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Summary
Seventeen tissue microarrays (TMAs) were generated containing over 1,200 vascular tissues to create
a global survey of human vasculature. We validate these TMAs by comparing the disease
characteristics in these representative sections to the larger vessels and through demonstrating
correlations in staining for 3 separate immunohistochemical antibodies in duplicate sections.

Background—Tissue microarrays (TMAs) are collections of multiple tissue cores placed in
parallel in a single acceptor block and traditionally used to investigate protein expression in neoplastic
tissues. We validated the use of TMAs to investigate protein expression in vascular segments.

Methods—Vascular tissues were collected from 100 adult subjects undergoing autopsy. A diverse
set of vessels were harvested and arrayed over 17 TMAs. 1,377 unique tissues, each with a 1.5 mm
feature size were analyzed using histochemical and immunohistochemical (IHC) diaminobenzidine
(DAB) methods.

Results—Histomorphometric analysis of vascular disease demonstrated the TMA features captured
the majority of the vascular alterations (intimal hyperplasia and atherosclerosis) seen in the original
blood vessel section. Measurements of IHC staining intensity based on color deconvolution were
used to quantify antigen abundance in defined regions of interest (ROI). Validation was performed
using antibodies to connective tissue growth factor (CTGF), receptor for advanced glycation end
products (AGER/RAGE) and matrix metalloproteinase 3 (MMP-3). IHC staining was highly
correlated between duplicate features from the same vascular site over these three proteins.

Conclusion—This study validates the use of TMA technology to investigate the vascular wall
utilizing staining intensity data.
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Introduction
Immunohistochemical (IHC) evaluation of protein expression has long been a useful method
of investigating protein expression, function and localization in vascular disease. When
properly performed, IHC has some benefits, compared to western blotting and other protein
quantification methods, because it provides information about cellular and subcellular location.
As a quantitative technique, IHC is limited by a relatively small dynamic range, difficulties of
quantification and reproducibility, and low throughput [1]. High throughput IHC techniques
have yet to be applied to the analysis of vascular disease. Such techniques could significantly
reduce current impediments including high costs and intensive time use, that limit large scale
analysis of slides and tissues [2,3]. To overcome these hurdles, we proposed to use tissue
microarray (TMA) technology to pursue a scaled-up evaluation of more than a thousand
vascular tissues in a single experiment.

TMAs are created by removing small cores of tissue from paraffin-embedded tissue “donor”
blocks and arraying them on a single acceptor block [4]. As such, it is a low cost, high-
throughput technique similar to other “-omic” type investigations [5]. Arrays of 400 spots in
a single acceptor block are routinely made. Few investigators have used TMAs to examine
non-neoplastic tissues. To our knowledge, only two other blood vessel-based TMAs have been
described. In one, 3 punches of aortic tissue were taken from each of 47 individuals undergoing
thoracic aorta repair to investigate the expression of matrix metalloproteinases and their
inhibitors [6]. A second group used a TMA to investigate arterial neovascularization,
inflammation, and apolipoprotein deposits in 294 arterial wall sections from three vessels
obtained from 49 subjects [7,8].

To date, IHC has not been used as a quantitative method in vascular disease study. IHC is
mainly used to show the presence of a protein of interest, while other techniques are used to
quantify alterations in protein or gene expression levels between disease states. There has also
been little evaluation of global vascular protein expression, as studies have often been limited
to a single vascular artery or bed, such as the coronary artery, aorta or renal microvasculature
[9–11]. The lack of global protein data has resulted in an incomplete picture of disease-related
expression levels as genes and proteins are differentially expressed between unique vascular
beds [12–15].

In a proof of concept experiment, we chose to investigate 3 proteins known to be expressed in
the vasculature. These are the receptor for advanced glycation end products (RAGE),
connective tissue growth factor (CTGF) and matrix metalloproteinase 3 (MMP-3). RAGE, a
well-described receptor for advanced glycation end products, S100A4 and other ligands,
activates an arterial inflammatory response through NFκB signaling [16]. CTGF is activated
by TGF-β and modulates both vascular cell turnover and ECM production and is altered in
arterial disease states [17]. MMP-3 is also involved in ECM alterations and is thought to
participate in atherosclerosis-induced vascular remodeling [18].

