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Chapter XX

T-type Ca?* channd regulation by CO: a mechanism for control of cell
proliferation

Hayley Duckles, Moza M. Al-Owais, Jacobo Elies, Emily Johnson, Hannah E. Boycaott,
Mark L. Dallas, Karen E. Porter, John P. Boyle, Jason L. Scragg and Chris Peers

Abstract. T-type Ca* channels regulate proliferation in a number of tissue types, including
vascular smooth muscle and various cancers. In such tissues, up-regulation of the inducible
enzyme heme oxygenase-1 (HO-1) is often observed. HO-1 degrades heme to generate
carbon monoxide (CO) along wiffe?* and biliverdin. Since CO is increasingly recognized

as a regulator of ion channels, we have explored the possibility that it may regulate
proliferation via modulation of T-type €&channels.

Whole-cell patch-clamp recordings revealed that CO (applied as the dissolved gas or via
CORM donors) inhibited all 3 isoforms of T-ty@af* channels (Cav3.1-3.3) when expressed

in HEK293 cells with similar 16 values, and induction of HO-1 expression also suppressed
T-type currents. CO / HO-1 induction also suppressed the elevated 6a&a]; [in cells
expressing these channels and reduced their proliferative rate to levels seen in non-transfected
control cells.

Proliferation of vascular smooth muscle cells (both A7r5 and human saphenous vein cells)
was also suppressed either by T-t@®* channel inhibitors (mibefradil and NNC 55-0396),

HO-1 induction or application of CO. Effects of these blockers and CO were non additive.
Although L-type C&* channels were also sensitive to CO, they did not influence
proliferation. Our data suggest that HO-1 acts to control proliferation via CO modulation of
T-type C&* channels.

Keywords: heme oxygenase; carbon monoxide; T-type&*Gzhannel; smooth muscle;
vascular disease; proliferation
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XX.2 Introduction

Heme oxygenases (HO-1 and HDa2e enzymes that catalyse the degradation of heme,
generating biliverdin, Fé and carbon monoxide (CO). The enzymes differ in H@¢2 is
widely distributed and constitutively active, wheré#3-1 (also known as heat shock protein
32) is induced by numerous forms of cellular stress, including hypoxia (Kim et al. 2006;Ryter
et al. 2006). HO-1 is commonly regarded as protective through reduction of levels of heme
(which is itself pro-oxidant), and formation of biliverdin which is rapidly converted to the
powerful antioxidant, bilirubin.

Induction of HO-1 is associated with pathological cardiovascular conditions including
myocardial infarction, hypertension, atherosclerosis and vascular injury. Although diverse,
these important diseases share the common feature of increased levels of vascular smooth
muscle cell (VSMC) proliferation (Ryter et al. 2006;Chang et al. 2008). Evidence indicates
that HO-1 has anti-proliferative effects which are likely due to its ability to generate CO
(Otterbein et al. 2003;Durante et al. 2006;Durante 20@@)eed, CO inhalation reduces
VSMC proliferation in intimal hyperplasia which often arises as an unwanted consequence of
vessel grafting (Otterbein et al. 2003;Ramlawi et al. 2007). Based in part on such findings,
CO (in the form of controlled inhalation levels, G0O-releasing molecules (CORMS)), is
being explored as a therapeutic approach for cardiovascular disease (Foresti et al. 2008),
although it should be noted that the detailed mechanisms underlying its anti-proliferative
effects remaining unknown.

Switching of VSMCs from the contractile to proliferative phenotype is a crucial step in
the progression of vascular diseases, as well as in development and repair (Owens et al.
2004;0wens 1995;Wamhoff et al. 2006). Associated with this switch is a dramatic change in
the expression of a restricted number of ion channels (Cidad et al. 2010), included amongst
which is the T-type CGa channel (Perez-Reyes 2003). In contractile VSMC% ®#ux via
L-type C&" channels is a major determinant of vascular tone, but in proliferating VSMCs L-
type C&" channel expression declines substantially whilst expression of T-typel@anels
increases (Richard et al. 1992;Kuga et al. 1996). Much evidence indicates that infl#x of Ca
via T-type C&* channelsis required for proliferation and neointima formation following
vascular injury (Kuga et al. 1996;Schmitt et al. 1995;Rodman et al. 2005;Lipskaia et al.
2009;Tzeng et al. 2012).

