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Abstract
Adult hippocampal neurogenesis is a dynamic process involved in cognitive functions, like learning and memory. Numerous 
intrinsic and extrinsic factors regulate and affect hippocampal neurogenesis. An exceptionally beneficial external factor is 
physical exercise due to the impact of the lactate accumulated during physical effort on neural plasticity. Lactate has recently 
emerged as one of the most interesting and potent factors in health and disease due to its involvement in the metabolism and 
signaling of most, if not all, of the cells in the CNS. Herein, we illustrate the effects induced by lactate on the different cell 
types within the neurogenic niche, in light of their described roles in regulating adult hippocampal neurogenesis.
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Introduction

Adult hippocampal neurogenesis is a dynamic process 
important to cognitive function, such as learning and 
memory. Numerous intrinsic and extrinsic factors regulate 
neurogenesis, including environmental enrichment, stress, 
learning, dietary interventions, and one exceptionally 
potent– physical exercise. During exercise, the metabolite 
lactate accumulates due to enhanced glycolysis in muscle 
cells. It is then transported to various organs, including 
the brain. In neurons, lactate is preferred over glucose as a 
metabolic substrate to sustain neuronal activity, particularly 
under high energy requirements (Matsui et al. 2017).

Lactate modulates molecular pathways interconnected 
with neurogenesis, such as angiogenesis (Morland et al. 
2017), neuronal excitability, and plasticity, all of which pro-
mote the survival of newly formed neurons (Álvarez et al. 
2014; Lev-Vachnish et al. 2019; Zhou et al. 2018). Lactate 
also modulates metabolic and signaling pathways of non-
neural cells in the neurogenic niche, including astrocytes, 

endothelial cells, oligodendrocytes, and microglia, which 
cue the process of neurogenesis.

Herein, we illustrate the effects induced by lactate on the 
cells within the neurogenic niche, with respect to their roles 
in regulating adult hippocampal neurogenesis.

Endothelial Cells

Blood vessels within the neurogenic niche shuttle, from the 
periphery to the CNS, factors that regulate adult neurogen-
esis, namely: brain-derived neurotrophic factor (BDNF) and 
vascular endothelial growth factor (VEGF), a strong inducer 
of adult hippocampal neurogenesis (Fabel et al. 2003) and 
angiogenesis. Production of VEGF is mediated by activation 
of the lactate receptor Hydroxycarboxylic Acid Receptor 1 
(HCAR1), highly expressed in pial fibroblast-like cells that 
wrap endothelial cells and in pericyte-like cells along micro-
vessels (Morland et al. 2017) (Fig. 1).

Endothelial cells also regulate lactate homeostasis in the 
neurogenic niche, affecting the neurogenic lineage by acti-
vating the Phosphatidylinositol-4, 5-Bisphosphate 3-Kinase 
(PI3K)/AKT pathway, which is central to cell proliferation. 
Knockout of Phosphatase and Tensin Homolog (PTEN) 
imbalances this homeostasis and increases neural stem cell 
(NSC) proliferation in young mice. Lack of PTEN, which 
typically inhibits AKT, increases AKT activation and 
decreases the expression of the lactate transporter mono-
carboxylate transporter 1 (MCT1), leading to intracellular 
lactate accumulation. When PTEN knockout mice get older, 
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NSC proliferation and differentiation decrease, possibly due 
to exhaustion of the NSC pool. The same phenomenon also 
occurs following intrahippocampal 10 mM lactate supple-
mentation; an effect that is rescued following MCT1 overex-
pression (Fig. 1). Thus, abnormal lactate accumulation in the 
hippocampus disrupts adult hippocampal neurogenesis and 
impairs memory (Scandella & Knobloch, 2019; Wang et al. 
2019). These observations contradict studies that linked lac-
tate to enhanced neurogenesis (Lev-Vachnish et al. 2019), 
angiogenesis (Morland et al. 2017), and memory function 
(El Hayek et al. 2019). The differences may stem from varia-
tions in experimental settings, as the injected 10 mM lactate 
to the hippocampus is much higher than typical lactate levels 
under normal physiological state. Nevertheless, these obser-
vations emphasize the importance of a balanced metabolic 
environment orchestrated by endothelial cells to support 
neurogenesis by shuttling metabolites, including lactate, to 
the brain parenchyma.

Astrocytic‑Neuronal Lactate Coupling

According to the astrocytes-neuron lactate shuttle (ANLS) 
hypothesis, astrocytes and neurons are metabolically cou-
pled. Astrocytes recycle glutamate from the synaptic cleft 

and convert it into glutamine. The glutamine enhances glu-
cose consumption or glycogen breakup, which elevates 
lactate production (Pellerin & Magistretti, 1994). When 
energy demand increases during intense synaptic activity, 
astrocytes supply lactate to neurons via MCTs, supporting 
neuronal function (Fig. 1). Receiving signals and forming 
synapses with other cells are crucial for the survival and 
integration of immature neurons in the circuit. Astrocytes 
are involved in synapse formation, as blocking exocytosis 
from astrocytes disrupts neuronal NMDA receptor activ-
ity and reduces dendritic spine formation on adult-born 
neurons (Sultan et al. 2015). Lactate was shown to induce 
structural stabilization of newly formed spines following 
learning (Vezzoli et al. 2020) and enhance LTP in neurons 
(Suzuki et al. 2011), which could be the mechanism by 
which lactate promotes the survival of immature neurons 
(Lev-Vachnish et al. 2019) (Fig. 1). Also, lactate shut-
tle from astrocytes to neurons facilitates calcium influx 
through NMDARs, thereby increasing the expression of 
synaptic plasticity-related genes, like Arc, cFOS, and 
BDNF (Yang et al. 2014) (Fig. 1). Whether lactate medi-
ates newborn neurons’ survival and whether this is medi-
ated via NMDAR facilitation and synaptogenesis remains 
to be seen.

