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ABSTRACT

Perivascular adipose tissue (PVAT) influences vascular function and pathology. We present a
protocol using micro-computed tomography (microCT), a novel imaging technique typically
used for hard biological tissue, to characterize the temporal and spatial development of aorta
PVAT and luminal plaque soft tissue. Apolipoprotein E deficient (ApoE) and C57BI/6J (control)
mice were fed a high fat western diet up to 30 weeks. 3D microCT reconstructions were used to
quantify: 1) vascular wall volume, a surrogate measure of remodeling, was greater in ApoE, 2)
aorta PVAT volume was reduced in ApoE, 3) plaque volumes increased over time in ApoE, 4)
plaque development co-localized with luminal ostia, origins of branching arteries, which traveled
through areas of greatest PVAT volume, 5) qualitatively, the same arteries showed evidence of
increased tortuosity in ApoE. This study reflects the potential of microCT analyses to assess
vascular wall, PVAT and arterial trajectory modifications in relevant animal models.
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Introduction vascular stiffness, a marker of vascular wall remodeling,
along with complement protein deposition, a part of
the innate immune system and a marker of inflamma-
tion, on the elastin within the extracellular matrix of
the vascular wall and surrounding PVAT. We hypothe-
sized that the complement deposition detrimentally
affects the mechanical integrity of the elastin causing

the increased vascular stiffness®™ We translated this

Heart disease is the leading cause of death for both men
and women in the United States' There is no doubt
that excessive adipose tissue contributes to poor cardi-
ovascular (CV) health and adverse CV outcomes®™
Perivascular adipose tissue (PVAT) is a small, visceral
adipose depot in close proximity to blood vessels with

no adventitial fascial boundary, which has a direct U . :
. . . . work to determine if there were differences in PVAT
influence on vascular function, inflammation and vas-

cular pathology including cardiovascular disease (CVD) volumes in a cohort of women V,Vlth systemic lupus
progression5'8 erythematosus (SLE), a population that tends to
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CVD is an ‘inside-out’ response initiated at the intima scans. e tound greater VOIUMEs of descending thot-

B . . i PVAT i ith CVD 10
due to a disruption of the endothelial cell layer ulti- acic aorta PV .as.soc1ated Wlt_ CY measures
mately leading to an inflammatory response orche- Indeed there is intense clinical interest to develop
strated by circulating molecules and cells’ We have quantitative measures implicated in CVD progression
. . . or CV events, which has led some to focus on the
previously suggested an alternative to this process by

implicating the PVAT surrounding the blood vessel PVAT -ar%d, n partlcul_ar, various measures derlve.d
. J 1 s . from clinical CT scans including thresholding techni-
supporting an ‘outside-in’ approach. Using a common
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was to develop a technical protocol beginning with
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appropriate soft tissue labeling through to imaging with
high resolution 3D micro-computed tomography
(microCT) in order to dramatically improve the ability
to evaluate animal models of cardiovascular disease.
This novel imaging technique is typically used for
hard biological tissue,'””"'> however, we are using the
technique to characterize the temporal and spatial
development of 1) aorta vascular wall volume - a sur-
rogate measure of vascular remodeling, 2) aorta PVAT
volume and 3) luminal plaque volume in a robust
atherosclerotic mouse model'®>°

Materials and methods
Animals

Five week old atherosclerosis-prone apolipoprotein defi-
cient (-/-) (ApoE, n = 8) mice with a B6 background and
standard C57BL/J (control, n = 8) mice were acquired
from Jackson Laboratories, Bar Harbor, ME, USA. The
mice were housed within the animal facility of Allegheny-
Singer Research Institute and allowed to acclimate for 2
weeks. At 7 weeks of age, both ApoE and control were
started on a high fat, Western diet (TestDiet, St. Louis,
MO) (32.5% Fat, 48.1% Carbohydrates, 19.4% Protein) ad
libitum. Mice were sacrificed at 12 weeks (ApoE: n = 2;
control: n = 2), 22 weeks (ApoE: n = 2; control: n = 2), and
30 weeks (ApoE: n = 4; control: n = 4). All experimental
protocols were approved by the Institutional Animal Care
and Use Committee.