We undertook a project to evaluate the feasibility of large scale, quantitative analysis of protein
expression in a global collection of human vascular tissues. We created a new, prospective
vascular tissue collection from 100 adult autopsies, developed and validated a new quantitative
IHC staining method, and demonstrated the validity of a 1.5 mm punch size for vascular disease
research. In total, 17 TMAs were generated containing 1,683 unique spots. IHC was performed
for RAGE, CTGF and MMP-3 to validate the TMAs, with particular emphasis on the evaluation
of medial and global staining patterns.
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Methods
Harvesting and processing of tissues

One hundred adult autopsies were harvested at The Johns Hopkins Hospital and Johns Hopkins
Bayview Medical Center over a 3-year period. Harvesting was limited to cases that were not
known to be infected with HIV, hepatitis B, hepatitis C or tuberculosis and had a post mortem
interval (PMI) of 28 hours or less. An IRB exemption was granted for this study from the Johns
Hopkins School of Medicine IRB and tissue retrieval for this research was permitted by the
hospital’s autopsy consent form. Phenotypic information was collected for each subject as
available from the patient’s electronic hospital record. Additional pathologic variables were
documented at autopsy including the degree of overall coronary atherosclerosis and aortic
atherosclerosis. Atherosclerosis was graded on a none, minimal, mild, moderate, or severe
scoring scale by gross examination (Tables 1 and 2).

A history of hypertension was determined based on a clinical diagnosis from the chart review.
There was no attempt to assign hypertension to subjects based on collected blood pressure
readings, many of which were taken during acute disease processes. A history of diabetes was
also based on chart review and was variable in both type (26 type 2 diabetes mellitus subjects,
3 steroid-induced diabetes subjects and 1 type 1 diabetes mellitus subject) and duration by
individual (2 weeks – 37 years). A smoking history included any subject with a history of
smoking (remote or current) including all forms of tobacco. Duration of smoking and pack
years was only available on a subset of individuals. Hyperlipidemia was defined as an amalgam
of any clinical history of hypercholesterolemia, hypertriglyceridemia or hyperlipidemia
obtained by chart review. A history of myocardial infarction, stroke, end stage renal disease
(ESRD) or chronic renal failure (CRF) was obtained from either the medical record or directly
from the autopsy. The extent of atherosclerosis in the aorta and coronary vessels was based
exclusively on autopsy findings. Glomerular filtration rate (GFR) was estimated using the
Modification of Diet in Renal Disease (MDRD) equation taking into account age, race, gender
and serum creatinine [19].

Roughly 1–2 cm segments of blood vessels or tissue were taken from each site of interest (Table
3). All tissues were immediately placed in 10% buffered formalin (Cardinal Health, Dublin,
OH) overnight. The following day the formalin fixed tissues were further sectioned into 2–3
mm tall vascular rings for processing and paraffin-embedding. Heavily-calcified tissue was
avoided where possible, however, approximately 5 iliac samples required overnight
decalcification in Formical (Decal Chemical Corporation, Tallman, NY). A single hematoxylin
& eosin (H&E) slide was cut superficially from each block containing all of the blood vessels
segments and vascular tissues. This slide is later referred to as the “whole tissue slide.”

TMA Creation
All block information was entered into TMAJ, a Java-based tool for TMA creation and
management [20]. A feature (punch) size of 1.5 mm was selected to capture the full-thickness
vessel wall (tunica intima and tunica media), and a 99-spot TMA was assembled using a manual
tissue arrayer (Beecher Instruments, Silver Spring, MD) (Fig. 1). Each TMA contained 9
control and 90 autopsy tissues (Table 3). The following cores were used from each subject’s
blood vessels: one random core of pulmonary parenchyma; one skin core including epidermis
and dermis; one core of each large blood vessel generally chosen to capture the area of worst
disease, unless the area was heavily calcified, in which case an adjacent area was selected; two
random cores of renal cortex; two cores of coronary artery - one to capture the most
atherosclerotic (non-heavily calcified) area and the second to capture the least diseased area
(Fig. 2). Control tissues included three cores of placenta, an endothelial cell line, a vascular
smooth muscle cell line, and four replicated tissues (renal cortex, coronary artery, carotid, lung)
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from other TMAs for between-slide controls. Quadruplicate samplings from the same tissue
block for the coronary artery, carotid artery, lung, renal artery, pulmonary artery, internal
mammary artery and skin were placed on the final TMA. Four-micron thick sections were cut
from each block and placed on slides stored in a sealed container at −20°C until use for IHC.

