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Abstract

Low, oscillatory flow/shear patterns are associated with atherosclerotic lesion development. 

Increased expression of KCa3.1 has been found in Vascular Smooth Muscle (VSM), macrophages 

and T-cells in lesions from humans and mice. Increased expression of KCa3.1, is also required 

for VSM cell proliferation and migration. Previously, we showed that the specific KCa3.1 

inhibitor, TRAM-34, could inhibit coronary neointimal development following balloon injury in 

swine. Atherosclerosis develops in regions with a low, oscillatory (i.e. atheroprone) flow pattern. 

Therefore, we used the Partial Carotid Ligation (PCL) model in high-fat fed, Apoe−/− mice to 

determine the role of KCa3.1 in atherosclerotic lesion composition and development. PCL was 

performed on 8–10 week old male Apoe−/− mice and subsequently placed on a Western diet 

(TD.88137, Teklad) for 4 weeks. Mice received daily s.c. injections of TRAM-34 (120 mg/kg) 

or equal volumes of vehicle (peanut oil, PO). 1-[(2-chlorophenyl) diphenylmethyl]-1H-pyrazole 

(TRAM-34) treatment reduced lesion size ~50% (p < 0.05). In addition, lesions from TRAM-34 

treated mice contained less collagen (6% ± 1% vs. 15% ± 2%; p < 0.05), fibronectin (14% 

± 3% vs. 32% ± 3%; p < 0.05) and smooth muscle content (19% ± 2% vs. 29% ± 3%; p < 

0.05). Conversely, TRAM-34 had no effect on total cholesterol (1455 vs. 1334 mg/dl, PO and 

TRAM, resp.) or body weight (29.1 vs. 28.8 g, PO and TRAM, resp.). Medial smooth muscle 

of atherosclerotic carotids showed diminished RE1-Silencing Transcription Factor (REST)/Neural 

Restrictive Silencing Factor (NRSF) expression, while REST overexpression in vitro inhibited 

smooth muscle migration. Together, these data support a downregulation of REST/NRSF and 

upregulation of KCa3.1 in determining smooth muscle and matrix content of atherosclerotic 

lesions.
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1. INTRODUCTION

Despite lipid lowering and emerging anti-inflammatory agents, atherosclerosis remains the 

leading cause of death in both men and women in the United States [1,2]. An estimated 

15 million Americans >20 years of age have Coronary Heart Disease (CHD) while each 

year ~635,000 Americans have a new coronary attack and ~300,000 have a recurrent attack 

[1]. Atherosclerosis is an inflammatory, proliferative disease that develops over decades, and 

includes the involvement of numerous cell types including endothelial cells, smooth muscle 

cells, fibroblasts, macrophages, T-cells, and B-cells as well as platelets. The intermediate

conductance Ca2+-activated K+ channel (KCa3.1) is expressed in all of these cell types, 

and contributes to T-cell, B-cell, fibroblast, and vascular Smooth Muscle Cells (SMC) 

proliferation; as well as the migration of Vascular Smooth Muscle (VSM) and macrophages 

and platelet coagulation [3–7]. Accordingly, increased expression of the KCa3.1 has been 

observed in smooth muscle, macrophages and T-cells in atherosclerotic lesions from humans 

and mice [6], while treatment of Apoe−/− mice with the KCa3.1 inhibitor, TRAM-34, 

produced smaller lesions in the aortic root [6]. Synthetic, proliferating VSM cells increase 

expression of KCa3.1, such that it becomes the dominant K+ channel [7,8]. Although the cell 

type-specific relative contribution of KCa3.1 activation during atherosclerosis has not been 

determined, upregulation of KCa3.1 has been observed in neointimal smooth muscle cells of 

balloon-injured rat carotid arteries [6,9]. In addition, we showed that acute administration of 

TRAM-34 during coronary angioplasty could inhibit lesion development in a swine model 

of coronary restenosis that is predominantly a smooth muscle proliferative response [4]. 

Thus, KCa3.1 activation in VSM likely contributes to plaque formation.

Atherosclerotic lesions are known to develop predominantly in regions of disturbed flow 

characterized by low, oscillatory shear in humans and animal models of atherosclerosis 

[10,11]. Partial ligation of the mouse carotid artery reduces blood flow and shear >90%, 

producing disturbed flow with characteristic low and oscillatory wall shear stress [12–15]. 

When partial carotid ligation is performed in a mouse model of atherosclerosis, e.g. the 

Apoe null mouse on a high cholesterol diet, complex atherosclerotic lesions develop in 

the carotid artery proximal to the ligation inducing endothelial dysfunction at 1 week and 

advanced lesions by 4 weeks [13,16].

