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l-Lactate plays a role as a metabolic and signaling molecule, accordingly, Vaccari-Cardoso and co-workers developed a

viral vector to express a modified version of lactate oxidase (LOx) originating from the bacteria Aerococcus viridans. Their

results in vitro show that LOx expression in astrocytes reduced their intracellular lactate levels and its release to the

extracellular space.
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1. Introduction

Brain energy metabolism is crucial to support cellular mechanisms at the base of brain functioning, such as the action

potentials required for neuronal communication, maintenance of ionic gradients across the plasma membrane, protein

synthesis, phospholipid metabolism, or neurotransmitter recycling . The astrocyte-neuron lactate shuttle (ANSL)

establishes that presynaptic glutamate, released from excitatory boutons, starts a chain of events leading up to L-Lactate

synthesis that is finlally shuttled to neurons. Glutamate first is taken up by astrocytes, to enter the glutamate-glutamine

cycle, together with Na  through specific astrocyte transporters, resulting in a dissipation of the Na  gradient which is

reestablished through the activity of the Na/K-ATPase . Both Na/K-ATPase activity and glutamine formation from

glutamate are highly energy consumptive processes; astrocytes increase the glucose uptake from the bloodstream.

Surprisingly, instead of using glucose through oxidative phosphorylation in mitochondria to produce ATP, astrocytes use

the glycolysis pathway to produce a few ATP molecules; this process (also known as “aerobic glycolysis” since glycolysis

is still happening despite the presence of oxygen, or “Warburg effect”) is accompanied by the synthesis of lactate, which is

released via MCT1 and MCT4 and taken up by active neurons through MCT2. In neurons, lactate is transformed into

pyruvate and is subsequently metabolized through oxidative phosphorylation, yielding between 14 and 17 ATPs per

lactate molecule . Lactate shuttle from astrocytes and further uptake by neurons has been shown to play an essential

role in learning, memory consolidation and LTP .

One such study to confirm the importance of ANLS in LTP and hippocampal memory formation was performed by Suzuki

and collaborators using electrophysiological and behavioral experiments. The electrophysiological studies showed that

LTP could be triggered in CA1 neurons following Schaffer collateral stimulation with the increased fEPSP slope, a classic

indication and monitor of increased synaptic efficacy. Behavioral trials were conducted on rats performing the inhibitory

avoidance test, a strong learning paradigm. Rodents were either exposed to an MCT inhibitor or received a bilateral

hippocampal injection of 1,4-dideoxy-1,4-imino-d-arabinitol (DAB), which is a glycogen phosphorylase inhibitor.

Researchers found inhibition of L-Lactate transfer prevented LTP maintenance and hypothesized that the

intrahippocampal application of additional lactate could bypass it. Interestingly, the effect of DAB points to the fact that

glycogen granules, being glucose stores specifically located in astrocytes, are a major source of L-Lactate, together with

glycolysis. These findings indicate that neurons require lactate uptake to meet the energy demands of LTP induction, even

when displaying average concentrations of glucose. Therefore, lactate should be available for neurons during the

conditioning phase of the behavioral test. Results show that the application of lactate after conditioning does not restore

LTP. This indicates that ANLS plays a critical role in long-term synaptic plasticity, long-term memory, as well as molecular

and synaptic changes .

A similar study by Duran et al. examined the learning capacities and electrophysiological properties of the hippocampal

CA3-CA1 synapse using glycogen synthase knockout mice. The electrophysiological results show that paired-pulse

facilitation (a form of short-term plasticity-related with short-term memory) is enhanced in the mice lacking glycogen

synthase. Moreover, paired-pulse stimulation (an indirect measurement of the probability of neurotransmitter release)

reflects a disturbance in the release of neurotransmitters at the presynaptic terminal in the knockout mice. This confirms

the role of glycogen as a precursor of glutamate and its importance in short-term memory processes. Finally, the knockout

mice did not show significant LTP after the stimulation session, suggesting that glycogen is a crucial energy source to
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evoke this change in synaptic strength. The authors also conducted a behavioral test using the Skinner box. The results

from his test reveal a significant impairment in the learning process of mice lacking glycogen synthase, which supports the

previous results .