TMA and whole slide vascular disease measures
All blood vessels were evaluated for the presence of endothelial cells, calcifications, and
vascular disease in both the whole slides and TMA spots. Only the coronary, iliac, and carotid
arteries had sufficient atherosclerosis (versus arteriosclerosis) to be evaluated by the AHA
atherosclerosis grading scale (I–VI) [21]. A novel vascular disease grading method, taking into
account intimal thickening was developed and used to grade all blood vessels as: no disease
(0), intimal hyperplasia <50% of the vessel wall (1), intimal hyperplasia >50% of the vessel
wall or early atherosclerosis (small lipid cores or noncellular intimal expansion) (2), or marked
atherosclerosis (large lipid cores, fibroatheromas, etc.) (3). Renal fibrosis was graded as
minimal (0), mild (1), moderate (2), or marked (3) based on observer scoring of extracellular
collagen between renal tubules on H&E stained slides. A separate Masson Trichrome stain was
performed on each TMA in which % collagen (fibrosis) was determined by colorimetric
analysis [22]. The presence of calcification and endothelium were recorded as present or absent.
Endothelium was evaluated by H&E on all tissues and confirmed by CD31 IHC staining on a
subset of 10 TMAs. All scoring was performed by a blinded cardiovascular pathologist (MKH).

Immunohistochemical staining
Antibodies were obtained from commercially available sources: CTGF ab6992 Abcam
(Cambridge, MA), MMP-3 clone SL-1 Labvision (Fremont, CA), RAGE RDI-Fitzgerald
(Concord, MA). These proteins were chosen to represent functional regulatory pathways in
vascular tissues surmised to vary between individuals. All antibodies were validated in
autolyzed vascular tissues which anticipated that postmortem interval (PMI) would not
significantly affect stain intensity [23]. Antibody dilutions were 1:4,000 (RAGE), 1:20
(MMP-3) and 1:200 (CTGF). Antigen retrieval and all methods for antibody incubation and
diaminobenzidine (DAB) staining were performed as previously described in detail [23].
Staining patterns were confirmed by comparison to images available from the Human Protein
Atlas [24]. Staining for CD31 was performed on an automated Benchmark XT stainer using
proprietary stains and reagents (Ventana Medical Systems, Tuscon, AZ).

Slide scanning and image analysis
All slides were scanned at 200X on a ScanScope CS (Aperio, Vista, CA) digital imaging
system. TMA Lab, a companion software package, segmented each whole slide image into the
component core images, outputting each as a separate TIFF image file. Regions of interest
(ROI) were selected from each image through a markup algorithm in ImageJ [25,26]. For
MMP-3 and CTGF, the vascular media alone was selected as the ROI due to variability in
staining intensity differences between the media and intima. For RAGE, the intima and media
were selected together as the ROI. Color deconvolution was used to separate the dye
contribution at each pixel in a given image’s ROI [26,27]. A distribution of DAB stain intensity
was generated for each ROI, from which a median intensity value was calculated using ImageJ
based analysis macros [26]. The DAB stain intensity is a unitless value ranging between 0 and
255.

Data handling and statistical analysis
All image data were written to tab-delimited text files and stored and manipulated in Excel
2007 (Microsoft, Redmond, WA). χ2 analysis was used to compare TMA spot and “whole
tissue slide” relationships for the presence of endothelium and degree of arteriosclerosis/

Halushka et al. Page 4

Cardiovasc Pathol. Author manuscript; available in PMC 2011 May 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



atherosclerosis. Two-sample t-tests and Fisher’s exact tests were used to compare categorical
calcification scores, AHA atherosclerosis scores and vascular disease scores. Bonferroni
adjustments for multiple tests were performed. Multivariable logistic regression models were
used to assess the association of clinical phenotypes with pathologic changes after
multivariable adjustment. Pearson’s correlation and logistic regression were used to evaluate
the relationship between IHC staining and PMI. Pairwise correlations were used to determine
the relationship between duplicated TMA spots. Statistical analyses were performed using
Stata 10 (Stata, Inc, College Station, TX).

Results
Population characteristics

For the 100 harvested cases, the average PMI was 17.8 hours (range: 4 to 28 hours). Thirty-
six subjects had neither hypertension nor diabetes, 34 had hypertension alone and 30 subjects
had diabetes. Of the diabetic subjects, 28 (93%) had concurrent hypertension. General subject
characteristics are presented in Table 1. The top six causes of death in this study set (categories
based on U.S. death statistics) were malignant neoplasms (39%), diseases of the heart (19%),
‘other’ (12%), influenza/pneumonia (9%), chronic lower respiratory diseases (5%) and chronic
liver disease (5%), accounting for 89% of the cohort [28].

