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Abstract

In animal models, hypoxic pre-conditioning confers protection against subsequent neurological
insults, mediated in part through an extensive vascular remodeling response. In light of the
therapeutic potential of this effect, the goal of this study was to establish the dose-response
relationship between level of hypoxia and the extent of cerebrovascular modeling, and to define
the mildest level of hypoxia that promotes remodeling. Mice were exposed to different levels of
continuous hypoxia (8-21% O,) for seven days before several aspects of vascular remodeling were
evaluated, including endothelial proliferation, total vascular area, arteriogenesis, and
fibronectin/a531 integrin expression. For most events, the threshold level of hypoxia that
stimulated remodeling was 12-13% O». Interestingly, many parameters displayed a biphasic dose-
response curve, with peak levels attained at 10% Oo, but declined thereafter. Further analysis in
the 12-13% O, range revealed that vascular remodeling occurs by two separate mechanisms: (i)
endothelial hyperplasia, triggered by a hypoxic threshold of 13% O, which leads to increased
capillary growth, and (ii) endothelial hypertrophy, triggered by a more severe hypoxic threshold of
12% O, which leads to expansion of large vessels and arteriogenesis. Taken together, these
results define the hypoxic thresholds for vascular remodeling in the brain, and point to two
separate mechanisms mediating this process.
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INTRODUCTION

Many neurological diseases have vascular dysfunction either as the root or as the central part
of the pathogenic process. These include ischemic stroke (del Zoppo and Hallenbeck 2000;
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Dirnagl et al. 1999), multiple sclerosis (MS) (Gay and Esiri 1991; Kirk et al. 2003) and
vascular dementia (Brown et al. 2009; Zlokovic 2011). Despite all the intensive research
efforts in these different conditions, no current drugs or therapies have been identified that
target the vascular origin.

Interestingly, over the last decade, a number of studies have demonstrated the protective
potential of hypoxic pre-conditioning, in which a period of training at a sub-clinical hypoxic
level protects against subsequent neurological sequelae (Dirnagl et al. 2003). This has been
most effectively shown in ischemic stroke in which a short (2-4 hour) exposure to 8-10%
hypoxia reduces the size of ischemic lesion and subsequent inflammation if ischemia occurs
within 2-3 days of pre-conditioning (Dunn et al. 2012; Miller et al. 2001). In addition, a
recent study suggests that more long-term hypoxic preconditioning might also protect
against inflammatory demyelinating disease in the mouse model of MS, experimental
autoimmune encephalomyelitis (EAE), in part by limiting leukocyte infiltration (Dore-Duffy
et al. 2011).

Interestingly, chronic mild hypoxia (CMH) induces beneficial physiological adaptations in
cerebral vessels that work in the opposite direction to age-related deterioration, by
promoting angiogenic and arteriogenic remodeling, thus increasing vessel density, blood-
brain barrier (BBB) integrity and cerebral blood flow (LaManna et al. 2004; LaManna et al.
1992; Li et al. 2010). It is well established that mice exposed to CMH (8% O, over a two
week period), show greater than 50% increased vascular density in all areas of the brain. We
have shown that this response involves active angiogenic remodeling underscored by
endothelial cell proliferation driven by upregulation of the fibronectin-a581 integrin axis (Li
et al. 2012; Milner et al. 2008). Significantly, CMH-induced vascular remodeling is not just
limited to capillaries; it also involves robust generation of new arterioles (arteriogenesis),
consistent with the idea that mild hypoxia stimulates remodeling at all stages of the vascular
tree (Boroujerdi et al. 2012). Furthermore, cerebral blood vessels in hypoxic-exposed mice
show strong upregulation of tight junction proteins, including claudin-5 and zonula
occludens-1 (Z0O-1) (Li et al. 2010), suggesting that CMH also promotes integrity of the
BBB, the cellular barrier that protects the sensitive neuropil from the potentially hazardous
components of blood (Ballabh et al. 2004; Pardridge 2003).

Our studies over the last five years have defined the time-course of cerebrovascular
remodeling events in response to a standard hypoxic regimen of 8% O, (Boroujerdi et al.
2012; Li et al. 2010). To our knowledge, no studies have examined the dose-response
relationship between level of hypoxia and extent of vascular remodeling within the brain.
More importantly, the threshold level of hypoxia that induces these changes has not yet been
defined. This is an important issue because most animal studies to date have employed fairly
severe levels of hypoxia, e.g.: 8% O,, which is equivalent to an altitude of 23,500 feet,
conditions that are not practical or tolerable for most humans (Kupper et al. 2011). So before
considering the clinical potential of this approach in human patients, it is important to define
the mildest level of hypoxia that promotes beneficial remodeling. With this in mind, the goal
of this study was to define the dose-response relationship between level of hypoxia and
vascular remodeling in the mouse brain, and specifically to identify the hypoxic threshold at
which vascular remodeling changes occur. As vascular remodeling encompasses a large

Exp Neurol. Author manuscript; available in PMC 2016 January 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Boroujerdi and Milner

Page 3

number of distinct events, we focused specifically on: (i) endothelial cell proliferation, (ii)
increase in total vascular area, (iii) vessel size distribution, (iv) arteriogenesis, (v)
upregulated expression of the remodeling proteins fibronectin and its receptor a581 integrin,
and (vi) upregulated expression of the tight junction protein claudin-5.

