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Background
The renin-angiotensin-aldosterone system (RAAS) plays an important role in the development and progression of vascular stiffness,
hypertension and accelerated atherosclerosis, which are associated with the metabolic syndrome (MetS) and type 2 diabetes
mellitus. In addition to the intima, RAAS plays an important role in vascular media and adventitial remodeling.

Methods

Descending thoracic aortas of young male transgenic heterozygous (mRen2) 27 (Ren2) rats were utilized for ultrastructural
study. This lean model of hypertension, insulin resistance, and oxidative stress harbors the mouse renin gene and is known to
have increased aortic tissue levels of angiotensin Il, angiotensin type 1 receptors, and elevated plasma aldosterone levels.
Results

Ultrastructural observations substantiate known and novel findings in the tunica media, internal and external elastic lamina,
and tunica adventitia, which includes: increased media collagen - proteoglycan matrix expansion, increased secretory and
proliferative activity and migration of vascular smooth muscle cells (VSMCs) into a newly developing subendothelial neointima,
increased VSMC caveolae, mitochondria degeneration, apoptosis; and lipid retention at the elastin lamellar interface. Openings
in the external elastic lamina allow pericyte-to-VSMC contacts. The tunica adventitia exhibits stromal pericyte hyperplasia with
actively synthetic phenotype and pericyte-pericyte connections.

Conclusion
While these studies only represent a single snapshot in time, they provide an evaluation of early abnormal ultrastructural vascular
remodeling in Ren-2 models of the conduit-elastic thoracic aorta. Biomed Rev 2019;30:111-123
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LIST OF ABBREVIATIONS

Angll = angiotensin I

AKT = serine/threonine kinase Protein kinase B
AT1R = angiotensin type 1 receptor

C = collagen

CVD = cerebrocardiovascular disease
Ea = arterial elastosis

ECM = extracellular matrix

EEL = external elastic lamina

ER = endoplasmic reticulum

HTN = hypertension

IEL = internal elastic lamina

IR = insulin resistance

MMP = matrix metallopeptidases
MetS = metabolic syndrome

MSC = mesenchymal stem cells
MTOC = microtubule organizing center

NADPH Ox = nicotinamide adenine dinucleotide phosphate
reduce oxidase

NFkB = nuclear factor kappa B

(O = oxidative stress

PGC = proteoglycan

Pc = pericyte

PVAT = perivascular adipose tissue

RAAS = renin-angiotensin-aldosterone system

Ren2 = (mRen2) 27 heterozygous genetic model of lean
hypertension

R2 = Ren2

ROS = reactive oxygen species

SDC = Sprague Dawley controls

SNS = sympathetic nervous system

T2DM = type 2 diabetes mellitus

TEM = transmission electron microscope

VSMCs = vascular smooth muscle cells

WG = Verhoeff Van Gieson stain

INTRODUCTION

Under conditions of atherosclerosis, metabolic syndrome
(MetS), hypertension (HTN) and type 2 diabetes mellitus
(T2DM) vascular remodeling may occur in all four coats
(tunicae) of the aorta (intima, media, adventitia and adiposa).
Vascular stiffness (1) and accelerated atherosclerosis (athero-
scleropathy) are associated with early vascular remodeling that
can be appreciated in detail with transmission electron micros-
copy (TEM). Part 1 of this two-part series described in detail
the aortic remodeling that occurs in the endothelial intima and
internal elastic lamina layers and introduced some of the early
changes of neointimal remodeling (2).

The MetS is a cardiometabolic disorder clustering obesity,
HTN, hyperlipidemia, hyperinsulinemia, insulin resistance

Biomed Rev 30, 2019

(IR), and oxidative stress (OS) in one subject. Therefore, we
chose to study the early ultrastructural cellular and extracel-
lular matrix (ECM, briefly, matrix) remodeling of the media,
external elastic lamina, and adventitia in descending thoracic
aortas from young male transgenic Ren2 rat obtained from the
same thoracic aortic tissue that was utilized in Part 1 of this
two-part series (2).