A number of research groups, including our own, have demonstrated that specific ion
channels are targets of regulation by CO, and that via ion channel modulation CO exerts
many of its important physiological and pathological actions (Williams et al. 2004;Jaggar et
al. 2005;Telezhkin et al. 2011;Scragg et al. 2008;Dallas et al. 2012;Peers et al. 2014). In the
present study, we have examined whether T-typé Crmannels represent another target for
modulation by CO and, if so, how this might impact on VSMC proliferation.

XX.3 Methods
XX.3.1Cdl culture

Experiments were performed using HEK293 cells (Boycott et al. 2013), the aortic
smooth muscle cell line A7r5 (Kimes and Brandt 1976) and human saphenous vein cells
(Duckles et al. 2014HEK293 cells were cultured in minimum essential medium containing
Earle’s salts and L-glutamine, and supplemented with 10% (v/v) foetal bovine serum (FBS;
Biosera, Ringmer UK), 1% (v/v) non-essential amino acids, 1% (v/v) antibiotic/antimycotic,
and 0.1% (v/v) gentamicin. HEK293 cells stably expressing T-tygé cbannels (Cav3.1,



3.2 or 3.3; a kind gift from E. Perez-Reyes; University of Virginia, USA), were cultured in
wild type WT) HEK293 media supplemented with 1mg/ml G-418. Cells were kept in a
humidified incubator at 37°C (95% air: 5% ¢@nd passaged weekly. A7r5 cells (from the
European Collection of Cell Cultures, Porton Down UK) were grown in A7r5 complete
media, consisting of DMEM containing 10% FBS (Biosera, Ringmer UK) and 1% glutamax
(Gibco, Paisley UK). Human saphenous vein smooth muscle cells (HSVSMCs) were isolated
from the saphenous vein (SV) of anonymous patients undergoing coronary artery bypass graft
surgery as previously described (Duckles et al. 2014). All cells were kept in a humidified
incubator at 37°C (95% air: 5% QO

XX.3.2 Electrophysiology

Ca"* currents were recorded from HEK293 cells using the whole-cell configuration of
the patch-clamp technique at room temperature (2C)2&s previously described (Boycott et
al. 2013). Pipettes {6 MQ) contained (in mM): CsClI (120), Mg&(2), EGTA (10), TEA-
Cl (20), HEPES 10), Na-ATP (2), pH 7.2 (adjusted with CsOH), and the perfusate was
composed of (in mM): NaCl (95), CsClI (5), Mg(0.6), Cad (15), TEA-CI (20), HEPES
(5), D-glucose (10), pH 7.4 (adjusted with NaOH). Cells were voltage-clamped at -80mV and
either repeatedly depolarized to -20mV (200ms, 0.1Hz) or to a series of test potentials
ranging from -100mV to +60mV. All currents were low-pass filtered at 2kHz and digitised at
10kHz

XX3.3 Proliferation Assay

Cells were plated in 24-well plates in complete media (Ax&0s per well). HSVSMCs
were allowed to adhere overnight and subjected to serum free media (SFM) for 2.5 days
respectively. A7r5 and HEK293 cells were allowed to adhere for 6 hours and then exposed to
SFM overnight. On day 0 of the assay, SFM was removed and 1ml of the relevant complete
media added to each well, in additionatay drugs being investigated. To count cells, media
was removed, cells were washed with Iml of Dulbecco’s phosphate buffered saline (PBS)
and 200ul of 0.05% trypsin-EDTA (Gibco, Paisley UK) was added (pre-warmed®).37
Post-incubation, 800ul of complete media was added and the cell suspension centrifuged
(600g for 6 minutes). Following removal of 950ul of media, 50ul of supernatant remained
with the cell pellet, which was then re-suspended with 50ul of 0.4% Trypan Blue (Thermo
Scientific, Rockford USA) to exclude non-viable cells. Media was retained from one well of
each treatment, processed in the same manner as the cell samples, and any cells pFesent we
counted as an additional quantification of non-viable cells. Day 0 counts and media counts
were performed using a hemocytometer. All other counts were performed using a TC10
Automated Cell Counter (Bio-Rad, Hemel Hempstead UK).