MATERIALS AND METHODS

Animals

Chronic Hyp

The studies described have been reviewed and approved by The Scripps Research Institute
Institutional Animal Care and Use Committee. Wild-type C57BI/6 mice were maintained
under pathogen-free conditions in the closed breeding colony of The Scripps Research
Institute (TSRI).

oxia Model

Wild-type C57BI/6 littermate mice, 8-10 weeks of age, were housed 4 to a cage, and placed
into a hypoxic chamber (Biospherix, Redfield, NY) for 7 days maintained at different
oxygen levels of 8, 10, 12, 14, and 16% O,. Control mice were kept in the same room under
similar conditions except that they were kept at ambient sea-level oxygen levels (normoxia,
approximately 21% O, at sea-level) for the duration of the experiment. In subsequent
experiments, mice were maintained at 8% and 13% O, for periods of 7 and 14 days. Every
few days, the chamber was briefly opened for cage cleaning and food and water replacement
as needed.

Immunohistochemistry and antibodies

Immunohistochemistry was performed as described previously (Milner and Campbell 2002)
on 10 pm frozen sections of cold phosphate buffer saline (PBS) perfused brains taken from
mice subject to either normoxia (control) or hypoxic conditions. The following monoclonal
antibodies were obtained from BD Pharmingen (La Jolla, CA): rat monoclonal antibodies
reactive for: CD31 (clone MEC13.3), CD 105 (clone MJ7/18), and the integrin subunit a
(clone 5H10-27 (MFRS5)). Other antibodies used included: rabbit anti-fibronectin (Sigma, St.
Louis, MO), mouse anti-a-SMA-Cy3 conjugate (Sigma, clone 1A4), rabbit anti-claudin-5
(Invitrogen, Carlsbad, CA), and rabbit anti-Ki67 (VVector laboratories, Burlingame, CA).
Secondary antibodies used included goat anti-rabbit Cy3 (Jackson Immunoresearch,
Baltimore, PA) and anti-rat Alexa Fluor 488 (Invitrogen).

Image analysis

Images were taken using a 20X objective on a Zeiss Imager M1.m. All analysis was
performed in the frontal lobe region of the brain. For each antigen, three images were taken
per region at 10X or 20X magnification and the mean calculated for each subject over three
different sections. All data analysis was performed using the Perkin Elmer Volocity software
(Waltham, MA). This includes quantification of total vessel (CD31-positive) area, numbers
of CD31/Ki67 dual-positive cells, a-SMA-positive vessels, a5 integrin-positive vessels, low
intensity CD105 vessels and the size distribution of vessels. To quantify the mean
expression levels of vascular fibronectin, a5 integrin, CD105, and claudin-5, VVolocity
software was used to measure the fluorescent intensity of each vessel, and thereby calculate
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the mean vessel intensity per field of view for each hypoxic condition. Each experiment was
performed with four different animals per condition, and the results expressed as the mean +
SEM. Statistical significance was assessed by using the Student's t test, in which p < 0.05
was defined as statistically significant.

d level of hypoxia that stimulates vascular remodeling in the brain lies

between 12-14% O,

To define the dose-response relationship between hypoxia and cerebrovascular remodeling,
mice were incubated for seven days either under control (hormoxic) conditions or at
different levels of hypoxia including 16, 14, 12, 10 and 8% O-. In previous studies we have
shown that hypoxic-induced vascular remodeling employing a hypoxic level of 8% O,
occurs across all areas of the brain (Milner et al. 2008). In the current study we focused our
attention specifically on the frontal lobe as this is a large structure with well-defined
vascular architecture. We chose the seven day period for two reasons. First, this is the time-
point at which many of the remodeling parameters show peak levels, including fibronectin
and a5B1 integrin expression, endothelial proliferation, and the number of low-CD105
vessels as a marker of arteriogenesis (Boroujerdi et al. 2012; Li et al. 2010). Second, seven
days is sufficient time to detect significant differences in total vascular area. All changes in
vascular remodeling were evaluated by immunofluorescence (IF) and digital software
analysis using several well-defined measures that are altered during hypoxia-induced
cerebrovascular remodeling. To start with, we examined three parameters of vascular
remodeling that show clear changes in response to hypoxia: endothelial cell proliferation
(CD31/Ki67), total vessel area (CD31), and the number of large area vessels (>500um?).