To support the idea that lactate regulates synaptic potentiation at central synapses and contributes to the process of

memory formation, Herrera-López and co-workers carried out a series of electrophysiological experiments on

hippocampal slices. They demonstrated that extracellular lactate induces glutamatergic potentiation on the recurrent

collateral synapses of hippocampal CA3 pyramidal cells (CA3 PC). This potentiation occurs through a post-synaptic

lactate receptor mechanism, calcium accumulation and NMDA receptor activation. The researchers found that lactate

does not induce potentiation at the mossy fiber synapses of CA3 PC, concluding that lactate triggers an input-specific

form of synaptic plasticity on the hippocampus and that it increases the output discharge of CA3 neurons when recurrent

collaterals are repeatedly activated during lactate perfusion .

The degree to which long-term modifications in synaptic strength are complemented by modifications in lactate dynamics

is still a matter of research. To understand it, Bingul et al. induced LTP of synapses in the dentate gyrus in freely behaving

rats; this process was done through HFS of the medial perforant pathway. Before, during and up to 72 h after LTP

induction, the extracellular lactate concentrations were measured using fixed potential amperometry, allowing the

evaluation of how changes in synaptic strength modify local glycolytic activity. They found that synaptic potentiation was

associated with persistent alterations in acute lactate dynamics following neuronal activation and observed chronic lactate

availability within the dentate gyrus. These changes in lactate dynamics were only visible 24 h after HFS, whereas

synaptic potentiation and altered lactate dynamics lasted up to 72 h. The authors conclude that these observations reflect

a metaplastic effect that could regulate the memory consolidation process. Furthermore, these changes in extracellular

lactate concentrations could support the increased energetic demands or play a neuroprotective role . In order to

monitor lactate dynamics Mächler and co-workers used a genetically encoded FRET sensor in combination with in vivo

two-photon laser scanning microscopy. Following opening of MCTs in astrocytes and neurons using a transactivation

process, they observed at first a decrease in lactate signal in astrocytes followed by an increase of it in neurons,

demonstrating a lactate gradient between these two cell types that favor the flow of lactate from astrocytes to neurons,

consistent with the ANLS .

The ANLS model establishes that lactate is released from astrocytes through MCT1 and MCT4 and taken up by neurons

through MCT2, which makes these transporters critical in learning and memory formation . To better understand their

role, Netzahualcoyotzi and Pellerin used transgenic mice and a viral vector to decrease the expression of each transporter

within the dorsal hippocampus. They demonstrate that both neuronal MCT2 and astroglial MCT4 are essential in spatial

information acquisition and retention in different hippocampal-dependent tasks. After an intracerebral injection of lactate,

mice with reduced levels of MCT4 exhibited improved spatial memory, but this manipulation did not affect mice with an

MCT2 knockdown, supporting the idea that ANLS contributes to hippocampal-dependent learning. In contrast, MCT2 is

shown to be required for long-term memory formation seven days after training, and plays an important role in mature

neurons in the process of adult neurogenesis in the dentate gyrus .

Long-term memory formation is also affected by the release of noradrenaline and β-adrenergic signaling, which occurs in

states of arousal because the coeruleo-cortical noradrenergic projection, results in noradrenaline release in the cortex.

Noradrenaline has been shown to trigger glycogenolysis in astrocytes  resulting in aerobic glycolysis, consequently

stimulating lactate production from glycogen . Fink and collaborators studied single noradrenaline-stimulated astrocytes

by measuring cytosolic lactate concentration using a FRET nanosensor; this process was done under different

pharmacological conditions. First, they used 2-deoxy-d-glucose, a non-metabolizable form of d-glucose, to interfere with

lactate metabolism; second, DAB, a potent inhibitor of glycogen phosphorylase and glycogen degradation; and finally, 3-

nitropropionic acid (3-NPA), an irreversible inhibitor of succinate dehydrogenase, a Krebs cycle enzyme. Their findings

reveal that d-glucose uptake is critical for the noradrenaline-induced increase in lactate concentration resulting from

glycogen degradation, suggesting that most glucose molecules in the noradrenaline-stimulated cells transit through a

glycogen shunt. In addition, it was observed that under these pharmacological conditions and a defined transmembrane

glucose gradient, the glycolytic flux intermediates are used to produce lactate and support oxidative phosphorylation via

pyruvate. This was demonstrated by an increase in lactate concentration during inhibition of the Krebs cycle .

