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Abstract

Objective—Receptors and ion channels of smooth muscle cells (SMCs) and endothelial cells 

(ECs) are integral to the regulation of vessel diameter and tissue blood flow. Physiological roles of 

ion channels and receptors in skeletal muscle and mesenteric arteries have been identified however 

their gene expression profiles are undefined. We tested the hypothesis that expression profiles for 

ion channels and receptors governing vascular reactivity vary with cell type, vascular bed and age.

Methods—Mesenteric and superior epigastric arteries were dissected from Old (24–26 months) 

and Young (3–6 months) C57BL/6J mice. ECs and SMCs were collected for analysis with custom 

qRT-PCR arrays to determine expression profiles of 80 ion channel and receptor genes. 

Bioinformatics analyses were applied to gain insight into functional interactions.

Results—We identified 68 differences in gene expression with respect to cell type, vessel type 

and age. Heat maps illustrate differential expression and distance matrices predict patterns of co-
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expression. Gene networks based upon protein-protein interaction datasets and KEGG pathways 

illustrate biological processes affected by specific differences in gene expression.

Conclusion—Differences in gene expression profiles are most pronounced between 

microvascular ECs and SMCs with subtle variations between vascular beds and age groups.

Keywords

bioinformatics; gene expression; network construction; vascular endothelium; vascular smooth 
muscle

INTRODUCTION

Ion channels and receptors mediate vasomotor control in resistance arteries by regulating 

membrane potential (Vm), intracellular [Ca2+] and complementary signaling events in both 

vascular smooth muscle cells (SMCs) and endothelial cells (ECs)1,2. The present study was 

designed to investigate representative categories of ion channels and receptors to determine 

how their gene expression profiles vary with cell type, vascular bed and biological age. 

Mesenteric and superior epigastric arteries were chosen for two reasons. First, these vessels 

have been the subject of physiological studies in young and old mice 3–6, thus analyses of 

gene expression profiles provide a novel context to identify directions for future research in 

aging. Second, inclusion of vessels from functionally distinct areas of the body enables 

comparison of expression profiles in tissues that differ in embryonic origin and function. 

The list of genes chosen for this study is not exhaustive for those involved in vasomotor 

control, however emphasis was placed on including genes families that are commonly 

studied (e.g. adrenergic and cholinergic receptors) as well as those whose role in vascular 

function are less clear (e.g. purinergic receptors). We questioned how gene expression in 

microvascular resistance arteries (diameters: 150–200 μm) may differ with cell type and 

vascular bed as well as how these relationships may be affected by aging. Each family of 

receptors and ion channels comprising the present study is introduced by its common protein 

name and gene symbol; these are listed collectively in Supplementary Table 1.

Calcium Channels

Calcium channels are critical for providing Ca2+ that activates SMC contraction 7 and are 

integral to endothelium-dependent SMC relaxation 8–10. Calcium channels mediate Ca2+ 

entry from the extracellular fluid, Ca2+ release from intracellular stores, and couple Ca2+ 

entry with store depletion. In the plasma membrane of SMCs, VGCCs open in response to 

depolarization, enabling Ca2+ influx. L-type VGCCs, including CaV 1.2 (Cacna1c) and 1.3 

(Cacna1d), are a primary source of Ca2+ influx in vascular SMCs. In addition, P/Q- and N-

type type VGCCs (CaV 2.1;Cacna1a and 2.2; Cacna1b) are also activated by depolarization 

and can be distinguished based on inhibition by ω-agitoxin IVA or ω-conotoxin GVIA, 

respectively 11–13. T-Type VGCCs (CaV 3.1;Cacna1g and 3.2;Cacna1h) activate at more 

negative Vm and produce transient Ca2+ currents 7,11. In ECs, multiple isoforms of plasma 

membrane TRP channel isoforms (discussed below) are primary sources of Ca2+ influx 

eliciting vasodilation through both NO production and EDH14,15.
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Calcium channels in the endoplasmic reticulum (ER) of both ECs and SMCs include 

ryanodine receptors (Ryr1-3) and inositol 1,4,5-trisphosphate receptors (Itpr1-3). When 

activated, these channels release Ca2+ from internal stores. Activation of a cluster of RyRs 

(i.e. Ca2+ sparks) leads to SMC relaxation through activation of nearby BKCa channels while 

their collective activation elicits SMC contraction via a global increase in [Ca2+]i 1. In 

contrast to RyR, both local 16 and widespread activation of SMC IP3Rs lead to SMC 

contraction 17. In a reciprocal manner, activation of Ca2+ channels in the ER of ECs 

promotes SMC relaxation. Thus, local (Ca2+ pulsars) 18 and widespread (Ca2+ wave) 

activation 19 of IP3Rs in ECs leads to endothelium-dependent hyperpolarization (EDH) and 

the release of vasodilator autacoids (e.g., NO and prostacyclin). Three isoforms of RyRs 20 

and IP3Rs participate in Ca2+ release,21 with distribution profiles that vary across vascular 

beds.

Store-operated Ca2+ entry in SMCs and ECs is mediated largely by STIMs (Stim1-2), which 

act as Ca2+ sensors on the ER stores. Upon store depletion, STIM1 translocates to the 

plasma membrane and interacts with a CRAC channel to form Orai1 (Orai1) tetramers, 

thereby allowing Ca2+ influx and refilling of ER Ca2+ stores 22. The TRP channels 

(discussed below), particularly TRPC channels, may also participate in this process through 

interacting with Stim1 and Orai 23.

Potassium Channels

Calcium-activated K+ channels are activated in response to an increase in [Ca2+]i 24,25, with 

K+ efflux leading to hyperpolarization. Subtypes of KCa channels are distinguished by their 

conductance into 3 categories: large (BKCa; Kcnma1, Kcnmb1), intermediate (IKCa; Kcnn4) 

and small (SKCa; Kcnn1, Kcnn2, Kcnn3). The BKCa channels are particularly important in 

SMCs, where they are central to negative feedback regulation of myogenic tone. For 

example, local activation of BKCa channels by Ca2+ sparks arising from nearby RyR clusters 

evokes STOCs 26 that oppose vasoconstriction. Membrane depolarization and/or global 

increases in [Ca2+]i, often from L-type VGCCs, leads to widespread BKCa activation that 

opposes SMC contraction 1,17. In contrast to BKCa, the voltage-insensitive IKCa and SKCa 

channels effect vasodilation primarily through their expression in the plasma membrane of 

ECs 27. In response to a rise in [Ca2+]i, activation of IKCa and SKCa channels evokes EDH 

and, through electrical coupling to SMCs via gap junctions, promotes vasodilation through 

closure of L-type VGCCs 9,28.

