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ORIGINAL ARTICLE
Age-related autoregulatory dysfunction and cerebromicrovascular

mjury in mice with angiotensin II-induced hypertension

Peter Toth'”, Zsuzsanna Tucsek'>, Danuta Sosnowska', Tripti Gautam', Matthew Mitschelen’, Stefano Tarantini', Ferenc Deak’,

Akos Koller>*, William E Sonntag'®, Anna Csiszar'** and Zoltan Ungvari'?*

Hypertension in the elderly substantially contributes to cerebromicrovascular damage and promotes the development of vascular
cognitive impairment. Despite the importance of the myogenic mechanism in cerebromicrovascular protection, it is not well
understood how aging affects the functional adaptation of cerebral arteries to high blood pressure. Hypertension was induced in
young (3 months) and aged (24 months) C57/BL6 mice by chronic infusion of angiotensin Il (Angll). In young hypertensive mice, the
range of cerebral blood flow autoregulation was extended to higher pressure values, and the pressure-induced tone of middle
cerebral artery (MCA) was increased. In aged hypertensive mice, autoregulation was markedly disrupted, and MCAs did not show
adaptive increases in myogenic tone. In young mice, the mechanism of adaptation to hypertension involved upregulation of the
20-HETE (20-hydroxy-5,8,11,14-eicosatetraenoic acid)/transient receptor potential cation channel, subfamily C (TRPC6) pathway and
this mechanism was impaired in aged hypertensive mice. Downstream consequences of cerebrovascular autoregulatory
dysfunction in aged Angll-induced hypertensive mice included exacerbated disruption of the blood-brain barrier and
neuroinflammation (microglia activation and upregulation of proinflammatory cytokines and chemokines), which were associated
with impaired hippocampal dependent cognitive function. Collectively, aging impairs autoregulatory protection in the brain of
mice with Angll-induced hypertension, potentially exacerbating cerebromicrovascular injury and neuroinflammation.
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INTRODUCTION

Hypertension has deleterious effects on the brain and the cerebral
circulation. The population in the western world is aging and as
hypertension affects most elderly people (> 65 years of age), these
individuals are more likely to develop cerebrovascular patholo-
gies.! There is increasing evidence that in the elderly hypertension-
induced microvascular injury promotes the development of
vascular cognitive impairment,>®> which is the second most
common cause of cognitive impairment after Alzheimer's disease.

Epidemiologic studies provide evidence that in addition to the
increased prevalence of hypertension in aging, the deleterious
cerebrovascular effects of hypertension are also exacerbated in
elderly patients whereas young individuals appear to be more
protected from cerebromicrovascular damage induced by hyperten-
sion.*® Although the available human data suggest that advanced
age and hypertension have synergistic effects, there are no studies
addressing the specific age-related mechanisms through which
aging increases the vulnerability of the cerebromicrovasculature to
hypertension leading to vascular cognitive impairment.”

Studies on young animals show that cerebral arteries exhibit
functional and structural adaptation to hypertension, which

protects the distal portion of the cerebral microcirculation
from pressure overload.®® Among these adaptive responses the
increased pressure-induced myogenic constriction of cerebral
arteries is of great significance.'®'? Previous studies showed that
in young hypertensive animals increased pressure sensitivity of
the myogenic machinery leads to an increased resistance at the
level of the cerebral arteries, keeping pressure in the thin-walled,
injury-prone arterioles and capillaries in the normal range with
little change in tissue blood supply and oxygenation. As a
result of this adaptive response, the range of cerebral blood flow
(CBF) autoregulation is extended to higher pressure values both
in hypertensive experimental animals and in hypertensive
patients.®#?'® Studies in animal models of hypertension and
stroke' suggest that pathologic loss of autoregulatory protection
contributes to cerebromicrovascular injury. Despite the paramount
importance of the myogenic mechanism in cerebromicrovascular
protection, it is not well understood how aging affects the
functional adaptation of the cerebral arteries in hypertension.
The present study was designed to test the hypothesis that
aging impairs functional adaptation of cerebral arteries to high
blood pressure. A prediction based on this hypothesis is that
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age-related loss of autoregulatory protection exacerbates hyper-
tension-induced microvascular damage and neuroinflammation
leading to cognitive decline. To test our hypotheses, we induced
hypertension in young and aged C57BL/6 mice by chronic infusion
of angiotensin Il (Angll) and assessed changes in arterial myogenic
constriction and autoregulation of CBF, blood-brain barrier (BBB)
function, microvascular density, markers of neuroinflammation,
and cognitive function.

MATERIALS AND METHODS

For detailed description of methods, please refer to Supplementary
Experimental Procedures.

Mice

Young (3 months, n =80) and aged (24 months, n = 80) male C57/BL6 mice
were purchased from the National Institute on Aging. A cohort of young
(3 months old) and aged (24 months old) z-smooth muscle actin (zSMA)-
GFP transgenic mice (to visualize pericytes) was also used. All procedures
were approved by the Institutional Animal Use and Care Committees of the
participating institutions and in accordance with the ARRIVE guidelines.

Angiotensin Il-induced Hypertension

To induce hypertension, cohorts of young and aged mice received Angll
(1,000 ng/min per kg) infusions via a subcutaneously implanted osmotic
minipump for 4 weeks. During the 4-week experimental period, systolic
blood pressure of mice in each experimental group was measured by the
tail cuff method.