Measures of Completeness
Of the 1,500 expected tissues, 1,457 were collected (97%). Retinal vessels (21 cases) and
dorsalis pedis artery (9 cases) were the tissues most frequently absent due to autopsy consents
limited to the chest and abdomen and difficulty in procurement. The initial H&E-stained slides
generated for each TMA identified 40 cores that were missing or of poor quality. Repeat
punches of these tissues were added to later TMAs to fill holes missing from the incomplete
collection. Microvascular skin and retinal vessels did not lend themselves to high-throughput
analysis, and analyses of these cores were excluded from this project. Also, 31 tissues were
noted to be extensively calcified, autolyzed or acellular and were excluded from diagnostic
use. This left 1,377 subject samples to be evaluated and 86 staining controls (placenta and cell
lines). Overall, 89% of these sample features were of sufficient quality to be analyzed for IHC
staining (1,223 (89%) for CTGF, 1,218 (88%) for RAGE, and 1,242 (90%) for MMP-3).

Vascular tissue characteristics
A 1.5 mm core size allowed the analysis of the full thickness (tunica intima and tunica media)
of over 97% of the vessels investigated (Fig. 2). Full thickness was achieved for nearly 100%
of the smaller arteries (renal, pulmonary, mesenteric, dorsalis pedis, arcuate, and internal
mammary). For the larger vessels, some of which had atherosclerotic plaques, full thickness
cores were not achieved in 10%, 6% and 2% of the carotid, iliac and coronary arteries,
respectively.

The presence of calcifications and the severity of atherosclerosis were assessed for each core.
The percent of TMA spots with calcification was highest in the coronary (34%), iliac (18%),
dorsalis pedis (8%), and carotid arteries (5%) and negligible (3% or less) in the remaining
vessels. By AHA scoring, atheromatous plaques (IV–VI) were common in the coronary (67%),
iliac (26%) and carotid arteries (8%) but negligible elsewhere. By our novel vascular scoring
scale, severe atherosclerosis (grade 3) was also highest in the coronary (51%), iliac (16%), and
carotid arteries (5%) and negligible (2% or less) for the remaining vessels.
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Extent of vascular disease is mostly concordant between TMA and whole tissue slide scoring
The vascular disease scores and renal fibrosis score were determined for each TMA core and
compared to the “whole tissue slide” scores to ascertain how successful the 1.5 mm features
were at capturing information observed in the larger tissue sections. There was a highly
significant agreement between the core and whole tissue slide score values for vascular disease
(χ2 = 756.3, N = 968, df = 16, p < 0.0001). Sixty percent of tissues shared an identical score
and 35% varied by a single scoring value. When scores were discordant, 77% were lower in
the core relative to the whole tissue slide.

The AHA scoring system on the coronary, carotid and iliac arteries was segmented into
preatheroma (AHA I–III) and atheroma (AHA IV–VI) scores. There was strong agreement
between the TMA cores and whole tissue slides (χ2 = 101.77, N = 295, df = 4, p < 0.0001). Six
percent of TMAs were scored as having atheroma not noted on the whole tissue slides.

There was strong agreement for the presence of calcifications in the whole tissues and TMAs
despite an attempt to avoid sampling calcified regions of vessels in the TMAs (χ2 = 290.2, N
= 869, df = 4, p < 0.0001). TMAs and whole tissue slides showed 88% concordance for
calcification. In 99% of the discordant cases, calcification was only present in the whole tissue
slide.

Renal fibrosis scoring was mostly concordant between TMA and whole tissue slide scoring
Renal fibrosis scores, based on H&E staining were compared to % collagen determinations
made on Masson Trichrome stained TMA slides. Based on the % collagen values calculated
using color picking software, it was determined that the minimal fibrosis score was between
2–17% collagen, mild fibrosis was between 17–28% collagen, moderate fibrosis was between
28–40% collagen and marked fibrosis was >40% collagen (χ2 =137, p<0.0001, df= 9, N=206).
There was significant agreement between scores of renal fibrosis for TMA cores and whole
tissue slides (χ2 = 56.7, N = 99, df = 16, p < 0.0001). Forty-eight percent had identical scores
and 46% varied by a single scoring value.

