Journals of Gerontology: Biological Sciences
cite as: J Gerontol A Biol Sci Med Sci, 2019, Vol. 74, No. 4, 446-454
doi:10.1093/gerona/gly144

GERONTOLOGICAL sasmcossssmsrreos

SOCIETY OF AMERICA®

X,

Original Article

IGF-1 Deficiency Promotes Pathological Remodeling of
Cerebral Arteries: A Potential Mechanism Contributing to
the Pathogenesis of Intracerebral Hemorrhages in Aging

Gabor A. Fulop, MD,"? Francisco |. Ramirez-Perez, MS,*? Tamas Kiss, MD,*14
Stefano Tarantini, PhD,*' Marta Noa Valcarcel Ares, PhD," Peter Toth, MD, PhD,"®
Andriy Yabluchanskiy, MD, PhD," Shannon M. Conley, PhD,"¢ Praveen Ballabh, MD,’
Luis A. Martinez-Lemus, DVM, PhD,® Zoltan Ungvari, MD, PhD,"*® and Anna Csiszar,
MD, PhD,"#

'Department of Geriatric Medicine, Reynolds Oklahoma Center on Aging, University of Oklahoma Health Sciences Center, Oklahoma
City. 2Division of Clinical Physiology, Faculty of Medicine, University of Debrecen, Hungary. *Dalton Cardiovascular Research Center;
Departments of Biological Engineering and Medical Pharmacology and Physiology, University of Missouri, Columbia. *‘Department of
Medical Physics and Informatics, University of Szeged, Hungary. SDepartment of Neurosurgery, Medical School, University of Pecs,
Hungary. SDepartment of Cell Biology, University of Oklahoma Health Science Center, Oklahoma City. ‘Department of Pediatrics, Albert
Einstein College of Medicine, New York. 8Department of Pulmonology, Semmelweis University, Budapest, Hungary.

Address correspondence to: Anna Csiszar, MD, PhD, Department of Geriatric Medicine, Reynolds Oklahoma Center on Aging, University of
Oklahoma Health Sciences Center, 975 NE 10* Street, Oklahoma City, 0K 73104, USA. E-mail: anna-csiszar@ouhsc.edu

*These authors contributed equally to this work.
Received: February 12, 2018; Editorial Decision Date: May 16, 2018

Decision Editor: Rozalyn Anderson, PhD

Abstract

Clinical and experimental studies show that age-related decline in circulating insulin-like growth factor-1 (IGF-1) levels promotes the
pathogenesis of intracerebral hemorrhages, which critically contribute to the development of vascular cognitive impairment and disability in
older adults. Yet, the mechanisms by which IGF-1 deficiency compromises structural integrity of the cerebral vasculature are not completely
understood. To determine the role of IGF-1 deficiency in pathological remodeling of middle cerebral arteries (MCAs), we compared alterations
in vascular mechanics, morphology, and remodeling-related gene expression profile in mice with liver-specific knockdown of IGF-1 (Igf1f/f +
TBG-Cre-AAVS) and control mice with or without hypertension induced by angiotensin-II treatment. We found that IGF-1 deficiency resulted
in thinning of the media and decreased wall-to-lumen ratio in MCAs. MCAs of control mice exhibited structural adaptation to hypertension,
manifested as a significant increase in wall thickness, vascular smooth muscle cell (VSMC) hypertrophy, decreased internal diameter and
up-regulation of extracellular matrix (ECM)-related genes. IGF-1 deficiency impaired hypertension-induced adaptive media hypertrophy and
dysregulated ECM remodeling, decreasing elastin content and attenuating adaptive changes in ECM-related gene expression. Thus, circulating
IGF-1 plays a critical role in maintenance of the structural integrity of cerebral arteries. Alterations of VSMC phenotype and pathological
remodeling of the arterial wall associated with age-related IGF-1 deficiency have important translational relevance for the pathogenesis of
intracerebral hemorrhages and vascular cognitive impairment in elderly hypertensive patients.
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There is strong evidence that the dramatic age-related decline in cir- vascular aging and promotes the development of vascular cognitive
culating levels of insulin-like growth factor 1 (IGF-1) contributes to impairment (reviewed in (1)). IGF-1 is a pleiotropic growth factor that
© The Author(s) 2018. Published by Oxford University Press on behalf of The Gerontological Society of America. All rights reserved. 446

For permissions, please e-mail: journals.permissions@oup.com.


http://www.oxfordjournals.org/
mailto:anna-csiszar@ouhsc.edu?subject=

Journals of Gerontology: BIOLOGICAL SCIENCES, 2019, Vol. 74, No. 4 447

possesses multifaceted vasoprotective effects, including pro-angiogenic,
anti-apoptotic, anti-oxidative, anti-inflammatory, anti-atherogenic and
endothelial protective effects (1-6). Recent studies suggest that normal
IGF-1 levels are also important to maintain the structural integrity of
the cerebral microcirculation and that IGF-1 deficiency promotes the
development of spontaneous intracerebral hemorrhages (ICHs) (6-8).