As shown in Figure 1, significant increases in endothelial cell proliferation (identified by
CD31/Ki67 dual-positive cells) were not observed until ambient O, levels reached 12% or
lower. Compared with normoxic (control) conditions (0.15 + 0.1 proliferating cells per field
of view), endothelial cell proliferation was significantly increased at O, levels of 12% (4.4 +
0.5 proliferating cells per field of view, p < 0.005), 10% (5.1 £ 0.9 proliferating cells per
field of view, p < 0.005), and 8% (3.2 £ 0.3 proliferating cells per field of view, p <0.01)
(Figure 1B). In a similar manner, alterations in total vascular area were not observed until
ambient O levels were 12% or lower (Figure 1C). Compared with normoxic (control)
conditions, total vascular area was significantly higher at O, levels of 12% (125 £ 9.5%, p <
0.05), 10% (141.3 + 15.1%, p < 0.05), and 8% (134.5 + 2.3%, p < 0.005).

In previous studies our lab and the Moreno lab independently demonstrated that one of the
most striking effects of CMH is an increase in the number of large area vessels (>500um?)
(Boroujerdi et al. 2012; Freitas-Andrade et al. 2011). When we examined the dose-response
of this effect, we found that hypoxic-induced increases in the number of large area vessels
were not observed until ambient O, levels were 12% or lower (Figure 1D). Compared with
normoxic (control) conditions, the number of large area vessels was significantly higher at
O, levels of 12% (135.8 + 10.9%, p < 0.05), 10% (187 * 35.5%, p < 0.05), and 8% (156.5 +
19.2%, p < 0.05). Thus, for all three parameters examined, the threshold hypoxic level that
stimulated vascular remodeling appeared to lie somewhere in the range 12-14% O».
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Surprisingly, in all of the parameters examined, the extent of remodeling at 8% O, appeared
to be less than that at 10% O, suggesting the presence of a biphasic relationship between
hypoxia and vascular remodeling. This implies that 10% O, promotes the maximal level of
vascular remodeling, but at more hypoxic levels, vascular remodeling actually declines.

In a recent study, we showed that CMH promotes an active arteriogenic response in the
brain (Boroujerdi et al. 2012). We also made the novel observation that actively remodeling
arterioles can be identified by their reduced endothelial expression of CD105, an auxiliary
receptor for transforming growth factor (TGF)-B. Therefore, to examine the relationship
between hypoxic dose and arteriogenic response, we quantified the number of a-SMA-
positive-positive vessels. This revealed that the number of a-SMA-positive vessels only
started to increase at ambient O levels of 12% or lower (Figure 2B). Compared with
normoxic (control) conditions, the number of a-SMA-positive vessels was significantly
higher at O, levels of 12% (173 £ 22.3%, p < 0.05), 10% (166 * 22.8%, p < 0.05), and 8%
(187 + 25%, p < 0.05). In addition, as CD105 expression is markedly reduced on actively
remodeling arterioles (Boroujerdi et al. 2012), we used CD105 expression as a marker to
define the hypoxic level that triggers arteriogenic remodeling. In this approach we quantified
mean CD105 expression levels on all arterioles (a-SMA-positive vessels) and also non-
arterioles (a-SMA-negative vessels = all other vessels) at the different hypoxic levels. As
shown in Figure 2A, this confirmed that under normoxic conditions, CD105 expression on
a-SMA-positive arterioles (arrow) was higher than smaller vessels. By contrast, under
hypoxic conditions of 8% O,, CD105 expression on arterioles was markedly reduced
(arrows). Arterial CD105 levels were also reduced at 12% O, though to a lesser extent
(arrows). Quantification of this switch (Figure 2C) demonstrated that at increasing levels of
hypoxia, CD105 expression on arterioles (a-SMA-positive vessels, black bars) declined,
while expression on all other vessels (a-SMA-negative vessels, white bars) increased. Of
note, these changes only showed statistical significance at ambient O, levels of 12% or
lower. This shows that the hypoxic threshold for arteriogenic remodeling also lies between
12-14% O,.

