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ABSTRACT

Chronic mild hypoxia (CMH; 8% 0O,) triggers transient blood-brain barrier (BBB) disruption, an effect greatly
increased with age. As BBB disruption predisposes to neuronal death and cognitive decline, here we defined
the hypoxic thresholds that trigger BBB breakdown in young and aged mice, and then defined the age at which
hypoxia-induced BBB disruption significantly increases. Dual-immunofluorescence of brain sections
demonstrated that the thresholds required to trigger hypoxia-induced BBB disruption (CD31/fibrinogen) and
endothelial proliferation (CD31/Ki67) were much lower in aged mice (15% 0,) compared to young (13% 0,).
Hypoxia-induced endothelial proliferation was relatively constant across the age range, but advanced age
strongly enhanced the degree of BBB disruption (4-6-fold greater in 23 months vs. 2 months old). While the BBB
became more vulnerable to hypoxic disruption at 12-15 months, a large step-up also occurred at the
surprisingly young age 2—6 months. Our data demonstrates that the aged BBB is far more sensitive to hypoxia-
induced BBB disruption than the young and define the hypoxic thresholds that trigger hypoxia-induced BBB
disruption in young and aged mice. This information has translational implications for people exposed to
hypoxia and for those living with hypoxia-associated conditions such as asthma, emphysema, ischemic heart
disease, and apnea.

INTRODUCTION with this idea, several studies have demonstrated
increased dementia risk in people who suffer from
We recently demonstrated that exposure to chronic mild hypoxia-inducing conditions such as sleep apnea and
hypoxia (CMH; 8% O,) in young (2 months old) mice COPD [3-6]. Further support is provided by our recent
triggers a cerebrovascular remodeling response that finding that when aged mice are exposed to CMH, they
includes endothelial proliferation and low levels of manifest marked BBB disruption, resulting in neuronal
transient blood-brain barrier (BBB) disruption that is loss and decline in cognitive function [7].
accompanied by microglial activation and aggregation
around leaky blood vessels [1]. Strikingly, the extent of Considering the pathogenic potential of the link
hypoxia-induced BBB disruption is greatly amplified between hypoxic exposure, BBB disruption, neuronal
(5-10-fold) in aged (20 months old) mice [2]. As loss, and cognitive decline, and the notion that this
hypoxia is a common component of many age-related could affect a large number of (particularly aged)
diseases including chronic obstructive pulmonary people, it becomes a high priority to dig deeper into
disease (COPD), asthma, ischemic heart disease, heart this connection to address some important fundamental
failure, and sleep apnea, it follows that in the elderly questions. First, what hypoxic level is sufficient to
population, hypoxic events could trigger BBB break- trigger vascular remodeling and BBB breakdown, and
down, culminating in neuronal dysfunction, neuro- how does age influence the hypoxic threshold that
degeneration, and vascular dementia [3-6]. Consistent triggers BBB disruption? Second, at what age do
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cerebral blood vessels become more susceptible to
hypoxia-induced disruption? In this study, we
addressed these fundamental questions by first
exposing young (2 months old) and aged (20 months
old) mice to a range of oxygen levels from normoxia
(21% 0O2) to marked hypoxia (8% O) to define the
hypoxic thresholds that triggers vascular remodeling
and BBB disruption at the two different ages. Next,
we investigated at what specific age mice become
more susceptible to hypoxia, by comparing mice of
8 different ages (from 2 months to 23 months) to
a fixed (8% Oy) level of hypoxia. In both types of
study, we evaluated the impact of hypoxia on the
following parameters: endothelial proliferation (an
early event in angiogenesis) and BBB disruption, and
because our previous work highlights a close
connection between BBB disruption and microglial
activation, we also examined microglial activation and
proliferation.

RESULTS

Hypoxia-induced cerebrovascular remodeling is
triggered at a higher O level in aged mice

The main goal of these studies was to define the
hypoxic threshold that triggers cerebral blood vessels to
remodel. We evaluated endothelial proliferation as this
is one of the earliest stages of angiogenesis, and BBB
disruption, which occurs as a transient, but potentially
pathogenic, side-effect of the vascular remodeling
process [1, 2, 8]. Young (2 months old) and aged (20
months old) female C57BL6/J mice were maintained
for 4 days under control conditions (normoxia; 21% O>)
or at different levels of hypoxia, including 14, 13, 12,
10, and 8% O3. In prior studies we demonstrated that
hypoxic-induced vascular remodeling occurs in all areas
of the brain, with the strongest effect observed in the
midbrain and olfactory bulb [1, 2]; therefore, most of
the analyses in the current study were performed in the
midbrain. A 4-day incubation period was selected
because this is the time-point at which many of the
remodeling parameters show peak levels, including
endothelial proliferation, and fibronectin and o5p1
integrin expression [8].

As one of the earliest and most sensitive markers of
angiogenesis is endothelial proliferation, we performed
dual-immunofluorescence (dual-IF) on frozen brain
sections with the endothelial cell marker CD31 and the
proliferation marker Ki67 to quantify endothelial
proliferation. Consistent with previous studies [1, 2,
8], this showed that the young normoxic brain had a
total absence of proliferating endothelial cells (Figure
1A, upper panel). In these young brains, significant
levels of endothelial cell proliferation (identified by

CD31/Ki67 dual-positive cells) were not observed
until ambient O levels were reduced to 12% or lower
(Figure 1A, upper panel), at which point endothelial
proliferation increased in a tight dose-response manner
as the level of hypoxic stimulus was increased from
12% down to 8% O, (Figure 1B). The aged brain also
showed no sign of endothelial proliferation under
normoxic conditions (Figure 1A, lower panel).
However, compared to young brain, the aged brain
appeared to be more sensitive to the effect of hypoxia
in that endothelial proliferation was first observed
when O levels were reduced to the milder hypoxia
level of 14% or lower (Figure 1A, lower panel).
Because 14% O triggered endothelial proliferation in
the aged mouse brain, we introduced an even milder
level of 15% O, for studying aged mice, and this also
triggered a small but significant degree of endothelial
proliferation Figure 1C). Quantification of these
studies indicates that compared to young (2-month-
old) mice, the brains of aged (20 months) mice are
more sensitive to the effects of hypoxia, with the
hypoxic  threshold that promotes endothelial
proliferation defined as 12% O in young mice but
15% O3 in aged mice (Figure 1B, 1C). This age-related
difference in responsiveness to hypoxia is well
illustrated in Figure 1D, which shows that the rates of
endothelial proliferation are similar for young and
aged mice at severe hypoxic levels of 10 or 8% O, but
at the less severe level of 12% O, while the rate of
endothelial proliferation in young mice had fallen to
less than a third of the maximum rate seen at 8% Oo,
that in aged mice at 12% O, was maintained equal to
that seen at 10 and 8% O,