In the early stages of atherosclerosis, arteries enlarge in relation to plaque area (i.e. outward 

or positive remodeling) to preserve lumen until lesion area exceeds ~40% of vessel area 

[17], a.k.a. Glagov’s phenomenon. In human atherosclerotic coronary arteries, lumen areas 

are maintained in regions of low shear despite an increase in plaque size by an increase 

in vessel area, i.e. the external elastic lamina area [18]. Approximately 60% of arteries 

compensate appropriately, while others fail to remodel or show excessive expansive outward 

remodeling which increases risk for plaque rupture. Smooth muscle de-differentiation, 

migration and matrix remodeling are essential to vascular remodeling. Whether KCa3.1 
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activation plays a role in compensatory remodeling during atherosclerosis is unknown. Thus, 

we sought to determine the role of KCa3.1 in atherosclerosis development and compensatory 

remodeling in a model of disturbed flow.

2. MATERIALS AND METHODS

2.1. Ethics Statement

Experimental protocols were approved by the University of Missouri Animal Care and Use 

Committee and in accordance with the “Principles for the Utilization and Care of Vertebrate 

Animals used in testing, Research and Training.”

2.2. Experimental Animals

Male Apoe−/− mice (B6.129P2-Apoetm1Unc/J) were purchased from Jackson Laboratory 

(Bar Harbor, MN, USA) and were fed ad libitum with standard chow diet until surgery at 

8–10 weeks of age. Partial carotid ligation was performed as previously described [13,19]. 

Partial carotid ligation involves ligation of three of the four branches of the Left Common 

Carotid Artery (LCCA: see Figure 1), leaving only the superior thyroid branch patent. Mice 

were anesthetized by intra-peritoneal injection of xylazine (10 mg/kg) and ketamine (80 

mg/kg). The ventral side of the neck was epilated, disinfected and a ventral midline incision 

was made to expose the left carotid artery. The Internal Carotid Artery (ICA), External 

Carotid Artery (ICA) and occipital artery were ligated with 6-0 silk suture. The incision 

was approximated and closed with surgical glue. Following surgery, mice were switched 

to a Western diet (0.2% cholesterol, 42% kcal from fat; TD.88137, Teklad Diets, Envigo, 

USA) and received daily subcutaneous injections of TRAM-34 (120 mg/kg; n = 12) or 

equal volumes of vehicle (peanut oil, PO; n = −10). Four to five weeks post-surgery, mice 

were anesthetized and perfusion fixed at 80 mmHg with 10% neutral-buffered formalin. 

The LCCA (distal, mid and proximal) and Right Common Carotid Artery (RCCA) were 

dissected, fixed and embedded in paraffin for subsequent histology.

2.3. Doppler Flow Measurement

Doppler velocity signals were measured on both LCCA and RCCA arteries using a 

high-resolution ultrasound (Vevo 2100, VA Small Animal Imaging Core). After induction 

with 3–4% isoflurane in a stream of oxygen anesthetized mice were placed supine on a 

thermostatically controlled heated platform (Indus Instruments Mouse Monitor-S vital signs 

monitoring system) set to 40–42°C and limbs were taped to ECG electrodes embedded in 

the surface of the platform. Isoflurane level during the rest of the procedure was maintained 

at 1.5–2% and ECG, HR, and respiration rate was continuously monitored. The probe was 

placed on the left and right sides of the neck, close to the carotid entrances and oriented 

toward the flow at a 45° angle, to detect flow velocity. Doppler spectra were recorded for 

offline analysis.

2.4. Immunohistochemistry

Immunohistochemistry was performed as previously described [4]. Sections were incubated 

with avidin–biotin two-step blocking solution (Vector SP-2001, Vectorlabs, USA) to 

inhibit background staining and 3% hydrogen peroxide to inhibit endogenous peroxidase. 
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Non-serum protein block (Dako X909, Agilent, USA) was then applied to inhibit non

specific protein binding. Sections were incubated at 4°C overnight with primary antibodies 

SMαA (1:200, Dako catalog #M0851), fibronectin (1:500, Santa Cruz catalog #8422) 

and REST/NRSF (1:20,000, gift from Dr. David Beech). After washing, sections were 

incubated with biotinylated secondary antibody in phosphate-buffered saline containing 

15 mM sodium azide and peroxidase-labeled streptavidin (Dako LSAB+ kit, peroxidase, 

K0690, Agilent, USA). Diaminobenzidine (Dako, Agilent, USA) was applied 5 min for 

visualization of the reaction product, sections were then counterstained with haematoxylin, 

dehydrated, and coverslipped. Images of the sections were obtained using an Olympus 

BX61 photomicroscope and Spot Insight Color camera (Diagnostic Instruments, USA). The 

relative area and mean density of positive staining were determined for each section of 

interest utilizing ImagePro Plus (Media Cybernetics, Rockville, MD, USA).

2.5. Morphology

Sections were obtained from the proximal, mid and distal portions of the LCCA. 

