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Review of Yamamoto et al.

Emerging evidence from clinical and ani-
mal studies has demonstrated that Type 2
diabetes mellitus (T2DM) and obesity are
associated with an increased risk for cog-
nitive impairments (Biessels and Reagan,
2015). The hippocampus appears to be
particularly susceptible to damage, such
as morphological changes and reduced
synaptic function, related to obesogenic
and prodiabetic diets (Granholm et al.,
2008; Stranahan et al., 2008). A clear un-
derstanding of the mechanistic underpin-
nings of these relationships has been
elusive, but growing evidence implicates
degradation and dysfunction of the cere-
brovascular blood– brain barrier (BBB) as
a key factor that leads to cognitive decline
(Valcarcel-Ares et al., 2019).

BBB integrity is vital for neuronal
health, and many neurological disorders
are associated with BBB breakdown (Van
Dyken and Lacoste, 2018). Multiple cell
types constitute the BBB, including endo-
thelial cells, pericytes, astrocytes, and
microglia. This cellular conglomeration,
known as the “neurovascular unit,” pro-

tects the brain from toxic substances and
regulates the transport of nutrients and
hormones into the brain (Rhea et al.,
2017). Endothelial cells, which reside on
the luminal side of the brain microvascu-
lature and are connected by tight junction
proteins, are especially important for
regulating BBB permeability. Pericytes
provide additional structural stability by
lining the abluminal surface of the endo-
thelial monocellular layer. Multiple stud-
ies in rodent models of T2DM and obesity
have reported that tight junctions de-
grade, reducing BBB integrity, particu-
larly in the hippocampus. Therefore, BBB
breakdown might be a causative factor
leading to cognitive dysfunction in these
diseases (Rhea et al., 2017; Takechi et al.,
2017; Salameh et al., 2019).

T2DM and obesity have many interre-
lated effects, including chronic hypergly-
cemia, insulin resistance, altered hormone
levels, and redox imbalances (Reagan,
2012). The extent to which each of these
plays a role in neurological impairments is
poorly understood. Moreover, multiple
repercussions of chronic metabolic stress,
such as astrogliosis (Calvo-Ochoa et al.,
2014) and pathological angiogenesis (Yi et
al., 2012), may adversely affect BBB func-
tion. Thus, the precise order of patholog-
ical events leading to cognitive decline is
difficult to discern.

Yamamoto et al. (2019) sought to ad-
dress these uncertainties by placing mice
on low- or high-fat diets (LFD and HFD,
respectively) and monitoring metabolic
parameters and BBB integrity over time.
To assess BBB permeability, mice were in-
traperitoneally injected with two fluores-
cent tracers; then hippocampal tissue was
evaluated for the presence of each tracer
to determine whether there were moder-
ate (NaFl) or more severe (Evans Blue)
increases in BBB permeability. After 8
weeks, HFD-fed mice were heavier than
LFD-fed controls, but fasting glycemia,
insulinemia, and BBB permeability were
similar in the two groups (Yamamoto et
al., 2019, their Fig. 1A–C). By 12 weeks,
BBB permeability to NaFl had increased
in HFD-fed mice; and at 16 weeks, BBB
permeability to Evans Blue had increased,
along with fasting glucose and insulin lev-
els. Increased BBB permeability was ac-
companied by a multitude of structural
alterations to the neurovascular unit fol-
lowing 16 weeks of HFD administration.
Tight junction proteins were significantly
reduced (Yamamoto et al., 2019, their Fig.
1E), and electron microscopy revealed
tight junction involution and atrophy.
Additionally, the authors observed swol-
len astrocytic endfeet (Yamamoto et al.,
2019, their Fig. 2) and pericyte regression,
indicated by reduced pericyte coverage of
the endothelial surface area. The potential
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role of inflammation was also revealed by
an increase in VEGF and VEGF receptor
expression in micro-vessel preparations
from HFD-fed mice (Yamamoto et al.,
2019, their Fig. 6E). Importantly, mice fed
HFD for 16 weeks displayed deficits in
hippocampal LTP (Yamamoto et al., 2019,
their Fig. 3D) and spatial memory retention
(Yamamoto et al., 2019, their Fig. 7A–C),
reflecting the cognitive effects associated
with diabetes and T2DM.

Past studies demonstrated that the
Adenosine A2A receptor (Adora2a) pro-
motes BBB permeability through a mech-
anism proposed to involve intracellular
signaling in endothelial cells and tight
junction protein alteration (Carman et al.,
2011). Therefore, Yamamoto et al. (2019)
next administered the Adora2a antagonist
SCH58261 to HFD-fed mice via intraperi-
toneal injection. Adora2a antagonism re-
versed BBB permeability to NaFl and
Evans Blue (Yamamoto et al., 2019, their
Fig. 3E) and rescued hippocampal LTP.
Similarly, Tie2 promoter-driven KO of
Adora2a in endothelial cells and pericytes
protected HFD-fed mice from tight junc-
tion degradation, BBB hyperpermeability
(Yamamoto et al., 2019, their Fig. 4E,F),
and deficits in LTP (Yamamoto et al.,
2019, their Fig. 7D,E). Finally, Adora2a
antagonism and ablation prevented HFD-
induced pericyte regression and upregula-
tion of both VEGF and VEGF receptor.