Aged mice are more susceptible to hypoxia-induced
BBB disruption

Next, we compared young and aged mice for their
susceptibility to hypoxia-induced BBB disruption by
performing dual-IF with CD31 and fibrinogen, in
which extravascular leak of fibrinogen indicates BBB
breakdown. As shown in Figure 2A, no BBB
disruption was seen under normoxic (control)
conditions at either age, but as the hypoxic stimulus
was increased (O, level lowered), aged mice displayed
a greater number of fibrinogen* extravascular leaks,
particularly in the hypoxic range 8-12% O, The
quantification revealed that in the midbrain, the
hypoxic threshold that triggered significant BBB
disruption, was 13% in young brain, but 15% in aged
brain (Figure 2B, 2C). In a consistent manner, in the
olfactory bulb, the hypoxic thresholds for young and
aged brains were 12 and 14% Oy, respectively (Figure
2E, 2F). It was also noticeable that at any level of
hypoxia, the number of vascular leaks was always
greater in the aged brain (Figure 2D, 2G).
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Microglia in the aged brain are more activated at response relationship between hypoxic dose and

every level of ambient O, microglial activation in young and aged mice, using
Mac-1 signal as an index (Figure 3). Consistent with
As microglial activation is influenced by hypoxia and previous findings, this showed that in the young brain,
BBB disruption [2], we next examined the dose- hypoxia had little impact on microglial activation, only
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Figure 1. Hypoxia-induced cerebrovascular remodeling is triggered at a higher O: level in aged mice. (A) Frozen brain sections
taken from young (2 months) and aged (20 months) mice exposed to normoxia or different levels of hypoxia (15-8% 0O,) for 4 days were
stained for the endothelial marker CD31 (AlexaFluor-488) and Ki67 (Cy-3). Images were captured in the midbrain. Scale bars = 100 um. (B-D)
Quantification of the density of CD31*/Ki67* cells following normoxia or 4 days exposure to the different levels of hypoxia in young (B),
aged (C) and both combined (D). Results are expressed as the mean + standard error of the mean (SEM) (n = 5 mice/group). "p < 0.05, **p <
0.01, **p < 0.001. One-way analysis of variance (ANOVA) followed by Tukey’s multiple comparison post-hoc test. Note that aged mice are
more sensitive to the effects of hypoxia in that they display endothelial proliferation at a higher O, level than young mice.
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stimulating significant increases in Mac-1 signal at the
most severe level of hypoxia (8% O2; Figure 3A, 3B)
[2]. By contrast, in the aged brain, microglia were
significantly more activated than those in young brain
even under normoxic conditions, and in contrast to
microglia in the young brain, the weakest hypoxia
stimulus examined (15% O;) promoted significant
increases in microglial activation compared to normoxic
conditions (Figure 3A, 3C). Interestingly though, when

A

the level of hypoxic stimulus was further increased, it
failed to enhance microglial activation over and above
that seen at 15% O,. Of note, at any level of hypoxia,
the level of microglial activation was always greater in
the aged brain (Figure 3D). Taken together, these
combined data demonstrate that the hypoxic threshold
required to stimulate cerebrovascular remodeling is
much weaker in the aged brain, or put another way, the
aged brain is more sensitive to the effects of hypoxia.
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Figure 2. Aged mice are more susceptible to hypoxia-induced BBB disruption. (A) Frozen brain sections taken from young (2
months) and aged (20 months) mice exposed to normoxia or different levels of hypoxia (15-8% 0O,) for 4 days were stained for the

endothelial marker CD31 (AlexaFluor-488) and fibrinogen (Cy-3). Images were captured in the midbrain. Scale bars =

100 pm.

Quantification of the density of extravascular leaks following normoxia or 4 days exposure to the different levels of hypoxia in the midbrain
(young (B), aged (C) and both combined (D)), and olfactory bulb (young (E), aged (F) and both combined (G)). Results are expressed as the
mean + standard error of the mean (SEM) (n = 5 mice/group). *p < 0.05, **p < 0.01, **p < 0.001. One-way analysis of variance (ANOVA)
followed by Tukey’s multiple comparison post-hoc test. Note that aged mice are more sensitive to the effects of hypoxia in that they display
greater levels of BBB disruption at any given O; level and they also display BBB disruption at a weaker hypoxic threshold than young mice.
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Defining the age at which the BBB becomes more
susceptible to hypoxia

Having established that the aged brain is more
vulnerable to BBB disruption following hypoxic
exposure, this raises the important question: at what age
does the BBB become more susceptible to hypoxia-
induced disruption? Before embarking on these studies,
we considered that the most likely outcome would be
that the BBB would be relatively stable until middle
age, i.e., 10-14 months old in mice, but then show signs
of gradual deterioration that accelerate with age. To
answer this question, we exposed female C57BL6/J
mice of eight different ages (2, 4, 6, 9, 12, 15, 18, and
23 months) to a fixed (8% O2) level of hypoxia to
determine at what age the BBB becomes more likely
to undergo vascular remodeling and disruption due
to hypoxic exposure. We evaluated endothelial pro-

A

liferation, BBB disruption, microglial activation, and
microglial proliferation, another sensitive index of
microglial activation.