Behavioral Studies

On week 4 after minipump implantation, mice were assessed for learning
capacity using an elevated plus maze-based learning protocol.

Cerebrovascular Autoregulation

On day 28 after implantation in anesthetized, ventilated mice, cortical
blood flow was measured by laser speckle flowmetry. Blood pressure was
elevated or decreased in 20mmHg steps by intravenous infusion of
phenylephrine (1 to 2 ug/kg per minute) or via controlled exsanguination
(100 to 400 uL of arterial blood), respectively. The range of blood pressure
studied was 40 to 160 mm Hg. Changes in CBF were expressed relative to
CBF corresponding to a systolic pressure of 80 mm Hg. Then, animals were
killed and tissues were isolated for subsequent in vitro functional studies
and biochemical assays.

Assessment of Pressure- and Flow-Induced Responses in Isolated
Middle Cerebral Arteries

To assess cerebrovascular autoregulatory function in isolated middle
cerebral arteries (MCAs), both the static and dynamic components in the
vascular myogenic response were assessed.

20-hydroxy-5,8,11,14-eicosatetraenoic acid (20-HETE) is a potent
vasoconstrictor metabolite of arachidonic acid produced by cytochrome
P450 Q-hydroxylases, and has a central role in regulation of CBF by
contributing to pressure- and flow-dependent responses of cerebral
arteries.””"” To assess the role of 20-HETE in age- and hypertension-
induced changes in the myogenic response, MCAs were incubated with
the cytochrome P450 w-hydroxylase inhibitor HET0016 (10~ ® mol/L) and
the myogenic response was reassessed.

Previous studies showed that activation of transient receptor potential
cation channel, subfamily C (TRPC6) channels mediated, at least in part,
20-HETE-induced vasomotor responses. To assess the role of TRPC
channels in age- and hypertension-induced changes in the myogenic
response, MCAs were incubated with SKF96365 (5x 10 ®mol/L, for
15minutes), a potent blocker of TRPC channels and the myogenic
response was reassessed.

In isolated MCAs, we also assessed flow-induced constriction, which is
an important local vasoregulatory mechanism involved in protection of the
cerebral microcirculation and regulation of blood flow. Vascular responses
to ATP and adenosine (10~ 8 and 10~ 7 mol/L) were also obtained.

At the end of each experiment, the pressure-passive diameter curves
were obtained in maximally dilated MCAs.

© 2013 ISCBFM

Quantitative Real-Time RT-PCR

A quantitative real-time RT-PCR technique was used to analyze mRNA
expression of Cyp4ail2, Cyp4al0, Cyp4al4, Trpc6, Trpc3, Trpc7, Trom4, and
Cacnal in MCAs of mice from each experimental group.

Assessment of the Integrity of the Blood-Brain Barrier

Sodium fluorescein tracer assay. To quantify BBB permeability, we used
the sodium fluorescein tracer assay. In brief, after the 4-week experimental
period in a separate cohort of anesthetized mice, the small water-soluble
tracer sodium fluorescein (5mL/kg, 2% in physiologic saline) was adminis-
tered intravenously by retroorbital injection. After 30 minutes of circulation of
the tracer, animals were transcardially perfused with 1 x heparin containing
phosphate-buffered saline. Then, the mice were decapitated and the brains
were removed. From each brain, the hippocampus, the white matter, and the
frontal cortex were isolated and homogenized. The extravasated sodium
fluorescein was quantified spectrophotofluorometrically using a microplate
reader and normalized to tissue weight.

Demonstration of IgG extravasation by immunofluorescence. As an
additional marker for increased hippocampal BBB permeability, IgG
extravasation was also shown by immunofluorescent labeling and confocal
microscopy.

Western Blotting

Immunoblotting studies for TRPC6 in MCA homogenates and for the tight
junction proteins (ZO-1, occludin, and claudin-5) in hippocampal homo-
genates were performed. The relative abundance of studied proteins was
determined with densitometry using f-actin as a loading control.

Pericyte Coverage

Pericytes have key roles in maintenance of the BBB and in preservation of
the structural integrity of the cerebral microcirculation.'® To assess age-
and hypertension-induced changes in pericyte coverage of microvessels, in
brain sections from young and aged aSMA-GFP transgenic mice with or
without Angll-induced hypertension, immunolabeling for the endothelial
marker CD31 was performed. Using stereological methods, the number of
pericytes (identified as GFP-positive cells with a typical pericyte
morphology, including long processes that extend over capillaries, and
perivascular localization) per CD 31-positive capillary surface area was
calculated.

Capillary Density Analysis

Immunofluorescent labeling for CD31 was used to identify microvessels in
the brain. Using stereological methods, capillary density in CA1, CA3,
and dentate gyrus of the hippocampus, retrosplenial cortex, primary
somatosensory cortex (S1), and corpus callosum was quantified as the
length of blood vessels < 10 um in diameter per volume of tissue using the
Neurolucida software (MBF Bioscience, Williston, VT, USA).

Neuroinflammation

Microglia activation was quantified in hippocampal sections by immuno-
fluorescent labeling for CD68 (a marker of activated microglia/macro-
phage) and Iba-1 (a microglia marker).

In addition to quantifying microglia activation, we analyzed relative
abundance of several neuroinfllammatory cytokines/chemokines through
quantitative real-time PCR with RNA isolated from snap-frozen brain samples.

