& frontiers

@ Check for updates

OPEN ACCESS

Aurel Popa-Wagner,

University of Medicine and Pharmacy of
Craiova,

Romania

Moises Freitas-Andrade,

Ottawa Hospital Research Institute (OHRI),
Canada

Javier Palazuelos,

Complutense University of Madrid,

Spain

Colin J. Murray
Colinmur@uvic.ca

Marie-Eve Tremblay
evetremblay@uvic.ca

This article was submitted to

Cellular and Molecular Mechanisms of Brain-
aging,

a section of the journal

Frontiers in Aging Neuroscience

08 December 2022
22 February 2023
22 March 2023

Murray CJ, Vecchiarelli HA and Tremblay M-E
(2023) Enhancing axonal myelination in

seniors: A review exploring the potential impact

cannabis has on myelination in the aged brain.
Front. Aging Neurosci. 15:1119552.
doi: 10.3389/fnagi.2023.1119552

© 2023 Murray, Vecchiarelli and Tremblay. This

is an open-access article distributed under the
terms of the Creative Commons Attribution
License (CC BY). The use, distribution or
reproduction in other forums is permitted,
provided the original author(s) and the
copyright owner(s) are credited and that the
original publication in this journal is cited, in
accordance with accepted academic practice.
No use, distribution or reproduction is
permitted which does not comply with these
terms.

Frontiers in Aging Neuroscience

Frontiers in Aging Neuroscience

Review
22 March 2023
10.3389/fnagi.2023.1119552

Enhancing axonal myelination in
seniors: A review exploring the
potential impact cannabis has on
myelination in the aged brain

Colin J. Murray*#*, Haley A. Vecchiarelli® and
Marie-Eve Tremb[ay2,3,4,5,6,7,8*

!Neuroscience Graduate Program, University of Victoria, Victoria, BC, Canada, ?Division of Medical
Sciences, University of Victoria, Victoria, BC, Canada, *Départment de Médicine Moléculaire, Université
Laval, Québec City, QC, Canada, *Axe Neurosciences, Center de Recherche du CHU de Québec,
Université Laval, Québec City, QC, Canada, °Neurology and Neurosurgery Department, McGill
University, Montréal, QC, Canada, ®Department of Biochemistry and Molecular Biology, University of
British Columbia, Vancouver, BC, Canada, Centre for Advanced Materials and Related Technology
(CAMTECQ), University of Victoria, Victoria, BC, Canada, 8Institute for Aging and Lifelong Health,
University of Victoria, Victoria, BC, Canada

Consumption of cannabis is on the rise as public opinion trends toward
acceptance and its consequent legalization. Specifically, the senior population is
one of the demographics increasing their use of cannabis the fastest, but research
aimed at understanding cannabis’ impact on the aged brain is still scarce. Aging
is characterized by many brain changes that slowly alter cognitive ability. One
process that is greatly impacted during aging is axonal myelination. The slow
degradation and loss of myelin (i.e.,, demyelination) in the brain with age has
been shown to associate with cognitive decline and, furthermore, is a common
characteristic of numerous neurological diseases experienced in aging. It is
currently not known what causes this age-dependent degradation, but it is likely
due to numerous confounding factors (i.e., heightened inflammation, reduced
blood flow, cellular senescence) that impact the many cells responsible for
maintaining overall homeostasis and myelin integrity. Importantly, animal studies
using non-human primates and rodents have also revealed demyelination with
age, providing a reliable model for researchers to try and understand the cellular
mechanisms at play. In rodents, cannabis was recently shown to modulate the
myelination process. Furthermore, studies looking at the direct modulatory
impact cannabis has on microglia, astrocytes and oligodendrocyte lineage cells
hint at potential mechanisms to prevent some of the more damaging activities
performed by these cells that contribute to demyelination in aging. However,
research focusing on how cannabis impacts myelination in the aged brain is
lacking. Therefore, this review will explore the evidence thus far accumulated to
show how cannabis impacts myelination and will extrapolate what this knowledge
may mean for the aged brain.

aged brain, myelination, myelin repair, cannabis, microglia, oligodendrocyte,
oligodendrocyte progenitor cell, astrocyte
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1. Introduction

Research looking into the potential therapeutic benefits offered by
cannabis has drastically increased since its legalization (in Canada,
medicinal: 2001, recreational: 2018) in many countries around the
world. The proposed therapeutic benefits of cannabis consumption are
numerous, ranging from pain management to a potential aid in
multiple sclerosis (MS; Whiting et al., 2015; Paes-Colli et al., 2022).
The possible benefit offered in MS—an autoimmune disease
characterized by demyelination—introduces an interesting association
between cannabinoids, the biologically active compounds found in
cannabis, and myelination (Longoria et al., 2022).

Myelination is an essential process that involves the efficient and
deft wrapping of myelin—a lipid rich sheath—around the axons of
neurons by oligodendrocytes in the central nervous system (CNS).
This wrapping facilitates rapid propagation of electrical signals and is
essential for neuronal synchronization and proper communication
between discrete regions of the brain. In adulthood, the total net level
of myelin in the brain is relatively constant, but the myelin sheaths
themselves turnover in a slow conserved cycle between degradation
and regeneration, a process facilitated by oligodendrocytes (Buscham
et al, 2019; Aber et al., 2022; Meschkat et al., 2022). However, this
homeostatic cycle is lost in the aged brain, leading to an abnormal
deposition of myelin and a net decline in myelin content (Peters, 2009;
Rivera et al., 2022). This decline is evident in the healthy aged brain
and is furthermore a common characteristic of many
neurodegenerative diseases associated with aging (Guttmann et al.,
1998; Bartzokis, 2004; Cox et al., 2016; Coelho et al., 2021; Furber
etal, 2022). Importantly, this loss is tightly linked to cognitive decline
(Bartzokis, 2004; Bennett and Madden, 2014; Wang et al., 2020;
Coelho et al., 2021).

Due to the prevalence of demyelination in the aged brain and its
association with cognitive decline, there is an urgent need to better
understand and alleviate the burdens of this process. Certain lifestyle
factors such as diet and exercise have recently emerged as a promising
way to improve cognition and brain health throughout the lifespan. A
controversial lifestyle factor that has relatively unknown cellular
effects on the brain during aging is cannabis use.

In recent years, seniors (aged 65+) have increased their use of
cannabis faster than any other demographic in North America,
possibly as a result of some combination of destigmatization,
legalization, and increased accessibility (Salas-Wright et al., 2017; Han
and Palamar, 2020; Keethakumar et al., 2021). However, research
focusing on cannabis use in seniors is scarce, not to mention research
specific to its impact on myelination. Therefore, it is prudent to
identify what impact cannabis use has on the integrity of myelin in the
aged brain in order to propose harm reduction strategies if needed.
Alternatively, the potential for cannabinoids to therapeutically target
demyelinating diseases points to an ability for cannabis to regulate the
myelination process in a beneficial way. This lack of evidence regarding
the beneficial or detrimental outcomes of cannabis on myelination in
the aged brain highlights a clear gap in the literature. By excluding
seniors, the currently available research is omitting a large portion of
the population that would not only benefit from increased research,
but also requests more information about the outcomes of cannabis
use (Bobitt et al., 2019).

This review will outline how cannabis influences the myelination
process in the CNS by examining its impact on different cell types, and
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will discuss how cannabis may alter the relationships between neurons
and glial cells, particularly in the aged brain. The aim of this review is
to highlight the potential for cannabis to modulate myelination in the
aged brain and to emphasize the paucity of research in this area in
order to stimulate future research.

1.1. The importance of myelin

In 1854, Rudolf Ludwig Virchow coined a term for a ubiquitous
substance in the brain—myelin (Boullerne, 2016). It would take
another 100 years before the central function performed by this lipid-
rich sheath—saltatory conduction—was agreed upon. The rapid
propagation of electrical information within the myelinated axon
during saltatory conduction is possible due to the insulating properties
of myelin and the nodes of Ranvier (Huxley and Stampeli, 1949). The
nodes of Ranvier are unmyelinated sections of the axon that have a
high density of voltage-gated sodium (Na,) channels that respond
rapidly to alterations in charge and function to propagate signals
necessary for the depolarization of the next node during an action
potential (Arancibia-Carcamo and Attwell, 2014). Myelin is therefore
deposited around the axon in sections, known as internodes, which
creates the boundaries for the nodes of Ranvier (Figure 1). The
internodes effectively insulate the axon by increasing the resistance of
the axonal membrane and by reducing the capacitance of the axon
(Bakiri et al., 2011; Stadelmann et al., 2019).

Mounting evidence indicates that myelination does not become
fixed after development, but is experience-driven and remains
adaptive well into adulthood (Young et al., 2013; Bechler et al., 2015;
Fields, 2015; Ford et al., 2015; Hill et al., 2018; Hughes et al., 2018;
Jiinemann et al., 2022). Various structural modifications can alter the
efficiency of this system. For example, the density of Na, channels
within the node and the length of the node itself can both alter
conduction velocity with minimal energy expenditure (Arancibia-
Cércamo et al,, 2017). The diameter of the axon, thickness of the
myelin sheath, and the length of the internode can also adjust
conduction velocity; with wider axons, thicker sheaths, and longer
internodes increasing conduction velocity up to a certain point
(Waxman, 1980; Wu et al., 2012; Chapman and Hill, 2020). A large
determinant of this adaptability is experience-driven neuronal activity,
which has been shown to promote myelination and contribute to the
modification of established myelin sheaths (Wake et al., 2011; Gibson
etal., 2014; Bechler et al., 2018; Faria et al., 2019). These modifications
then alter conduction speed, translating into variations in synapse
strength and, therefore, synaptic plasticity (Fields, 2015).

The structural features of the myelin sheath are also important for
maintaining the synchronization of action potentials within and
between neurons. This synchronization is fundamental to circuit
function and proper cognition. Experience-induced changes in
myelination can alter this synchronicity and synaptic plasticity to
optimize processing time within the circuit contextually, contributing
to complex cognitive processes like social behavior, memory, motor
learning and sensory experience throughout the lifespan (Liu et al.,
2012; Mount and Monje, 2017; Pan et al., 2020). However, the long-
range projection neurons that make up the bulk of these white matter
pathways are the most vulnerable neurons during aging, and their
deterioration can result in negative effects on the aforementioned
cognitive processes (Mattson and Magnus, 2006).
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The complex glial interactions that promote proper myelination and the general impact aging has on the myelin sheath | The process of myelination is
extremely complex and is constantly evolving to our experiences and various environmental insults throughout the lifespan. Myelination is highly
adaptive and is fine-tuned to these experiences through neuronal activity. Proper functioning of the myelinating glial cells of the CNS—
oligodendrocytes—and their precursor cells—oligodendrocyte progenitor cells (OPCs)—is essential, but the process also heavily relies on astrocytes
and microglia. The top half of this figure depicts the complex arrangement that exists between the various glial cells and neurons that all contribute to
proper myelination and circuit formation. The inset depicts the internodes of a myelinated axon and the nodes of Ranvier that they create. Lastly, the
bottom of this figure shows the general alterations and ultimate degeneration that many myelinated axons face with increasing age. Typically, myelin
sheaths become thinner, shorter and less compact (shown by the axon cross-section at the bottom) with age, although many other abnormalities also
occur. These abnormalities also contribute to the disorganization of ion channels at the paranode and at the nodes of Ranvier. Created with BioRender.

1.1.1. Myelin in the aged brain

It is now apparent that myelination does not peak until mid-life,
with peak white matter volume occurring between 30 and 50-years of
age in humans (Bartzokis et al., 2001; Sowell et al., 2003; Westlye et al.,
2010; Buyanova and Arsalidou, 2021). Non-invasive neuroimaging
techniques like diffusion tensor imaging (DTI) have been widely
utilized to determine the state of white matter in the human brain
throughout the lifespan. These studies have found a significant
reduction in white matter volume and alterations in the integrity of
myelin that suggest deterioration during aging (Pakkenberg and
Gundersen, 1997; Guttmann et al., 1998; Liu et al., 2017; Vinke et al.,
2018; Faizy et al,, 2020). Electron microscopy performed in aged
non-human primates and rodents have further clarified this
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deterioration by revealing the structural alterations present in the
myelin sheath, such as redundant myelination and reduced myelin
thickness (Figure 1; Peters, 2009; Shepherd et al., 2012; Attia et al.,
2019; Phillips et al., 2019). These alterations also contribute to the
disorganization of ion channels at the nodes of Ranvier and on the
axonal membrane at the paranode—sections of the internode directly
adjacent to the node—which likely have negative consequences on
signal transduction (Hinman et al., 2006).

The macro-scale loss and micro-scale alterations in myelin impact
the conduction speed and synchronization of action potentials,
ultimately causing latencies and overall disruptions of neuronal
communication that likely contribute to driving cognitive deficits in
the aging population (Bartzokis, 2004; Bowley et al., 2010; Attia et al.,
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2019). Cortical disconnection due to myelin loss has been proposed
as a likely candidate for reduced cognition in aged individuals for
decades. For example, early in vivo evidence in support of this
hypothesis using DTI concluded that aged individuals (56-85-years
of age) show an age-related decline in white matter, especially in the
frontal lobe, which was linked with impairments in executive
functioning (O’Sullivan et al., 2001). This observed decline has been
confirmed by more recent studies showing impairments in memory,
processing speed, attention, and general cognition, which were linked
to reduced myelin content (Brickman et al., 2012; Cremers et al., 2016;
Coelho et al., 2021). It is important to keep in mind that these
alterations occur in the “normal” aging brain, but are exacerbated in
neurodegenerative diseases like Alzheimer’s disease (Papuc and
Rejdak, 2020). Normal, or healthy, aging is an ill-defined term
referring to the natural aging process that is devoid of significant
physical or cognitive impairments and allows for the maintenance of
subjective well-being (Wong, 2018). However, non-debilitating
impairments are present in healthy aging, and may contribute to the
progression of more serious disabilities.

The mechanisms underlying the natural degradation of myelin
and the insufficiency of remyelination in the aged brain have not yet
been definitively identified. However, it is probable that there are
numerous confounding factors, of which many are expected to
be tightly associated with the glial cells responsible for the deposition,
maintenance and modification of the myelin sheath, as discussed
below (Figure 2A).

1.2. Oligodendrocytes and oligodendrocyte
progenitor cells

In the CNS, oligodendrocyte processes wrap around axons and
form the myelin sheath (Boullerne, 2016). These glial cells are capable
of extending many different processes to wrap multiple axons at a
time, with the ability to differentially alter the parameters of each
extension due to the activity of each individual neuron contacted
(Chong et al, 2012; Yeung et al,, 2014). Furthermore, mature
oligodendrocytes are capable of facilitating remyelination after
damage in cats and non-human primates, while maintaining
established myelin sheaths (Duncan et al., 2018). One particularly
relevant finding is that oligodendrocytes preferentially myelinate
active axons in development and adulthood, as found in primary cell
cultures, zebrafish and mice (Gibson et al., 2014; Hines et al., 2015;
Wake et al., 2015; Mitew et al., 2018; Faria et al., 2019). Furthermore,
through DT, neuronal circuits activated during a task were found to
have increased levels of myelination in seniors, showing the ability for
activity-dependent myelination in the aged human brain (Scholz et al.,
2009; Jiinemann et al., 2022).

The myelin sheath further provides a channel for metabolic
support to the axon. Oligodendrocytes transport various energy
metabolites like lactate from their soma through distinct cytoplasmic
channels to the innermost layer of the myelin sheath where they are
deposited into the periaxonal space (Figure 1; Fiinfschilling et al.,
2012; Meyer et al., 2018). The subsequent uptake of metabolites
supports axon function and is essential for neuronal survival (Lee
etal., 2012; Meyer et al., 2018).

However, before an oligodendrocyte can mature and participate
from

in myelination, a complex differentiation process
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The transitional relationship between myelination and aging and the
possible therapeutic advantage of cannabinoids | As emphasized
throughout this review, the process of myelination is an intricate
undertaking that involves all glial cells in the brain and is mainly
driven by experience induced neuronal activity in adulthood and
during aging. (A) The top panel of this figure shows some of the
general contributions glial cells and neurons make to the overall
process of myelination. With increasing age, a switch in cell state
takes place in glial cells and neurons, ultimately leading to improper
myelination and impairments in cognition. (B) The bottom panel
showcases some of the benefits that cannabis (mainly focusing on
THC and CBD) can have on myelination, as found in animal studies;
with the majority looking at younger time points. Although evidence
suggests improved myelination and cognition from cannabis use in
aging animals, the paucity of studies focusing on this time point
translates to relatively unknown overall effects of cannabis on
myelination. This question mark indicates that topic, which is in need
of increased research. Not only will this help fill in the gap of
knowledge as to how cannabis impacts myelination across the
lifespan, but will also better inform researchers on the effects of the
endocannabinoid system on the aged brain. With this understanding,
we are also better able to inform the public and health authorities on
the impact cannabis use has on the senior population, who at the
moment show increasing levels of consumption. Created with
BioRender.com.

oligodendrocyte progenitor cell (OPC) must occur. These cells not
only populate the developing brain, but remain present in the adult
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brain, providing a reserve for the replacement of the mature
oligodendrocyte population (Bergles and Richardson, 2016). On top
of this, OPCs were shown to form direct contacts with neuronal
synapses, to participate in synaptic engulfment, and to engage in axon
pruning during development and adulthood, thus contributing to
circuit formation and modulation in mice (Bergles et al., 2000;
Auguste et al, 2022; Buchanan et al, 2022). Neuronal activity
conveyed through these synapses relays information to OPCs that
contributes to determining their proliferation, migration and
differentiation, as well as oligodendrocyte survival, and myelination
as a whole (Mitew et al., 2018; Moura et al., 2022).

1.2.1. Oligodendrocytes and OPCs in the aged
brain

The degeneration and improper renewal of myelin in the aged
brain is predictably associated with the oligodendrocyte population.
Many of the extrinsic factors that impact oligodendrocyte function
[e.g., pro-inflammatory cytokines, reactive oxygen species (ROS)] are
the products of other glial cells and will be discussed in more detail
subsequently. Changes in axonal signaling can also present challenges
for continued myelination. As described, neuronal activity induces
myelination—therefore, it is likely that altered activity due to neuronal
dysfunction may lead to changes in activity-dependent myelination
(Sams, 2021). Furthermore, mitochondrial dysfunction in the neurons
of aged mice (12-month-old) resulted in decreased production of ATP
and increased production of ROS, which may subsequently damage
oligodendrocytes and OPCs over time, thereby preventing OPC
differentiation and myelination (Stahon et al., 2016; Spaas et al., 2021).
Although the axons remain functional and oligodendrocytes remain
active in 12-month-old mice, neuronal viability will likely decline due
to reduced ATP and increased production of free radicals, perhaps
resulting in degeneration with increasing age (Stahon et al.,, 2016).
Conversely, age-related degeneration of myelin, oligodendrocytes and
the neuron-oligodendrocyte relationship also likely leads to a decrease
in metabolic support provided by oligodendrocytes, further impacting
neuronal function (Hill et al,, 2018; Zhang X. et al,, 2021).

In aging, oligodendrocytes and OPCs also accumulate signs of
oxidative DNA (mitochondrial and nuclear) damage, a feature which
is commonly found in neurodegenerative diseases like Alzheimer’s
disease and MS (Tse and Herrup, 2017). Oligodendrocytes and OPCs
are particularly vulnerable to oxidative stress due to their extremely
high metabolic demand needed for the endogenous production of
myelin and their decreased ability to deal with free radicals (French
etal., 2009; Giacci et al., 2018). For example, oligodendrocyte lineage
cells were shown to have only half the glutathione—a major
intracellular antioxidant—content compared to astrocytes in primary
cell cultures from rats (Juurlink et al., 1998). Importantly, synthesis of
glutathione naturally declines during aging in mice, further rendering
oligodendrocyte lineage cells susceptible to damage and dysfunction
(Wang, 2003). Additionally, OPCs are particularly susceptible to
damage by oxidizing agents because of a delay in the production or
reduced activity of antioxidant enzymes (e.g., glutathione peroxidase),
which increases with maturation (Back et al., 1998; Baud, 2004; Spaas
et al, 2021). A recent review hypothesizes that this increased
vulnerability to oxidative stress may inhibit OPC differentiation
(Spaas et al., 2021).

A decline in newly formed mature oligodendrocytes has been
observed in the aged brain (Soreq et al., 2017; Hill et al., 2018; Wang
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etal., 2020; Rivera et al., 2021; Dimovasili et al., 2022). However, OPC
density does not seem to decline with age when compared across the
lifespan in mice, non-human primates or humans (Sim et al., 2002;
Doucette et al., 2010; Yeung et al., 2014; Wang et al., 2020; Dimovasili
etal,, 2022). Although it is generally accepted that the OPC population
remains stable in the aged brain, a more recent study found
significantly reduced OPC (NG2*) density in the corpus callosum of
18-month-old mice (Rivera et al.,, 2021). Nonetheless, the inability of
OPCs to differentiate into mature oligodendrocytes in the aged brain
is not currently debated, and it likely contributes to the reduced
capacity for remyelination and declining oligodendrocyte population
(Sim et al., 2002; Neumann et al., 2019; Segel et al., 2019; Rivera et al.,
2021; Zhang X. et al., 2021; Dimovasili et al., 2022). This reduced
ability to differentiate may be a consequence of a markedly different
proteome in aged OPCs (de la Fuente et al., 2020). For example,
aldehyde dehydrogenase 1 family member A1 (ALDHI1AIl) and
transcription factor 4 (TCF4) are both involved in OPC differentiation
and have notably reduced expression levels in aged rats
(>15-months-old; de la Fuente et al., 2020).

OPCs also display differing levels of ion channels and receptors
depending on age and brain region (Spitzer et al., 2019). For example,
the density of N-methyl-D-aspartate (NMDA) receptors on OPCs
significantly declines with increasing age (>6-months-old) in multiple
regions of the mouse brain, including the corpus callosum (Spitzer
etal, 2019). This change likely affects activity-dependent myelination
in the aged brain by significantly impacting the ability for OPCs to
sense and act on glutamate released from active neurons (Gautier
et al,, 2015; Spitzer et al., 2019). Interestingly, this NMDA receptor-
mediated activity-dependent myelination requires the simultaneous
presence of glutamate and growth factors like brain derived
neurotrophic factor (BDNF), hinting at the importance of surrounding
glial cells (Lundgaard et al., 2013). As a note, a-amino-3-hydroxy-5-
methyl-4-isoxazolepropionic acid (AMPA)/kainate receptors are
important for the initial stages of remyelination after experimentally
induced demyelination, where the binding of glutamate released from
active axons within the lesion promotes proliferation, survival and
differentiation of OPCs during development and adulthood in rodents
(Gautier et al.,, 2015; Kougioumtzidou et al., 2017). Although AMPA/
kainate receptor levels remain relatively constant or increase with age,
the impaired ability for neurons to form new synaptic contacts with
OPCs, combined with a decline in NMDA receptors, may decrease
OPC differentiation and activity-dependent myelination in the aged
brain (Spitzer et al., 2019; Sams, 2021).

A general increase in ROS and free radicals in the aged brain and
a phenomenon known as “niche stiffening” of the extracellular matrix
(ECM) directly adjacent to OPCs can also prevent their differentiation
(French et al., 2009; Segel et al., 2019). Niche stiffening is a dynamic
process that physically alters the elasticity of tissue, which increases
the rigidness of the ECM in the brain of aged mice (>14-months-old;
Swift etal., 2013; Segel et al., 2019). The mechanosensitive ion channel
PIEZO1 was found to be essential for the OPC detection of the
elasticity of the ECM, and the knockdown of PIEZOI resulted in
increased proliferation and differentiation of OPCs in the aged CNS
of mice (Segel et al., 2019). Furthermore, the introduction of aged
OPCs into the ECM within the prefrontal cortex of neonatal rats
rescued their proliferative and differentiating abilities, indicating the
importance of the environment for these OPC functions (Segel
etal., 2019).
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Microglia and astrocytes may also influence OPC cell fate through
their modulation of the ECM. For instance, primary microglial cells
from aged (18-24-months-old) rats treated with an inflammatory
stimulus [i.e., transforming growth factor-f (TGF-P)] creates a
microglial-deposited ECM that promotes the differentiation of OPCs
into astrocytes, thereby preventing oligodendrocyte differentiation
and myelination (Baror et al., 2019). Furthermore, oligodendrocytes
in aged mice (18-months-old) release factors that promote microglial-
but prevent OPC
differentiation (Luan et al., 2021). Similarly, astrocytes were found to

mediated survival of oligodendrocytes,
inhibit OPC differentiation and disrupt remyelination by releasing
chondroitin sulfate proteoglycans into the ECM in primary mixed
glial cell cultures from mice (Keough et al,, 2016).

Lastly, as mentioned, neurotrophic factors (e.g., BDNF) released
from glial cells impact the ability for OPCs to contribute to activity-
dependent myelination. These are just a few examples of the influence
surrounding glial cells have on OPCs, oligodendrocytes and the
process of myelination. However, astrocytes and microglia are
profoundly altered structurally and functionally in the aged brain, and
these changes extend to the cells and structures they support
(Figure 2A).

1.3. Astrocytes in myelination

Astrocytes are an extremely diverse group of glial cells that
contribute to the blood-brain barrier (BBB), blood flow modulation,
metabolite supply, and perform modulatory roles at the synapse
involved in synaptic activity and plasticity (Sofroniew and Vinters,
2010). Furthermore, astrocytes are vital for myelination. The loss of
astrocytes reduces the density of oligodendrocytes, initiates
(e.g.
decompaction) in the white matter of developing and adolescent mice
(7 days to ~1.5-months-old; Tognatta et al., 2020). These effects are
likely partly due to local increases in extracellular glutamate causing

demyelination, and promotes myelin abnormalities

excitotoxicity, and reduced trophic support [e.g., platelet-derived
growth factor (PDGF)] from astrocytes (Tognatta et al., 2020). The
uptake of glutamate from the extracellular space is an essential
function performed by astrocytes that prevents excitotoxicity of
neurons and glial cells (Mcdonald et al., 1998; Hassel et al., 2003;
Matute et al., 2007; Goursaud et al., 2009; Mahmoud et al., 2019).
Additionally, the controlled release of gliotransmitters (e.g., glutamate)
from astrocytic hemichannels—membrane channels between cells
and the extracellular space made up of connexin proteins—directly to
synapses modulates synaptic transmission and plasticity, and was even
shown to be essential for behavioral outputs including fear memory
consolidation in rats (~2-months-old; Ye et al., 2003; Stehberg et al.,
2012; Abudara et al., 2018).

Astrocytes also maintain appropriate levels of K* ions in the
extracellular space and effectively disperse them throughout the
pan-glial network that spans the entire brain (Beckner, 2020). The
pan-glial network allows for the diffusion of ions and small metabolites
between coupled cells connected through gap junctions, which are
made up of adjoining hemichannels (Orthmann-Murphy et al., 2008;
Stephan et al., 2021). The loss of astrocyte-oligodendrocyte gap
junctions results in myelin pathology (e.g., vacuolation) and loss of
astrocytes (Magnotti et al,, 2011; Tress et al., 2012). Additionally, many
human diseases characterized by demyelination (e.g., MS and
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neuromyelitis optica) show early disruption of gap junctions between
astrocytes and oligodendrocytes and a decline in connexin proteins
(Markoullis et al., 2012; Masaki, 2015).