XX3.4 Western Blotting

Cells were grown to 80% confluence in 6-well plates. Wells were replenished with 0.4%
serum-containing media plus the required drugs. Post-treatment, the cells were washed with
PBS and lysed with Mammalian Protein Extraction Reagent (MIBERhermo Scientific,
Rockford USA) containing Complete Mini proteasahibitors (Roche Diagnostics Ltd,
Lewes UK). Protein levels were determined using a BCA protein assay kit (Thermo
Scientific, Rockford USA). Next, 10-20ug protaim 2x sample buffer (250 mM Tris/HCI,
pH 6.8, 4% (w/v) SDS, 20% (w/v) glycerol, 1% bromophenol blue, and 10% J-
mercaptoethanol) was loaded onto 12.5% polyacrylamide gels and separated for ~1 hour a
35mA before being transferred onto 0.2um polyvinyl difluoride membranes at 30V overnight.



Membranes were blocked using 5% (w/v) non-fat dried milk powder in Tris buffered saline
(TBS)-Tween (0.05%) for 1 hour, then incubated with rabbit ld@i#41 antibody (1:200SC

10789; Santa Cruz, Dallas USA) for 3 h at 22@24Mouse antp-actin raised against the N-
terminal of B-actin (1:4000; Sigma, Gillingham UK) was used as a loading control.
Membranes were then washed in TBS-Tween (0.05%) and incubated with the corresponding
peroxidase-conjugated secondary antibody (1:2000; GE Healthcare, Amersham UK) for 1
hour at 21-24C. Bands were detected using the enhanced chemi-luminescent method on
hyperfilm. Densitometric analysis egimage J (NIH, UK).

XX3.5 Ca?* Microfluorimetry

Cells were plated on circular glass coverslips and allowed to adhere overnight. Cells
were washed and incubated with 4uM Fura 2-AM (Invitrogen, Cambridge UK) in HEPES-
buffered saline (HBS) for 40 min 21-43. HBS contained (in mM): NaCl (135), KCI (5)
MgSQs (1.2), Cad (2.5), HEPES (5), glucosa (@), osmolarity adjusted to 300 mOsm with
sucrose, and pH adjusted to 7.4. The Fura 2-containing HBS was washed off for 15 min to
allow de-esterification. Coverslip fragments were placed in a perfusion chamber on an
inverted epifluorescence microscope and cells superfused via gravity at 2-3ml/niifi. [Ca
was indicated by fluorescence emission measured at 510nm as a result of alternating
excitation at 340nm and 380nm using a Cairn Research ME-SE Photometry system (Cairn
Research, Cambridge UK).

Statistical comparisons were made using, as appropriate, paired or unpaired student’s T-
tests, one way ANOVA with a multiple comparison test, or repeated measures one way
ANOVA with a multiple comparison test.

XX.4 Results

XX4.1 CO inhibits T-type Ca?* channels

Whole-cell patch-clamp recordings from HEK293 cells expressing each of the major
forms of T-type C& channels (Cav3.1, 3.2 or 3.3) revealed that CO, applied as the CO donor
CORM-2, inhibited all 3 isoforms (Fig. XX.1A). These effects were attributable to release of
CO, since the inactive form of CORM-2 was without significant effect (not shown). Indeed,
all three isoforms displayed similar sensitivity to CORM-2s¢l€a 3uM in each case). The
time course of inhibition (Fig. XX.1B) shows that CO inhibition of currents recorded in
Cav3.2-expressing HEK293 cells was irreversible. However, current amplitude recover was
observed following exposure to the reducing agent dithiothreitol (DTT; 1mM), as
exemplified in Fig XX1B (lower plot). The ability of DTT to reverse CO inhibition was
exploited to examine whether HO-1 induction led to tonic inhibition of T-type currents:
exposure of cells to hemin (iron protoporphyrin IX (M) caused a time-dependent
induction of HO-1, as determined by western blot (Fig. XX.1C). Following HO-1 induction,
the ability of DTT to augment currents was dramatically enhanced (Fig. XX.1C), consistent
with the idea that HO-1 induction led to increased CO levels, thereby causing tonic inhibition
of Cav3.2-mediated T-type currents.