The threshold level of hypoxia that stimulates upregulation of the angiogenic proteins
fibronectin and a5 integrin expression also lies between 12-14% O,

In previous work, we demonstrated an important role for the fibronectin-a5p1 integrin axis
in driving endothelial cell proliferation and angiogenic remodeling in the hypoxic brain (Li
et al. 2012), so next we examined how expression of this important angiogenic axis is
regulated by hypoxic dose. Analysis of the dose-response relationship between hypoxia and
vascular expression of fibronectin and a5 integrin revealed that both proteins begin to get
significantly upregulated at O, levels of 12% or lower (Figure 3). Vascular fibronectin
levels at 12% O, (144 + 11.4%, p < 0.01), 10% O, (181.5 + 17.9%, p < 0.01), and 8% O,
(148.5 £ 13.7%, p < 0.05) were all significantly increased over the control (normoxic) value.
In a similar way, endothelial a5 integrin levels at 12% O, (190.3 + 32.1%, p < 0.05), 10%
0O (254 £ 62.6%, p < 0.05), and 8% O, (269.5 £ 58.2%, p < 0.05) were all significantly
increased over the control (normoxic) value. Interestingly, in a similar manner to other
vascular remodeling parameters, fibronectin expression also showed a biphasic pattern, with
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the highest level of fibronectin expression recorded at 10% O,, and lower levels observed at
8% O,.

The threshold level of hypoxia that stimulates upregulation of claudin-5 expression at the
BBB occurs at a milder hypoxic level than other parameters, between 14-16% O,

Previously we demonstrated that CMH promotes strong upregulation of two tight junction
proteins on cerebral blood vessels, claudin-5 and ZO-1, suggesting that CMH may promote
BBB integrity (Li et al. 2010). Up until this point, all remodeling parameters we examined
showed a hypoxic threshold between 12-14% O,. Interestingly, when we examined
claudin-5 expression, we noticed that the hypoxic threshold required to trigger significant
increases in claudin-5 expression occurred at a milder dose of hypoxia than for other
markers. In the case of claudin-5, expression levels were significantly increased at O, levels
of 14% or less (Figure 3). Compared with normoxic (control) conditions, claudin-5
expression was significantly higher at O, levels of 14% (140.3 + 6.6%, p < 0.01), 12%
(132.5 + 6.8%, p < 0.05), 10% (155.5 + 18.8%, p < 0.05), and 8% (168 + 12.8%, p < 0.01).
This demonstrates that endothelial claudin-5 expression appears to be more sensitive to the
influence of hypoxia than other vascular parameters.

Fine-tuning experiments suggest that vascular remodeling occurs through two separate
mechanisms

In our first series of experiments we employed different levels of hypoxia, separated by 2%
increments. Having determined that the critical hypoxic threshold that stimulates vascular
remodeling lies somewhere in the range 12-14% O,, we next wanted to more precisely
define the hypoxic threshold level, to determine whether the hypoxic threshold was actually
12% O, or perhaps closer to 13% O,. To examine this, we performed a similar analysis
using a new hypoxic level of 13% O,. As shown in Figure 4, this revealed that a hypoxic
level of 13% O, was also highly effective at promoting endothelial cell proliferation (3.6 +
0.6 proliferating cells per field of view vs. 0.15 + 0.1 cells under normoxic conditions, p <
0.01, Figure 4A), upregulating vascular fibronectin expression (113.3 + 3.9% of the control
value, p < 0.05, Figure 4B) and upregulating endothelial a5 integrin expression (135.7 +
6.8% of the control value, p < 0.01, Figure 4C). Thus all these vascular remodeling
parameters were triggered by a hypoxic threshold of 13% O, However unexpectedly, a
hypoxic level of 13% O, did not increase the total vascular area (Figure 4D). So while a
hypoxic level of 13% O, increased expression of the fibronectin-a5p1 integrin axis, thus
promoting endothelial proliferation, this level of hypoxia did not result in increased total
vascular area. This came as a big surprise to us as up to this point, we had worked on the
assumption that endothelial proliferation was a major contributor to overall vascular
expansion and increased vascular area (Li et al. 2012; Li et al. 2010). However, this new
data suggests that endothelial cell proliferation and increased total vascular area may not
always be directly linked.

At this point, we started to look more closely at the location of the proliferating endothelial
cells within the vascular tree. What we observed is that most proliferating endothelial cells
were located within small diameter capillaries (Figure 5A). They were almost never found
within larger diameter vessels and they never co-localized with a-SMA-positive arterioles
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(Figure 5B). Based on this information, we hypothesized that new capillary formation and
expansion of larger diameter arterial vessels might be two separate events. According to this
hypothesis, the milder hypoxic stimulus of 13% O, would promote endothelial proliferation
and increase the number of small area vessels (capillaries), but would not result in increased
numbers of larger area vessels, and thus have minimal impact on the total vascular area.