Larger ICHs account for over 13% of all strokes and often result in
death or major disability. Small ICHs, known as “microhemorrhages”
(diameter: <5 mm in humans) develop due to rupture of small intracer-
ebral vessels (9). Their prevalence may reach 50% in older individuals
at risk, which is considered of emerging importance as a contributing
factor to the progressive impairment of neuronal function (10,11).
Hypertension, which has an estimated prevalence of 66 % in older adults
(>65 years), is a critical risk factor for ICHs in older adults and there
is strong evidence that aging exacerbates hypertension-induced ICHs
both patients and experimental animals (9,12,13). Using mice with
adult-onset isolated circulating IGF-1 deficiency we have recently dem-
onstrated that low IGF-1 levels increase propensity for ICHs by exacer-
bating the effects of hypertension, mimicking the aging phenotype (6).

Resilience of the arterial wall to injury/rupture induced by
mechanical stresses is determined by multiple factors, including the
structure and function of vascular smooth muscle cells (VSMCs), the
amount, composition, and organization/structure of the extracellular
matrix (ECM), and adequate structural and functional adaptation
to increased blood pressure. The critical role of ECM alterations in
cardiovascular aging processes in general (14) and the pathogenesis
of ICHs in particular (9) is widely recognized. Despite the growing
evidence that IGF-1 deficiency promotes vascular injury/rupture and
that IGF-1 in vitro regulates VSMC proliferation and ECM deposi-
tion, the pathophysiological link between circulating IGF-1 deficiency
and structural alteration of cerebral arteries has never been studied.

The present study was designed to test the hypothesis that circulating IGF-1
deficiency promotes the development of a pro-fragility vascular phenotype, by
dysregulating ECM composition and/or by promoting structural maladapta-
tion to hypertension. To test our hypothesis, we used a novel murine model
of aging: mice with isolated endocrine IGF-1 deficiency induced by adeno-
associated viral knockdown of IGF-1 specifically in the liver using Cre-lox
technology (Igf1” + TBG-Cre-AAVS) (6). We induced chronic hypertension in
IGF-1 deficient mice and respective controls (by treatment with angiotensin 1T
[Ang-IT]) and compared biomechanical characteristics and structural remod-
eling and its molecular signature in middle cerebral arteries (MCAs).

Results

Circulating IGF-1 Levels and Blood Pressure
Measurements

Mice receiving TBG-Cre-AAV8 had significantly lower serum IGF-1
levels compared with control mice receiving TBG-eGFP-AAVS
(Figure 1A) (3). Treatment with Ang II resulted in comparable
increases in blood pressure in both IGF-1 deficient mice and their
age-matched controls (Figure 1B).

IGF-1 Deficiency Alters Arterial Morphology,

Vascular Mechanics, and Impairs Structural

Adaptation of MCAs to Hypertension

Changes in the passive internal diameter and wall thickness of MCAs
derived from each experimental group as a function of intraluminal
pressure are depicted in Figure 1C-E. The most conspicuous effect of
circulating IGF-1 deficiency on arterial morphology in normotensive
mice was a significant decrease in wall thickness of MCAs (Figure 1D).
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Figure 1. Circulating IGF-1 deficiency promotes medial atrophy in cerebral
vessels. (A) Adeno-associated viral knockdown of hepatic Ifg1 (Igf1f/f + TBG-
Cre-AAV8) significantly decreases the levels of circulating IGF-1 compared to
control animals. (B) Treatment with angiotensin Il elicited similar increases
in systolic blood pressure in control and IGF-1 deficient mice. *p < .05 vs
control normotensive. (C) Pressure-diameter curves of middle cerebral
arteries (MCAs) from each experimental group under passive conditions.
(D, E) Pressure-wall thickness curves of MCAs under passive conditions.
Representative confocal micrographs of VSMCs in the medial layer of calcein-
loaded MCAs, imaged in the longitudinal-circumferential plane (F, scale bar:
5 um) and at midsection in the longitudinal plane (H, scale bar: 80 um). Note
that after removal of the adventitia the medial vascular smooth muscle cells
(VSMCs) are predominantly stained. As an index for cellular hypertrophy
the average diameter of the midsection of VSMCs were measured (G). (I)
Bar graphs are summary data for hypertension-induced relative changes in
media thickness measured at midsection of MCAs. Adaptive hypertrophy of
the medial layer of MCAs in hypertensive control mice is evident, whereas
this adaptive response is impaired in IGF-1 deficient mice. Data are mean
+ SEM. (n = 11-27 for each data point) *p < .05 vs control; #p < .05 vs
control+Angll; &p < .05 vs IGF-1 deficient. Differences between groups were
established using a one-way ANOVA followed by Tukey’s post hoc tests.