To confirm the role of noradrenaline in lactate production, Zuend et al. investigated lactate dynamics in neurons and

astrocytes in awake mice. They exposed the mice to isoflurane, which caused a strong arousal response, pupil dilatation

and Ca  elevations in both neurons and astrocytes. These alterations in cortical activity triggered an extracellular lactate

release which correlates with a fast and prominent lactate dip in astrocytes, followed by a delayed rise in neuronal and

astrocytic lactate . The work by Gao and collaborators also illustrates the role of adrenergic signaling in modulating
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long-term memory consolidation by activating glycogenolysis and subsequent lactate release . These changes

altogether suggest activity-dependent glycogen mobilization and further lactate release from astrocytes, which are critical

in the long-term memory formation and consolidation processes .

Lactate also plays an important role in supporting the expression of genes such as Arc, c-Fos, Bdnf and Zif268, which

involved in plasticity and neuronal activity . Yang and co-workers investigated this matter in vitro in primary cultures of

neurons and in vivo in the mouse sensory-motor cortex. They found that lactate stimulates the expression of genes such

as Arc, c-Fos and Zif268, which are related to synaptic plasticity, and that these effects were not replicable with glucose

nor pyruvate. This upregulation is carried out through a mechanism involving NMDA receptor activity and its downstream

signaling cascade Erk1/2. The researchers found that lactate potentiates NMDA receptor-mediated currents, which

produces elevated intracellular calcium via an increased calcium influx. Furthermore, lactate increases the intracellular

levels of NADH associated with changes in the redox state of neurons. NADH mimics the effects of lactate on NMDA

signaling, leading to the idea that an increase in NADH directly affects the effects of lactate . In another study

Margineanu and collaborators used RNA-sequencing to identify synaptic plasticity promoting genes. In addition to those

found by Yang et al., they identified that Erg2, Erg3, Erg4, Npas4, Nr4a3 and Rgs4 are modulated by L-lactate in cortical

neurons. Moreover, they identified ten genes associated with the MAPK signaling pathway; those are: c-Fos Bdnf, Atf4,

Nr4a1, Gadd45g, Map3k11, Dusp4, Dusp6 and Dusp10 . These studies lead to the conclusion that lactate can be

considered a signaling molecule in neuronal plasticity, in addition to its role in energy metabolism.

2. The Role of L-Lactate in Disease

Lactate production in astrocytes and its sequential shuttle to neurons is an essential process in learning, memory

consolidation and LTP. Accordingly, anomalies in the brain energy metabolism can result in severe pathologies or

aggravate pre-existing conditions. In particular, Alzheimer’s Disease (AD), amyotrophic lateral sclerosis (ALS),

depression, stress and schizophrenia show disruptive lactate signaling between astrocytes and neurons . For instance,

Positron Emission Tomography (PET) scans have documented reduced glucose utilization in brain regions affected by

patients with Alzheimer, Parkinson and Huntington’s disease, as well as with ALS .

AD is one of the most common forms of dementia. In its preclinical stage, brain glucose hypometabolism is recognized as

a prominent anomaly and some studies suggest that glycogenolysis plays a critical role in the development of the disease

. Impairments in glycogen synthesis could reduce glycogen levels, impeding the physiological flux of glucose units

through glycogen, consequently affecting learning and memory processes . Research shows reduced levels of GLUT1

and GLUT3, which correlates with less glucose uptake, which translates into a subsequent cognitive decline. Furthermore,

the enzymatic activity of phosphofructokinase, phosphoglycerate mutase, aldolase, glucose-6-phosphate isomerase and

lactate dehydrogenase display a loss of activity in patients with AD in comparison with age-matched controls . Ryu and

collaborators compared neural progenitor cells and astrocytes differentiated from late-onset AD patients. The authors

found a significant downregulation of lactate dehydrogenase A in both cell types and that astrocytes from late-onset AD

have a reduced metabolism of lactate .