Inwardly rectifying K+ (Kir) channels exert their effects through conduction of strong inward 

current when Vm falls below the equilibrium potential for K+ and small outward currents 

when Vm rises above EK 29. Strong inward rectifiers (Kir 2.1; Kcnj2 and Kir 2.2; Kcnj12) are 

prominent subtypes in vascular SMCs, where their activation contributes to the maintenance 

of resting Vm 30. A unique property of Kir channels is their ability to amplify 

hyperpolarization through a negative slope conductance, however this role varies between 

vascular beds 31. Recent findings implicate a key role for Kir2.1 in capillary ECs of the brain 

to cerebral blood flow in response to an elevation of [K+]o 32. When coupled with 

sulfonylurea receptors, Kir6.1 (Kcnj8) and Kir6.2 (Kcnj11) form KATP channels, whose 

activation (e.g., by ADP) leads to membrane hyperpolarization and vasodilation 30,33. As 
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with Kir channels, the role of KATP channels in regulating vasomotor tone and tissue blood 

flow varies between vascular beds 34,35.

Transient Receptor Potential (TRP) Channels

The TRP channels enable transmembrane flux of cations with varying selectivity and consist 

of several major families including canonical (TRPC; Trpc1-6), vanilloid (TRPV; Trpv1), 

melastatin (TRPM; Trpm4)), and ankyrin (TRPA; Trpa1) channels 15,36. TRP channels are 

highly expressed in both SMC and ECs, are activated by a wide range of physiological 

stimuli and are involved in the regulation of Vm, store-operated Ca2+ entry (SOCE) 37, 

receptor-operated Ca2+ entry (ROCE) 38, Ca2+ signaling 39,40 and myoendothelial signaling 
41. Activation of TRP channels in SMCs typically leads to vasoconstriction, while activation 

TRP channels in ECs produces vasodilation as well as changes in permeability and 

angiogenesis. Recent reviews explores the specific physiological roles for each TRP family 

member and isoform in vascular SMCs1,15 and ECs15.

Neurotransmitter and Neuropeptide Receptors

Perivascular nerves regulate blood flow through the release of neurotransmitters, which 

modulate a multitude of downstream signaling events via binding to their receptors on 

membranes of SMCs, ECs and/or adjacent nerves 42. Activation of sympathetic nerves 

causes release of NE and NPY, resulting in vasoconstriction. Norepinephrine binds to 

adrenoreceptors (ARs) on both SMCs and ECs. The αARs predominate in most vascular 

beds and mediate vasoconstriction via Gq- (α1AR; Adra1a, Adra1b, Adra1c) and Gi- 

(α2AR; Adra2a, Adra2b, Adra2c) mediated increases in SMC [Ca2+]i 43. In turn, βARs 

(Adrb1, Adrb2, Adrb3) promote vasodilation through Gs-mediated decreases in SMC 

[Ca2+]i and release of NO from ECs 44. Neuropeptide Y effects vasoconstriction through 

activation of SMC Y1 (Npy1r) and Y2 (Npy2r) receptors, which produce Gα-mediated 

increases in SMC [Ca2+]i 45 and potentiate the effects of αAR agonists 46.

Many conduit and resistance arteries are also innervated by perivascular sensory nerves, 

which elicit vasodilation and oppose sympathetic vasoconstriction through the release of 

CGRP and SP. CGRP-mediated vasodilation requires assembly of its receptor components 

on SMCs and ECs, including RAMP1 (Ramp1), CALCRL (Calcrl) and RCP (Cgrprcp)47. 

Upon binding of CGRP, relaxation of SMCs occurs primarily through cAMP-mediated 

activation of K+ channels 48, while EC-dependent dilations can occur via cAMP and PKA-

mediated increases in NO 49. Substance P effects vasodilation through binding to NK1 

(Tacr1) receptors on ECs, which mediate increases in [Ca2+]i and NO production 45.

Purinergic Receptors

Perivascular sympathetic and sensory nerves each release ATP as a co-transmitter that, along 

with circulating purines, can bind to purinergic receptors on both SMCs and ECs 50. Arteries 

express two major classes of P2 receptors on SMCs, ECs and nerves which form 

homodimers and heterodimers of different subtypes and can produce either vasoconstriction 

or vasodilation depending on the specific isoform, cell type and vascular bed 42. P2X 

receptors (subtypes P2X1-7; P2rx1-7) are ATP-gated cation channels that mediate Ca2+ 

and/or Na+ influx and membrane depolarization which, in SMCs, activates of L-type 
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VGCCs leading to increased [Ca2+]i. This signaling pathway is mediated via P2X1 receptors 

in SMCs from many vascular beds 51; few studies address the role of other P2X isoforms 

due to limited specific pharmacological agents. P2X receptors are also expressed to a lesser 

extent on ECs, with activation contributing to vasodilation via EDH along with production 

of NO and prostacyclin 52.

In contrast to the ionotropic P2X receptors, P2Y receptors (P2ry1,2,4,6,11,12,13,14) are 

metabotropic, eliciting their effects on SMCs and ECs through activation of G-proteins 

following ATP, ADP, or UTP binding in accord with receptor subtype 53. Analogous to the 

effects of P2X receptor activation, P2Y activation on ECs leads to vasodilation via increased 

[Ca2+]i, NO production, and EDH, with the relative contributions of NO vs. EDH varying 

with vessel size and vascular bed 54. Multiple P2Y subtypes also have been reported in 

SMCs, with most (but not all) studies demonstrating that their activation leads to 

vasoconstriction via increased [Ca2+]i 55,56. Overall, purinergic signaling is more complex 

and heterogeneous when compared to other receptor classes in the vasculature. For example, 

beyond their roles in vasomotor control, purinergic receptors mediate perivascular nerve 

activity, cell proliferation, cell migration and angiogenesis. A recent review 57 provides an 

in-depth analysis of purinergic receptor expression, pharmacology and function in the 

vasculature.