We found that MCAs of control mice exhibited structural adaptation
to hypertension, manifested as a significant increase in wall thickness
(Figure 1E), decreased internal diameter (Figure 1C) and consequential
increases of wall-to-lumen ratios (not shown). Imaging of the calcein
loaded VSMCs in the arterial wall (Figure 1F and H) revealed that
increase in wall thickness was, at least in part, due to medial VSMC
hypertrophy (Figure 1G and I). Diameters in MCAs during maximal
dilatation were also smaller in hypertensive IGF-1 deficient mice than in
normotensive IGF-1 deficient mice at all levels of intraluminal pressure
(Figure 1C). Wall thickness of MCAs isolated from hypertensive IGF-1
deficient mice was significantly smaller than wall thickness of MCAs
derived from hypertensive control mice (Figure 1E). Hypertension-
induced adaptive hypertrophy of medial VSMCs was significantly
reduced in MCAs derived from IGF-1 deficient mice (Figure 1G and I).

The stress-strain curve in MCAs of hypertensive control mice was
shifted to the left of the curve obtained in MCAs of normotensive con-
trol mice (Figure 2A) indicating stiffening of cerebral arteries. IGF-1 defi-
ciency itself was associated with a leftward shift and an increased level
of circumferential stress in the stress—strain relationship of the MCAs
(Figure 2A). Infusion of Ang-II to IGF-1 deficient mice resulted in a
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Figure 2. IGF-1 deficiency reduces elasticity of cerebral arteries. (A) Strain—
stress relationship curves of middle cerebral arteries (MCAs) isolated from
normotensive control, hypertensive control (control+Ang Il) and normotensive
IGF-1 deficient (lgf1f/f + TBG-Cre-AAV8) and hypertensive IGF-1 deficient
mice (Igf1f/f +TBG-Cre-AAV8 + Angll) under passive conditions at different
intravascular pressures. (B) Elastic moduli of MCAs under passive conditions.
Eo
higher range of intravascular pressures, respectively. At low pressures elastin,
at high pressures collagen dominate the elastic behavior of the arteries. Higher
values indicate increased arterial stiffness. Data are means + SEM (n =6-11
for each data point). *p < .05 vs control; #p < .05 vs control+Angll. Differences
between groups were established using a one-way ANOVA followed by Tukey’s
post hoc tests.

and Emgh represent the slope of the linear regressions in the lower and the

further shift to the left of the stress—strain curve of MCAs (Figure 2A),
indicating the presence of exacerbated vessel stiffness. E,_, which reflects
the contribution of elastin to vascular elastic behavior, tended to decease
in MCAs from normotensive IGF-1 deficient mice, but the difference
did not reach statistical significance. E,  was significantly increased in
MCAs of hypertensive IGF-1 deficient mice, indicating decreased elastic-
ity (Figure 2B). E
differ statistically from that in normotensive control vessels. E,, was

o 11 MCAs from hypertensive control mice did not
not statistically different in the four experimental groups (Figure 2C).

Confocal and multi-photon microscopy was used to further
assess the composition of the vascular wall in MCAs (Figure 3A).
These experiments revealed a trend for decreased elastin content in
the wall of MCAs with IGF-1 deficiency, which became more promi-
nent after induction of hypertension (Figure 3B). There was no sig-
nificant change in the number of medial VSMC nuclei either with
hypertension or with IGF-1 deficiency (Figure 3C).

IGF-1 Deficiency Impairs Hypertension-Induced
Adaptive Changes in ECM-Related Vascular Gene
Expression Profile

Expression of genes involved in regulation of synthesis, assembly
and degradation of ECM components and remodeling processes was
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Figure 3. IGF-1 deficiency reduces elastin content in cerebral arteries.
(A-E) Representative confocal images of middle cerebral arteries (MCAs)
isolated from normotensive control, hypertensive control (control+Ang Il)
and normotensive IGF-1 deficient (/gf1f/f + TBG-Cre-AAV8) and hypertensive
IGF-1 deficient mice (Igf1f/f +TBG-Cre-AAV8 + Angll; see Methods for details)
showing F-actin (yellow), elastin (red) and nuclei (blue). Scale bar: 20 um. (B)
IGF-1 deficiency is associated with a significant reduction in arterial elastin
content. (C) Vascular smooth muscle cell number, represented by nuclei
contained within the medial layer of MCAs. Data are means + SEM (n = 5-7
for each data point).

determined by gPCR. We found that in MCAs IGF-1 deficiency sig-
nificantly inhibited hypertension-induced changes in mRNA expres-
sion of Eln (Figure 4A), factors regulating elastin fiber assembly and
remodeling and ECM crosslinking (Figure 4C), growth factors that
regulate vascular remodeling processes (Figure 4D) and collagens
(Figure 4F), whereas it did not exert marked effects on MMP expres-
sion (Figure 4B). Among factors involved in vascular redox regulation
we found that IGF-1 deficiency tended to down-regulate expression
of the antioxidative transcription factor Nrf2 (Nfe2/2) (Figure 4E).

