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A metaboliclink between
cannabis and behaviour

Pierre J. Magistretti

An active component of cannabis has been shown to disrupt
the delicate metabolic balance between neurons and
non-neuronal cells called astrocytes, altering social

behaviour in mice. See p.603

Thereis ageneral consensus that higher brain
functions, and so, ultimately, behaviour, are
controlled by dynamic communication at
the synapses that connect neurons. Decades
of psychopharmacology studies have vali-
dated this view, because most psychoactive
drugs seem to exert their effects on mood
and behaviour by interfering with the func-
tion of chemicals called neurotransmitters at
synapses'. This mechanism is proposed to
mediate behavioural responses to compounds
called cannabinoids’, which are the active
ingredient of marijuana. But on page 603,
Jimenez-Blasco et al.? report a different
mechanism of action for the cannabinoid
tetrahydrocannabinol (THC) that involves
the metabolism of lactate molecules in
non-neuronal cells called astrocytes. This dis-
covery cautions against an oversimplistic view
of the mechanisms that underlie behaviour.
The role of lactate in brain metabolism is
wellestablished®. Organelles called mitochon-
dria are the primary subcellular site for the
production of energy-carrying ATP molecules.
But some ATP is generated in the cytoplasm
through aprocess called glycolysis — this path-
way also produces lactate, along with the mol-
ecule pyruvate. Mitochondria, inturn, process
pyruvate through two cascades of biochemical
reactions: the tricarboxylic acid cycle and the
oxidative phosphorylation (OXPHOS) chain.
The OXPHOS chain consumes oxygen to pro-
duce more ATP, withmolecules called reactive
oxygen species (ROS) created as by-products.
The relative production of ATP and ROS
varies between cells and in different physio-
logical conditions. For example, astrocytes
robustly produce ROS and tend to rely on
glycolysis for energy production, releasing
lactate to be used by neurons as an energy
source** (Fig. 1a). By contrast, neuronsrely on
more-efficient OXPHOS for ATP production,
but mostly use lactate released by astrocytes,
which neurons convert to pyruvate that then
feeds into the tricarboxylic acid cycle and
the OXPHOS chain. Perhaps the first hint that
this well-oiled metabolic coupling between
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astrocytes and neurons might be disrupted by
THC came from the observation® that cannabi-
noid receptor proteins are present notonly on
neuronal membranes, but also on mitochon-
drial membranes — particularly in astrocytes,
asreported by Jimenez-Blasco and colleagues.

Jimenez-Blasco et al. show that THC acts
on one such receptor, mitochondrial canna-
binoid receptor 1 (mtCB,). Activation of
mtCB; is known to cause a decrease in oxygen

consumption® — an indisputable sign of a
decrease in cellular metabolism. The authors
confirmed this observation in astrocytes,
and showed that mtCB, activation by THC in
these cells disrupts the activity of a protein
complex called mitochondrial complex 1 (Cl),
which is the first component of the OXPHOS
chain*. Specifically, activation of mtCB,
prevents phosphorylation of a subunit of CI
called NDUFS4.

NDUFS4 promotes the formation of ROS*.
TheROS formed in the mitochondria of astro-
cytes signal back to the cell’s cytoplasm to
stimulate glycolysis and lactate production’.
Inline with these observations, Jimenez-Blasco
et al. found that stimulation of mtCB, by THC
decreases lactate production in astrocytes
by decreasing ROS production (Fig. 1b). The
authors went on to validate their results
in vivo, by downregulating various compo-
nents of the THC-mediated pathway in the
astrocytes of mice.

Next, Jimenez-Blasco and colleagues
demonstrated that a THC-mediated decrease
in lactate formation by astrocytes has
deleterious effects on neurons. The authors
grew neurons in vitro alongside astrocytes
that had previously been exposed to THC.
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Figure 1| Disrupting a delicate metabolic balance. a, Cellular energy metabolism in organelles called
mitochondriainvolves a cascade of chemical reactions called the oxidative phosphorylation chain, of
which the protein mitochondrial complex I (Cl) is acomponent. Cl activity leads to the production of
reactive oxygen species (ROS). In turn, ROS promote a metabolic process called glycolysis, in which the
molecules pyruvate and lactate are generated from glucose in the cell cytoplasm. Pyruvate is metabolized in
mitochondria through the tricarboxylic acid (TCA) cycle, which feeds back into oxidative phosphorylation.
Lactate is typically shuttled from astrocyte cells and into neurons by the protein MCT2. Here, lactate is

used to generate energy, enabling normal neuronal functions and circuits involved in social behaviour.