Peroxisome Proliferator-Activated Receptors

Peroxisome proliferator-activated receptors are nuclear receptors that modulate transcription 

following hormone activation, heterodimerization with retinoid X receptors and binding to 

PPAR response elements on DNA58. Included in this family are two subtypes studied here- 

PPARα (Ppara) and PPARγ (Pparg). Each subtype appears to be protective against 

cardiovascular disease through their roles in nutrient metabolism, angiogenesis, 

proliferation, cell migration, inflammation and oxidative stress 59,60. Although their roles in 

vasomotor control are not well defined, PPARs may facilitate normal endothelial function 

through NO- and NFκB-dependent signaling 61. For example, aortae of PPARα−/− mice 

exhibit impaired NO-signaling and increased oxidative stress 62 In SMCs, disruption of 

PPARγ via dominant negative mutation leads to hypercontractile responses to 

pharmacological agonists, likely through a RhoA-dependent mechanism 63 while inhibition 

of PPARγ increases myogenic constriction in mesenteric arteries 64, possibly via increased 

AngII signaling 65.

Angiotensin II Receptors

Angiotensin II receptors are G-protein coupled receptors of the peptide hormone angiotensin 

II, an integral mediator of the renin-angiotensin system as well as cardiovascular function in 

health and disease66. The main subtypes of these receptors are Type 1 (Agtr1a, Agtr1b) and 

Type 2 (Agtr2) receptors (AT1 and AT2, respectively). AT1a and AT1b receptors are 

responsible for the majority of physiological effects of angiotensin II and both are expressed 

in SMCs and ECs of resistance arteries 66. Activation of AT1a and AT1b receptors initiates 

multiple signaling cascades, ultimately contributing to vasoconstriction, cell proliferation, 

cell hypertrophy, superoxide production, endothelin release, lipid peroxidation, adhesion 

molecule expression and vascular matrix expansion (See 67 for in-depth review). Recent 
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studies using cell-specific deletion of Agtr1a in either SMCs or ECs 68 highlight the critical 

role of these receptors in the pathogenesis of hypertension and aneurisms. AT2 receptors 

oppose the effects of AT1 activation by participating in vasodilation, apoptosis, growth 

inhibition, NO production and collagen synthesis. However, the roles of AT2 receptors in the 

vasculature require further study as expression profiles and vasomotor effects demonstrated 

in rodent vessels have not been replicated in human vessels 67.

Rationale and significance of bioinformatics analysis

While qRT-PCR data analysis and calculation of the ΔΔCT and 2−ΔΔCT values are standard 

approaches for identifying differential gene expression between experimental groups, there 

is a gap in understanding both common and unique changes happening between the cell 

type, vessel type and age groups in this study. Bioinformatics data analysis techniques allow 

mining of gene expression data and combine this information with publicly available 

knowledge from protein-protein interaction (PPI) datasets. Further insight into the biological 

processes affected in each comparison is provided by pathway mapping. These approaches 

are applied routinely for drawing inferences from other techniques used to evaluate gene 

expression (e.g., microarrays, RNAseq) and protein expression (e.g., mass spectrometry) but 

have rarely been used for qPCR studies.

Earlier studies have looked at the expression of single or subsets of respective genes in 

particular blood vessels to evaluate differences between vascular beds, cell type and to 

evaluate designated experimental conditions, however differences in techniques and 

experimental design across studies confound a comprehensive picture of ion channel and 

receptor expression in the resistance vasculature. The purpose of this study was twofold: 

First, to test the hypothesis that expression of 80 representative genes of ion channels and 

receptors associated with the regulation of tissue blood flow varies with: (1) cell type: SMC 

vs. EC, (2) vascular bed: MA vs. SEA, and (3) biological age: 3–6 months vs. 24–26 

months. Second, to apply bioinformatics analyses to investigate relationships among the 

expression of these representative genes. Pathway and gene network analyses were thereby 

applied to explore how the present data may be applied to predict downstream function and 

signaling pathways.

MATERIALS AND METHODS

Animal Care

All procedures were approved by the University of Missouri Animal Care and Use 

Committee and were performed in accord with the National Research Council’s Guide for 
the Care and Use of Laboratory Animals. Experiments were performed using Young (3–6 

months, n=5) and Old (24–26 months, n=5) C57Bl/6 male mice obtained from the National 

Institute on Aging Colony at Charles River (Wilmington, MA). Mice were housed at the 

University of Missouri (MU) animal facility for 1–4 weeks prior to use on a 12: 12 hour 

light: dark cycle maintained at ~23°C with fresh tap water and standard chow available ad 
libitum. Mice were anaesthetized with pentobarbital sodium (60 mg/kg) via intraperitoneal 

injection, the abdomen was shaved and, following confirmation of deep anesthesia, the chest 
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cavity was opened, the heart was removed to ensure death by exsanguination and tissues 

were harvested for obtaining blood vessels.

Tissue Collection

Entire abdominal muscles were removed and SEAs were dissected bilaterally to free them 

from surrounding tissue as described 69. The intact mesentery and small intestine were 

excised and first- and second- order MAs were dissected as described 4. Several vessel 

segments were collected separately for each mouse then digested at 34°C (SEA: 30 min; 

MA: 20 min) in a buffer (pH 7.4) composed of (in mM): 137 NaCl, 5 KCl, 1 MgCl2, 10 

HEPES, 10 glucose, 2 CaCl2, 0.1% bovine serum albumin (US Biochemical 10856, 

Cleveland, OH, USA), 0.62 mg/mL papain (P-4762; Sigma Chemical Co., St. Louis, MO, 

USA), 1.5 mg/mL collagenase type H (C-8051; Sigma), and 1 mg/mL dithioerythritol 

(D-8255; Sigma). Respective samples were transferred to a Petri dish on the stage of a 

microscope (GFL, Zeiss, Thornwood, NY, USA) and gently triturated through a heat-

polished micropipette (internal diameter, 80–120 μm according to vessel diameters) secured 

in a micromanipulator. Cells were sampled while visualizing dispersed vessels at 200X 

magnification to ensure pure, cell-type specific samples. The endothelium was discerned as 

intact “tubes” 69 surrounded by dispersed SMCs that typically adopted a “C” shape on the 

bottom of the dish. For each vessel type, ~5,000 ECs and ~500 SMCs were collected per 

mouse by aspiration; a fresh micropipette was used for each cell type. Micropipettes were 

pulled (P-97; Sutter Instruments, Novato, CA, USA) from borosilicate glass capillary tubes 

(#1B100-4; World Precision Instruments, Sarasota, FL, USA) and heat-polished with a 

custom-built microforge.