As shown in Figure 4A, the density of fibrinogen*
extravascular leaks in the midbrain was very small in
the youngest (2 month) mice, but gradually increased
with age. Quantification revealed that the density of
vascular leaks in the midbrain and olfactory bulb
increase significantly with age (Figure 4B, 4C). When
we examined at what age the increases occurred, we
were surprised to see that the biggest step-up occurred
between 2 and 6 months of age. This was consistent in
both the midbrain (Figure 4B) and olfactory bulb
(Figure 4C). In the midbrain, a further step-up occurred
between 12 and 15 months, and the leak density then
gradually plateaued up to the oldest age studied (23
months). The responses in olfactory bulb were similar
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Figure 3. Microglia in the aged brain are more activated at every level of ambient O.. (A) Frozen brain sections taken from young
(2 months) and aged (20 months) mice exposed to normoxia or different levels of hypoxia (15-8% O,) for 4 days were stained for Mac-1
(AlexaFluor-488). Images were captured in the midbrain. Scale bars = 100 um. Quantification of the Mac-1 area following normoxia or 4
days exposure to the different levels of hypoxia in the midbrain in young (B), aged (C) and both combined (D). Results are expressed as the
*p < 0.05, "p < 0.01, "*p < 0.001. One-way analysis of variance (ANOVA)
followed by Tukey’s multiple comparison post-hoc test. Note that microglia in the aged brain, were significantly more activated than those
in young brain even under normoxic conditions, and in contrast to microglia in the young brain, the weakest hypoxia stimulus examined
(15% 03) promoted significant increases in microglial activation compared to normoxic conditions.

mean + standard error of the mean (SEM) (n = 5 mice/group).
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in showing a big increase between 2 and 6 months but
thereafter the vascular leak rate was maintained
relatively constant right up to the oldest age studied.
When we studied the endothelial proliferation rate by
quantifying the number of CD31*/Ki67* cells/[FOV, we
observed that all ages of mice showed a strong
angiogenic response to 8% O (Figure 5A). Interestingly,
when this was quantified, we observed that the rate of
brain endothelial proliferation significantly increased

between the ages of 2 to 6 months, then plateaued until
15 months, but then gradually declined thereafter to
significantly lower levels at 18 and 23 months (Figure
5B). It is notable that the step-up in endothelial
proliferation rate between 2 and 6 months coincides with
a similar increase in the density of vascular leaks over
the same time period, consistent with our previous
finding that angiogenic responses and BBB disruption
tend to show a close temporal correlation.
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Figure 4. Defining the age at which the BBB becomes more susceptible to hypoxia. (A) Frozen brain sections taken from mice of
different ages (2—23 months) exposed to hypoxia (8% O;) for 4 days were dual-stained for CD31 (AlexaFluor-488) and fibrinogen (Cy-3).
Images were captured in the midbrain. Scale bars = 100 um. Quantification of the density of extravascular leaks in the midbrain (B) or
olfactory bulb (C) in different age mice following 4 days hypoxia. Results are expressed as the mean + standard error of the mean (SEM) (n =
5 mice/group). *p < 0.05, *p < 0.01, ***p < 0.001. One-way analysis of variance (ANOVA) followed by Tukey’s multiple comparison post-hoc
test. Note that the density of vascular leaks increased with age and that major increases were seen between 2—-6 months, as well as

between 12-15 months in the midbrain.
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When we studied the impact of hypoxia on microglial
activation across the different age groups, we observed
a slightly different type of kinetic response. Microglial
activation as measured by total Mac-1 signal increased
in a stepwise manner, starting at 2 months and
increasing steadily all the way up to 15 months, after
which it plateaued (Figure 6A, 6B). As microglial
proliferation is another sensitive indicator of cellular
activation, we also investigated this by quantifying the
density of Mac-1*/Ki67* cells/fFOV. This revealed a
kinetic pattern very similar to that of the Mac-1 signal,
i.e., it steadily increased in a stepwise manner up to 15
months, then plateaued (Figure 7).

DISCUSSION

Hypoxia triggers a strong adaptive vascular remodeling
response in the brain that results in enhanced vascular
density [9-11]. Of high translational significance, mice
receiving hypoxic pre-conditioning are protected
against subsequent cerebral ischemia, suggesting that
this treatment triggers beneficial adaptive responses that

better prepare the animal to resist stronger hypoxic
insults [12, 13]. Interestingly, as part of this
physiological adaptive response, transient BBB
disruption also occurs [1, 2], which considering
the importance of a tight BBB in the maintenance of
brain homeostasis [14-16], could have pathological
consequences. Hypoxia is common to many age-related
diseases including chronic obstructive pulmonary
disease (COPD), heart failure, and sleep apnea, and
because hypoxia and many of these conditions
predispose to neurodegeneration and cognitive decline
[3-6], it becomes clinically important to define the
hypoxic thresholds that trigger vascular remodeling and
BBB disruption. To address this gap in knowledge, we
designed this study to have two main goals. First, define
the level of hypoxia that triggers cerebrovascular
remodeling and determine if this is influenced by age.
Second, using a fixed level of hypoxia (8% Oy), define
the age at which cerebral blood vessels become more
susceptible to hypoxia-induced disruption. Our main
findings were as follows: (i) aged mice were much more
sensitive to hypoxia, meaning that hypoxia-induced
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Figure 5. Characterization of hypoxia-induced brain endothelial proliferation at different ages. (A) Frozen brain sections taken
from mice of different ages (2—23 months) exposed to hypoxia (8% O,) for 4 days were dual-stained for CD31 (AlexaFluor-488) and Ki67 (Cy-
3). Images were captured in the midbrain. Scale bars = 100 um. (B) Quantification of the density of CD31*/Ki67* cells in the midbrain in
different age mice following 4 days hypoxia. Results are expressed as the mean + standard error of the mean (SEM) (n = 5 mice/group). *p <
0.05, **p < 0.01. One-way analysis of variance (ANOVA) followed by Tukey’s multiple comparison post-hoc test. Note that while endothelial
proliferation was relatively constant across the age range, we observed a small but significant increase between 2—6 months and a small

but significant decrease after 15 months.
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cerebrovascular  remodeling events  (endothelial
proliferation and BBB disruption) were first detected at
a higher O level in aged (15% O) compared to young
(13% O2) mice, (ii) microglia in aged brain were
significantly more activated than those in young brain
even under normoxic conditions, and were activated
further, even by the weakest hypoxia stimulus
examined (15% O), while microglia in young brain
were only activated at the most severe hypoxic level
examined (8% Oy), (iii) though increased age had only
minimal impact on the rate of hypoxia-induced
endothelial proliferation, it strongly increased the
degree of BBB disruption (4-6-fold greater in 23

months vs. 2 months old), (iv) age-related increases
in hypoxia-induced BBB disruption occurred at a
surprisingly young age, with a marked increase in
hypoxia sensitivity occurring between 2 and 6 months,
as well as a later jump between 12 and 15 months, and
(v) levels of microglial activation in aged brain were at
least 2-fold greater than those in young brain (even
under normoxic conditions), as assessed by Mac-1
expression level, and overall, microglial activation and
proliferation largely correlated with age-related
increases in BBB disruption, increasing in a stepwise
manner until 15 months of age, and then plateaued
thereafter.
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Figure 6. Characterization of hypoxia-induced microglial activation at different ages. (A) Frozen brain sections taken from mice
of different ages (2—23 months) exposed to hypoxia (8% O,) for 4 days were labelled with Mac-1 (AlexaFluor-488). Images were captured in
the midbrain. Scale bars = 100 um. (B) Quantification of the Mac-1 area in the midbrain in different age mice following 4 days hypoxia.
Results are expressed as the mean + standard error of the mean (SEM) (n = 5 mice/group). "p < 0.05. One-way analysis of variance (ANOVA)
followed by Tukey’s multiple comparison post-hoc test. Note that the Mac-1 signal increased in a stepwise manner from 2 months and
increasing steadily all the way up to 15 months, after which time it plateaued.
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The translational significance of defining hypoxic
thresholds