Morphometric measurements were obtained on spatially calibrated images of Verhoeff-Van 

Gieson (VVG) stained sections using standard planimetry and NIH Image J software 

(Bethesda, MD, USA). Intimal area was defined as the area between the Internal Elastic 

Lamina (IEL) and the luminal border of the artery while the area between the IEL and 

External-Elastic Lamina (EEL) was referred to as the medial area. Intima-Media ratio (I/M) 

was calculated as the ratio of intimal-over medial-areas. Percent stenosis was defined as 

intimal area/IEL area.

2.6. Blood Analysis

Total cholesterol content was determined by Comparative Clinical Pathology Services, LLC 

(Columbia, MO, USA) from serum collected the day of euthanasia.

2.7. Cell Culture

Primary cultures of Mouse Aortic SMC (MASMC) from WT control B6 (C57BL/6, JAX) 

and Kcnn4−/− (B6; 129S1-Kcnn4tm1Jemn/J, JAX) mice were isolated from the thoracic, 

following removal of adventitia [20]. Cells were plated at 1.5 × 104 cells/cm2 in DMEM/

F-12 media (Thermo Fisher 11320-033, Waltham, MA, USA) containing 100 U/mL pen/

strep, 1.6 mM L-glutamine, and 10% FBS for 4–5 days until post-confluent, changing media 

every 2 days. Cells (passage 2–6) were then serum restricted for 24–48 h prior to use.

2.8. REST Overexpression

Post-confluent 6 day serum-starved cells were trypsinized and placed in basic smooth 

muscle cell nucleofection solution (Amaxa) with Adenovirus containing REST (AdREST). 

Each sample contained 1 × 106 cells, 100 μL of nucleofection solution, and 600 pmol 

of siRNA. Samples were placed in electroporation cuvettes (Amaxa, Lonza, Basel, 

Switzerland) and nucleofected using program D-33 of the Amaxa nucleofector device. 

Following nucleofection, cells were immediately placed in RPMI media and incubated at 

37°C and 5% CO2 for 15 min.
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2.9. Chemotaxis

Smooth muscle migration was performed as previously [7]. Post-confluent day serum

restricted MASMCs were plated at 30,000–40,000 cells per well in the upper chamber 

of a 10 μm pore 96-well chemotaxis chamber (Millipore, MA, USA). The following 

solutions were placed in the lower chamber (diluted in serum-free media): vehicle, Platelet

derived Growth Factor (PDGF)-BB (30 ng/mL), and PDGF-BB + TRAM-34 (100 nM). The 

chamber was placed at 37°C overnight. Cells from the upper chamber were removed, and 

the filters were stained using the Diff-Quik Staining Kit (Fisher Scientific, Waltham, MA, 

USA). The migrated cells in a 40X field were manually counted.

2.10. Quantitative Reverse-Transcriptase PCR (qRT-PCR)

Quantitative reverse-transcriptase PCR (qRT-PCR) was performed as previously described 

[7,21,22]. Samples were quick frozen in liquid nitrogen and stored at −80°C until 

processed. Cultured cells were frozen in TRIzol solution. Total RNA was isolated according 

to the TRIzol published protocol. cDNA was transcribed from total RNA using High 

Capacity cDNA reverse transcriptase kit (Applied Biosystems 4368814, Foster City, CA, 

USA). A minus reverse transcriptase reaction was performed to ensure no genomic DNA 

contamination. Quantitative RT-PCR was performed on a MyiQ iCycler (Bio-Rad, model 

170-9770). Each 20 μL reaction contained 1X Syber Green Master Mix (Bio-Rad, Hercules, 

CA, USA), 0.8 μM forward and reverse primers, and 1 μg of cDNA. Each reaction was 

initiated by a 95°C hold for 3 min in order to activate heat stable Taq polymerase, and 

reaction conditions were optimized for each set of primers. Target gene expression was 

normalized to 18S ribosomal RNA using the 2−ΔΔCT method [23].

2.11. Adenoviral Transfection and Migration Assay

Cells were serum-starved for 24 h, and then infected with adenovirus expressing the DNA

binding domain of REST (amino acid residues 234–437) inserted into pAdTrack-CMV [24] 

(AdREST, gift from Dr. Ian Wood) at an MOI of 100 plaque forming units for 24 h at 37°C. 

Cells were cultured in non-virus containing serum-free media for an additional 24 h and 

then plated at 30,000–40,000 cells per well in the upper chamber of a 10 μm pore 96-well 

chemotaxis chamber (Millipore). The following solutions were placed in the lower chamber 

(diluted in serum-free media): vehicle, PDGF-BB (30 ng/mL), and PDGF-BB + TRAM-34 

(100 nM). The chamber was placed at 37°C for 4 h. Cells from the upper chamber were 

removed, and the filters were stained using the Diff-Quik Staining Kit (Fisher Scientific). 

The migrated cells in a 40X field were manually counted.