XX4.2 CO modulation of [Ca?*]; and proliferation in Cav3.2 expressing cells

To investigate the consequences of CO inhibition of T-typ&" €hannels on cell
function, we next explored the ability of CO to regulate?[Caand cellular proliferation.
Experiments were restricted to studying the effects of CO in Cav3.2-expressing cells. As



exemplified in Fig. XX.2A, basal [C4i was significantly elevated in cells expressing this
channel, as
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Fig. XX.1. CO inhibits T-type channels. (A) currents evoked in a HEK293 cellystadpressing Cav3.1 (left)
Cav3.2 (middle) or Cav3.3 (right) before and during exposu@Q&M-2 (1M) as indicated. Currents were
evoked by step depolarizations from -90mV to -30mV. Scale bars in eaghvesiical, 0.5nA, horizontal,
20ms. (B) Upper; example time-series plot illustrating normalized currentitadgs evoked by step
depolarizations from -90mV to -30mV in a Cav3.2-expressing cell. Fqretied indicated by the bar, CORM-
2 (3uM) was applied via the perfusate. Lower; as upper, except that, followdasgout of CORM-2, the cell
was exposed to dithiothreitol (DTT, 1mM) for the period indicated bysdtond bar. (C) Upper; western blot
illustrating the time-dependent induction of HO-1 following exposurehemin (200uM). Lower, example
currents showing the effects of DTT (1mM) on untreated cellsti@pror those in which HO-1 had been
induced following exposure to hemin (200uM, 48h) . Scale batstAQ 10ms. Right; plot of the mean (x
s.e.m.) % enhancement of currents in control (n=9) and hemin-tiedt®@dused by DTT (n=9). Data obtained
from currents evoked by step depolarizations from -90mV to -30&tatistical significance: * P<0.05; ***
P<0.001 as compared with controls. Adapted from (Boycott et al. 2013d3uwstkal. 2014) with permission.

compared with wild type (WT; untransfected) cells, and removal of extracellufir Ca
(replaced with 1ImM EGTA) caused a much greater fall of{Icas compared with WT cells
consistent with the idea that the elevated bas&JGaas attributable to tonic €ainflux via

T-type C&' channels. Induction of HO-1 (using cobalt protoporphyrin, CoPPIX) also
reduced basal [G§; (Fig. xx.2B), as did exposure to CO using the water soluble CO donor,
CORM-3. This donor was without effect in WT cells (Fig. XX.2C). Proliferation was also
monitored in these same cells. As shown in Fig. XX.2D, expression of Cav3.2 led to a
dramatic increase in proliferation as compared with WT cells. This increase was presumably
due to tonic C# influx via Cav3.2 channels, since proliferation was reduced by the T-type
C&* channel inhibitor mibefradil, and also by CORM-3. Note that (i) these agents were non-
additive, (i) that either mibefradil or CORM-3 reduced proliferation rates in Cav3.2-
expressing cells to levels observed in WT cells, and (iii) these agents were without effect on



proliferation in WT cells, suggesting that increased proliferation was entirely attributable to
T-type C&" channel activity, which in turn can be regulated by CO.
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Fig. XX.2. CO modulates [C4]; and proliferation in Cav3.2 expressing cells. (A) Upper traces shampzs