RNA Extraction, cDNA Synthesis and qRT-PCR Array

Isolated cells were placed immediately into 100 μL of lysis buffer from the RNAqueous 

Micro Kit with DNase from Ambion Inc. (Austin, TX, USA) and total RNA was extracted 

per manufacturer’s guidelines in a final volume of 18 μL elution buffer. RNA samples were 

stored at −80 °C prior to their use in PCR arrays.

For positive controls, samples of intact tissues (brain, heart, small intestine and spleen) from 

a Young mouse were processed as follows: 50 mg tissue was flash frozen, pulverized and 

added to 1 mL TRI Reagent (T9424; Sigma) then incubated for 5 min at room temperature 

(RT). The supernatant containing RNA was then treated with chloroform (C2432; Sigma, 0.2 

mL/mL TRI Reagent). Aqueous phase was separated by centrifugation at 12,000 × g for 15 

min and RNA precipitated with isopropanol (I6504; Sigma, 0.5 mL/mL TRI Reagent) 

followed by centrifugation at 12,000 × g for 10 min. The formed pellet was washed with 1 

mL of 75% EtOH made in diethyl pyrocarbonate-treated H2O, centrifuged at 10,000 × g for 

5 min and air-dried. RNA was dissolved in RNase-free H2O by incubating at 58°C for 10 

min. Samples were stored at −80°C until reverse transcribed.

Each RNA sample was evaluated using the Nanodrop 2000 and Qubit RNA HS Assay 

(ThermoFisher, Waltham, MA, USA) to determine the RNA concentration (2–6 ng/μL for 

ECs and SMCs; >1000 ng/μL for control tissues) and to verify its integrity 70 (OD260/

OD280nm absorption ratio >1.8; OD260/OD230nm absorption ratio >1.5). RNA samples were 
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diluted to 1 ng/μL prior to reverse transcription with the High Capacity cDNA Reverse 

Transcriptase Kit (Applied Biosystems, Foster City, CA) according to the manufacturer’s 

protocol. Resulting cDNA samples were stored at −20°C until used for qRT-PCR arrays.

The qRT-PCR was performed using Custom Taqman PreAmplification primer pools and 

custom Fast Taqman Array Plates created to our specifications by Applied Biosystems 

(Foster City, CA, USA). Each array was comprised of 40 target genes of interest, 5 

endogenous control genes (18S, Dna2 Gapdh, Gusb, Actb) 71 and 2 cell type specific genes 

(Nos3 for EC and Acta2 for SMC) (Supplementary Table 1). Five biological replicates (each 

containing a single cell type collected from a separate mouse) were run from each of 8 

experimental groups (Young SEA EC, Young SEA SMC, Young MA EC, Young MA SMC, 

Old SEA EC, Old SEA SMC, Old MA EC, Old MA SMC) according to the manufacturer‘s 

protocol. The run for each array began with a preamplification reaction (7.5ng cDNA in a 30 

μL reaction) followed by PCR amplification using Applied Biosystems Taqman Fast 

Advanced Master Mix (10 μL reactions) on the Applied Biosystems Step One Plus Real 

Time PCR System using thermal cycling conditions stated by the manufacturer (95°C for 20 

s; 95°C for 3 s, 60°C for 30 s; 40 cycles). A no RT reaction was also performed using the 

Gapdh primer to confirm lack of contamination from genomic DNA, along with an internal 

plate control. All assays were inventoried products from Applied Biosystems 

(Supplementary Table 1), validated to meet their quality control specifications. Control 

tissues (above) verified assays not previously run to ensure their reactivity and efficiency 

(data not shown). In total, 44 assay plates were used to complete the study.

Data Analysis for qRT-PCR Array

The qRT-PCR array datasets were analyzed with the ΔΔCT method 72. Using Expression 

Suite Software V1.0.3 (Applied Biosystems) 73, CT values for all samples were calculated, 

where CT is defined as the fractional cycle number at which fluorescence exceeded the fixed 

0.2 threshold. CT values were exported to Microsoft Excel and (in accord with 

manufacturer’s guidelines), for samples where a CT value was reported as “Undetermined” 

(i.e., never reached threshold), a value of 40 (the total number of cycles) was substituted to 

allow statistical analysis. Expression Suite determined 18S as the ideal endogenous control 

gene based upon stable expression across cell types, vessel types and ages. The distribution 

of average CT values across the groups ranged from 10 to ≤ 40 (Supplementary Table 2, 

Supplementary Figures 1–3). To address outliers in the biological replicates within groups, 

we performed a normalization technique prior to further analysis as follows: If all other 

replicates within a group for a specific gene had a CT =40, the outlier replicates were 

replaced with 40. If the statistical outlier had a CT < 40, the value was replaced with the 

mean of the remaining replicates within the group. Δ CT, ΔΔCT and fold change 

(Supplementary Tables 2–5) were calculated for each experimental group, using the 

following formulae:

(i) Δ CT (treatment [Old, SMC, MA]) = Avg CT (target gene) − Avg CT (endogenous
control gene [18S])

(ii) Δ CT (control [Young, EC, SEA]) = Avg CT (target gene) − Avg CT (endogenous control
gene [18S])
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(iiii) ΔΔ CT = Δ CT (treatment) − Δ CT (control)

(iv) Fold Change = 2−ΔΔCT

The formula 2−ΔΔCT was applied to the analysis of relative expression (i.e., fold change) 72. 

For each gene in the arrays, fold-change comparisons were made based on cell type (SMC 

vs EC), vessel type (MA vs SEA), and age (Old vs Young) across each experimental group. 