2.12. Statistical Analysis

All data are presented as mean ± SE. One-way ANOVA was used for all group comparisons, 

and significance was defined as p < 0.05. Data from the proximal, mid and distal segments 

were averaged for each animal unless a significant main or interaction effect of section was 

identified by initial two-way ANOVA.
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3. RESULTS

3.1. Group Characteristics

Body weights for control and TRAM-34 treated mice were similar at the beginning (25.3 ± 

0.6 g vs. 25.9 ± 0.4 g, resp.) and end (29.1 ± 1.0 vs. 28.8 ± 0.7 g, resp.) of the study (p > 

0.05). Total cholesterol at the time of sacrifice was not affected by TRAM-34 (1455 ± 168 

vs. 1334 ± 88 mg/dl, PO and TRAM, resp.).

3.2. Atherosclerotic Lesion and Carotid Artery Morphometry

We used the Partial Carotid Ligation (PCL) model in high-fat fed, Apoe−/− mice [12,13,16]. 

This model produces a low, oscillatory flow pattern (i.e. atheroprone with retrograde flow 

during diastole) in the left carotid artery (Figure 1b). In control animals, disturbed flow 

produced by PCL in the presence of a Western diet produced complex atherosclerotic 

lesions throughout the LCCA. Lesions consisted of fibrous, cellular matrix overlying lipid 

cores (Figure 2a). Conversely, TRAM-34 significantly reduced % stenosis (Figure 2b 

and 2c), medial area and Neointimal Size (NI; Figure 2d). Despite a greater plaque size 

in control, lumen area was comparable between groups due to a greater compensatory 

remodeling in control versus TRAM-34 as evident by a greater IEL and EEL area (Figure 

2d). Compensatory (outward) remodeling is achieved by increasing vessel area (EEL area) 

in proportion to plaque size to maintaining luminal area. The slope of the relationship 

between total plaque burden (I + M area) and EEL area (i.e. remodeling index; Figure 2e) 

demonstrated a similar, linear response in both groups indicating that TRAM-34 reduces 

atherosclerotic plaque development without affecting normal compensatory remodeling.

3.3. TRAM-34 Alters Atherosclerotic Plaque Composition

Lesions from TRAM-34 treated mice versus controls contained significantly less collagen 

in the distal and proximal sections (Figure 3) and less fibronectin throughout the LCCA 

(Figure 4). The reason for the regional heterogeneity for collagen, i.e. lack of a reduction in 

the mid-section, is unknown. While there is some minor heterogeneity in lesion development 

along the ~700–1000 μm length of the LCCA, for all other endpoints measured there was 

no significant segmental difference. Thus, the overall major effect of KCa3.1 inhibition was a 

reduction in extracellular matrix content. Consistent with the role of intimal smooth muscle 

in matrix-production, total and relative smooth muscle content of the lesions was also 

significantly reduced by TRAM-34 (Figure 5). The majority of SMC within atherosclerotic 

lesions are of medial origin and migrate into the intima during lesion development [25–27]. 

The effect of KCa3.1 inhibition in reducing SMC content and associated matrix within 

the lesion suggests that KCa3.1 activation is involved in medial-to-intimal SMC migration. 

Previous studies by us and others [6,7,21] have shown TRAM-34 inhibits SMC migration in 
vitro. Consistent with this, we found that mouse aortic SMCs from Kcnn4−/− mice showed 

dramatically reduced chemotaxis to PDGF-BB (Figure 6). Thus overall, the lesions from 

TRAM-34 treated animals were smaller, yet with reduced relative extracellular matrix and 

smooth muscle content.

Using a swine model of coronary restenosis, we have previously shown upregulation 

of KCa3.1 was associated with a decrease in the transcription factor repressor, REST 
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in coronary arterial smooth muscle [4]. In the present study, loss of REST was also 

observed in medial SMC of mouse carotid arteries after partial carotid ligation (Figure 

7). Downregulation of REST has been implicated as a mechanism for increased KCa3.1 

expression and SMC migration. Consistent with this hypothesis, we found that transfection 

of MASMC with REST dramatically inhibits SMC migration (Figure 8). Furthermore, in 

cells overexpressing REST, inhibition of KCa3.1 with TRAM-34 had no further effect, 

consistent with REST suppression of KCa3.1-mediated migration.

4. DISCUSSION

The current study sought to determine if inhibition of KCa3.1 using the selective inhibitor 

TRAM-34 could reduce lesion development or alter composition in an in vivo model of 

atherosclerosis with compensatory remodeling. Atherosclerotic lesions are known to develop 

predominantly in regions of disturbed flow characterized by low, oscillatory shear in humans 

and animal models of atherosclerosis [10,11]. Toyama et al. [6] reported beneficial effects of 

TRAM-34 on lesion development in the aortic sinus. However, a limitation of this model is 

that it does not allow determination of potential effects on compensatory remodeling which 

can greatly influence plaque rupture probability [28,29]. Therefore, we used carotid partial 

ligation to produce low and oscillatory wall shear stress characteristic to induce complex 

lesion formation in an artery which exhibits compensatory remodeling [12–15]. Low and 

oscillatory wall shear stress promotes endothelial synthesis and release of potent mitogens, 

such as PDGF-BB, PDGF-AA [30] and endothelin (ET-1) [31] which stimulate SMCs to 

migrate from the medial into the intima through regionally disruptions in the IEL [32]. 