The mouse renin gene is overexpressed in Ren2 models
which may be characterized by increased plasma levels of
aldosterone and increased local aortic tissue levels of angio-
tensin 11 (Ang Il) and angiotensin type 1 receptors (AT1R) (2,
3). In addition to having an activated local renin-angiotensin-
aldosterone system (RAAS), this model also manifests a
heightened activity of the sympathetic nervous system (SNS).
Various treatment modalities such as angiotensin converting
enzyme inhibition, renin inhibitors, RAAS blockade and ame-
lioration of OS utilizing tempol (a super oxide dismutase and
catalase mimetic) have been previously shown to attenuate
the functional and ultrastructural maladaptations in many of
the involved organs in the Ren2 model (2, 3).

Vascular remodeling is a dynamic process, which involves
phenotypic change, cellular growth, migration and death in
addition to matrix degradation and accumulation. Classically,
there are three distinct coats (tunicae) in conduit elastic arter-
ies: tunica intima, tunica media and tunica adventitia (Fig. 1).
There is general consensus that endothelial cells are found only
in the intima, vascular smooth muscle cells (VSMCs) in the
media, and stromal cells in the adventitia. Stromal cells primar-
ily consist of constitutive connective tissue cells: fibrocytes-
fibroblasts, myofibroblast and pericytes, vascular structures
consisting of vasa vasorum arterioles, venules and capillaries
(endothelial cells and pericytes) and in some instances, in-
flammatory cells (macrophages and lymphocytes) (4, 5). For
background purposes and orientation to the thoracic aorta we
have placed a cartoon of the vascular coats of the descending
thoracic aorta and light microscopic images to compare the
phenotypic changes to the aortic Ren2 as compared to Sprague
Dawley controls (SDC) (Fig. 1, 2) (2).

Observational ultrastructural remodeling changes in the
media, external elastic lamina (EEL), adventitia and the
genesis of the neointima in the male Ren2 rat model are
examined. We previously reported increased blood pressure
(BP) and arterial stiffness in young male Ren2 rats (6). Our
present goal is to introduce the early ultrastructural remod-
eling changes in the descending thoracic aorta of the young
9-10 week-old male Ren2 rat model of MetS, HTN, OS,
and IR as compared to the Sprague Dawley male littermate
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Figure 1. Descending thoracic aorta. This cartoon illustrates each coat of the thoracic aorta: tunica intima, tunica media and

tunica adventitia. Tunica adiposa not shown (see 45).

Figure 2. Media and adventitia hypertrophy with increased oxidative stress and expansion collagen viewed by light microscopy.
Panel A illustrates the normal cellular phenotype of the tunica media (M) and adventitia (A) in relation to the endothelium (E) of
the descending aorta; lumen (L). Panel B_depicts increased oxidative stress in Ren2 models by 3-nitrotyrosine staining. Panel
C depicts the normal anatomy of the descending aorta of the media and adventitia in relation to endothelium; elastin stain
Verhoeff-Van Gieson (VVG), which also stains collagen | and Il pink as in the adventitial layer and interlamerllar regions and
adventitia in panels B, C and D respectively. Panel D demonstrates the hypertrophy of both the media and adventitia (arrows) a
with the elastin and collagen stain VVG. Note that both collagen expansion and elastin thickening in the media and the increases
collagen pink in the adventitia of the Ren2 models in panels B and D. Scale bar = 50 um in panels A-D. Figure adapted with

permission (2).

control model. Understanding early aortic ultrastructural
remodeling may allow for a better understanding of the
changes in the vasculature during the early development
and progression of HTN, vascular stiffness and accelerated
atherosclerosis — atheroscleropathy in humans.
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MATERIALS AND METHODS

Animals and Treatments

Animal care and procedures were approved and followed by
the University of Missouri Animal Care and Use Committee
and NIH guidelines. Male transgenic (mRen2)27 heterozygous
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(+/-) and age/sex matched SDC littermate rats fed a normal
chow diet were sacrificed at 9-10 weeks (2). Blood pressure,
weights and glucose were previously described, in which the
Ren2 rats were hypertensive, weighed less and had higher
fasting blood glucose levels at the time of sacrifice (2). Fol-
lowing harvesting, descending thoracic aortic tissue (upper
1/3) was thinly sliced and immediately placed in TEM fixative
and prepared for viewing by TEM as previously described (2).