Astrocytes are also a main source of cholesterol, facilitate iron
transport, and directly provide oligodendrocytes with metabolic
support (via gap junctions) in the adult CNS, all contributing to the
processes needed to synthesize myelin (Jurevics and Morell, 2002;
Schulz et al., 2012; Saher and Stumpf, 2015; Camargo et al., 2017;
Cheli et al., 2020). Lastly, a wide range of soluble factors [e.g., BDNF
and chemokine (C-X-C motif) ligand 1 (CXCL1)] released by
astrocytes can have myriad effects on myelination, as found in rodents
(Tsai et al., 2002; Fulmer et al., 2014; Kiray et al., 2016).

1.3.1. Astrocytes and myelination in the aged
brain

Due to the vast number of functions performed by astrocytes in
the CNS, age-related dysfunction of these cells predictably has wide-
ranging impacts on brain function. Firstly, observations in aged mice
(20-24-months-old) reveal morphological changes in astrocytes and
alterations in territorial domain that may result in reduced contacts
between adjacent astrocytes, disconnecting them from the greater
pan-glial network which is essential for many homeostatic functions
(e.g., K* spatial buffering, metabolic and cholesterol supply to
oligodendrocytes; Grosche et al., 2013; Popov et al,, 2021; Verkhratsky
etal., 2022). A steady reduction in astrocytic glutamate transporters,
reduced capacity to buffer and disperse K*, and an overall decrease in
their ability to sense synaptic activity (partly due to reduced density
of ionotropic receptors) was also observed in aged mice
(20-24-months-old), disrupting long-term potentiation of synapses
in the hippocampus (Lalo et al., 2011; Popov et al., 2021). This is likely
partly due to excess levels of glutamate in the extracellular space
resulting in excitotoxicity, which damages neurons, oligodendrocytes,
and myelin (Olney, 1971; Matute et al., 2007; Fu et al, 2009).
Additionally, the increase in hemichannel activation due to an increase
in pro-inflammatory cytokines [e.g., tumor necrosis factor-or (TNF-or)
and interleukin-1p (IL-1f)] in primary cell cultures and mice results
in an increase in the release of various ions (i.e., K*, Ca’>") and
gliotransmitters (i.e., ATP, glutamate) into the extracellular space,
further disrupting homeostasis and possibly contributing to neuronal
death (Retamal et al., 2007; Froger et al., 2010; Karpuk et al., 2011;
Orellana et al., 2011; Satarker et al., 2022). The cholesterol synthesis
pathway is also significantly altered in astrocytes from aged mice
(24-months-old), likely contributing to the observed decline of
cholesterol in the aged brain and potentially hindering production of
myelin (Boisvert et al., 2018; Palmer and Ousman, 2018).

An altered gene expression profile is further observed in aged
astrocytes. Increases in genes associated with cytokine pathways,
antigen presentation, the complement cascade, and reactivity [e.g.,
glial fibrillary acidic protein (Gfap)] were observed in astrocytes in the
hippocampus, hypothalamus, visual cortex, striatum and cerebellum
of aged mice (24-months-old; Boisvert et al., 2018; Clarke et al., 2018).
GFAP is an intermediate filament protein commonly used as a marker
for astrocytes, which significantly increases in pathological-like states
(e.g., aging and MS), indicating heightened astrocyte reactivity in
rodents and humans (Nichols et al., 1993; Saraste et al., 2021).

This elevated expression of GFAP has also been linked to astrocyte
senescence (Salminen et al., 2011; Boisvert et al., 2018). Senescence
refers to cells that enter into a distinct state characterized by
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dysfunctional mitochondria, increased production of ROS, and an
altered secretory profile as a consequence of DNA damage, telomere
shortening and an altered environment (Sikora et al., 2021). The
downstream effects of these pathways exacerbate inflammation and
impair myelination via inhibition of the OPC cycle and loss of
functional support for oligodendrocytes by astrocytes, as shown in
primary cell cultures and in mice (Palmer and Ousman, 2018; Willis
et al., 2020). Interestingly, astrocytes often do not transition into this
more damaging/senescent-like state unless microglia induce the
switch through the release of cytokines like IL-1a and TNF (Herx
et al., 2000; Liddelow et al., 2017; Clarke et al., 2018; Jha et al., 2019).
There are numerous reasons for an altered microglial secretory profile
in aging, but one specific to white matter regions could be an increase
in myelin debris that cannot be efficiently cleared/metabolized by
microglia, resulting in cellular stress (Safaiyan et al., 2016).

1.4. Microglia in myelination

Microglia—the resident immune cells of the CNS—perform vital
functions in all stages of life. They act as gardeners, constantly
surveying their surroundings looking for debris to clear, shaping and
pruning synapses, maintaining appropriate glial and neuronal
population sizes, modulating neuronal activity, and releasing various
trophic factors to support growth and development of glial cells and
neurons (Simoncicova et al., 2022). Microglia also play a substantial
role in myelination, contributing to the developmental and
experience-driven process of adaptive myelination (Kalafatakis and
Karagogeos, 2021; Santos and Fields, 2021). In fact, microglia are
present at higher densities in human white matter compared to gray
matter, highlighting their importance in this environment
(Mittelbronn et al., 2001; Askew et al., 2017). However, evidence is
more contradictory for microglial density in mice. One study found
increased density of microglia in the white matter of the forebrain,
whereas an earlier study found increased density in gray matter from
the entire mouse brain (Lawson et al., 1990; Savchenko et al., 2000).
Therefore, it is important to keep in mind the region analyzed, as
microglial density and function can greatly vary. Additionally, it is
important to note that the microglial population is not homogenous,
but instead exists as a continuum of states that contribute in divergent
fashions to supporting brain development, activity, plasticity and
integrity (Paolicelli et al., 2022).

Although microglia have a plethora of functions, three of their
activities primarily contribute to myelination. (1) Microglia release a
repertoire of soluble factors [e.g., insulin growth factor-1 (IGF-1),
IL-1B, TGF-B] that facilitate the promotion and prevention of
myelination (Hsieh et al., 2004; Pang et al., 2007; Santos and Fields,
2021; McNamara et al,, 2023). (2) Microglia phagocytose myelin
debris, which is important as myelin debris can inhibit OPC
differentiation, while efficient clearance of myelin debris allows for
effective remyelination after experimental demyelination in rodents
(Kotter, 2006; Neumann et al., 2008; Lampron et al., 2015). It was also
reported that microglia are capable of removing incorrectly deposited
myelin directly from the axon, contributing to the refinement of
myelin sheaths, as shown in zebrafish and mice during development
(Hughes and Appel, 2020; Djannatian et al., 2023). (3) Microglia
dynamically contact active axons, guided by the nodal efflux of K*
ions. This interaction was associated with improved remyelination
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after experimental demyelination in mice, and may be a way by which
microglia prevent neuronal damage from hyperactivity (Madry et al.,
2018; Ronzano et al., 2021). Microglia respond rapidly to hyperactive
neurons and wrap their processes around axons to facilitate rapid
repolarization, thus preventing excitotoxicity and maintaining
neuronal viability in mice (Kato et al., 2016). Therefore, microglia are
emerging as essential modulators of neuronal activity that substantially
contribute to determining neuronal architecture and function
(Badimon et al., 2020; Cserép et al., 2021).

1.4.1. Microglia and myelination in the aged brain

Microglia are not immune to the challenges of aging. Changes
observed in aged mice (>12-months-old) include an upregulation of
genes associated with the immune response, and a decrease in genes
associated with environment probing and interactions with the ECM
(Grabert et al,, 2016; Angelova and Brown, 2019). Furthermore, an
age-related metamorphosis in their secretory profile, resulting in
increased pro-inflammatory markers is also a common characteristic
of microglia, as observed in those sorted from the aged mouse brain
(>18-months-old; Holling et al., 2004; Sierra et al., 2007; Norden and
Godbout, 2013; Koellhoffer et al., 2017; Marschallinger et al., 2020).
For instance, aged mice have microglia with increased levels of the
nod-like receptor protein 3 (NLRP3) inflammasome (Youm et al.,
2013). After inflammasome activation, an increase in the production
of IL-1p, IL-6, TNF-« and others are observed in the mouse brain
(Youm et al., 2013; Hu et al,, 2019). Many of these compounds are
beneficial and required for proper myelination, however, a problem
arises when this activation becomes chronic, as is the case in the aged
brain (Tilstra et al., 2011). Prolonged activation of inflammatory
pathways in astrocytes and microglia promote demyelination, while
their inhibition has the potential to support remyelination in rodents
(Jha et al,, 2010; Raasch et al., 2011; Goldmann et al., 2013; Blank and
Prinz, 2014).

Impairments in microglial phagocytosis of cellular debris is
common in the aged mouse brain (>20-months-old) as well,
perhaps contributing to the increase in inflammatory factors seen
during aging (Ritzel et al., 2015; Safaiyan et al., 2016; Cantuti-
Castelvetri et al.,, 2018; Marschallinger et al.,, 2020). Impaired
phagocytosis could be partly attributed to the dysfunction of an
overwhelmed clearance system (Safaiyan et al., 2016; Thériault and
Rivest, 2016; Marschallinger et al., 2020). For instance, continuous
increases in myelin debris cannot be accommodated by microglia
in the long-term, which subsequently leads to dysfunctional
lysosomal activity and a noticeable increase in insoluble lipofuscin-
like granules—a marker of aging, dystrophy and possibly
senescence—in mice (Safaiyan et al.,, 2016).

A specific population of microglia in the white matter of the aged
brain (>18-months-old), white matter associated microglia (WAM),
has an increased expression of triggering receptor expressed on
myeloid cells 2 (TREM2)—a receptor important for phagocytosis,
lipid metabolism and proper myelination (Poliani et al., 2015; Safaiyan
etal,, 2021). In aged humans (50-80-years-old), microglia in the white
matter have increased expression of genes associated with lipid-
metabolism as well [e.g., secreted phosphoprotein 1 (SPP1) and
apolipoprotein E (APOE)], hinting at the possibility of the presence of
WAMs in humans; although TREM2 did not significantly associate
with these white matter microglial clusters (Sankowski et al., 2019;
Safaiyan et al, 2021). Their function is likely similar to the
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hypothesized function of WAMs in mice, which is thought to include
myelin debris clearance and lipid metabolism (Safaiyan et al., 2021).

Interestingly, microglia isolated from whole brains of aged mice
(>21-months-old) show significantly downregulated expression levels
of TREM2 compared to younger mice (Hickman et al., 2013; Thomas
et al., 2022). This could be due to a net decrease in microglial
expression of TREM2, despite the increases seen in WAM. However,
it has also been hypothesized that with time WAMs may become
overwhelmed and enter into a senescent state, thereby reducing
function and contributing to white matter degeneration and cognitive
decline (Ahn et al, 2022). This senescent state—perhaps more
common in WAM from rodents >18-months of age—may have
reduced expression of TREM2, contributing to the observed decline
in expression with age.

Senescent microglia may have a reduced capacity to modulate
neuronal activity because of genetic changes that result in reduced
surveillance, migration, and sensitivity to endogenous ligands, and a
heightened sensitivity to pathogens, as seen in 24-month-old mice
(Hickman et al., 2013; Madry et al., 2018; Angelova and Brown, 2019).
For example, due to the downregulation of genes for purinergic
receptors (e.g., P2ry12) and potassium leak channels (e.g., Thik-1) in
aged mice, the ability for microglia to sense hyperactive neurons and
migrate toward them in order to facilitate rapid repolarization would
be reduced, impairing their beneficial modulation (Hickman et al.,
2013; Kato et al., 2016; Madry et al., 2018). This may be a contributing
factor for neuronal hyperactivity and excitotoxicity found in the aged
brain, which negatively affects memory (Bishop et al., 2010; Stargardt
etal., 2015; Li et al., 2020).

The age-mediated alterations in microglial function that are
evident in the aged brain are thought to arise from at least two factors.
(1) Microglia become overwhelmed and cannot keep up with demand,
and/or (2) shift into a less sensitive state trying to keep inflammatory
signals to a minimum by reducing their reactivity to endogenous
ligands (Hickman et al., 2013). Although some microglia may enter
into a senescent state, many of these cells still have the ability to aid
the aged brain and maintain/improve cognition. An interesting avenue
to achieve this may be through the use of cannabis and the
endocannabinoid system. Indeed, all glial cell types have receptors for
cannabinoids, which have wide ranging effects on cellular function,
indicating that cannabis may be beneficial for glial regulation of
myelination (Figure 2B; Stella, 2010; Navarrete et al., 2014; Ilyasov
et al., 2018; Martinez Ramirez et al., 2023).

1.5. The endocannabinoid system

The endocannabinoid system extends to most regions of the body.
It encompasses naturally occurring endogenous (endo)cannabinoids,
the enzymes needed for their formation and degradation, and
cannabinoid receptors (Lu and Mackie, 2016). Although many
receptors take part in endocannabinoid signaling [e.g., peroxisome
proliferator-activated receptors (PPARs), transient receptor potential
cation channels (TRPs)], the two main cannabinoid receptors are
cannabinoid receptor type 1 (CB,R) and cannabinoid receptor type 2
(CB,R; Howlett, 2002).

CB,Rs are widespread in the CNS and are the most prevalent
G-protein coupled receptor in the mammalian brain (Herkenham
et al., 1990; Marsicano and Lutz, 1999). In the hippocampus and
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cortex, CB,Rs have an especially high localization on inhibitory
neurons, although their distribution and localization patterns differ
throughout the human and rodent CNS (Glass et al., 1997; Marsicano
and Lutz, 1999; Tsou et al., 1999; Fletcher-Jones et al., 2020).
Interestingly, a significant number of CB,Rs are not expressed on the
cell surface, but instead localize to lysosomes and late endosomes, as
shown in cell lines and primary cell cultures—possibly contributing
to lysosomal integrity and function (Rozenfeld and Devi, 2008; Bilkei-
Gorzo, 2012; Fletcher-Jones et al., 2020). Additionally, CB,Rs also
localize to mitochondria and can influence metabolism in neurons
and glial cells, as observed in primary cell cultures and in mice
(Bénard et al., 2012; Jimenez-Blasco et al., 2020).

However, the majority of neuronal CB,Rs are found on
pre-synaptic terminals, where their primary function is to suppress
the release of neurotransmitters, altering the activation of post-
synaptic channels and, therefore, modulating synaptic activity and
plasticity (Mackie and Hille, 1992; Di Marzo et al., 2015; Zou and
2018). The
neurotransmitter release is achieved by the reduced influx of

Kumar, cannabinoid-mediated  reduction in
presynaptic Ca** due to the inhibition of voltage gated Ca** channels
and of adenylyl cyclase, which downregulates cyclic adenosine
monophosphate and protein kinase A, two cellular constituents
involved in increasing the influx of Ca** (Castillo et al., 2012). CB,R
activation in pre-synaptic terminals is mainly facilitated through
retrograde signaling of endocannabinoids released from the post-
synapse (Kano et al., 2009; Castillo et al., 2012; Njoo et al., 2015).

CB,Rs have much lower levels of expression in the CNS of humans
and rodents (Lu and Mackie, 2016; Jordan and Xi, 2019). Interestingly,
CB,R mRNA expression can vastly increase during an inflammatory
insult, with microglia from mice displaying as much as a 10-fold
increase (Maresz et al., 2005). This finding indicated that the CB,R
likely plays a substantial role in CNS immune function, which has
been subsequently supported in the literature (Turcotte et al., 2016;
Komorowska-Miiller and Schmdle, 2020). CBRs may attenuate
pro-inflammatory cytokine secretion by interfering with the
phosphorylation of mitogen activated protein kinases (MAPK), such
as extracellular signal-regulated kinase (ERK), which is known to
participate in pro-inflammatory pathways, as shown in microglial cell
line cultures (Eljaschewitsch et al., 2006; Young and Denovan-Wright,
2022a,b). Furthermore, activation of CB,Rs promotes IL-10 (an anti-
inflammatory cytokine) secretion from primary microglia cells from
mice by reducing the translocation of the transcription factor nuclear
factor-xB (NF-kB) to the nucleus via reduced phosphorylation of IkB
Kinase-o (IKKo)—a subunit of the IKK complex that is essential for
NE-kB signaling—which subsequently prevents NF-kB formation
(Solt and May, 2008; Correa et al., 2010). Of note, NF-kB-mediated
inflammation is often via the inflammasome and is associated with
many white matter associated diseases and is upregulated in the aged
brain (Tilstra et al., 2011; Youm et al., 2013; Blank and Prinz, 2014;
Rea et al., 2018). Evidence also suggests that CB,Rs are present on
post-synaptic terminals of neurons in rodents and non-human
primates, although expression levels are relatively low and may depend
on brain region (Brusco et al., 2008; Lanciego et al., 2011; Li and Kim,
2015; Stempel et al., 2016).

Importantly, astrocytes, oligodendrocytes, and OPCs possess
CB,Rs and CB,Rs, highlighting the wide range of functions performed
by this system (Navarrete et al., 2014; Ilyasov et al., 2018; Martinez
Ramirez et al., 2023). The impact these receptors have with respect to
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their activation by cannabinoids on individual cell-types will
be discussed in more detail below (Figure 2B).

1.5.1. The endocannabinoid system in aging

The endocannabinoid system undergoes an unequivocal
transition during aging across species (Bilkei-Gorzo, 2012; Bishay
et al., 2013; Pascual et al., 2013; Di Marzo et al., 2015; Piyanova
et al., 2015). The direction of this change relies on the region
investigated and, therefore, its impact on brain function differs
based on the affected region and the context in which it
is examined.

A general trend in the literature suggests that CB,R density
decreases throughout the brain with aging, however, receptor
function seems to differentially change depending on the region
and cell type (Mato and Pazos, 2004; Bilkei-Gorzo, 2012; Di Marzo
etal., 2015; Ginsburg and Hensler, 2022). Interestingly, G;,-coupled
protein receptors decline in the aged brain as a whole (de Oliveira
etal., 2019).

The CB,R is less well characterized due to methodological
difficulties and, therefore, the change in CB,R expression with age
is less well-known (Zhang et al., 2019). One study did not find any
reductions in CB,R density in any region analyzed from aged mice
(22-months-old), while an earlier study found a significantly
declined receptor density in synaptosomes, but not in overall
membrane fractions from aged rats (24-28-months-old; Pascual
etal, 2014; Hodges et al., 2020). This discrepancy could be a result
of different rodent species and/or differential CB,R expression
based on cell type. It could be speculated that neuronal synaptic
expression of CB,Rs decline with age, whereas glial expression
remains constant or potentially increases, which would warrant
further investigation.

Sex differences are a common feature of the endocannabinoid
system, although this depends on the type of measurement and
regions analyzed (Laurikainen et al, 2019; Van Ryzin et al., 2019; De
Meij et al., 2021; Levine et al., 2021; Vecchiarelli et al., 2022). For
example, in the human brain, females exhibited increased binding of
the CB,R with age, whereas males did not show any change (Van Laere
et al, 2008). Similarly, adult female CB,R-knockout (KO) mice
displayed larger alterations in synaptic markers compared to male
mice, although both sexes exhibited deficits in social memory
(Komorowska-Miiller et al., 2021b).

Aging impacts the endocannabinoid system on multiple levels,
and myelination relies on support from numerous cell types and is
moderately guided by neuronal activity, two processes which are
partly controlled by the endocannabinoid system. Therefore, any
modification to endocannabinoid signaling will likely have an impact
on myelination, one of the most important structural and functional
aspects of the CNS.

1.6. Cannabis and the endocannabinoid
system

Cannabinoids exert their influence over the endocannabinoid
system mainly through CB,Rs and CB,Rs, which contribute to the
sought after medicinal and recreational qualities of cannabis. The
most common psychoactive cannabinoid, A-9-tetrahydrocannabinol
(THC), has a relatively high affinity for the two cannabinoid
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receptors (Pertwee, 2008). THC is generally considered to be a
partial agonist for both CBRs, although its inhibitory effect on
synapses can be comparable to that of a full agonist (Laaris et al.,
2010). By contrast, cannabidiol (CBD)—the most common
non-psychoactive cannabinoid—does not have a particularly high
affinity for either CBR, but was shown to antagonize CBR agonists
(Thomas et al., 2007). CBD is a negative allosteric modulator of
CB,Rs, and is suggested to act as an inverse agonist of CB,Rs
(Thomas et al., 2007; Laprairie et al., 2015). The anti-inflammatory
effects attributed to CBD may be exerted through this inverse
agonism of CB,Rs (Thomas et al., 2007; Pertwee, 2008; Yu et al.,
2020). However, it is important to note that both THC and CBD
have many CBR-independent or indirect signaling mechanisms that
also contribute to their overall outcomes (Pertwee, 2008; Stella,
2010). Interestingly, one indirect mechanism is the ability for CBD
to inhibit fatty acid amide hydrolase (FAAH)—the enzyme required
for the degradation of N-arachidonoylethanolamine (anandamide;
AEA), an endocannabinoid—which results in an increase in AEA
(Watanabe et al., 1996; Bisogno et al., 2001; De Petrocellis et al.,
2011). Of note, there is a large body of research looking at the
potential benefits of inhibiting endocannabinoid metabolizing
enzymes; with studies showing that increases in AEA have an
immunomodulatory effect, and can potentially aid in MS, as shown
in mice (Rossi et al., 2010; Vazquez et al., 2015a; Vecchiarelli
etal., 2021).

The changes observed in the endocannabinoid system in the aging
brain are mostly similar to those observed after chronic THC exposure
(Yoo et al., 2020). The most noticeable effect observed after chronic
THC exposure is the significant but reversible reduction in CB,Rs,
with cortical regions showing more extensive decreases in expression
(Hirvonen et al., 2012; D’Souza et al., 2016; Augustin and Lovinger,
2022). However, it should be noted that these studies used exclusively
male participants. Studies including females are lacking, which is a
significant gap since sex differences with respect to the
endocannabinoid system are well-described (Laurikainen et al., 2019;
Levine et al., 2021).

Importantly, THC does not interact with the brain in equal
measure, as found by Leishman et al. (2018). In this study, acute
administration of THC [3mg/kg; intraperitoneal injection (i.p)]
differentially impacted the lipidome and transcriptome depending on
the brain region and age of the subject, 2h after administration. THC
is distributed and metabolized in a region-specific manner, with
highest levels in the hippocampus. Another interesting finding of this
study was that adult mice (~4-months-old) displayed the largest
changes after acute THC exposure compared to exposed ~1 and
~2-month-old mice, with a general downregulation of the
endocannabinoid system. The effect of THC in the aged brain was not
examined in this study, but the observed changes would likely
be different than other time points.

Although THC and CBD are the main cannabinoids found in
cannabis, it is important to note that 100 of different cannabinoids
and other biologically active compounds exist in the plant, such as
terpenes, including B-caryophyllene (Kopustinskiene et al., 2022).
These compounds likely work synergistically to produce the effects of
cannabis through multiple different signaling pathways, creating what
is called the “entourage effect” (Ferber et al., 2020; Finlay et al., 2020).
However, due to a lack of literature, the next sections will focus on
THC, CBD, and some synthetic cannabinoids.
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1.7. The impact of cannabis on microglia

One of the most essential microglial functions that promotes
myelination is the clearance of myelin debris (Kotter, 2006; Lampron
et al, 2015). The CB,R has been shown to be important for
phagocytosis in microglia. For instance, in CB,R-KO primary
microglia from mice, phagocytosis was significantly reduced in both
steady-state conditions and following an inflammatory stimulus (i.e.,
TGF-B) compared to controls (Mecha et al., 2015). Similarly, activation
of the CB,R increased phagocytosis in primary cell cultures and
improved the removal of amyloid-f,, peptides in a mouse model of
Alzheimer’s disease pathology (Ehrhart et al., 2005; Aso et al., 2016).
Additionally, microglia from CB,R-KO mice (18-months-old) had an
age-dependent increase in lipofuscin granules compared to the control
group, signifying reduced lysosomal degradation (Komorowska-
Miiller et al., 2021a). These findings indicate a significant role played
by CB,Rs in the proper removal and degradation of debris, and in the
microglial response to environmental stimuli. However, other
receptors likely also contribute, as CBD has been shown to promote
phagocytosis through TRPs in primary microglial cell cultures from
mice (Hassan et al., 2014; Yang et al., 2022). Briefly, TRPs are Ca?*-
permeable channels known for their role in temperature sensation, but
interestingly, have also been shown to play a role in the release of
pro-inflammatory cytokines from microglia in mice exposed to
immunogenic agents [i.e., lipopolysaccharide (LPS)] (Zhang Y. et al.,
2021). The observed increase in phagocytosis due to CBD is thought
to be related to the TRP-mediated increase in the influx of Ca*
(Hassan et al., 2014).

Increased microglial phagocytosis of myelin debris following the
application of 2-AG subcutaneously via an osmotic pump
subsequently promoted remyelination in an adult mouse model of
experimental demyelination (Mecha et al., 2019). This study also
observed an altered secretory profile, with increases in IL-1p, TNF-a,
and IL-10 in the brain after 2-AG application. This is an example of an
augmented immune response, where the benefits of pro-inflammatory
cytokines in tandem with anti-inflammatory cytokines work
synergistically to promote remyelination. However, microglia in the
aged brain are responding to chronically elevated levels of
pro-inflammatory factors resulting in reduced functional capacity.

Activation of the CB,R by AEA in primary microglial cells from
mice has been shown to reduce NF-kB signaling and increase
expression of IL-10 (Correa et al., 2010). The anti-inflammatory effect
produced by IL-10 is partly through a negative feedback loop with
astrocytes, where the binding of IL-10 causes the release of TGF-f
from astrocytes, which subsequently attenuates pro-inflammatory
cytokine production in primary microglia cells (Norden et al., 2014).
However, astrocytes have reduced expression of IL-10 receptor-1 in
aged mice (>18-months-old), and fail to effectively diminish
microglia-mediated inflammation (Norden et al., 2016; O'Neil et al.,
2022). Therefore, compounds that can act directly on microglia to
reduce  pro-inflammatory  cytokine production are of
particular interest.

Selective CB,R agonists (i.e., JWH-133; i.p.) reduce the release of
pro-inflammatory cytokines from microglia in a mouse model of
Alzheimer’s disease pathology (Aso et al., 2013). Similarly, activation
of CB,Rs and CB,Rs by synthetic cannabinoids [i.e., arachidonyl-2'-
chloroethylamide (ACEA) and HU-308, respectively] reduced nitric
oxide, TNF-a, IL-1f and IL-6 release from spontaneous immortalized
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microglia (SIM)-A9 cells in culture (Young and Denovan-
Wright, 2022a).

CBD also has the ability to beneficially regulate the oxidative
status in microglia by acting as an antioxidant, where it may directly
scavenge ROS and/or inhibit the phosphorylation of upstream kinases
needed for NF-kB signaling in primary microglia cells cultured from
mice (van den Berg et al., 2001; dos-Santos-Pereira et al., 2020; Atalay
Ekiner et al., 2022). This results in reduced levels of IL-1p and TNF-a
independently of CB,R, CB,R or PPARY, as tested using receptor
antagonists. These effects could also be partly regulated by increased
levels of endocannabinoids or through TRP channels, since CBD has
a relatively high affinity for TRP vanilloid receptor 1 (TRPV1), which
has been shown to modulate cytokine production in microglia
(Stampanoni Bassi et al, 2019). Furthermore, in a mouse
(1-month-old) model of viral-induced demyelination, CBD (5 mg/kg;
i.p) attenuated morphological alterations in microglia, and reduced
production of IL-1B, chemokines, and vascular cell adhesion
molecule-1 (VCAM-1) through adenosine A,, receptors (Mecha et al.,
2013). Interestingly, VCAM-1—a protein expressed by endothelial
cells in the BBB that is involved in peripheral immune cell
recruitment—expression increases in the aged brain, and the
application of anti-VCAM-1 antibodies reduces microglial reactivity
and improves memory and learning in aged (19-month-old) mice
(Yousef et al., 2019). Overall, it is clear that CBD acts through a
number of vastly different pathways that have overlapping effects on
the brain.