Discussion

The results of this study suggest that circulating IGF-1 deficiency
results in weakening and thinning of the cerebral arterial wall and
promotes structural maladaptation of these vessels to hypertension,
due to media hypotrophy, decreased elasticity, and dysregulation of
ECM components.

Circulating IGF-1 levels significantly decline with age in humans,
which is thought to promote vascular aging processes (1). Our
findings provide new evidence that IGF-1 deficiency contributes to
remodeling and structural weakening of mouse cerebral arteries,
mimicking many aspects of vascular aging. With advanced age in
cerebral arteries the wall thickness/wall-to-lumen ratio and vascu-
lar distensibility are decreased, whereas wall circumferential stress
is increased, which are associated with a leftward shift in the stress—
strain relationship of cerebral arteries (15). This is the first study to
demonstrate that IGF-1 deficiency per se results in aging-like altera-
tions in the morphology and the mechanical properties of cerebral
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Figure 4. IGF-1 deficiency impairs hypertension-induced changes in
gene expression signature associated with vascular remodeling. qPCR
data showing mRNA expression of (A) elastin (Eln), (B) elastolytic and
collagenolytic matrix metalloproteinases (MMPs), (C) factors regulating
elastin fiber assembly and remodeling (fibrillin-1 [Fbn1], fibrillin-1 [Fbn2],
Emilin1, Emilin2, fibulin-1 [FbInT], fibulin-5 [FbIn5] and fibulin-4 [Efemp2])
and ECM crosslinking (the lysyl oxidases Lox, Lox!1, Lox/2, LoxI3, Loxl4), (D)
growth factors and cytokines that regulate vascular remodeling processes,
(E) factors involved in vascular redox regulation and ROS-mediated MMP
activation, including the NADPH oxidase subunit NOX2 (Cybb) and the
antioxidative transcription factor Nrf2 (Nfe2/2), and (F) collagens in middle
cerebral arteries isolated from normotensive control, hypertensive control
(control+Ang Il) and normotensive IGF-1 deficient (Igf1f/f + TBG-Cre-AAV8)
and hypertensive IGF-1 deficient mice (lgf1f/f +TBG-Cre-AAV8 + Angll; see
Methods for details). Data are mean + SEM (n = 6 for each data point), *p <
.05 vs control,”p < .05 vs control+Angll. Differences between different groups
were established using a one-way ANOVA followed by Tukey’s post hoc tests.

arteries. Previous studies confirm that IGF-1 levels significantly cor-
relate with aortic strain and aorta stiffness in humans (16) and that
aorta stiffness also increases in mouse models of IGF-1 deficiency,
including the “Little” mouse (Ghrhr generated by a missense
mutation in the hypothalamic GH-releasing hormone receptor) (17).

In agreement with previous studies (18), we found that hyper-
tension in control mice induces adaptive hypertrophic remodeling
in cerebral arteries, with a reduction in internal diameter, as well
as media hypertrophy and changes in the expression of ECM com-
ponents. Hypertension in humans also often results in hypertophic
remodeling with increased media-to-lumen ratio of cerebral ves-
sels (19). Media hypertrophy and ECM remodeling are adaptive
processes that reduce tensile stress, protecting the integrity of the
vascular wall in hypertension. In addition, the aforementioned struc-
tural changes also exert protective effects on the downstream cer-
ebral microvessels by increasing segmental hydrodynamic resistance,
preventing the penetration of high pressure to the vulnerable distal
portion of the cerebral vascular tree. Adaptive remodeling results

in a leftward shift in the stress—strain relationship of cerebral arter-
ies from hypertensive control mice, similar to vessels of spontane-
ously hypertensive rats (20,21). The stress—strain curve is also shifted
leftward in cerebral arteries from patients with essential hyperten-
sion (19), indicating vessel stiffening. Previous studies demonstrate
that structural changes of cerebral arteries are also associated with
functional adaptation of these vessels to higher systemic blood pres-
sure (22). In particular, in hypertension the myogenic constriction
of cerebral arteries is enhanced and the range of cerebrovascular
autoregulation is extended, which contribute to protection of the
cerebral microcirculation from high pressure (22). There is strong
evidence that aging impairs both structural and functional adapta-
tion of cerebral arteries to hypertension (12,22). In particular, aging
compromises vascular resilience by altering both media hypertro-
phy and ECM remodeling (22). The available evidence suggests that
aging results in loss of elasticity due to reduced elastin deposition
and/or increased elastin fragmentation that occurs due to increased
expression/activity of MMPs (12,23). Aging also impairs autoregu-
latory protection in the brain, exacerbating hypertension-induced
cerebrovascular injury (12,22,24). It has been proposed that the
aforementioned aging-induced structural and functional cerebrovas-
cular alterations promote the genesis of ICHs in hypertensive older
individuals (9).