MicroCT

Thoracic aortas were harvested after euthanasia from
each group as previously described® Briefly, the descend-
ing thoracic aorta was flushed with saline to remove
residual blood and the aortic arch and celiac trunk were
used as anatomical proximal and distal landmarks,
respectively. Immediately following excision, the aorta
was washed in phosphate buffered saline (PBS) and
fixed in formalin for 24-48 hours on a rocking platform
at 4°C. After rinsing the aortas 3 times with PBS the
aortas were placed into 0.3% phosphotungstic acid
(PTA) for 72-96 hours on a rocking platform at 4°C.
PTA is regularly used in standard histology techniques
including hematoxylin staining protocols and as a nega-
tive stain for transmission electron microscopy. In this
context, PTA is used as a contrast agent due to differen-
tial absorption properties in soft tissue extracellular
matrix constituents such as collagen and fibrin®'

Each thoracic aorta was individually imaged in a cus-
tomized holder with 70% EtOH medium using a Skyscan
1172 (Bruker-Skyscan, Contich, Belgium) microCT
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system with a 3 um voxel resolution and the following
conditions: 40 kVp, 250 uA, 300 ms exposure, rotation
step 0.40 degrees, frame averaging 15. Three-dimensional
(3D) volumes of the aortas were reconstructed from the
lateral views using NRECON (Bruker-Skyscan) software
with a beam hardening correction set at 25% and a cone-
beam reconstruction mode.

The imaged aortas were processed and analyzed sepa-
rately. Using CT-Analyzer (CTAn) software (Bruker-
Skyscan), user-defined regions of interest (ROI) were
created by tracing the contour of: i) aorta vascular wall
(outside of the tunica adventitia), ii) aorta lumen, and iii)
perivascular adipose tissue. For the ApoE aortas, a sepa-
rate ROI was traced for the plaques. Care was also taken
to create ROIs for large veins and their corresponding
lumens (e.g. inferior vena cava) for exclusion in the over-
all PVAT volume. All ROIs were then processed as
separate datasets to obtain volumes of interest (VOL: i)
aorta vascular wall, ii) aorta PVAT, and iii) plaque). For
the post-scan analysis, we used direct 3D measurements
that have been well documented in characterizing bone
microarchitecture such as volume thickness for the aorta
wall’*** Two evaluators (KS and KV) independently
quantified the volume of a random subset of aortas for
the reproducibility analysis. Excellent intra- and inter-
reader reproducibility for the volume (intraclass correla-
tion coefficient (ICC) 0.99 and 0.90, respectively) was
demonstrated for the designated microCT parameters
and post-scan tracing protocol. Only one reader (KS)
completed the volume defining ROISs for this study.

To generate 3D renderings, images were imported
into a workstation operating in an open VMS-environ-
ment and processed by Scanco (Scanco Medical,
Brutisselen, Switzerland) 3D morphometry software.

Histology

After completion of the microCT scans and analysis,
the aortas were cryopreserved by perfusing the lumen
with OCT freezing medium, embedding the aorta ver-
tically in a block of the same OCT, and snap freezing in
liquid nitrogen. Using a cryostat (Leica CM3050,
Wetzlar, Germany), 5um serial sections were cut at
-20°C, mounted on superfrost plus™lined glass slides
and stored at —20°C until use. Standard histology tech-
niques were used in conjunction with a Masson’s
Trichrome kit. (All histology supplies were purchased
through Newcomer Supply, Middleton, WI)

Statistics

Non-parametric comparisons between the groups were
performed using a Kruskal-Wallis test (within strain
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comparisons at 12 vs 22 vs 30 weeks) or Wilcoxon
rank-sum test (between strain comparisons at each
time point). Post hoc analyses were performed using a
Bonferroni correction with adjusted p-value. Non-para-
metric covariates were expressed as median and inter-
quartile range (IQR = 25M-75"9%). All statistical
analyses were performed using Stata/IC 12.1
(StatCorp, LP, College Station, TX).