Although the anti-inflammatory effects of the CB,R are well-
characterized, it is also important to note that the CB,R seems essential
for many environmental-induced immune responses in microglia.
Primary microglia cell and organotypic hippocampal slice cultures
generated from CB,R-KO mice showed attenuation of the microglial
immune response to toll-like receptor (TLR) ligands (e.g., TLR4/3/9),
preventing the pro-inflammatory cascade usually associated with TLR
ligands (Reusch et al, 2022). Therefore, although the CB,R can
function to suppress inflammation, it also contributes to its initiation.
These studies highlight how complex the interaction between the
endocannabinoid system and microglia is.

The CB,R is also important for the inflammatory response, as a
recent study found that inflammation was dependent on microglial
CB,Rs (De Meij et al,, 2021). They found decreased pro-inflammatory
cytokines in mice (2-5-months-old) with CB,R-KO microglia exposed
to LPS. However, it also increased sickness behavior in male, but not
female mice (De Meij et al., 2021). Similarly, ablation of the CB,R
resulted in early age-related cognitive deficits in mice (Bilkei-Gorzo
etal., 2005; Albayram et al., 2011). Therefore, the activation of CB,Rs
may be beneficial for preventing sickness behavior and age-related
cognitive decline. This is true with respect to THC, but only with
certain doses (Sarne, 2019). Ultra-low (0.002 mg/kg; i.p) and low
(3mg/kg; i.p) doses of THC resulted in improved cognitive function
in old mice (24 and 18-month-old, respectively), whereas the same
dose induced cognitive impairments in adult mice (2-months-old;
Bilkei-Gorzo et al,, 2017; Sarne et al.,, 2018). However, higher doses of
THC have the reverse effect (Calabrese and Rubio-Casillas, 2018).
This dose-dependent alteration was also observed in microglia in the
2-month-old mouse brain, where higher doses (20 mg/kg; i.p) of THC
resulted in the increased release of pro-inflammatory cytokines
compared to lower doses (Cutando et al., 2013). In line with this, a
recent study found that adolescent mice exposed to daily low-doses of
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THC (5mg/kg; ip) resulted in the downregulation of genes
responsible for the microglial response to an immune insult (e.g.,
IL-1B, IL-6), which carried over into young adulthood
(~1.5-months-old) but not maturity (~4-months-old; Lee et al., 2022).
This blunting of the microglial response attenuated reactivity to LPS
and, furthermore, altered behavior in mice, where exposed mice
showed an inability to react appropriately to psychosocial stress (Lee
etal, 2022). These impacts were mediated through the CB,R, as tested
using receptor antagonists. These studies highlight the differential
impact cannabis can have on the developing brain and the aged brain,
where low doses may be detrimental to young animals, yet beneficial
to aged animals.

The reduced production of pro-inflammatory cytokines with
THC administration may occur through the inhibition of NF-kB
signaling in microglia and astrocytes, as observed in cell culture
experiments (Kozela et al., 2010; Rizzo et al., 2019). Interestingly, the
overexpression of CB,Rs in adult mice undergoing experimental
demyelination resulted in delayed onset and reduced severity of
symptoms, whereas CB, R antagonism quickened symptom onset and
increased the expression of inflammatory cytokines and NF-kB
proteins (Lou et al., 2016, 2018). Furthermore, an alteration in cell
state and expression profile (i.e., increase in pro-inflammatory
cytokines and nitric oxide) was observed in cultured BV-2 cells treated
with a CB,R antagonist (Lou et al., 2018).

It is clear that cannabinoids are involved in the microglial response
to inflammation with respect to secretory profile and phagocytosis.
This is the major way in which microglia may modulate myelination.
However, it is important to note that there is still a paucity in in vivo
experiments conducted with aged mice, emphasizing the need for
increased research (Scipioni et al., 2022).

1.8. The impact of cannabis on astrocytes

The crosstalk that exists between microglia and astrocytes is
essential for proper function and plasticity of the brain and
maintenance of homeostasis (Jha et al., 2019; Matejuk and Ransohoff,
2020). However, in aging, certain aspects of this communication
network become exacerbated. As discussed, the aged brain
environment alters microglial state including their release of soluble
factors. The concomitant impact aging has on astrocytes also induces
a phenotypic switch that results in altered gene expression,
perpetuation of inflammation, and recruitment of peripheral immune
cells, which further exacerbates inflammation (Palmer and Ousman,
2018; Jha et al., 2019).

The ability for THC to inhibit NF-kB and reduce the release of
IL-1p and TNF-a from microglia also extends to monocytes/
macrophages and lymphocytes in human and rodent cell lines and
primary cell cultures (Shivers et al., 1994; Kozela et al., 2010; Rizzo
et al., 2019; Henriquez et al., 2020). This inhibition then translates
into an observed reduction in the astrocytic release of IL-6 and
monocyte chemoattractant protein-1 (MCP-1) in primary human
cell cultures, thereby reducing inflammatory signaling and
peripheral immune cell recruitment, respectively (Rizzo et al., 2019;
Henriquez et al., 2020). Although IL-6 can be beneficial for many
aspects of development including myelination, the chronically
increased levels that are seen in aged humans and rodents are
damaging and pro-inflammatory in nature (Ferrucci et al., 1999;
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Godbout and Johnson, 2004; Kimura and Kishimoto, 2010; Ritzel
et al., 2016; Porcher et al., 2021).

This protective effect offered by THC is thought to be facilitated
by the activation of CB,Rs, which is elevated in microglia and
astrocytes within an inflammatory environment (Benito et al., 2008;
Di Marzo et al., 2015; Cassano et al., 2017). However, other receptors
may also play a role. Indeed, a recent study observed a marked
inhibition of pro-inflammatory cytokines produced by IL-1p-
stimulated primary cell cultured human astrocytes when pre—/
co-treated with WIN55,212-2—a synthetic cannabinoid that displays
similar effects to THC (Compton et al., 1992; Fields et al., 2022). This
effect was independent of the CB,R and PPARs (Fields et al., 2022).
Conversely, through PPARy, CBD reduced pro-inflammatory
cytokine release, inhibited NF-xB, and reduced GFAP expression in
primary astrocyte cells stimulated with amyloid-p, 4, peptides, while
also promoting neurogenesis in adult rats (Esposito et al., 2011).
Furthermore, as discussed, CBD has the ability to diminish microglial
cytokine production by scavenging ROS, diminishing NF-kB activity,
reducing VCAM-1 levels and increasing the availability of
endocannabinoid ligands. This may also lessen the extent to which
astrocytes participate in peripheral immune cell recruitment and
inflammation (Mecha et al., 2013). Indeed, a recent study found an
association between CBD administration, reduced phosphorylation
of NF-kB and reduced release of IL-6 from mouse primary cultured
astrocytes stimulated with LPS (Wu et al.,, 2021).

However, cannabis includes both THC and CBD. Administration
of Sativex®—an approved oromucosal spray (Health Canada and
various European health agencies) containing THC (5mg/kg) and
CBD (5mg/kg) for the treatment of symptoms associated with MS—
reduced astrocyte reactivity and decreased the expression of
pro-inflammatory cytokines released by microglia in a mouse model
of MS (Feliti et al., 2015). Sativex® also preserved myelin morphology
in mice exposed to virus-induced demyelination.

Inflammation can also be induced by disrupting the proper
communication between astrocytes and neurons. The deletion of
CB,Rs from GABAergic neurons enhanced a phenotypic switch in
astrocytes already associated with aging, including increased GFAP
expression and amplified pro-inflammatory cytokine secretion in
mice (Bilkei-Gorzo et al., 2018). Therefore, disruption of
endocannabinoid signaling between neurons and astrocytes—which
naturally occurs during aging—causes a deleterious transition in
astrocytes that perpetuates cytokine-mediated damage. The
application of cannabinoids may help since they directly act on
astrocytes to diminish cytokine release (Sheng et al., 2005; Aguirre-
Rueda et al., 2015; Rizzo et al., 2019; Fields et al., 2022).

Chronic inflammation was also identified as a major influencer of
astrocytic gap junctions and hemichannels in rodents and humans
(Bronzuoli et al., 2019; Peng et al., 2022). Typically, hemichannels
remain mostly closed under “normal” conditions, but can be opened
during pathological conditions; whereas the reverse is true for gap
junctions (Peng et al., 2022). IL-1p and TNF-a released from microglia
can open astrocytic hemichannels and reduce coupling between
astrocytes in primary cell/slice cultures and in vivo in mice (Méme
et al., 2006; Retamal et al., 2007; Abudara et al., 2015; Vazquez et al,,
2015b). The application of synthetic cannabinoids (e.g., WIN55,212-2)
were able to reduce the microglial release of these factors and directly
act on primary astrocyte cells from mice to reduce hemichannel
activation, preventing astrocytic uncoupling and maintaining gap
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junctions (Froger et al., 2009; Gajardo-Gémez et al, 2017).
Furthermore, direct activation of astrocytic CB,Rs was found to
be required for the observed decrease in hemichannel activation, as
determined by CB,R antagonism (Froger et al., 2009; Gajardo-Gomez
etal, 2017). On the contrary, AEA (1 uM; topical application through
a cortical cranial window) was shown to increase hemichannel activity
in adult mice in vivo, resulting in a release of ATP that caused
microglial process extension and migration toward the injury site
(Vazquez et al.,, 2015b). Similarly, THC (5 mg/kg; i.p) has been shown
to result in an increase in glutamate in the extracellular space by
binding to astrocytic CB,Rs in mice, contributing to long term
depression at synapses and impairments in working memory
(Navarrete and Araque, 2010; Han et al., 2012).

During acute inflammatory conditions, this increase in
hemichannel activity may be beneficial for mounting an immune
response to an insult, however, the prolonged release of many factors
(i.e, glutamate) from astrocytes in chronic conditions may
be associated with altered synaptic plasticity and memory impairments
(Navarrete and Araque, 2010; Han et al., 2012; Vazquez et al., 2015b;
Labra et al,, 2018). Alternatively, if cannabinoids are able to reduce the
opening of hemichannels during a chronic inflammatory event, it may
subsequently prevent excitotoxicity caused by excess glutamate and
reduce the release of pro-inflammatory cytokines, thus maintaining
neuronal and astrocyte viability (Froger et al., 2009; Gajardo-Gomez
et al,, 2017). Indeed, a recent review highlights a potential signaling
cascade involving NF-kB, p38 and nitric oxide in which cannabinoids
prevent the release of glutamate from hemichannels (Labra et al., 2018).
It can also be hypothesized that the conserved function of gap junctions
would facilitate proper communication between astrocytes and
oligodendrocytes, promoting myelination (Papaneophytou et al.,, 2019).

In summary, elevated levels of inflammatory factors partly
initiated by microglia and other recruited immune cells causes a
phenotypic switch in astrocytes that contributes to functionally
perpetuating inflammation via the release of pro-inflammatory
cytokines and recruitment of peripheral immune cells. Cannabinoids
can inhibit the release of these compounds (i.e., TNF-a, IL-6, MCP-1)
by reducing the activity of pro-inflammatory pathways (e.g., NF-kB)
in immune cells and astrocytes and increasing the availability of
endocannabinoids. The subsequent decrease in pro-inflammatory
factors and direct action of (endo)cannabinoids may also modulate
hemichannel activity, thereby contributing to changes in extracellular
homeostasis, synaptic activity and plasticity, as well as glial support
functions. Although these results from studies using younger animals
can provide information on how cannabinoids impact astrocytes and
what this could mean for the process of myelination, the unique
environment present in the aged brain makes extrapolation conjectural.

1.9. The impact of cannabis on
oligodendrocytes and OPCs

As discussed, oligodendrocytes and OPCs are both essential for
proper myelination and maintenance of myelin. Chronic increases in
ROS, pro-inflammatory cytokines and other damaging compounds
released from immune cells and astrocytes have the ability to damage
mature oligodendrocytes and OPCs, resulting in myelination
impairments (Pang et al., 2003; Jurewicz et al., 2005; French et al,,
2009; Peferoen et al., 2014; Guttenplan et al., 2021; Sams, 2021). The
ability for cannabinoids to reduce the release of pro-inflammatory
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cytokines from immune cells and astrocytes could therefore aid in the
preservation of oligodendrocytes and OPCs. Furthermore, the
antioxidant capacities offered by CBD could also protect these cells
from oxidative stress.

However, in primary oligodendrocyte cell cultures from 12-day-
old rats, CBD (100 nM-1pM) resulted in mitochondrial dysfunction
that led to increases in intracellular cytotoxic Ca’* and ROS, which
negatively impacted oligodendrocyte viability (Mato et al., 2010).
Conversely, Mecha et al. (2012) found that CBD (1 pM) administered
to inflammatory-induced primary oligodendrocyte cell cultures from
the cortex of 2-day-old rats protected OPCs from oxidative stress and
apoptosis. These studies found that these effects were independent of
CB,R, CB,R, or PPARYy. The apparent discrepancy between studies is
likely due to dosage and differences in age, region, and maturation of
oligodendrocyte cells (Molina-Holgado et al., 2022).

Interestingly, CBD was also found to influence genes related to
glycolysis—the major energy source for mature oligodendrocytes—
and carbohydrate metabolism in oligodendrocytes (Rao et al., 2017;
de Almeida et al., 2022). The data presented by de Almeida et al.
(2022) suggests a slight downregulation of glycolysis in OPC and
mature oligodendrocyte cell cultures (MO3.13). This finding is
important because glycolysis produces lactate, an important energy
metabolite transferred to neurons from oligodendrocytes, which has
been shown to be essential for proper neuronal function in aged mice
(12-24-months-old; Fiinfschilling et al., 2012; Lee et al., 2012; Philips
etal,, 2021). Interestingly, the ablation of monocarboxylate transporter
1 (MCT1l)—a lactate transporter—from OPCs resulted in
hypomyelination and axonal degeneration in mature and older
(18-24-months-old) mice, highlighting the understudied role played
by OPCs in myelination among the adult brain (Philips et al., 2021).
MCT1 expression naturally declines in the aging mouse brain,
especially after 15-months of age (Ding et al., 2013; Philips et al,,
2021). Therefore, further reductions in glycolysis due to CBD
administration may prevent the beneficial support to neurons offered
by oligodendrocytes and OPCs. Similarly, activation of mitochondrial
CB,Rs with THC resulted in reduced glycolytic activity and lactate
production in primary cultured astrocytes (0-1-days-old), which was
hypothesized to contribute to the subsequent impaired neuronal
function and altered behavior (e.g., social interaction deficit) in young
adult (8-12-weeks-old) mice (Jimenez-Blasco et al., 2020). This
reduction in astrocytic lactate would also likely have an impact on the
oligodendrocyte lineage cells. For example, global inhibition of lactate
production prevented remyelination in the corpus callosum after
experimental demyelination in mice (~3-months-old), while
OPC-rich primary cell cultures displayed heightened differentiation
when lactate was added to the glucose medium (Ichihara et al., 2017).
Perhaps this increase in OPC differentiation due to the presence of
lactate can aid in remyelination by replacing the oligodendrocyte pool,
which would warrant further investigation.

Although the literature is split with respect to OPC number in the
aged brain, their ability to differentiate is severely impaired in humans
and rodents (Sim et al., 2002; Yeung et al., 2014; Segel et al., 2019; Luan
etal, 2021; Rivera et al., 2021; Zhang X. et al., 2021). Therefore, the
encouragement of differentiation and protection of OPC viability
offered by certain cannabinoids is of particular relevance (Ilyasov
etal,, 2018; Molina-Holgado et al., 2022). 2-AG was shown to promote
the differentiation of OPCs into mature myelinating oligodendrocytes
in primary mixed glial cell cultures from rats through the activation
of CB,Rs and CB,Rs (Gomez et al., 2010). OPCs also have the ability
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to produce and release 2-AG themselves, indicating a potential
autocrine and paracrine signaling mechanism that can further
promote differentiation (Gomez et al., 2010, 2011). Pathways of note
that have been shown to promote OPC differentiation through
cannabinoid receptors are the phosphatidylinositol 3-kinase/Akt
(PI3K/Akt) and mammalian target of rapamycin (mTOR), ERK/
MAPK, and Rat sarcoma (Ras) homolog family member A/
Rho-associated protein kinase (RhoA/ROCK; Molina-Holgado et al.,
2002; Narayanan et al., 2009; Tyler et al., 2009; Gomez et al., 2010,
2011; Giacoppo et al,, 2017; Sanchez-de la Torre et al., 2022; Wang
etal., 2022).

These findings have prompted further research investigating the
effect of THC on OPC differentiation. A recent study found that the
application of THC (3 mg/kg; i.p) to young mice (6-days-old) and
organotypic cerebellar cultures promoted the differentiation of OPCs
(Huerga-Gomez et al., 2021). Furthermore, the same group found that
THC (3 mg/kg; i.p) induced OPC differentiation and remyelination
after experimentally-induced demyelination in the corpus callosum
of adult (6-8-weeks-old) mice (Aguado et al.,, 2021). The modulation
of OPC differentiation by THC is thought to be mediated by both
CBRs, but mainly CB,Rs, since antagonism of CB,Rs prevented the
beneficial effects observed. Furthermore, OPC(Ng2/Ai6)-CB,R-KO
mice displayed impaired OPC differentiation and myelination in the
corpus callosum throughout the examined lifespan (<2-months-old;
Sanchez-de la Torre et al,, 2022). The impaired differentiation of OPCs
lacking CB,Rs is thought to be partly due to an increase in RhoA/
ROCK signaling. For example, THC (3 mg/kg, i.p) administered to
WT mice resulted in reduced RhoA/ROCK proteins compared to
vehicle exposed mice, leading to increased myelin-related proteins and
enhanced OPC differentiation (Sdnchez-de la Torre et al., 2022).
However, OPC-CB,;R-KO mice had increased levels of RhoA/ROCK
proteins observed with a lower density of mature oligodendrocytes
and reduced immunofluorescence against myelin-related proteins,
which did not significantly change with THC administration
(Sanchez-de la Torre et al., 2022). These findings highlight the
importance of the CB,R in OPC differentiation, and its relationship
with the RhoA/ROCK pathway. Furthermore, these findings are
supported by previous studies that have shown the importance of
RhoA/ROCK signaling in OPC differentiation (Baer et al., 2009;
Pedraza et al., 2014). Similarly, the application of WIN55,212-2 (i.p)
resulted in improved remyelination after experimentally-induced
demyelination in mice (6-7-weeks-old) when administered at a dose
of 0.5mg/kg; whereas a dose of 1 mg/kg impaired remyelination
(Tomas-Roig et al., 2020). The negative effects produced by 1 mg/kg
of WIN55,212-2 are hypothesized to be due to stronger reductions in
Ca* influx, resulting in reduced neuronal activity, which possibly
hinders activity-dependent myelination (Tomas-Roig et al., 2020).
Overall, it is evident that at the right dose cannabinoids can alter
myelination and promote the maturation of oligodendrocyte
lineage cells.

In summary, cannabinoids at the right doses have the ability to aid
in remyelination and promote OPC differentiation after pathological
insults. As outlined throughout this review, cannabinoids act on a
plethora of different cell types and different targets within those cells,
which directly and indirectly impact myelination. Although
cannabinoid-induced alterations to microglia and astrocytes can
influence OPC differentiation and oligodendrocyte function
indirectly, it is also important to keep in mind that cannabinoids
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directly act on OPCs to influence maturation and function. However,
there are a lack of studies regarding the healthy aged brain. Although
the aged brain does have increases in ROS, pro-inflammatory
cytokines, and a general reduction in glial cell function, the extent of
these changes and the dynamics at play are inherently different than
those observed after the application of LPS or experimentally-induced
demyelination at younger ages. Furthermore, findings from cell line
and primary cell cultures need to be validated in in vivo experiments.
Therefore, although studies outlined here point toward a role played
by cannabinoids in myelination, more studies specifically looking at
their impact in the healthy aged brain are required to confirm if these
findings do indeed translate. Nonetheless, the evidence provided thus
far suggests that cannabinoids may help promote myelination in the
aged brain. Neuroimaging studies offer a different approach to
visualize how cannabinoids impact brain communication and
myelination, which allows elucidating large-scale changes that may
result from the impact they have on glial cells and neuronal function.

1.10. The impact of cannabis on the human
brain

Neuroimaging studies are valuable non-invasive techniques used
to visualize large-scale changes in activity, connectivity, and structural
alterations in the brain. DTT is a magnetic resonance imaging (MRI)
technique that differentiates the degree and direction of water
diffusion within an allotted space (Pierpaoli and Basser, 1996). Three
main parameters are given by DTI for white matter: fractional
anisotropy (FA), mean diffusivity (MD) and radial diffusivity (RD;
Alexander et al., 2007). Generally, as described by Becker et al. (2015),
increases in FA and decreases in MD and RD reflect increases
in myelination.

The DTT literature encompassing cannabis use and myelin
integrity is not consistent. Difficulties with respect to accurate
reporting on usage and concentration of cannabis, and the ratio of
cannabinoids—not to mention other confounding factors such as
lifestyle and metabolism—make human cannabis studies increasingly
difficult to perform. Furthermore, the DTI metrics that are used as
proxies of myelin integrity do not specifically identify myelin
abnormalities, but detect differences in water diffusion—a parameter
that can be altered by axon packing density, axon caliber, and more
confounding factors (Chang et al., 2017). However, it has been shown
that FA can correlate with myelination quite accurately (Chang et al.,
2017). With this in mind, some tentative directions can be ascertained.

Studies focusing on adolescent and young adults who heavily use
cannabis have drawn cautious conclusions. Overall, reductions in FA
and increases in RD and MD have been observed with chronic
exposure to cannabis (Arnone et al., 2008; Ashtari et al., 2009; Gruber
et al,, 2014; Becker et al., 2015; Shollenbarger et al., 2015). However,
Cousijn et al. (2022) did not find any significant differences between
chronic, sporadic or control groups, while noting an association
between reduced FA and the onset of regular cannabis use at younger
ages (<18-years-old). This finding is generally supported in the
literature, with many studies indicating that an earlier age of onset
correlates with reduced myelin integrity and cognition (Gruber et al.,
2012, 2014; Lisdahl et al., 2013; Orr et al., 2016).

Other studies with larger age ranges (~22-55-years of age)
revealed similar results with respect to heavy cannabis use. Jakabek
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etal. (2016) found reductions in FA in the forceps minor across all age
ranges (18-55-years of age), but RD differed depending on age, with
younger users having reduced RD and older users having higher
RD. Similarly, Manza et al. (2020) reported compromised myelin
integrity in heavy cannabis users compared to controls within the
same age range. However, Filbey et al. (2014) observed an increase in
FA and a decrease in RD, suggesting improvements in white matter
integrity, although protracted use did result in a reversal of
these findings.

On the contrary, a recent DTI study found that adults
(47.85+17.42-years of age) who use medical cannabis with
moderate levels of CBD and low levels of THC have significantly
increased FA and reduced MD in multiple white matter regions—
notably the genu of the corpus callosum—after 6 months of use
(Dahlgren et al., 2022). An important distinction between this
study and the previously mentioned studies is that the
participants were using cannabis for medicinal purposes, not
recreationally. As stated by Dahlgren et al. (2022), the medicinal
use of cannabis likely involves drastically different characteristics
(i.e., age of onset, ratio of cannabinoids), potentially resulting in
the increases in myelin integrity found in this study. Furthermore,
the medicinal use of cannabis is likely to help treat symptoms
associated with increased levels of inflammation, perhaps altering
cannabinoid function compared to recreational users. These
findings are supported by the numerous animal studies
highlighted in this review that show that lower doses of
cannabinoids administered less frequently are more beneficial
than the reverse.

Despite indications that the brains response to cannabis
substantially changes with age, to the best of our knowledge, no
DTI study looking at the integrity of myelin has yet been
performed in cannabis using seniors, creating a substantial gap
in the literature. Through the use of functional MRI, functional
connectivity—the statistical relationship that exists between
different regions of the brain that are necessary for cognitive
processes—can be quantified (Gaudet et al., 2020). Importantly,
these functional connections are supported by, and significantly
associated with white matter pathways (Hunt et al., 2016; Meier
et al., 2016; Huntenburg et al., 2017; Vandewouw et al., 2021).
Again, few studies are available for adults over the age of 60.
However, one study found increased functional connectivity
between the anterior cerebellum and the hippocampus, and with
the posterior parahippocampal cortex in cannabis users aged
60-80-years-old (Watson et al., 2022). The authors suggest this
finding may indicate a potential benefit of cannabis in the aged
brain, although the extent and appearance of these potential
benefits are still unclear.

Due to the paucity of studies conducted in older human adults, it
is difficult to identify the impact cannabis has on myelination in this
population using neuroimaging techniques at this time. Regardless,
this evidence forms a basis for future exploration.

2. Conclusion

The studies examined in this review highlight the potential for
cannabinoids to aid in myelination in the aged brain. At certain doses,
cannabinoids have the ability to reduce the release of pro-inflammatory
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cytokines from microglia and astrocytes, scavenge ROS, and promote
OPC differentiation in a cell-autonomous manner, resulting in
improved myelination after an inflammatory stimulus or
demyelination. Furthermore, there is evidence suggesting that some
cannabis use in the adult and older population may improve white
matter integrity. However, the extreme lack of studies on this topic in
the healthy aged brain currently prevents any definitive conclusions
from being drawn. Therefore, future studies looking at the impact
cannabinoids have on myelination in the aged brain and how this
alters behavior and cognition should be performed. As a note, the
myelination process in the peripheral nervous system is vastly
different than in the CNS and was beyond the scope of this review, but
cannabinoids may also influence this process. These studies will not
only shed light onto how cannabinoids impact myelination, but will
also add vital information as to how the endocannabinoid system
contributes to modulating cognition in the aged brain.

Author contributions

CM: conceptualization, writing—original draft preparation,
writing—review and editing, and visualizations. HV: conceptualization
and writing—review and editing. M-ET: conceptualization, writing—
review and editing, supervision, and funding acquisition. All authors
contributed to the article and approved the submitted version.

Funding

This work was supported by research grants from the Canadian
Institutes of Health Research (CIHR) and Natural Sciences and
Engineering Research Council of Canada (NSERC) awarded to
M-ET. HV is the recipient of a CIHR postdoctoral fellowship and is a
Michael Smith Health Research BC Research Trainee.

Acknowledgments

We acknowledge and respect the loak™anan Peoples on whose
traditional territory the University of Victoria (Victoria, BC, Canada)
stands and the Songhees, Esquimalt and WSANEC Peoples whose
historical relationships with the land continue to this day.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

frontiersin.org


https://doi.org/10.3389/fnagi.2023.1119552
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org

Murray et al.

