced lactate production may be indeed the
23, March 4, 2011 ª2011 Elsevier Inc. 819



increase of glutamine and GABA. Glucose uptake may also

result in lactate increase that may contribute to memory consol-

idation or enhancement. Our data, confirming previous studies

(McNay and Gold, 2002; Messier, 2004), show, in fact, that

glucose can enhance memory. However, glucose is much less

efficient in rescuing the amnesia caused by DAB and its effect

is transient, indicating that the end mechanisms of lactate

or glucose might be different or at least have different kinetics.

Dissecting the effects of lactate downstream to its uptake into

neurons shall be the focus of future investigations.

We also found similar outcomes when we investigated in vivo

hippocampal LTP and conclude that maintenance but not induc-

tion of Schaffer collateral-CA1 LTP requires glycogenolysis and

is mediated by lactate. Although our results indicate that glyco-

genolysis is required for LTP and not baseline activity, they do

not inform about the nature of the targeted mechanisms and

further experiments shell shed light on this issue. These findings

add to the evidence provided by a number of other studies that

investigated other types of astrocytic mechanisms, including

release of D-Serine (Henneberger et al., 2010; Panatier et al.,

2006; Zhang et al., 2008), ATP-dependent vesicular release of

glutamate (Jourdain et al., 2007) and astroglial gap junctions-

mediated delivery of energetic metabolites from blood vessels

to distal neurons (Rouach et al., 2008).

The Critical Role of Lactate Transport between
Astrocytes and Neurons in Memory Formation
Disrupting the expression of both the astrocytic and neuronal

lactate transporters MCT4 and MCT2, which are highly enriched

at synaptic sites, result in amnesia, which is rescued by L-lactate

after MCT4 but not MCT2 expression disruption. These results

together with the evidence of a necessary role for glycogenol-

ysis-dependent lactate release in the hippocampus strongly

support the conclusion that an astrocytic-neuronal lactate trans-

port critically mediates long-term memory formation.

Furthermore, learning leads to a significant increase in MCT1

expression, whose disruption completely blocks long-term

memory. MCT1 is expressed in endothelial cells of microvessels

ependymocytes, oligodendrocytes and astrocytes and, interest-

ingly, was found in the synaptoneurosomal fraction, which

consists of resealed presynaptic sac (synaptosome) fused to

a larger resealed postsynaptic sac (neurosome) as well as re-

sealed astrocytic processes, as confirmed by the presence of

GFAP (Villasana et al., 2006; Williams et al., 2009). GFAP has

been generally believed to be absent from the very fine perysy-

naptic astrocytic compartments; hence, a possible explanation

for its detection in synaptoneurosomal fractions is that commu-

nications between astrocytes and synapses may not be

restricted to the fine astrocytic protrusions but also take place

in larger, GFAP-positive processes that are sealed to synapto-

neurosomal sacs. In addition, it is possible that MCT1 expressed

in the other cells also play a critical role in long-term memory

formation. Interestingly, rapid regulation of MCT1 expression

has been documented in cell lines incubated with lactate (Hashi-

moto et al., 2007). Further experiments should shed light on

whether the learning-related induction of MCT1 is perisynaptic

and how MCT1expressed in different cells and compartments

contribute to long-term memory formation. L-lactate, but not
820 Cell 144, 810–823, March 4, 2011 ª2011 Elsevier Inc.
equicaloric concentrations of glucose, rescues these MCT1- or

MCT4-knock-down-dependent amnesia, indicating that glucose

and lactate are not functionally interchangeable. However, as

discussed above, glucose enhances memory retention in

control animals, and higher concentrations of glucose can

rescue the MCT1-ODN induced amnesia, but only transiently.

Possible explanations for these results are: first, that the

glucose-mediated memory enhancement might occur via astro-

cytic glucose uptake and subsequent glycolytic processing

leading to lactate release and that an overload of lactate via

high glucose concentrations may overcome the temporally-

limited effect of the antisense treatments. Second, glucose

entering the neuron directly may produce outcomes overlapping

with those resulting from the lactate shuttling (e.g., glutamine

and GABA increase). Nevertheless, our data point to the conclu-

sion that glucose partially and less efficiently substitutes for

lactate.

Thus, we conclude that an astrocyte-neuron lactate transport

critically supports neuronal functions, in agreement with what

proposed by Pellerin and Magistretti (1994).

The astrocyte-neuron lactate transport hypothesis does not

contradict the classical belief that glucose is a fundamental

metabolic substrate in mature brain (Clarke and Sokoloff,

1994); it suggests that both glucose and lactate have critical

roles for adult brain functioning. On one hand, lactate may repre-

sent an essential substrate mediating the astrocyte-neuron

metabolic coupling during activity-related high-energy

demands; on the other, glucose uptake into neurons also occurs

as suggested by the expression of glucose transporters of the

glut 3 type (Magistretti, 2008). However, recent data by Her-

rero-Mendez et al. (2009) showed that cultured cortical neurons

cannot sustain a high glycolytic rate as glucose is mainly used to

maintain their antioxidant status, and studies in the skeletal

muscle show that lactate is formed and utilized continuously

under fully aerobic conditions and mediates, in addition to

energy supply, important functions such as cellular signaling

and redox regulation. Thus, in agreement with Brooks (2009),

we propose that glycolytic and oxidative pathways should be

viewed as linked, as opposed to alternative processes also

with the astrocyte-neuron network. Further studies shall shed

light on the underlying mechanisms. In agreement with this

idea, there is also evidence of compartmentalized energymetab-

olism between astrocytes and neurons, especially during

increased neuronal activity (Kasischke et al., 2004) and of lactate

being a crucial aerobic energy substrate that enables neurons to

endure activation (Schurr et al., 1999).