Hypoxia is a common theme in many age-related
diseases including chronic obstructive pulmonary
disease (COPD), asthma, heart failure, ischemic heart
disease, and sleep apnea [3-6]. Over a number of studies
we have demonstrated a strong link between hypoxia
and BBB breakdown, and more recently, between these
events and neurodegeneration and cognitive decline [7].
Interestingly, several clinical studies have demonstrated
an increased risk of dementia in people who suffer from
hypoxia-inducing conditions such as sleep apnea and
COPD [3-6]. Furthermore, anosmia (loss of smell) is
recognized as an early prognostic indicator of dementia
risk [17, 18]. As we have shown that the olfactory bulb
is by far the most sensitive brain region to hypoxia-
induced BBB disruption [1, 2], this implies that hypoxia-
induced damage in this region may be a harbinger of
things to come in relation to subsequent decline in
cognitive function.

A Age (months)

The strongest message to emerge from this study is that
compared to young brain, the aged brain is far more
susceptible to hypoxia-induced BBB disruption and
associated microglial activation, as the hypoxia
thresholds required to trigger vascular remodeling in
young and aged mouse brain were defined as 13% O
and 15% O, respectively. From a clinical perspective, it
is clearly optimal to maintain ambient O levels as close
to that seen at sea level (21% Oy). Our findings suggest
that when ambient O, levels drop below the critical
thresholds for young and aged mice (13% O and 15%
0., respectively), some degree of vascular remodeling
and BBB disruption will occur, which if sustained for
long periods of time, could lead to neurodegeneration
and cognitive decline. In addition to clinical conditions
manifesting a hypoxic state, our findings also have
direct relevance to mountaineers and hillwalkers.
Oxygen levels of 13% O, and 15% O, equate to
altitudes of approximately 12,400 and 8,600 ft,
respectively. As our results indicate that age increases
the sensitivity to hypoxic exposure, this suggests that
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Figure 7. Characterization of hypoxia-induced microglial proliferation at different ages. (A) Frozen brain sections taken from
mice of different ages (2—-23 months) exposed to hypoxia (8% O;) for 4 days were dual-labelled with Mac-1 (AlexaFluor-488) and Ki67 (Cy-
3). Images were captured in the midbrain. Scale bars = 100 um. (B) Quantification of the Mac-1 area in the midbrain in different age mice
following 4 days hypoxia. Results are expressed as the mean * standard error of the mean (SEM) (n = 5 mice/group). "p < 0.05, “p < 0.01,
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p < 0.001. One-way analysis of variance (ANOVA) followed by Tukey’s multiple comparison post-hoc test. Note that microglial

proliferation increased in a stepwise manner from 2 months and increased steadily all the way up to 15 months, after which time it

plateaued.
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mountain  altitudes that were previously non-
problematic for any given individual, may begin to
trigger clinical symptoms of acute mountain sickness
(AMS) and high-altitude cerebral edema (HACE) as
people get older. However, in contrast to the findings
we present here, epidemiological studies have so far
failed to reach a consensus on whether age impacts the
incidence or severity of AMS [19]. While some studies
have shown that increased age increases AMS risk [20,
21], others have shown no clear relationship [22], and
some have even suggested that age may be protective
[23]. Potential reasons accounting for this inconsistency
may include a multitude of factors including variability
in the studied population (age range, sex, fitness level,
previous mountain experience), severity of altitude
challenge, or the speed of ascent. One caveat of our
study is of course that mice are not human, and there are
multiple incidences of findings in mice studies not
being borne out in clinical studies, so it is possible that
inter-species differences exist in BBB-regulatory
mechanisms. However, most evidence suggests that
cerebrovascular regulatory mechanisms are highly
conserved between mice and humans. For instance,
hypoxic exposure in humans also promotes increased
cerebral blood flow [24, 25] and an adaptive angiogenic
response that culminates in enhanced vascular density
in the brains of high-altitude dwellers [26], just as it
does in rodents [8, 10, 27]. It is important to consider
that while these data define the hypoxic thresholds that
trigger BBB disruption in young and aged mice, these
thresholds may not be identical in humans; thus, further
studies may be needed to establish these thresholds in
humans. Furthermore, while our studies focused on
BBB disruption in the mouse olfactory bulb and
midbrain, other brain regions show far fewer leaks,
demonstrating that the hypoxic thresholds that trigger
BBB disruption differ markedly between different brain
regions. Another interesting question to consider is does
the form of hypoxia (disease versus high altitude
exercise) have any impact or is the absolute level of O;
the primary driver of BBB breakdown? Based on what
we know about vascular physiology, one might predict
that any given level of hypoxia would cause more BBB
disruption in a disease situation vs. a high-altitude
exercise situation because of the increased likelihood
that blood vessels in disease conditions are more likely
to be inflamed and damaged while those in healthy
individuals capable of undertaking high altitude extreme
exercise are more likely to be strong and healthy.