Results

Thoracic aorta samples were segmented by utilizing
the various soft tissue density differences to create
2D regions of interest (ROIs) of the: 1) aorta vas-
cular wall, 2) aorta PVAT, and 3) plaque (ApoE
only) (Figure 1A-C). The 2D ROIs were then recon-
structed to form 3D volumes for qualitative and
quantitative analyses.(Figure 2) The control aorta
(Figure 2A,B) shows a uniform vascular wall thick-
ness (red), a lumen with no plaque formation, per-
iodic ostia with the coinciding arterial branches
traversing through the surrounding, uniform PVAT
(gray). The ApoE aorta (Figure 2C,D) shows a non-
uniform vascular wall thickness (red), a lumen with
extensive plaque formation (yellow) co-localized at
the ostia with coinciding arterial branches revealing
a marked degree of tortuosity as they traverse
through the surrounding, non-uniform PVAT. We
are also able to note the qualitative difference in
relative transparency of the PVAT between the con-
trol (Figure 2B) and ApoE (Figure 2D) despite using
identical thresholding conditions for the both
reconstructions.

Vascular Wall ROI

PVAT ROI

Aorta vascular wall volume was greater in apoe
mice at 30 weeks

The extent of vascular wall remodeling can be eval-
uated through changes in aorta vascular wall thick-
ness and is typically assessed using serial 2D
histology images. In this study, we utilized the 3D
capabilities of microCT to quantify overall aorta
vascular wall volume (Table 1) and subsequently
evaluate the vascular wall volume as a function of
vascular wall thickness ranges. (Figure 3A-E)

Overall, we did not find any statistically significant
differences in aorta vascular wall volume between time
points in either strain (p > 0.1, ApoE or control) or
between ApoE and control at 12 or 22 weeks.(Table 1)
However, at 30 weeks, the aorta vascular wall volume in
ApoE (median(IQR)): 1.55(1.26-1.90) mm?>) was sig-
nificantly greater when compared to control (1.13
(1.01-1.14) mm’, p = 0.02).(Table 1)

The aorta vascular wall thickness histograms show
increasing aorta vascular wall volumes within higher
thickness ranges for both strains with age. (Figure 3A-B)
Additionally, the ApoE strain demonstrates a trend
towards greater vascular wall volumes within the higher
thickness ranges at each time point when compared to the
control strain and significantly greater at 30 weeks
(p = 0.02).(Figure 3C-E)

Aorta PVAT volume was greater in control mice at
30 weeks

We found no statistically significant differences
between time points for the ApoE aorta PVAT

volume. However, we demonstrated a trend of

Plaque ROI

Figure 1. Post-scan processing representative tracings of 2D regions of interest (ROIs): A) aorta vascular wall, B) aorta PVAT, C)

plaque (in ApoE only).



Figure 2. 3D microCT renderings using both solid and var-
ious levels of transparency to reveal aorta lumen, vascular
wall, and surrounding PVAT of the descending thoracic
aorta at 30 weeks old. Control: A) Solid, longitudinal cut
plane revealing aorta lumen, vascular wall, and surrounding
PVAT, B) Relative transparency of aorta lumen, vascular wall,
and surrounding PVAT. ApoE: C) Solid, longitudinal cut
plane revealing aorta lumen, vascular wall, and surrounding
PVAT, D) Relative transparency of aorta lumen, vascular
wall, and surrounding PVAT. The same 3D reconstruction
thresholding conditions were used for all solid and relative
transparent models..

increasing aorta PVAT volume with age in the control
(p = 0.077).(Table 1 and Figure 4) We found no
differences in aorta PVAT volume at 12 or 22 weeks
between ApoE and control. Surprisingly, however, at
30 weeks the ApoE had significantly less aorta PVAT
volume when compared to the control (p = 0.02).
(Table 1 and Figure 4)
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Plaque volume increased with age in apoe mice

We isolated plaque volumes in ApoE mice along the
length of the thoracic aorta using microCT segmenta-
tion. We did not detect any plaque formation at
12 weeks. Plaque volumes were quantified at 22 weeks
(0.181(0.163-0.199) mm®) and were significantly less
when compared to the plaque volumes at 30 weeks
(0.516(0.316-0.882) mm®, p = 0.049). (Table 1)

Co-localization of plaque formation: branching
arteries and aorta PVAT leaflets

One of the greatest advantages of using microCT to
analyze soft tissue is the ability to serially progress
through the tissue in its entirety. In particular, we were
able to detect and quantify plaque volumes and their
spatial relation with the surrounding PVAT, as well as
to identify various anatomic markers along the length of
the lumen such as intercostal ostia. PTA incubation also
allowed us to view the small arterial branches originating
from the aorta ostia (e.g. posterior intercostal arteries,
mediastinal and esophageal branches) and travelling
through the surrounding PVAT.(Figure 2)