of basal [C&i recorded in Cav3.2-expressing and WT HEK293 cells. For the peinolisated by the
horizontal bars, extracellular €avas replaced with 1mM EGTA. Below; Bar graph illustrating the mean basal
[Ca?"; levels (with s.e.m. bars) recorded in Cav3.2-expressing (@gksn bars, n=6) and WT cells (shaded
bars, n=6) in the presence and absence of extracellutar &aindicated. (B) Upper traces; examples of basal
[Ca?*]irecorded in Cav3.2-expressing cells either with no pre-treatmentposackto 10uM CoPPIX for 48h to
induce HO-1 expression (+CoPPIX). For the periods indicated by tlwohtal bars, extracellular €awas
replaced with 1mM EGTA. Below; Bar graphs illustrating the mean (ins.dasal [C&]i levels recorded in
Cav3.2-expressing cells (n=16) before (con.), during{(@ae) and after (con.) removal of extracellulaCa
Statistical significance: ** P<0.01, ** P<0.001 (C) Upper traces shoangtes of basal [C4; recorded in
Cav3.2-expressing and WT HEK293 cells and the effects of CGRB{+M) applied for the periods indicated
by the horizontal bars. Below; Bar graph illustrating the mean (m3.basal [C#4]; levels recorded in Cav3.2-
expressing cells (open bars, n=5) and WT cells (shaded barshefeég (con.), during (CORM-3) and after
(wash) exposure to (RM-3. Statistical significance: * P<0.05; ** P<0.01, *** P<0.001 as compavétl
appropriate controls. Data analysed via paired or unpaired t-test as appropji@ar @raphs illustrating the
effects of mibefradil and CORM-3 (applied separately or together, as ird)icateproliferation measured on
day 3 in WT (left) and Cav3.2-expressing HEK293 cells (right). Ebah represents mean (+ s.e.m.)
proliferation determined from 9 repeats. Statistical significance: ** P<0.01 rapazed with controls. Data
analysed via repeated ratigeasures one way ANOVA followed by Dunnett’s multiple comparison test. Taken
from (Duckles et al. 2014) with permission.

XX4.3 CO modulates proliferation in VSMCs

To examine whether CO could also modulate proliferation via modulation of native T-type
C&* channels in VSMCs, we examined its effects in both A7r5 cells and HSVSMCs. As
shown in Fig. XX.3A, although A7r5 cells express both L- and T-typ& Channels



(Duckles et al. 2014), proliferation was only reduced by mibefradil and not nifedipine
indicating that T-type but not L-type channels regulated proliferation in these cells.
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or during simultaneous application of 3uM mibefradil and 3uM CER&pen circles, right). Each point
represents mean * s.e.m. (n=5). Statistical significance: * p<0.05, *0p<Data analysed via repeated
measures one way ANOV®llowed by Sidak’s multiple comparison test between control and treated groups

for each timepoint. Taken from (Duckles et al. 2014) with permission
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Consistent with their effects in Cav3.2-expressing HEK293 cells, HO-1 induction or CO
exposure (using CORM-3) also significantly reduced proliferation (Fig. XX.3B). Similarly, in
HSVSMCs both HO-1 induction and mibefradil separately reduced proliferation, and
combining both maneuvers did not suppress proliferation further (Fig. XX.3C). These data
are consistent with data obtained in HEK293 cells indicating that VSMC proliferation is also
regulated by T-type G4 channel activity, and that CO inhibition of T-type channels could
significantly suppress proliferation.

XX.5 Discussion

The switch of VSMCs froma contractile toa proliferative phenotype is a complex
process which is, in part, regulated by*Caflux (Barbado et al. 2009;0wens et al. 2004)