In the case of Parkinson’s Disease (PD), glucose hypometabolism has been documented. Key enzymes glucose-6-

phosphate dehydrogenase and 6-phosphogluconate dehydrogenase are expressed in lower levels in putamen and

cerebellum of PD patients . Other studies show an increase in lactate levels in the striatum of patients and animal

models of advanced PD .

On the other hand, ALS is characterized in patients by loss of motor neurons in the brain and spinal cord, as well as

glucose intolerance, insulin resistance and hyperlipidemia. At the cellular level is common to find altered endothelial

transporter proteins and astrocyte end feet degradation . Nonetheless, research has shown that lactate could be used

directly as cerebral uptake or indirectly as gluconeogenic precursor to improve ALS symptoms .

Schizophrenia and bipolar disorders are common and severe psychiatric disorders. They characterize by overlapping

genetic background, brain abnormalities and clinical presentations. Some research suggests that alterations in brain

metabolism and mitochondrial function are evident in these disorders. A set if studies ex-vivo using mouse models of

schizophrenia, bipolar disorder and autism spectrum disorders showed lower pH and higher lactate levels in all the

models . In vivo studies in animal models and in patients confirm this evidence. Lactate concentrations are elevated

and negative correlated with general cognitive function and functional capacity . In contrast, patients suffering

from depression can benefit from lactate as a treatment option. It has been proved that lactate administration produces

antidepressant-like effects, promotes resilience to stress and rescues social avoidance and anxiety behaviors .

[18]

[12][16][18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[23]

[26]

[23]

[27][28]

[23]

[29][30]

[31]

[32][33][34]

[35][36]



References

1. Allaman, I.; Magistretti, P.J. Brain Energy Metabolism. In Fundamental Neuroscience, 3rd ed.; Squire, L.R., Berg, D.,
Bloom, F.E., Du Lac, S., Ghosh, A., Spitzer, N.C., Eds.; Elsevier Inc.: Amsterdam, The Netherlands, 2013; pp. 261–284.

2. Pellerin, L.; Magistretti, P.J. Glutamate uptake stimulates Na+,K+-ATPase activity in astrocytes via activation of a
distinct subunit highly sensitive to ouabain. J. Neurochem. 1997, 69, 2132–2137.

3. Magistretti, P.J.; Pellerin, L. Astrocytes couple synaptic activity to glucose utilization in the brain. Physiology 1999, 14,
177–182.

4. Magistretti, P.J.; Pellerin, L.; Rothman, D.L.; Shulman, R.G. Energy on demand. Science 1999, 283, 496–497.

5. Vezzoli, E.; Calì, C.; De Roo, M.; Ponzoni, L.; Sogne, E.; Gagnon, N.; Francolini, M.; Braida, D.; Sala, M.; Muller, D.; et
al. Ultrastructural evidence for a role of astrocytes and glycogen-derived lactate in learning-dependent synaptic
stabilization. Cere.l Cortex 2020, 30, 2114–2127.

6. Suzuki, A.; Stern, S.A.; Bozdagi, O.; Huntley, G.W.; Walker, R.H.; Magistretti, P.J.; Alberini, C.M. Astrocyte-neuron
lactate transport is required for long-term memory formation. Cell 2011, 144, 810–823.

7. Newman, L.A.; Korol, D.L.; Gold, P.E. Lactate produced by glycogenolysis in astrocytes regulates memory processing.
Edited by Darrell Brann. PLoS ONE 2011, 6, e28427.

8. Korol, D.L.; Gardner, R.S.; Tunur, T.; Gold, P.E. Involvement of lactate transport in two object recognition tasks that
require either the hippocampus or striatum. Behav. Neurosci. 2019, 133, 176–187.