Relationship between disease variables, vascular disease, and calcification in whole tissues
and TMA cores

Phenotypic information including a subject’s age, sex, diabetes status, hypertension status,
ethnicity, BMI, smoking history and presence of hyperlipidemia was evaluated in relation to
vascular disease severity and presence of calcifications for both TMAs and whole tissue slides.
We compared the associations between phenotypic variables and the grading of the two tissue
sources. Overall, after bonferroni adjustment, 122 of the 128 measures demonstrated no
correlation. Age was a significant predictor of iliac artery atherosclerosis and calcification in
both the whole tissue slides and TMA slides (p≤0.001). A history of hypertension significantly
associated with iliac artery calcification and AHA scored atheroma in the whole tissue slides
(p≤0.002), but was not associated in the TMAs. Conversely, non-white ethnicity associated
with increased carotid artery atheroma by AHA scoring in the TMAs (p=0.002), but not in the
whole tissue slides. Thus among positive associations, 3/6 (50%) were concurrent between
tissue sources.

We further investigated common risk factors for vascular disease in a multivariable logistic
regression model in the TMA cores. In a multivariable logistic regression model of age, diabetes
and hypertension, only age was found to be significantly associated with vascular calcification
of the carotid, coronary, dorsalis pedis and iliac arteries (odds ratios 1.04–1.09 per 1 year
increase in age). In a logistic regression model with age, diabetes and hypertension, diabetes
was associated with more severe atherosclerosis in multiple vessels (arcuate, carotid, dorsalis
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pedis, mesenteric, pulmonary, renal arteries; odds ratios 1.5–6.2). Hypertension was not
significantly associated with atherosclerosis in any of the arteries by multivariable analysis.

Effects of postmortem interval (PMI)
The contribution of PMI to the presence or absence of endothelium and the intensity of IHC
staining was investigated. The presence of endothelial cells (ECs), as evaluated by CD31
staining was available on 60 cases and was similar to that observed on H&E stained slides
(χ2 = 68.2, p < 0.0001), confirming the validity of EC determination by H&E only. Having a
PMI interval of >15 hours was associated with the absence of ECs in all 9 blood vessels studied
in the TMA spots (odds ratios 0.84–0.97, logistic regression). This value was statistically
significant (p < 0.05) in all but 3 vessels (renal, pulmonary and dorsalis pedis). Overall, the
percentage of blood vessels losing endothelial cells in a given subject correlated with PMI in
both the TMA (r = 0.47) and in the whole tissue sample (r = 0.59).

Overall, 82% (27/33) of the vascular tissues had no significant correlation between PMI and
median staining intensity by Pearson’s correlation (Table 4). Of the 6 statistically significant
correlations, 3 correlated with enhanced staining intensity and 3 correlated with reduced
staining intensity. Only for CTGF, was a trend of decreased staining intensity with PMI present
across all tissues.

Strong correlation of duplicate renal glomerular staining
The duplicate cores of renal cortex from a given individual on the same TMA, and the subset
(N=17) of renal cortex samples placed on an additional TMA were evaluated for median
glomerular ROI staining intensity variation. Both within and across slide variation in median
staining intensity for glomerular ROI was identified. The within slide correlations were high
for all three antibodies (r = 0.93, 0.85, and 0.92 for CTGF, RAGE, and MMP-3 respectively,
Fig. 3a–c). When comparing across slides, the sample sizes were smaller (N<18), but the
correlations remained generally robust (r = 0.38, 0.88 and 0.80 for CTGF, RAGE, and MMP-3
respectively, Fig. 3d).

High reliability of the method demonstrated for each protein in repeated samples
We calculated the variance of the mean staining intensity in the carotid artery within and
between individuals for RAGE, MMP-3, and CTGF. The within subject variance was estimated
from the expression of five repeat samples from the carotid artery on the same subject across
two TMAs. The between subject variance was estimated using 94 independent subjects with
valid RAGE, MMP-3, and CTGF staining for the carotid artery. The within subject variability
for each protein was substantially less than the between person variability, with non-
overlapping 95% confidence intervals for the variance estimates, demonstrating high reliability
of the method for all three proteins (Table 5, Fig. 4). Similar results were observed for the
coronary, internal mammary and pulmonary arteries (data not shown).