RESULTS

Media

The tunica media consists of multiple layers of VSMCs sur-
rounded by a loose areolar collagen and a proteoglycan ECM,
which is separated by multiple layers of elastin lamellae;
bounded by the internal elastic lamina (IEL) and EEL (Fig.1,
2, 3A). Thoracic aorta is known to be stiffened and thickened

in rodent models and human patients with hypertension (1,
5-8). Interestingly, treatment of established HTN does not af-
fect the increase in ECM but decreases VSMC protein content
(8). Previous studies of the aorta media in HTN demonstrated
increased VSMC synthesis of procollagen/collagen and proteo-
glycan matrix, which are thought to be primarily responsible
for the increase in media volume (8-10). The Ren2 model
similarly demonstrated increased organized fibrillar collagen
deposition compatible with early fibrosis and proteoglycan
deposition (Fig. 3B-D) in the media as compared to SDC.
Vascular SMC were oriented parallel and obliquely to the
endothelium and lumen and appeared to have a spider-like
appearance due to the multiple cytoplasmic processes ex-
tending to the IEL and elastic lamella in both the SDC and
Ren2 models (Fig. 3). The SDC and Ren2 VSMCs exhibited
cell-cell focal adhesion contacts with desmosomes (Fig. 4A

Figure 3. Collagen and vascular smooth muscle cell (VSMC) basal lamina expansion. Panel A illustrates the relationship
of the media VSMCs and extracellular matrix (ECM) collagen (C) to the internal elastic lamina (IEL), elastin lamina (EL) and
the endothelial cell (EC) monolayer (arrows) in the Sprague Dawley controls (SDC) (magnification x400; bar= 10 um). Insert
depicts loose areolar C in the SDC (magnification x6000; bar = 0.5 um). Panel B-D depict excessive accumulation of highly
organized fibrillar collagen (C) and multilayered basal lamina (D, asterisks); proteoglycans (?) (PG). Magnification x2,000;

bar = lum (panel B); 0.5 um (panel C); 0.2 um (panel D). Insets in panel C and D scale bar = 50 nm and 100 nm respectively.
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Figure 4. Vascular smooth muscle cell remodeling. Panel A depicts the structure of the cell-cell adherens junction desmosome
(arrows) (a) and cell-matrix junction of the hemidesmosomes (arrows) (inserts a and a’) in the more electron lucent non-
migratory (contractile phenotype?) vascular smooth muscle cell (VSMC) of the SDC Magnification x2500; bar = 0.5um. Inserts
are exploded images of panel A and Bar = 250 nm. (N = nucleus). Panels B and C demonstrate a synthetic (more electron
dense) secretory phenotype (?) of the VSMC the Ren2 (R2) as compared to the SDC in panel A. Note the loss of hemidesmosomes
cell matrix junction in insert b as compared to panel A (a and a’ inserts). Also, note the presence of caveolae (arrows) in
VSMC of R2 models (insert) in panel C. Magnification x2500. Bar = 0.5um. Exploded insert Bar = 250 nm. Panel D
demonstrates normal mitochondria (Mt) with sharply defined cristae in SDC models. Panel E has less distinct Mt cristae and
their matrix reveals a loss in electron density (inset €) indicating maladaptive remodeling and aberrant Mt in R2 models. Note
the overall marked increase in R2 cytoplasmic electron density in panels B-E as compared to the SCD in panel A. Panel F
depicts “preapoptotic” nuclear chromatin condensation in VSMC in the R2 models. Magnification x 2500; bar = 0.2 um.

insert a) as previously described (11, 12).