In a recent study of aged mice, we addressed the
fundamental question: do BBB disruptions repair when
mice are switched back from hypoxic conditions to
normoxia? This revealed that while blood vessels
spontaneously repair after return to normoxic
conditions, microglia are slow to return to their pre-

hypoxic state and remain activated for an extended
period of time [7]. The translational implication of this
is that while disrupted cerebral blood vessels can repair,
the persistently activated microglia may further amplify
the neuroinflammatory state in the aged brain. One
important factor we did not address in this study is
sex-specific differences in these cerebrovascular
responses. Recent studies show that with aging,
women tend to maintain higher cerebral blood flow
and show less capillary rarefaction than their male
counterparts [28]. Furthermore, MRI studies using
gadolinium enhancement have demonstrated that with
aging, males show greater levels of vascular leak in the
cerebral cortex, hippocampus, and white matter than
females [29, 30]. Based on these findings, we predict
that aged male mice might show greater levels of
hypoxia-induced BBB disruption in our CMH model;
we are currently investigating this possibility. While our
studies were performed exclusively in the C57BL6/J
strain of mice, it might also be insightful to repeat these
studies in other strains, particularly the BALB/c strain.
This is because BALB/c mice develop much bigger
ischemic lesions in the middle cerebral artery occlusion
(MCA0) models of ischemic stroke, which is thought to
be a result of their limited ability to generate cerebral
arterial branches and collaterals [31]. Interestingly, the
LaManna lab showed that when these two strains are
exposed to CMH, the C57BL6/J strain generates a much
stronger angiogenic response than the BALB/c strain,
which correlates with greater upregulation of the
angiogenic factors vascular endothelial growth factor
(VEGF), angiopoietin (Ang)-1 and Ang2, and the Ang
receptor Tie2 [32].

The relationship between endothelial proliferation
and BBB disruption

In previous work we described that the extent of
hypoxia-induced BBB disruption differs markedly
between different brain regions, with high levels in the
olfactory bulb and midbrain, but much lower in the
cerebral cortex and cerebellum [1, 2]. Of note, where
BBB disruption is high, so is endothelial proliferation
which promoted us to wonder if vascular breakdown is
simply an unwanted side-effect of the angiogenic
process [1, 2]. However, in a subsequent study, we
demonstrated that while the degrees of BBB disruption
and endothelial proliferation correlate very strongly on
a region-to-region basis, at the level of individual blood
vessels, these events are very separate, with no co-
localization between BBB disruption and endothelial
proliferation [33]. Based on these observations, we
concluded that endothelial proliferation is part of a
healthy adaptive response in blood vessels, but that
BBB disruption is a dysfunctional response that occurs
in a distinct set of non-angiogenic blood vessels.

www.aging-us.com

1100

AGING



Consistent with this, in the first part of the current study
we noted a very tight correlation between endothelial
proliferation and BBB disruption, with both being
triggered together at the same hypoxic level, both in
young (13% O) and aged (15% O_) mice. However, in
the second part of this study, we found that while the
rate of endothelial proliferation showed only minimal
variation across the full age range tested, levels of BBB
disruption in 23-month-old mice were 6-fold greater
than that in 2-month-old mice. From this we draw two
inferences. First, it further supports the notion that
hypoxia-induced endothelial proliferation and BBB
disruption are not directly connected. Second, it
suggests that the reason aged cerebral blood vessels leak
6-fold greater more than young is not because of a
failure of the endothelial proliferative response, but
more likely is due to a delay in a later phase of the
angiogenic response, such that aged mice are slow to
construct mature and stable cerebral blood vessels.

Age-dependent changes in cerebrovascular
remodeling

When we designed this study, we predicted that BBB
stability might start to deteriorate sometime in middle
age, which equates to ~10-14 months in the mouse. Our
rationale was simple; this is the time of life when
humans start to manifest neurological disease because
of increased levels of atherosclerosis and inflammation
due to the damaging effects of elevated blood pressure,
glucose and cholesterol levels. In line with this
expectation, there was a significant step-up in hypoxia-
induced BBB disruption and microglial activation in the
midbrain in the 12-15 months age range. However,
unexpectedly, a large increase in BBB vulnerability to
hypoxia also occurred between 2-4 months. This
showed that young (2 months <) mice were relatively
resistant to the effects of hypoxia, but soon after,
hypoxia induced a much greater degree of BBB
disruption and associated microglial activation. What
could account for such a switch? We believe the most
likely reason for this is that at ages less than 2 months,
the brain is still at a highly plastic developmental stage
that is more conducive to supporting a rapid and
efficient vascular remodeling response to prevent BBB
breakdown. However, within a few weeks, mice have
moved beyond this developmental period and blood
vessels have formed into mature vascular networks with
reduced plasticity. Consequently, when 4-month-old
mice meet a hypoxic challenge, the more mature blood
vessels are slower to mount a rapid remodeling
response, resulting in greater levels of BBB disruption.
Alternatively, this sudden decline in BBB integrity at
such an early age (2-4 months) may be a result of
reduced expression, organization, or phosphorylation of
specific tight junction proteins such as claudin-5,

occludin, or ZO-1. In follow up studies, we will
examine this more closely.

CONCLUSIONS

Our data define the hypoxic thresholds that trigger
cerebrovascular remodeling in young and aged mice,
thereby demonstrating that blood vessels in aged brain
are far more wvulnerable to hypoxia-induced BBB
disruption than young. This increased BBB vulnerability
is associated with greatly enhanced microglial
activation. Our data also define the ages when the BBB
becomes more sensitive to hypoxia, showing increased
susceptibility between 12-15 months old but also
surprisingly at the earlier 2-6 months age range. As
advanced age is associated with increased incidence
of hypoxia-associated conditions such as asthma,
emphysema, ischemic heart disease, heart failure, and
apnea, our findings have important implications for
many people. It thus becomes an important priority to
generate novel therapeutic strategies that can either
delay age-related BBB deterioration or enhance BBB
integrity in the hypoxia-susceptible elderly population.

MATERIALS AND METHODS
Animals

The studies described were reviewed and approved by
the Institutional Animal Care and Use Committee at San
Diego Biomedical Research Institute (SDBRI; protocol
number 21-0006-2). Female C57BL6/J mice of all ages
were obtained from Jackson Laboratories and the NIH
National Institute on Aging rodent colony and were
maintained under pathogen-free conditions in the closed
breeding colony of SDBRI.

Chronic hypoxia model

In the first set of studies, young (2 months old) and aged
(20 months old) female C57BL6/J mice were exposed to
a range of oxygen levels including 21% (normoxia) and
15, 14, 13, 12, 10, and 8% O,. To create hypoxic
conditions, mice were housed four to a cage and placed
into a hypoxia chamber (Oxycycler A-series (A84),
Biospherix, Redfield, NY, USA) maintained at the level
of oxygen determined by the user. In this system,
atmospheric oxygen level is regulated via an in-chamber
oxygen sensor, a control module for regulating gas flow,
and a computer with control and analysis software. This
system creates a desired level of oxygen at atmospheric
(normobaric) pressure and is finely tuned to maintain the
desired oxygen tension for the duration of the experiment
to mimic high altitude atmospheric conditions. In the
second set of studies, we exposed female C57BL6/J mice
of 8 different ages (from 2 months to 23 months) to a
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fixed (8% O) level of hypoxia. Every two days, the
chambers were briefly opened for cage cleaning and food
and water replacement as needed. In both studies, brain
tissue was harvested after 4 days hypoxic exposure for
histological analysis.