The color deconvolution technique results in a wide dynamic range
The dynamic range of median intensities obtained from color deconvolution of IHC staining
has never been described. In general the dynamic range of IHC staining is thought to be small.
We evaluated the fold difference of median staining intensity for each antibody and tissue. The
methodologic range of median intensity values is 0–255, however the actual range based on
our data set was 21–248 (>10 fold). There was an average 3.9 fold range for the 8 vessels
(arcuate, carotid, coronary, dorsalis pedis, iliac, internal mammary, mesenteric, pulmonary and
renal) across all three proteins evaluated. The widest dynamic range of median intensity values
was a 6.8 fold difference for the CTGF staining of the dorsalis pedis (36–247). The narrowest
dynamic range was a 2.2 fold difference for the carotid artery stained for RAGE (39–87).
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Kidney and lung tissues had smaller dynamic ranges of median intensity across all 3 proteins
(2.1 and 1.6, respectively) relative to the vascular tissues. The control tissues (placenta,
endothelial cell line and smooth muscle cell line) had the smallest dynamic range with an
overall 1.5 fold dynamic range for all 3 proteins.

Variability of median staining intensity by blood vessel
For each protein, the average of the median staining intensity between vessels was calculated
to determine the variability across diverse tissues (Fig. 5). Generally, MMP-3 and CTGF
stained this diverse set of tissues in a similar fashion, in contrast to RAGE. For MMP-3, the
carotid artery (average = 95) and dorsalis pedis artery (average = 152) had the least similar
staining intensity. For CTGF, the strongest and weakest staining blood vessels were the dorsalis
pedis (average = 166) and the renal artery (average = 97). RAGE expression was relatively
low in most blood vessels (average range of 72–103), but was strong in the kidney (average =
157) and lung parenchyma (average = 191).

Discussion
This paper describes and validates useful parameters for the creation of vascular TMAs. We
show that a 1.5 mm core size significantly captures the vascular disease present in the whole
tissue slide and has concordant correlations with disease variables 97% of the time. A 1.5 mm
core also captures the full thickness of a blood vessel >97% of the time. There is a trade off
between core size and core density with smaller cores (0.6 mm) routinely being arrayed at ~400
cores/block and 2 mm cores being arrayed at ~60 cores/block. To maximize density and
increase throughput, one should use the smallest diameter core possible to capture the greatest
amount of information. In the cancer TMA literature, two to three 0.6 mm features per tumor
case are considered necessary and/or sufficient due to heterogeneity of staining within a given
tumor [29,30]. Our samples show similar median staining values between multiple features
from the same individual’s blood vessel or multiple glomeruli from duplicate cores (Table 5,
Fig. 4). We believe this low amount of heterogeneity obviates the need for multiple core
replicates from each individual. Both by direct comparison of grading scales and by comparison
to disease variables (age, hypertension, etc) the TMA core captured much of the vascular
disease observed in the whole slide sections from the donor blocks (95% within one grade).
Therefore, a single 1.5 mm core size should be sufficient for most vascular TMA studies.

The blood vessels selected for this study represent the major medium-to-large caliber vessels
in the torso, with the exception of the aorta. They were specifically chosen to include both
atherosclerosis-resistant (IMA, pulmonary) and atherosclerosis prone (coronary, iliac) tissues
and allow us to determine global staining variability. Generally, the AHA atherosclerosis score
is used to document vascular disease; however, for this study it could only be used on 3 vessels,
necessitating the creation of our own scoring system that took into account the degree in intimal
hyperplasia, short of the appearance of foam cells or lipid cores. Our new scoring system has
not been validated and may have impacted on the general lack of associations with clinical
phenotypes.

This study was designed to validate the creation and use of vascular TMAs. However, we also
investigated the relationship of the three proteins evaluated in this study (MMP-3, CTGF and
RAGE) with clinical variables. We found no significant associations of protein IHC staining
with any of the phenotypic variables. We have subsequently used this set of TMAs to identify
a correlation of tissue inhibitor of matrix metalloproteinase-3 (TIMP-3) staining and aging
[31].