9. Duran, J.; Saez, I.; Gruart, A.; Guinovart, J.J.; Delgado-García, J.M. Impairment in long-term memory formation and
learning-dependent synaptic plasticity in mice lacking glycogen synthase in the brain. J. Cereb. Blood Flow Metab.
2013, 33, 550–556.

10. Herrera-López, G.; Griego, E.; Galván, E.J. Lactate induces synapse-specific potentiation on CA3 pyramidal cells of rat
hippocampus. PLoS ONE 2020, 15, e0242309.

11. Bingul, D.; Kalra, K.; Murata, E.M.; Belser, A.; Dash, M.B. Persistent changes in extracellular lactate dynamics following
synaptic potentiation. Neurobiol. Learn. Mem. 2020, 175, 107314.

12. Mächler, P.; Wyss, M.T.; Elsayed, M.; Stobart, J.; Gutierrez, R.; Von Faber-Castell, A.; Kaelin, V.; Zuend, M.; Martiín,
A.S.; Romero-Gómez, I.; et al. In vivo evidence for a lactate gradient from astrocytes to neurons. Cell Metab. 2016, 23,
94–102.

13. Magistretti, P.J.; Allaman, I. Lactate in the brain: From metabolic end-product to signalling molecule. Nat. Rev.
Neurosci. 2018, 19, 235–249.

14. Netzahualcoyotzi, C.; Pellerin, L. Neuronal and astroglial monocarboxylate transporters play key but distinct roles in
hippocampus-dependent learning and memory formation. Prog. Neurobiol. 2020, 19, 101888.

15. Magistretti, P.J.; Morrison, J.H. Noradrenaline- and vasoactive intestinal peptide-containing neuronal systems in
neocortex: Functional convergence with contrasting morphology. Neuroscience 1988, 24, 367–378.

16. Zuend, M.; Saab, A.S.; Wyss, M.T.; Ferrari, K.D.; Hösli, L.; Looser, Z.J.; Stobart, J.L.; Duran, J.; Guinovart, J.J.; Barros,
L.F.; et al. Arousal-induced cortical activity triggers lactate release from astrocytes. Nat. Metab. 2020, 2, 179–191.

17. Fink, K.; Velebit, J.; Vardjan, N.; Zorec, R.; Kreft, M. Noradrenaline-induced l-lactate production requires d-glucose
entry and transit through the glycogen shunt in single-cultured rat astrocytes. J. Neurosci. Res. 2021, 99, 1084–1098.

18. Gao, V.; Suzuki, A.; Magistretti, P.J.; Lengacher, S.; Pollonini, G.; Steinman, M.Q.; Alberini, C.M. Astrocytic Β2-
adrenergic receptors mediate hippocampal long- term memory consolidation. Proc. Natl. Acad. Sci. USA 2016, 113,
8526–8531.

19. Flavell, S.W.; Greenberg, M.E. Signaling mechanisms linking neuronal activity to gene expression and plasticity of the
nervous system. Annu. Rev. Neurosci. 2008, 31, 563–590.

20. Yang, J.; Ruchti, E.; Petit, J.M.; Jourdain, P.; Grenningloh, G.; Allaman, I.; Magistretti, P.J. Lactate promotes plasticity
gene expression by potentiating NMDA signaling in neurons. Proc. Natl. Acad. Sci. USA 2014, 111, 12228–12233.

21. Margineanu, M.B.; Mahmood, H.; Fiumelli, H.; Magistretti, P.J. L-lactate regulates the expression of synaptic plasticity
and neuroprotection genes in cortical neurons: A transcriptome analysis. Front. Mol. Neurosci. 2018, 11, 1–17.

22. Powell, C.L.; Davidson, A.R.; Brown, A.M. Universal glia to neurone lactate transfer in the nervous system:
Physiological functions and pathological consequences. Biosensors 2020, 10, 183.