Immunohistochemistry and antibodies

Immunohistochemistry was performed on 10 um frozen
sections of cold phosphate buffer saline (PBS) perfused
tissues as described previously [34, 35]. Briefly, at the
termination of the study, mice were subject to deep
anesthesia using a cocktail of ketamine and xylazine and
transcardially perfused. Rat monoclonal antibodies from
BD Pharmingen (La Jolla, CA, USA) reactive for the
following antigens were used in this study: CD31 (clone
MEC13.3; 1:300), and Mac-1 (clone M1/70; 1:50).
Rabbit polyclonal antibodies reactive for fibrinogen
(1:2000; Millipore, Temecula, CA, USA) or Ki67
(1:4000; Novus Biologicals, Centennial, CO, USA) were
also used. Secondary antibodies used include Cy3-
conjugated anti-rabbit (1:1000; Jackson Immunoresearch,
West Grove, PA, USA) and Alexa Fluor 488-conjugated
anti-rat (1:500; Invitrogen, Carlsbad, CA, USA).

Image analysis

Images were taken using an Axioskop2 plus microscope
(Carl Zeiss, Dublin, CA, USA) equipped with an
Infinity 3S camera (Lumenera, Ottawa, ON, Canada)
and Infinity Analyze imaging software (Lumenera). For
each antigen in all analyses, images of at least three
randomly selected areas were taken at 5x, 10x or 20x
magnification per tissue section and three sections per
brain analyzed to calculate the mean for each animal
(n =5 mice per group). The number of vascular leaks
and proliferating endothelial cells or microglia per field
of view (FOV) was quantified by capturing images and
performing manual counts. Total Mac-1 fluorescent
signal per FOV was measured and analyzed using NIH
ImageJ Software.

Statistical analysis

Each experiment was performed with 5 different
animals per condition, and the results expressed as the
mean + SEM. Statistical significance was assessed
using one-way analysis of variance (ANOVA) followed
by Tukey’s multiple comparison post-hoc test, in which
p < 0.05 was defined as statistically significant.

Availability of data and material
The datasets used and/or analysed during the current

study are available from the corresponding author on
reasonable request.

Abbreviations

BBB: Blood-brain barrier; BEC: Brain endothelial cells;
CMH: Chronic mild hypoxia; CNS: Central nervous
system; Dual-IF: Dual-immunofluorescence; FOV:
Field of view.

AUTHOR CONTRIBUTIONS

AS performed the mouse hypoxia studies and the
histological analysis. AS, SKH, and RM analysed the
data. RM conceived of the study and drafted the
manuscript. All authors read and approved the final
manuscript.

CONFLICTS OF INTEREST

The authors declare no conflicts of interest related to
this study.

ETHICAL STATEMENT

All applicable international, national, and/or institutional
guidelines for the care and use of animals were followed.
All procedures performed in studies involving animals
were in accordance with the ethical standards of the
Explora Biolabs Institutional Animal Care and Use
Committee at San Diego Biomedical Research Institute
(SDBRI; Protocol Number: 21-0006-2).

FUNDING

This work was supported by the National Institutes of
Health RF1 grant NS119477 (RM) jointly funded by the
National Institute of Neurological Disease and Stroke,
and the National Institute on Aging.

REFERENCES

1. Halder SK, Milner R. Mild hypoxia triggers transient
blood-brain  barrier disruption: a fundamental
protective role for microglia. Acta Neuropathol
Commun. 2020; 8:175.
https://doi.org/10.1186/s40478-020-01051-z
PMID:33115539

2. Halder SK, Milner R. Exaggerated hypoxic vascular
breakdown in aged brain due to reduced microglial
vasculo-protection. Aging Cell. 2022; 21:e13720.
https://doi.org/10.1111/acel.13720
PMID:36130175

3. Leng Y, McEvoy CT, Allen IE, Yaffe K. Association of
Sleep-Disordered Breathing With Cognitive Function
and Risk of Cognitive Impairment: A Systematic
Review and Meta-analysis. JAMA Neurol. 2017;
74:1237-45.

www.aging-us.com

1102

AGING


https://doi.org/10.1186/s40478-020-01051-z
https://pubmed.ncbi.nlm.nih.gov/33115539/
https://doi.org/10.1111/acel.13720
https://pubmed.ncbi.nlm.nih.gov/36130175/

10.

11.

https://doi.org/10.1001/jamaneurol.2017.2180
PMID:28846764

. Russ TC, Kivimaki M, Batty GD. Respiratory Disease

and Lower Pulmonary Function as Risk Factors for
Dementia: A Systematic Review With Meta-analysis.
Chest. 2020; 157:1538-58.
https://doi.org/10.1016/j.chest.2019.12.012
PMID:31952950

. Yaffe K, Laffan AM, Harrison SL, Redline S, Spira AP,

Ensrud KE, Ancoli-Israel S, Stone KL. Sleep-disordered
breathing, hypoxia, and risk of mild cognitive
impairment and dementia in older women. JAMA.
2011; 306:613-9.
https://doi.org/10.1001/jama.2011.1115
PMID:21828324

. Yohannes AM, Chen W, Moga AM, Leroi |, Connolly

MJ. Cognitive Impairment in Chronic Obstructive
Pulmonary Disease and Chronic Heart Failure: A
Systematic  Review  and Meta-analysis  of
Observational Studies. ] Am Med Dir Assoc. 2017;
18:451.el-el1.
https://doi.org/10.1016/j.jamda.2017.01.014
PMID:28292570

. Sapkota A, Halder SK, Milner R. Blood-brain barrier

disruption and microglial activation during hypoxia
and post-hypoxic recovery in aged mice. Brain
Commun. 2024; 7:fcae456.
https://doi.org/10.1093/braincomms/fcae456
PMID:39737467

. Li L, Welser JV, Dore-Duffy P, del Zoppo GJ, Lamanna

JC, Milner R. In the hypoxic central nervous system,
endothelial cell proliferation is followed by astrocyte
activation, proliferation, and increased expression of
the alpha 6 beta 4 integrin and dystroglycan. Glia.
2010; 58:1157-67.
https://doi.org/10.1002/glia.20995

PMID:20544851

. LaManna JC, Chavez JC, Pichiule P. Structural and

functional adaptation to hypoxia in the rat brain.
J Exp Biol. 2004; 207:3163-9.
https://doi.org/10.1242/jeb.00976

PMID:15299038

LaManna JC, Vendel LM, Farrell RM. Brain adaptation
to chronic hypobaric hypoxia in rats. J Appl Physiol
(1985). 1992; 72:2238-43.
https://doi.org/10.1152/jappl.1992.72.6.2238
PMID:1629078

Milner R, Hung S, Erokwu B, Dore-Duffy P, LaManna
JC, del Zoppo GJ. Increased expression of fibronectin
and the alpha 5 beta 1 integrin in angiogenic cerebral
blood vessels of mice subject to hypobaric hypoxia.
Mol Cell Neurosci. 2008; 38:43-52.