Even at 30 weeks on a high fat diet, the control
maintained a clear aorta lumen with no vascular wall
disruptions at the intima except for the ostia. The
arterial branches in the control strain remained open
with no occlusions as they progressed through the
PVAT. (Figure 5A-C, G-I) At 30 weeks, the ApoE had
well-defined plaques surrounding the arterial ostia,
which spread through the lumen both circumferentially
and distally. (Figure 5D-F, J-L) In comparison to the
control arterial branches stemming from the ostia, the
ApoE arterial branches narrowed and were at times
occluded, suggesting development of plaques in the
smaller arterial branches.

MicroCT and histological differences between
strains: PVAT architecture

Using the serial images of the microCT, we are also able
to note between-strain differences in the architecture of

Table 1. Quantitative microCT parameters. Comparison of MicroCT segmented aorta vascular wall, PVAT, and plaque volumes in the
Control and ApoE strains at 12, 22 and 30 weeks. (median(IQR)) * p = 0.02 and 'p < 0.05.

Control ApoE (-/-)
12 22 30 12 22 30

weeks weeks weeks weeks weeks weeks

Aorta Vascular Wall Volume (mm?3) 0.437 1.21 1.13 0.544 142 1.55
(0.41-0.46) (1.1-1.3) (1.0-1.1)* (0.54-0.55) (1.4-1.4) (1.3-1.9)*

Aorta PVAT Volume (mm?) 2.68 11.0 16.1 2.46 5.90 6.69
(2.4-3.0) (9.6-13) (15-17)* (2.2-2.7) (5.3-6.5) (5. 9-7.2)*

Total Plaque Volume (mm?) N/A N/A N/A No plaque formation 0.181 0.516
(0.16-0.20)" (0.32-0.88)"
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Figure 3. Distribution vascular wall thicknesses throughout the length of descending thoracic aorta. The distributions presented are
pooled from all the specimens within either the ApoE or control groups. Within strain, between time points: A) ApoE and B) Control
(CTL) at 12, 22, and 30 weeks. Between strain, at each time point: C) 12 weeks, D) 22 weeks, E) 30 weeks (*,p = 0.02).
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Figure 4. Overall aorta PVAT volume for the control and ApoE
groups over time. When comparing within strain, the control
trends towards a steadily increasing aorta PVAT volume with
age (p = 0.08, shaded bars only). When comparing between
strains, the ApoE (6.69(5.89-7.17) mm?) had significantly less
aorta PVAT when compared to control (16.1(14.8-16.8) mm?3) at
30 weeks (*,p = 0.02).

the aorta PVAT. The control animals had a well-
defined cross-sectional area with notable fascial lines
surrounding the boundaries of PVAT that is separated
into a distinct tri-leaflet pattern (Figure 5A-C, G,H),
which we have previously observed through scanning
electron microscopy,® while the PVAT in the ApoE was
notably less well-defined (Figure 5C-E, J,K).

The serial images of the microCT allowed us to
specify locations along the length of the aorta to section
for a histological comparison. We purposefully selected
sections along the length of the aorta that would allow
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us to visualize a cross-section of an arterial branch
beginning at ostia within the aorta lumen, proceeding
through the aorta vascular wall, and traversing through
the surrounding PVAT.(Figure 5, control: H, I and
ApoE: K, L) The representative Masson’s Trichrome
images revealed that the control aorta PVAT had
more staining for cytoplasm within the PVAT tri-leaf-
lets (Figure 51, red), while the ApoE aorta PVAT had
increased staining for extracellular collagen within the
PVAT tri-leaflets (Figure 5L, blue) indicating a marked
difference in extracellular matrix composition between
strains with increased PVAT remodeling in the ApoE
strain, which is also qualitatively represented in the
microCT images (Figure 5H shows distinct adipocyte
architecture in the PVAT leaflet, while Figure 5K shows
a non-distinct, soft tissue morphology)