To further characterize neuroinflammation in our cohorts, protein
levels of selected micoglia-derived proinflammatory factors (MCP-1, TNF,
and IP-10) were analyzed in homogenates of the hippocampi using a
fluorescent bead assay. For normalization purposes, the sample protein
content was used.

Determination of Hippocampal Protein 3-Nitrotyrosine Content

As a marker of hippocampal oxidative/nitrosative stress, 3-nitrotyrosine
(3-NT; a marker for peroxynitrite action) was assessed in homogenates of
hippocampi.

Statistical Analysis

Data were analyzed by two-way analysis of variance followed by Tukey
post hoc tests and Pearson’s correlation analysis, as appropriate. A P value
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Figure 1. Aging impairs adaptation of cerebrovascular autoregulation to hypertension. (A) Effect of chronic infusion of an%iotensin Il (Angll)

on systolic blood pressure in young and aged mice. Data are mean £ s.e.m. (n = 20 to 25 for each group) *P <0.05 vs. Young; “P<0.05 vs. Aged.
(B) Relationship between cerebral blood flow (CBF) and systolic blood pressure in young control, young hypertensive (Young + Angll), aged
control, and aged hypertensive (Aged + Angll) mice. Data are mean * s.e.m. (=28 in each group). In young control mice, CBF is statistically
different from the value of 100mmHg at pressure values of <60 and >140 mmHg, indicating the autoregulatory range. In young
hypertensive mice, there was a progressive expansion of the autoregulated range, indicating an adaptive response (*P<0.05 vs. Young),
which was completely absent in aged hypertensive mice (*P<0.05 vs. Young + Angll). (C) Steady-state changes in diameter of middle cerebral
arteries (MCAs) isolated from each experimental group of mice in response to increases in intraluminal pressure, representing the static
component of the myogenic response. Vascular diameters are expressed as a percentage of the maximally dilated passive diameter of each
vessel at 80 mm Hg. (D) Changes in the diameter of MCAs to a sudden increase in intraluminal pressure (from 60 to 140 mm Hg), representing
the dynamic component of the myogenic response. (E) Flow-induced constriction of MCAs (induced by increasing intraluminal flow by
creating a pressure gradient through the vessels). Data are mean + s.e.m. (n =8 to 16). *P < 0.05 vs. Young; *P<0.05 vs. Young + Angll; ¥P < 0.05

vs. Aged.

of <0.05 was considered as statistically significant. Data are expressed as
mean s.e.m.

RESULTS

Impaired Cerebrovascular Autoregulation in Aged Hypertensive
Mice

Blood pressure was significantly increased in both young and
aged mice receiving Angll infusion, as shown in Figure TA. In
young control mice, CBF was independent of blood pressure in
the range of 60 to 120 mm Hg, which indicates that autoregulation
was present (Figure 1B). No differences in autoregulation were
observed among young and aged normotensive mice (Figure 1B).
In young hypertensive mice, however, the relationship between
CBF and blood pressure was substantially altered. There was a
progressive expansion of the autoregulated range, indicating an
adaptive response (Figure 1B), which was completely absent in
aged hypertensive mice. In aged hypertensive mice, the relation-
ship between blood pressure and CBF was essentially linear, which
indicates total dependence of CBF on blood pressure and loss of
autoregulation (Figure 1B).

Aging Impairs Autoregulatory Function of Cerebral Arteries: Role
of Myogenic and Flow-Induced Constriction

Figure 1C shows myogenic constriction developed in isolated
MCAs at intraluminal pressures of 20 to 180 mmHg. In MCAs of
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young control mice, increases in intravascular pressure increased
myogenic constriction up to 60 mmHg, and myogenic tone
was maintained at almost the same level up to ~120mmHg,
which overlaps the autoregulatory range of CBF. At higher
pressures, myogenic tone then tended to decrease and arteries
dilated gradually (Figure 1C). Myogenic constriction in MCAs
from young hypertensive mice was significantly enhanced and the
myogenic tone was maintained at almost the same level
up to ~160mmHg, which corresponds to the increased
autoregulatory range of CBF in these animals. Middle cerebral
arteries of aged mice developed a slightly decreased myogenic
constriction and did not exhibit a similar hypertension-induced
adaptive increase in myogenic constriction, which was observed
in young mice (Figure 1C). The pressure-passive diameter curves
were similar in MCAs from each group (Supplementary Figure S1).
We also investigated the time-dependent behavior of the
myogenic response. In MCAs of young control mice, a step
increase in intraluminal pressure from 60 to 140 mm Hg resulted
only in slight increase in diameter (Figure 1D). In MCAs of young
hypertensive mice, the myogenic constriction was enhanced, and
no increase in diameter was observed. In contrast, MCAs of aged
mice could not maintain resting tone and did not exhibit a
hypertension-induced adaptive increase in myogenic constriction
(Figure 1D).

Increases in intraluminal flow elicited vasoconstriction in MCAs
of young mice and this response was enhanced by hypertension
(Figure 1E). In contrast, there was no adaptive increase in

© 2013 ISCBFM



flow-induced constriction in MCAs of aged hypertensive mice
(Figure 1E).