The Ren2 vasculature displayed an increase in the secretory
VSMC phenotype, which had lost both their cell-cell adherens
junction desmosomes) and cell-matrix (hemidesmosome) con-
nections, compatible with an increased secretory-proliferative
and migratory activity (Fig. 4B). Ren2 VSMCs also had in-
creased numbers of caveolae at their plasmalemmal surface
(Fig. 4C), which may be due to the underlying increased OS
similar to the increased secretory vacuoles and caveolae noted
in EC (2). Interestingly, there were VSMC remodeling chang-
es of degenerative mitochondria, which consisted of swelling,
breaks and loss of cristae and decreased mitochondrial matrix
electron density (Fig. 4E) as compared to SDC (Fig. 4D). Fur-
ther, the presence of nuclear chromatin condensation — clump-
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ing, nuclear retraction and cytoplasmic apoptotic bodies in
VSMCs suggested an apoptotic milieu in Ren 2 vasculature
(Fig. 4F). A previous study demonstrated increased apoptosis
in the Ren2 thoracic aorta at 9-10 weeks of age and related
it to impaired phosphorylation of protein kinase B/AKT (3).
These investigators were able to demonstrate an increase in
caspase-3 and TUNEL staining in Ren2 vasculature. Addi-
tionally, they were able to demonstrate mitochondrial leakage
of cytochrome c into the cytosol of the VSMCs. Importantly,
there was evidence of lipid deposition in the media at the elas-
tin lamella-VVSMC layer interface in the Ren2, which was not
observed in the SDC model (Fig. 5B insert). These findings
demonstrate that the aorta media layer in the Ren2 vascula-
ture retains lipids, even though there was no evidence of lipid
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retention within the newly created intima at this young age.
It is of interest that this region is also the location of calcium
deposition; however, in this young model there was no evi-
dence of vascular calcification by TEM studies. Interestingly,
there was variable electron dense staining of VSMCs in Ren2
models (Fig. 5A). These findings support the notion that there
is increased proliferative and secretory phenotype and migra-

Genesis of the Neointima in the Ren2 Aorta

Rat vasculature does not have an identifiable subendothelial
space (intima) between 6 and 10 weeks and usually does not
develop an intima until approximately one year of age (13).
This knowledge along with ultrastructural observations al-
lowed for the identification of the genesis of the neointima in
the Ren2 model due to metabolic stressors of increased tissue

tory activity may be possible in these electron dense VSMCs. levels of Ang I, OS, IR, increased plasma levels of aldoster-

Figure 5. Smooth muscle cell remodeling. Panel A demonstrates two side by side vascular smooth muscle cells (VSMCs). The
VSMC on the right illustrates nuclear retraction and has a marked increase in cytoplasmic electron density as compared to the
non-migratory quiescent VSMC on the left. Exploded inserts (a and a’) (bar = 250 nm) below each image depicts the difference
between electron densities and insert a’ illustrates that this electron density is a result of increased synthetic activity (?). as
compared to the non-secretory (contractile) phenotype in insert (a). Magnification x2500, bar = 0.5um. Importantly, note the
electron dense tips (hemidesmosomes) at the tips of the cytoplasmic processes in the left-hand non-synthetic non-migratory
VSMCs and that the secretory VSMCs (electron dense) on right hand side appears to not have hemidesmosomes. Panel B
depicts the migration of VSMCs into the neointimal region. Magnification x200; bar = 1um. Panels C-F depict various images
and magnifications and scale bar labeled of the migratory - synthetic electron dense VSMCs as they migrate and create the
genesis of neointima - subendothelial regions of the aorta.
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one, dysglycemia and associated hemodynamic-hypertensive
stressors (Fig. 5, 6). Incidentally, the genesis of the neointima
in humans develops neonatally, then regresses and progres-
sively develops through adolescence into the adult years (14-
16). Importantly, it is the intimal structural space between the
endothelial monolayer and the IEL where lipids and inflam-
matory cells are initially deposited allowing the genesis of
the fatty streak, which progresses to the fibroatheroma fol-
lowing the migration and expansion of VSMCs within the in-

tima. As oxidized lipids continue to accumulate the atheroma
becomes more lipid laden with progressive inflammatory
changes and eventually undergoes vascular calcifications in
association with VSMCs remodeling and apoptosis. It is not
feasible to discuss the in-depth development of the unstable
plaque, which may result in plaque rupture and thrombosis.
However, macrophage inflammation at the shoulders of the
plaque and VSMC apoptosis are strongly associated with this
type of vulnerable plaque in the complicated process of ath-

