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L-type channel inactivation balances the increased
peak calcium current due to absence of Rad
in cardiomyocytes
Brooke M. Ahern1, Andrea Sebastian1, Bryana M. Levitan1,2, Jensen Goh1, Douglas A. Andres3, and Jonathan Satin1

The L-type Ca2+ channel (LTCC) provides trigger calcium to initiate cardiac contraction in a graded fashion that is regulated by
L-type calcium current (ICa,L) amplitude and kinetics. Inactivation of LTCC is controlled to fine-tune calcium flux and is governed
by voltage-dependent inactivation (VDI) and calcium-dependent inactivation (CDI). Rad is a monomeric G protein that
regulates ICa,L and has recently been shown to be critical to β-adrenergic receptor (β-AR) modulation of ICa,L. Our previous
work showed that cardiomyocyte-specific Rad knockout (cRadKO) resulted in elevated systolic function, underpinned by an
increase in peak ICa,L, but without pathological remodeling. Here, we sought to test whether Rad-depleted LTCC contributes
to the fight-or-flight response independently of β-AR function, resulting in ICa,L kinetic modifications to homeostatically
balance cardiomyocyte function. We recorded whole-cell ICa,L from ventricular cardiomyocytes from inducible cRadKO and
control (CTRL) mice. The kinetics of ICa,L stimulated with isoproterenol in CTRL cardiomyocytes were indistinguishable from
those of unstimulated cRadKO cardiomyocytes. CDI and VDI are both enhanced in cRadKO cardiomyocytes without
differences in action potential duration or QT interval. To confirm that Rad loss modulates LTCC independently of β-AR
stimulation, we crossed a β1,β2-AR double-knockout mouse with cRadKO, resulting in a Rad-inducible triple-knockout mouse.
Deletion of Rad in cardiomyocytes that do not express β1,β2-AR still yielded modulated ICa,L and elevated basal heart function.
Thus, in the absence of Rad, increased Ca2+ influx is homeostatically balanced by accelerated CDI and VDI. Our results indicate
that the absence of Rad can modulate the LTCC without contribution of β1,β2-AR signaling and that Rad deletion supersedes
β-AR signaling to the LTCC to enhance in vivo heart function.

Introduction
The L-type calcium channel (LTCC) is a heteromultimeric pro-
tein complex that governs the entry of calcium necessary to
initiate a contraction, and the LTCC contributes to the cardiac
action potential (AP) plateau phase (Breijo-Marquez, 2012).
Cardiomyocyte LTCC activity is tightly regulated to prevent
calcium overload (Bers, 2002) and afterdepolarizations of the
AP (January et al., 1988; January and Riddle, 1989). The decay
kinetics of ICa,L is a key point of control. Inactivation of the
LTCC occurs by two distinct mechanisms: calcium-dependent
inactivation (CDI) and voltage-dependent inactivation (VDI;
Breijo-Marquez, 2012; Pelzer et al., 1990). The early peak of
L-type calcium current (ICa,L) triggers CICR from the SR that is
essential for excitation–contraction coupling; calcium released
from the SR or entering through the channel itself binds to
calmodulin (CaM) prebound to the EF hand of the C terminus of
the main pore-forming subunit of the LTCC (Zühlke et al.,

1999). Ca2+-CaM complexed within the LTCC causes a con-
formational change to induce CDI (Peterson et al., 1999; Tadross
et al., 2008; Alseikhan et al., 2002; Zamponi, 2003). In addition,
ICa,L decay occurs by VDI contemporaneously with the plateau
phase of the AP (Findlay, 2002a; Findlay, 2002c; Findlay, 2002b;
Findlay, 2004). Under basal conditions, the decay of ICa,L demon-
strates nonexponential decaywith relatively early, fast components
and late, slow components (Mahajan et al., 2008; Madhvani et al.,
2011; Karagueuzian et al., 2017;Madhvani et al., 2015). It is generally
accepted that CDI contributes to the early, fast component and that
the late, slow component is dominated by VDI (Findlay, 2004;
Morales et al., 2019). Other studies claim that VDI contributes to
both components but is dampened when calcium influx increases
(Findlay, 2002a; Findlay, 2004; Findlay, 2002c; Findlay, 2002b).

The regulation of LTCC decay becomes particularly critical
when the channel is modulated upon β-adrenergic receptor
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(β-AR) stimulation. During the fight-or-flight response, ICa,L
amplitude increases, voltage dependence of activation shifts to
more negative potentials, and inactivation rates accelerate
(Findlay, 2004; Morales et al., 2019; Bean et al., 1984; Morotti
et al., 2012). Regulation of the LTCC by β-AR stimulation has
been thoroughly investigated; yet, complete understanding
remains elusive, especially in regard to how inactivation is
accelerated. Many studies claim that CDI is the major contrib-
utor to ICa,L decay under modulated conditions because elevated
calcium influx leads to more calcium interaction with CaM
(Findlay, 2004; Morales et al., 2019); however, increased ICa,L
due to overexpression of α1C, the pore-forming subunit of the
LTCC, or of voltage-gated calcium channel β2a (CaVβ2a) did not
alter decay kinetics compared with the controls (Muth et al.,
1999; Chen et al., 2011). Others argue that inactivation is ac-
celerated due to interactions of the N terminus and C terminus
with each other or with other proteins (Lei et al., 2018;
Benmocha Guggenheimer et al., 2016; Ivanina et al., 2000).
Because β-AR stimulation initiates multiple molecular mecha-
nisms, it is difficult to assess the main contributors to LTCC
regulation (Pallien and Klussmann, 2020).