Importantly, we found that KCa3.1 inhibition with TRAM-34 reduced plaque volume, while 

simultaneously retaining appropriate compensatory remodeling. Maintaining compensatory 

remodeling is vital to potential therapeutic application of KCa3.1 inhibition as either failure 

to remodel or excessive expansive outward remodeling increases risk for plaque rupture 

[18].

Xu et al. [33] used combined partial ligation of the left renal and the LCCA and ECA using 

external collars in Apoe−/− mice. Similar to the current study, TRAM-34 reduced intimal 

area in the LCCA, however in contrast to our findings, they reported no change in intimal 

collagen content and an increased SMC content in carotid lesions. On the contrary, our 

finding of a reduction in SMC and collagen content in lesions is consistent with previous 

studies showing that TRAM-34 inhibition of KCa3.1 inhibits smooth muscle cell migration 

[6,7,21] and fibrosis [34–37]. Accordingly, one would expect a reduction in medial-to

intimal smooth muscle migration during lesion development with KCa3.1 inhibition and 

reduced intimal fibrosis. Partial renal artery ligation enhances vascular inflammation 

through elevations in circulating angiotensin II [38]. The enhanced macrophage infiltration, 

production of inflammatory cytokines and/or angiotensin II directly may account for the 

differing impact on lesion composition.

RE1-silencing transcription factor, also known as NRSF, is a transcriptional repressor of 

neuronal genes in non-neuronal cells that acts by binding to the consensus RE1/NRSE 

site [39]. Kcnn4, the gene encoding KCa3.1, contains a RE1/NRSE site and is inhibited 

by REST in VSM [4,40]. Accordingly, we and others have shown that REST expression 
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is high in quiescent VSM and is decreased following injury during neointimal formation 

[4,40]. In the current study we similarly report reduced REST expression in SMC in the 

media underlying lesions and also demonstrated that overexpression of REST in smooth 

muscle inhibits migration in vitro in conjunction with KCa3.1 inhibition. These findings 

are consistent with a downregulation of REST leading to increased KCa3.1-induced SMC 

de-differentiation and medial-to-intimal migration.

In conclusion, our study provides further support for the important contribution of KCa3.1 

activation in the progression of atherosclerotic lesion development and composition in 

response to low/oscillatory flow. Importantly, we found KCa3.1 inhibition had no adverse 

effect on compensatory remodeling, which alleviates a putative concern of therapeutic use 

of KCa3.1 inhibitors in atherosclerosis. Together with previous studies, these finding support 

the potential therapeutic application of pharmacological inhibition of KCa3.1 in limiting the 

progression of atherosclerosis. We also provide the first evidence supporting a role of REST 

in vascular smooth muscle in an in vivo model of atherosclerosis.

There are limitations to the current study. As noted, increased expression of the KCa3.1 has 

been observed in multiple cell types involved in atherosclerotic lesion progression including 

smooth muscle, macrophages and T-cells. Studies to date, including the current study, have 

relied on systemic pharmacological interventions in vivo. Genetic loss-of-function evidence 

of causality for KCa3.1 in plaque progression using in vivo models of atherosclerosis 

are lacking. Similarly, the relative contribution of KCa3.1 among cell types has not been 

determined and will require cell-specific, inducible silencing/overexpression to determine.

ABBREVIATIONS

EEL external elastic lamina

IEL internal elastic lamina

KCa3.1 intermediate conductance

Ca2+ activated potassium channel

Kcnn4 gene encoding KCa3.1

LCCA left common carotid artery

MASMC mouse aortic smooth muscle cell

PCL partial carotid ligation

PDGF platelet-derived growth factor

RCCA right common carotid artery

REST/NRSF RE1-silencing transcription factor/neuron-restrictive silencer factor

SMC smooth muscle cell

VSM vascular smooth muscle

Tharp and Bowles Page 8

Artery Res. Author manuscript; available in PMC 2021 August 26.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



REFERENCES

[1]. Mozaffarian D, Benjamin EJ, Go AS, Arnett DK, Blaha MJ, Cushman M, et al.Heart 
disease and stroke statistics—2015 update: a report from the American Heart Association. 
Circulation2015;131:e29–e322. [PubMed: 25520374] 

[2]. Silvestre-Roig C, de Winther MP, Weber C, Daemen MJ, Lutgens E, Soehnlein O. Atherosclerotic 
plaque destabilization: mechanisms, models, and therapeutic strategies. Circ Res2014;114:214–
26. [PubMed: 24385514] 

[3]. Ghanshani S, Wulff H, Miller MJ, Rohm H, Neben A, Gutman GA, et al.Up-regulation of 
the IKCa1 potassium channel during T-cell activation. Molecular mechanism and functional 
consequences. J Biol Chem2000;275:37137–49. [PubMed: 10961988] 