An unpaired, equal variance t-test was used to compare average CT values from the five 

biological replicates within each experimental group to determine significant differences (P 

≤ 0.05) and thereby identify genes that were differentially expressed based upon cell type, 

vessel type and age group. P-values were then adjusted to account for multiple comparisons 

using the Benjamini-Hochberg procedure74 with P-values remaining < 0.05 considered 

significant. All adjusted P-values are listed alongside fold-change values in Supplementary 

Tables 3–5. Variance box plots (Supplementary Figures 1–3) show the variance of CT 

measurements for biological replicates across all genes used to calculate the differential 

expression levels of the genes for each comparison. Each “Box” represents the range of 

values for the expression level of all genes in one replicate, along with the standard 

deviation. The plots were created using R software standard libraries, with ggplot2 and 

reshape libraries used to calculate the variance and create the boxplots.

TIGR Multiexperiment Viewer (T-MeV; version 4.9) 75 was used to perform hierarchical 

clustering, heat map visualization, coexpression analysis and biological theme discovery. 

Sorting gene expression data using hierarchical clustering and visualizing changes in 

expression with heat maps (Figure 2) facilitates identifying groups of genes that have higher 

or lower expression within a defined comparison. Generally, genes responding in the same 

manner tend to be involved in related functions and associated pathways. To achieve a color 

gradient in heat maps, significant increases in gene expression were scaled according to the 

following scheme using 2−ΔΔCT values for fold change: 1 −10 = 1; 10–50 = 2; 50–100 = 3; 

100–1000 = 4; and >1000 = 5, creating five possible shades of red. To increase the 

numerical spread for genes with reduced expression, values (v) were scaled as:

(v) [1 + (2−ΔΔCT)] × ( − 1)]

to create a gradient of values between 0 and −2. Across all comparisons of cell type, vessel 

type and age, a hierarchical analysis was applied to cluster differentially expressed genes.

Gene coexpression analysis using matrix visualization (Figure 3) helps to identify genes 

having a similar expression pattern with other genes in terms of the Pearson correlation 

coefficient (PCC). T-MeV was used to construct the gene-gene coexpression matrix, which 

identifies similarities and differences between two genes based on their expression profiles 

across all samples tested. Perfect similarity between gene expression (i.e., coexpression) is 

depicted by PCC=1 value (bright red) while dissimilar gene expression patterns are shown 

by PCC=0 (black), with intermediate values falling throughout the red-to-black gradient. 

The clustering of genes shown in the dendrogram of Figure 3 is based on the Euclidian 

distance matrix and represents clusters of genes that tend to be coexpressed together.
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Gene network analysis (Figure 4) was performed by visualizing genes in Cytoscape, with 

functions extended by the addition of plugins 76. Genes are represented and grouped as 

nodes according to expression levels. Cytoscape utilizes a node list file that defines the 

parameters for the nodes in the network, in this case, the expression levels of each gene. 

These data are combined with an edge list file that defines the properties of the nodes using 

known and predicted protein information mined from PPI databases. The mouse protein-

protein network of the STRING database 77,78 is built from highly curated experimental 

interactions obtained from public databases such as The Protein Data Bank 79 and text-

mining based on published literature. This PPI network was used as a framework to generate 

a network whereby protein names are nodes and the distances between nodes are defined by 

the confidence score of the interaction between respective proteins. In the present study, 

expression changes (or lack thereof) of each gene are integrated into this analysis to 

elucidate links within a network according to their expression patterns (Figure 4).

Differentially expressed genes were also linked to common physiological functions using 

Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways. A rankings-based analysis 

of the 80 target genes (Figure 5) determined KEGG pathways that include ≥ 5 differentially 

expressed genes from the PCR arrays. These correlations provide insight into pathways and 

associated networks contributing to functional differences between experimental groups; 

e.g., cell type, vessel type and the effects of aging as studied here.

RESULTS

Gene expression: CT, ΔCT and fold-change values

Each of the 2 custom arrays included 40 genes of interest + 7 control genes + no RT control 

(Supplementary Table 1). Average CT values for each EC and SMC sample are listed in 

Supplementary Table 2, with fold-changes in expression listed in Supplementary Tables 3–5. 

Across comparisons of cell type, vascular bed and age a total of 68 genes had significant (P 

< 0.05) differences in expression as shown in a Venn diagram (Figure 1; listed in 

Supplementary Table 6). Within these 68 differentially-expressed genes, cell type (SMC vs. 

EC) comparisons included 66 significant differences across vessel type and age. Vessel type 

comparisons (SEA vs. MA) had 26 significant differences across cell type and biological 

age, while age had 23 significant differences across vessel type and cell type (Figure 1 and 

Supplementary Tables 3–6). Many differentially-expressed genes overlap between groups.

With significant differences in gene expression for each of our 3 group comparisons, data 

were normalized to the control gene 18s (equations i and ii in Methods), yielding the ΔCT 

values for each gene listed in Supplementary Table 2. The ΔCTs were then used to generate 

ΔΔCT and 2−ΔΔCT values for each gene across all combinations of cell type, vessel type and 

age; adjusted P-values are given with respective fold-changes (Supplementary Tables 3–5). 

These data provide a physiological index of differences in gene expression for 

bioinformatics and network analysis.
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Heat maps and distance matrices

Heat maps and coexpression analysis were generated with T-MeV based upon the program’s 

default parameters for all genes of interest. In the heat map with hierarchical clustering 

(Figure 2), the gene differential expression scale was prepared to depict a color gradient 

ranging from −2 to +5 to best visualize unchanged genes and the differentially expressed 

genes, which spanned a range of fold-change values > 106 (Supplementary Tables 3–5). In 

the heat map, black represents genes with no significant change in expression (i.e., average 

ΔCT P-value > 0.05) for the listed gene. The green gradient represents genes with 

significantly lower expression, while the red gradient represents genes with significantly 

increased expression. The average linkage analysis method 80 was used in hierarchical 

clustering analysis (Figure 2). The greatest number of differences in gene expression 

occurred with cell type, with fewer differences between vessel types while biological age 

had the smallest affect.

A gene distance matrix (Figure 3) was generated to gain insight into potential coexpression 

between each of the target and control genes in the study. This matrix illustrates (1) 

coexpression level of gene pairs within the matrix and (2) hierarchical clustering of genes 

with similar coexpression patterns for groups ion channel and receptor genes across cell 

type, vessel type, and age. The hierarchical clustering highlights several large groups of 

genes with similar coexpression patterns across all genes tested, observable both in the 

dendogram and visually as large blocks with similar color patterns in the matrix (Figure 3).