Figure 6. External elastic lamina and adventitia. Panel A illustrates the refractile and interrupted appearance of the external
elastic lamina EEL (X) in Sprague Dawley controls (SDC). Magnification x1200;bar = 2um. art = artifact. Panel B depicts
a more homogeneous and less interrupted ELL in Ren2 models (R2). Importantly, note the additional layering of elastin (e) in
the Ren2 (R2) models in inset b. Vascular smooth muscle cell(s) (VSMC) are labeled in the media. Magnification x1200; bar =
1um. Insert b is an exploded image of B. C = collagen. Panel C demonstrates pericyte (Pc) hyperplasia within the adventitia.
Also note the prominent vasa vasorum (Vv) venule with red blood cell(s) (RBC) in the lumen. Magnification x200; bar = 20um.
Panel D depicts a synthetically active Pc with ballooning (double arrows) of thinned segments (arrows) in the hyperplastic
region (magnification x8000; bar = lum) and inserts illustrates Pc cell-cell contact (d), (d’ and apoptotic bodies (arrows) (d”).
Panel E depicts a more panoramic view of the adventitia where the elongation of pericyte(s) (Pc) exceed in some instances 20
micrometers. RBCs = red blood cells. Varying scale bars are shown in each image. Magnification x8000; bar = 500nm.
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erosclerosis (16-19).

Ren2 aortic vasculature demonstrated the genesis of a ne-
ointima at 9-10 weeks of age in some regions of the aorta
and this finding was not present in the SDC model. The crea-
tion of a neointima is dependent on the activation of a more
synthetic-proliferative VSMC phenotype and its effects on
the IEL with an eventual breeching of the IEL with subse-
quent migration into the neointimal subendothelial space (2,
3). There were no findings of lipid deposition in the newly
created intima in the young lean hypertenisive Ren2 model;
however, this anatomical space is just undergoing its crea-
tion. Interestingly, early ultrastructural changes of lipid depo-
sition (verified by oil-red O staining) within the media of the
Ren2 was located at the interface of the elastin lamella and
VSMC layers (3).

External Elastic Lamina (EEL)

While some feel that the EEL may serve as a barrier for cells
and macromolecules between the adventitia and medial layers
of the aortic wall (18), our current observations demonstrate
that it is less well developed and found to have more frequent
normal interruptions in contrast to the subendothelial 1EL
and the elastin lamella that separate each layer of the VSMCs
of the media in the SDC models in this young Ren2 model
of lean HTN (Fig. 6). The EEL acts as a constraining outer
elastic membrane of the abluminal portion of the contracting
media and is a natural occurring anatomical region, which al-
lows the media and abluminal adventitial regions to be dis-
tinguished from one another (18). Ren2 EEL appeared to be
more homogeneous, refractile and more continuous; however,
it did contain interruptions, which allowed for communica-
tion between the adventitia and media (Fig. 6). The medial
VSMCs and the abluminal adventitial pericytes-fibrocytes
are responsible for the synthesis of elastin in the EEL. Syn-
thesis and layering-on or thickening of adventitial elastin to
the existing EEL appeared to be primarily attributable to the
abluminal pericytes (Fig. 6B insert b). The EEL appeared to
be thickened as compared with the SDC models in this experi-
ment and the EEL is known to undergo remodeling thickening
in hypercholesterolemia and hypertension (19, 20). Interest-
ingly, aberrant elastin deposition may play an important role
in the development of hypertension (21). As researchers and
clinicians, we should be attentive to the evolving story of elas-
tin not only in the media, but also in the adventitial regional
remodeling in the development of vascular stiffness, hyper-
tension and atherosclerosis.
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Adventitia