Role of 20-HETE and TRPC6 in Functional Maladaptation of Aged
Cerebral Arteries to Hypertension

To assess the role of 20-HETE in functional adaptation of cerebral
arteries to hypertension, we tested the effect of HET0016 on
myogenic constriction at a pathophysiologically relevant pressure
range (=160 mm Hg; Figures 2A to 2C). Because we found that in
mouse arteries the vasoconstrictor effect of 20-HETE is significantly
inhibited by the TRPC6 inhibitor SKF96365 (Supplementary Figure
S2) we also assessed the role of TRPC6 channels in 20-HETE-
dependent functional adaptation of cerebral arteries to hyperten-
sion using this inhibitor. We found that in MCAs of young
hypertensive mice increased myogenic tone was significantly
inhibited by both HET0016 (Figure 2C) and SKF96365 (Figure 3C)
eliminating the difference between the four groups, whereas
neither HETO016 nor SKF96365 significantly affects myogenic tone
in MCAs of aged hypertensive mice. HET0016 (Figures 2D and 2E)
and SKF96365 (not shown) also inhibited the enhanced dynamic
component of myogenic constriction and flow-induced constric-
tion in MCAs of young hypertensive mice, whereas it had no
significant effects in MCAs of aged hypertensive mice. Hyperten-
sion was associated with upregulated expression of the CYP4A
arachidonic acid w-hydroxylases Cyp4ai2, Cyp4al0, and Cyp4ai4
(Figures 2F to 2H) and TRPC6 channels (Figures 3D and 3E) in MCAs
of young mice, whereas these adaptive responses were signifi-
cantly impaired or absent in MCAs of aged hypertensive mice.
Hypertension did not increase significantly the mRNA expression of
Trpc3, Trpc7, Trpm4 (transient receptor potential cation channel,
subfamily M, member 4) and Cacnal (L-type calcium channel) in
MCAs of young and aged mice (data not shown).

Aging Exacerbates Hypertension-Induced Blood-Brain Barrier
Disruption

Using a sodium fluorescein tracer assay, we tested the hypothesis
that cerebrovascular autoregulatory dysfunction in aged hyper-
tensive mice leads to BBB disruption. As predicted by our model,
we found that aging exacerbates hypertension-induced fluores-
cein leakage in the hippocampi, cortex, and white matter
(Figure 4A). Aging per se also tended to increase the fluorescein
leakage, but these changes reached statistical significance only in
the cortex and white matter. We hypothesized that the aging
hypertensive brain also cannot maintain the BBB against
endogenous circulating macromolecules, some of which exert
significant proinflammatory and, potentially, neurotoxic effects.
Immunostaining for plasma-derived 1gG revealed significant
perivascular IgG deposits in the hippocampus of aged hyperten-
sive mice (Figure 4B). Leakage of IgG in the hippocampus of
young hypertensive mice was significantly reduced and there was
no detectable IgG leakage in young control mice. Blood-brain
barrier breakdown in neurodegenerative disorders often indicates
disruption of the tight junctions due to reduced expression of
tight junction proteins.'® In that regard, it is significant that in the
hippocampi of aged hypertensive mice their expression also
tended to be downregulated (Figure 4C), although these
alterations per se are unlikely to explain exacerbation of
hypertension-induced BBB disruption in aging.

Aging Exacerbates Hypertension-Induced Pericyte Loss and
Microvascular Rarefaction

Because recent studies show that pericyte loss can compromise
BBB integrity,”® we assessed age- and hypertension-induced
changes in pericyte coverage of hippocampal microvessels
(Figures 5A to 5E). In young mice, hypertension resulted in a
significant decline in the relative number of pericytes (Figure 5F)
and capillary pericyte coverage (by ~29%). In aged mice,
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hypertension-induced decreases in pericyte number (Figure 5F)
and pericyte coverage (by ~41%) were exacerbated. We also
determined whether pericyte loss influences brain capillary density
in the aged hypertensive mice. Capillaries were identified by their
expression of CD31, using a lumen diameter of 10 um or less as a
standard identifier. As shown in Figure 5G, relative hypertension-
induced decreases in capillary length density in CA1, CA3, and
dentate gyrus of the mouse hippocampus, retrosplenial cortex,
primary somatosensory cortex, and corpus callosum of aged mice
were significantly greater than in young mice.

Aging Exacerbates Hypertension-Induced Inflammation and
Oxidative Stress in the Hippocampus

Previous studies suggest that leakage of plasma-derived factors
through the damaged BBB has the potential to induce neuroin-
flammation by activating microglia.'® In the hippocampi of young
mice, the number of activated microglia was low and
hypertension-induced changes in microglia activation did not
reach statistical significance. We found that aging is associated
with a relative increase in the number of activated microglia in the
hippocampi.  Importantly, hypertension-induced  microglia
activation was exacerbated in the hippocampi of aged mice
(Figures 6A to 6F). Sustained activation of microglia was associated
with an increased expression of several proinflammatory cytokines
and chemokines (Figure 6G) and other inflammatory mediators
(data not shown) in the hippocampi of aged hypertensive mice.
These findings were corroborated by demonstration of increased
protein expression of MCP-1, TNFe, and IP-10 (Figures 61 and 6J),
which are known to be secreted by activated microglia, in the
hippocampi of aged hypertensive mice.