While autopsy tissues have been used for IHC study for decades, there has not been a proper
evaluation of the role of PMI on IHC staining. Studies that mixed autopsy and surgical
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pathology tissues have hoped, rather than demonstrated, that PMI does not influence the
observed variability. Our experiment provides strong evidence that autopsy tissues can be used
for IHC study. We and others have shown certain classes of antibodies stain robustly in
autolyzed surgical tissues, although this is not a perfect surrogate to autopsy tissues [23,32–
34]. We now demonstrate that a reasonable PMI (~24 hours or less) has negligible effect on
antibody staining in most blood vessels (94%). In those cases in which the PMI alters staining
intensity, we found it both lowered and raised median staining intensity. In fact, the strongest
correlation between PMI and staining intensity was an increase, not a decrease, in staining in
renal glomeruli for MMP-3. As the body cools, the kidney, being retroperitoneal and
surrounded by other organs and adipose, would likely cool slower that other areas of the body
that have more exposure. We had anticipated that any impact of PMI would affect renal tissues
more than other vascular sites and that held true.

This study identifies benefits and limitations of using TMAs for vascular research. We found
the media to be the most homogenous part of the wall, being uniformly comprised of smooth
muscle cells and therefore more representative of the wider blood vessel, than the more
heterogeneous intima, which had a range of pathologic features. We found that the endothelial
cell layer was too thin to reliably be selected for analysis. Also, the endothelium is known to
slough off in autopsy tissues and was thus not apparent on many of our tissues with extended
PMIs. Another limitation of the TMA is vessel caliber. As stated above, the small size of the
skin and retinal vessels did not lend themselves to high-throughput methods and were excluded.
A third limitation of our collection was the variability in procurement for certain vessels. For
example, the iliac artery was routinely taken just beyond the aortic bifurcation, however in
subjects with extensive calcification at this site, the iliac was sampled more distally. This also
was true of the coronary artery, in which the left anterior descending artery was generally taken,
but could vary due to extensive calcification or stent placement. Therefore, we knowingly did
not capture the worst atherosclerosis in each individual, resulting in further intimal
heterogeneity and affecting the relationship with phenotypic and clinical variables, as reported
above . This may impact the evaluation of proteins or alterations that specifically occur in sites
of atheromas rather than proteins found in the media and which change their expression more
as a result of global alterations. Future TMAs that are designed to specifically investigate
atheromas may need to approach the TMA design differently to maximize the evaluation of
severe disease. The converse to altering harvesting locations is to collect heavily calcified
tissues and use a decalcifying agent on it, which can also negatively affect IHC results [35].

We found useful heterogeneity in tissue staining values within this tissue collection. There was
a wide dynamic range in the experimental vascular tissues (3.9 fold). Conversely, there was
little variation (1.5 fold) between control tissue samples (placenta, endothelial cell line, smooth
muscle cell line), indicating little IHC variation from slide to slide. Fig. 5 demonstrates the
variability of the 3 proteins across the vascular tissues. Average staining for MMP-3 and CTGF
varied widely by vascular site consistent with prior reports of gene expression variability
between vessels [12]. Also, the average staining of MMP-3 and CTGF were similar in tissues,
perhaps related to the known interaction between these two proteins [36]. Average vascular
RAGE staining was generally constant between vessels, but increased markedly in the
pulmonary parenchyma and renal glomeruli. This variation across the 3 proteins suggests
correlation with known biological phenomenon indicating the usefulness of a TMA platform
to detect biologically relevant associations that may vary by blood vessel.