The adventitial layer contains collagen, elastin fibers, fibro-
cytes, fibroblasts, myofibroblasts and pericyte cells with long
cytoplasmic processes, nerve endings and the microvascular
vasa vasorum (Fig. 7C, E). The importance of this region in
vascular remodeling is increasing and may be a future frontier
concerning the developmental remodeling and progression
of vascular stiffness, HTN and atherosclerosis. With light
microscopy this layer appears to contain mostly types I and
111 collagen and appears for the most part to be inert (Fig. 2).
However, recent information has demonstrated multiple new
findings in this layer indicating that this layer may be more
than just a supportive extracellular matrix encapsulation of the
arterial vessel wall media. These findings include the roles of
adventitial pericyte — fibrocytes, fibroblasts- myofibroblasts,
inflammation, oxidative stress, matrix expansion and increased
vasa vasorum microvessels (angiogenesis) during the develop-
ment and progression of vascular remodeling in hypertension
and accelerated atherosclerosis (22-25).

The adventitial ECM is highly organized at the immediate
abluminal EEL regions (compact type I fibrillar collagen) as
compared to the loose areolar-type collagen (type 111 collagen)
toward the outermost abluminal regions of adventitia. Also,
adventitial collagen fibers were noted to run parallel with the
EEL as well as in whorls of highly organized collagen in Ren2
models (Fig. 7B). This region also contained an increase in
non- organized regions of elastin protein deposition unrelated
to the EEL in Ren2 (Fig. 7B insert 7b). The adventitia was
definitely more highly organized on ultrastructural examina-
tion than it would appear on light microscopy. Recently, the
perivascular adipose tissue (PVAT, tunica adiposa) has become
an important player in the pathogenesis of obesity and related
cardiometabolic diseases (reviewed in 26, 45); however, the
Ren2 is a lean model of hypertension and therefore the con-
tingent PVAT was not purposely collected at sacrifice nor was
it intentionally stripped.

The primary cell type in the adventitial layer are the stromal
pericytes — fibrocyte, fibroblasts, which demonstrated long cy-
toplasmic processes up to 20 micrometers or longer (Fig. 6C).
In addition to synthesizing predominately collagen, pericytes
are also capable of synthesizing elastin in the adventitia and
appear to support the VSMC of the media in the maintenance
of the EEL. Importantly, pericyte hyperplasia was noted in
Ren2 (Fig. 6C) and has been previously documented in rodent
models with hypertension (21, 27).

The Ren2 aortic adventitial layer demonstrated increased
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Figure 7. Pericyte-vascular smooth muscle interaction. This collection of images (panels A-D) depict pericyte(s) (Pc), vascular
smooth muscle cell (VSMC) interaction at the interface of external elastic lamina (EEL) (arrows) and adventitia (panel A),
possible transitional cell (TC) between Pc and VSMC (panel B), electron dense VSMCs representing the pro-synthetic and pro-
secretory migratory phenotype (asterisks) breeching the internal elastic lamina (IEL) and thus, create the subintimal space in
Ren2 models (panels C and D). Note in this image that one can follow the pericyte to the transitional cell (VSMC vs Transitional
cell (TC) across the media to the intimal invasion of the internal elastic lamina (IEL), which are identified with asterisks. Varying

magnifications with scale bars are included.