12.

13.

14.

15.

16.

17.

18.

19.

20.

https://doi.org/10.1016/j.mcn.2008.01.013
PMID:18343155

Dowden J, Corbett D. Ischemic preconditioning in 18-
to 20-month-old gerbils: long-term survival with
functional outcome measures. Stroke. 1999;
30:1240-6.
https://doi.org/10.1161/01.str.30.6.1240
PMID:10356107

Miller BA, Perez RS, Shah AR, Gonzales ER, Park TS,
Gidday JM. Cerebral protection by hypoxic
preconditioning in a murine model of focal ischemia-
reperfusion. Neuroreport. 2001; 12:1663-9.
https://doi.org/10.1097/00001756-200106130-00030
PMID:11409736

Ballabh P, Braun A, Nedergaard M. The blood-brain
barrier: an overview: structure, regulation, and
clinical implications. Neurobiol Dis. 2004; 16:1-13.
https://doi.org/10.1016/j.nbd.2003.12.016
PMID:15207256

Chow BW, Gu C. The molecular constituents of the
blood-brain barrier. Trends Neurosci. 2015; 38:598—
608.

https://doi.org/10.1016/j.tins.2015.08.003
PMID:26442694

Huber JD, Egleton RD, Davis TP. Molecular physiology
and pathophysiology of tight junctions in the blood-
brain barrier. Trends Neurosci. 2001; 24:719-25.
https://doi.org/10.1016/s0166-2236(00)02004-x
PMID:11718877

Adams DR, Kern DW, Wroblewski KE, McClintock MK,
Dale W, Pinto JM. Olfactory Dysfunction Predicts
Subsequent Dementia in Older U.S. Adults. J Am
Geriatr Soc. 2018; 66:140-4.
https://doi.org/10.1111/jgs.15048

PMID:28944467

Growdon ME, Schultz AP, Dagley AS, Amariglio RE,
Hedden T, Rentz DM, Johnson KA, Sperling RA, Albers
MW, Marshall GA. Odor identification and Alzheimer
disease biomarkers in clinically normal elderly.
Neurology. 2015; 84:2153-60.
https://doi.org/10.1212/WNL.0000000000001614
PMID:25934852

Gianfredi V, Albano L, Basnyat B, Ferrara P. Does age
have an impact on acute mountain sickness? A
systematic review. J Travel Med. 2020; 27:taz104.
https://doi.org/10.1093/jtm/taz104

PMID:31897482

Tang XG, Zhang JH, Qin J, Gao XB, Li QN, Yu J, Ding XH,
Huang L. Age as a risk factor for acute mountain
sickness upon rapid ascent to 3,700 m among young
adult Chinese men. Clin Interv Aging. 2014; 9:1287—
94.

www.aging-us.com

1103

AGING


https://doi.org/10.1001/jamaneurol.2017.2180
https://pubmed.ncbi.nlm.nih.gov/28846764/
https://doi.org/10.1016/j.chest.2019.12.012
https://pubmed.ncbi.nlm.nih.gov/31952950/
https://doi.org/10.1001/jama.2011.1115
https://pubmed.ncbi.nlm.nih.gov/21828324/
https://doi.org/10.1016/j.jamda.2017.01.014
https://pubmed.ncbi.nlm.nih.gov/28292570/
https://doi.org/10.1093/braincomms/fcae456
https://pubmed.ncbi.nlm.nih.gov/39737467/
https://doi.org/10.1002/glia.20995
https://pubmed.ncbi.nlm.nih.gov/20544851/
https://doi.org/10.1242/jeb.00976
https://pubmed.ncbi.nlm.nih.gov/15299038/
https://doi.org/10.1152/jappl.1992.72.6.2238
https://pubmed.ncbi.nlm.nih.gov/1629078/
https://doi.org/10.1016/j.mcn.2008.01.013
https://pubmed.ncbi.nlm.nih.gov/18343155/
https://doi.org/10.1161/01.str.30.6.1240
https://pubmed.ncbi.nlm.nih.gov/10356107/
https://doi.org/10.1097/00001756-200106130-00030
https://pubmed.ncbi.nlm.nih.gov/11409736/
https://doi.org/10.1016/j.nbd.2003.12.016
https://pubmed.ncbi.nlm.nih.gov/15207256/
https://doi.org/10.1016/j.tins.2015.08.003
https://pubmed.ncbi.nlm.nih.gov/26442694/
https://doi.org/10.1016/s0166-2236(00)02004-x
https://pubmed.ncbi.nlm.nih.gov/11718877/
https://doi.org/10.1111/jgs.15048
https://pubmed.ncbi.nlm.nih.gov/28944467/
https://doi.org/10.1212/WNL.0000000000001614
https://pubmed.ncbi.nlm.nih.gov/25934852/
https://doi.org/10.1093/jtm/taz104
https://pubmed.ncbi.nlm.nih.gov/31897482/

21.

22.

23.

24,

25.

26.

27.

28.