[4]. Tharp DL, Wamhoff BR, Wulff H, Raman G, Cheong A, Bowles DK. Local delivery of 
the KCa3.1 blocker, TRAM-34, prevents acute angioplasty-induced coronary smooth muscle 
phenotypic modulation and limits stenosis. Arterioscler Thromb Vasc Biol2008;28:1084–9. 
[PubMed: 18309114] 

[5]. Bi D, Toyama K, Lemaître V, Takai J, Fan F, Jenkins DP, et al.The intermediate conductance 
calcium-activated potassium channel KCa3.1 regulates vascular smooth muscle cell proliferation 
via controlling calcium-dependent signaling. J Biol Chem2013;288: 15843–53. [PubMed: 
23609438] 

[6]. Toyama K, Wulff H, Chandy KG, Azam P, Raman G, Saito T, et al.The intermediate-conductance 
calcium-activated potassium channel KCa3.1 contributes to atherogenesis in mice and humans. J 
Clin Invest2008;118:3025–37. [PubMed: 18688283] 

[7]. Tharp DL, Wamhoff BR, Turk JR, Bowles DK. Upregulation of intermediate-conductance Ca2+
activated K+ channel (IKCa1) mediates phenotypic modulation of coronary smooth muscle. Am J 
Physiol Heart Circ Physiol2006;291:H2493–H503. [PubMed: 16798818] 

[8]. Neylon CB, Lang RJ, Fu Y, Bobik A, Reinhart PH. Molecular cloning and characterization of 
the intermediate-conductance Ca2+-activated K+ channel in vascular smooth muscle: relationship 
between KCa channel diversity and smooth muscle cell function. Circ Res1999;85:e33–e43. 
[PubMed: 10532960] 

[9]. Köhler R, Wulff H, Eichler I, Kneifel M, Neumann D, Knorr A, et al.Blockade of the intermediate
conductance calcium-activated potassium channel as a new therapeutic strategy for restenosis. 
Circulation2003;108:1119–25. [PubMed: 12939222] 

[10]. Suo J, Ferrara DE, Sorescu D, Guldberg RE, Taylor WR, Giddens DP. Hemodynamic 
shear stresses in mouse aortas: implications for atherogenesis. Arterioscler Thromb Vasc 
Biol2007;27:346–51. [PubMed: 17122449] 

[11]. Ku DN, Giddens DP, Zarins CK, Glagov S. Pulsatile flow and atherosclerosis in the human 
carotid bifurcation. Positive correlation between plaque location and low oscillating shear stress. 
Arteriosclerosis1985;5:293–302. [PubMed: 3994585] 

[12]. Korshunov VA, Berk BC. Flow-induced vascular remodeling in the mouse: a model for carotid 
intima-media thickening. Arterioscler Thromb Vasc Biol2003;23:2185–91. [PubMed: 14576075] 

[13]. Nam D, Ni CW, Rezvan A, Suo J, Budzyn K, Llanos A, et al.Partial carotid ligation is a model of 
acutely induced disturbed flow, leading to rapid endothelial dysfunction and atherosclerosis. Am 
J Physiol Heart Circ Physiol2009;297:H1535–H43. [PubMed: 19684185] 

[14]. Smolock EM, Korshunov VA, Glazko G, Qiu X, Gerloff J, Berk BC. Ribosomal protein 
L17, RpL17, is an inhibitor of vascular smooth muscle growth and carotid intima formation. 
Circulation2012;126:2418–27. [PubMed: 23065385] 

[15]. Korshunov VA, Berk BC. Strain-dependent vascular remodeling: the “Glagov phenomenon” is 
genetically determined. Circulation2004;110:220–6. [PubMed: 15226209] 

[16]. Akhtar S, Gremse F, Kiessling F, Weber C, Schober A. CXCL12 promotes the stabilization 
of atherosclerotic lesions mediated by smooth muscle progenitor cells in Apoe-deficient mice. 
Arterioscler Thromb Vasc Biol2013;33:679–86. [PubMed: 23393393] 

[17]. Glagov S, Weisenberg E, Zarins CK, Stankunavicius R, Kolettis GJ. Compensatory enlargement 
of human atherosclerotic coronary arteries. N Engl J Med1987;316:1371–5. [PubMed: 3574413] 

Tharp and Bowles Page 9

Artery Res. Author manuscript; available in PMC 2021 August 26.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



[18]. Korshunov VA, Schwartz SM, Berk BC. Vascular remodeling: hemodynamic and biochemical 
mechanisms underlying Glagov’s phenomenon. Arterioscler Thromb Vasc Biol2007; 27:1722–8. 
[PubMed: 17541029] 

[19]. Nam D, Ni CW, Rezvan A, Suo J, Budzyn K, Llanos A, et al.A model of disturbed flow-induced 
atherosclerosis in mouse carotid artery by partial ligation and a simple method of RNA isolation 
from carotid endothelium. J Vis Exp2010:1861. [PubMed: 20613706] 