OS (found to be primarily due to increased activity of NA-
DPH oxidase), expansion remodeling with widening and
pericyte hyperplasia as compared to the SDC (Fig. 2B, 7)
(1, 2). This hyperplasia was similar to what our group found
in the islet exocrine interface of pancreata previously studied
in the Ren2 pancreas as well as the human islet amyloid
polypeptide (HIP) rat model of T2DM and the db/db mouse
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model of T2DM (28-30). Adventitial pericytes also appeared
to be synthetically active with markedly increased electron
density associated with abundant endoplasmic reticulum
(Fig. 6D) with cytoplasmic enlargements or ballooning as
compared to the SDC. In regions of the adventitia — EEL
interface of the Ren2 there were frequent pericyte-to-pericyte
contact and pericyte -VSMC contacts. Some cells were mor-
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phologically difficult to determine if they were VSMCs or
adventitial pericytes at the EEL-adventitial interface, which
suggested the possibility of a transitional cell phenotype
(pericytes transitioning to VSMCs) (Fig. 7A, B). This no-
tion is feasible, since it is known that pericytes are capable
of differentiating into multiple other cell types including
VSMCs (30-35). Apoptotic pericytes in the adventitia (Fig.
7C) were noted and adventitial apoptosis in the Ren2 with
TdT-mediated dUTP Nick-End Labeling (TUNEL) staining
has been previously demonstrated (2).

Specialized Role for Adventitial Pericytes as Adult
Mesenchymal Cells

Mesenchymal stem cells (MSC) are known to reside in post-
natal organs (31). Additionally, post-natal undifferentiated
pericytes are known to be capable of differentiation into
multiple cell types (32-36).

A continuous adventitial - subendothelial - intimal net-
work formed by pericyte-like cells in the adventitia and their
processes crossing EEL - media and entering the intima in
aortas of humans utilizing anti-pericyte antibody 3G5 stain-
ing has been described (37). These findings along with our
ultrastructural findings of pericyte-VSMC communication
and possible transitional cell forms support the hypothesis
that adventitial pericytes may differentiate into VSMC and/or
myofibroblasts at the adventitial — EEL interface and migrate
across the media to arrive in the newly created intimal space in
the Ren2. Ultrastructural observations of adventitial pericytes
may allow for a slightly different or co-existing mechanism
to supplement our current concepts regarding the role of the
myofibroblast and pericyte in the early remodeling changes
of atherosclerosis and vascular stiffness in HTN.

DISCUSSION

The ultrastructural cellular and matrix remodeling occurring
within the Ren2 descending thoracic aorta has allowed a
better ultrastructural understanding of the early remodeling
changes within the arterial vessel wall of the aorta in younger
lean hypertensive Ren2 models. Each layer of the aorta in this
ultrastructural study has shed new light on the early remod-
eling changes associated with vascular stiffness, hypertension
and the accelerated atherosclerosis — atheroscleropathy as-
sociated with HTN, Met S, dysglycemia, excess aortic tissue
levels of Ang Il and increased AT1R, hyperaldostronemia and
oxidative stress. In addition to the ultrastructural remodeling
changes in the endothelium and the internal elastic lamina
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(2), there were contemporaneous remodeling changes in
the media, genesis of a neointima, expansion of the media
ECM and proteoglycans, EEL and adventitia. The loss of
cell-cell and cell-matrix connections between the VSMCs
may result in apoptosis, which is known to be increased in
the Ren2 (3). Thus, the potential for vascular cell apoptosis
in all three constitutive vascular aortic cells (endothelium,
VSMCs; pericytes) exists.

With endothelial cell activation, apoptosis, denudation
and superficial erosion of this monolayer, leukocyte, platelet
adhesion and erythrocyte adhesion to the EC and exposed
subendothelial layer could develop. This endothelial cell
activation could create the potential for the endothelium to
increase synthesis of adhesion molecules — chemokines and
attract inflammatory monocytes with subsequent absorption
and differentiation into activated macrophages within the
newly created intimal space due to the invasion of migratory
VSMCs or pericyte-derived VSMCs into the newly created
neointimal space. Concurrently, endothelial activation would
allow for increased lipid absorption into the newly created
intima (neointima) and instigate the initiation of the fatty
streak, which over time could progress to fibroatheroma and
eventually to instability, endothelial superficial erosion with
plaque vulnerability and/or plaque rupture and thrombosis,
which would result in acute coronary syndromes.