The Critical Role of Astrocytes in Learning-Induced
Molecular and Synaptic Changes
We also found that pCREB and Arc expression, as well as

pcofilin, which represent essential mechanisms underlying

long-term synaptic plasticity and memory formation and their

related synaptic structural changes (Alberini, 2009; Bramham

et al., 2008) also depend on an intact glycogen metabolism

and astrocyte-neuron lactate transport. Both pCREB and Arc

are mostly induced in neurons following training or long-term

plasticity (Impey et al., 1998; Leutgeb et al., 2005; Taubenfeld

et al., 2001b; Vazdarjanova et al., 2006). The complete disruption



of both learning-dependent pCREB and Arc by DAB or MCT1-

ODN suggests that there is a critical functional link between

the astrocytic glycogenolysis and lactate transport and the

neuronal gene expression regulation underlying long-term

memory formation. The lactate-mediated rescuing indicates

that this functional link is mediated by lactate. Hence, it is

tempting to speculate that the neurometabolic coupling medi-

ated by lactate supplies the energy needed by activated neurons

for their local protein synthesis, degradation and activation of

signaling pathways that lead to the regulation of the gene

expression cascade that underlies long-term memory. Because

lactate has been suggested to play an important role in cellular

and organelle redox balance (Brooks, 2009), we may also

hypothesize that lactate not only represents an energy source,

but also mediates coordinated astrocyte-neuron cell-cell and

intracellular responses important for cell signaling (Gordon

et al., 2008) and regulation of gene expression.

Finally, our data showing learning-induced increased phos-

phorylation of cofilin is in agreement with and extends previous

studies reporting that unsupervised context learning in rats leads

to a 30% increase in spine numbers in the hippocampal CA1

region. These spines express pcofilin and have a larger size

compared to the average spines of control naive rats (Fedulov

et al., 2007). Similarly, pcofilin has also been found upregulated

following LTP in spines that have larger postsynaptic densities

(PSDs) (Chen et al., 2007). Hence, pcofilin represents a correla-

tive marker of spine morphological changes induced during

long-term plasticity and memory. We also showed that the

increase in pcofilin depends on an intact glycogen metabolism

and lactate transport, strengthening the hypothesis that the

astrocyte-neuron lactate transport is critical to enable the

synaptic molecular and spinemorphological changes underlying

long-term memory formation.

In conclusion, we propose that astrocyte-neuron lactate trans-

port is essential for long-term synaptic plasticity, long-term

memory, and its underlying molecular and synaptic changes.

These results may have important implications for memory

disorders and pathologies carrying memory or cognitive deficits

in general, including neurodegenerative conditions such as

Alzheimer’s disease, aging, and dementia.

EXPERIMENTAL PROCEDURES

Animals

All protocols involving the use of animals complied with the National Institutes

of Health Guide for the Care and Use of Laboratory Animals and were

approved by the Mt. Sinai School of Medicine Animal Care Committees. See

Extended Experimental Procedures for details.

Cannulae Implants

Bilateral hippocampal surgeries were performed as described by Taubenfeld

et al. (2001a). See supplemental experimental procedures for details.

Inhibitory Avoidance

Inhibitory avoidance (IA) was carried out as described previously (Taubenfeld

et al., 2001a). See Extended Experimental Procedures for details.

Drug and Oligodeoxynucleotide Injections

DAB, sodium L-lactate, sodium D-lactate, D-glucose (Sigma-Aldrich, St.

Louis, MO), and isofagomine (Santa Cruz Biotechnology, Santa Cruz, CA)
were dissolved in phosphate-buffered saline (PBS [pH 7.4]). Oligodeoxynu-

cleotides were reverse phase cartridge-purified and purchased from Gene

Link (Hawthorne, NY). All injections were performed at 1 ml of volume per

hippocampal side. See Extended Experimental Procedures for details.

Microdialysis

Microdialysis was performed as described in Rex et al. (2009), using a flowrate

of 3 ml/min and samples were collected every 10 min. Samples were subse-

quently analyzed using the AbCam Lactate Fluorescence Assay Kit. See

Extended Experimental Procedures for details.

Synaptoneurosomal Preparation

Synaptoneurosomal preparation was carried out as described in Villasana

et al. (2006). See Extended Experimental Procedures for details.

Western Blot Analysis

Primary antibodies [rabbit anti-MCT1, rabbit anti-MCT2, rabbit anti-MCT4,

rabbit anti-pCREB and rabbit anti-CREB, rabbit anti-cofilin, mouse anti-

PSD95 and rabbit anti-GFAP (Millipore, Billerica, MA), rabbit anti-pcofilin

(Abcam, Cambridge, MA), and rabbit anti-Arc (Synaptic System, Gottingen,

Germany)] were used. Actin (Santa Cruz Biotechnology, Santa Cruz, CA)

was used for loading normalization. Western blot were performed as

described previously (Taubenfeld et al., 2001b). See Extended Experimental

Procedures for details.

Electrophysiology

Electrophysiological experiments were carried out as previously described

(Bozdagi et al., 2007). DAB (300 mM), lactate (100 mM) or lactate+DAB (23

concentration from each) were applied. See Extended Experimental Proce-

dures for details.

Statistical Analysis

Data were analyzed with one- or two-way repeated-measure ANOVA followed

by Newman–Keuls or Bonferroni post hoc test. When two groups were

compared, Student’s t test was used.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Extended Experimental Procedures, three

figures, and seven tables and can be found with this article online at doi:10.

1016/j.cell.2011.02.018.
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