Various routes of G4 entry into VSMCs have been proposed as important for proliferation,
including TRPC channels (Kumar et al. 2006) and the STIM1 / Orai pathway (Zhang et al.
2011). There is also a substantial body of evidence implicating T-tyffec@annels in the
process of proliferation and neointima formation following vascular injury (Kuga et al.
1996;Schmitt et al. 1995). In more recent times, Cav3.1 has been identified as the key T-type
C&* channel required for VSMC proliferation (Tzeng et al. 2012). Our data in A7r5 and
HSVSMCs are consistent with an important role for native T-typé" ©hannels in
proliferation. Thus, in A7r5 cells, despite the presence of L-tygéd@annels (Duckles et al.
2014), proliferation appead selectively regulated by T-type €ahannels, and this was also

the case in HSVSMCs (Fig. XX.3). The observation that proliferation was sensitive to
mibefradil implies that tonic Gainflux via T-type C&" channels occurs in these cells. We
present no direct evidence of this in VSMCs, but in HEK293 cells expressing Cav3.2, tonic
Ca&" influx via these channels is indeed evident (Fig. XX.2). This presumably arises from the
ability of these channels to generate a window current (Perez-Reyes 2003), which arises from
a small proportion of the T-type €achannel population being partially activated and not
fully inactivated at the cell’s resting membrane potential.

Our findings indicate that proliferation can be suppressed by induction of HO-1 in
VSMCs, and that this occurs via formation of CO by HO-1. Thus, CO was able to mimic the
suppressive effects of HO-1 induction in VSMCs (Fig. XX.3) and, in HEK293 cells
expressing Cav3.2, HO-1 induction or CO reduced basét]jGad suppressed proliferation.
These findings are consistent with numerous studies indicating that HO-1 induction
suppresses proliferation in vascular diseases (Cao et al. 2009;Araujo et al. 2012).
Furthermore, other studies implicate CO as the means by which HO-1 suppresses
proliferation (Otterbein et al. 2003;Ramlawi et al. 2007). In light of the direct evidence from
recombinant studies (Fig. XX.1), we propose that HO-1 regulation of VSMC proliferation is
attributable to the ability of CO to inhibit T-type €ahannels. Thus, CO inhibits all three
isoforms of T-type channel, and inhibition is observed when CO is applied directly, or when
HO-1 is induced (Fig. XX.1). These results, coupled with the observations that CO or HO-1
induction suppresses T-type Lahannel-dependent proliferation in VSMCs (Fig. XX.3)
imply that the ability of CO to inhibit T-type &achannels is important in VSMC. This
implication is further supported by the observation that the effeck$Ostl induction and
mibefradil exposure on proliferation of HSVSMCs were not additive.

In summary, our data provide a novel signalling pathway to account for the anti-
proliferative effects of HO-1 observed in vascular diseases. This pathway has the potential for
targeting in future strategies for the treatment of vascular diseases. There are also important
implications arising from our studies for other diseases including various cancers where T-
type C&" channels have been shown to regulate proliferation (Panner and Wurster 2006;Heo
et al. 2008).

Acknowledgements. This work was supported by the British Heart Foundation.

References

Araujo, J. A, M. Zhang, F. Yin (2012) Heme oxygenase-1, oxidation, inflammation, and
atherosclerosis. Front Pharmacol 3: 119.

Barbado, M., K. Fablet, M. Ronjat, W. M. De (2009) Gene regulation by voltage-dependent
calcium channels. Biochim Biophys Acta 1793: 1096-1104.

Boycott, H. E., M. L. Dallas, J. Elies, L. Pettinger, J. P. Boyle, J. L. Scragg, N. Gatper
Peers (2013) Carbon monoxide inhibition of Cav3.2 T-type Ca2+ channels reveals tonic
modulation by thioredoxin. FASEB J 27: 3395-3407.



Cao, J., K. Inoue, X. Li, G. Drummond, N. G. Abraham (2009) Physiological significance of
heme oxygenase in hypertension. Int J Biochem Cell Biol 41: 1025-1033.

Chang, T., L. Wu, R. Wang (2008) Inhibition of vascular smooth muscle cell proliferation by
chronic hemin treatment. Am J Physiol Heart Circ Physiol 295: H999-H1007.

Cidad, P., A. Moreno-Dominguez, L. Novensa, M. Roque, L. Barquin, M. Heras, M. T.
Perez-Garcia, J. R. Lopez-Lopez (2010) Characterization of ion channels involved in the
proliferative response of femoral artery smooth muscle cells. Arterioscler Thromb Vasc
Biol 30: 1203-1211.