Network and functional analysis: Cytoscape and KEGG pathway analysis

To better understand the potential for physical and functional interactions involving the 

genes and resultant proteins in this study, the gene list was analyzed using publicly available 

mouse protein-protein interactions data from the STRING database 77,78. The STRING 

database contains PPI datasets for multiple species, each curated on the basis of several 

metrics that culminate in a single confidence score that defines the level of physical and/or 

functional interaction between a pair of designated proteins. A constrained interaction list 

containing only the target receptors and ion channels in this study was used to build the 

backbone of the network in Cytoscape 76, which was overlaid by our values for differentially 

expressed genes. The Allegro plugin 81 in Cytoscape was used to sort and build the network 

based on confidences score between proteins. Nodes in the network depict genes and were 

colored to match changes in gene expression (Figure 4). Red depicts genes with increased 

expression, green depicts genes with decreased expression and yellow indicates 

“ambiguous” genes having both increased and decreased expression within the 4 sub-

comparisons in the same category (i.e., different colors within the 4 columns of the 

heatmaps for cell type, for vessel type and/or age group). Gray indicates genes with no 

differential expression. These networks highlight both the interconnected nature of 

differentially expressed genes and the unique patterns by which they vary based on cell type, 

vessel type and biological age.

Following analysis of gene/protein interactions using Cytoscape, the KEGG pathway 

resource further characterize the specific pathways affected by the up- and down-regulated 

genes characterized in the present study. Figure 5 depicts a summary of the number of 
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differentially expressed genes mapped to metabolic pathways as classified in the KEGG 

database. The highest mapped pathways are calcium signaling, neuroactive ligand-receptor 

interaction and cGMP-PKG signaling. This outcome is consistent with selecting target genes 

based upon their association with vasomotor control.

DISCUSSION

This study was designed to test the hypothesis that the expression of ion channels and 

receptors associated with vasomotor control vary with cell type (SMC vs. EC), vessel type 

(SEA vs. MA) and biological age (Old vs. Young) using the mouse as a model system. 

Finding the greatest differences in gene expression between SMCs and ECs was expected 

given the distinct roles between the intima and media in vascular function. The major 

differences between cell types encompassed multiple ion channel and receptor families 

including those whose roles in vascular function are well-characterized and those whose 

roles have yet to be defined. While fewer between vessel types than between cell types, 

differences centered on calcium signaling in both SMCs and ECs. Differences in transcript 

levels need not translate to stoichiometric differences in protein expression, but even subtle 

changes in transcription may contribute to regional heterogeneity in vascular function. 

Remarkably, age was the variable having the fewest differences in gene expression but even 

here the most apparent differences were in channels and receptors related to calcium 

signaling. Relatively few differences between age groups for either cell type or vessel type is 

also consistent with healthy aging exerting only subtle effects on vascular function.

Differential gene expression based on cell type

Across all genes tested, 16 had higher or lower expression (as depicted in the heat maps) 

across all 4 cell type comparisons, indicating that many differences between ECs and SMCs 

persist across vascular beds and ages. All 16 of these genes had increased expression in 

SMCs vs. ECs (Figure 2, Supplementary Table 3) and many are known to exert vasomotor 

effects via SMCs including: adrenergic receptors (Adra1a, and Adra1d)43, angiotensin II 

receptors (Agtr1a) 66,82, T-type Ca2+ channels (Cacna1g and Cacna1h) 83, BKCa channels 

(Kcnma1 and Kcnmb1) 10, NPY receptors (Npy1r) 42, and TRP C3 (Trpc3) and C6 (Trpc6) 
channels 15. Several genes with increased expression in SMCs have controversial or unclear 

roles in vasomotor function. For example, 4 purinergic receptor genes (P2rx5, P2rx6, P2ry12 
and P2ry14) had greater expression in SMCs of both young and old SEAs and MAs however 

evidence for their functional significance is limited. Previous studies have typically failed to 

detect P2rx5 84 or P2rx6 85 in either SMCs or ECs from MAs or found P2rx5 expression at 

the limit of detection 85,86. Expression of P2rx6 has been reported for pig aortic SMCs 87 

and for cultured human vascular ECs 88. However, because cell culture alters the expression 

of ion channels and receptors in vascular SMCs and ECs 2,89, it can be difficult to compare 

such findings to native cells with respect to “constitutive” gene expression.

Interpreting expression and/or functional data regarding P2X receptors is complicated by the 

ability of these channels to form heteromultimers. For example, detection of expression 

and/or currents though P2X5 receptors may result from a P2X1/5 heteromultimer 90. P2ry12 
and P2ry14 gene expression and protein function have indicated SMC-specific expression, 
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with a role in vasoconstriction defined in multiple studies and vascular beds 57,91,92. The 

presence of P2Y12 receptors on ECs remains unclear. Functional studies in thoracic aorta 

suggest no role in endothelium-dependent relaxation of SMCs 93, but the expression of 

P2ry12 has been demonstrated in ECs of the blood-brain barrier 94. Our study suggests that 

due to robust expression of P2ry12 on SMCs and negligible expression on ECs, these 

receptors on SMCs are likely of greater physiological significance in vasomotor control than 

on ECs. Cell-specific differences in purinergic receptor expression point to their potential as 

future targets for pharmacological treatments within the resistance vasculature.

When comparing gene expression based on cell type, a remarkable trend was the relative 

consistency in increased- or decreased levels across vessel type and biological age. However, 

there were a subset of 22 genes for which only 3 of 4 subgroups changed in the same 

direction (increased or decreased), with Young MA being the outlier 19 times (Figure 2, 

Supplementary Table 3); data were internally consistent between biological replicates (see 

Supplementary Table 2 of raw CT data). The relatively lower difference in gene expression 

between SMCs and ECs in MAs from young vessels suggests that it may be more difficult to 

target one cell layer vs. the other in physiological experiments as well as clinical 

applications. Combined with other differences between vessel types, these data may 

question the use of MAs from young mice as a “typical” resistance artery and highlight the 

importance of evaluating function in multiple vascular beds.