References

Aber, E. R,, Griffey, C. J., Davies, T, Li, A. M,, Yang, Y. J., Croce, K. R,, et al. (2022).
Oligodendroglial macroautophagy is essential for myelin sheath turnover to prevent
neurodegeneration and death. Cell Rep. 41:111480. doi: 10.1016/j.celrep.2022.111480

Abudara, V., Retamal, M. A,, Del Rio, R., and Orellana, J. A. (2018). Synaptic functions
of Hemichannels and Pannexons: a double-edged sword. Front. Mol. Neurosci. 11:435.
doi: 10.3389/fnmol.2018.00435

Abudara, V., Roux, L., Dallérac, G., Matias, L., Dulong, J., Mothet, J. P, et al. (2015).
Activated microglia impairs neuroglial interaction by opening Cx43 hemichannels in
hippocampal astrocytes: Astroglial Hemichannels impair Neuroglial interaction. Glia
63, 795-811. doi: 10.1002/glia.22785

Aguado, T., Huerga-Gémez, A., Sanchez-de la Torre, A., Resel, E., Chara, J. C,,
Matute, C., et al. (2021). A’-tetrahydrocannabinol promotes functional remyelination
in the mouse brain. Br. J. Pharmacol. 178, 4176-4192. doi: 10.1111/bph.15608

Aguirre-Rueda, D., Guerra-Ojeda, S., Aldasoro, M., Iradi, A., Obrador, E,
Mauricio, M. D., et al. (2015). WIN 55,212-2, agonist of cannabinoid receptors, prevents
amyloid P1-42 effects on astrocytes in primary culture. PLoS One 10:e0122843. doi:
10.1371/journal.pone.0122843

Ahn, K,, Lee, S.-]., and Mook-Jung, L. (2022). White matter-associated microglia: new
players in brain aging and neurodegenerative diseases. Ageing Res. Rev. 75:101574. doi:
10.1016/j.arr.2022.101574

Albayram, O., Alferink, J., Pitsch, J., Piyanova, A., Neitzert, K., Poppensieker, K., et al.
(2011). Role of CB1 cannabinoid receptors on GABAergic neurons in brain aging. Proc.
Natl. Acad. Sci. U. S. A. 108, 11256-11261. doi: 10.1073/pnas.1016442108

Alexander, A. L., Lee, J. E., Lazar, M., and Field, A. S. (2007). Diffusion tensor imaging
of the brain. Neurotherapeutics 4, 316-329. doi: 10.1016/j.nurt.2007.05.011

Angelova, D. M., and Brown, D. R. (2019). Microglia and the aging brain: are
senescent microglia the key to neurodegeneration? J. Neurochem. 151, 676-688. doi:
10.1111/jnc.14860

Arancibia-Carcamo, I. L., and Attwell, D. (2014). The node of Ranvier in CNS
pathology. Acta Neuropathol. 128, 161-175. doi: 10.1007/s00401-014-1305-z

Arancibia-Carcamo, 1. L., Ford, M. C,, Cossell, L., Ishida, K., Tohyama, K., and
Attwell, D. (2017). Node of Ranvier length as a potential regulator of myelinated axon
conduction speed. eLife 6:€23329. doi: 10.7554/eLife.23329

Arnone, D., Barrick, T. R., Chengappa, S., Mackay, C. E., Clark, C. A., and
Abou-Saleh, M. T. (2008). Corpus callosum damage in heavy marijuana use: preliminary
evidence from diffusion tensor tractography and tract-based spatial statistics.
Neurolmage 41, 1067-1074. doi: 10.1016/j.neuroimage.2008.02.064

Ashtari, M., Cervellione, K., Cottone, J., Ardekani, B. A., and Kumra, S. (2009).
Diffusion abnormalities in adolescents and young adults with a history of heavy
cannabis use. J. Psychiatr. Res. 43, 189-204. doi: 10.1016/j.jpsychires.2008.12.002

Askew, K., Li, K., Olmos-Alonso, A., Garcia-Moreno, F, Liang, Y., Richardson, P, et al.
(2017). Coupled proliferation and apoptosis maintain the rapid turnover of microglia in
the adult brain. Cell Rep. 18, 391-405. doi: 10.1016/j.celrep.2016.12.041

Aso, E., Andrés-Benito, P, Carmona, M., Maldonado, R., and Ferrer, I. (2016).
Cannabinoid receptor 2 participates in amyloid-p processing in a mouse model of
Alzheimer’s disease but plays a minor role in the therapeutic properties of a cannabis-
based medicine. JAD 51, 489-500. doi: 10.3233/JAD-150913

Aso, E., Juvés, S., Maldonado, R., and Ferrer, I. (2013). CB2 cannabinoid receptor
agonist ameliorates Alzheimer-like phenotype in ABPP/PS1 mice. JAD 35, 847-858. doi:
10.3233/JAD-130137

Atalay Ekiner, S., Gegotek, A., and Skrzydlewska, E. (2022). The molecular activity of
cannabidiol in the regulation of Nrf2 system interacting with NF-xB pathway under
oxidative stress. Redox Biol. 57:102489. doi: 10.1016/j.redox.2022.102489

Attia, H., Taha, M., and Abdellatif, A. (2019). Effects of aging on the myelination of
the optic nerve in rats. Int. J. Neurosci. 129, 320-324. doi:
10.1080/00207454.2018.1529670

Auguste, Y. S. S., Ferro, A., Kahng, J. A,, Xavier, A. M., Dixon, J. R., Vrudhula, U,, et al.
(2022). Oligodendrocyte precursor cells engulf synapses during circuit remodeling in
mice. Nat. Neurosci. 25, 1273-1278. doi: 10.1038/s41593-022-01170-x

Augustin, S. M., and Lovinger, D. M. (2022). Synaptic changes induced by cannabinoid
drugs and cannabis use disorder. Neurobiol. Dis. 167:105670. doi: 10.1016/j.
nbd.2022.105670

Back, S. A., Gan, X, Li, Y., Rosenberg, P. A, and Volpe, J. J. (1998). Maturation-
dependent vulnerability of oligodendrocytes to oxidative stress-induced death caused
by glutathione depletion. J. Neurosci. 18, 6241-6253. doi: 10.1523/
JNEUROSCI.18-16-06241.1998

Badimon, A., Strasburger, H. J., Ayata, P,, Chen, X., Nair, A., Ikegami, A., et al. (2020).

Negative feedback control of neuronal activity by microglia. Nature 586, 417-423. doi:
10.1038/5s41586-020-2777-8

Baer, A. S, Syed, Y. A., Kang, S. U,, Mitteregger, D., Vig, R., ffrench-Constant, C., et al.
(2009). Myelin-mediated inhibition of oligodendrocyte precursor differentiation can be
overcome by pharmacological modulation of Fyn-RhoA and protein kinase C signalling.
Brain 132, 465-481. doi: 10.1093/brain/awn334

Frontiers in Aging Neuroscience

15

10.3389/fnagi.2023.1119552

Bakiri, Y., Kéradéttir, R., Cossell, L., and Attwell, D. (2011). Morphological and
electrical properties of oligodendrocytes in the white matter of the corpus callosum and
cerebellum: oligodendrocyte electrical properties. J. Physiol. 589, 559-573. doi: 10.1113/
jphysiol.2010.201376

Baror, R., Neumann, B., Segel, M., Chalut, K. ], Fancy, S. P. ], Schafer, D. P, et al.
(2019). Transforming growth factor-beta renders ageing microglia inhibitory to
oligodendrocyte generation by CNS progenitors. Glia 67, 1374-1384. doi: 10.1002/
glia. 23612

Bartzokis, G. (2004). Age-related myelin breakdown: a developmental model of
cognitive decline and Alzheimer’s disease. Neurobiol. Aging 25, 5-18. doi: 10.1016/j.
neurobiolaging.2003.03.001

Bartzokis, G., Beckson, M., Lu, P. H., Nuechterlein, K. H., Edwards, N., and Mintz, J.
(2001). Age-related changes in frontal and temporal lobe volumes in men: a magnetic
resonance imaging study. Arch. Gen. Psychiatry 58:461. doi: 10.1001/archpsyc.58.5.461

Baud, O. (2004). Glutathione peroxidase-catalase Cooperativity is required for
resistance to hydrogen peroxide by mature rat oligodendrocytes. J. Neurosci. 24,
1531-1540. doi: 10.1523/J]NEUROSCI.3989-03.2004

Bechler, M. E., Byrne, L., and Ffrench-Constant, C. (2015). CNS myelin sheath lengths
are an intrinsic property of oligodendrocytes. Curr. Biol. 25, 2411-2416. doi: 10.1016/j.
cub.2015.07.056

Bechler, M. E., Swire, M., and Ffrench-Constant, C. (2018). Intrinsic and adaptive
myelination-a sequential mechanism for smart wiring in the brain: intrinsic and
adaptive myelination mechanisms. Devel. Neurobio. 78, 68-79. doi: 10.1002/dneu.22518

Becker, M. P, Collins, P. E, Lim, K. O., Muetzel, R. L., and Luciana, M. (2015).
Longitudinal changes in white matter microstructure after heavy cannabis use. Dev.
Cogn. Neurosci. 16, 23-35. doi: 10.1016/j.dcn.2015.10.004

Beckner, M. E. (2020). A roadmap for potassium buffering/dispersion via the glial
network of the CNS. Neurochem. Int. 136:104727. doi: 10.1016/j.neuint.2020.104727

Bénard, G., Massa, E, Puente, N., Lourengo, J., Bellocchio, L., Soria-Gémez, E., et al.
(2012). Mitochondrial CB1 receptors regulate neuronal energy metabolism. Nat.
Neurosci. 15, 558-564. doi: 10.1038/nn.3053

Benito, C., Tolon, R. M., Pazos, M. R., Nuiiez, E., Castillo, A. I., and Romero, J. (2008).
Cannabinoid CB , receptors in human brain inflammation: cannabinoid CB, receptors
in human brain. Br. J. Pharmacol. 153, 277-285. doi: 10.1038/sj.bjp.0707505

Bennett, L. J., and Madden, D. J. (2014). Disconnected aging: cerebral white matter
integrity and age-related differences in cognition. Neuroscience 276, 187-205. doi:
10.1016/j.neuroscience.2013.11.026

Bergles, D. E., and Richardson, W. D. (2016). Oligodendrocyte development and
plasticity. Cold Spring Harb. Perspect. Biol. 8:a020453. doi: 10.1101/cshperspect.a020453

Bergles, D. E., Roberts, J. D. B., Somogyi, P, and Jahr, C. E. (2000). Glutamatergic
synapses on oligodendrocyte precursor cells in the hippocampus. Nature 405, 187-191.
doi: 10.1038/35012083

Bilkei-Gorzo, A. (2012). The endocannabinoid system in normal and pathological
brain ageing. Phil. Trans. R. Soc. B 367, 3326-3341. doi: 10.1098/rstb.2011.0388

Bilkei-Gorzo, A., Albayram, O., Ativie, F, Chasan, S., Zimmer, T., Bach, K., et al.
(2018). Cannabinoid 1 receptor signaling on GABAergic neurons influences astrocytes
in the ageing brain. PLoS One 13:0202566. doi: 10.1371/journal.pone.0202566

Bilkei-Gorzo, A., Albayram, O., Draffehn, A., Michel, K., Piyanova, A.,
Oppenheimer, H,, et al. (2017). A chronic low dose of A9-tetrahydrocannabinol
(THC) restores cognitive function in old mice. Nat. Med. 23, 782-787. doi: 10.1038/
nm.4311

Bilkei-Gorzo, A., Racz, L., Valverde, O., Otto, M., Michel, K., Sarstre, M., et al. (2005).
Early age-related cognitive impairment in mice lacking cannabinoid CB1 receptors.
Proc. Natl. Acad. Sci. U. S. A. 102, 15670-15675. doi: 10.1073/pnas.0504640102

Bishay, P, Haussler, A., Lim, H.-Y,, Oertel, B., Galve-Roperh, I., Ferreirds, N.,
et al. (2013). Anandamide deficiency and heightened neuropathic pain in aged
mice. Neuropharmacology 71, 204-215. doi: 10.1016/j.neuropharm.2013.
03.021

Bishop, N. A, Lu, T., and Yankner, B. A. (2010). Neural mechanisms of ageing and
cognitive decline. Nature 464, 529-535. doi: 10.1038/nature08983

Bisogno, T., Hanus, L., De Petrocellis, L., Tchilibon, S., Ponde, D. E., Brandj, L, et al.
(2001). Molecular targets for cannabidiol and its synthetic analogues: effect on vanilloid
VRI receptors and on the cellular uptake and enzymatic hydrolysis of anandamide:
Cannabidiol, VR1 receptors and anandamide inactivation. Br. J. Pharmacol. 134,
845-852. doi: 10.1038/Sj.bjp.0704327

Blank, T., and Prinz, M. (2014). NE-I°B signaling regulates myelination in the CNS.
Front. Mol. Neurosci. 7:47. doi: 10.3389/fnmol.2014.00047

Bobitt, J., Qualls, S. H., Schuchman, M., Wickersham, R., Lum, H. D., Arora, K., et al.
(2019). Qualitative analysis of cannabis use among older adults in Colorado. Drugs Aging
36, 655-666. doi: 10.1007/s40266-019-00665-w

Boisvert, M. M., Erikson, G. A., Shokhirev, M. N., and Allen, N. J. (2018). The aging
astrocyte Transcriptome from multiple regions of the mouse brain. Cell Rep. 22,
269-285. doi: 10.1016/j.celrep.2017.12.039

frontiersin.org


https://doi.org/10.3389/fnagi.2023.1119552
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org
https://doi.org/10.1016/j.celrep.2022.111480
https://doi.org/10.3389/fnmol.2018.00435
https://doi.org/10.1002/glia.22785
https://doi.org/10.1111/bph.15608
https://doi.org/10.1371/journal.pone.0122843
https://doi.org/10.1016/j.arr.2022.101574
https://doi.org/10.1073/pnas.1016442108
https://doi.org/10.1016/j.nurt.2007.05.011
https://doi.org/10.1111/jnc.14860
https://doi.org/10.1007/s00401-014-1305-z
https://doi.org/10.7554/eLife.23329
https://doi.org/10.1016/j.neuroimage.2008.02.064
https://doi.org/10.1016/j.jpsychires.2008.12.002
https://doi.org/10.1016/j.celrep.2016.12.041
https://doi.org/10.3233/JAD-150913
https://doi.org/10.3233/JAD-130137
https://doi.org/10.1016/j.redox.2022.102489
https://doi.org/10.1080/00207454.2018.1529670
https://doi.org/10.1038/s41593-022-01170-x
https://doi.org/10.1016/j.nbd.2022.105670
https://doi.org/10.1016/j.nbd.2022.105670
https://doi.org/10.1523/JNEUROSCI.18-16-06241.1998
https://doi.org/10.1523/JNEUROSCI.18-16-06241.1998
https://doi.org/10.1038/s41586-020-2777-8
https://doi.org/10.1093/brain/awn334
https://doi.org/10.1113/jphysiol.2010.201376
https://doi.org/10.1113/jphysiol.2010.201376
https://doi.org/10.1002/glia.23612
https://doi.org/10.1002/glia.23612
https://doi.org/10.1016/j.neurobiolaging.2003.03.001
https://doi.org/10.1016/j.neurobiolaging.2003.03.001
https://doi.org/10.1001/archpsyc.58.5.461
https://doi.org/10.1523/JNEUROSCI.3989-03.2004
https://doi.org/10.1016/j.cub.2015.07.056
https://doi.org/10.1016/j.cub.2015.07.056
https://doi.org/10.1002/dneu.22518
https://doi.org/10.1016/j.dcn.2015.10.004
https://doi.org/10.1016/j.neuint.2020.104727
https://doi.org/10.1038/nn.3053
https://doi.org/10.1038/sj.bjp.0707505
https://doi.org/10.1016/j.neuroscience.2013.11.026
https://doi.org/10.1101/cshperspect.a020453
https://doi.org/10.1038/35012083
https://doi.org/10.1098/rstb.2011.0388
https://doi.org/10.1371/journal.pone.0202566
https://doi.org/10.1038/nm.4311
https://doi.org/10.1038/nm.4311
https://doi.org/10.1073/pnas.0504640102
https://doi.org/10.1016/j.neuropharm.2013.03.021
https://doi.org/10.1016/j.neuropharm.2013.03.021
https://doi.org/10.1038/nature08983
https://doi.org/10.1038/sj.bjp.0704327
https://doi.org/10.3389/fnmol.2014.00047
https://doi.org/10.1007/s40266-019-00665-w
https://doi.org/10.1016/j.celrep.2017.12.039

Murray et al.

Boullerne, A. I. (2016). The history of myelin. Exp. Neurol. 283, 431-445. doi:
10.1016/j.expneurol.2016.06.005

Bowley, M. P, Cabral, H., Rosene, D. L., and Peters, A. (2010). Age changes in
myelinated nerve fibers of the cingulate bundle and corpus callosum in the rhesus
monkey. J. Comp. Neurol. 518, 3046-3064. doi: 10.1002/cne.22379

Brickman, A. M., Meier, I. B., Korgaonkar, M. S., Provenzano, E A., Grieve, S. M.,
Siedlecki, K. L., et al. (2012). Testing the white matter retrogenesis hypothesis of
cognitive  aging.  Neurobiol. =~ Aging 33, 1699-1715. doi:  10.1016/j.
neurobiolaging.2011.06.001

Bronzuoli, M. R., Facchinetti, R., Valenza, M., Cassano, T., Steardo, L., and Scuderi, C.
(2019). Astrocyte function is affected by aging and not Alzheimer’s disease: a preliminary
investigation in hippocampi of 3xTg-AD mice. Front. Pharmacol. 10:644. doi: 10.3389/
fphar.2019.00644

Brusco, A., Tagliaferro, P, Saez, T., and Onaivi, E. S. (2008). Postsynaptic localization
of CB2 cannabinoid receptors in the rat hippocampus. Synapse 62, 944-949. doi:
10.1002/syn.20569

Buchanan, J., Elabbady, L., Collman, F, Jorstad, N. L., Bakken, T. E., Ott, C,, et al.
(2022). Oligodendrocyte precursor cells ingest axons in the mouse neocortex. Proc. Natl.
Acad. Sci. U. S. A. 119:¢2202580119. doi: 10.1073/pnas.2202580119

Buscham, T., Eichel, M., Siems, S., and Werner, H. (2019). Turning to myelin turnover.
Neural Regen. Res. 14:2063. doi: 10.4103/1673-5374.262569

Buyanova, I. S., and Arsalidou, M. (2021). Cerebral white matter myelination and
relations to age, gender, and cognition: a selective review. Front. Hum. Neurosci.
15:662031. doi: 10.3389/fnhum.2021.662031

Calabrese, E. J., and Rubio-Casillas, A. (2018). Biphasic effects of THC in memory and
cognition. Eur. J. Clin. Investig. 48:e12920. doi: 10.1111/eci.12920

Camargo, N., Goudriaan, A., van Deijk, A.-L. E, Otte, W. M., Brouwers, J. E,
Lodder, H., et al. (2017). Oligodendroglial myelination requires astrocyte-derived lipids.
PLoS Biol. 15:¢1002605. doi: 10.1371/journal.pbio.1002605

Cantuti-Castelvetri, L., Fitzner, D., Bosch-Queralt, M., Weil, M.-T., Su, M., Sen, P.,
et al. (2018). Defective cholesterol clearance limits remyelination in the aged central
nervous system. Science 359, 684-688. doi: 10.1126/science.aan4183

Cassano, T., Calcagnini, S., Pace, L., De Marco, F, Romano, A., and Gaetani, S. (2017).
Cannabinoid receptor 2 signaling in neurodegenerative disorders: from pathogenesis to
a promising therapeutic target. Front. Neurosci. 11:30. doi: 10.3389/fnins.2017.00030

Castillo, P. E., Younts, T. ], Chéavez, A. E., and Hashimotodani, Y. (2012).
Endocannabinoid signaling and synaptic function. Neuron 76, 70-81. doi: 10.1016/j.
neuron.2012.09.020

Chang, E. H., Argyelan, M., Aggarwal, M., Chandon, T.-S. S., Karlsgodt, K. H.,
Mori, S., et al. (2017). The role of myelination in measures of white matter integrity:
combination of diffusion tensor imaging and two-photon microscopy of CLARITY
intact brains. NeuroImage 147, 253-261. doi: 10.1016/j.neuroimage.2016.11.068

Chapman, T. W, and Hill, R. A. (2020). Myelin plasticity in adulthood and aging.
Neurosci. Lett. 715:134645. doi: 10.1016/j.neulet.2019.134645

Cheli, V. T., Correale, J., Paez, P. M., and Pasquini, J. M. (2020). Iron metabolism in
oligodendrocytes and astrocytes, implications for myelination and Remyelination. ASN
Neuro 12:175909142096268. doi: 10.1177/1759091420962681

Chong, S. Y. C,, Rosenberg, S. S., Fancy, S. P. ], Zhao, C,, Shen, Y.-A. A., Hahn, A. T,,
et al. (2012). Neurite outgrowth inhibitor Nogo-a establishes spatial segregation and
extent of oligodendrocyte myelination. Proc. Natl. Acad. Sci. U. S. A. 109, 1299-1304.
doi: 10.1073/pnas.1113540109

Clarke, L. E., Liddelow, S. A., Chakraborty, C., Miinch, A. E., Heiman, M., and
Barres, B. A. (2018). Normal aging induces A1l-like astrocyte reactivity. Proc. Natl. Acad.
Sci. U. S. A. 115, E1896-E1905. doi: 10.1073/pnas.1800165115

Coelho, A, Fernandes, H. M., Magalhes, R., Moreira, P. S., Marques, P., Soares, J. M.,
et al. (2021). Signatures of white-matter microstructure degradation during aging and
its association with cognitive status. Sci. Rep. 11:4517. doi: 10.1038/s41598-021-83983-7

Compton, D. R,, Gold, L. H., Ward, S. J., Balster, R. L., and Martin, B. R. (1992).
Aminoalkylindole analogs: cannabimimetic activity of a class of compounds structurally
distinct from delta 9-tetrahydrocannabinol. J. Pharmacol. Exp. Ther. 263, 1118-1126.

Correa, F, Hernangémez, M., Mestre, L., Loria, E, Spagnolo, A., Docagne, F, et al.
(2010). Anandamide enhances IL-10 production in activated microglia by targeting CB
, receptors: roles of ERK1/2, JNK, and NF-kB: Anandamide enhances IL-10 production.
Glia 58, 135-147. doi: 10.1002/glia.20907

Cousijn, J., Toenders, Y. J., Velzen, L. S., and Kaag, A. M. (2022). The relation between
cannabis use, dependence severity and white matter microstructure: a diffusion tensor
imaging study. Addict. Biol. 27:e13081. doi: 10.1111/adb.13081

Cox, S. R, Ritchie, S. J., Tucker-Drob, E. M., Liewald, D. C., Hagenaars, S. P.,
Davies, G., et al. (2016). Ageing and brain white matter structure in 3,513 UK biobank
participants. Nat. Commun. 7:13629. doi: 10.1038/ncomms13629

Cremers, L. G. M., de Groot, M., Hofman, A., Krestin, G. P, van der Lugt, A.,
Niessen, W. ], et al. (2016). Altered tract-specific white matter microstructure is related
to poorer cognitive performance: the Rotterdam study. Neurobiol. Aging 39, 108-117.
doi: 10.1016/j.neurobiolaging.2015.11.021

Frontiers in Aging Neuroscience

16

10.3389/fnagi.2023.1119552

Cserép, C., Posfai, B., and Dénes, A. (2021). Shaping neuronal fate: functional
heterogeneiry of direct microglia—neuron interactions. Neuron 109, 222-240. doi:
10.1016/j.neuron.2020.11.007

Cutando, L., Busquets-Garcia, A., Puighermanal, E., Gomis-Gonzalez, M.,
Delgado-Garcia, J. M., Gruart, A., et al. (2013). Microglial activation underlies cerebellar
deficits produced by repeated cannabis exposure. J. Clin. Invest. 123, 2816-2831. doi:
10.1172/JCI67569

D’Souza, D. C., Cortes-Briones, J. A., Ranganathan, M., Thurnauer, H., Creatura, G.,
Surti, T, et al. (2016). Rapid changes in cannabinoid 1 receptor availability in cannabis-
dependent male subjects after abstinence from cannabis. Biol. Psychiatry Cogn. Neurosci.
Neuroimaging 1, 60-67. doi: 10.1016/j.bpsc.2015.09.008

Dahlgren, M. K., Gonenc, A., Sagar, K. A, Smith, R. T,, Lambros, A. M., El-Abboud, C.,
et al. (2022). Increased white matter coherence following three and six months of
medical cannabis treatment. Cannabis Cannabinoid Res. 2022:0097. doi: 10.1089/
can.2022.0097

de Almeida, V., Seabra, G., Reis-de-Oliveira, G., Zuccoli, G. S., Rumin, P,
Fioramonte, M., et al. (2022). Cannabinoids modulate proliferation, differentiation, and
migration signaling pathways in oligodendrocytes. Eur. Arch. Psychiatry Clin. Neurosci.
272,1311-1323. doi: 10.1007/s00406-022-01425-5

de la Fuente, A. G., Queiroz, R. M. L., Ghosh, T., McMurran, C. E., Cubillos, J. E,
Bergles, D. E,, et al. (2020). Changes in the oligodendrocyte progenitor cell proteome
with ageing. Mol. Cell. Proteomics 19, 1281-1302. doi: 10.1074/mcp.RA120.
002102

De Meij, J., Alfanek, Z., Morel, L., Decoeur, E, Leyrolle, Q., Picard, K., et al. (2021).
Microglial cannabinoid type 1 receptor regulates brain inflammation in a sex-specific
manner. Cannabis Cannabinoid Res. 6, 488-507. doi: 10.1089/can.2020.0170

de Oliveira, P. G., Ramos, M. L. S., Amaro, A. J., Dias, R. A., and Vieira, S. I. (2019).
Gi/o-protein coupled receptors in the aging brain. Front. Aging Neurosci. 11:89. doi:
10.3389/fnagi.2019.00089

De Petrocellis, L., Ligresti, A., Moriello, A. S., Allara, M., Bisogno, T., Petrosino, S.,
et al. (2011). Effects of cannabinoids and cannabinoid-enriched cannabis extracts on
TRP channels and endocannabinoid metabolic enzymes: novel pharmacology of minor
plant cannabinoids. Br. J. Pharmacol. 163, 1479-1494. doi:
10.1111/j.1476-5381.2010.01166.x

Di Marzo, V., Stella, N., and Zimmer, A. (2015). Endocannabinoid signalling and the
deteriorating brain. Nat. Rev. Neurosci. 16, 30-42. doi: 10.1038/nrn3876

Dimovasili, C., Fair, A. E., Garza, I. R., Batterman, K. V., Mortazavi, F, Moore, T. L.,
et al. (2022). Aging compromises oligodendrocyte precursor cell maturation and
efficient remyelination in the monkey brain. GeroScience. 45, 249-264. doi: 10.1007/
s11357-022-00621-4

Ding, F, Yao, ], Rettberg, J. R., Chen, S., and Brinton, R. D. (2013). Early decline in
glucose transport and metabolism precedes shift to Ketogenic system in female aging
and Alzheimer’s mouse brain: implication for bioenergetic intervention. PLoS One
8:¢79977. doi: 10.1371/journal.pone.0079977