To test this idea, we examined the vessel size distribution at different levels of hypoxia. Our
previous studies have shown that chronic hypoxia at a level of 8% O, promotes a right-shift
in the vessel size distribution, so that the number of smallest area vessels is reduced while
the number of larger area vessels is increased (Boroujerdi et al. 2012). If our hypothesis is
correct, it would predict that at 13% O, the number of small area vessels would increase,
but there would be little or no change in the large area vessels. In fact when we examined
the size distribution data, this is exactly what we saw. As shown in Figure 5C, 13% O,
resulted in a trend towards increased numbers of small area vessels (0-100pum?2), consistent
with increased endothelial proliferation, but this milder level of hypoxia did not increase the
number of large area vessels (>500pm?2). As larger area vessels make the greatest
contribution to total vascular area, this fits with our observation of a lack of 13% O,
increasing total vascular area. In contrast, as shown in Figures 1B-D, the slightly more
hypoxic level of 12% O,, as well as promoting endothelial proliferation, also resulted in
increased numbers of large area vessels and increased total vascular area. Taken together,
these findings support the idea that vascular remodeling in the hypoxic brain occurs through
two distinct processes that have different hypoxic thresholds: (i) an endothelial hyperplasia
response, in which endothelial proliferation (triggered by a hypoxic threshold of 13% O,)
leads to increased capillary growth, and (ii) an endothelial hypertrophic response, in which
vascular enlargement and arteriogenesis (triggered by a more severe hypoxic threshold of
12% O5) occurs independently of endothelial proliferation.

The time-course of the remodeling response is independent of the strength of the hypoxic

stimulus

In previous studies we have shown that in response to a chronic mild hypoxic (CMH)
stimulus of 8% O, the peak level of endothelial proliferation and fibronectin expression
occurs between 4-7 days (Li et al. 2010; Milner et al. 2008). One thing that is important to
examine is whether the time-course of the vascular remodeling response is altered by the
strength of the hypoxic stimulus. Specifically, we wondered if a milder hypoxic stimulus
might result in a delayed response with an extended time-course. To address this question,
we compared hypoxic levels of 8% O, and 13% O, and then examined endothelial cell
proliferation and fibronectin expression levels after 7 and 14 days of hypoxia. As shown in
Figure 6, at both levels of hypoxia, endothelial cell proliferation and vascular fibronectin
expression levels both peaked at the 7 day time-point, and both had returned to baseline
levels after 14 days. This suggests that hypoxic-induced vascular remodeling follows a
similar time-course regardless of the dose of hypoxic stimulus.
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DISCUSSION

Hypoxic pre-conditioning confers strong protection against subsequent neurological insults
(Dore-Duffy et al. 2011; Dunn et al. 2012; Miller et al. 2001). As mild hypoxia also
stimulates an extensive vascular remodeling response that increases brain vascularity
(LaManna et al. 1992), promotes tight junction protein expression at the BBB (L. et al.
2010), and reduces inflammatory leukocyte adhesion and extravasation across the BBB
(Dore-Duffy et al. 2011; Stowe et al. 2011), it seems likely that at least some of the
protection conferred by hypoxic pre-conditioning is a result of altered vascular structure and
function. Therefore, before considering the therapeutic potential of hypoxic preconditioning
in human patients, an important first step is to establish the dose-response relationship
between hypoxia and vascular modeling, so as to define the mildest level of hypoxia that
promotes beneficial remodeling. To achieve this goal, here we examined vascular
remodeling in the brains of mice exposed to different levels of hypoxia, and defined the
hypoxic threshold at which vascular remodeling occurs. There were four main conclusions
from this study. First, the threshold level of hypoxia that stimulated vascular remodeling
events occurred in the range 12-13% O,. Second, for many parameters examined, including
endothelial proliferation and fibronectin expression, the dose-response curve was biphasic,
with peak levels attained at the 10% O level, but declined by 8% O,. Third, careful analysis
in the hypoxic threshold range (12-13% O,) revealed that vascular remodeling in the brain
occurs by two separate processes: (i) an endothelial hyperplasia response which leads to
increased capillary growth, and (ii) an endothelial hypertrophic response which leads to
dilatation of large vessels and arteriogenesis. Fourth, the time-course of vascular remodeling
was found to be independent of the strength of the hypoxic stimulus.