Differential gene expression based on vascular bed

In contrast to differences in gene expression based on cell type, there were few differences 

based on vessel type. In fact, none of the genes included in this study had significantly 

increased or decreased expression across Young or Old ECs or SMCs from MA vs. SEA. 

Further separating the data based on cell type (which accounts for the most differences in 

gene expression), SMCs expressed 4 genes that were differentially expressed in SMCs from 

MA vs. SEA (Figure 2, Supplementary Table 4). One subtype of the sarcoplasmic reticulum-

localized ryanodine receptor (Ryr3) were expressed less in the SMCs of MA vs. SEA, and 

one subtype each of small-conductance Ca2+-activated K+ channels (Kcnn1), muscarinic 

receptors (Chrm2) and TRPC channels (Trpc4) had higher expression in SMCs from MA vs. 

SEA. Given the importance of RyRs and SK channels to the regulation of Ca2+ signaling 

and vascular tone 10,95, large differences in the expression of these genes in SEAs vs. MAs 

suggests that differences in SMC Ca2+ signaling pathways contribute to functional 

heterogeneity in respective (mesenteric and skeletal muscle) vascular beds.

In ECs, 6 genes were expressed differently in MAs vs. SEAs, with 3 (P2ry10, P2rx3 and 

Trpv1) at higher levels in MAs. The functional roles of P2Y10 (a “purinergic” receptor 

reclassified as an orphan receptor) and P2X3 proteins are not established in the vasculature. 

Finding increased levels of P2rx3 in MA vs. SEA ECs is consistent with a recent study that 

failed to detect its expression in skeletal muscle femoral arteries 96 while pointing to this 

receptor as a potential cause of regional heterogeneity in vascular function. Our results for 

Trpv1 expression are consistent with a study showing decreased Trpv1 mRNA expression in 

rat mesenteric vs. skeletal muscle arteries 97. Expression of 2 genes was lower in ECs from 

MA vs. SEA: P2rx6 and Npy1r. Negligible expression of P2rx6 in MAs is consistent with 
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earlier findings 85 and underscores different roles of purinergic receptor subtypes across 

vascular beds. The variable expression of NPY1 receptors in ECs from MA vs. SEA is 

novel, particularly in light of the belief that this receptor’s vasomotor effects are typically 

mediated via expression on SMCs 8,98. The potent vascular effects of NPY and the paucity 

of studies exploring its NPY1 receptor-mediated endothelial effects suggest that this 

difference in expression based on vascular bed warrants further study.

Differential gene expression based on age

Age-wise comparisons yielded the lowest proportion of differentially expressed genes 

(Figures 1, 2). Similar to MA vs SEA comparisons, there were no genes with significantly 

increased or decreased expression across all 4 subgroups tested. In contrast, subdividing the 

samples by cell type highlights only 1 difference in expression in Old vs. Young samples. 

Endothelial cells had increased Kcnj8 (Kir 6.1) expression in Old vs. Young. Kir 6.1 subunits 

are a critical component of KATP channels, which are impaired in some arteries during aging 
99, suggesting that an increase in Kir 6.1 may alter the function of KATP channels with 

advanced age. All 22 other significant differences in gene expression in Old vs. Young were 

observed in just 1 of the 4 sample groups tested. Because no differences in gene expression 

were related age alone (Figure 1), broadly interpreting the physiological significance of 

these 22 differences remains difficult. However, these unique patterns of gene expression 

may contribute to heterogeneity in age-related changes between vascular beds.

Gene coexpression and molecular interaction networks

Construction of the coexpression matrix provides insight in gene expression trends across 

samples of both cell types, vessel types and ages (Figure 3). The lack of many distinct 

patterns of coexpression (blocks of similar color in the matrix) highlights the large degree of 

heterogeneity in gene coexpression patterns within the vasculature. Examination of the 

matrix demonstrates many strong associations in expression patterns between individual 

and/or families of ion channels and receptors, some of which serve as a “positive control” 

for the coexpression analysis. For example, Ramp1 and Calcrl, the genes for two critical 

protein components of a functional CGRP receptor, are shown to be highly coexpressed with 

each other, as predicted (note bright red color in Ramp1-Calcrl, Figure 3). Other expected 

observations help validate the hierarchical clustering within the matrix, including the tight 

clustering of controls repeated in both arrays (Acta2, Nos3, Gapdh, Actb, Gusb). The genes 

corresponding to many closely-related proteins also were grouped together, including L-type 

VGCCs (Cacna1c, Cacna1d), α1-ARs (Adra1a, Adra1b, Adra1c), PPARs (Ppara, Pparg). In 

contrast, many gene families included in this study clustered heterogeneously, with some 

members tightly associated and others with greater Euclidean distances. For example, of the 

TRPC channel genes, some clustered closely (Trpc3 and TrpC6, Trpc1 and TrpC5), while 

Trpc4 clustered separately from other groups. Understanding patterns of coexpression both 

within and between gene families provides insight into which specific targets may have 

unique physiological functions in the vasculature.

It is also important to note that the genes shown to demonstrate moderate-to-high 

coexpression across all samples are not necessarily the same genes with differential 

expression based on cell type, vascular bed or aging. Similarly, coexpression of two genes 

Boerman et al. Page 14

Microcirculation. Author manuscript; available in PMC 2019 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



does not necessarily indicate a high chance of protein-protein interaction (PPI), as shown in 

the molecular interaction networks (Figure 4A–C). This point is illustrated by comparing 

Npy1r and Calcrl in our analyses. Across all samples tested, Npy1r and Calcrl exhibited high 

coexpression (i.e., Pearson coefficient >0.75 and bright red color in Figure 3). However, 

these genes showed differential expression in opposite directions for both cell type (Figure 

4A), only 1 differentially expressed in vessel type (Figure 4B) and no change in expression 

of either gene with aging (Figure 4C). In addition, examination of the protein-protein 

interactions of these genes using the STRING database and illustrated with Cytoscape show 

no demonstrated or predicted interactions between these proteins (Figure 5). Interestingly, 

the interaction networks highlighted that both Npy1r and Calcrl likely have protein 

interaction with P2ry14, which had increased expression in SMC vs. EC, MA vs. SEA and 

Young vs. Old samples (Figure 5). These 3 genes/proteins participate in the KEGG pathway 

“neuroactive ligand-receptor interaction,” which was one of the most significant 

physiological pathways identified in this study based on the number of differentially 

expressed genes in each comparison (Figure 5). Clearly, neither gene expression nor network 

analysis alone will guarantee findings of altered protein expression or function. Only 

functional studies comparing cell type, vessel type and aging can ultimately determine the 

physiological significance of the interactions suggested by the present findings. 