In recent studies, Rad has emerged as a major contributor to
LTCC modulation (Ahern et al., 2019; Levitan et al., 2016; Liu
et al., 2020). Rad is a member of the RGK subfamily of Ras-
related small GTPases (Correll et al., 2008) and shares the
common RGK protein property of profoundly inhibiting CaV1/
CaV2 channel activity. Overexpression of Rad in heterologous
expression systems potently inhibits ICa,L in adult and embry-
onic ventricular myocytes (Finlin et al., 2003; Gunton et al.,
2012; Magyar et al., 2012; Yang and Colecraft, 2013; Béguin
et al., 2001). In vivo Rad deficiency promotes positive inotropy
and is a critical determinant of current amplitude (Ahern et al.,
2019) and modulation (Levitan et al., 2016; Liu et al., 2020). Our
recent work showed that the absence of Rad from the channel
complex results in increased LTCC activity that mirrors
β-AR–modulated ICa,L and accelerates ICa,L decay (Ahern et al.,
2019; Manning et al., 2013; Manning et al., 2015; Levitan et al.,
2016). These findings were definitively supported using prox-
imity biotinylation to show that under conditions of β-AR
stimulation, PKA-mediated Rad phosphorylation alleviated
constitutive inhibition caused by Rad association with the LTCC
(Liu et al., 2020).

If Rad loss from the LTCC complex is essential for β-AR
modulation of ICa,L, then the absence of Rad in the myocardium
could serve as a novel tool to investigate LTCC regulation under
modulated conditions without interfering contributions of other
signaling pathways normally activated under β-AR stimulation.
Using a cardiomyocyte-restricted Rad deletion mouse model, we
revisited the hypothesis that modulation of the LTCC by β-AR
stimulation is governed by the presence of Rad in the CaV1.2
macromolecular complex. Mechanistically, the absence of Rad
yields increased inactivation to offset the increase in peak ICa,L.
Here, we show that CDI and VDI are both accelerated in the
absence of Rad. The combination of greater peak and accelerated
kinetics conspires to prevent significant changes to AP duration
(APD) or QT interval, despite large peak ICa,L. The preservation
of Rad knockout instilled ICa,L modulation in the absence of β-AR

expression, thus showing that Rad imparts channel complex
modulation independent of β-AR signaling. This work suggests
that Rad–LTCC interactions may be a novel target for future
therapeutics to confer systolic advantage.

Materials and methods
All experimental procedures and protocols were approved by
the animal care and use committee of the University of Kentucky
and conformed to the National Institutes of Health Guide for the
Care and Use of Laboratory Animals.

Animal model
Mice lacking Rad expression (RADΔ/Δ; cardiomyocyte-specific
Rad knockout [cRadKO]) were generated and characterized as
previously described (Ahern et al., 2019). Transgenic animals
were generated on a C57BL/6J background in the Transgenic
Animal and Genome Editing Core at Cincinnati Children’s Hos-
pital Medical Center. Details are reported in Ahern et al. (2019).
RAD deficiency was induced by a single intraperitoneal injection
in control (RADfl/fl; CTRL) and experimental mice with tamox-
ifen dissolved in sunflower seed oil (40 mg/kg body weight). All
mice received tamoxifen and were used >2 wk after tamoxifen
treatment unless otherwise stated. This single tamoxifen injec-
tion protocol minimizes cardiomyopathological effects observed
with multiday administration of tamoxifen. β1-AR and β2-AR
double-knockout (dKO) mice were from The Jackson Laboratory
(stock no. 003810; Rohrer et al., 1999). These mice were bred
onto our RADfl/fl-MHC animals to produce the β1β2-AR and Rad
triple knockout (tKO) after administration of tamoxifen.

Ventricular myocyte isolation
Isolated ventricular cardiomyocytes were prepared as previ-
ously described (Magyar et al., 2012). Prior to heart excision,
mice were anesthetized with ketamine + xylazine (90 +
10 mg/kg intraperitoneally). Hearts were excised from adult
mice (3–7 mo of age) and immediately perfused on a Langen-
dorff apparatus with a high-potassium Tyrode buffer and then
digested with 5–7 mg Liberase (Roche). After digestion, atria
were removed, and ventricular myocytes were mechanically
dispersed. Calcium concentrations were gradually restored to
physiological levels in a stepwise fashion, and only healthy
quiescent ventricular myocytes were used for electrophysio-
logical analysis within 12 h.