Fig. 1   Lactate involvement in metabolic and plasticity events in cells 
of the neurogenic niche. In endothelial cells, the PI3K/AKT pathway 
regulates monocarboxylate transporter (MCT)-1 expression and sub-
sequently lactate transport. Lactate activates HCAR1 on pial astro-
cytes to regulate VEGF levels, which enhance angiogenesis and pro-
mote neurogenesis. Microglial polarization to either homeostatic or 
pro-inflammatory phenotype regulates lactate synthesis and secretion, 

which can be modulated by phagocytosis of newborn neurons. Oligo-
dendrocytes can actively participate in supplying neurons with lactate 
and promote axonal integrity. Astrocytes can export lactate to neurons 
as a result of recycling glutamate from the synaptic cleft as part of 
the astrocyte-neuron lactate shuttle hypothesis, to activate NMDARs 
and promote immediate-early gene transcription, neuronal survival, 
axonal integrity, LTP, and spine stabilization
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Oligodendrocytes

Myelin production is the central function of oligodendro-
cytes. Lactate is imported to oligodendrocytes through 
MCTs to support myelination by promoting differentiation 
of oligodendrocytes progenitor cells (OPCs) (Ichihara et al. 
2017); moreover, lactate is used as a precursor of lipids 
which mediates myelin synthesis (Sánchez-Abarca et al. 
2001). Although mossy fibers which stem from granule cells 
in the dentate gyrus are unmyelinated, a recent study showed 
that hippocampal demyelination diminishes adult neurogen-
esis, reduces dendritic length and spine density of adult-
born neurons. This indicates that myelination and OPCs 
differentiation can have an indirect effect on neurogenesis, 
possibly via inputs received from the myelinated axons 
that originate in the entorhinal cortex (Zhang et al. 2020). 
Beyond myelination, oligodendrocytes support axonal sur-
vival independently of myelin synthesis (Lee et al. 2012). 
Like astrocytes, oligodendrocytes are mainly glycolytic and 
can shuttle lactate to neurons through MCTs to supply local 
energy and promote axonal integrity and neuronal survival. 
MCT1 deficiency induces myelination-independent axonal 
degeneration, an effect that can be rescued by exogenous 
lactate supplementation (Lee et al. 2012) (Fig. 1). Whether 
survival of young neurons is impaired due to reduced lactate 
transfer from oligodendrocyte remains to be seen.

Microglia

As brain-resident immune cells, microglia conduct brain 
surveillance by eliminating and remodeling synapses and 
activating inflammatory responses. Metabolic shift toward 
enhanced glycolysis and accumulation of lactate occurs 
when microglial cells are polarized toward a pro-inflamma-
tory state. Blocking MCT1 during inflammation or balancing 
lactate levels outside the cells reduces microglial glycolysis 
rate, cell activation, and pro-inflammatory response (Kong 
et al. 2019). Microglia eliminates apoptotic cells, including 
newborn neurons, through phagocytosis. This is essential for 
balanced neurogenesis, as chronic inhibition of phagocyto-
sis impairs neurogenesis, while acute inhibition transiently 
enhances neurogenesis. Following phagocytosis of apoptotic 
NSCs, microglial cells secrete molecules that alter the pro-
duction of new neurons and balance between proliferation 
and survival of newborn neurons; the secretome of phago-
cytotic microglia reduces neuronal differentiation in vivo 
and in vitro (Diaz-Aparicio et al. 2020). Moreover, phago-
cytosis of apoptotic cells triggers transcriptomic changes 
that include metabolic reprogramming (Diaz-Aparicio et al. 
2020). This is similar to macrophages, in which phagocyto-
sis of apoptotic cells induct aerobic glycolysis and suppress 
oxidative phosphorylation, coupled with MCT1 upregula-
tion and increased lactate release (Morioka et al. 2018). It is 

intriguing to investigate whether the elimination of newborn 
neurons by microglia leads to lactate release in the neuro-
genic niche due to the upregulation of aerobic glycolysis and 
how this metabolic shift affects adult neurogenesis.

Summary and Prospective

As the metabolic and molecular effects of lactate on neu-
rogenesis begin to unravel, we overview the mechanism in 
which astrocytes and oligodendrocytes sense neuronal activ-
ity by tracking glutamate release from neurons and reacting 
rapidly via glycolysis to provide neurons with the energy 
needed in the form of lactate. This energy supply chain may 
begin in endothelial cells that lay in proximity, as astrocytes 
and oligodendrocytes increase glucose uptake from the 
blood via glucose transporters. Maintaining lactate levels 
in the neurogenic niche can be directly exerted by endothe-
lial cells, thereby affecting the proliferation and maturation 
of newborn neurons.
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