Several lines of evidence support the concept that structural and
functional adaptation of cerebral arteries to hypertension is dysfunc-
tional in mice with IGF-1 deficiency, mimicking the aging phenotype.
First, our present findings demonstrate that hypertension-induced
adaptive changes in cerebral arterial morphology and vascular
mechanics are impaired in IGF-1 deficient mice. Second, previous
studies demonstrate that hypertension-induced hypertrophic remod-
eling in penetrating arterioles is also impaired in IGF-1 deficiency
(6). Third, our results show that IGF-1 deficiency impairs adaptive
changes in vascular elastin content and expression of ECM com-
ponents and factors that regulate ECM assembly, crosslinking, and
remodeling. Fourth, previous studies demonstrate that in hypertensive
IGF-1 deficient mice autoregulation is markedly disrupted, and their
MCAs do not show adaptive increases in myogenic constriction (3).

Adaptive changes in the medial smooth muscle layer and the
ECM play key roles in maintaining arterial wall resilience, preventing
injury and rupture of the arterial wall. Our findings have important
translational relevance for the pathogenesis of multiple diseases that
compromise the integrity of the arterial wall. Larger ICHs are the
second most common causes of strokes, whose incidence significantly
increases with age and which have a high case fatality (13). Despite
significant advance in prevention of ischemic strokes, the incidence
of ICHs did not decrease over the past decades (13). Furthermore,
advanced imaging methods can detect small ICHs (cerebral micro-
hemorrhages) in close to 50% of high risk older populations, which
predict cognitive decline and subsequent larger ICHs (9).

Previous studies (6-8) and our present findings underscore the
likely pathogenic role of age-related IGF-1 deficiency in loss of arte-
rial resilience and the pathogenesis of ICHs. There is strong clinical
(25,26) and experimental (12) evidence that aging and hypertension
synergistically interact to promote the development of ICHs. We
recently demonstrated that similar to aging, IGF-1 deficiency also
renders the cerebral vessels significantly more vulnerable to high
pressure-induced rupture, exacerbating ICHs (6). Dysregulation of
elastin is likely a critical mechanism involved in the pathogenesis of
ICHs, as decreases in elastin content in cerebral vessels after treat-
ment with elastase results in formation of cerebral aneurysms and
promotes development of ICHs (27).
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In IGF-1 deficiency aortic stiffening increases pulse pressure and
pathological arterial remodeling and loss of autoregulatory protec-
tion likely act synergistically to allow high pulsatile pressure to pen-
etrate the vulnerable distal portion of the arterial tree, facilitating
development of small ICHs (3,6,28). Further translational studies
are evidently needed to determine whether in older adults and in
animal models of aging and IGF-1 deficiency pathological remod-
eling of both larger and smaller cerebral arteries can be reversed and
incidence of larger ICHs and microhemorrhages can be decreased
by interventions that increase circulating IGF-1 levels. In addition,
our current findings may also have relevance to the pathogen-
esis of cerebral aneurysms, which should be established by future
studies. ECM secretion by VSMCs also plays a critical role in the
formation of the protective fibrous cap in atherosclerotic lesions.
Our findings are consistent with the concept that by modulating
VSMC phenotype and promoting synthesis of ECM components
IGF-1 may stabilize the fibrous cap (29). We predict that interven-
tions that increase IGF-1 levels in older patients may confer mul-
tifaceted vasoprotective effects, improving structure and function
of both smaller and larger cerebral arteries. These effects are syn-
ergistic with the beneficial effects of IGF-1 on cerebral blood flow
regulation and blood brain barrier function suggested by previous
pre-clinical studies (2,3,5).

The IGF-1 dependent mechanisms responsible for altered VSMC
phenotype, pathological remodeling of ECM and maladaptation to
the altered hemodynamic environment in hypertension are likely
multifaceted. There is strong evidence that that IGF-1 regulates
VSMC growth and proliferation (30) and regulates synthesis of
elastin (31,32), collagens (33) and other ECM components. These
effects on ECM are critical for vessel structure. For example, a study
using seven inbred rat strains demonstrated that there is a significant
correlation between circulating IGF-1 levels and ECM composition
in the aorta (34). Long-term GH treatment in aged rats, which sig-
nificantly increases circulating IGF-1, was also reported to increase
media thickness and restore ECM content of the aorta (35). Further,
treatment with IGF-1 was also shown to stabilize atherosclerotic
plaques by promoting VSMC proliferation and ECM deposition,
preventing intraplaque bleedings (33,36).

There is also extensive evidence that IGF-1 modulates mechano-
sensitive gene expression in VSMCs, regulating adaptive responses
to cyclic stretch, which mimics hypertension. For example, stretch
up-regulates expression of IGF-1 receptor (37) rendering cells
more sensitive to IGF-1 and blocking IGF-1 signaling attenuates
the protective proliferative effects of mechanical stretch (38,39).
Mechanisms underlying IGF-1 mediated stretch based signaling
and its role in remodeling of the ECM are incompletely understood,
although PI3K/AKT signaling and Sirt2 have been clearly implicated
(39,40).