Electrophysiological recordings
ICa,L was recorded in the whole-cell configuration of the patch-
clamp technique as previously described (Magyar et al., 2012).
All recordings were performed at room temperature (20–22°C).
The pipette solution consisted of (in mmol/liter) 125 Cs-
methanesulfonate, 15 TEA-Cl, 1 MgCl2, 10 EGTA [or 10 1,2-bis
(o-aminophenoxy)ethane-N,N,N9,N9-tetraacetic acid (BAPTA)],
5 HEPES, 5 Mg-ATP, and 5 phosphocreatine, pH 7.2. Physio-
logical Tyrode bath solution contained (in mmol/liter) 140
NaCl, 5.4 KCl, 1.2 KH2PO4, 5 HEPES, 5.55 glucose, 1 MgCl2,
and 1.8 CaCl2, pH 7.4. Once a cell was successfully patched,
zero sodium bath solution was introduced into the chamber
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containing (in mmol/liter): 150 NMDG, 2.5 CaCl2, 1 MgCl2, 10
glucose, 10 HEPES, and 5 4-aminopyridine, pH 7.2. Recordings
of barium response were recorded in zero sodium bath solution
containing 2.5 mmol/liter BaCl2. Recordings of isoproterenol
(ISO) response were recorded in zero sodium bath solution
containing 300 nM ISO. Recordings of H89 were obtained from
ventricular cardiomyocytes incubated in physiological Tyrode
bath solution containing 2 µM H89 and then introduced to zero
sodium bath solution also containing 2 µM H89. Traces were
normalized to peak ICa,L, and then mean amplitude was mea-
sured at 30 ms and 150 ms after peak. Remaining current was
then calculated by subtracting the mean amplitude from 1. AP
recordings were performed in the physiological Tyrode bath
solution as used for the other recordings. For AP recordings, the
pipette solution contained (in mmol/liter) 115 K-glutamate, 45
KCl, 3 Mg-ATP, and 10 HEPES, pH 7.21 (KOH). All AP recordings
were performed at room temperature (20–22°C).

Cytosolic Ca2+ transient recordings
Calcium transients were recorded from ventricular car-
diomyocytes loaded with cell-permeable Fura-2 acetox-
ymethyl ester (Invitrogen) at 1.0 Hz to determine transient
amplitude, upstroke velocity, and rate of decay. All measure-
ments were made following >2 min of conditioning of 1-Hz field
stimuli to induce a steady state. Transients were recorded at
1 Hz. To determine SR Ca2+ load, pacing was stopped, and cells
received a focal puff of 10 mM caffeine. All Ca2+ transient data
were analyzed using IonOptix IonWizard 6.3. Background flu-
orescence for F380 and F340 was determined from cell-free re-
gions. Data are expressed as F340/380 and were corrected for
background fluorescence.

Surface electrocardiogram (ECG)
Mice were anesthetized using 2% isoflurane and supplemented
with O2 at 1.5 liters/min. A level plane of anesthesia was main-
tained at 1–2% isoflurane supplemented with O2 at 1.5 liters/min.
Mice were placed in prone position on a Mouse Monitor S (Indus
Instruments) and recorded according to the manufacturer’s rec-
ommended settings for 5 min under the default filter set. ECGs
were recorded for leads I, II, III, and aVL for each animal and
analyzed. For intrinsic heart rate, atropine (1mg/kg) + propranolol
(1 mg/kg) were administered intraperitoneally.

Echocardiography
Transthoracic echocardiography was performed using the Vi-
sual Sonics 3100 imaging system equipped with a 505s 40-MHz
probe. Mice underwent transthoracic echocardiography under
light anesthesia (inhaled isoflurane 1–2%) with heart rate
(350–500 beats per minute) and core temperature (37°C) con-
tinuously monitored. The heart was visualized in 2-D form from
modified parasternal long-axis, short-axis, and apical views. The
left ventricular dimensions and calculated left ventricular ejec-
tion fraction were measured from the short-axis M-mode dis-
play. All measurements were obtained in triplicate and averaged.
The sonographer was blinded to animal genotype, and data
analysis was performed with animal genotype blinded. For the
pharmacological stress echocardiogram, a single intraperitoneal

injection of ISO (30 mg/kg, United States Pharmacopeia) was
administered immediately after baseline echocardiographic meas-
urements were recorded. Heart rate was monitored; within
5 min of increased heart rate, the drug effect was confirmed,
and echocardiographic measures were repeated.

Quantitative reverse transciption PCR (qRT-PCR)
Mice were anesthetized with ketamine and xylazine, and their
hearts were quickly excised, after which the apex of the left
ventricle was removed and snap frozen in liquid nitrogen. Fro-
zen tissue was then homogenized, and RNA was isolated using
the Direct-zol RNA kit (Zymo Research) and quantified using a
NanoDrop spectrophotometer (Thermo Fisher Scientific). cDNA
was generated from 500 ng of RNA, which was then amplified
via RT-PCR using TaqMan probes from Life Technologies: gapdh
(Mm99999915_g1) and rrad (Mm00451053_m1). Cycle threshold
(CT) values for rradwere normalized by subtraction from gapdh,
and WT was then subtracted from RAD−/− (ΔΔCT), and fold
changes were calculated as 2−ΔΔCT.

Statistical analysis
For statistical analyses performed on all cellular observations,
the mouse is the primary unit of analysis. Cellular mean ± SEM
values are represented in the figures. The within-mouse aver-
ages of the cellular observations were used for analysis to per-
form the analysis on the level of the experimental units, the
mice. The factors of mouse type and voltage test (2 × 2 factorial
design) were analyzed using two-way repeated-measures AN-
OVA, which was performed with Šı́dák’s multiple comparisons
test to compare CTRL versus cRadKO pairs at the same voltage
step. In the analyses involving the difference of means between
CTRL and cRadKO mice under the assumption of normality of
response variable, two-sample unpaired t tests were used for
CTRL versus cRadKO, and paired t tests were used for before-
and-after ISO treatment comparisons. P < 0.05 was considered
statistically significant. All statistical analyses were performed
using GraphPad Prism 9. Sample sizes are reported as N =
number of mice and n = number of cells. P < 0.05was considered
statistically significant. All statistical analyses were performed
using GraphPad Prism 9.