Neuroinflammation is frequently associated with increased
oxidative stress. Consistent with the presence of hypertension-
related oxidative/nitrosative stress in the brain,?' hippocampal
3-NT content was increased in young hypertensive mice
(Figure 6K). Aging exacerbated hypertension-induced increases
in hippocampal 3-NT content (Figure 6K), confirming that the
effects of age and hypertension are synergistic.

Aging Exacerbates Hypertension-Induced Decline in Hippocampal
Cognitive Function

To determine whether compromised BBB integrity, microvascular
rarefaction, oxidative/nitrosative stress, and chronic low-grade
neuroinflammation are sufficient to induce neuronal dysfunction,
we studied hippocampally dependent learning and memory. For
young control mice, transfer latency on day 2 was significantly
decreased compared with day 1 (Figure 6L), indicating an intact
learning effect (learning index: 1). The learning indexes for young
hypertensive mice (~0.7) and aged mice (~0.67) tended to
decrease, compared with young control mice, although the
differences did not reach statistical significance. For old hyperten-
sive mice, transfer latency was similar on days 1 and 2
(corresponding to a learning index of ~0), indicating that these
mice had a significantly impaired hippocampal cognitive function.

DISCUSSION

The results of this study suggest that functional maladaptation of
aged cerebral arteries to high blood pressure is due to the
dysregulation of 20-HETE/TRPC pathway. We also show that
autoregulatory dysfunction in aged mice with Angll-induced
hypertension associates with exacerbation of BBB disruption,
neuroinflammation, and cognitive decline.

In the cerebral circulation, larger pial arteries have a significant
role in cerebrovascular resistance, thus myogenic constriction of
proximal branches of the cerebrovascular tree (i.e, MCA) are
uniquely important for protection of the cerebral microcircula-
tion.?? In healthy young animals, pressure-induced myogenic
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Figure 2. Role of 20-hydroxy-5,8,11, 14-e|cosatetraen0|c acid (20-HETE) mediation in cerebrovascular autoregulatory dysfunction in aged
hypertensive mice. (A, B) The effect of HET0016 (10~ ®mol/L), an inhibitor of 20-HETE synthesis, on myogenic constriction of middle cerebral
arteries (MCAs) isolated from young control, young hypertensive (Young + Angll), aged control, and aged hypertensive (Aged + Angll) mice in
response to increases in intraluminal pressure. Vascular diameters are expressed as a percentage of the passive diameter of the vessels at
80mmHg. (C) Myogenlc tone of MCAs in the absence and presence of HET0016 at an intraluminal pressure of 160 mmHg. Data are
mean t s.em. (n =8 in each group). *P<0.05 vs. young and *P<0.05 vs. Young + Angll. (D, E) Effect of HET0016 on the early rapid phase of the
myogenic response (D; induced by a sudden increase in intraluminal pressure from 60 to 140 mm Hg) and flow-induced constriction (E; induced
byi mcreasmg intraluminal flow by creating a pressure gradient through the vessels; see Materials and methods) of MCAs. Data are mean * s.e.m.
(n=8to 16). *P<0.05 vs. Young + Angll. (F to H) QRT- PCR data showing mRNA expression of cytochrome P450 4A enzymes in MCAs. Data are
mean £ s.e.m. (n=6 in each group). *P<0.05 vs. Young; #P<0.05 vs. Young + Angll and & <0.05 vs. Aged. Angll, angiotensin Il.

constriction of the cerebral arteries (Figure 1C) acts as a critical induced adaptive increase in myogenic constriction observed in
homeostatic mechanism, which assures that increased arterial young mice (Figure 1C). Recent studies suggest that in addition to
pressure does not penetrate the distal portion of the micro- the myogenic response flow-induced constriction of cerebral

circulation and causes damage to the thin-walled arteriolar and arteries may also contribute to cerebrovascular autoregulatory
capillary microvessels in the brain.'®'" In hypertensive young mice  function.'>'® This is the first study to show that in young Angll-
(Figures 1B and 1C) and rats,'*** the myogenic constriction of treated hypertensive mice flow-induced arterial constriction is
cerebral arteries is enhanced and the range of cerebrovascular also enhanced (Figure 1E), representing another component of
autoregulation is extended, which represent functional adaptation functional arterial adaptation to high blood pressure. This
of these vessels to higher systemic blood pressure, protecting the adaptive response is impaired in aged Angll-treated hypertensive
cerebral microcirculation.2~'2 Here, we report for the first time that mice (Figure 1E). Taken together, Angll-induced hypertension
cerebral arteries of aged mice do not exhibit a hypertension- in aging is associated with dysfunction of cerebrovascular
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Figure 3.