[20]. Thomas JA, Deaton RA, Hastings NE, Shang Y, Moehle CW, Eriksson U, et al.PDGF-DD, a 
novel mediator of smooth muscle cell phenotypic modulation, is upregulated in endothelial cells 
exposed to atherosclerosis-prone flow patterns. Am J Physiol Heart Circ Physiol2009;296:H442–
H52. [PubMed: 19028801] 

[21]. Gole HKA, Tharp DL, Bowles DK. Upregulation of intermediate-conductance Ca2+-activated 
K+ channels (KCNN4) in porcine coronary smooth muscle requires NADPH oxidase 5 (NOX5). 
PLoS One2014;9:e105337. [PubMed: 25144362] 

[22]. Long X, Tharp DL, Georger MA, Slivano OJ, Lee MY, Wamhoff BR, et al.The smooth muscle 
cell-restricted KCNMB1 ion channel subunit is a direct transcriptional target of serum response 
factor and myocardin. J Biol Chem2009;284:33671–82. [PubMed: 19801679] 

[23]. Livak KJ, Schmittgen TD. Analysis of relative gene expression data using real-time quantitative 

PCR and the 2−ΔΔCT method. Methods2001;25:402–8. [PubMed: 11846609] 

[24]. Wood IC, Belyaev ND, Bruce AW, Jones C, Mistry M, Roopra A, et al.Interaction of 
the repressor element 1-silencing transcription factor (REST) with target genes. J Mol 
Biol2003;334:863–74. [PubMed: 14643653] 

[25]. Fleenor BS, Bowles DK. Negligible contribution of coronary adventitial fibroblasts to 
neointimal formation following balloon angioplasty in swine. Am J Physiol Heart Circ 
Physiol2009;296:H1532–H9. [PubMed: 19252097] 

[26]. Atkinson C, Horsley J, Rhind-Tutt S, Charman S, Phillpotts CJ, Wallwork J, et al.Neointimal 
smooth muscle cells in human cardiac allograft coronary artery vasculopathy are of donor origin. 
J Heart Lung Transplant2004;23:427–35. [PubMed: 15063402] 

[27]. Bentzon JF, Majesky MW. Lineage tracking of origin and fate of smooth muscle cells in 
atherosclerosis. Cardiovasc Res2018;114:492–500. [PubMed: 29293902] 

[28]. Libby P, Theroux P. Pathophysiology of coronary artery disease. Circulation2005;111:3481–8. 
[PubMed: 15983262] 

[29]. Hibi K, Ward MR, Honda Y, Suzuki T, Jeremias A, Okura H, et al.Impact of different definitions 
on the interpretation of coronary remodeling determined by intravascular ultrasound. Catheter 
Cardiovasc Interv2005;65:233–9. [PubMed: 15812811] 

[30]. Palumbo R, Gaetano C, Antonini A, Pompilio G, Bracco E, Rönnstrand L, et al.Different 
effects of high and low shear stress on platelet-derived growth factor isoform release by 
endothelial cells: consequences for smooth muscle cell migration. Arterioscler Thromb Vasc 
Biol2002;22:405–11. [PubMed: 11884282] 

[31]. Ziegler T, Bouzourène K, Harrison VJ, Brunner HR, Hayoz D. Influence of oscillatory and 
unidirectional flow environments on the expression of endothelin and nitric oxide synthase in 
cultured endothelial cells. Arterioscler Thromb Vasc Biol1998;18:686–92. [PubMed: 9598825] 

[32]. Chatzizisis YS, Coskun AU, Jonas M, Edelman ER, Feldman CL, Stone PH. Role of endothelial 
shear stress in the natural history of coronary atherosclerosis and vascular remodeling: molecular, 
cellular, and vascular behavior. J Am Coll Cardiol2007;49:2379–93. [PubMed: 17599600] 

[33]. Xu R, Li C, Wu Y, Shen L, Ma J, Qian J, et al.Role of KCa3.1 channels in macrophage 
polarization and its relevance in atherosclerotic plaque instability. Arterioscler Thromb Vasc 
Biol2017;37:226–36. [PubMed: 28062499] 

[34]. Grgic I, Kiss E, Kaistha BP, Busch C, Kloss M, Sautter J, et al.Renal fibrosis is attenuated by 
targeted disruption of KCa3.1 potassium channels. Proc Natl Acad Sci U S A2009;106:14518–23. 
[PubMed: 19706538] 

[35]. Anumanthan G, Gupta S, Fink MK, Hesemann NP, Bowles DK, McDaniel LM, et al.KCa3.1 ion 
channel: a novel therapeutic target for corneal fibrosis. PLoS One2018;13:e0192145. [PubMed: 
29554088] 

Tharp and Bowles Page 10

Artery Res. Author manuscript; available in PMC 2021 August 26.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