Dallas, M. L., Z. Yang, J. P. Boyle, H. E. Boycott, J. L. Scragg, C. J. MilligaElies, A.

Duke, J. Thireau, C. Reboul, S. Richard, O. Bernus, D. S. Steele, C. Peers (2012) Carbon
Monoxide Induces Cardiac Arrhythmia via Induction of the Late Na+ Current. Am J
Respir Crit Care Med 186: 648-656.

Duckles, H., H. E. Boycott, M. M. Al-Owais, J. Elies, E. Johnson, M. L. Dallas, K. E. Porter,
F. Giuntini, J. P. Boyle, J. L. Scragg, C. Peers (2014) Heme oxygenase-1 regulates cell
proliferation via carbon monoxide-mediated inhibition of T-typé*@hannels. Pflugers
Archives in press.

Durante, W. (2003) Heme oxygenase-1 in growth control and its clinical application to
vascular disease. J Cell Physiol 195: 373-382.

Durante, W., F. K. Johnson, R. A. Johnson (2006) Role of carbon monoxide in cardiovascular
function. J Cell Mol Med 10: 672-686.

Foresti, R., M. G. Bani-Hani, R. Motterlini (2008) Use of carbon monoxide as a therapeutic
agent: promises and challenges. Intensive Care Med 34: 649-658.

Heo, J. H., H. N. Seo, Y. J. Choe, S. Kim, C. R. Oh, Y. D. Kim, H. Rhim, D. J. Choo, J. Kim,
J. Y. Lee (2008) T-type Ca2+ channel blockers suppress the growth of human cancer
cells. Bioorg Med Chem Lett 18: 3899-3901.

Jaggar, J. H., A. Li, H. Parfenova, J. Liu, E. S. Umstot, A. M. Dopico, C. W. Leffler (2005)
Heme is a carbon monoxide receptor for large-conductance Ca2+-activated K+ channels.
Circ Res 97: 805-812.

Kim, H. P., S. W. Ryter, A. M. Choi (2006) CO as a cellular signaling molecule. Annu Rev
Pharmacol Toxicol 46: 411-449.

Kimes, B. W., B. L. Brandt (1976) Characterization of two putative smooth muscle cell lines
from rat thoracic aorta. Exp Cell Res 98: 349-366.

Kuga, T., S. Kobayashi, Y. Hirakawa, H. Kanaide, A. Takeshita (1996) Cellajetendent
expression of L- and T-type Ca2+ currents in rat aortic smooth muscle cells in primary
culture. Circ Res 79: 14-19.

Kumar, B., K. Dreja, S. S. Shah, A. Cheong, S. Z. Xu, P. Sukumar, J. Naylor, A. Forte, M.
Cipollaro, D. McHugh, P. A. Kingston, A. M. Heagerty, C. M. Munsch, A. Bergdahl, A.
Hultgardh-Nilsson, M. F. Gomez, K. E. Porter, P. Hellstrand, D. J. Beech (2006)
Upregulated TRPC1 channel in vascular injury in vivo and its role in human neointimal
hyperplasia. Circ Res 98: 557-563.

Lipskaia, L., J. S. Hulot, A. M. Lompre (2009) Role of sarco/endoplasmic reticulum calcium
content and calcium ATPase activity in the control of cell growth and proliferation.
Pflugers Arch 457: 673-685.

Otterbein, L. E., B. S. Zuckerbraun, M. Haga, F. Liu, R. Song, A. Usheva, C. Stachulak, N.
Bodyak, R. N. Smith, E. Csizmadia, S. Tyagi, Y. Akamatsu, R. J. Flavell, T. R. Billiar,
E. Tzeng, F. H. Bach, A. M. Choi, M. P. Soares (2003) Carbon monoxide suppresses
arteriosclerotic lesions associated with chronic graft rejection and with balloon injury.
Nat Med 9: 183-190.

Owens, G. K. (1995) Regulation of differentiation of vascular smooth muscle cells. Physiol
Rev 75: 487-517.