Online supplemental material
Fig. S1 shows the effect of ISO on ICa,L measured from CTRL
ventricular cardiomyocytes. Fig. S2, Fig. S3, and Fig. S5 show the
95% confidence intervals of the two-way repeated-measures
ANOVA tabular results for figure panels that show remaining
current. Fig. S4 describes the surface ECG measurements for
CTRL versus cRadKO at baseline (before and after treatment
with atropine and propranolol). Fig. S6 shows characterization
of the dKO and tKO mouse models (echocardiographic assess-
ment, qRT-PCR, and ECG measurements).

Results
cRadKO mirrors modulated LTCC
ICa,L decay consists of an early, fast component and a late, slow
component (Pelzer et al., 1990; Mahajan et al., 2008; Madhvani
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et al., 2011; Karagueuzian et al., 2017; Madhvani et al., 2015). CDI
is the dominant mechanism of inactivation of the fast compo-
nent and under conditions of β-adrenergic stimulation (Peterson
et al., 1999; Zamponi, 2003; Findlay, 2002a; Madhvani et al.,
2011); this idea, coupled with the emergent model that phos-
phorylated Rad is reoriented from the LTCC during β-adrenergic
stimulation to drive ICa,L modulation (Ahern et al., 2019;
Manning et al., 2013; Levitan et al., 2016; Liu et al., 2020),
predicts that Rad deletion (in the basal state) should yield ICa,L
properties that are not different from those of WT (CTRL)
following β-adrenergic modulation. We therefore compared the
kinetics of ICa,L in cardiomyocytes from CTRL after the addition
of ISO with basal ICa,L in cardiomyocytes from cRadKO (Fig. 1).
For brevity, we henceforth refer to CTRL ICa,L and cRadKO ICa,L
as stand-ins for ICa,L from CTRL or cRadKO ventricular car-
diomyocytes. EGTAwas used to allow a readout of the influence
on global Ca2+. ICa,L traces from cRadKO and ISO-stimulated
CTRL normalized to peak current demonstrate that basal
cRadKO ICa,L decay is not different from that of modulated CTRL
(Fig. 1 A). Remaining current 30 ms after peak (r30) was not
different between modulated CTRL ICa,L and cRadKO ICa,L (Fig. 1
B, Fig. S1, and Fig. S2 A for two-way ANOVA tabular results);
similarly, there was no difference in the late component (re-
maining current 150 ms after peak [r150]; Lacinová and
Hofmann, 2005; Mahajan et al., 2008; Markandeya and
Kamp, 2015; Madhvani et al., 2015) at individual voltage steps

(Fig. 1 C and Fig. S2 B for two-way ANOVA tabular results).
cRadKO displayed larger current density than CTRL at r30
(Fig. 1 E) and r150 (Fig. 1 F). Taken together, these results
demonstrate that the kinetic signature of basal cRadKO ap-
proximates modulated ICa,L kinetics.

Increased Ca2+ and Rad both contribute to CDI
If CDI is the dominant mechanism when the LTCC is modulated,
then the source of calcium contributing to CDI could emanate
from the SR or from local calcium entering through the channel
itself (Grandi et al., 2010). To evaluate global versus local Ca2+,
we investigated ICa,L decay kinetics in the presence of either
EGTA or BAPTA. These calcium buffers have similar steady-
state binding affinities for calcium, but they differ in binding
rate constants (Naraghi and Neher, 1997). EGTA buffers slower
than BAPTA and allows investigation of the influence of global
calcium on CDI; by contrast, the use of BAPTA limits CDI to local
sources, mainly Ca2+ fluxing in the nanodomain of the channel
(Naraghi and Neher, 1997; Fakler and Adelman, 2008).

Fig. 2 summarizes the analysis of r30 between cRadKO ICa,L
and CTRL ICa,L under conditions reporting global Ca2+ (EGTA
used as calcium buffer). Traces from cRadKO and CTRL ICa,L
demonstrate that cRadKO ICa,L fast decay is greater than that for
CTRL (Fig. 2 A). Across multiple voltage steps, there is less r30 in
cRadKO ICa,L than in CTRL ICa,L (Fig. 2 B and Fig. S2 C for two-
way ANOVA tabular results). Current density was larger in