From the results obtained, the authors
concluded that obesity (present at 8
weeks) increases BBB permeability (which
is present at 12 weeks), whereas insulin
resistance (which did not appear until 16
weeks) leads to a more severe breakdown
of the BBB. This hypothesis is consistent
with previous work suggesting that proper
insulin signaling at the BBB helps main-
tain tight junction structure and, thus,
permeability (Rhea and Banks, 2019).
Mice with endothelial-cell-specific KO of
the insulin receptor display increased BBB
permeability and reduced tight junction
protein expression (Konishi et al., 2017).
Furthermore, insulin-deficient diabetes-
model mice experience BBB deterioration
via astrocytic retraction, resulting in in-
creased permeability (Salameh et al.,
2016). Finally, insulin administration
restores BBB permeability in streptozo-
tocin-injected diabetes-model mice (Sun
et al., 2015). Further investigation is
needed, however, to determine whether
the correlation between insulin resistance
and severe BBB deterioration truly repre-
sents a causal relationship.

Since the interventions used to target
Adora2a may have also affected pericyte-

resident Adora2a, the potential role of
pericytes must also be considered. For
example, a human pericyte and microvas-
cular endothelial cell coculture study
suggested that Adora2a activation in peri-
cytes stimulates the release of large
amounts of VEGF, which may, in turn,
cause pericyte detachment (Caporarello
et al., 2018). Thus, it is possible that the
HFD-induced increase in VEGF and
VEGF receptor expression observed by
Yamamoto et al. (2019) resulted from
Adora2a activation in pericytes. Pericytes
could, in this way, provide a driving force
in generating inflammation and causing
HFD-induced BBB breakdown. Further
studies are needed to fully characterize
this cascade of pathological events leading
to BBB dysfunction and the resulting cog-
nitive deficits.

The identification of Adora2a as a key
mediator of obesity-induced cognitive
dysfunction by Yamamoto et al. (2019) is
complemented by another recent article
in which Zhou et al. (2019) demonstrated
that endothelial Adora2a mediates in-
flammation and BBB permeability caused
by thromboembolic stroke. While the pre-
cise molecular insults caused by thrombo-
embolic stroke are likely not identical to
those incurred by chronic HFD intake, the
study reinforces the role of endothelial
Adora2a as a major mediator of BBB dys-
function. Additionally, Zhou et al. (2019)
determined that Adora2a-induced endo-
thelial inflammation may involve acti-
vation of the Nlrp3 inflammasome, a
multiprotein complex that triggers in-
flammatory processes in response to vari-
ous stimuli. The Nlrp3 inflammasome is
associated with metabolic disorders and is
preferentially expressed in neurovascular
endothelial cells (Yang et al., 2014),
presenting another potential molecular
target for further investigation of Adora2a-
mediated BBB dysfunction.

A major question that remains to be
addressed is how Adora2a becomes ac-
tivated by HFD administration. One
possibility is that chronic stress and in-
flammation within the endothelial mono-
layer of the BBB cause the release of
abnormally high amounts of ATP into the
extracellular space, leading to adenosine
generation (Bynoe et al., 2015). The ecto-
nucleotidases CD39 and CD73, which
reside on the cell surface and contain
extracellular-oriented catalytic sites, rap-
idly convert ATP into AMP (CD39), and
then adenosine (CD73), which can then
activate Adora2a (Burnstock and Bo-
eynaems, 2014). Although CD73 expres-
sion is low in BBB endothelial cells under

normal physiological conditions, it is in-
creased by cell stress and inflammation
(Bynoe et al., 2015).

As previously mentioned, the multiple
interacting factors in cases of T2DM make
it difficult to pinpoint causative factors of
the associated neurological impairments.
Indeed, a review of the current literature
on T2DM and BBB permeability presents
contrasting hypotheses on the effects of
hyperglycemia on BBB integrity. In brief,
while analyzing BBB composition and
function in the Lepr db/db mouse strain
that develops obesity-induced insulin resis-
tance, Corem et al. (2019) observed tran-
sient BBB leakage during prehyperglycemia,
but not during the subsequent hyperglyce-
mic stage. The authors concluded that
hyperglycemia-induced BBB permeability
is likely not the underlying cause of T2DM-
associated cognitive impairment, instead
concluding that mitochondrial degenera-
tion in the endothelium may be a driving
force. Mäe et al. (2018) came to a similar
conclusion using a mouse model in which
insulin-producing �-cell-specific death is
genetically induced, resulting in chronic hy-
perglycemia, but no changes in BBB func-
tion. The conclusions drawn from these
studies may be specific to the models and
methodology used, however, and caution
must be used when extrapolating these find-
ings to the complicated context of T2DM
and obesity in humans.

This study by Yamamoto et al. (2019)
implicates Adora2a as a potential molecu-
lar mediator of HFD-induced BBB degra-
dation and cognitive impairment. Further
investigation of the cause of Adora2a acti-
vation and characterization of Adora2a
actions in the neurovascular unit may
help develop therapeutic treatments for
T2DM and obesity-associated cognitive
decline.
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