The significance of defining hypoxic thresholds and hypoxic-remodeling dose-response

curves

While it has been known for more than twenty years that mild hypoxia at the level of 8-10%
O, triggers a strong vascular remodeling response in the rodent CNS (LaManna et al. 1992),
to our knowledge, no studies have ever defined the dose-response or identified the threshold
level of hypoxia that induce these changes. Our studies were motivated by the idea that
hypoxic preconditioning may provide a useful therapeutic tool for patients suffering from, or
at risk of, serious neurological disease. Before even considering this approach for clinical
studies, it is an important first step to define the hypoxic thresholds at which these events
occur in rodents. Interestingly, our results demonstrate that significant vascular remodeling
occurs in the brain of mice at much milder hypoxic levels (12-13% O, equivalent to
10,340-12,370 feet altitude) than those typically used in standard mouse models of CMH
(8% O equivalent to 23,500 feet altitude). This has important implications when
considering the future clinical potential of RIMH, because it means that in practice, patients
would not need to be exposed to such challenging hypoxic conditions. Instead, milder
hypoxic levels (12-13% O,) would be sufficient to promote therapeutically beneficial
adaptive responses. Unexpectedly, our findings also point to a biphasic relationship between
hypoxic dose and strength of remodeling response. Maximal levels of many remodeling
parameters were reached at a hypoxic level of 10% Oo, but then declined at 8% O,. This
suggests that the molecular mechanisms responsible for hypoxic-induced physiological
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adaptation begin to fail at hypoxic levels more severe than 10% O,. The most likely reason
for this is that inadequate oxygen levels trigger pathological mechanisms that over-ride the
physiological adaptive mechanisms, leading to an overall deleterious outcome. These might
include excess production of oxygen free radicals or induction of pro-inflammatory
cytokines such as interferon-gamma, which has well-described anti-angiogenic effects
(Sidky and Borden 1987).

Animals exposed to chronic hypoxia undergo a wide range of physiological adaptations,
which include hyperventilation, increased cerebral blood flow and elevated hematocrit. In
the short term, environmental hypoxia leads to reduced arterial partial pressure of O, (PaO,)
as well as reduced PaCO, (Ainslie and Ogoh 2009; LaManna et al. 2004). With this in mind,
it is important to consider that the vascular remodeling observed under hypoxic conditions
may be a direct result of hypoxia or it could be induced by one of the physiological
compensatory mechanisms, or a combination of both. In these studies we made the
interesting observation that hypoxia had opposite effects on CD105 expression on different
types of vessel; decreasing CD105 expression on arterioles but increasing expression on
capillaries. While these results are consistent with previous studies (Boroujerdi et al. 2012;
Minhajat et al. 2006; Yao et al. 2005), the mechanisms that regulate this expression have yet
to be defined.

Differential sensitivity of endothelial tight junction protein expression

Two distinct

One clear message to emerge from these studies is that while 12-13% O, appears to be the
critical hypoxic threshold at which most vascular remodeling events are triggered,
upregulation of the endothelial tight junction protein claudin-5 occurred at even milder
levels of hypoxia (between 14-16% O,). This suggests that the homeostatic mechanism
responsible for maintaining BBB integrity is acutely sensitive to the levels of hypoxia.
Considering that BBB breakdown is an early event in several neurological conditions,
including MS and ischemic stroke (del Zoppo et al. 1986; del Zoppo and Hallenbeck 2000;
Gay and Esiri 1991), this finding has strong clinical implications because it offers the
possibility of using relatively mild levels of hypoxia as a means of selectively increasing
tight junction expression and thus BBB integrity, without triggering widespread vascular
remodeling changes. Interestingly, a number of studies using pathological levels of hypoxia
(6% O5) have shown that under some circumstances, increased expression of tight junction
proteins may actually reflect barrier dysfunction (McCaffrey et al. 2009; Willis et al. 2010).
Thus in future studies, it will be important to evaluate the precise relationship between
endothelial tight junction protein expression and BBB integrity, over a range of hypoxic
levels using a number of tracer molecules of different molecular weight.