Figure 1. Rad deletion ICa,L phenocopies modulated ICa,L. (A) Exemplar Ca2+ currents with 10mM EGTA for CTRL with ISO (green) and cRadKO (no ISO; red).
Traces are normalized to peak current at 0 mV. Scale bar, 100 ms. Black dots indicate r30; black stars indicate r150. (B–E) Remaining current across voltage
steps 30 ms after peak (B) and 150 ms after peak (C). ICa,L current density 30 ms (D) and 150 ms (E) after peak. Data in B and C were analyzed by two-way
ANOVA plus Š́ıdák’s multiple comparisons test. n = 4 mice, n = 7 cells for CTRL; n = 10 mice, n = 23 cells for cRadKO. (F) Facilitation measured as peak current
(without ISO) across multiple pulses of cells at 1 Hz normalized to the first pulse, then pooled, demonstrating significant increase in current across pulses in
cRadKO (*, P = 0.03; **, P = 0.002; ***, P = 0.0008); there was no significant difference in current across pulses in CTRL. Data are presented as mean ± SEM
values. Data in F were analyzed by one-sample t test compared with a hypothetical mean of 1. Data in F are displayed from n = 4 mice, 11 cells for CTRL; n = 4
mice, n = 7 cells for cRadKO.
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cRadKO than in CTRL (Fig. 2 C). To assess whether remaining
current depended on elevated current density, we plotted r30 as
a function of current density (Fig. 2 D). CTRL trends toward a
negative slope, meaning that as current density increases, there
is less remaining current, as expected for early, fast inactivation
by CDI (Findlay, 2004). In contrast, cRadKO has a positive slope;
as current density increases, there is more remaining current.
This finding suggests a Ca2+-independent contribution to the
early, fast component of decay in a Rad-less LTCC.

We next assessed r30 in the presence of BAPTA to limit the
pool of calcium local to the channel complex (Naraghi and
Neher, 1997; Fakler and Adelman, 2008; Fig. 3). Representative
traces reveal an apparent smaller difference in decay between
cRadKO and CTRL (Fig. 3 A). r30 across individual test potentials
demonstrates no significant difference between cRadKO and
CTRL ICa,L (Fig. 3 B and Fig. S2 D for two-way ANOVA tabular
results). In the presence of BAPTA, cRadKO maintains a larger
current density than CTRL (Fig. 3 C). Local buffering by BAPTA
eliminates the negative correlation of r30 with current density

for CTRL ICa,L; however, the positive correlation of cRadKO r30
and current density remains in the presence of BAPTA (Fig. 3 D;
compare with Fig. 2 D). Taken together, these results suggest
that the early, fast decay of ICa,L in cRadKO is driven in part
by SR released calcium and in part by a Ca2+-independent
mechanism.

Calcium released from the SR contributes to CDI (Morotti
et al., 2012). Thus, enhanced CDI seen in cRadKO could be the
result of a larger calcium release from the SR in response to
larger ICa,L current density, enhanced calcium cycling, and in-
creased SERCA expression (Ahern et al., 2019). We therefore
measured SR calcium content as caffeine-induced calcium
transients (Fig. 4). Representative calcium transients followed
by caffeine application (Fig. 4 A) demonstrate a greater twitch
(Fig. 4 B; **, P = 0.004) and greater SR calcium content in
cRadKO than in CTRL (Fig. 4 C; *, P = 0.02). The fractional
change in amplitude between twitch calcium versus caffeine-
released calcium was greater in cRadKO, demonstrating that
there is more calcium released from the SR beat to beat

Figure 2. Rad deletion accelerates fast component of ICa,L decay. (A) Exemplar Ca2+ currents with 10 mM EGTA for CTRL (blue) and cRadKO (red). Traces
were normalized to peak current at 0 mV. Scale bar, 100 ms. Black dots indicate r30. (B) Remaining current 30 ms after peak across voltage steps. (C) ICa,L
current density 30 ms after peak. (D) Regression plot of the absolute values of current density versus r30 (CTRL: slope = −0.01, deviation from zero: P = 0.28, r2

= 0.5; cRadKO: slope = 0.03, deviation from zero: P = 0.002, r2 = 0.4; dotted lines represent 95% confidence intervals). Data in B and C are presented as mean ±
SEM values. Data in B were analyzed by two-way ANOVA plus Š́ıdák’s multiple comparisons test (for between CTRL and cRadKO: *, P < 0.05; **, P < 0.01; ***,
P < 0.001; and ****, P < 0.0001, alternating asterisks for presentation clarity). Data in D were analyzed by simple linear regression. n = 10 mice, n = 25 cells for
CTRL; n = 10 mice, n = 23 cells for cRadKO.
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(Fig. 4 D). There was no significant difference in the rate of
decay of the caffeine-induced calcium transient, indicating no
difference in Na+/Ca2+ exchanger activity in cRadKO compared
with CTRL (Fig. 4 E). Taken together, these results are consis-
tent with a contribution of greater calcium release from the SR
accelerating CDI in cRadKO.

The absence of Rad does not promote pathological alterations
to late ICa,L kinetics
Late ICa,L contributes to repolarization and SR calcium loading
(Mahajan et al., 2008); impaired inactivation of the late phase
can result in APD prolongation and early afterdepolarizations
(EADs; Mahajan et al., 2008; Markandeya and Kamp, 2015;
Madhvani et al., 2011; Karagueuzian et al., 2017; Madhvani et al.,
2015). We therefore analyzed ICa,L r150 in cRadKO and CTRL in
the presence of EGTA. Representative traces demonstrate no
difference between cRadKO and CTRL ICa,L (Fig. 2 A, super-
imposed star). There was no difference in r150 between the
models at multiple test potentials (Fig. 5 A and Fig. S2 E for
two-way ANOVA tabular results). cRadKO, compared with
CTRL, has larger current density at r150 (Fig. 5 B). A positive
correlation is seen in both cRadKO and CTRL when r150 is
displayed as a function of current density (Fig. 5 C). In the

presence of BAPTA, there was no difference in r150 (see Fig. 3
A, overlapping stars at r150; Fig. 5 D; and Fig. S2 F for two-
way ANOVA tabular results). Current density was not dif-
ferent for cRadKO compared with CTRL ICa,L (Fig. 5 E). r150
plotted against current density demonstrated a positive
correlation in both cRadKO and CTRL (Fig. 5 F). These data
show that Rad deletion does not promote alterations to late ICa,L
kinetics.