Djannatian, M., Radha, S., Weikert, U., Safaiyan, S., Wrede, C., Deichsel, C., et al.
(2023). Myelination generates aberrant ultrastructure that is resolved by microglia.
Journal of Cell Biology 222:€202204010 doi: 10.1083/jcb.202204010

dos-Santos-Pereira, M., Guimaries, F. S., del-Bel, E., Raisman-Vozari, R., and
Michel, P. P. (2020). Cannabidiol prevents LPS-induced microglial inflammation by
inhibiting ROS/NF-xB-dependent signaling and glucose consumption. Glia 68, 561-573.
doi: 10.1002/glia.23738

Doucette, J., Jiao, R., and Nazarali, A. J. (2010). Age-related and Cuprizone-induced
changes in myelin and transcription factor gene expression and in oligodendrocyte cell
densities in the rostral corpus callosum of mice. Cell. Mol. Neurobiol. 30, 607-629. doi:
10.1007/s10571-009-9486-z

Duncan, L. D,, Radcliff, A. B., Heidari, M., Kidd, G., August, B. K., and Wierenga, L. A.
(2018). The adult oligodendrocyte can participate in remyelination. Proc. Natl. Acad. Sci.
U. S. A. 115, E11807-E11816. doi: 10.1073/pnas.1808064115

Ehrhart, J., Obregon, D., Mori, T., Hou, H., Sun, N, Bai, Y, et al. (2005). Stimulation
of cannabinoid receptor 2 (CB2) suppresses microglial activation. J. Neuroinflammation
2:29. doi: 10.1186/1742-2094-2-29

Eljaschewitsch, E., Witting, A., Mawrin, C., Lee, T., Schmidt, P. M., Wolf, S., et al.
(2006). The Endocannabinoid Anandamide protects neurons during CNS inflammation
by induction of MKP-1 in microglial cells. Neuron 49, 67-79. doi: 10.1016/j.
neuron.2005.11.027

Esposito, G., Scuderi, C., Valenza, M., Togna, G. L, Latina, V., De Filippis, D., et al.
(2011). Cannabidiol reduces Ap-induced Neuroinflammation and promotes
hippocampal neurogenesis through PPARy involvement. PLoS One 6:€28668. doi:
10.1371/journal.pone.0028668

Faizy, T. D., Thaler, C., Broocks, G., Flottmann, F, Leischner, H., Kniep, H., et al.
(2020). The myelin water fraction serves as a marker for age-related myelin alterations
in the cerebral white matter - a multiparametric MRI aging study. Front. Neurosci.
14:136. doi: 10.3389/fnins.2020.00136

Faria, O., Gonsalvez, D. G., Nicholson, M., and Xiao, J. (2019). Activity-dependent
central nervous system myelination throughout life. . Neurochem. 148, 447-461. doi:
10.1111/jnc.14592

frontiersin.org


https://doi.org/10.3389/fnagi.2023.1119552
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org
https://doi.org/10.1016/j.expneurol.2016.06.005
https://doi.org/10.1002/cne.22379
https://doi.org/10.1016/j.neurobiolaging.2011.06.001
https://doi.org/10.1016/j.neurobiolaging.2011.06.001
https://doi.org/10.3389/fphar.2019.00644
https://doi.org/10.3389/fphar.2019.00644
https://doi.org/10.1002/syn.20569
https://doi.org/10.1073/pnas.2202580119
https://doi.org/10.4103/1673-5374.262569
https://doi.org/10.3389/fnhum.2021.662031
https://doi.org/10.1111/eci.12920
https://doi.org/10.1371/journal.pbio.1002605
https://doi.org/10.1126/science.aan4183
https://doi.org/10.3389/fnins.2017.00030
https://doi.org/10.1016/j.neuron.2012.09.020
https://doi.org/10.1016/j.neuron.2012.09.020
https://doi.org/10.1016/j.neuroimage.2016.11.068
https://doi.org/10.1016/j.neulet.2019.134645
https://doi.org/10.1177/1759091420962681
https://doi.org/10.1073/pnas.1113540109
https://doi.org/10.1073/pnas.1800165115
https://doi.org/10.1038/s41598-021-83983-7
https://doi.org/10.1002/glia.20907
https://doi.org/10.1111/adb.13081
https://doi.org/10.1038/ncomms13629
https://doi.org/10.1016/j.neurobiolaging.2015.11.021
https://doi.org/10.1016/j.neuron.2020.11.007
https://doi.org/10.1172/JCI67569
https://doi.org/10.1016/j.bpsc.2015.09.008
https://doi.org/10.1089/can.2022.0097
https://doi.org/10.1089/can.2022.0097
https://doi.org/10.1007/s00406-022-01425-5
https://doi.org/10.1074/mcp.RA120.002102
https://doi.org/10.1074/mcp.RA120.002102
https://doi.org/10.1089/can.2020.0170
https://doi.org/10.3389/fnagi.2019.00089
https://doi.org/10.1111/j.1476-5381.2010.01166.x
https://doi.org/10.1038/nrn3876
https://doi.org/10.1007/s11357-022-00621-4
https://doi.org/10.1007/s11357-022-00621-4
https://doi.org/10.1371/journal.pone.0079977
https://doi.org/10.1083/jcb.202204010
https://doi.org/10.1002/glia.23738
https://doi.org/10.1007/s10571-009-9486-z
https://doi.org/10.1073/pnas.1808064115
https://doi.org/10.1186/1742-2094-2-29
https://doi.org/10.1016/j.neuron.2005.11.027
https://doi.org/10.1016/j.neuron.2005.11.027
https://doi.org/10.1371/journal.pone.0028668
https://doi.org/10.3389/fnins.2020.00136
https://doi.org/10.1111/jnc.14592

Murray et al.

Felit, A., Moreno-Martet, M., Mecha, M., Carrillo-Salinas, E J., de Lago, E.,
Fernandez-Ruiz, J., et al. (2015). A Sativex " -like combination of phytocannabinoids as
a disease-modifying therapy in a viral model of multiple sclerosis: Sativex® as a disease-
modifying therapy in TMEV-IDD. Br. J. Pharmacol. 172, 3579-3595. doi: 10.1111/
bph.13159

Ferber, S. G., Namdar, D., Hen-Shoval, D., Eger, G., Koltai, H., Shoval, G., et al. (2020).
The “entourage effect”: Terpenes coupled with cannabinoids for the treatment of mood
disorders and anxiety disorders. CN 18, 87-96. doi: 10.2174/157015
9X17666190903103923

Ferrucci, L., Harris, T. B., Guralnik, J. M., Tracy, R. P,, Corti, M.-C.,, Cohen, H.J, et al.
(1999). Serum IL-6 level and the development of disability in older persons. J. Am.
Geriatr. Soc. 47, 639-646. doi: 10.1111/j.1532-5415.1999.tb01583.x

Fields, R. D. (2015). A new mechanism of nervous system plasticity: activity-
dependent myelination. Nat. Rev. Neurosci. 16, 756-767. doi: 10.1038/nrn4023

Fields, J. A., Swinton, M. K., Montilla-Perez, P, Ricciardelli, E., and Telese, F. (2022).
The cannabinoid receptor agonist, WIN-55212-2, suppresses the activation of
Proinflammatory genes induced by interleukin 1 Beta in human astrocytes. Cannabis
Cannabinoid Res. 7, 78-92. doi: 10.1089/can.2020.0128

Filbey, E. M., Aslan, S., Calhoun, V. D,, Spence, . S., Damaraju, E., Caprihan, A., et al.
(2014). Long-term effects of marijuana use on the brain. Proc. Natl. Acad. Sci. U. S. A.
111, 16913-16918. doi: 10.1073/pnas.1415297111

Finlay, D. B., Sircombe, K. J., Nimick, M., Jones, C., and Glass, M. (2020). Terpenoids
from cannabis do not mediate an entourage effect by acting at cannabinoid receptors.
Front. Pharmacol. 11:359. doi: 10.3389/fphar.2020.00359

Fletcher-Jones, A., Hildick, K. L., Evans, A. J., Nakamura, Y., Henley, J. M., and
Wilkinson, K. A. (2020). Protein Interactors and trafficking pathways that regulate the
cannabinoid type 1 receptor (CBIR). Front. Mol. Neurosci. 13:108. doi: 10.3389/
fnmol.2020.00108

Ford, M. C., Alexandrova, O., Cossell, L., Stange-Marten, A., Sinclair, J,
Kopp-Scheinpflug, C., et al. (2015). Tuning of Ranvier node and internode properties in
myelinated axons to adjust action potential timing. Nat. Commun. 6:8073. doi: 10.1038/
ncomms9073

French, H. M., Reid, M., Mamontov, P.,, Simmons, R. A., and Grinspan, J. B. (2009).
Oxidative stress disrupts oligodendrocyte maturation. J. Neurosci. Res. 87, 3076-3087.
doi: 10.1002/jnr.22139

Froger, N., Orellana, J. A., Calvo, C.-E, Amigou, E., Kozoriz, M. G., Naus, C. C,, et al.
(2010). Inhibition of cytokine-induced connexin43 hemichannel activity in astrocytes
is neuroprotective. Mol. Cell. Neurosci. 45, 37-46. doi: 10.1016/j.mcn.2010.05.007

Froger, N., Orellana, J. A., Cohen-Salmon, M., Ezan, P, Amigou, E., SAjez, J. C., et al.
(2009). Cannabinoids prevent the opposite regulation of astroglial connexin43
hemichannels and gap junction channels induced by pro-inflammatory treatments. J.
Neurochem. 111, 1383-1397. doi: 10.1111/j.1471-4159.2009.06407.x

Fu, Y., Sun, W,, Shi, Y, Shi, R., and Cheng, J.-X. (2009). Glutamate Excitotoxicity
inflicts Paranodal myelin splitting and retraction. PLoS One 4:¢6705. doi: 10.1371/
journal.pone.0006705

Fulmer, C. G., VonDran, M. W, Stillman, A. A., Huang, Y., Hempstead, B. L., and
Dreyfus, C. F. (2014). Astrocyte-derived BDNF supports myelin protein synthesis after
Cuprizone-induced demyelination. J. Neurosci. 34, 8186-8196. doi: 10.1523/
JNEUROSCI.4267-13.2014

Finfschilling, U., Supplie, L. M., Mahad, D., Boretius, S., Saab, A. S., Edgar, J., et al.
(2012). Glycolytic oligodendrocytes maintain myelin and long-term axonal integrity.
Nature 485, 517-521. doi: 10.1038/nature11007

Furber, K. L., Lacombe, R.J. S., Caine, S., Thangaraj, M. P,, Read, S., Rosendahl, S. M.,
et al. (2022). Biochemical alterations in white matter tracts of the aging mouse brain
revealed by FTIR spectroscopy imaging. Neurochem. Res. 47, 795-810. doi: 10.1007/
511064-021-03491-y

Gajardo-Goémez, R., Labra, V. C., Maturana, C. J., Shoji, K. E, Santibafiez, C. A.,
Séez, J. C., et al. (2017). Cannabinoids prevent the amyloid p-induced activation of
astroglial hemichannels: a neuroprotective mechanism: CBs restore Neuroglial
interaction. Glia 65, 122-137. doi: 10.1002/glia.23080

Gaudet, I, Hiisser, A., Vannasing, P, and Gallagher, A. (2020). Functional brain
connectivity of language functions in children revealed by EEG and MEG: a systematic
review. Front. Hum. Neurosci. 14:62. doi: 10.3389/fnhum.2020.00062

Gautier, H. O. B,, Evans, K. A, Volbracht, K., James, R., Sitnikov, S., Lundgaard, I.,
et al. (2015). Neuronal activity regulates remyelination via glutamate signalling to
oligodendrocyte progenitors. Nat. Commun. 6:8518. doi: 10.1038/ncomms9518

Giacci, M. K., Bartlett, C. A., Smith, N. M,, Iyer, K. S., Toomey, L. M., Jiang, H., et al.
(2018). Oligodendroglia are particularly vulnerable to oxidative damage after
Neurotrauma in vivo. J. Neurosci. 38, 6491-6504. doi: 10.1523/J]NEUROSCI.1898-17.2018

Giacoppo, S., Pollastro, E, Grassi, G., Bramanti, P, and Mazzon, E. (2017). Target
regulation of PI3K/Akt/mTOR pathway by cannabidiol in treatment of experimental
multiple sclerosis. Fitoterapia 116, 77-84. doi: 10.1016/j.fitote.2016.11.010

Gibson, E. M., Purger, D., Mount, C. W,, Goldstein, A. K., Lin, G. L., Wood, L. S., et al.

(2014). Neuronal activity promotes Oligodendrogenesis and adaptive myelination in the
mammalian brain. Science 344:1252304. doi: 10.1126/science.1252304

Frontiers in Aging Neuroscience

17

10.3389/fnagi.2023.1119552

Ginsburg, B. C., and Hensler, J. G. (2022). Age-related changes in CBI1 receptor
expression and function and the behavioral effects of cannabinoid receptor ligands.
Pharmacol. Biochem. Behav. 213:173339. doi: 10.1016/j.pbb.2022.173339

Glass, M., Faull, R. L. M., and Dragunow, M. (1997). Cannabinoid receptors in the
human brain: a detailed anatomical and quantitative autoradiographic study in the fetal,
neonatal and adult human brain. Neuroscience 77, 299-318. doi: 10.1016/
S0306-4522(96)00428-9

Godbout, J. P, and Johnson, R. W. (2004). Interleukin-6 in the aging brain. J.
Neuroimmunol. 147, 141-144. doi: 10.1016/j.jneuroim.2003.10.031

Goldmann, T., Wieghofer, P,, Miiller, P. E, Wolf, Y., Varol, D., Yona, S., et al. (2013). A
new type of microglia gene targeting shows TAKI1 to be pivotal in CNS autoimmune
inflammation. Nat. Neurosci. 16, 1618-1626. doi: 10.1038/nn.3531

Gomez, O., Arevalo-Martin, A., Garcia-Ovejero, D., Ortega-Gutierrez, S.,
Cisneros, J. A., Almazan, G., et al. (2010). The constitutive production of the
endocannabinoid 2-arachidonoylglycerol participates in oligodendrocyte differentiation.
Glia 58, 1913-1927. doi: 10.1002/glia.21061

Gomez, O., Sanchez-Rodriguez, A., Le, M., Sanchez-Caro, C., Molina-Holgado, E, and
Molina-Holgado, E. (2011). Cannabinoid receptor agonists modulate oligodendrocyte
differentiation by activating PI3K/Akt and the mammalian target of rapamycin (mTOR)
pathways: cannabinoids promote oligodendrocyte differentiation. Br. J. Pharmacol. 163,
1520-1532. doi: 10.1111/j.1476-5381.2011.01414.x

Goursaud, S., Kozlova, E. N., Maloteaux, J.-M., and Hermans, E. (2009). Cultured
astrocytes derived from corpus callosum or cortical grey matter show distinct glutamate
handling properties. J. Neurochem. 108, 1442-1452. doi:
10.1111/j.1471-4159.2009.05889.x

Grabert, K., Michoel, T., Karavolos, M. H., Clohisey, S., Baillie, J. K., Stevens, M. P.,
et al. (2016). Microglial brain region—dependent diversity and selective regional
sensitivities to aging. Nat. Neurosci. 19, 504-516. doi: 10.1038/nn.4222

Grosche, A., Grosche, J., Tackenberg, M., Scheller, D., Gerstner, G., Gumprecht, A.,
etal. (2013). Versatile and simple approach to determine astrocyte territories in mouse
neocortex and hippocampus. PLoS One 8:€69143. doi: 10.1371/journal.pone.
0069143

Gruber, S. A., Dahlgren, M. K., Sagar, K. A, Géneng, A., and Lukas, S. E. (2014).
Worth the wait: effects of age of onset of marijuana use on white matter and impulsivity.
Psychopharmacology 231, 1455-1465. doi: 10.1007/s00213-013-3326-z

Gruber, S. A, Sagar, K. A,, Dahlgren, M. K, Racine, M., and Lukas, S. E. (2012). Age
of onset of marijuana use and executive function. Psychol. Addict. Behav. 26, 496-506.
doi: 10.1037/20026269

Guttenplan, K. A., Weigel, M. K., Prakash, P., Wijewardhane, P. R., Hasel, P,
Rufen-Blanchette, U,, et al. (2021). Neurotoxic reactive astrocytes induce cell death via
saturated lipids. Nature 599, 102-107. doi: 10.1038/s41586-021-03960-y

Guttmann, C. R. G,, Jolesz, E. A,, Kikinis, R., Killiany, R. J., Moss, M. B., Sandor, T,
et al. (1998). White matter changes with normal aging. Neurology 50, 972-978. doi:
10.1212/WNL.50.4.972

Han, J., Kesner, P., Metna-Laurent, M., Duan, T., Xu, L., Georges, F, et al. (2012). Acute
cannabinoids impair working memory through Astroglial CB1 receptor modulation of
hippocampal LTD. Cells 148, 1039-1050. doi: 10.1016/j.cell.2012.01.037

Han, B. H., and Palamar, . J. (2020). Trends in cannabis use among older adults in the
United States, 2015-2018. JAMA Intern. Med. 180:609. doi: 10.1001/
jamainternmed.2019.7517

Hassan, S., Eldeeb, K., Millns, P. J., Bennett, A. ], Alexander, S. P. H., and Kendall, D. A.
(2014). Cannabidiol enhances microglial phagocytosis via transient receptor potential
(TRP) channel activation: Cannabidiol enhances microglial phagocytosis. Br. J.
Pharmacol. 171, 2426-2439. doi: 10.1111/bph.12615

Hassel, B., Boldingh, K. A., Narvesen, C., Iversen, E. G., and Skrede, K. K. (2003).
Glutamate transport, glutamine synthetase and phosphate-activated glutaminase in rat
CNS white matter. A quantitative study: glutamate uptake in white matter. J. Neurochem.
87,230-237. doi: 10.1046/j.1471-4159.2003.01984.x

Henriquez, J. E., Bach, A. P, Matos-Fernandez, K. M., Crawford, R. B., and
Kaminski, N. E. (2020). A9-tetrahydrocannabinol (THC) impairs CD8+ T cell-mediated
activation of astrocytes. J. Neuroimmune Pharmacol. 15, 863-874. doi: 10.1007/
511481-020-09912-z

Herkenham, M., Lynn, A. B, Little, M. D., Johnson, M. R., Melvin, L. S., de
Costa, B. R,, et al. (1990). Cannabinoid receptor localization in brain. Proc. Natl. Acad.
Sci. U. S. A. 87, 1932-1936. doi: 10.1073/pnas.87.5.1932

Herx, L. M., Rivest, S., and Yong, V. W. (2000). Central nervous system—initiated
inflammation and Neurotrophism in trauma: IL-1f is required for the production of
ciliary Neurotrophic factor. J. Immunol. 165, 2232-2239. doi: 10.4049/
jimmunol.165.4.2232

Hickman, S. E., Kingery, N. D., Ohsumi, T. K., Borowsky, M. L., Wang, L., Means, T. K.,
etal. (2013). The microglial sensome revealed by direct RNA sequencing. Nat. Neurosci.
16, 1896-1905. doi: 10.1038/nn.3554

Hill, R. A,, Li, A. M., and Grutzendler, J. (2018). Lifelong cortical myelin plasticity and
age-related degeneration in the live mammalian brain. Nat. Neurosci. 21, 683-695. doi:
10.1038/s41593-018-0120-6

frontiersin.org


https://doi.org/10.3389/fnagi.2023.1119552
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org
https://doi.org/10.1111/bph.13159
https://doi.org/10.1111/bph.13159
https://doi.org/10.2174/1570159X17666190903103923
https://doi.org/10.2174/1570159X17666190903103923
https://doi.org/10.1111/j.1532-5415.1999.tb01583.x
https://doi.org/10.1038/nrn4023
https://doi.org/10.1089/can.2020.0128
https://doi.org/10.1073/pnas.1415297111
https://doi.org/10.3389/fphar.2020.00359
https://doi.org/10.3389/fnmol.2020.00108
https://doi.org/10.3389/fnmol.2020.00108
https://doi.org/10.1038/ncomms9073
https://doi.org/10.1038/ncomms9073
https://doi.org/10.1002/jnr.22139
https://doi.org/10.1016/j.mcn.2010.05.007
https://doi.org/10.1111/j.1471-4159.2009.06407.x
https://doi.org/10.1371/journal.pone.0006705
https://doi.org/10.1371/journal.pone.0006705
https://doi.org/10.1523/JNEUROSCI.4267-13.2014
https://doi.org/10.1523/JNEUROSCI.4267-13.2014
https://doi.org/10.1038/nature11007
https://doi.org/10.1007/s11064-021-03491-y
https://doi.org/10.1007/s11064-021-03491-y
https://doi.org/10.1002/glia.23080
https://doi.org/10.3389/fnhum.2020.00062
https://doi.org/10.1038/ncomms9518
https://doi.org/10.1523/JNEUROSCI.1898-17.2018
https://doi.org/10.1016/j.fitote.2016.11.010
https://doi.org/10.1126/science.1252304
https://doi.org/10.1016/j.pbb.2022.173339
https://doi.org/10.1016/S0306-4522(96)00428-9
https://doi.org/10.1016/S0306-4522(96)00428-9
https://doi.org/10.1016/j.jneuroim.2003.10.031
https://doi.org/10.1038/nn.3531
https://doi.org/10.1002/glia.21061
https://doi.org/10.1111/j.1476-5381.2011.01414.x
https://doi.org/10.1111/j.1471-4159.2009.05889.x
https://doi.org/10.1038/nn.4222
https://doi.org/10.1371/journal.pone.0069143
https://doi.org/10.1371/journal.pone.0069143
https://doi.org/10.1007/s00213-013-3326-z
https://doi.org/10.1037/a0026269
https://doi.org/10.1038/s41586-021-03960-y
https://doi.org/10.1212/WNL.50.4.972
https://doi.org/10.1016/j.cell.2012.01.037
https://doi.org/10.1001/jamainternmed.2019.7517
https://doi.org/10.1001/jamainternmed.2019.7517
https://doi.org/10.1111/bph.12615
https://doi.org/10.1046/j.1471-4159.2003.01984.x
https://doi.org/10.1007/s11481-020-09912-z
https://doi.org/10.1007/s11481-020-09912-z
https://doi.org/10.1073/pnas.87.5.1932
https://doi.org/10.4049/jimmunol.165.4.2232
https://doi.org/10.4049/jimmunol.165.4.2232
https://doi.org/10.1038/nn.3554
https://doi.org/10.1038/s41593-018-0120-6

Murray et al.

Hines, J. H., Ravanelli, A. M., Schwindt, R., Scott, E. K., and Appel, B. (2015). Neuronal
activity biases axon selection for myelination in vivo. Nat. Neurosci. 18, 683-689. doi:
10.1038/nn.3992

Hinman, J. D., Peters, A., Cabral, H., Rosene, D. L., Hollander, W,, Rasband, M. N.,
et al. (2006). Age-related molecular reorganization at the node of Ranvier. J. Comp.
Neurol. 495, 351-362. doi: 10.1002/cne.20886

Hirvonen, J., Goodwin, R. S., Li, C.-T,, Terry, G. E., Zoghbi, S. S., Morse, C., et al.
(2012). Reversible and regionally selective downregulation of brain cannabinoid CB1
receptors in chronic daily cannabis smokers. Mol. Psychiatry 17, 642-649. doi: 10.1038/
mp.2011.82

Hodges, E. L., Marshall, J. P,, and Ashpole, N. M. (2020). Age-dependent hormesis-like
effects of the synthetic cannabinoid CP55940 in C57BL/6 mice. NPJ Aging Mech. Dis.
6:7. doi: 10.1038/s41514-020-0045-7

Holling, T. M., Schooten, E., and van Den Elsen, P. J. (2004). Function and regulation
of MHC class IT molecules in T-lymphocytes: of mice and men. Hum. Immunol. 65,
282-290. doi: 10.1016/j.humimm.2004.01.005

Howlett, A. C. (2002). International Union of Pharmacology. XXVII. Classification of
cannabinoid receptors. Pharmacol. Rev. 54, 161-202. doi: 10.1124/pr.54.2.161

Hsieh, J., Aimone, J. B., Kaspar, B. K., Kuwabara, T., Nakashima, K., and Gage, F. H.
(2004). IGF-I instructs multipotent adult neural progenitor cells to become
oligodendrocytes. J. Cell Biol. 164, 111-122. doi: 10.1083/jcb.200308101

Hu, M,, Lin, Y., Zhang, B,, Lu, D, Lu, Z., and Cai, W. (2019). Update of inflammasome
activation in microglia/macrophage in aging and aging-related disease. CNS Neurosci.
Ther. 25, 1299-1307. doi: 10.1111/cns.13262

Huerga-Gomez, A., Aguado, T., Sdnchez-de la Torre, A., Bernal-Chico, A., Matute, C.,
Mato, S., et al. (2021). A’-tetrahydrocannabinol promotes oligodendrocyte development
and CNS myelination in vivo. Glia 69, 532-545. doi: 10.1002/glia.23911

Hughes, A. N., and Appel, B. (2020). Microglia phagocytose myelin sheaths to modify
developmental myelination. Nat. Neurosci. 23, 1055-1066. doi: 10.1038/
541593-020-0654-2

Hughes, E. G., Orthmann-Murphy, J. L., Langseth, A. J., and Bergles, D. E. (2018).
Myelin remodeling through experience-dependent oligodendrogenesis in the adult
somatosensory cortex. Nat. Neurosci. 21, 696-706. doi: 10.1038/s41593-018-0121-5

Hunt, B. A. E., Tewarie, P. K., Mougin, O. E., Geades, N., Jones, D. K,, Singh, K. D.,
etal. (2016). Relationships between cortical myeloarchitecture and electrophysiological
networks. Proc. Natl. Acad. Sci. U. S. A. 113, 13510-13515. doi: 10.1073/pnas.1608587113

Huntenburg, J. M., Bazin, P-L., Goulas, A., Tardif, C. L., Villringer, A., and
Margulies, D. S. (2017). A systematic relationship between functional connectivity and
Intracortical myelin in the human cerebral cortex. Cereb. Cortex 27, 981-997. doi:
10.1093/cercor/bhx030

Huxley, A. E, and Stampeli, R. (1949). Evidence for saltatory conduction in peripheral
myelinated nerve fibres. J. Physiol. 108, 315-339. doi: 10.1113/jphysiol.1949.sp004335

Ichihara, Y., Doi, T., Ryu, Y., Nagao, M., Sawada, Y., and Ogata, T. (2017).
Oligodendrocyte progenitor cells directly utilize lactate for promoting cell cycling and
differentiation: DIRECT EFFECTS OF LACTATE ON OPCs. J. Cell. Physiol. 232,
986-995. doi: 10.1002/jcp.25690

Ilyasov, A. A., Milligan, C. E., Pharr, E. P, and Howlett, A. C. (2018). The
Endocannabinoid system and oligodendrocytes in health and disease. Front. Neurosci.
12:733. doi: 10.3389/fnins.2018.00733

Jakabek, D., Yiicel, M., Lorenzetti, V., and Solowij, N. (2016). An MRI study of white
matter tract integrity in regular cannabis users: effects of cannabis use and age.
Psychopharmacology 233, 3627-3637. doi: 10.1007/s00213-016-4398-3

Jha, M. K., Jo, M., Kim, J.-H., and Suk, K. (2019). Microglia-astrocyte crosstalk: an
intimate  molecular  conversation.  Neuroscientist 25,  227-240.  doi:
10.1177/1073858418783959