mechanisms driving vascular remodeling in the hypoxic brain

In the current study we were surprised to find that endothelial proliferation wasn't directly
linked to increased total vascular area. This first hint of this was suggested by our
observation that a mild hypoxic stimulus of 13% O, promoted endothelial proliferation,
leading to an increased number of small area vessels, but did not increase the number of
large area vessels or total vascular area. By contrast, the slightly stronger hypoxic dose of
12% O, promoted endothelial proliferation, and also resulted in an increased number of
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large area vessels, resulting in increased total vascular area. To follow up this apparent un-
coupling between endothelial proliferation and increased total vascular area, we started to
look more closely at the location of proliferating endothelial cells within the vascular tree.
This revealed that most proliferating endothelial cells were located within small diameter
capillaries, but significantly they were never found within larger diameter vessels and they
never co-localized with a-SMA-positive arterioles. Together, these findings support the idea
that vascular remodeling in the hypoxic brain occurs through two distinct processes that
have different hypoxic thresholds: (i) an endothelial hyperplasia response in which
endothelial proliferation (triggered by a hypoxic threshold of 13% O,) leads to increased
capillary growth, and (ii) an endothelial hypertrophic response in which vascular dilatation
and arteriogenesis, (triggered by a more severe hypoxic threshold of 12% O,) occurs
independently of endothelial proliferation. The separate processes of angiogenesis and
arteriogenesis are known to be regulated by different factors. Angiogenesis is triggered by
hypoxia inducible factor-1-alpha (HIF-1a) and a cascade of downstream pathways that
include vascular endothelial growth factor (VEGF), basic fibroblast growth factor (0FGF)
and angiopoietin-2 (Ang-2) (Chavez et al. 2000; Folkman 1995; Kuo et al. 1999; Pichiule et
al. 1999; Pichiule and LaManna 2002). In contrast, arteriogenesis is triggered directly by
hemodynamic factors such as stretch or flow shear stress (Persson and Buschmann 2011),
and also by inflammatory mediators such as granulocyte monocyte-colony stimulating factor
(GM-CSF) (Buschmann et al. 2003; Todo et al. 2008). Now that we have defined different
hypoxic thresholds for the separate processes of angiogenesis (13% O,) and arteriogenesis
(12% O5), it should be feasible to determine which of the two are most important for the
vascular pre-conditioning response. In the planned experiment, mice will be exposed to
hypoxic levels no less than 13% O,. Based on our current data, we predict that this level of
hypoxia will confer benefit by increasing capillary density and tight junction protein
expression. It is somewhat harder to predict the importance of arteriogenesis in the pre-
conditioning response, but these experiments will shed important new light on this question.

Clinical implications of these findings

While the protective effect of hypoxic pre-conditioning on ischemic stroke has been
established for some time, this was based on studies using single brief hypoxic exposures
which conferred protection from ischemic events for several days (Dunn et al. 2012; Miller
et al. 2001). More recently, a key study demonstrated that the period of protection from
ischemia could be extended from days to months by repeated bouts of intermittent hypoxia
(Stowe et al. 2011). This important finding opens up the idea that repeated exposure to mild
hypoxia might provide one way of developing long-term protection from ischemic events.
Extending this idea, the goal of the current study was to define hypoxia-vascular remodeling
dose-response relationships and more importantly, identify the hypoxic threshold levels that
might be useful in such a strategy. Here we have demonstrated that the hypoxic threshold (or
dose) for inducing vascular remodeling in the brain is 12-13% O», and for increasing
endothelial tight junction protein expression is 14-16% O,. When considering any treatment
protocol, three parameters of the treatment need to be considered: dose, duration and
frequency. Having identified the threshold level (or dose) of continuous hypoxia that
promotes vascular remodeling, in the next set of studies, we aim to define the minimal daily
duration of hypoxia required to stimulate vascular remodeling. With this information in
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hand, the stage will be set to start to perform pre-clinical experiments, to examine the role of
regular intermittent mild hypoxia (RIMH) in the prevention and/or treatment of a range of
neurological disorders including ischemic stroke and MS. Based on recent encouraging data
showing that intermittent mild hypoxia (1-2 hours/day) promoted several aspects of brain
function in mice, including hippocampal neurogenesis, anti-depressant activity and
protection from mitochondrial stress due to ethanol withdrawl! (Ju et al. 2012; Stowe et al.
2011; Zhu et al. 2010) this promises to be a fruitful avenue of research.
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Figure 1.
The influence of hypoxic dose on vascular remodeling in the brain. A. Dual-IF was

performed on frozen sections of the frontal lobe from mice exposed to different hypoxic
levels (8-16% O») or normoxia for 7 days using antibodies specific for CD31
(AlexaFluor-488, green) or Ki67 (Cy3, red). Scale bar = 100um. Arrows denote the Ki67+
endothelial cells. B-D. Quantification of the number of CD31/Ki67dual-positive cells (B),
total vessel area (C), or the number of vessels with area >500um? (D). All experiments were
performed with four different animals per condition, and the results expressed either as the
mean + SEM of dual-positive cells (B) or as the mean £ SEM of the % change compared to
normoxic conditions (C-D). Note that increases in all three parameters (endothelial cell
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proliferation, total vascular area and number of large area vessels) were not observed until
hypoxic levels reached 12% O or lower. * P < 0.05, ** P < 0.01, ***P < 0.005.
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Figure 2.
The influence of hypoxic dose on arterial remodeling in the brain. A. Dual-IF was