Discussion

We optimized soft tissue staining and microCT scan-
ning, reconstruction and thresholding parameters to
evaluate the vascular wall remodeling using changing
vascular wall volume along with surrounding PVAT
and plaque volume development in a mouse model of
atherosclerosis. Surprisingly, we were also able to reveal
co-localization of the plaque development with aorta
ostia and also follow the paths of the branching arteries
traversing through the surrounding PVAT along with

Figure 5. Serial MicroCT images through the descending thoracic aorta allow for unparalleled detail of the lumen, luminal ostia
leading to arterial branches (e.g. intercostal arteries) through the vascular wall and traversing the surrounding PVAT along with
visualizing the co-localization of plaque development with luminal ostia and PVAT leaflets. Representative microCT images of aorta
branching and extending through the surrounding PVAT leaflets at 30 weeks: Transverse sections (proximal to distal) A-C) Control,
D-F) ApoE; Coronal sections G) Control, J) ApoE. Based on the microCT scans, we can target different lengths of the aorta for
histology. Luminal arterial ostia progressing through vascular wall and traversing surrounding PVAT: Control: H) MicroCT cross-
section, 1) Cryo-sectioned aorta stained with Masson’s Trichrome at same level as (H); ApoE with plaque: K) MicroCT cross-section, L)
Cryo-sectioned aorta stained with Masson'’s Trichrome at same level as (K).
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revealing an increased level of tortuosity for branching
arteries in the ApoE. This study demonstrates that
microCT analysis coupled with standard histology tech-
niques and appropriate murine models may provide a
comprehensive evaluation of vascular pathology and
the contribution of PVAT in various disease models.

Adipose tissue is capable of acting as an endocrine
organ entering into either an anti- or pro-inflammatory
state. Aorta PVAT is a small visceral adipose depot
originally thought to only provide structural support
for the aorta. Similar to other vasculature including the
coronary and carotid arteries, there are no fascial
boundaries separating the vascular wall from the sur-
rounding PVAT supporting the hypothesis of unfet-
tered localized, paracrine activity on the vascular
walls. There is evidence that a shift from a normal
biological adipose response towards an inflammatory
response may elicit a strong, localized influence on
vascular remodeling and CVD***> Recent findings by
Oyhama, et al, continue to support the idea of an
‘inside-to-outside’ pathway for the progression of
CVD with the surrounding PVAT acting as a biological
sensor of vascular dysfunction®® In addition,
Antonopoulos, et al, has also found evidence of ves-
sel-derived inflammatory signals both inducing lipoly-
sis and blocking angiogenesis in response to vascular
disease progression'' We have previously found evi-
dence of extensive complement protein labeling within
the surrounding aorta PVAT either halting at the exter-
nal elastic lamina (B6-control) or progressing through
the aorta vascular wall and attaching to the elastin
(ApoE) suggesting an ‘outside-in’ phenomenon® The
progression of vessel dysfunction to CVD is a multi-
faceted, complex interplay most likely combining
aspects of both inside (vessel-derived) and outside
(PVAT-derived) signaling and response mechanisms.

The studies reported here led to several observations.
We observed that the ApoE had less PVAT volume. The
ApoE strain does not have the metabolic issues, such as
insulin resistance, commonly observed in murine mod-
els of obesity, but there are indications of altered adipo-
cyte lipid uptake including triglycerides®”*® This
impaired lipid uptake has also been linked to peroxisome
proliferator activated receptor - gamma (PPARy), a
master regulator of adipogenesis. Under hypertrophic
conditions within adipose tissue, impaired adipogenesis
may be, at least in part, responsible for an overall lack of
visceral adipose and the much reduced aorta PVAT
volume in the ApoE****

Second, we noted that the ApoE aorta PVAT had a
high degree of collagen indicative of tissue fibrosis
when compared to the control PVAT. Healthy adipose
has an extracellular matrix that promotes function

including the ability to expand and stimulate angiogen-
esis, while fibrosis has been linked to obese states and
inflammation®*** Exacerbated adipose tissue inflam-
mation may result from altered adipocyte metabolism,
thus promoting increased adipose tissue fibrosis and
acute, localized vascular wall inflammation'?