Jha, S., Srivastava, S. Y., Brickey, W.J., Tocca, H., Toews, A., Morrison, J. P, et al. (2010).
The Inflammasome sensor, NLRP3, regulates CNS inflammation and demyelination via
Caspase-1 and Interleukin-18. J. Neurosci. 30, 15811-15820. doi: 10.1523/
JNEUROSCI.4088-10.2010

Jimenez-Blasco, D., Busquets-Garcia, A., Hebert-Chatelain, E., Serrat, R,
Vicente-Gutierrez, C., Ioannidou, C., et al. (2020). Glucose metabolism links astroglial
mitochondria to cannabinoid effects. Nature 583, 603-608. doi: 10.1038/
541586-020-2470-y

Jordan, C. J., and Xi, Z.-X. (2019). Progress in brain cannabinoid CB2 receptor
research: from genes to behavior. Neurosci. Biobehav. Rev. 98, 208-220. doi: 10.1016/j.
neubiorev.2018.12.026

Jinemann, K., Marie, D., Worschech, E, Scholz, D. S., Grouiller, E, Kliegel, M., et al.
(2022). Six months of piano training in healthy elderly stabilizes white matter
microstructure in the fornix, compared to an active control group. Front. Aging Neurosci.
14:817889. doi: 10.3389/fnagi.2022.817889

Jurevics, H., and Morell, P. (2002). Cholesterol for synthesis of myelin is made locally,
not imported into brain. I Neurochem. 64, 895-901. doi:
10.1046/j.1471-4159.1995.64020895.x

Jurewicz, A., Matysiak, M., Tybor, K., Kilianek, L., Raine, C. S., and Selmaj, K. (2005).
Tumour necrosis factor-induced death of adult human oligodendrocytes is mediated by
apoptosis inducing factor. Brain 128, 2675-2688. doi: 10.1093/brain/awh627

Frontiers in Aging Neuroscience

10.3389/fnagi.2023.1119552

Juurlink, B. H. J., Thorburne, S. K., and Hertz, L. (1998). Peroxide-scavenging deficit
underlies oligodendrocyte susceptibility to oxidative stress. Glia 22, 371-378. doi:
10.1002/(SICI)1098-1136(199804)22:4<371::AID-GLIA6>3.0.CO;2-6

Kalafatakis, I., and Karagogeos, D. (2021). Oligodendrocytes and microglia: key
players in myelin development, Damage and Repair. Biomolecules 11:1058. doi: 10.3390/
biom11071058

Kano, M., Ohno-Shosaku, T., Hashimotodani, Y., Uchigashima, M., and Watanabe, M.
(2009). Endocannabinoid-mediated control of synaptic transmission. Physiol. Rev. 89,
309-380. doi: 10.1152/physrev.00019.2008

Karpuk, N., Burkovetskaya, M., Fritz, T., Angle, A., and Kielian, T. (2011).
Neuroinflammation leads to region-dependent alterations in astrocyte gap junction
communication and Hemichannel activity. J. Neurosci. 31, 414-425. doi: 10.1523/
JNEUROSCI.5247-10.2011

Kato, G., Inada, H., Wake, H., Akiyoshi, R., Miyamoto, A., Eto, K., et al. (2016).
Microglial contact prevents excess depolarization and rescues neurons from
Excitotoxicity. eNeuro 3:ENEURO.0004-16.2016. doi: 10.1523/ENEURO.0004-16.2016

Keethakumar, A., Mehra, V. M., Khanlou, N., and Tamim, H. (2021). Cannabis use
and patterns among middle and older aged Canadians prior to legalization: a sex-specific
analysis of the Canadian tobacco, alcohol and drugs survey. BMC Public Health 21:26.
doi: 10.1186/512889-020-10074-z

Keough, M. B., Rogers, ]. A., Zhang, P, Jensen, S. K., Stephenson, E. L., Chen, T,, et al.
(2016). An inhibitor of chondroitin sulfate proteoglycan synthesis promotes central
nervous system remyelination. Nat. Commun. 7:11312. doi: 10.1038/ncomms11312

Kimura, A., and Kishimoto, T. (2010). IL-6: regulator of Treg/Th17 balance. Eur. J.
Immunol. 40, 1830-1835. doi: 10.1002/¢ji.201040391

Kiray, H., Lindsay, S. L., Hosseinzadeh, S., and Barnett, S. C. (2016). The multifaceted
role of astrocytes in regulating myelination. Exp. Neurol. 283, 541-549. doi: 10.1016/j.
expneurol.2016.03.009

Koellhoffer, E., McCullough, L., and Ritzel, R. (2017). Old maids: aging and its impact
on microglia function. IJMS 18:769. doi: 10.3390/ijms18040769

Komorowska-Miiller, J. A., Rana, T., Olabiyi, B. E, Zimmer, A., and Schméle, A.-C.
(2021a). Cannabinoid receptor 2 alters social memory and microglial activity in an age-
dependent manner. Molecules 26:5984. doi: 10.3390/molecules26195984

Komorowska-Miiller, J. A., Ravichandran, K. A., Zimmer, A., and Schiirmann, B.
(2021b). Cannabinoid receptor 2 deletion influences social memory and synaptic
architecture in the hippocampus. Sci. Rep. 11:16828. doi: 10.1038/541598-021-96285-9

Komorowska-Miiller, J. A., and Schméle, A.-C. (2020). CB2 receptor in microglia: the
Guardian of self-control. IJMS 22:19. doi: 10.3390/ijms22010019

Kopustinskiene, D. M., Masteikova, R., Lazauskas, R., and Bernatoniene, J. (2022).
Cannabis sativa L. bioactive compounds and their protective role in oxidative stress and
inflammation. Antioxidants 11:660. doi: 10.3390/antiox11040660

Kotter, M. R. (2006). Myelin impairs CNS Remyelination by inhibiting
oligodendrocyte precursor cell differentiation. J. Neurosci. 26, 328-332. doi: 10.1523/
JNEUROSCI.2615-05.2006

Kougioumtzidou, E., Shimizu, T., Hamilton, N. B., Tohyama, K., Sprengel, R.,
Monyer, H., et al. (2017). Signalling through AMPA receptors on oligodendrocyte
precursors promotes myelination by enhancing oligodendrocyte survival. eLife 6:¢28080.
doi: 10.7554/eLife.28080

Kozela, E., Pietr, M., Juknat, A., Rimmerman, N., Levy, R, and Vogel, Z. (2010).
Cannabinoids A9-tetrahydrocannabinol and Cannabidiol differentially inhibit the
lipopolysaccharide-activated NF-kB and interferon-B/STAT Proinflammatory pathways
in BV-2 microglial cells. J. Biol. Chem. 285, 1616-1626. doi: 10.1074/jbc.M109.069294

Laaris, N., Good, C. H., and Lupica, C. R. (2010). A9-tetrahydrocannabinol is a full
agonist at CB1 receptors on GABA neuron axon terminals in the hippocampus.
Neuropharmacology 59, 121-127. doi: 10.1016/j.neuropharm.2010.04.013

Labra, V. C,, Santibafez, C. A., Gajardo-Gémez, R., Diaz, E. E, Gémez, G. I, and
Orellana, J. A. (2018). The Neuroglial dialog between cannabinoids and Hemichannels.
Front. Mol. Neurosci. 11:79. doi: 10.3389/fnmol.2018.00079

Lalo, U,, Palygin, O., North, R. A., Verkhratsky, A., and Pankratov, Y. (2011). Age-
dependent remodelling of ionotropic signalling in cortical astroglia: synaptic currents
in aging astrocytes. Aging Cell 10, 392-402. doi: 10.1111/j.1474-9726.2011.
00682.x

Lampron, A., Larochelle, A., Laflamme, N., Préfontaine, P, Plante, M.-M.,
Sanchez, M. G., et al. (2015). Inefficient clearance of myelin debris by microglia impairs
remyelinating processes. J. Exp. Med. 212, 481-495. doi: 10.1084/jem.20141656

Lanciego, J. L., Barroso-Chinea, P, Rico, A. ]., Conte-Perales, L., Callén, L., Roda, E.,
etal. (2011). Expression of the mRNA coding the cannabinoid receptor 2 in the pallidal
complex of Macaca fascicularis. ]. Psychopharmacol. 25, 97-104. doi:
10.1177/0269881110367732

Laprairie, R. B., Bagher, A. M., Kelly, M. E. M., and Denovan-Wright, E. M. (2015).
Cannabidiol is a negative allosteric modulator of the cannabinoid CB, receptor: negative
allosteric modulation of CB, by cannabidiol. Br. J. Pharmacol. 172, 4790-4805. doi:
10.1111/bph.13250

Laurikainen, H., Tuominen, L., Tikka, M., Merisaari, H., Armio, R.-L., Sormunen, E.,
etal. (2019). Sex difference in brain CB1 receptor availability in man. NeuroImage 184,
834-842. doi: 10.1016/j.neuroimage.2018.10.013

frontiersin.org


https://doi.org/10.3389/fnagi.2023.1119552
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org
https://doi.org/10.1038/nn.3992
https://doi.org/10.1002/cne.20886
https://doi.org/10.1038/mp.2011.82
https://doi.org/10.1038/mp.2011.82
https://doi.org/10.1038/s41514-020-0045-7
https://doi.org/10.1016/j.humimm.2004.01.005
https://doi.org/10.1124/pr.54.2.161
https://doi.org/10.1083/jcb.200308101
https://doi.org/10.1111/cns.13262
https://doi.org/10.1002/glia.23911
https://doi.org/10.1038/s41593-020-0654-2
https://doi.org/10.1038/s41593-020-0654-2
https://doi.org/10.1038/s41593-018-0121-5
https://doi.org/10.1073/pnas.1608587113
https://doi.org/10.1093/cercor/bhx030
https://doi.org/10.1113/jphysiol.1949.sp004335
https://doi.org/10.1002/jcp.25690
https://doi.org/10.3389/fnins.2018.00733
https://doi.org/10.1007/s00213-016-4398-3
https://doi.org/10.1177/1073858418783959
https://doi.org/10.1523/JNEUROSCI.4088-10.2010
https://doi.org/10.1523/JNEUROSCI.4088-10.2010
https://doi.org/10.1038/s41586-020-2470-y
https://doi.org/10.1038/s41586-020-2470-y
https://doi.org/10.1016/j.neubiorev.2018.12.026
https://doi.org/10.1016/j.neubiorev.2018.12.026
https://doi.org/10.3389/fnagi.2022.817889
https://doi.org/10.1046/j.1471-4159.1995.64020895.x
https://doi.org/10.1093/brain/awh627
https://doi.org/10.1002/(SICI)1098-1136(199804)22:4<371::AID-GLIA6>3.0.CO;2-6
https://doi.org/10.3390/biom11071058
https://doi.org/10.3390/biom11071058
https://doi.org/10.1152/physrev.00019.2008
https://doi.org/10.1523/JNEUROSCI.5247-10.2011
https://doi.org/10.1523/JNEUROSCI.5247-10.2011
https://doi.org/10.1523/ENEURO.0004-16.2016
https://doi.org/10.1186/s12889-020-10074-z
https://doi.org/10.1038/ncomms11312
https://doi.org/10.1002/eji.201040391
https://doi.org/10.1016/j.expneurol.2016.03.009
https://doi.org/10.1016/j.expneurol.2016.03.009
https://doi.org/10.3390/ijms18040769
https://doi.org/10.3390/molecules26195984
https://doi.org/10.1038/s41598-021-96285-9
https://doi.org/10.3390/ijms22010019
https://doi.org/10.3390/antiox11040660
https://doi.org/10.1523/JNEUROSCI.2615-05.2006
https://doi.org/10.1523/JNEUROSCI.2615-05.2006
https://doi.org/10.7554/eLife.28080
https://doi.org/10.1074/jbc.M109.069294
https://doi.org/10.1016/j.neuropharm.2010.04.013
https://doi.org/10.3389/fnmol.2018.00079
https://doi.org/10.1111/j.1474-9726.2011.00682.x
https://doi.org/10.1111/j.1474-9726.2011.00682.x
https://doi.org/10.1084/jem.20141656
https://doi.org/10.1177/0269881110367732
https://doi.org/10.1111/bph.13250
https://doi.org/10.1016/j.neuroimage.2018.10.013

Murray et al.

Lawson, L. J., Perry, V. H,, Dri, P, and Gordon, S. (1990). Heterogeneity in the
distribution and morphology of microglia in the normal adult mouse brain. Neuroscience
39, 151-170. doi: 10.1016/0306-4522(90)90229-W

Lee, H.-L., Jung, K.-M.,, Fotio, Y., Squire, E., Palese, F, Lin, L., et al. (2022). Frequent
low-dose A9-tetrahydrocannabinol in adolescence disrupts microglia homeostasis and
disables responses to microbial infection and social stress in Young adulthood. Biol.
Psychiatry 92, 845-860. doi: 10.1016/j.biopsych.2022.04.017

Lee, Y., Morrison, B. M, Li, Y.,, Lengacher, S., Farah, M. H., Hoffman, P. N,, et al.
(2012). Oligodendroglia metabolically support axons and contribute to
neurodegeneration. Nature 487, 443-448. doi: 10.1038/nature11314

Leishman, E., Murphy, M., Mackie, K., and Bradshaw, H. B. (2018). A(9)-
tetrahydrocannabinol changes the brain lipidome and transcriptome differentially in the
adolescent and the adult. Biochim. Biophys. Acta (BBA) - Mol. Cell Biol. Lipids 1863,
479-492. doi: 10.1016/j.bbalip.2018.02.001

Levine, A., Liktor-Busa, E., Lipinski, A. A., Couture, S., Balasubramanian, S.,
Aicher, S. A, et al. (2021). Sex differences in the expression of the endocannabinoid
system within V1M cortex and PAG of Sprague Dawley rats. Biol. Sex Differ. 12:60. doi:
10.1186/513293-021-00402-2

Li, Y., and Kim, J. (2015). Neuronal expression of CB2 cannabinoid receptor mRNAs
in the mouse hippocampus. Neuroscience 311, 253-267. doi: 10.1016/j.
neuroscience.2015.10.041

Li, Q, Marcu, D.-C,, Palazzo, O., Turner, E, King, D., Spires-Jones, T. L., et al. (2020).
High neural activity accelerates the decline of cognitive plasticity with age in
Caenorhabditis elegans. eLife 9:¢59711. doi: 10.7554/eLife.59711

Liddelow, S. A., Guttenplan, K. A., Clarke, L. E., Bennett, E. C., Bohlen, C. ],
Schirmer, L., et al. (2017). Neurotoxic reactive astrocytes are induced by activated
microglia. Nature 541, 481-487. doi: 10.1038/nature21029

Lisdahl, K. M., Gilbart, E. R., Wright, N. E., and Shollenbarger, S. (2013). Dare to
delay? The impacts of adolescent alcohol and marijuana use onset on cognition, brain
structure, and function. Front. Psych. 4:53. doi: 10.3389/fpsyt.2013.00053

Liu, ], Dietz, K., DeLoyht, J. M., Pedre, X., Kelkar, D., Kaur, ], et al. (2012). Impaired
adult myelination in the prefrontal cortex of socially isolated mice. Nat. Neurosci. 15,
1621-1623. doi: 10.1038/nn.3263

Liu, H,, Yang, Y, Xia, Y., Zhu, W,, Leak, R. K., Wei, Z., et al. (2017). Aging of cerebral
white matter. Ageing Res. Rev. 34, 64-76. doi: 10.1016/j.arr.2016.11.006

Longoria, V., Parcel, H., Toma, B., Minhas, A., and Zeine, R. (2022). Neurological
benefits, clinical challenges, and Neuropathologic promise of medical marijuana: a
systematic review of cannabinoid effects in multiple sclerosis and experimental models
of demyelination. Biomedicine 10:539. doi: 10.3390/biomedicines10030539

Lou, Z.-Y., Cheng, J., Wang, X.-R., Zhao, Y.-F, Gan, J., Zhou, G.-Y,, et al. (2018). The
inhibition of CB 1 receptor accelerates the onset and development of EAE possibly by
regulating microglia/macrophages polarization. Journal of Neuroimmunology 317,
37-44. doi: 10.1016/j.jneuroim.2018.02.001

Lu, H.-C., and Mackie, K. (2016). An introduction to the endogenous cannabinoid
system. Biol. Psychiatry 79, 516-525. doi: 10.1016/j.biopsych.2015.07.028

Lou, Z.-Y,, Yu, W.-B,, Chen, ], Li, L., Jiang, L.-S., Xiao, B.-G., et al. (2016).
Neuroprotective Effect Is Driven Through the Upregulation of CB1 Receptor in
Experimental Autoimmune Encephalomyelitis. ] Mol Neurosci 58, 193-200. doi:
10.1007/s12031-015-0656-9

Luan, W, Qi, X, Liang, E, Zhang, X,, Jin, Z., Shi, L., et al. (2021). Microglia impede
oligodendrocyte generation in aged brain. JIR 14, 6813-6831. doi: 10.2147/JIR.S338242

Lundgaard, L, Luzhynskaya, A., Stockley, J. H., Wang, Z., Evans, K. A., Swire, M., et al.
(2013). Neuregulin and BDNF induce a switch to NMDA receptor-dependent
myelination by oligodendrocytes. PLoS Biol. 11:¢1001743. doi: 10.1371/journal.
pbio.1001743

Mackie, K., and Hille, B. (1992). Cannabinoids inhibit N-type calcium channels in
neuroblastoma-glioma cells. Proc. Natl. Acad. Sci. U. S. A. 89, 3825-3829. doi: 10.1073/
pnas.89.9.3825

Madry, C., Kyrargyri, V., Arancibia-Cércamo, I. L., Jolivet, R., Kohsaka, S.,
Bryan, R. M., et al. (2018). Microglial ramification, surveillance, and interleukin-1f
release are regulated by the two-pore domain K+ channel THIK-1. Neuron 97,
299-312.¢6. doi: 10.1016/j.neuron.2017.12.002

Magnotti, L. M., Goodenough, D. A., and Paul, D. L. (2011). Deletion of
oligodendrocyte Cx32 and astrocyte Cx43 causes white matter vacuolation, astrocyte
loss and early mortality. Glia 59, 1064-1074. doi: 10.1002/glia.21179

Mahmoud, S., Gharagozloo, M., Simard, C., and Gris, D. (2019). Astrocytes maintain
glutamate homeostasis in the CNS by controlling the balance between glutamate uptake
and release. Cells 8:184. doi: 10.3390/cells8020184

Manza, P, Yuan, K., Shokri-Kojori, E., Tomasi, D., and Volkow, N. D. (2020). Brain
structural changes in cannabis dependence: association with MAGL. Mol. Psychiatry 25,
3256-3266. doi: 10.1038/541380-019-0577-z

Maresz, K., Carrier, E. J., Ponomareyv, E. D., Hillard, C. J., and Dittel, B. N. (2005).
Modulation of the cannabinoid CB2 receptor in microglial cells in response to
inflammatory stimuli. J. Neurochem. 95, 437-445. doi: 10.1111/j.1471-4159.2005.
03380.x

Frontiers in Aging Neuroscience

10.3389/fnagi.2023.1119552

Markoullis, K., Sargiannidou, I, Schiza, N., Hadjisavvas, A., Roncaroli, E,
Reynolds, R., et al. (2012). Gap junction pathology in multiple sclerosis lesions and
normal-appearing white matter. Acta Neuropathol. 123, 873-886. doi: 10.1007/
s00401-012-0978-4

Marschallinger, J., Iram, T., Zardeneta, M., Lee, S. E., Lehallier, B., Haney, M. S., et al.
(2020). Lipid-droplet-accumulating microglia represent a dysfunctional and
proinflammatory state in the aging brain. Nat. Neurosci. 23, 194-208. doi: 10.1038/
541593-019-0566-1

Marsicano, G., and Lutz, B. (1999). Expression of the cannabinoid receptor CB1 in
distinct neuronal subpopulations in the adult mouse forebrain: CB1 expression in
murine forebrain. Eur. J. Neurosci. 11, 4213-4225. doi: 10.1046/j.1460-9568.1999.00847.x

Martinez Ramirez, C. E., Ruiz-Pérez, G., Stollenwerk, T. M., Behlke, C., Doherty, A.,
and Hillard, C.J. (2023). Endocannabinoid signaling in the central nervous system. Glia
71, 5-35. doi: 10.1002/glia.24280

Masaki, K. (2015). Early disruption of glial communication via connexin gap junction
in multiple sclerosis, Balds disease and neuromyelitis optica: Connexin pathology in MS,
BD and NMO. Neuropathology 35, 469-480. doi: 10.1111/neup.12211

Matejuk, A., and Ransohoff, R. M. (2020). Crosstalk between astrocytes and microglia:
an overview. Front. Immunol. 11:1416. doi: 10.3389/fimmu.2020.01416

Mato, S., and Pazos, A. (2004). Influence of age, postmortem delay and freezing
storage period on cannabinoid receptor density and functionality in human brain.
Neuropharmacology 46, 716-726. doi: 10.1016/j.neuropharm.2003.11.004

Mato, S., Victoria Sdnchez-Goémez, M., and Matute, C. (2010). Cannabidiol induces
intracellular calcium elevation and cytotoxicity in oligodendrocytes. Glia 58, 1739-1747.
doi: 10.1002/glia.21044

Mattson, M. P, and Magnus, T. (2006). Ageing and neuronal vulnerability. Nat. Rev.
Neurosci. 7, 278-294. doi: 10.1038/nrn1886

Matute, C., Alberdi, E., Domercq, M., Sanchez-Gémez, M.-V., Pérez-Samartin, A.,
Rodriguez-Antigiiedad, A., et al. (2007). Excitotoxic damage to white matter. J. Anat.
210, 693-702. doi: 10.1111/j.1469-7580.2007.00733.x

Mcdonald, J. W,, Althomsons, S. P,, Hyrc, K. L., Choi, D. W,, and Goldberg, M. P.
(1998). Oligodendrocytes from forebrain are highly vulnerable to AMPA/kainate
receptor-mediated excitotoxicity. Nat. Med. 4, 291-297. doi: 10.1038/nm0398-291

McNamara, N. B,, Munro, D. A. D., Bestard-Cuche, N., Uyeda, A., Bogie, J. E. J.,
Hoffmann, A, et al. (2023). Microglia regulate central nervous system myelin growth
and integrity. Nature 613, 120-129. doi: 10.1038/s41586-022-05534-y

Mecha, M., Feliu, A., Carrillo-Salinas, . J., Rueda-Zubiaurre, A., Ortega-Gutiérrez, S.,
de Sola, R. G,, et al. (2015). Endocannabinoids drive the acquisition of an alternative
phenotype in microglia. Brain, Behavior, and Immunity 49, 293-245. doi: 10.1016/j.
bbi.2015.06.002

Mecha, M., Feliu, A., Iiigo, P. M., Mestre, L., Carrillo-Salinas, F. J., and Guaza, C.
(2013). Cannabidiol provides long-lasting protection against the deleterious effects of
inflammation in a viral model of multiple sclerosis: a role for A2A receptors. Neurobiol.
Dis. 59, 141-150. doi: 10.1016/j.nbd.2013.06.016

Mecha, M., Torrao, A. S., Mestre, L., Carrillo-Salinas, F. J., Mechoulam, R., and
Guaza, C. (2012). Cannabidiol protects oligodendrocyte progenitor cells from
inflammation-induced apoptosis by attenuating endoplasmic reticulum stress. Cell
Death Dis. 3:e331. doi: 10.1038/cddis.2012.71

Mecha, M., Yanguas-Casés, N., Felit, A., Mestre, L., Carrillo-Salinas, E, Azcoitia, I.,

et al. (2019). The endocannabinoid 2-AG enhances spontaneous remyelination by
targeting microglia. Brain Behav. Immun. 77, 110-126. doi: 10.1016/j.bbi.2018.12.013

Meier, J., Tewarie, P, Hillebrand, A., Douw, L., van Dijk, B. W, Stufflebeam, S. M.,, et al.
(2016). A mapping between structural and functional brain networks. Brain Connect. 6,
298-311. doi: 10.1089/brain.2015.0408

Méme, W., Calvo, C., Froger, N., Ezan, P., Amigou, E., Koulakoff, A., et al. (2006).
Proinflammatory cytokines released from microglia inhibit gap junctions in astrocytes:
potentiation by -amyloid. FASEB J. 20, 494-496. doi: 10.1096/1].05-4297fje

Meschkat, M., Steyer, A. M., Weil, M.-T., Kusch, K., Jahn, O., Piepkorn, L., et al.
(2022). White matter integrity in mice requires continuous myelin synthesis at the inner
tongue. Nat. Commun. 13:1163. doi: 10.1038/s41467-022-28720-y

Meyer, N,, Richter, N., Fan, Z., Siemonsmeier, G., Pivneva, T., Jordan, P, et al. (2018).
Oligodendrocytes in the mouse corpus callosum maintain axonal function by delivery
of glucose. Cell Rep. 22, 2383-2394. doi: 10.1016/j.celrep.2018.02.022

Mitew, S., Gobius, L., Fenlon, L. R., McDougall, S. J., Hawkes, D., Xing, Y. L., et al.
(2018). Pharmacogenetic stimulation of neuronal activity increases myelination in an
axon-specific manner. Nat. Commun. 9:306. doi: 10.1038/s41467-017-02719-2

Mittelbronn, M., Dietz, K., Schluesener, H. J., and Meyermann, R. (2001). Local
distribution of microglia in the normal adult human central nervous system differs by
up to one order of magnitude. Acta Neuropathol. 101, 249-255. doi: 10.1007/
5004010000284

Molina-Holgado, E., Esteban, P. E, Arevalo-Martin, A., Moreno-Luna, R.,
Molina-Holgado, E, and Garcia-Ovejero, D. (2022). Endocannabinoid signaling in
oligodendroglia. Glia 71, 91-102. doi: 10.1002/glia.24180

Molina-Holgado, E., Vela, ]. M., Arévalo-Martin, A., Almazén, G., Molina-Holgado, F,
Borrell, J., et al. (2002). Cannabinoids promote oligodendrocyte progenitor survival:

frontiersin.org


https://doi.org/10.3389/fnagi.2023.1119552
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org
https://doi.org/10.1016/0306-4522(90)90229-W
https://doi.org/10.1016/j.biopsych.2022.04.017
https://doi.org/10.1038/nature11314
https://doi.org/10.1016/j.bbalip.2018.02.001
https://doi.org/10.1186/s13293-021-00402-2
https://doi.org/10.1016/j.neuroscience.2015.10.041
https://doi.org/10.1016/j.neuroscience.2015.10.041
https://doi.org/10.7554/eLife.59711
https://doi.org/10.1038/nature21029
https://doi.org/10.3389/fpsyt.2013.00053
https://doi.org/10.1038/nn.3263
https://doi.org/10.1016/j.arr.2016.11.006
https://doi.org/10.3390/biomedicines10030539
https://doi.org/10.1016/j.jneuroim.2018.02.001
https://doi.org/10.1016/j.biopsych.2015.07.028
https://doi.org/10.1007/s12031-015-0656-9
https://doi.org/10.2147/JIR.S338242
https://doi.org/10.1371/journal.pbio.1001743
https://doi.org/10.1371/journal.pbio.1001743
https://doi.org/10.1073/pnas.89.9.3825
https://doi.org/10.1073/pnas.89.9.3825
https://doi.org/10.1016/j.neuron.2017.12.002
https://doi.org/10.1002/glia.21179
https://doi.org/10.3390/cells8020184
https://doi.org/10.1038/s41380-019-0577-z
https://doi.org/10.1111/j.1471-4159.2005.03380.x
https://doi.org/10.1111/j.1471-4159.2005.03380.x
https://doi.org/10.1007/s00401-012-0978-4
https://doi.org/10.1007/s00401-012-0978-4
https://doi.org/10.1038/s41593-019-0566-1
https://doi.org/10.1038/s41593-019-0566-1
https://doi.org/10.1046/j.1460-9568.1999.00847.x
https://doi.org/10.1002/glia.24280
https://doi.org/10.1111/neup.12211
https://doi.org/10.3389/fimmu.2020.01416
https://doi.org/10.1016/j.neuropharm.2003.11.004
https://doi.org/10.1002/glia.21044
https://doi.org/10.1038/nrn1886
https://doi.org/10.1111/j.1469-7580.2007.00733.x
https://doi.org/10.1038/nm0398-291
https://doi.org/10.1038/s41586-022-05534-y
https://doi.org/10.1016/j.bbi.2015.06.002
https://doi.org/10.1016/j.bbi.2015.06.002
https://doi.org/10.1016/j.nbd.2013.06.016
https://doi.org/10.1038/cddis.2012.71
https://doi.org/10.1016/j.bbi.2018.12.013
https://doi.org/10.1089/brain.2015.0408
https://doi.org/10.1096/fj.05-4297fje
https://doi.org/10.1038/s41467-022-28720-y
https://doi.org/10.1016/j.celrep.2018.02.022
https://doi.org/10.1038/s41467-017-02719-2
https://doi.org/10.1007/s004010000284
https://doi.org/10.1007/s004010000284
https://doi.org/10.1002/glia.24180