Previous studies also suggest a critical role for increased hyper-
tension-induced ROS production and free radical-mediated acti-
vation of MMPs in VSMCs in the pathogenesis of ICHs (6,12).
Activated MMPs degrade components of the ECM, promoting
localized weakening of the vascular wall. Although IGF-1 defi-
ciency does not appear to be associated with marked changes in
vascular expression of MMPs, our recent studies demonstrate that
IGF-1 deficiency exacerbates hypertension-induced MMP activa-
tion in the wall of cerebral arteries. Oxidative stress-induced MMP
activation (41) likely contributes to the decreased elastin content,
pathologic remodeling, and increased vascular fragility (6) observed
in IGF-1 deficient mice. The mechanisms underlying exacerbated
hypertension-induced vascular oxidative stress in aging involve

up-regulation of NADPH oxidases, increased mitochondrial ROS
production and deficiency of Nrf2-driven antioxidant defense
mechanisms (12,42-44). Importantly, attenuation of ROS produc-
tion by these sources prevents ICHs in aged mice (12) and other
studies have shown that IGF-1 can block oxidative stress-induced
cell death (45). The available evidence suggest that IGF-1 deficiency
impairs the same pathways involved in redox regulation in the vas-
cular wall similar to aging, including mtROS production and the
Nrf2-dependent antioxidant defense system (4,46). Thus, future
preclinical studies are warranted to determine the protective effects
of interventions that attenuate oxidative stress on ECM homeosta-
sis, vascular resilience, and the development of ICHs in models of
IGF-1 deficiency as well.

Limitations of the Study

A number of important limitations of the present study need to be
considered. First, data on protein expression of the investigated
ECM-related target genes should be obtained in future studies. For
example, dysregulation of fibrillin-1 at the protein level should be
demonstrated. Fibrillin-1 is a large, ECM glycoprotein that serves as a
structural component of elastin-associated extracellular microfibrils,
which provide force bearing structural support in elastic arteries.
Importantly, in mice underexpressing fibrillin-1 inflammation-medi-
ated elastolysis and functional collapse of the elastic lamellae in the
aortic wall were reported, which associated with aneurysm forma-
tion (47). Second, IGF-1 is a potent survival factor for VSMCs, thus
it would be also informative to assess apoptosis in cerebral arteries.
Third, the presence of numerous interchain cross-links is essential
for the mechanical stability of collagen and elastin fibers. The patho-
physiological importance of lysyl oxidase-derived cross-linking was
established from animal studies in which lysyl oxidase was inhibited
pharmacologically. This results in decreased cross-linking of colla-
gen and elastin which associates with increased occurrence of aortic
aneurysms (48).). Dysregulation of mRNA expression of Fibrillin-1
is also potentially interesting. Because IGF-1 deficiency appears to
have a major effect on expression of lysyl oxidases, in future studies
it would be interesting to elucidate the functional consequences of
these findings.

In conclusion, our results add to the growing evidence that circu-
lating IGF-1 contributes to the maintenance of the structural integrity
of cerebral arteries (Figure 5). Our present and previous findings sug-
gest that phenotypic changes in VSMCs induced by IGF-1 deficiency
result in weakening and thinning of the cerebral arterial wall and
promote structural and functional maladaptation of these vessels to
hypertension, due to media hypotrophy, dysregulation of ECM com-
ponents, increased oxidative stress-mediated MMP activation, and
myogenic autoregulatory dysfunction. Alterations of VSMC pheno-
type and pathological remodeling of the arterial wall associated with
age-related IGF-1 deficiency have important translational relevance
for the pathogenesis of ICHs and vascular cognitive impairment in
elderly hypertensive patients. The evidence available from preclinical
studies (1), point to potential benefits of interventions preventing/
reversing aging-induced reduction of circulating IGF-1 levels and
promoting cerebrovascular health for prevention of ICHs and cogni-
tive decline in older adults.

Experimental Procedures

All procedures were approved by and followed the guidelines of the
Institutional Animal Care and Use Committee of the University of
Oklahoma HSC.
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Figure 5. Proposed scheme depicting the mechanisms by which age-
related IGF-1 deficiency may promote pathological remodeling of cerebral
arteries, reducing vascular resilience, and exacerbating the pathogenesis of
intracerebral hemorrhages.