More recently, methods have been developed using
clinical CT scans have been used to assess the radio-
density differences within adipose tissue either through
novel, post-scan thresholding techniques, a combination
of positron-emission tomographic (PET)-CT, or through
innovative development of a Fat Attenuation Index
(FAD)'"127>** In general, adipose tissue is a heteroge-
neous mix of differing adipocytes, immune regulating
cells, and extracellular matrix, which can be clearly
demarcated using standard 2D histology and immuno-
histochemistry techniques. Within this study, the resolu-
tion of the microCT permitted us to qualitatively note
differences in the PVAT tri-leaflet architectur® between
the ApoE and control strain, including defining fascial
boundaries within the PVAT and at the perimeter along
with density differences in ApoE plaques. Qualitatively,
given the same microCT reconstruction conditions, one
can see that the control PVAT density appears to be
different (Figure 2B) when compared to the ApoE
PVAT (Figure 2D). With proper calibration standards
and microCT parameters, a longitudinal, 3D microCT
radiodensity analysis of appropriate CVD murine models
could potentially determine if higher or lower density
PVAT preferentially develops surrounding the vascula-
ture or co-localizes with plaque development.

Third, along the length of the descending aorta in the
ApoE, we found plaque development at periodic ostia
corresponding to branching arteries. Paigen, et al, and
Sloop, et al, found similar patterns at the ostia in ApoE
mice and within human aortas, respectively’>*® Most
contend that points of arterial branching result in dis-
rupted blood flow inherently altering the hemodynamic
shear stresses experienced by the intimal layer.
Endothelial cell dysfunction of the intimal layer leads to
a localized inflammatory response and plaque develop-
ment, which then exacerbates the altered blood flow and
furthers vessel dysfunction and plaque formation**’
From the serial microCT images, we can clearly observe
the branching arteries originating at luminal ostia and
traveling through the PVAT. The PVAT provides
mechanical support for the aorta and the branching
aorta arteries. These branching arteries increase the vas-
cular wall surface area exposed to the potential, acute
inflammatory environment occurring in the surrounding
PVAT. Langheinrich, et al, used microCT to assess the
development of vasa vasorum (VV) along the length of
the descending thoracic aorta with plaque development in



the ApoE/LDL(-/-). They found that the volume of arter-
ial VV was associated with plaque formation and the
arterial VV originate from intercostal arteries, which
stem from the descending thoracic aorta®® The adventitial
inflammation cited by Langheinrich, et al, may also be
due in part to a more extensive inflammatory environ-
ment within the surrounding PVAT where we previously
found extensive complement labeling implicating an
immune response® A part of the working hypothesis is
that complement proteins covalently binding via the
internal thioester to vascular wall structural proteins com-
promises the biomechanical integrity leading to increased
vascular stiffness. We can visualize the increased tortuos-
ity of the branching arteries, which may be due to both
increased stiffness and a concomitant degradation of the
structural integrity of the surrounding PVAT. Lastly, with
evidence of plaque occluding the lumen of the small
branching arteries, it is possible that the effects of acute
inflammation occurring in the PVAT surrounding these
smaller branching arteries may be more profound than
elsewhere in the aorta due to the relative volume of PVAT
to vascular wall thickness of these branching arteries.

It should be noted that a limiting factor in this study
was the small number of samples; however, the quanti-
tative method afforded by microCT allows for a better
ascertainment of vascular wall, aorta PVAT and plaque
volumes when compared to histological evaluation of
limited serial tissue sections. We believe these initial
data provide a solid foundation for future studies to
extend our observations Additional studies utilizing
microCT might be complemented by histologic and
immunohistochemical analyses to determine molecular
and cellular constituents of the vascular wall, plaque
and aorta PVAT. Pairing such data with radiodensity
measures of the tissue may also facilitate determination
of adipose tissue and plaque quality, which may lead to
novel targets for therapeutic intervention.

In conclusion, we have successfully developed a
comprehensive protocol beginning with the soft tissue
staining through the optimized microCT imaging and
reconstructions in order to characterize vascular remo-
deling, PVAT and plaque volume co-localization, and
potentially PVAT integrity along with arterial tortuos-
ity. These efforts have demonstrated spatial co-localiza-
tion of PVAT, plaque, and luminal ostia, suggesting
potential causal relationships and the need for subse-
quent investigations utilizing this approach.
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