Murray et al.

involvement of cannabinoid receptors and Phosphatidylinositol-3 kinase/ Akt signaling.
J. Neurosci. 22, 9742-9753. doi: 10.1523/JNEUROSCI.22-22-09742.2002

Mount, C. W,, and Monje, M. (2017). Wrapped to adapt: experience-dependent
myelination. Neuron 95, 743-756. doi: 10.1016/j.neuron.2017.07.009

Moura, D. M. S., Brennan, E. J., Brock, R., and Cocas, L. A. (2022). Neuron to
oligodendrocyte precursor cell synapses: protagonists in oligodendrocyte development
and myelination, and targets for therapeutics. Front. Neurosci. 15:779125. doi: 10.3389/
fnins.2021.779125

Narayanan, S. P, Flores, A. 1., Wang, E,, and Macklin, W. B. (2009). Akt signals through
the mammalian target of Rapamycin pathway to regulate CNS myelination. J. Neurosci.
29, 6860-6870. doi: 10.1523/JNEUROSCI.0232-09.2009

Navarrete, M., and Araque, A. (2010). Endocannabinoids potentiate synaptic
transmission through stimulation of astrocytes. Neuron 68, 113-126. doi: 10.1016/j.
neuron.2010.08.043

Navarrete, M., Diez, A., and Araque, A. (2014). Astrocytes in endocannabinoid
signalling. Phil. Trans. R. Soc. B 369:20130599. doi: 10.1098/rstb.2013.0599

Neumann, B., Baror, R., Zhao, C., Segel, M., Dietmann, S., Rawji, K. S, et al. (2019).
Metformin restores CNS Remyelination capacity by rejuvenating aged stem cells. Cell
Stem Cell 25, 473-485.e8. doi: 10.1016/j.stem.2019.08.015

Neumann, H., Kotter, M. R., and Franklin, R. J. M. (2008). Debris clearance by
microglia: an essential link between degeneration and regeneration. Brain 132, 288-295.
doi: 10.1093/brain/awn109

Nichols, N. R, Day, J. R., Laping, N. J., Johnson, S. A., and Finch, C. E. (1993). GFAP
mRNA increases with age in rat and human brain. Neurobiol. Aging 14, 421-429. doi:
10.1016/0197-4580(93)90100-P

Njoo, C., Agarwal, N, Lutz, B., and Kuner, R. (2015). The cannabinoid receptor CB1
interacts with the WAVE] complex and plays a role in actin dynamics and structural
plasticity in neurons. PLoS Biol. 13:¢1002286. doi: 10.1371/journal.pbio.1002286

Norden, D. M., Fenn, A. M., Dugan, A., and Godbout, J. P. (2014). TGFf produced by
IL-10 redirected astrocytes attenuates microglial activation: IL-10 redirects immune
activated astrocytes. Glia 62, 881-895. doi: 10.1002/glia.22647

Norden, D. M., and Godbout, J. P. (2013). Review: microglia of the aged brain: primed
to be activated and resistant to regulation: increased microglial reactivity with age.
Neuropathol. Appl. Neurobiol. 39, 19-34. doi: 10.1111/j.1365-2990.2012.01306.x

Norden, D. M., Trojanowski, P. J., Walker, F. R., and Godbout, J. P. (2016). Insensitivity
of astrocytes to interleukin 10 signaling following peripheral immune challenge results
in prolonged microglial activation in the aged brain. Neurobiol. Aging 44, 22-41. doi:
10.1016/j.neurobiolaging.2016.04.014

O'Neil, S. M., Hans, E. E., Jiang, S., Wangler, L. M., and Godbout, J. P. (2022). Astrocyte
immunosenescence and deficits in interleukin 10 signaling in the aged brain disrupt the
regulation of microglia following innate immune activation. Glia 70, 913-934. doi:
10.1002/glia.24147

O’Sullivan, M., Jones, D. K., Summers, P. E., Morris, R. G., Williams, S. C. R., and
Markus, H. S. (2001). Evidence for cortical “disconnection” as a mechanism of age-
related cognitive decline. Neurology 57, 632-638. doi: 10.1212/WNL.57.4.632

Olney, J. W. (1971). Glutamate-induced neuronal necrosis in the infant mouse
hypothalamus: an electron microscopic study. J. Neuropathol. Exp. Neurol. 30, 75-90.
doi: 10.1097/00005072-197101000-00008

Orellana, J. A., Froger, N, Ezan, P, Jiang, J. X., Bennett, M. V. L., Naus, C. C,, et al.
(2011). ATP and glutamate released via astroglial connexin 43 hemichannels mediate
neuronal death through activation of pannexin 1 hemichannels: Astroglial hemichannels
induce neuronal death. J. Neurochem. 118, 826-840. doi:
10.1111/j.1471-4159.2011.07210.x

Orr, J. M., Paschall, C. J., and Banich, M. T. (2016). Recreational marijuana use
impacts white matter integrity and subcortical (but not cortical) morphometry.
Neurolmage: Clinical 12, 47-56. doi: 10.1016/j.nicl.2016.06.006

Orthmann-Murphy, J. L., Abrams, C. K., and Scherer, S. S. (2008). Gap junctions
couple astrocytes and oligodendrocytes. J. Mol. Neurosci. 35, 101-116. doi: 10.1007/
512031-007-9027-5

Paes-Colli, Y., Aguiar, A. F L, Isaac, A. R,, Ferreira, B. K., Campos, R. M. P,
Trindade, P. M. P,, et al. (2022). Phytocannabinoids and cannabis-based products
as alternative pharmacotherapy in neurodegenerative diseases: from hypothesis to
clinical practice. Front. Cell. Neurosci. 16:917164. doi: 10.3389/fncel.2022.
917164

Pakkenberg, B., and Gundersen, H. J. (1997). Neocortical neuron number in humans:
effect of sex and age. J. Comp. Neurol. 384, 312-320. doi: 10.1002/(SICI)1096-9861
(19970728)384:2<312::AID-CNE10>3.0.CO;2-K

Palmer, A. L., and Ousman, S. S. (2018). Astrocytes and aging. Front. Aging Neurosci.
10:337. doi: 10.3389/fnagi.2018.00337

Pan, S., Mayoral, S. R., Choi, H. S., Chan, J. R,, and Kheirbek, M. A. (2020).
Preservation of a remote fear memory requires new myelin formation. Nat. Neurosci.
23, 487-499. doi: 10.1038/s41593-019-0582-1

Pang, Y., Cai, Z., and Rhodes, P. G. (2003). Disturbance of oligodendrocyte
development, hypomyelination and white matter injury in the neonatal rat brain after
intracerebral injection of lipopolysaccharide. Dev. Brain Res. 140, 205-214. doi: 10.1016/
S0165-3806(02)00606-5

Frontiers in Aging Neuroscience

10.3389/fnagi.2023.1119552

Pang, Y., Zheng, B., Fan, L.-W,, Rhodes, P. G., and Cai, Z. (2007). IGF-1 protects
oligodendrocyte progenitors against TNFa-induced damage by activation of PI3K/Akt
and interruption of the mitochondrial apoptotic pathway. Glia 55, 1099-1107. doi:
10.1002/glia.20530

Paolicelli, R. C., Sierra, A., Stevens, B., Tremblay, M.-E., Aguzzi, A., Ajami, B., et al.
(2022). Microglia states and nomenclature: a field at its crossroads. Neuron 110,
3458-3483. doi: 10.1016/j.neuron.2022.10.020

Papaneophytou, C., Georgiou, E., and Kleopa, K. A. (2019). The role of
oligodendrocyte gap junctions in neuroinflammation. Channels 13, 247-263. doi:
10.1080/19336950.2019.1631107

Papug, E., and Rejdak, K. (2020). The role of myelin damage in Alzheimer’s disease
pathology. Arch. Med. Sci. 16, 345-351. doi: 10.5114/a0oms.2018.76863

Pascual, A. C., Gaveglio, V. L., Giusto, N. M., and Pasquaré, S. J. (2013). Aging
modifies the enzymatic activities involved in 2-arachidonoylglycerol metabolism.
Biofactors 39, 209-220. doi: 10.1002/biof.1055

Pascual, A. C., Gaveglio, V. L., Giusto, N. M., and Pasquaré, S. J. (2014). Cannabinoid
receptor-dependent metabolism of 2-arachidonoylglycerol during aging. Exp. Gerontol.
55, 134-142. doi: 10.1016/j.exger.2014.04.008

Pedraza, C. E., Taylor, C., Pereira, A., Seng, M., Tham, C.-S., Izrael, M., et al. (2014).
Induction of Oligodendrocyte Differentiation and In Vitro Myelination by Inhibition of
Rho-Associated Kinase. ASN Neuro. 6:175909141453813. doi:
10.1177/1759091414538134

Peferoen, L., Kipp, M., van der Valk, P, van Noort, J. M., and Amor, S. (2014).
Oligodendrocyte-microglia cross-talk in the central nervous system. Immunology 141,
302-313. doi: 10.1111/imm.12163

Peng, B., Xu, C., Wang, S., Zhang, Y., and Li, W. (2022). The role of Connexin
Hemichannels in inflammatory diseases. Biology 11:237. doi: 10.3390/biology11020237

Pertwee, R. G. (2008). The diverse CB , and CB , receptor pharmacology of three plant
cannabinoids: A’-tetrahydrocannabinol, cannabidiol and A°-tetrahydrocannabivarin:
A°-THC, CBD and A°-THCV. Br. J. Pharmacol. 153, 199-215. doi: 10.1038/sj.
bjp.0707442

Peters, A. (2009). The effects of normal aging on myelinated nerve fibers in monkey
central nervous system. Front. Neuroanat. 3:11. doi: 10.3389/neuro.05.011.2009

Philips, T., Mironova, Y. A., Jouroukhin, Y., Chew, J., Vidensky, S., Farah, M. H., et al.
(2021). MCT1 deletion in oligodendrocyte lineage cells causes late-onset
Hypomyelination and axonal degeneration. Cell Rep. 34:108610. doi: 10.1016/j.
celrep.2020.108610

Phillips, K. A., Watson, C. M., Bearman, A., Knippenberg, A. R, Adams, J., Ross, C.,
et al. (2019). Age-related changes in myelin of axons of the corpus callosum and
cognitive decline in common marmosets. Am. J. Primatol. 81:€22949. doi: 10.1002/
ajp.22949

Pierpaoli, C., and Basser, P. J. (1996). Toward a quantitative assessment of diffusion
anisotropy. Magn. Reson. Med. 36, 893-906. doi: 10.1002/mrm.1910360612

Piyanova, A., Lomazzo, E., Bindila, L., Lerner, R., Albayram, O., Ruhl, T, et al. (2015).
Age-related changes in the endocannabinoid system in the mouse hippocampus. Mech.
Ageing Dev. 150, 55-64. doi: 10.1016/j.mad.2015.08.005

Poliani, P. L., Wang, Y., Fontana, E., Robinette, M. L., Yamanishi, Y., Gilfillan, S., et al.
(2015). TREM2 sustains microglial expansion during aging and response to
demyelination. J. Clin. Invest. 125, 2161-2170. doi: 10.1172/JCI77983

Popov, A., Brazhe, A., Denisov, P, Sutyagina, O., Li, L., Lazareva, N, et al. (2021).
Astrocyte dystrophy in ageing brain parallels impaired synaptic plasticity. Aging Cell
20:e13334. doi: 10.1111/acel.13334

Porcher, L., Bruckmeier, S., Burbano, S. D,, Finnell, J. E., Gorny, N., Klett, ., et al.
(2021). Aging triggers an upregulation of a multitude of cytokines in the male and
especially the female rodent hippocampus but more discrete changes in other brain
regions. J. Neuroinflammation 18:219. doi: 10.1186/s12974-021-02252-6

Raasch, J., Zeller, N,, van Loo, G., Merkler, D., Mildner, A., Erny, D,, et al. (2011). IxkB
kinase 2 determines oligodendrocyte loss by non-cell-autonomous activation of NF-kB
in the central nervous system. Brain 134, 1184-1198. doi: 10.1093/brain/awq359

Rao, V. T. S., Khan, D., Cui, Q.-L., Fuh, S.-C., Hossain, S., Almazan, G., et al. (2017).
Distinct age and differentiation-state dependent metabolic profiles of oligodendrocytes
under optimal and stress conditions. PLoS One 12:e0182372. doi: 10.1371/journal.
pone.0182372

Rea, I. M., Gibson, D. S., McGilligan, V., McNerlan, S. E., Alexander, H. D., and
Ross, O. A. (2018). Age and age-related diseases: role of inflammation triggers and
cytokines. Front. Immunol. 9:586. doi: 10.3389/fimmu.2018.00586

Retamal, M. A., Froger, N., Palacios-Prado, N., Ezan, P, Saez, P. ], Saez, J. C., et al.
(2007). Cx43 Hemichannels and gap junction channels in astrocytes are regulated
oppositely by Proinflammatory cytokines released from activated microglia. J. Neurosci.
27, 13781-13792. doi: 10.1523/JNEUROSCI.2042-07.2007

Reusch, N., Ravichandran, K. A., Olabiyi, B. F, Komorowska-Miiller, J. A.,
Hansen, J. N., Ulas, T., et al. (2022). Cannabinoid receptor 2 is necessary to induce
toll-like receptor-mediated microglial activation. Glia 70, 71-88. doi: 10.1002/
glia.24089

Ritzel, R. M., Crapser, J., Patel, A. R., Verma, R., Grenier, J. M., Chauhan, A,, et al.
(2016). Age-associated resident memory CD8 T cells in the central nervous system are

frontiersin.org


https://doi.org/10.3389/fnagi.2023.1119552
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org
https://doi.org/10.1523/JNEUROSCI.22-22-09742.2002
https://doi.org/10.1016/j.neuron.2017.07.009
https://doi.org/10.3389/fnins.2021.779125
https://doi.org/10.3389/fnins.2021.779125
https://doi.org/10.1523/JNEUROSCI.0232-09.2009
https://doi.org/10.1016/j.neuron.2010.08.043
https://doi.org/10.1016/j.neuron.2010.08.043
https://doi.org/10.1098/rstb.2013.0599
https://doi.org/10.1016/j.stem.2019.08.015
https://doi.org/10.1093/brain/awn109
https://doi.org/10.1016/0197-4580(93)90100-P
https://doi.org/10.1371/journal.pbio.1002286
https://doi.org/10.1002/glia.22647
https://doi.org/10.1111/j.1365-2990.2012.01306.x
https://doi.org/10.1016/j.neurobiolaging.2016.04.014
https://doi.org/10.1002/glia.24147
https://doi.org/10.1212/WNL.57.4.632
https://doi.org/10.1097/00005072-197101000-00008
https://doi.org/10.1111/j.1471-4159.2011.07210.x
https://doi.org/10.1016/j.nicl.2016.06.006
https://doi.org/10.1007/s12031-007-9027-5
https://doi.org/10.1007/s12031-007-9027-5
https://doi.org/10.3389/fncel.2022.917164
https://doi.org/10.3389/fncel.2022.917164
https://doi.org/10.1002/(SICI)1096-9861(19970728)384:2<312::AID-CNE10>3.0.CO;2-K
https://doi.org/10.1002/(SICI)1096-9861(19970728)384:2<312::AID-CNE10>3.0.CO;2-K
https://doi.org/10.3389/fnagi.2018.00337
https://doi.org/10.1038/s41593-019-0582-1
https://doi.org/10.1016/S0165-3806(02)00606-5
https://doi.org/10.1016/S0165-3806(02)00606-5
https://doi.org/10.1002/glia.20530
https://doi.org/10.1016/j.neuron.2022.10.020
https://doi.org/10.1080/19336950.2019.1631107
https://doi.org/10.5114/aoms.2018.76863
https://doi.org/10.1002/biof.1055
https://doi.org/10.1016/j.exger.2014.04.008
https://doi.org/10.1177/1759091414538134
https://doi.org/10.1111/imm.12163
https://doi.org/10.3390/biology11020237
https://doi.org/10.1038/sj.bjp.0707442
https://doi.org/10.1038/sj.bjp.0707442
https://doi.org/10.3389/neuro.05.011.2009
https://doi.org/10.1016/j.celrep.2020.108610
https://doi.org/10.1016/j.celrep.2020.108610
https://doi.org/10.1002/ajp.22949
https://doi.org/10.1002/ajp.22949
https://doi.org/10.1002/mrm.1910360612
https://doi.org/10.1016/j.mad.2015.08.005
https://doi.org/10.1172/JCI77983
https://doi.org/10.1111/acel.13334
https://doi.org/10.1186/s12974-021-02252-6
https://doi.org/10.1093/brain/awq359
https://doi.org/10.1371/journal.pone.0182372
https://doi.org/10.1371/journal.pone.0182372
https://doi.org/10.3389/fimmu.2018.00586
https://doi.org/10.1523/JNEUROSCI.2042-07.2007
https://doi.org/10.1002/glia.24089
https://doi.org/10.1002/glia.24089

Murray et al.

primed To potentiate inflammation after ischemic brain injury. J.I. 196, 3318-3330. doi:
10.4049/jimmunol.1502021

Ritzel, R. M, Patel, A. R,, Pan, S., Crapser, J., Hammond, M., Jellison, E., et al. (2015).
Age- and location-related changes in microglial function. Neurobiol. Aging 36,
2153-2163. doi: 10.1016/j.neurobiolaging.2015.02.016

Rivera, A., Butt, A., and Azim, K. (2022). Resolving the age-related decline in central
nervous system myelin turnover and drug discovery for oligodendroglial rejuvenation.
Neural Regen. Res. 17:2677. doi: 10.4103/1673-5374.338995

Rivera, A. D., Pieropan, E, Chacon-De-La-Rocha, I., Lecca, D., Abbracchio, M. P,
Azim, K, et al. (2021). Functional genomic analyses highlight a shift in Gpr17 -regulated
cellular processes in oligodendrocyte progenitor cells and underlying myelin
dysregulation in the aged mouse cerebrum. Aging Cell 20:e13335. doi: 10.1111/
acel.13335

Rizzo, M. D., Crawford, R. B., Bach, A., Sermet, S., Amalfitano, A., and Kaminski, N. E.
(2019). A’-tetrahydrocannabinol suppresses monocyte-mediated astrocyte production
of monocyte Chemoattractant protein 1 and Interleukin-6 in a toll-like receptor 7-
stimulated human Coculture. J. Pharmacol. Exp. Ther. 371, 191-201. doi: 10.1124/
jpet.119.260661

Ronzano, R., Roux, T., Thetiot, M., Aigrot, M. S., Richard, L., Lejeune, E. X,, et al.
(2021). Microglia-neuron interaction at nodes of Ranvier depends on neuronal activity
through potassium release and contributes to remyelination. Nat. Commun. 12:5219.
doi: 10.1038/s41467-021-25486-7

Rossi, S., Bernardi, G., and Centonze, D. (2010). The endocannabinoid system in
the inflammatory and neurodegenerative processes of multiple sclerosis and of
amyotrophic lateral sclerosis. Exp. Neurol. 224, 92-102. doi: 10.1016/j.
expneurol.2010.03.030

Rozenfeld, R., and Devi, L. A. (2008). Regulation of CB , cannabinoid receptor
trafficking by the adaptor protein AP-3. FASEB J. 22, 2311-2322. doi: 10.1096/
1.07-102731

Safaiyan, S., Besson-Girard, S., Kaya, T., Cantuti-Castelvetri, L., Liu, L., Ji, H., et al.
(2021). White matter aging drives microglial diversity. Neuron 109, 1100-1117.e10. doi:
10.1016/j.neuron.2021.01.027

Safaiyan, S., Kannaiyan, N., Snaidero, N., Brioschi, S., Biber, K., Yona, S., et al. (2016).
Age-related myelin degradation burdens the clearance function of microglia during
aging. Nat. Neurosci. 19, 995-998. doi: 10.1038/nn.4325

Saher, G., and Stumpf, S. K. (2015). Cholesterol in myelin biogenesis and
hypomyelinating disorders. Biochim. Biophys. Acta 1851, 1083-1094. doi: 10.1016/j.
bbalip.2015.02.010

Salas-Wright, C. P, Vaughn, M. G., Cummings-Vaughn, L. A., Holzer, K. J,,
Nelson, E. J., AbiNader, M., et al. (2017). Trends and correlates of marijuana use among
late middle-aged and older adults in the United States, 2002-2014. Drug Alcohol Depend.
171, 97-106. doi: 10.1016/j.drugalcdep.2016.11.031

Salminen, A., Ojala, J., Kaarniranta, K., Haapasalo, A., Hiltunen, M., and Soininen, H.
(2011). Astrocytes in the aging brain express characteristics of senescence-associated
secretory phenotype: astrocyte senescence in aging brain. Eur. J. Neurosci. 34, 3-11. doi:
10.1111/j.1460-9568.2011.07738.x

Sams, E. C. (2021). Oligodendrocytes in the aging brain. Neuronal Signaling
5:N$20210008. doi: 10.1042/NS20210008

Sénchez-de la Torre, A., Aguado, T., Huerga-G6mez, A., Santamaria, S., Gentile, A.,
Chara, J. C, et al. (2022). Cannabinoid CBI receptor gene inactivation in
oligodendrocyte precursors disrupts oligodendrogenesis and myelination in mice. Cell
Death Dis. 13:585. doi: 10.1038/s41419-022-05032-z

Sankowski, R., Béttcher, C., Masuda, T., Geirsdottir, L., Sagar, S., Sindram, E., et al.
(2019). Mapping microglia states in the human brain through the integration of high-
dimensional techniques. Nat. Neurosci. 22,2098-2110. doi: 10.1038/5s41593-019-0532-y

Santos, E. N, and Fields, R. D. (2021). Regulation of myelination by microglia. Sci.
Ady. 7:eabk1131. doi: 10.1126/sciadv.abk1131

Saraste, M., Bezukladova, S., Matilainen, M., Sucksdorff, M., Kuhle, J., Leppert, D.,
et al. (2021). Increased serum glial fibrillary acidic protein associates with
microstructural white matter damage in multiple sclerosis. Mult. Scler. Relat. Disord.
50:102810. doi: 10.1016/j.msard.2021.102810

Sarne, Y. (2019). Beneficial and deleterious effects of cannabinoids in the brain: the
case of ultra-low dose THC. Am. J. Drug Alcohol Abuse 45, 551-562. doi:
10.1080/00952990.2019.1578366

Sarne, Y., Toledano, R., Rachmany, L., Sasson, E., and Doron, R. (2018). Reversal of
age-related cognitive impairments in mice by an extremely low dose of
tetrahydrocannabinol.  Neurobiol. ~ Aging 61, 177-186. doi:  10.1016/j.
neurobiolaging.2017.09.025

Satarker, S., Bojja, S. L., Gurram, P. C., Mudgal, J., Arora, D., and Nampoothiri, M.
(2022). Astrocytic Glutamatergic transmission and its implications in neurodegenerative
disorders. Cells 11:1139. doi: 10.3390/cells11071139

Savchenko, V. L., McKanna, J. A., Nikonenko, I. R., and Skibo, G. G. (2000). Microglia
and astrocytes in the adult rat brain: comparative immunocytochemical analysis

demonstrates the efficacy of lipocortin 1 immunoreactivity. Neuroscience 96, 195-203.
doi: 10.1016/50306-4522(99)00538-2

Frontiers in Aging Neuroscience

21

10.3389/fnagi.2023.1119552

Scholz, J., Klein, M. C., Behrens, T. E. ], and Johansen-Berg, H. (2009). Training
induces changes in white-matter architecture. Nat. Neurosci. 12, 1370-1371. doi:
10.1038/nn.2412

Schulz, K., Kroner, A., and David, S. (2012). Iron efflux from astrocytes plays a role in
Remyelination. J. Neurosci. 32, 4841-4847. doi: 10.1523/JNEUROSCI.5328-11.2012

Scipioni, L., Ciaramellano, E, Carnicelli, V., Leuti, A., Lizzi, A. R., De Dominicis, N.,
etal. (2022). Microglial Endocannabinoid Signalling in AD. Cells 11:1237. doi: 10.3390/
cells11071237

Segel, M., Neumann, B., Hill, M. E E., Weber, I. P, Viscomi, C., Zhao, C,, et al. (2019).
Niche stiffness underlies the ageing of central nervous system progenitor cells. Nature
573, 130-134. doi: 10.1038/s41586-019-1484-9

Sheng, W. S., Hu, S., Min, X., Cabral, G. A., Lokensgard, J. R., and Peterson, P. K.
(2005). Synthetic cannabinoid WIN55,212-2 inhibits generation of inflammatory
mediators by IL-1?2-stimulated human astrocytes. Glia 49, 211-219. doi: 10.1002/
glia.20108

Shepherd, M. N., Pomicter, A. D., Velazco, C. S., Henderson, S. C., and Dupree, J. L.
(2012). Paranodal reorganization results in the depletion of transverse bands in the aged
central nervous system. Neurobiol. Aging 33, 203.e13-203.e24. doi: 10.1016/j.
neurobiolaging.2010.08.001

Shivers, S. C., Newton, C., Friedman, H., and Klein, T. W. (1994). A9-
tetrahydrocannabinol (THC) modulates IL-1 bioactivity in human monocyte/
macrophage cell lines. Life Sci. 54, 1281-1289. doi: 10.1016/0024-3205(94)00856-6

Shollenbarger, S. G., Price, J., Wieser, J., and Lisdahl, K. (2015). Poorer frontolimbic
white matter integrity is associated with chronic cannabis use, FAAH genotype, and
increased depressive and apathy symptoms in adolescents and young adults. Neurolmage:
Clinical 8, 117-125. doi: 10.1016/j.nicl.2015.03.024

Sierra, A., Gottfried-Blackmore, A. C., McEwen, B. S., and Bulloch, K. (2007).
Microglia derived from aging mice exhibit an altered inflammatory profile. Glia 55,
412-424. doi: 10.1002/glia.20468