Observations in the media of the Ren2 allowed a morpho-
logical ultrastructural differential electron staining of VSMCs.
Electron dense secretory phenotype VSMCs as observed and
described in the present study (cf 44) demonstrated a loss of
cell-cell (desmosomes) and cell-matrix (hemidesmosomes)
and focal adhesion connections, which might allow them to
readily migrate through the aortic IEL. Importantly, this study
demonstrated VSMC migration and breeching of the IEL to
create the newly formed subendothelial space (genesis of the
neointima) as well as the currently known cause for media en-
largement, namely collagen and proteoglycan expansion. The
EEL shed light on its importance, in that, the EEL- adventitial
interface allowed for increased pericyte-to-VSMC contacts
and the possibility to develop transitional phenotypes of the
pericyte and VSMC.

Observations of the adventitia revealed an important
role of pericyte hyperplasia in the Ren2 with the associated
thickening of the adventitia with increased adventitial fibrosis
and revealed novel findings regarding the role of its intimate
contacts with each constituent adventitial cells as well as the
VSMC of the outer media at the EEL — adventitial interface.
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This investigation highlighted what is currently known
regarding the early changes of aortic remodeling and has
provided novel findings regarding some of the early remod-
eling changes within the Ren2 aorta. The dynamic interac-
tions of increased vascular tissue levels of Ang I, numbers
of AT{R, hyperaldosteronism, endoplasmic reticulum and
oxidative stress are thought to result in the increased pro-
duction of ROS.

In conclusion, this ultrastructural investigation of the Ren2
aorta has allowed for the collection and study of indelible
images involving all the constitutive vascular cell types and
ECM in relation to excess local-tissue Ang I, AT1R, ROS, OS,
IR, dysglycemia, hyperaldosteronemia and HTN in the MetS.

FUTURE DIRECTIONS

Vascular stiffness characterized by increased aortic pulse wave
velocity is now considered to be an independent risk factor
for increased cardiovascular morbidity and mortality (38). We
did not measure the pulse wave velocity in the Ren2 rat in this
experiment; however, it is known that HTN induces aortic
stiffness and many of the ultrastructural remodeling changes
that were observed to be present. We and others have reported
on the underlying mechanisms contributing to development of
vascular stiffness in diet-induced obesity (39, 40).

While we have described ultrastructural remodeling in lean
rats in the setting of MetS and lean hypertension, we wish to
compare and contrast the ultrastructural remodeling observed
herein to those that occur in obese and diabetic models with
various treatment modalities such as in the db/db mouse or
other diabetic models. We hypothesize that descending aortic
ultrastructural remodeling that will be associated with vas-
cular stiffness and increased pulse wave velocity with some
similarities to the lean hypertensive Ren2 model. Therefore,
it is important to observe and understand the ultrastructural
remodeling in a lean-controls (SDC) and hypertensive (Ren2)
models to better understand and compare the aortic remodeling
in future experiments in the obese, insulin resistant, type 2
diabetic models such as the db/db models.

The ultrastructural counterpart of the physiologic param-
eters of the descending aorta is the lamellar unit, which consists
of two elastic lamellae encompassing the VSMCs and the
ECM of the aortic media (41, 42). Interestingly, the C57BL/6
mouse, Ren2 rat models and humans have five, eight and 50
lamellar units respectively in the descending conduit elastic
aorta (43). There is considerable disparity between the number
of lamellar units in rodent models and humans; however, it is
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thought that the ultrastructural remodeling within each lamellar
unit will provide ample evidence to notice measurable differ-
ences between control, diseased, and treated models, which are
necessary in order to sort out some of the differences between
lean hypertensive and non-hypertensive obese models.

We have been able to demonstrate that each layer of the
descending aorta is extremely important in maintaining the
integrity of the vascular circulation function and that each
layer may have an early response to various injuries as in the
Ren2 lean hypertensive models. Additionally, we are looking
forward to better understand the role of aortic stiffness and
its association with the rapidly expanding knowledge regard-
ing PVAT (tunica adiposa) in obesity and related diseases
(26, 45), and may become one of the final frontiers of a more
complete understanding of aortic structure and function and
aberrant remolding (46, 47).
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