Role of transient receptor potential cation channel, subfamily C (TRPC6) in cerebrovascular autoregulatory dysfunction in aged

hypertensive mice. (A, B) The effect of SKF96365 (5 umol/L), a TRPC channel blocker, and HET0016 (10 ~® mol/L), an inhibitor of 20-hydroxy-
5,8,11,14-eicosatetraenoic acid (20-HETE) synthesis, on myogenic constriction of middle cerebral arteries (MCAs) isolated from young control,
young hypertensive (Young -+ Angll), aged control, and aged hypertensive (Aged + Angll) mice. Vascular diameters are expressed as a
percentage of the passive diameter of the vessels at 80 mm Hg. (C) Myogenic tone of MCAs in the absence and presence of SKF96365 and
HET0016 at an intraluminal pressure of 160 mmHg. Data are mean+s.e.m. (n=8 in each group). *P<0.05 vs. Young and *P<0.05 vs.
Young + Angll. (D, E) mRNA (D; QRT-PCR data) and protein expression (E; western blotting, one representative western blot (of three) is
presented showing two samples from each group (for each group, n=6 vessels from 6 animals) of TRPC6 in MCAs. Data are mean £ s.e.m.
(n=6 in each group). *P<0.05 vs. Young and *P<0.05 vs. Young + Angll.

autoregulatory mechanisms that protect the brain. Interestingly,
aging per se is associated with a mild impairment of both
flow-induced constriction and the dynamic component of the
myogenic response (Figure 1D), suggesting that sudden increases
in blood pressure (e.g., during Valsalva maneuver) may tempora-
rily penetrate the distal portion of the cerebral microcirculation
even in normal aging.

Several lines of evidence support the concept that in young
animals activation of a 20-HETE/TRPC-dependent pathway under-
lies functional adaptation of cerebral arteries to hypertension, and
that this adaptive response is dysfunctional in aging. In young
hypertensive mice, 20-HETE mediates increased myogenic con-
striction in the higher pressure range (which overlaps the blood
pressure of these animals). It is likely that this is due to an adaptive
upregulation of cytochrome P450 4A w-hydroxylases (Figure 2).
Similarly, in young hypertensive rats pressure-induced 20-HETE
production in cerebral arteries is also significantly increased.* Here,
we report for the first time that this 20-HETE-dependent adaptive
response is impaired in aged Angll-infused hypertensive mice
(Figure 2). Consistent with these findings, expression of Cyp4A12
(which is thought to be the major source of 20-HETE in cerebral

© 2013 ISCBFM

arteries®®) and the expression of CypA10 and CypA14 (which are
also able to produce 20-HETE and other vasoconstrictor arachidonic
acid metabolites in mouse tissues®®) are significantly decreased in
aged hypertensive MCAs compared with young hypertensive
animals (Figure 2). The aforementioned results warrant further
studies to characterize age-related differences in hypertension-
induced changes in arachidonic acid metabolism in the cerebral
vasculature (including assessment of protein expression and
activity of 20-HETE producing enzymes). Previous studies show
that activation of TRPC6 channels mediates 20-HETE-induced
increases in intracellular Ca>" levels in vascular smooth muscle
cells*” and contributes to autoregulation and myogenic constri-
ction of cerebral arteries.?® While in cerebral arteries of young mice
Angll-induced hypertension upregulates TRPC6 expression and
TRPC mediation of the myogenic constriction (Figure 3), this
adaptive response is impaired in aged Angll-infused hypertensive
mice. Importantly, seminal studies by Golovina and coworkers
and by other laboratories show that TRPC6 channels are also
upregulated in resistance arteries of Milan hypertensive rats,
rodents with deoxycorticosterone acetate salt-induced hyperten-
sion and Dahl salt-sensitive rats, contributing to increased
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Figure 4. Aging exacerbates hypertension-induced disruption of the blood-brain barrier. (A) Hypertension- and aging-induced changes in
sodium fluorescein content in the hippocampus, cortex, and white matter of young control, young hypertensive (Young -+ Angll), aged
control, and aged hypertensive (Aged -+ Angll) mice. Data are mean * s.e.m. *P <0.05 vs. Young, *P<0.05 vs. Young + Angll; and ¥P<0.05 vs.
Aged (n =6 to 10). (B) Confocal microscopy analysis of plasma-derived IgG (green) and CD31-positive microvessels (red) in the hippocampus
of young and aged mice with or without Angll-induced hypertension. Note the increased presence of extravascular IgG deposits in the
hippocampus of aged hypertensive mice. (C) Expression of occludin, claudin-5, and ZO-1 in the hippocampi of young and aged normotensive
and hypertensive mice. Upper panels: original western blots. /-Actin was used as a loading control. One representative western blot (of three)
is presented showing two samples from each group (for each group, n=6 vessels from 6 animals). Bar graphs are summary densitometric
values. Data are mean t s.e.m. *P<0.05 vs. Young. n=6 animals per group. Angll, angiotensin II.

constrictor responses to agonists and pressure.?>! Studies in the
aforementioned models of hypertension suggest that a func-
tional crosstalk exists between plasma membrane Na'/Ca®*
exchanger-1 and vascular TRPC6 channel activity.?***7* Given
the proposed role of TRPC6 channels in the pathogenesis of
hypertension, future studies should determine whether aging
affects TRPC6 channel expression/activity in systemic resistance
arteries and the kidney, as well.