The late, slow component of ICa,L decay is thought to be
dominated by VDI (Findlay, 2002a; Findlay, 2004; Morales et al.,
2019). We therefore measured VDI in cRadKO by using barium
as the charge carrier (Fig. 6). Representative traces demonstrate
faster decay in cRadKO than in CTRL at both r30 and r150 (Fig. 6
A). There was less r30 in cRadKO (Fig. 6, B and D; Fig. S3 A re-
ports two-way ANOVA tabular results for Fig. 6 B). At r150, re-
maining current in cRadKO was not significantly less than that
in CTRL (Fig. 6, C and E; Fig. S3 B reports two-way ANOVA
tabular results for Fig. 6 C). A positive correlation is seen in
cRadKOwhen either r30 or r150 is plotted as a function of current
density (Fig. 6, F and G). These data, in concert with the re-
gression plots from Figs. 2 and 3, show that the absence of Rad
enhances VDI. This suggests that the presence of Rad contributes
to dampening VDI.

Figure 3. Rad regulation of ICa,L kinetics requires SR Ca2+ release. (A) Exemplar Ca2+ currents with 10mMBAPTA for CTRL (blue) and cRadKO (red). Traces
were normalized to peak current at 0 mV. Scale bar, 100 ms. Black dots indicate r30. (B) Remaining current 30 ms after peak across voltage steps. (C) ICa,L
current density 30 ms after peak. (D) Regression plot of the absolute values of current density versus r30 (CTRL: slope = −0.003, deviation from zero: P = 0.91,
r2 = 0.002; cRadKO: slope = 0.03, deviation from zero: P = 0.03, r2 = 0.6; dotted lines represent 95% confidence intervals). Data in B and C are presented as
mean ± SEM values. Data in B were analyzed by two-way ANOVA plus Š́ıdák’s multiple comparisons test. Data in D were analyzed by simple linear regression.
n = 4 mice, n = 8 cells for CTRL; n = 4 mice, n = 7 cells for cRadKO.
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Faster kinetics in cRadKO prevent alterations to
cardiac electrophysiology
ICa,L plays a critical role in regulating cardiac APD; slight alter-
ations to current density or inactivation of the LTCC can lead to
electrical dysfunction, such as AP prolongation, EADs, and
prolonged QT intervals (Splawski et al., 2004; Splawski et al.,
2005; Mahajan et al., 2008; Markandeya and Kamp, 2015;
Madhvani et al., 2011; Karagueuzian et al., 2017; Madhvani et al.,
2015). Sympathetic stimulation via the β-AR signaling axis
modulates triggered calcium and shortens APD (Shen and Zipes,
2014). Studies have shown that female mice exhibit prolonged
AP repolarization and longer QT intervals (Bayer et al., 2001),
making females more sensitive to revealing if Rad deletion has
an effect on APD and QT interval. We therefore measured APs
from isolated ventricular cardiomyocytes and used surface ECG
recordings to assess the QT interval in female mice. APs mea-
sured at 1 Hz from CTRL ventricular cardiomyocytes showed a
pronounced inflection point positive to 0 mV (Fig. 7 A, arrow),
rapid repolarization, and a slower repolarization phase negative
to −50 mV (Fig. 7 A). cRadKO APs (Fig. 7 A, red line) demon-
strated similar morphology to CTRL at baseline (Fig. 7 A, blue
line) and after addition of ISO (Wang et al., 2019; Fig. 7 B;
cRadKO, black line; CTRL, green line). Baseline AP amplitudes
were not significantly different between models (Fig. 7 C;
cRadKO, 127.4 ± 1.0 mV; CTRL, 123.0 ± 3.3 mV). Comparison of
baseline APD at 50% repolarization (APD50) and at 80% repo-
larization (APD80) demonstrated no significant difference be-
tween cRadKO and CTRL (Fig. 7 D; cRadKO, 6.5 ± 0.98 ms; CTRL,

6.2 ± 0.58 ms). At APD80, cRadKO demonstrated faster repo-
larization than CTRL (Fig. 7 E; cRadKO, 17.1 ± 1.5 ms; CTRL, 21.2 ±
1.1 ms). CTRL AP amplitude was not significantly different from
cRadKO after ISO (Fig. 7 F). cRadKO at APD50 was slightly
shorter than at baseline but was not significantly different from
CTRL (Fig. 7 G; APD50 after ISO, cRadKO, 6.4 ± 1.2 ms; CTRL, 6.0
± 0.71 ms). CTRL was longer at APD80 than at baseline but was
not significantly different from cRadKO (Fig. 7 H; APD80 after
ISO, cRadKO, 18.0 ± 1.8 ms; CTRL, 23.4 ± 2.0 ms).