Owens, G. K., M. S. Kumar, B. R. Wamhoff (2004) Molecular regulation of vascular smooth
muscle cell differentiation in development and disease. Physiol Rev 84: 767-801.

Panner, A., R. D. Wurster (2006) T-type calcium channels and tumor proliferation. Cell
Calcium 40: 253-259.

Peers, C., J. P. Boyle, J. L. Scragg, M. L. Dallas, M. M. Al-Owais, N. T. Hettiarachichi, J.
Elies, E. Johnson, N. Gamper, D. S. Steele (2014) Diverse mechanisms underlying the
regulation of ion channels by carbon monoxide. Br J Pharmacol .

Perez-Reyes, E. (2003) Molecular physiology of low-voltage-activated t-type calcium
channels. Physiol Rev 83: 117-161.

Ramlawi, B., J. R. Scott, J. Feng, S. Mieno, K. G. Raman, D. Gallo, E. Csizmadia, C. B.
Yoke, F. H. Bach, L. E. Otterbein, F. W. Sellke (2007) Inhaled carbon monoxide
prevents graft-induced intimal hyperplasia in swine. J Surg Res 138: 121-127.

Richard, S., D. Neveu, G. Carnac, P. Bodin, P. Travo, J. Nargeot (1992) Differential
expression of voltage-gated Ca(2+)-currents in cultivated aortic myocytes. Biochim
Biophys Acta 1160: 95-104.

Rodman, D. M., K. Reese, J. Harral, B. Fouty, S. Wu, J. West, M. Hoedt-Miller, Y. Tada, K.
X. Li, C. Cool, K. Fagan, L. Cribbs (2005) Low-voltage-activated (T-type) calcium
channels control proliferation of human pulmonary artery myocytes. Circ Res 96: 864-
872.

Ryter, S. W., J. Alam, A. M. Choi (2006) Heme oxygenase-1/carbon monoxide: from basic
science to therapeutic applications. Physiol Rev 86: 583-650.

Schmitt, R., J. P. Clozel, N. Iberg, F. R. Buhler (1995) Mibefradil prevents neointima
formation after vascular injury in rats. Possible role of the blockade of the T-type
voltage-operated calcium channel. Arterioscler Thromb Vasc Biol 15: 1161-1165.

Scragg, J. L., M. L. Dallas, J. A. Wilkinson, G. Varadi, C. Peers (2008) Carbon monoxide
inhibits L-type C&" channels via redox modulation of key cysteine residues by
mitochondrial reactive oxygen species. J Biol Chem 283: 24412-244109.

Telezhkin, V., S. P. Brazier, R. Mears, C. T. Muller, D. Riccardi, P. J. Kemp (2011) Cysteine
residue 911 in C-terminal tail of human BK(Ca)alpha channel subunit is crucial for its
activation by carbon monoxide. Pflugers Arch .

Tzeng, B. H., Y. H. Chen, C. H. Huang, S. S. Lin, K. R. Lee, C. C. Chen (201Z}auM¥1
T-type calcium channel is required for neointimal formation in response to vascular
injury in mice. Cardiovasc Res 96: 533-542.

Wambhoff, B. R., D. K. Bowles, G. K. Owens (2006) Excitation-transcription coupling in
arterial smooth muscle. Circ Res 98: 868-878.

Williams, S. E., P. Wootton, H. S. Mason, J. Bould, D. E. lles, D. Riccardi, C. Peers, P. J.
Kemp (2004) Hemoxygenase-2 is an Oxygen Sensor for a Calcium-Sensitive Potassium
Channel. Science 306: 2093-2097.

Zhang, W., K. E. Halligan, X. Zhang, J. M. Bisaillon, J. C. Gonzalez-Cobos, R. K. Motiani,
G. Hu, P. A. Vincent, J. Zhou, M. Barroso, H. A. Singer, K. Matrougui, M. Trebak
(2011) Orail-mediated | (CRAC) is essential for neointima formation after vascular
injury. Circ Res 109: 534-542.