b, Jimenez-Blasco et al.* report that the compound tetrahydrocannabinol (THC) binds to its receptor
(mitochondrial cannabinoid receptor 1; mtCB,) on mitochondrial membranes in astrocytes. mtCB, disrupts
the activity of CI, downregulating this metabolic pathway and so decreasing the amount of lactate that is
shuttled to neurons. This causes oxidative and bioenergetic stress in the neurons, as well as neuron death,

and results in social isolation in mice.
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The neurons showed a decrease in electric
potential across the mitochondrial membrane
and an increase in mitochondrial ROS com-
pared with neurons co-cultured alongside
untreated astrocytes, indicating bioenergetic
and oxidative stress. Neurons purified from
THC-treated mice also had increased mito-
chondrial ROS levels compared with those
from control animals, and showed signs that
they were undergoing a type of programmed
cell death called apoptosis. All of these nega-
tive effects, both in vitro and in vivo, could be
reversed by delivering lactate to the neurons.

The authors found that THC-treated mice
exhibited abnormal behaviour in the form of
socialisolation —the animals spent more time
physically separated from others in their cage
than did the control mice. The effect could be
reversed by administration of lactate. Mice
also exhibited social isolation when the group
downregulated (in the brain’s hippocampus
and prefrontal cortex) the expression of a
protein called MCT2 that mediates the entry
of lactate into neurons. These observations
reinforce therole of lactate shuttling between
astrocytes and neurons in higher brain
functions.

Taken together, Jimenez-Blasco and
colleagues’ observations highlight the
importance of taking a broad view of how
complex behaviours are regulated, beyond

simple neuron-to-neuron communication.
The authors’ demonstration that lactate-
mediated metabolic coupling between neu-
rons and astrocytes modulates one social
behaviour in mice mirrors previous studies,
inwhich the transfer of lactate from astrocytes
to neurons was shown tobe necessary for syn-
aptic plasticity (changesin the strength of the
connections between neurons) and memory
consolidation®®, A growing body of work
is therefore highlighting astrocytes as key

“A growing body of work
is highlighting astrocytes
askey mediators ofhigher
brainfunctions.”

mediators of higher brain functions.

There are several pressing avenues for
further research. In particular, it remains to
be seen how the effects exerted on neurons
by decreased lactate availability evoked social
isolation. Because it is clear that other behav-
ioural effects of cannabinoids — such as those
on learning and memory — involve standard
neuronal signalling’, the contributions of each
mechanism tobehaviour should now be teased
out. Furthermore, the potential implications
of this study for humans, particularly as far as

behaviour is concerned, need to be explored.

Jimenez-Blasco and colleagues’ work
demonstrates how lactate can function as a
signalling molecule that affects behaviour.
It also highlights the tight coupling between
energy metabolism and neuronal signallingin
the brain. This exciting link is sure to be much
studied in the future.

Pierre J. Magistretti is in the Division of
Biological and Environmental Sciences
and Engineering, King Abdullah
University of Science and Technology,
Thuwal 23955-6900, Saudi Arabia.
e-mail: pierre.magistretti@kaust.edu.sa

1. Cohen, K., Weizman, A. & Weinstein, A. Eur. J. Neurosci.
50, 2322-2345 (2019).

2. Jimenez-Blasco, D. et al. Nature 583, 603-608 (2020).

3. Magistretti, P. J. & Allaman, |. Nature Rev. Neurosci. 19,
235-249 (2018).

4. Lopez-Fabuel, I. et al. Proc. Natl Acad. Sci. USA113,
13063-13068 (2016).

5. Gutiérrez-Rodriguez, A. et al. Glia 66, 1417-1431 (2018).

6. Benard, G. et al. Nature Neurosci. 15, 558-564 (2012).

7. Almeida, A., Moncada, S. & Bolafios, J. P. Nature Cell Biol.
6, 45-51(2004).

8. Hampson, R. E. & Deadwyler, S. A. J. Neurosci. 20,
8932-8942 (2000).

This article was published online on 8 July 2020.

nature

podcast

science journal.

NATURE.COM/NATURE/PODCAST

The week’s best science,
from the world’s leading

nature

© 2020 Springer Nature Limited. All rights reserved.