We next assessed in vivo electrical function. The increase in
heart rate in response to sympathetic stimulation is the result
of integrative mechanisms in both branches of the autonomic
nervous system (Shen and Zipes, 2014), which could obscure a
potential effect on QT interval due to a selective increase in ICa,L
in the absence of Rad. We therefore measured the ECG under
autonomic nervous system block by treating the mice with at-
ropine and propranolol (Wickman et al., 1998). Baseline ECG
measurements demonstrated no significant difference in QT or
corrected QT interval (QTc; Fig. S4). After administration of
atropine and propranolol, representative surface ECG traces
showed no apparent differences between CTRL and cRadKO
(Fig. 7 I). Raw QT interval (Fig. 7 J; cRadKO, 40 ± 6 ms; CTRL,
50 ± 7 ms; P = 0.35) and QTc demonstrated no significant dif-
ference (Fig. 7 K; cRadKO, 33 ± 5 ms; CTRL, 40 ± 5 ms; P = 0.41).
These data, combined with the AP measurements, support
the idea that the faster kinetics balance the increase in peak
ICa,L, thereby preventing significant alterations in cardiac
electrophysiology.

Figure 4. Rad deletion displays larger SR calcium content. (A) Representative transients before and after administration of 10 mM caffeine. CTRL in blue
and cRadKO in red. (B) Peak twitch amplitude (**, P = 0.004). (C) Peak caffeine amplitude (*, P = 0.02). (D) Fractional amplitude between twitch and caffeine
(P = 0.05). (E) Rate of decay of caffeine transient (P = 0.45). CTRL: n = 6 mice, n = 11 cells; cRadKO: n = 4mice, n = 10 cells. Data in B–E are presented as mean ±
SEM values. P values were calculated using Student’s unpaired t test for B–E.

Ahern et al. Journal of General Physiology 7 of 17

Rad deletion supersedes β-AR contributions https://doi.org/10.1085/jgp.202012854

https://doi.org/10.1085/jgp.202012854


cRadKO yields modulated kinetics of LTCC downstream of
β-AR signaling
It is possible that tonic PKA activity is involved in the increase in
ICa,L current density and hyperpolarized shift in activation that
are seen in cRadKO (Bryant et al., 2014; Bryant et al., 2018). We
therefore assessed ICa,L in cRadKO and CTRL following exposure
to 2 µM H89. However, in the presence of PKA inhibition,
cRadKO retained a modulated ICa,L phenotype. Peak ICa,L was
significantly increased in cRadKO compared with CTRL (Fig. 8 A).
Rad deletion also resulted in a greater maximal conductance (Fig. 8
B; Gmax, cRadKO, 386 ± 49 pS/pF; CTRL, 224 ± 33 pS/pF; P = 0.03)
and a negative shift in activation midpoint (Fig. 8, C and D; cRadKO,
0.18 ± 1.6 mV; CTRL, 6.7 ± 3.0 mV; P = 0.04). Analysis of kinetics
demonstrated a trend of less remaining current in cRadKO at r30 and
r150 (Fig. 8, E and F; Fig. S5, A and B report two-way ANOVA tabular
results for Fig. 8, E and F, respectively). Taken together, these results
support the hypothesis that the deletion of Rad increases peak ICa,L
that mirrors modulated LTCCs without activation of PKA.

β1-AR activationmediates positive chronotropic and inotropic
responses of cardiomyocytes, and β2-AR is thought to contribute
to these processes more locally within cardiomyocytes (Nikolaev
et al., 2010). To determine whether these receptors were con-
tributing to the modulation effect of ICa,L seen in cRadKO, we
bred RADfl/fl-MHC-MCM onto a β1,β2-AR dKO mouse (Chruscinski
et al., 1999) to create an induced RADΔ/Δ,β1,β2-AR tKOmouse after
administration of tamoxifen. Echocardiographic assessment of

dKO and tKO compared with CTRL demonstrated elevated car-
diac function in tKO but no significant difference in dKO (Fig.
S6). Ejection fraction was significantly different between CTRL
and dKO after acute ISO, demonstrating that β1,β2-AR response
was disrupted (Fig. S6 E; CTRL, 93 ± 1%, dKO, 60 ± 3%; P <
0.0001; data for CTRL + ISO echocardiography taken from our
previously published dataset; Ahern et al., 2019). Disruption of
Rad expression in the heart in tKO was confirmed by qRT-PCR
(Fig. S6 F). After the deletion of Rad, ejection fraction signifi-
cantly increased in the tKO compared with dKO (Fig. 9, A and B;
tKO, 72 ± 2%; dKO, 51 ± 4%; P < 0.0001). Left ventricular inner
dimensions decreased in the tKO (Fig. 9 C; tKO, 3.6 ± 0.1 mm;
dKO, 4.2 ± 0.1 mm; P = 0.003) without significant changes in the
anterior or posterior walls (Fig. 9, D and E; for 9 D, tKO, 0.88 ±
0.1 mm; dKO, 0.80 ± 0.1 mm; P = 0.43; for 9 E, tKO, 0.86 ± 0.05
mm; dKO, 0.82 ± 0.1 mm; P = 0.52). Surface ECG showed no sig-
nificant difference in raw QT interval (Fig. 9, F and G; tKO, 39 ±
4ms; dKO, 30 ± 6ms; P = 0.19), QTc (Fig. 9 H; tKO, 31 ± 4ms; dKO,
23 ± 4 ms; P = 0.14), or RR interval (Fig. 9 I; tKO, 31 ± 4 ms; dKO,
23 ± 4ms; P = 0.14) between dKO and tKO femalemice. These data
support that the absence of Rad enhances cardiac function inde-
pendent of β1,β2-AR signaling.