Induction of Adult-Onset IGF-1 Deficiency in Mice

Male mice homozygous for a floxed exon 4 of the Igf1 gene (Igf17; in
a C57BL/6 background) were purchased from Jackson Laboratories.
These mice have the entirety of exon 4 of the Igf1 gene flanked by
loxP sites, which allows for genomic excision of this exon when
exposed to Cre recombinase. Transcripts of the altered Igf1 gene
yield a protein upon translation that fails to bind the IGF-1 receptor.
Circulating IGF-1 is produced in the liver. Circulating IGF-1 defi-
ciency was induced in Igf1”/ mice by adeno-associated virus (AAV8)-
mediated expression of Cre recombinase in the liver at 4 months of
age, as reported (3,6). In order to avoid dwarfism knockdown of
IGF-1 was achieved in adult animals (body mass at 10 months of
age; control: 29 = 1 g, IGF-1 deficient: 27 = 0.5 g). The AAVS vec-
tor was purchased from the University of Pennsylvania Viral Vector
Core (Penn Vector Core, Philadelphia, PA; http://www.med.upenn.
edu/gtp/vectorcore). Although AAVS is effective at transducing mul-
tiple tissues, the use of thyroxine-binding globulin (TBG) promoter
allows for the restriction of expression to hepatocytes. Validation
of the model has been published (3). At 4 months of age, Igf1"
mice were randomly assigned to two groups and were administered
approximately 1.3 x 1010 viral particles of AAV8-TBG-Cre or AAVS-
TBG-eGFP via retro-orbital injection, as described (3). Animals were
housed in the Rodent Barrier Facility at OUHSC under specific path-
ogen-free barrier conditions, on a 12 h light/12 h dark cycle, with
access to standard rodent chow (Purina Mills, Richmond, IN) and
water ad libitum.

Measurement of Serum IGF-1 Levels

IGF-1 concentration in the serum samples was measured by ELISA
(R&D Systems, Minneapolis, MN) as reported (3).

Induction of Hypertension

To study the effects of IGF-1 deficiency on hypertension-induced
vascular remodeling we used the previously well-characterized
mouse model of Ang-II-dependent hypertension (3,22). Briefly, in
10 months old male IGF-1 deficient mice (Igf1” + TBG-Cre-AAV,
n = 60) and respective age-matched control mice (Igf1” + TBG-
eGFP-AAVS, n = 60) hypertension was induced by administration

Ang-II (s.c. via osmotic mini-pumps [Alzet Model 2006, Durect Co,
Cupertino, CA]). Pumps were filled either with saline (vehicle) or
Ang I solutions (Sigma) that delivered (subcutaneously) 1 pg/min/
kg of Ang II for 28 days thus generating four experimental groups:
(a) Igf1"" + TBG-Cre-AAVS + Ang II, (b) Igf1” + TBG-Cre-AAVS +
vehicle, (c) Igf1" + TBG-eGFP-AAVS8 + Ang I1, and (d) Igf1" + TBG-
eGFP-AAVS + vehicle. Since aging is associated with increased activ-
ity of the vascular renin-angiotensin system and Ang II-dependent
hypertension is common among older individuals, Ang II-dependent
hypertension is a clinically highly relevant model to study aging-
related cerebrovascular alterations (22). Further, there is strong
evidence that the in addition to elevated pressure, the renin—angio-
tensin system is a critical determinant of vascular remodeling during
chronic hypertension (49-51). Blood pressure of the animals was
recorded before the treatment and at the end of the treatment period
using the tail-cuff method, as described (12).

Determination of Arterial Structural and Mechanical
Characteristics

On day 28 post-implantation mice were decapitated, the brains were
removed and segments of the MCAs were isolated using microsur-
gery instruments for functional studies, as reported (3,22). In brief,
segments of MCAs were mounted onto two glass micropipettes in
an organ chamber in oxygenated (21% O,, 5% CO,, 75% N,) Ca**
free Krebs’ buffer (pH ~7.4; at 37°C). Inflow and outflow pressures
were controlled and measured by a pressure servo-control system
(Living Systems Instrumentation, Burlington, VE). Vessels were stud-
ied at in situ length. The absence of leaks was verified by observing
no changes in intraluminal pressure over 3 min upon turning off the
pressure servo-control system.

To study the structural and mechanical characteristics of the arte-
riolar wall, pressure-diameter curves were obtained under passive
conditions (Ca?*-free Krebs’ solution plus 10-¢ mol/L nimodipine and
2mmol/L EGTA). Internal diameter and wall (left and right) thick-
nesses were recorded in response changes in intraluminal pressure
(from 5 and 160 mmHg) using a custom-built videomicroscope sys-
tem as reported (3,22). To assess media thickness and VSMC hyper-
trophy, the VSMCs within the wall of the MCAs were loaded with
fluorescent dye calcein AM (20 pM; in the organ bath for 30 min).
The vessels were imaged (at 70 mmHg) using a Leica SP2 MP confo-
cal laser scanning microscope.

Circumferential strain, circumferential stress, and Young’s
modulus of elasticity were all calculated using the morphometric
data obtained. Vascular remodeling and VSMC hypertrophy were
assessed as changes in the passive internal diameter of the MCAs and
the dimensions of the VSMCs, respectively.