Nevertheless, our gene expression measurements coupled with bioinformatics analysis tools 

provide a reference from which to identify the best receptor and ion channel candidates to 

include in future studies of signaling events in resistance arteries.

Summary

Our findings illustrate that transcript levels for ion channels and receptors differed to the 

greatest extent with cell type while relatively few were altered significantly by advanced age. 

That the pattern of differentially expressed genes was not uniform across cell type or vessel 

type highlights the heterogeneous effect aging has in different vascular beds. Additional 

studies are needed to extend these results with respect to protein expression and functional 

significance in the vasculature. In total, the gene expression measurements, coexpression 

data, and network associations identified here illustrate the application of bioinformatics to 

the analysis of qPCR gene expression data sets as they pertain to the vasculature.

Perspectives

In mouse superior epigastric vs. mesenteric arteries, 80 ion channel and receptor genes 

display the greatest differential expression between cell type (smooth muscle vs. 

endothelium), followed by vessel type and biological age (~4 vs. ~24 mo). Bioinformatic 

analysis provides insight into gene coexpression patterns, likely protein-protein interactions 

and signaling pathways. These findings highlight changes in gene expression with respect to 

their interactions and physiological functions and may serve to direct future studies of 

altered signaling within the vascular wall.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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ABBREVIATIONS

[Ca2+]i intracellular calcium concentration

Ang II angiotensin II

AR adrenergic receptor

BKCa large conductance calcium-activated potassium channel

CALCRL calcitonin receptor-like receptor

cAMP cyclic adenosine monophosphate

CGRP calcitonin gene-related peptide

CRAC calcium release activated channel

CT critical threshold

EC endothelial cell

EDH endothelium-dependent hyperpolarization

ER endoplasmic reticulum

EK Equilibrium (Nernst) potential for potassium

IKCa intermediate conductance calcium-activated potassium channel

IP3R inositol (1,4,5)-trisphosphate receptors

KATP ATP-sensitive potassium channel

KEGG Kyoto Encyclopedia of Genes and Genomes

Kir inwardly-rectifying potassium channels

MA mesenteric arteries

NE norepinephrine

NO nitric oxide

NPY neuropeptide Y

PCC Pearson correlation coefficient
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PKA protein kinase A

PPAR peroxisome proliferator-activated receptor

PPI protein-protein interaction

RAMP1 receptor activity modifying protein 1

ROCE receptor-operated calcium entry

RyR ryanodine receptor

SEA superior epigastric artery

SKCa small conductance calcium-activated potassium channel

SMC smooth muscle cell

SOCE store-operated calcium entry

SP substance P

STIM stromal interaction molecule

STOC spontaneous transient outward current

STRING Search Tool for the Retrieval of Interacting Genes/Proteins

TRP transient receptor potential

VGCC voltage-gated calcium channels

Vm membrane potential
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Figure 1. Differential gene expression based on cell type, vessel type and age
Venn diagram depicts number of differentially expressed genes using 2−ΔΔCT (fold-change) 

values and P-values at a 0.05 threshold (Avg CT P < 0.05): SMC vs. EC (purple), MA vs. 

SEA (yellow) and Young vs. Old (green). Intersections represent differentially expressed 

genes that are shared between comparisons.
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Figure 2. Heat map representation and hierarchical clustering of gene expression changes
Data represent differential gene expression profiles (2−ΔΔCT i.e., fold-changes) for genes 

listed along ordinate. Yellow vertical lines designate 3 levels of analyses for respective 

column headings: Left: Cell type (SMC vs. EC) across vessel type and age group. Center: 

Vessel type (MA vs. SEA) across cell type and age group; Right: Age (Young vs. Old) 

across cell type and vessel type. Control genes (Nos3, Acta2) are listed twice based upon 

their use in both arrays compiled for all genes depicted. Red indicates increased expression 

and green indicates decreased expression; color intensity indicates the magnitude of 

difference in expression according to horizontal scale at top. Black depicts genes with no 

significant difference in expression. Values were hierarchically clustered based on average 

linkage analysis as depicted in the dendrogram on the left of the heatmap.
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Figure 3. Coexpression of genes
The clustered matrix was obtained using the Pearson distance between expression profiles of 

genes across all comparisons of cell type, vessel type, and biological age. A PCC of 0 

(black) indicates no interaction; a PCC of 1 (bright red) indicates 100% interaction; shading 

indicates level of interaction according to scale at top left. Diagonal white line indicates each 

gene compared to self. Relationships between groups of genes are represented by the 

dendrogram on the left of the figure. Its’ hierarchical clustering is based on the Euclidian 

distance matrix depicting the level of dissimilarity between the PCC of clusters of genes. 

The dendrogram illustrates the organization of these clusters with relation to other clusters 

within the gene list. Genes clustered more closely within the dendrogram (i.e., shorter 

brackets) have a higher degree of similarity in their coexpression profiles.
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Figure 4. Protein-Protein Interaction Networks
Images are networks depicting predicted PPIs based on STRING database mining for all 

measured genes based on Cell Type (SMC vs.EC), Vessel Type (MA vs. SEA) and 

Biological Age (Young vs. Old). The PPI network data forms the backbone and connections 

of the network, with lines indicating likely interactions between the proteins coded by each 

gene. The color coding of the nodes represents the change (of lack thereof) in expression 

level of the gene. Genes in red have increased expression, green have decreased expression, 

yellow have variable expression changes, and gray have no differential expression within 

each comparison group.
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Figure 5. Number of Differentially expressed genes mapped to KEGG pathways
The chart depicts the number of differentially expressed genes from each comparison that 

were found to be part of a metabolic pathway as classified in the KEGG database. The chart 

has been truncated at 5 genes per pathway, and therefore does not list any pathways mapped 

to < 5 differentially expressed genes.
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