[36]. Tharp DL, Bowles DK. The intermediate-conductance Ca2+-activated K+ channel (KCa3.1) in 
vascular disease. Cardiovasc Hematol Agents Med Chem2009;7:1–11. [PubMed: 19149539] 

[37]. Huang C, Shen S, Ma Q, Gill A, Pollock CA, Chen XM. KCa3.1 mediates activation 
of fibroblasts in diabetic renal interstitial fibrosis. Nephrol Dial Transplant2014;29:313–24. 
[PubMed: 24166472] 

[38]. Stouffer GA, Pathak A, Rojas M. Unilateral renal artery stenosis causes a chronic vascular 
inflammatory response in ApoE−/− mice. Trans Am Clin Climatol Assoc2010;121:252–64; 264–
6. [PubMed: 20697566] 

[39]. Kojima T, Murai K, Naruse Y, Takahashi N, Mori N. Cell-type non-selective transcription of 
mouse and human genes encoding neural-restrictive silencer factor. Mol Brain Res2001;90:174–
86. [PubMed: 11406295] 

[40]. Cheong A, Bingham AJ, Li J, Kumar B, Sukumar P, Munsch C, et al.Downregulated 
REST transcription factor is a switch enabling critical potassium channel expression and cell 
proliferation. Mol Cell2005;20:45–52. [PubMed: 16209944] 

Tharp and Bowles Page 11

Artery Res. Author manuscript; available in PMC 2021 August 26.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1 |. 
(a) Schematic of partial-carotid ligation. Red lines indicate ligation. (b) and (c) Flow 

velocity in RCCA and LCCA 2 days post-surgery. Horizontal line = 0, velocity increments = 

100. Note reduced, oscillatory (retrograde/antegrade) flow in LCCA.

Tharp and Bowles Page 12

Artery Res. Author manuscript; available in PMC 2021 August 26.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2 |. 
Representative Verhoeff-Van Gieson (VVG) stained LCCA sections from Peanut Oil (PO) 

vehicle (a) and TRAM-treated (b) mice. Scale bar = 500 μm. Morphometric data showing 

(c) reduced % stenosis and (d) internal and external elastic laminas (IEL and EEL), media 

and Neointimal (NI) areas in TRAM-34 treated mice (n = 11) vs. PO (n = 11), *p < 0.05. 

Relationship between EEL and lesion size (e) in proximal, mid and distal sections from PO 

(solid line) and TRAM-treated (dashed line) mice demonstrating compensatory remodeling 

was unaffected by TRAM-34.
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Figure 3 |. 
TRAM-34 reduces intimal collagen. LCCA sections from TRAM-34 (c and d) and Peanut 

Oil (PO; a and b) treated mice stained with picrosirius red under brightfield (a and c) and 

polarized (b and d) light. Mean ± S.E. for each carotid region (e); n = 10 and 11, for PO and 

TRAM, resp. *p < 0.05 vs. PO.
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Figure 4 |. 
TRAM-34 reduces intimal fibronectin. Immunohistochemistry of LCCA sections from 

TRAM-34 (b) and Peanut Oil (PO; a) treated mice probed with anti-fibronectin. Mean ± 

S.E. for groups (c), n = 10 and 11, for PO and TRAM, resp. *p < 0.05 vs. PO.
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Figure 5 |. 
TRAM-34 reduces intimal smooth muscle content. Immunohistochemistry of LCCA 

sections from TRAM-34 (b) and Peanut Oil (PO; a) treated mice probed with anti-smooth 

muscle alpha actin (SMαA). Mean ± S.E. for groups for absolute (c) and relative (d) SMαA 

positive area, n = 10 and 11, for PO and TRAM, resp. *p < 0.05 vs. PO.
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Figure 6 |. 
Genetic ablation of KCa3.1 inhibits migration in vitro. PDGF-BB induced migration in 

MASMC isolated from Kcnn4−/− mice is inhibited compared to Kcnn4+/+ (WT) cells. *p < 

0.05 vs. WT; n = 8 per group.
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Figure 7 |. 
Representative images from an Apoe−/− mouse on Western diet demonstrating loss of medial 

SMC REST/NRSF in atherosclerosis.

(a) Right common carotid artery (RCCA) showing nuclear staining for REST in medial 

SM (triangle). (b) Left common carotid artery (LCCA) after PCL showing loss of REST in 

medial SM (b) and intimal cells (d; triangles). (c) Non-immune control in RCCA. i, intima; 

m, media; l, lumen.

Tharp and Bowles Page 18

Artery Res. Author manuscript; available in PMC 2021 August 26.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 8 |. 
REST/NRSF inhibits migration. Ectopic overexpression of REST (AdREST) inhibits 

smooth muscle migration. Importantly, with REST overexpression, addition of TRAM 

produces no further inhibition, consistent with REST inhibition of KCa3.1. *p < 0.05 vs. 

βGal, †p < 0.05 vs. BB; n = 7 per group.
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