29.

https://doi.org/10.2147/CIA.S67052
PMID:25120358

Wu TY, Ding SQ, Zhang SL, Duan JQ, Li BY, Zhan ZY,
Wu QL, Baomu S, Liang BZ, Han SR, Jie YL, Li G, Sun L,
Kayser B. Altitude illness in Qinghai—Tibet railroad
passengers. High Alt Med Biol. 2010; 11:189-98.
https://doi.org/10.1089/ham.2009.1047
PMID:20919885

Small E, Phillips C, Marvel J, Lipman G. Older Age as a
Predictive Risk Factor for Acute Mountain Sickness.
Am J Med. 2022; 135:386-92.e1.
https://doi.org/10.1016/j.amjmed.2021.10.003
PMID:34715059

Honigman B, Theis MK, Koziol-McLain J, Roach R, Yip
R, Houston C, Moore LG, Pearce P. Acute mountain
sickness in a general tourist population at moderate
altitudes. Ann Intern Med. 1993; 118:587-92.
https://doi.org/10.7326/0003-4819-118-8-
199304150-00003

PMID:8452324

Ainslie PN, Shaw AD, Smith KJ, Willie CK, lkeda K,
Graham J, Macleod DB. Stability of cerebral
metabolism and substrate availability in humans
during hypoxia and hyperoxia. Clin Sci (Lond). 2014;
126:661-70.

https://doi.org/10.1042/CS20130343
PMID:24117382

Ainslie PN, Subudhi AW. Cerebral blood flow at high
altitude. High Alt Med Biol. 2014; 15:133-40.
https://doi.org/10.1089/ham.2013.1138
PMID:24971767

Zhou H, Tashi T, Zhao D, Tsring S, Liang H, Zhang J. CT
assessment of the increased density of cerebral
vessels in plateau region. Sci Rep. 2021; 11:5851.
https://doi.org/10.1038/s41598-021-85448-3
PMID:33712677

LaManna JC, Kuo NT, Lust WD. Hypoxia-induced brain
angiogenesis. Signals and consequences. Adv Exp
Med Biol. 1998; 454:287-93.
https://doi.org/10.1007/978-1-4615-4863-8 34
PMID:9889903

Hohmann A, Zhang K, Mooshage CM, Jende JME,
Rotkopf LT, Schlemmer HP, Bendszus M, Wick W,
Kurz FT. Whole-Brain Vascular Architecture Mapping
Identifies Region-Specific Microvascular Profiles In
Vivo. AJNR Am J Neuroradiol. 2024; 45:1346-54.
https://doi.org/10.3174/ajnr.A8344

PMID:39054290

Moon Y, Lim C, Kim Y, Moon WIJ. Sex-Related
Differences in Regional Blood-Brain Barrier Integrity
in Non-Demented Elderly Subjects. Int J Mol Sci.
2021; 22:2860.

30.

31.

32.

33.

34.

35.

https://doi.org/10.3390/ijms22062860

PMID:33799794

Shao X, Shou Q, Felix K, Ojogho B, Jiang X, Gold BT,
Herting MM, Goldwaser EL, Kochunov P, Hong E,
Pappas |, Braskie M, Kim H, et al. Age-related decline
in blood-brain barrier function is more pronounced in
males than females in parietal and temporal regions.
Elife. 2024; 13:RP96155.
https://doi.org/10.7554/eLife.96155

PMID:39495221

Chalothorn D, Clayton JA, Zhang H, Pomp D, Faber JE.
Collateral  density, remodeling, and VEGF-A
expression differ widely between mouse strains.
Physiol Genomics. 2007; 30:179-91.

https://doi.org/10.1152/physiolgenomics.00047.2007

PMID:17426116

Ward NL, Moore E, Noon K, Spassil N, Keenan E,
Ivanco TL, LaManna JC. Cerebral angiogenic factors,
angiogenesis, and physiological response to chronic
hypoxia differ among four commonly used mouse
strains. J Appl Physiol (1985). 2007; 102:1927-35.
https://doi.org/10.1152/japplphysiol.00909.2006

PMID:17234796

Halder SK, Milner R. The impact of chronic mild
hypoxia on cerebrovascular remodelling; uncoupling
of angiogenesis and vascular breakdown. Fluids
Barriers CNS. 2021; 18:50.
https://doi.org/10.1186/s12987-021-00284-x

PMID:34789271

Boroujerdi A, Welser-Alves JV, Milner R. Matrix
metalloproteinase-9 mediates post-hypoxic vascular
pruning of cerebral blood vessels by degrading
laminin and claudin-5. Angiogenesis. 2015; 18:255—
64.

https://doi.org/10.1007/s10456-015-9464-7

PMID:25812799

Halder SK, Kant R, Milner R. Chronic mild hypoxia
promotes profound vascular remodeling in spinal
cord blood vessels, preferentially in white matter, via
an a5B1 integrin-mediated mechanism. Angiogenesis.
2018; 21:251-66.
https://doi.org/10.1007/s10456-017-9593-2

PMID:29299782

www.aging-us.com

AGING


https://doi.org/10.2147/CIA.S67052
https://pubmed.ncbi.nlm.nih.gov/25120358/
https://doi.org/10.1089/ham.2009.1047
https://pubmed.ncbi.nlm.nih.gov/20919885/
https://doi.org/10.1016/j.amjmed.2021.10.003
https://pubmed.ncbi.nlm.nih.gov/34715059/
https://doi.org/10.7326/0003-4819-118-8-199304150-00003
https://doi.org/10.7326/0003-4819-118-8-199304150-00003
https://pubmed.ncbi.nlm.nih.gov/8452324/
https://doi.org/10.1042/CS20130343
https://pubmed.ncbi.nlm.nih.gov/24117382/
https://doi.org/10.1089/ham.2013.1138
https://pubmed.ncbi.nlm.nih.gov/24971767/
https://doi.org/10.1038/s41598-021-85448-3
https://pubmed.ncbi.nlm.nih.gov/33712677/
https://doi.org/10.1007/978-1-4615-4863-8_34
https://pubmed.ncbi.nlm.nih.gov/9889903/
https://doi.org/10.3174/ajnr.A8344
https://pubmed.ncbi.nlm.nih.gov/39054290/
https://doi.org/10.3390/ijms22062860
https://pubmed.ncbi.nlm.nih.gov/33799794/
https://doi.org/10.7554/eLife.96155
https://pubmed.ncbi.nlm.nih.gov/39495221/
https://doi.org/10.1152/physiolgenomics.00047.2007
https://pubmed.ncbi.nlm.nih.gov/17426116/
https://doi.org/10.1152/japplphysiol.00909.2006
https://pubmed.ncbi.nlm.nih.gov/17234796/
https://doi.org/10.1186/s12987-021-00284-x
https://pubmed.ncbi.nlm.nih.gov/34789271/
https://doi.org/10.1007/s10456-015-9464-7
https://pubmed.ncbi.nlm.nih.gov/25812799/
https://doi.org/10.1007/s10456-017-9593-2
https://pubmed.ncbi.nlm.nih.gov/29299782/