The circumferential strain was calculated as the difference
between the intraluminal diameter obtained under passive condi-
tions at each intraluminal pressure level (Dp) and the diameter at

the lowest pressure tested (D divided by the diameter at lowest

St
pressure as described (52):

€= (D p DSmmHg) / DSmmHg

Circumferential stress is the force per unit area exerted by
the arterial wall in opposition to the distending pressure.
Circumferential stress was calculated by using the formula for
thin-walled vessels, where P is the intraluminal pressure, and 7 is
wall thickness (52):


http://www.med.upenn.edu/gtp/vectorcore
http://www.med.upenn.edu/gtp/vectorcore

452 Journals of Gerontology: BIOLOGICAL SCIENCES, 2019, Vol. 74, No. 4

P*Dp
27

o=

The Young’s modulus of elasticity provides information about arte-
rial stiffness. Blood vessels exhibit an overall non-linear stress—strain
behavior, which can be separated in two portions depending on
the level of intravascular pressure in order to separate the elastic
modulus dominated by loading mechanics of elastic fibers and that
dominated by collagen fiber mechanics (52). We chose the first three
values in the lower rage of intravascular pressures to provide infor-
mation on the low Young’s modulus of elasticity (E
sures, elastin dominates the elastic behavior of the artery. At higher

o)+ At low pres-
pressures, the dominant element is collagen and we chose the last
three values of intraluminal pressure range to determine the high

Young modulus of elasticity (E, ). E,  and E, , represent the slope

low

of the linear regressions fitted onto the stress-strain curves corre-
sponding to these pressure ranges.

Confocal/Multiphoton Microscopy Imaging of MCAs

To assess changes in elastin content and cellularity within the medial
layer in MCAs, in separate experiments cannulated MCAs were
fixed in 4% paraformaldehyde, while pressurized at 70 mmHg for
1 h. The vessels were rinsed twice in phosphate-buffered saline (PBS)
and once in 0.1 M Glycine for 5§ min each time. Cannulated ves-
sels were flushed with 1 mL PBS to rinse their lumen and perme-
abilized via incubation in 0.5% Triton X-100 for 20 min. Vessels
were washed twice in PBS and incubated for 1 h in 0.5 pg/mL
4’,6-diamidino-2-phenylindole (DAPI), 0.2 uM Alexa Fluor 633
Hydrazide (Molecular Probes) and 0.02 pM Alexa Fluor 546 phal-
loidin (Molecular Probes) in PBS. After being washed three times
in PBS, vessels were imaged using a Leica SP5 confocal/multipho-
ton microscope with a 63x/1.2 numerical aperture water objective.
Alexa Fluor 633, to image elastin, was excited with a 633 nm HeNe
laser. Alexa Fluor 546 phalloidin, to image F-actin components,
was excited with a 543 nm HeNe laser. DAPI, to image nuclei, was
excited with a multi-photon laser at 720 nm. Images were processed,
and all channels were quantified to determine the total volume
(number of expressed voxels) occupied by VSMC nuclei, elastin and
actin as previously described (53) with a MATLAB algorithm avail-
able upon request.

Determination of Expression Changes in Vascular
Resilience-Related Genes by qPCR

Using text mining approaches, we recently identified impor-
tant genes relevant for the pathogenesis of ICHs and structural
integrity of the vasculature (6). In the present study, we used a
custom-designed microfluidic card-based TagMan qPCR arrays
and a Stratagene MX3000 platform to assess mRNA expression
of elastin (Eln), elastolytic and collagenolytic matrix metallopro-
teinases (MMPs), factors regulating elastin fiber assembly and
remodeling (fibrillin-1 [Fbn1], fibrillin-1 [Fbn2], Emilin1, Emilin2,
fibulin-1 [Fbin1], fibulin-5 [FblnS] and fibulin-4 [Efemp2]) and
ECM crosslinking (the lysyl oxidases Lox, Loxl1, LoxI2, LoxI3,
Loxl4), growth factors and cytokines that regulate vascular remod-
eling processes, factors involved in vascular redox regulation and
ROS-mediated MMP activation, including the NADPH oxidase
subunit NOX2 (Cybb) and the antioxidative transcription factor
Nrf2 (Nfe2l2) and collagens in MCAs isolated from normotensive
control, hypertensive control and normotensive IGF-1 deficient
and hypertensive IGF-1 deficient mice. Total RNA was isolated

with a Mini RNA Isolation Kit (Zymo Research, Orange, CA)
and was reverse transcribed using Superscript III RT (Invitrogen).
Quantification was performed using the AACq method. The rela-
tive quantities of the reference genes Hprt, Ywhaz, B2m, Gapdh,
Actb, and S18 were determined and a normalization factor was
calculated based on the geometric mean.

Statistical Analysis

An a priori power analysis was performed to ensure 80% or greater
power for the primary outcome measures, considering the findings
of previous studies (6) and pilot experiments. Differences between
groups were established using a one-way ANOVA followed by
Tukey’s post hoc tests. p < .05 was considered significant. Data are
expressed as mean = SEM. Statistical analyses were conducted using
Prism 5 software (GraphPad).
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