From this experience, we believe vascular TMAs can be created from the stored pathologic
tissues housed at most hospital-based institutions. Vessels can be collected from explanted
heart, carotid endarterectomy, aortic repair, or extremity amputation specimens to investigate
the presence and distribution of proteins of interest in these vascular beds for different vascular
diseases.
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In conclusion, this study demonstrates the first use of TMA technology to assess protein
expression patterns in a global vascular collection. We show that a single 1.5 mm core is a
sufficient representation of a given blood vessel and that a reasonable PMI has limited influence
on IHC staining intensity. We also validate the use of color deconvolution as a measure of IHC
staining intensity. TMAs can be a powerful new tool to address protein expression in vascular
disease in a low cost, high-throughput fashion.
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Fig. 1.
Method of global vascular collection and array. (A) Tissues were harvested from 13 sites (Table
3). (B) Whole vessels were formalin-fixed and embedded into paraffin blocks (200x original
composite image of carotid artery and mesenteric artery). (C) 1.5 mm cores were taken from
each donor block and arrayed into 17 99-core TMAs (2x image of TMA). (D) Representative
images of blood vessels present on a TMA (200x original image of coronary artery and internal
mammary artery).
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Fig. 2.
Representative images of 1.5 mm feature sizes of collected blood vessels. From each tissue, a
region of interest (media ± intima) is selected for analysis (circled region). The inset histogram
shows DAB stain intensity on the x-axis (0–255 scale) and number of pixels on the y-axis.
Left-shifted peaks and distributions are noted for lighter staining tissues. (A) Mesenteric artery
stained for CTGF; (B) Coronary artery stained for CTGF; (C) Carotid artery stained for
MMP-3; (D) Iliac artery stained for MMP-3; (E) Internal mammary artery stained for CTGF;
(F) Arcuate artery stained for CTGF; (G) Dorsalis pedis artery stained for MMP-3, (H) Renal
cortex stained for RAGE; (I) Renal artery stained for RAGE.
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Fig. 3.
Reproducibility of glomeruli staining. (A–C) Median intensity values correlate strongly
between glomeruli taken from two renal cortex punches of tissue on the same TMA slide
(CTGF, N = 84; RAGE, N = 86; MMP-3, N = 90). (D) Correlation of median intensity values
of CTGF, RAGE and MMP-3 of renal glomeruli across multiple TMAs. Glomeruli A is one
sample from the first TMA. Glomeruli C is the value taken from a second TMA (N = 17, 17,
15 for RAGE, MMP-3 and CTGF).
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Fig. 4.
Histogram distributions of DAB stain intensity for RAGE carotid artery IHC. There is marked
overlap between the duplicate “Within” carotid features from the same individual (A) which
is not present in the “Between” features of the entire cohort (B).
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Fig. 5.
Average of median staining intensities for RAGE, MMP-3 and CTGF across 11 tissues. Error
bars are 95% confidence intervals. Art. = Artery.
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Table 1

Patient characteristics, comorbidities and vascular disease present at autopsy (N=100).

Measured Variable Percentage Mean

Age (years) 64

Male 59

African American 20

Asian 2

Caucasian 76

Hispanic 2

PMI (hours) 17.8

Height (cm) 174

Weight (kg) 83

BMI (kg/m2) 27.5

Diabetes 30

Hypertension 62

Smoking history 38

Hyperlipidemia 40

Previous myocardial infarction 13

Previous stroke 16

Reported ESRD & CRF 14

Calculated GFR 37

Aortic atherosclerosis 46*

Coronary artery atherosclerosis 43*

Stent or CABG 9

ARB 15

ACEi 23

Statin 22

Diuretic 31

*
= moderate or severe disease, Terms: PMI = Post mortem interval, CABG = Coronary artery bypass graft, ESRD & CRF = End stage renal disease

and chronic renal failure, GFR= Glomerular filtration rate, ARB= Angiotensin receptor blocker, ACEi = ACE inhibitor. GFR was calculated using
the MDRD equation.
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Table 2

Collected phenotype data from each subject.

Measured Variable Missing (%)

Study number 0

Autopsy number 0

Postmortem interval 0

Age 0

Sex 0

Race 0

Height 2

Weight 1

BMI 2

Presence of diabetes 0

Presence of hypertension 0

Smoking history 9

Myocardial infarction history 0

Stroke history 0

Neuropathy history 0

Extremity amputation history 0

Renal failure history 0

Medications 8

HbA1C level 70*

Creatinine clearance 9

C Reactive Protein level 81

Homocysteine level 91

LDL level 62

HDL level 62

Triglycerides level 46

Cholesterol level 57

Blood pressure measurements 21

Cause of death 0

Completeness represents the percentage of patients on whom particular phenotype data was available.

*
= HbA1C data available for 67% of diabetic subjects
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Table 3

Location of harvested vascular tissues. Listed tissues were formalin fixed and paraffin embedded.

Blood Vessel Harvest Site

Carotid artery Inferior to the carotid bulb

Coronary artery Proximal left anterior descending artery

Dermal vessels Left chest wall

Dorsalis pedis artery Superficial ankle

Iliac artery Just distal to the aortic bifurcation

Internal mammary artery Mid-chest wall

Mesenteric artery Superior, distal to the first bifurcation

Pulmonary artery Just proximal to the lung

Pulmonary parenchyma Random peripheral section

Renal artery Midway between the aorta and kidney

Renal interlobar/arcuate artery Renal cortex/medulla interface

Renal cortex Random

Retinal vessels Posterior globe adjacent to the optic nerve
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