23. Camandola, S.; Mattson, M.P. Brain metabolism in health, aging, and neurodegeneration. EMBO J. 2017, 36, 1474–
1492.



24. Zhang, X.; Alshakhshir, N.; Zhao, L. Glycolytic metabolism, brain resilience, and Alzheimer’s disease. Front. Neurosci.
2021, 15, 476.

25. Bak, L.K.; Walls, A.B.; Schousboe, A.; Waagepetersen, H.S. Astrocytic glycogen metabolism in the healthy and
diseased brain. J. Biol. Chem. 2018, 293, 7108–7116.

26. Ryu, W.-I.; Bormann, M.K.; Shen, M.; Kim, D.; Forester, B.; Park, Y.; So, J.; Seo, H.; Sonntag, K.-C.; Cohen, B.M. Brain
cells derived from Alzheimer’s disease patients have multiple specific innate abnormalities in energy metabolism. Mol.
Psychiatry 2021, 1–13.

27. Emamzadeh, F.N.; Surguchov, A. Parkinson’s disease: Biomarkers, treatment, and risk factors. Front. Neurosci. 2018,
12, 1–14.

28. Yang, C.; Zhang, T.; Wang, W.; Xiang, Y.; Huang, Q.; Xie, C.; Zhao, L.; Zheng, H.; Yang, Y.; Gao, H. Brain-region
specific metabolic abnormalities in Parkinson’s disease and levodopa-induced dyskinesia. Front. Aging Neurosci. 2020,
12, 1–11.

29. Tefera, T.W.; Borges, K. Metabolic dysfunctions in amyotrophic lateral sclerosis pathogenesis and potential metabolic
treatments. Front. Neurosci. 2017, 10, 1–15.

30. Tefera, T.W.; Steyn, F.J.; Ngo, S.T.; Borges, K. CNS glucose metabolism in amyotrophic lateral sclerosis: A therapeutic
target? Cell Biosci. 2021, 11, 1–17.

31. Dogan, A.E.; Yuksel, C.; Du, F.; Chouinard, V.-A.; Öngür, D. Brain lactate and PH in schizophrenia and bipolar disorder:
A systematic review of findings from magnetic resonance studies. Neuropsychopharmacology 2018, 43, 1681–1690.

32. Rowland, L.M.; Pradhan, S.; Korenic, S.; Wijtenburg, S.A.; Hong, L.E.; Edden, R.A.; Barker, P.B. Elevated brain lactate
in schizophrenia: A 7 T magnetic resonance spectroscopy study. Transl. Psychiatry 2016, 6, 1–7.

33. Kuang, H.; Duong, A.; Jeong, H.; Zachos, K.; Andreazza, A.C. Lactate in bipolar disorder: A systematic review and
meta-analysis. Psychiatry Clin. Neurosci. 2018, 72, 546–555.

34. Sullivan, C.R.; Mielnik, C.A.; Funk, A.; O’Donovan, S.M.; Bentea, E.; Pletnikov, M.; Ramsey, A.J.; Wen, Z.; Rowland,
L.M.; McCullumsmith, R.E. Measurement of lactate levels in postmortem brain, IPSCs, and animal models of
schizophrenia. Sci. Rep. 2019, 9, 1–7.

35. Carrard, A.; Elsayed, M.; Margineanu, M.; Boury-Jamot, B.; Fragnière, L.; Meylan, E.M.; Petit, J.-M.; Fiumelli, H.;
Magistretti, P.J.; Martin, J.-L. Peripheral administration of lactate produces antidepressant-like effects. Mol. Psychiatry
2016, 23, 392–399.

36. Karnib, N.; El-Ghandour, R.; El Hayek, L.; Nasrallah, P.; Khalifeh, M.; Barmo, N.; Jabre, V.; Ibrahim, P.; Bilen, M.;
Stephan, J.; et al. Lactate is an antidepressant that mediates resilience to stress by modulating the hippocampal levels
and activity of histone deacetylases. Neuropsychopharmacology 2019, 44, 1152–1162.

Retrieved from https://encyclopedia.pub/entry/history/show/34739