Recently, we proposed that flow-induced constriction of
cerebral arteries may participate in the autoregulatory mechan-
isms in response to changes in systemic blood pressure.'>'®
Although the exact mechanism of flow-induced constriction
remains elusive, there is evidence that 20-HETE-dependent
pathways have an important role in flow-induced constriction
both in cerebral arteries of experimental animals (Figure 2) and in
humans.'>'® Thus, dysregulation of 20-HETE dependent pathways
is likely to simultaneously impair both the myogenic and the flow-
induced components of cerebrovascular autoregulation in aged
hypertensive mice. Because inhibition of the 20-HETE/TRPC6
pathway does not completely abolish myogenic constriction in
cerebral arteries of young hypertensive mice, we cannot exclude a
potential role for other mechanisms in functional maladaptation
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to hypertension in aging as well, including pathways involved in
cellular calcium homeostasis in the vascular smooth muscle
cells. The age-related mechanism(s) that are responsible for
dysregulation of cytochrome P450 4A w-hydroxylases and TRPC
channels are presently unknown and may include an age-related
IGF-1 deficiency.> In support of this concept, there are data extant
showing that IGF-1 deficiency in mice is associated with impaired
hypertension-induced adaptive changes in cerebral arterial
myogenic tone (Toth and Ungvari, unpublished observation
2012), downregulation of Cyp4ail2b expression (GEO data sets
GDS2019 and GDS1053), and cognitive decline, mimicking the
aging phenotype.

Here, we provide evidence that autoregulatory dysfunction in
aged Angll-infused hypertensive mice is associated with signifi-
cant cerebromicrovascular damage. A lack of proper autoregula-
tory protection likely allows high blood pressure to penetrate the
distal portion of the cerebral microcirculation, which leads to a
significant BBB disruption in the hippocampus and other brain
regions in aged Angll-infused hypertensive mice (Figure 4). The
mechanisms of hypertension-induced BBB disruption are likely
multifaceted. Pericytes are important cellular constituents of the
BBB'® and recent studies show that pericyte deficiency in
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Pdgfr™’~ mice leads to a significant impairment of BBB
function®® and development of a vascular cognitive impairment-
like syndrome. Thus, it is possible that the increased hypertension-
induced loss of pericyte coverage reported in our studies
(Figure 5) contributes to BBB disruption in Angll-infused aged
mice. The mechanisms of increased pericyte loss in aged Angll-
infused hypertensive mice are presently unknown. Pericytes are
sensitive to oxidative damage, thus it is possible that exacerbated
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hypertension-induced oxidative stress (Figure 6) contributes to
increased pericyte loss in aged Angll-infused mice. Pericytes have
also key roles in preservation of the structural integrity of the
cerebral microcirculation;'® thus, loss of pericytes is also likely to
contribute to microvascular rarefaction in brain of aged
Angll-infused hypertensive mice. Future studies should elucidate
whether decreased capillary density in aged Angll-infused
hypertensive mice is associated with reduced hippocampal
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Figure 5. Hypertension-induced changes in pericyte coverage of hippocampal capillaries and hippocampal capillary density.
(A) Representative confocal image showing perivascular localization of an a-smooth muscle actin (xSMA) expressing pericyte (green,
arrowhead) surrounding CD31-positive capillary endothelial cells (red) in the CA1 region of the mouse hippocampus. Hoechst 33342 was used
for nuclear counterstaining. (B to E) Representative confocal microscopy analysis of 2SMA expressing pericyte coverage (green, arrowheads) of
CD31-positive capillaries (red) in the CA1 region of the hippocampi of young control (B), young hypertensive (Young + Angll) (C), aged control
(D), and aged hypertensive (Aged + Angll) (E) animals. Note that «SMA expressing pericytes (arrowheads) and vascular smooth muscle cells
surroundlng the terminal arterioles exhibit different morphologies. (F) Summary data showing hyperten5|on dependent loss of pericyte
coverage in the hippocampus (see Supplementary Experimental Procedures for details). *P<0.05 vs. Young, #P<0.05 vs. Young + Angll; and

&P <0.05 vs. Aged. (G) Hypertension-induced relative changes of capillary density in the CA1 and CA3 regions of the hippocampus, dentate
gyrus (DG), retrosplenial cortex (RSA), primary somatosensory cortex (S1), and corpus callosum (cc) of young and aged mice. Boxes indicate
brain regions that were included in the evaluation of capillary density (see Supplementary Experimental Procedures for details). Angll,
angiotensin Il