Sikora, E., Bielak-Zmijewska, A., Dudkowska, M., Krzystyniak, A., Mosieniak, G.,
Wesierska, M., et al. (2021). Cellular senescence in brain aging. Front. Aging Neurosci.
13:646924. doi: 10.3389/fnagi.2021.646924

Sim, E.J., Zhao, C., Penderis, J., and Franklin, R. J. M. (2002). The age-related decrease
in CNS Remyelination efficiency is attributable to an impairment of both
oligodendrocyte progenitor recruitment and differentiation. J. Neurosci. 22, 2451-2459.
doi: 10.1523/JNEUROSCI.22-07-02451.2002

Simonti¢ova, E., Gongalves de Andrade, E., Vecchiarelli, H. A., Awogbindin, I. O.,
Delage, C. I, and Tremblay, M.-E. (2022). Present and future of microglial pharmacology.
Trends Pharmacol. Sci. 43, 669-685. doi: 10.1016/j.tips.2021.11.006

Sofroniew, M. V., and Vinters, H. V. (2010). Astrocytes: biology and pathology. Acta
Neuropathol. 119, 7-35. doi: 10.1007/s00401-009-0619-8

Solt, L. A., and May, M. J. (2008). The IkB kinase complex: master regulator of NF-kB
signaling. Immunol. Res. 42, 3-18. doi: 10.1007/s12026-008-8025-1

Soreq, L., Rose, ., Soreq, E., Hardy, J., Trabzuni, D., Cookson, M. R,, et al. (2017).
Major shifts in glial regional identity are a transcriptional Hallmark of human brain
aging. Cell Rep. 18, 557-570. doi: 10.1016/j.celrep.2016.12.011

Sowell, E. R., Peterson, B. S., Thompson, P. M., Welcome, S. E., Henkenius, A. L., and
Toga, A. W. (2003). Mapping cortical change across the human life span. Nat. Neurosci.
6, 309-315. doi: 10.1038/nn1008

Spaas, J., van Veggel, L., Schepers, M., Tiane, A., van Horssen, J., Wilson, D. M., et al.
(2021). Oxidative stress and impaired oligodendrocyte precursor cell differentiation in
neurological disorders. Cell. Mol. Life Sci. 78, 4615-4637. doi: 10.1007/
s00018-021-03802-0

Spitzer, S. O., Sitnikov, S., Kamen, Y., Evans, K. A., Kronenberg-Versteeg, D.,
Dietmann, S., et al. (2019). Oligodendrocyte progenitor cells become regionally diverse
and heterogeneous with age. Neuron 101, 459-471.e5. doi: 10.1016/j.neuron.2018.12.020

Stadelmann, C., Timmler, S., Barrantes-Freer, A., and Simons, M. (2019). Myelin in
the central nervous system: structure, function, and pathology. Physiol. Rev. 99,
1381-1431. doi: 10.1152/physrev.00031.2018

Stahon, K. E., Bastian, C., Griffith, S., Kidd, G. J., Brunet, S., and Baltan, S. (2016).
Age-related changes in axonal and mitochondrial ultrastructure and function in white
matter. J. Neurosci. 36, 9990-10001. doi: 10.1523/J]NEUROSCI.1316-16.2016

Stampanoni Bassi, M., Gentile, A., Iezzi, E., Zagaglia, S., Musella, A., Simonelli, I, et al.
(2019). Transient receptor potential Vanilloid 1 modulates central inflammation in
multiple sclerosis. Front. Neurol. 10:30. doi: 10.3389/fneur.2019.00030

Stargardt, A., Swaab, D. E, and Bossers, K. (2015). The storm before the quiet:
neuronal hyperactivity and A in the presymptomatic stages of Alzheimer’s disease.
Neurobiol. Aging 36, 1-11. doi: 10.1016/j.neurobiolaging.2014.08.014

Stehberg, J., Moraga-Amaro, R., Salazar, C., Becerra, A., Echeverria, C., Orellana, J. A.,
et al. (2012). Release of gliotransmitters through astroglial connexin 43 hemichannels
is necessary for fear memory consolidation in the basolateral amygdala. FASEB J. 26,
3649-3657. doi: 10.1096/ﬁ.1 1-198416

Stella, N. (2010). Cannabinoid and cannabinoid-like receptors in microglia, astrocytes,
and astrocytomas. Glia 58, 1017-1030. doi: 10.1002/glia.20983

frontiersin.org


https://doi.org/10.3389/fnagi.2023.1119552
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org
https://doi.org/10.4049/jimmunol.1502021
https://doi.org/10.1016/j.neurobiolaging.2015.02.016
https://doi.org/10.4103/1673-5374.338995
https://doi.org/10.1111/acel.13335
https://doi.org/10.1111/acel.13335
https://doi.org/10.1124/jpet.119.260661
https://doi.org/10.1124/jpet.119.260661
https://doi.org/10.1038/s41467-021-25486-7
https://doi.org/10.1016/j.expneurol.2010.03.030
https://doi.org/10.1016/j.expneurol.2010.03.030
https://doi.org/10.1096/fj.07-102731
https://doi.org/10.1096/fj.07-102731
https://doi.org/10.1016/j.neuron.2021.01.027
https://doi.org/10.1038/nn.4325
https://doi.org/10.1016/j.bbalip.2015.02.010
https://doi.org/10.1016/j.bbalip.2015.02.010
https://doi.org/10.1016/j.drugalcdep.2016.11.031
https://doi.org/10.1111/j.1460-9568.2011.07738.x
https://doi.org/10.1042/NS20210008
https://doi.org/10.1038/s41419-022-05032-z
https://doi.org/10.1038/s41593-019-0532-y
https://doi.org/10.1126/sciadv.abk1131
https://doi.org/10.1016/j.msard.2021.102810
https://doi.org/10.1080/00952990.2019.1578366
https://doi.org/10.1016/j.neurobiolaging.2017.09.025
https://doi.org/10.1016/j.neurobiolaging.2017.09.025
https://doi.org/10.3390/cells11071139
https://doi.org/10.1016/S0306-4522(99)00538-2
https://doi.org/10.1038/nn.2412
https://doi.org/10.1523/JNEUROSCI.5328-11.2012
https://doi.org/10.3390/cells11071237
https://doi.org/10.3390/cells11071237
https://doi.org/10.1038/s41586-019-1484-9
https://doi.org/10.1002/glia.20108
https://doi.org/10.1002/glia.20108
https://doi.org/10.1016/j.neurobiolaging.2010.08.001
https://doi.org/10.1016/j.neurobiolaging.2010.08.001
https://doi.org/10.1016/0024-3205(94)00856-6
https://doi.org/10.1016/j.nicl.2015.03.024
https://doi.org/10.1002/glia.20468
https://doi.org/10.3389/fnagi.2021.646924
https://doi.org/10.1523/JNEUROSCI.22-07-02451.2002
https://doi.org/10.1016/j.tips.2021.11.006
https://doi.org/10.1007/s00401-009-0619-8
https://doi.org/10.1007/s12026-008-8025-1
https://doi.org/10.1016/j.celrep.2016.12.011
https://doi.org/10.1038/nn1008
https://doi.org/10.1007/s00018-021-03802-0
https://doi.org/10.1007/s00018-021-03802-0
https://doi.org/10.1016/j.neuron.2018.12.020
https://doi.org/10.1152/physrev.00031.2018
https://doi.org/10.1523/JNEUROSCI.1316-16.2016
https://doi.org/10.3389/fneur.2019.00030
https://doi.org/10.1016/j.neurobiolaging.2014.08.014
https://doi.org/10.1096/fj.11-198416
https://doi.org/10.1002/glia.20983

Murray et al.

Stempel, A. V., Stumpf, A., Zhang, H.-Y., Ozdogan, T., Pannasch, U,, Theis, A.-K., et al.
(2016). Cannabinoid type 2 receptors mediate a cell type-specific plasticity in the
hippocampus. Neuron 90, 795-809. doi: 10.1016/j.neuron.2016.03.034

Stephan, J., Eitelmann, S., and Zhou, M. (2021). Approaches to study gap junctional
coupling. Front. Cell. Neurosci. 15:640406. doi: 10.3389/fncel.2021.640406

Swift, J., Ivanovska, I. L., Buxboim, A., Harada, T., Dingal, P. C. D. P, Pinter, J., et al.
(2013). Nuclear Lamin-a scales with tissue stiffness and enhances matrix-directed
differentiation. Science 341:1240104. doi: 10.1126/science.1240104

Thériault, P, and Rivest, S. (2016). Microglia: senescence impairs clearance of myelin
debris. Curr. Biol. 26, R772-R775. doi: 10.1016/j.cub.2016.06.066

Thomas, A., Baillie, G. L., Phillips, A. M., Razdan, R. K., Ross, R. A., and Pertwee, R. G.
(2007). Cannabidiol displays unexpectedly high potency as an antagonist of CB , and
CB , receptor agonists in vitro: cannabinoid antagonism by cannabidiol. Br. J. Pharmacol.
150, 613-623. doi: 10.1038/sj.bjp.0707133

Thomas, A. L., Lehn, M. A,, Janssen, E. M., Hildeman, D. A., and Chougnet, C. A.
(2022). Naturally-aged microglia exhibit phagocytic dysfunction accompanied by gene
expression changes reflective of underlying neurologic disease. Sci. Rep. 12:19471. doi:
10.1038/541598-022-21920-y

Tilstra, J. S., Clauson, C. L., Niedernhofer, L. J., and Robbins, P. D. (2011). NF-xB in
aging and disease. Aging Dis. 2, 449-465.

Tognatta, R., Karl, M. T., Fyffe-Maricich, S. L., Popratiloff, A., Garrison, E. D,,
Schenck, J. K., et al. (2020). Astrocytes are required for oligodendrocyte survival and
maintenance of myelin compaction and integrity. Front. Cell. Neurosci. 14:74. doi:
10.3389/fncel.2020.00074

Tomas-Roig, J., Agbemenyah, H. Y, Celarain, N., Quintana, E., Ramié-Torrenta, L.,
and Havemann-Reinecke, U. (2020). Dose-dependent effect of cannabinoid
WIN-55,212-2 on myelin repair following a demyelinating insult. Sci. Rep. 10:590. doi:
10.1038/s41598-019-57290-1

Tress, O., Maglione, M., May, D., Pivneva, T, Richter, N., Seyfarth, J., et al. (2012).
Panglial gap junctional communication is essential for maintenance of myelin in the
CNS. J. Neurosci. 32, 7499-7518. doi: 10.1523/JNEUROSCI.0392-12.2012

Tsai, H.-H., Frost, E., To, V., Robinson, S., ffrench-Constant, C., Geertman, R, et al.
(2002). The chemokine receptor CXCR2 controls positioning of oligodendrocyte
precursors in developing spinal cord by arresting their migration. Cells 110, 373-383.
doi: 10.1016/50092-8674(02)00838-3

Tse, K.-H., and Herrup, K. (2017). DNA damage in the oligodendrocyte lineage and
its role in brain aging. Mech. Ageing Dev. 161, 37-50. doi: 10.1016/j.mad.2016.05.006

Tsou, K., Mackie, K., Sanudo-Pefia, M. C., and Walker, J. M. (1999). Cannabinoid CB1
receptors are localized primarily on cholecystokinin-containing GABAergic
interneurons in the rat hippocampal formation. Neuroscience 93, 969-975. doi: 10.1016/
S0306-4522(99)00086-X

Turcotte, C., Blanchet, M.-R., Laviolette, M., and Flamand, N. (2016). The CB2
receptor and its role as a regulator of inflammation. Cell. Mol. Life Sci. 73, 4449-4470.
doi: 10.1007/s00018-016-2300-4

Tyler, W. A., Gangoli, N., Gokina, P, Kim, H. A., Covey, M., Levison, S. W,, et al.
(2009). Activation of the mammalian target of Rapamycin (mTOR) is essential for
oligodendrocyte differentiation. J. Neurosci. 29, 6367-6378. doi: 10.1523/
JNEUROSCI.0234-09.2009

van den Berg, R., Haenen, G. R. M. M,, van den Berg, H., and Bast, A. (2001).
Transcription factor NF-kB as a potential biomarker for oxidative stress. Br. J. Nutr. 86,
§121-S127. doi: 10.1079/BJN2001340

Van Laere, K., Goffin, K., Casteels, C., Dupont, P, Mortelmans, L., de Hoon, J., et al.
(2008). Gender-dependent increases with healthy aging of the human cerebral
cannabinoid-type 1 receptor binding using [18F]MK-9470 PET. Neurolmage 39,
1533-1541. doi: 10.1016/j.neuroimage.2007.10.053

Van Ryzin, J. W,, Marquardt, A. E., Argue, K. J., Vecchiarelli, H. A., Ashton, S. E.,
Arambula, S. E., et al. (2019). Microglial phagocytosis of newborn cells is induced by
Endocannabinoids and sculpts sex differences in juvenile rat social play. Neuron 102,
435-449.¢6. doi: 10.1016/j.neuron.2019.02.006

Vandewouw, M. M., Hunt, B. A. E., Ziolkowski, ., and Taylor, M. J. (2021). The
developing relations between networks of cortical myelin and neurophysiological
connectivity. Neurolmage 237:118142. doi: 10.1016/j.neuroimage.2021.118142

Vazquez, C., Tolén, R. M., Grande, M. T., Caraza, M., Moreno, M., Koester, E. C., et al.
(2015a). Endocannabinoid regulation of amyloid-induced neuroinflammation.
Neurobiol. Aging 36, 3008-3019. doi: 10.1016/j.neurobiolaging.2015.08.003

Vazquez, C., Tolén, R. M., Pazos, M. R., Moreno, M., Koester, E. C., Cravatt, B. F, et al.
(2015b). Endocannabinoids regulate the activity of astrocytic hemichannels and the
microglial response against an injury: in vivo studies. Neurobiol. Dis. 79, 41-50. doi:
10.1016/j.nbd.2015.04.005

Vecchiarelli, H. A., Aukema, R. J., Hume, C., Chiang, V., Morena, M., Keenan, C. M.,
etal. (2021). Genetic variants of fatty acid amide hydrolase modulate acute inflammatory
responses to colitis in adult male mice. Front. Cell. Neurosci. 15:764706. doi: 10.3389/
fncel.2021.764706

Frontiers in Aging Neuroscience

10.3389/fnagi.2023.1119552

Vecchiarelli, H. A., Morena, M., Lee, T. T. Y., Nastase, A. S., Aukema, R. ], Leitl, K. D.,
etal. (2022). Sex and stressor modality influence acute stress-induced dynamic changes
in corticolimbic endocannabinoid levels in adult Sprague Dawley rats. Neurobiol. Stress
20:100470. doi: 10.1016/j.ynstr.2022.100470

Verkhratsky, A., Lazareva, N., and Semyanov, A. (2022). Glial decline and loss of
homeostatic support rather than inflammation defines cognitive aging. Neural Regen.
Res. 17:565. doi: 10.4103/1673-5374.320979

Vinke, E. J., de Groot, M., Venkatraghavan, V., Klein, S., Niessen, W. J., Tkram, M. A,,
et al. (2018). Trajectories of imaging markers in brain aging: the Rotterdam study.
Neurobiol. Aging 71, 32-40. doi: 10.1016/j.neurobiolaging.2018.07.001

Wake, H., Lee, P. R., and Fields, R. D. (2011). Control of local protein synthesis and
initial events in myelination by action potentials. Science 333, 1647-1651. doi: 10.1126/
science.1206998

Wake, H., Ortiz, F. C., Woo, D. H., Lee, P. R., Angulo, M. C,, and Fields, R. D. (2015).
Nonsynaptic junctions on myelinating glia promote preferential myelination of
electrically active axons. Nat. Commun. 6:7844. doi: 10.1038/ncomms8844

Wang, H. (2003). Gender difference in glutathione metabolism during aging in mice.
Exp. Gerontol. 38, 507-517. doi: 10.1016/S0531-5565(03)00036-6

Wang, E, Ren, S.-Y., Chen, J.-E, Liu, K,, Li, R.-X,, Li, Z.-F, et al. (2020). Myelin
degeneration and diminished myelin renewal contribute to age-related deficits in
memory. Nat. Neurosci. 23, 481-486. doi: 10.1038/541593-020-0588-8

Wang, S., Wang, Y., and Zou, S. (2022). A glance at the molecules that regulate
oligodendrocyte myelination. CIMB 44, 2194-2216. doi: 10.3390/cimb44050149

Watanabe, K., Kayano, Y., Matsunaga, T., Yamamoto, I., and Yoshimura, H. (1996).
Inhibition of Anandamide Amidase activity in mouse brain Microsomes by
cannabinoids. Biol. Pharm. Bull. 19, 1109-1111. doi: 10.1248/bpb.19.1109

Watson, K. K., Bryan, A. D,, Thayer, R. E., Ellingson, J. M., Skrzynski, C. J., and
Hutchison, K. E. (2022). Cannabis use and resting state functional connectivity in the
aging brain. Front. Aging Neurosci. 14:804890. doi: 10.3389/fnagi.2022.804890

Waxman, S. G. (1980). Determinants of conduction velocity in myelinated nerve
fibers. Muscle Nerve 3, 141-150. doi: 10.1002/mus.880030207

Westlye, L. T, Walhovd, K. B., Dale, A. M., Bjornerud, A., Due-Tonnessen, P, Engvig, A.,
etal. (2010). Life-span changes of the human brain white matter: diffusion tensor imaging
(DTI) and Volumetry. Cereb. Cortex 20, 2055-2068. doi: 10.1093/cercor/bhp280

Whiting, P. E, Wolff, R. E, Deshpande, S., Di Nisio, M., Duffy, S., Hernandez, A. V.,
et al. (2015). Cannabinoids for medical use: a systematic review and meta-analysis.
JAMA 313:2456. doi: 10.1001/jama.2015.6358

Willis, C. M., Nicaise, A. M., Bongarzone, E. R., Givogri, M., Reiter, C. R., Heintz, O.,
etal. (2020). Astrocyte support for oligodendrocyte differentiation can be conveyed via
extracellular vesicles but diminishes with age. Sci. Rep. 10:828. doi: 10.1038/
541598-020-57663-x

Wong, R. (2018). A new strategic approach to successful aging and healthy aging.
Geriatrics 3:86. doi: 10.3390/geriatrics3040086

Wu, J., Chen, N., Liu, Y., Godlewski, G., Kaplan, H. J., Shrader, S. H,, et al. (2021).
Studies of involvement of G-protein coupled receptor-3 in cannabidiol effects on
inflammatory responses of mouse primary astrocytes and microglia. PLoS One
16:¢0251677. doi: 10.1371/journal.pone.0251677

Wu, L. M. N, Williams, A., Delaney, A., Sherman, D. L., and Brophy, P. J. (2012).
Increasing Internodal distance in myelinated nerves accelerates nerve conduction to a
flat maximum. Curr. Biol. 22, 1957-1961. doi: 10.1016/j.cub.2012.08.025

Yang, S., Du, Y., Zhao, X., Tang, Q., Su, W,, Hu, Y,, et al. (2022). Cannabidiol enhances
microglial Beta-amyloid peptide phagocytosis and clearance via Vanilloid family type 2
channel activation. IJMS 23:5367. doi: 10.3390/ijms23105367

Ye, Z.-C., Wyeth, M. S., Baltan-Tekkok, S., and Ransom, B. R. (2003). Functional
hemichannels in astrocytes: a novel mechanism of glutamate release. J. Neurosci. 23,
3588-3596. doi: 10.1523/J]NEUROSCI.23-09-03588.2003

Yeung, M. S.Y,, Zdunek, S., Bergmann, O., Bernard, S., Salehpour, M., Alkass, K., et al.
(2014). Dynamics of oligodendrocyte generation and myelination in the human brain.
Cells 159, 766-774. doi: 10.1016/j.cell.2014.10.011

Yoo, H. B., DiMuzio, J., and Filbey, F. M. (2020). Interaction of cannabis use and
aging: from molecule to mind. J. Dual Diagn. 16, 140-176. doi:
10.1080/15504263.2019.1665218

Youm, Y.-H., Grant, R. W,, McCabe, L. R., Albarado, D. C., Nguyen, K. Y,
Ravussin, A., et al. (2013). Canonical Nlrp3 Inflammasome links systemic low-
grade inflammation to functional decline in aging. Cell Metab. 18, 519-532. doi:
10.1016/j.cmet.2013.09.010

Young, A. P, and Denovan-Wright, E. M. (2022a). Synthetic cannabinoids reduce the
inflammatory activity of microglia and subsequently improve neuronal survival in vitro.
Brain Behav. Immun. 105, 29-43. doi: 10.1016/j.bbi.2022.06.011

Young, A. P, and Denovan-Wright, E. M. (2022b). The dynamic role of microglia and
the Endocannabinoid system in Neuroinflammation. Front. Pharmacol. 12:806417. doi:
10.3389/fphar.2021.806417

frontiersin.org


https://doi.org/10.3389/fnagi.2023.1119552
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org
https://doi.org/10.1016/j.neuron.2016.03.034
https://doi.org/10.3389/fncel.2021.640406
https://doi.org/10.1126/science.1240104
https://doi.org/10.1016/j.cub.2016.06.066
https://doi.org/10.1038/sj.bjp.0707133
https://doi.org/10.1038/s41598-022-21920-y
https://doi.org/10.3389/fncel.2020.00074
https://doi.org/10.1038/s41598-019-57290-1
https://doi.org/10.1523/JNEUROSCI.0392-12.2012
https://doi.org/10.1016/S0092-8674(02)00838-3
https://doi.org/10.1016/j.mad.2016.05.006
https://doi.org/10.1016/S0306-4522(99)00086-X
https://doi.org/10.1016/S0306-4522(99)00086-X
https://doi.org/10.1007/s00018-016-2300-4
https://doi.org/10.1523/JNEUROSCI.0234-09.2009
https://doi.org/10.1523/JNEUROSCI.0234-09.2009
https://doi.org/10.1079/BJN2001340
https://doi.org/10.1016/j.neuroimage.2007.10.053
https://doi.org/10.1016/j.neuron.2019.02.006
https://doi.org/10.1016/j.neuroimage.2021.118142
https://doi.org/10.1016/j.neurobiolaging.2015.08.003
https://doi.org/10.1016/j.nbd.2015.04.005
https://doi.org/10.3389/fncel.2021.764706
https://doi.org/10.3389/fncel.2021.764706
https://doi.org/10.1016/j.ynstr.2022.100470
https://doi.org/10.4103/1673-5374.320979
https://doi.org/10.1016/j.neurobiolaging.2018.07.001
https://doi.org/10.1126/science.1206998
https://doi.org/10.1126/science.1206998
https://doi.org/10.1038/ncomms8844
https://doi.org/10.1016/S0531-5565(03)00036-6
https://doi.org/10.1038/s41593-020-0588-8
https://doi.org/10.3390/cimb44050149
https://doi.org/10.1248/bpb.19.1109
https://doi.org/10.3389/fnagi.2022.804890
https://doi.org/10.1002/mus.880030207
https://doi.org/10.1093/cercor/bhp280
https://doi.org/10.1001/jama.2015.6358
https://doi.org/10.1038/s41598-020-57663-x
https://doi.org/10.1038/s41598-020-57663-x
https://doi.org/10.3390/geriatrics3040086
https://doi.org/10.1371/journal.pone.0251677
https://doi.org/10.1016/j.cub.2012.08.025
https://doi.org/10.3390/ijms23105367
https://doi.org/10.1523/JNEUROSCI.23-09-03588.2003
https://doi.org/10.1016/j.cell.2014.10.011
https://doi.org/10.1080/15504263.2019.1665218
https://doi.org/10.1016/j.cmet.2013.09.010
https://doi.org/10.1016/j.bbi.2022.06.011
https://doi.org/10.3389/fphar.2021.806417

Murray et al.

Young, K. M., Psachoulia, K., Tripathi, R. B., Dunn, S.-J., Cossell, L., Attwell, D.,
et al. (2013). Oligodendrocyte dynamics in the healthy adult CNS: evidence for
myelin remodeling. Neuron 77, 873-885. doi: 10.1016/j.neuron.2013.
01.006

Yousef, H., Czupalla, C.J., Lee, D., Chen, M. B., Burke, A. N., Zera, K. A,, et al. (2019).
Aged blood impairs hippocampal neural precursor activity and activates microglia via
brain endothelial cell VCAMI. Nat. Med. 25, 988-1000. doi: 10.1038/s41591-019-
0440-4

Yu, Y., Li, L., Nguyen, D. T., Mustafa, S. M., Moore, B. M., and Jiang, J. (2020). Inverse
Agonism of cannabinoid receptor type 2 confers anti-inflammatory and Neuroprotective
effects following status epileptics. Mol. Neurobiol. 57, 2830-2845. doi: 10.1007/
$12035-020-01923-4

Frontiers in Aging Neuroscience

23

10.3389/fnagi.2023.1119552

Zhang, Y., Hou, B., Liang, P, Lu, X., Wu, Y., Zhang, X., et al. (2021). TRPV1 channel
mediates NLRP3 inflammasome-dependent neuroinflammation in microglia. Cell Death
Dis. 12:1159. doi: 10.1038/s41419-021-04450-9

Zhang, X., Huang, N., Xiao, L., Wang, F, and Li, T. (2021). Replenishing the aged
brains: targeting oligodendrocytes and myelination? Front. Aging Neurosci. 13:760200.
doi: 10.3389/fnagi.2021.760200

Zhang, H., Shen, H., Jordan, C.J., Liu, Q,, Gardner, E. L., Bonci, A, et al. (2019). CB2
receptor antibody signal specificity: correlations with the use of partial CB2-knockout
mice and anti-rat CB2 receptor antibodies. Acta Pharmacol. Sin. 40, 398-409. doi:
10.1038/s41401-018-0037-3

Zou, S., and Kumar, U. (2018). Cannabinoid receptors and the Endocannabinoid system:
signaling and function in the central nervous system. IJ/MS 19:833. doi: 10.3390/ijms19030833

frontiersin.org


https://doi.org/10.3389/fnagi.2023.1119552
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org
https://doi.org/10.1016/j.neuron.2013.01.006
https://doi.org/10.1016/j.neuron.2013.01.006
https://doi.org/10.1038/s41591-019-0440-4
https://doi.org/10.1038/s41591-019-0440-4
https://doi.org/10.1007/s12035-020-01923-4
https://doi.org/10.1007/s12035-020-01923-4
https://doi.org/10.1038/s41419-021-04450-9
https://doi.org/10.3389/fnagi.2021.760200
https://doi.org/10.1038/s41401-018-0037-3
https://doi.org/10.3390/ijms19030833

	Enhancing axonal myelination in seniors: A review exploring the potential impact cannabis has on myelination in the aged brain
	1. Introduction
	1.1. The importance of myelin
	1.1.1. Myelin in the aged brain
	1.2. Oligodendrocytes and oligodendrocyte progenitor cells
	1.2.1. Oligodendrocytes and OPCs in the aged brain
	1.3. Astrocytes in myelination
	1.3.1. Astrocytes and myelination in the aged brain
	1.4. Microglia in myelination
	1.4.1. Microglia and myelination in the aged brain
	1.5. The endocannabinoid system
	1.5.1. The endocannabinoid system in aging
	1.6. Cannabis and the endocannabinoid system
	1.7. The impact of cannabis on microglia
	1.8. The impact of cannabis on astrocytes
	1.9. The impact of cannabis on oligodendrocytes and OPCs
	1.10. The impact of cannabis on the human brain

	2. Conclusion
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note

	﻿References