performed on frozen sections of the frontal lobe from mice exposed to different hypoxic
levels (8-16% O,) or normoxia for 7 days using antibodies specific for CD105
(AlexaFluor-488, green) or a-SMA (Cy3, red). Scale bar = 100um. B. Quantification of the
number of a-SMA-positive vessels at different levels of hypoxia. C. Quantification of
CD105 expression levels on a-SMA-positive vessels (arterioles) or a-SMA-negative vessels
(all other vessels) at different levels of hypoxia. All experiments were performed with four
different animals per condition, and the results expressed as the mean a SEM of the %
change compared to normoxic conditions. Note that increases in arterial density were not
observed until hypoxic levels reached 12% O, or lower (panel B). Also note that under
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normoxic conditions, CD105 levels were higher on a-SMA-positive vessels than on other
vessels (arrow in panel A), but at levels of hypoxia 12% O or lower, this pattern reversed,
with CD105 expression levels increased on a-SMA-negative vessels but reduced on a-
SMA-positive vessels (arrows in panel A, and quantified in panel C). * P < 0.05, ** P <
0.01.
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Figure 3.
The influence of hypoxic dose on the expression of angiogenic and tight junction proteins on

cerebral vessels. Dual-1F was performed on frozen sections of the frontal lobe from mice
exposed to different hypoxic levels (8-16% O5) or normoxia for 7 days using antibodies
specific for CD31 or fibronectin, CD31 or a5 integrin, or claudin-5. Scale bar = 100um.
Quantification of the changes in protein expression level are displayed in graphs. All
experiments were performed with four different animals per condition, and the results
expressed as the mean £ SEM of the % change compared to normoxic conditions. Note that
increases in vascular fibronectin and a5 integrin expression were not observed until hypoxic
levels reached 12% O, or lower. In contrast, claudin-5 expression levels were significantly
increased at the milder hypoxic level of 14% O,. * P < 0.05, ** P < 0.01.
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Figure 4.

Defining the precise hypoxic threshold of vascular remodeling in the brain. Quantification of
the number of CD31/Ki67 dual-positive cells (A), total vessel area (B), mean expression
level of vascular fibronectin (C), or mean expression level of vascular a5 integrin (D). All
experiments were performed with four different animals per condition, and the results
expressed either as the mean + SEM of dual-positive cells (A) or as the mean + SEM of the
% change compared to normoxic conditions (B-D). Note that increases in all vascular
remodeling parameters were not observed until hypoxic levels reached 13% O, or lower,
though in the case of total vascular area, significance was not reached until hypoxia was
12% O, or lower. * P < 0.05, ** P < 0.01, ***P < 0.005.
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Figure 5.
Endothelial proliferation is not directly linked to an increased number of large area vessels.

A-B. Hypoxic-induced endothelial proliferation is restricted to capillaries. Dual-IF was
performed on frozen sections of the frontal lobe from mice exposed to 8% O, hypoxia for 7
days using antibodies specific for CD31 or Ki67 (A) or a-SMA or Ki67 (B). Scale bar =
50um. Note that proliferating endothelial cells were located within small diameter
capillaries, but they were never found within larger diameter vessels (A) or a-SMA-positive
arterioles (B). C. The influence of different levels of hypoxia on vessel size distribution
following vascular remodeling. Frozen sections of frontal lobe taken from mice exposed to
different hypoxic levels (8-16% O,) or normoxia for 7 days were immunostained for CD31,
photographed and vessel size distribution analysis performed using Volocity software. All
points represent the mean £ SEM of four subjects. Note that 13% O, marginally increased
the number of small area vessels, but did not increase the number of large area (> 500um?2)
vessels. In contrast, the slightly more hypoxic level of 12% O, significantly increased the
number of large area (> 500um?) vessels. * P < 0.05, ** P < 0.01.

Exp Neurol. Author manuscript; available in PMC 2016 January 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Boroujerdi and Milner

Page 22

*k

© = N W b O

Norm 13% O, 8% O, 13% O, 8% O,
7 days hypoxia 14 days hypoxia

CD31+/Ki67+ cells/field

(% of normox
a
o

Fibronectin expression 00

7 days hypoxia 14 day-s hypoxia

Figure 6.
The time-course of the vascular remodeling response is independent of hypoxic dose. Mice

were exposed to normoxia or hypoxic levels of 8% or 13% O, for 7 days or 14 days and
then analyzed by CD31/Ki67 dual-IF to define the number of proliferating endothelial cells
(A) or by CD31/fibronectin IF to determine changes in vascular fibronectin expression (B).
All experiments were performed with four different animals per condition, and the results
expressed either as the mean + SEM of dual-positive cells (A) or as the mean + SEM of the
% change compared to normoxic conditions (B). Note that at both levels of hypoxia,
endothelial cell proliferation and level of fibronectin expression both peaked at the 7 day
time-point, but had returned to baseline levels after 14 days. * P < 0.05, ** P < 0.01.
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