Figure 6. Aging exacerbates hypertension-induced neuroinflammation and cognitive decline. (A to D) CD68-positive (red fluorescence,
arrowheads) activated microglia in the hippocampus CA1 region from young control (A), young hypertensive (Young + Angll) (B), aged
control (C1 and aged hypertensive (Aged + Angll) (D) animals (blue fluorescence: nuclei). Panel (E) shows that in the hippocampus of aged
hypertensive mice most CD68-positive cells are positive for IBA1 (arrows), yet there are CD68 + /IBA1 — cells present as well (star). Panel
(F) depicts summary data of relative changes in the number of CD68-positive activated mlcroglla in the CA1 and CA3 regions of hippocampus
(fold change). Data are mean % s.em. *P<0.05 vs. Young; *P<0.05 vs. Young + Angll; and ¥P<0.05 vs. Aged. (G) Hypertension in aging is
associated with a proinflammatory shift in cytokine expression profiles in the mouse hippocampus. The heat map is a graphic representation
of normalized mRNA expression of cytokines and chemokines depicted by color intensity, from highest (bright red) to lowest (bright blue)
expression (n =6 in each group). Aged hypertensive mice have the highest expression of inflammatory markers. (H to K) Relative hippocampal
levels of microglia-derived proinflammatory cytokines MCP 1 (H), TNFe (I) and IP-10 (J) and 3- nltrotyrosme (3-NT) (a marker for peroxynitrite
action; K). Data are mean+s.em. *P<0.05 vs. Young; *P<0.05 vs. Young +Angll; and ¥P<0.05 vs. Aged. (L, M) Aging exacerbates
hypertension-induced cognitive impairment (elevated plus maze-based learning protocol; see Supplementary Experimental Procedures for
details). For old hypertensive mice, transfer latency was similar on days 1 and 2 (corresponding to a learning |ndex ~0), indicating that these
mlce had significantly impaired hippocampal cognitive function. Data are mean * s.e.m. *P<0.05 vs. Young; *P<0.05 vs. Young + Angll; and
& <0.05 vs. Aged. (N) Proposed scheme depicting the mechanisms by which age-related cerebrovascular autoregulatory dysfunction
exacerbates hypertension-induced microvascular damage and blood-brain barrier (BBB) disruption. Future studies should elucidate the links
(dashed lines; question marks) among endothelial dysfunction, microvascular injury, regional ischemia, neuroinflammation, and cognitive
impairment. Angll, angiotensin ll; 20-HETE, 20-hydroxy-5,8,11,14-eicosatetraenoic acid.
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blood flow leading to ischemic foci, which would have a direct Through the damaged BBB in aged hypertensive mice plasma
deleterious effect on cognitive function. In that regard, it is signi- constituents, including IgG (Figure 4B), can enter the brain. There
ficant that Angll-induced hypertension also impairs endothelial is growing evidence that plasma-derived factors can affect
regulation of the cerebral microcirculation by increasing oxidative/ neuronal function by multiple mechanisms,'®*® including the
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nitrosative stress in endothelial cells. induction of neuroinflammation (e.g., activation of microglia by
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IgG via the IgG Fc receptors). Here, we provide evidence that in
aged Angll-infused hypertensive mice BBB disruption and
increased extravasation of IgG are associated with an exacer-
bated neuroinflammatory response as shown by the increased
number of activated microglia and macrophages in the hippo-
campi (Figures 6A to 6F). We also found that in the hippocampi of
aged hypertensive mice there is an increased presence and
expression of inflammatory mediators, which are known to be
secreted by activated microglia. Microglia-derived proinflamma-
tory cytokines, chemokines, proteases (i.e., matrix metalloprotei-
nases), and reactive oxygen species were shown to promote
neuronal dysfunction.3**° On the basis of the aforementioned
studies, one can hypothesize that exacerbation of neuroinflamma-
tion is causally linked to hypertension-induced impairment of
hippocampal function in aged mice (Figure 6). This concept is
supported by clinical studies showing that treatment of hyperten-
sion resulted in a 19% to 50% reduction in dementia incidence
(PROGRESS*' and Syst-Eur*?). The SCOPE study also found
evidence that treatment with candesartan (an AT1 receptor
antagonist) may prevent cognitive decline in elderly patients
with hypertension.**

Limitations of the Study

In theory, knockout models would be useful to characterize the
role of TRPC6 channels in functional adaptation of MCAs to
hypertension. However, the existing TRPC6 ~/~ mouse models
exhibit significant compensatory changes in cellular expression of
plasma membrane ion channels. For example, in TRPC6 ~/~ mice
vascular TRPC3 and TRPC7 expression is significantly upregu-
lated.** Due to the potential confounding effects of lifelong
compensatory upregulation of nonTRPC6-dependent pathways,
we chose to use a pharmacological approach to acutely inhibit
TRPC channels to study the interaction of hypertension and
aging in regulation of MCA myogenic tone. Boulay et a/*
observed a complete block of heterologously expressed TRPC6
after administration of SKF96365 in vitro, thus we chose this
pharmacological agent to inhibit TRPC6 activity in the present
study. Yet, we are aware of the fact that SKF96365 can also inhibit
TRPC3/7 channels. Although hypertension does not appear to
upregulate cerebrovascular expression of TRPC3 and TRPC7
channels, we cannot exclude the possibility that activation of
these channel(s) contributes to functional adaptation of MCAs to
hypertension. The definitive approach to determine channel
activity would be using the patch clamp technique. The lack of
such measurements is a limitation of our study.

Perspectives

In the present study, we show that functional adaptation of
cerebral arteries to high pressure in Angll-infused aged mice is
impaired and that age-related autoregulatory dysfunction in these
animals is associated with BBB disruption and neuroinflammation.
Future studies should elucidate the specific age-related mechan-
ism that underlies impaired adaptation of aged cerebral vessels to
hypertension, including the role of age-related changes in
endocrine factors.>® Aging may increase the sensitivity of the
cerebral microcirculation to the proinflammatory effects of high
pressure itself and these effects may be potentiated by Angll.
Future studies can test this hypothesis. Both hypertension and
aging lead to endothelial dysfunction (Supplementary Figure S3)
and impaired neurovascular coupling.?” The dynamic interaction
between these mechanisms and myogenic autoregulation
warrants further investigation. Our findings suggest that in the
elderly sudden, acute increases in blood pressure (e.g. during
Valsalva maneuver) are more likely transmitted to the thin-walled
cerebral microvessels, which likely contribute to the increased
prevalence of cerebral microbleeds in elderly hypertensive
patients.*® Because accumulating evidence supports a causal

© 2013 ISCBFM
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role of cerebral microbleeds in cognitive decline, future studies
should elucidate the link between age-related changes in
20-HETE/TRPC pathway-dependent autoregulatory protection
and incidence of cerebral microbleeds in hypertensive patients.
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