At the level of channel current, peak ICa,L was significantly
increased in tKO compared with dKO (Fig. 10, A and B). Rad
deletion also resulted in a greater maximal conductance (Fig. 10,
C and D; Gmax, tKO, 508 ± 33 pS/pF; dKO, 230 ± 32 pS/pF;

Figure 5. The absence of Rad does not pro-
mote pathological alterations to late ICa,L ki-
netics. (A–C) Current measured with EGTA.
(D–F) Current measured with BAPTA. (A) Re-
maining current 150 ms after peak across volt-
age steps. (B) ICa,L current density 150 ms after
peak. (C) Regression plot of the absolute values
of current density versus r150 (CTRL: slope =
0.04, deviation from zero: P = 0.03, r2 = 0.2;
cRadKO: slope = 0.03, deviation from zero: P =
0.09, r2 = 0.2; dotted lines represent 95% con-
fidence intervals). n = 10 mice, n = 25 cells for
CTRL; n = 10 mice, n = 23 cells for cRadKO.
(D) Remaining current 150 ms after peak across
voltage steps. (E) ICa,L current density 150 ms
after peak. (F) Regression plot of the absolute
values of current density versus r150 (CTRL: slope
= 0.02, deviation from zero: P = 0.54, r2 = 0.1;
cRadKO: slope = 0.04, deviation from zero: P =
0.003, r2 = 0.9; dotted lines represent 95%
confidence intervals). n = 4 mice, n = 8 cells for
CTRL; n = 4 mice, n = 7 cells for cRadKO. Data in
A, B, D, and E are presented as mean ± SEM
values. Data in A and D analyzed by two-way
ANOVA plus Š́ıdák’s multiple comparisons test.
For between CTRL and cRadKO: *, P = 0.03.
Data in C and F were analyzed by simple linear
regression.
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P < 0.0001) and a negative shift in activationmidpoint (Fig. 10 E;
tKO, −13.1 ± 2.4 mV; dKO, −6.12 ± 1.7 mV; P = 0.04). Analysis of
kinetics demonstrated a trend of less remaining current in the
tKO at r30 (Fig. 10, F, G, and I) and no difference at r150 (Fig. 10, F,
H, and J). The interaction of voltage and dKO versus tKO was
significantly different both at r30 and r150 (Fig. S3, C and D).
Taken together, these results support the hypothesis that the
deletion of Rad increases peak ICa,L that mirrors modulated
LTCCs without stimulation of β1,β2-AR signaling.

Discussion
The main findings of this study are that in the absence of Rad,
increased peak ICa,L is balanced by accelerated CDI and VDI

(Fig. 11). Accelerated LTCC kinetics prevent significant AP and
QT interval prolongation. In fact, APD80 is shorter in cRadKO
(Fig. 7). The loss of Rad from the LTCC complex results in mod-
ulated ICa,L independent of β-AR signaling. To our knowledge, the
cardiomyocyte-restricted Rad deletion model is the only known
model to increase ICa,L without disrupting calcium homeostasis
and without promoting pathological signaling (Muth et al., 1999;
Chen et al., 2011). Therefore, myocardial Rad–LTCC interaction is a
potential therapeutic target for positive inotropy while preserving
β-AR signaling cascades beyond the LTCC.

Rad contributes to regulation of LTCC inactivation
A major implication of this study is that the presence of Rad
slows inactivation of the LTCC. The deletion of Rad accelerated

Figure 6. Rad deletion enhances VDI. (A) Exemplar Ca2+ currents with 10 mM EGTA for CTRL (blue) and cRadKO (red). Traces were normalized to peak
current at 0 mV. Scale bar, 100 ms. Black dots indicate r30. Black stars indicate r150. (B) Remaining current 30ms after peak across voltage steps. (C) Remaining
current 150 ms after peak across voltage steps. (D) ICa,L current density 30 ms after peak. (E) ICa,L current density 150 ms after peak. (F) Regression plot of the
absolute values of current density versus r30 (CTRL: slope = −0.006, deviation from zero: P = 0.33, r2 = 0.2; cRadKO: slope = 0.02, deviation from zero: P = 0.10,
r2 = 0.4; dotted lines represent 95% confidence intervals). (G) Regression plot of the absolute values of current density versus r150 (CTRL: slope = 0.04,
deviation from zero: P = 0.73, r2 = 0.03; cRadKO: slope = 0.03, deviation from zero: P = 0.16, r2 = 0.3; dotted lines represent 95% confidence intervals). n = 3
mice, n = 7 cells for CTRL; n = 4 mice, n = 8 cells for cRadKO. Data in B–E are presented as mean ± SEM values. Data in A and D were analyzed by two-way
ANOVA plus Š́ıdák’s multiple comparisons test. Data in C and F were analyzed by simple linear regression.
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only the early, fast component of ICa,L decay without signifi-
cantly altering the late, proarrhythmogenic component
(Mahajan et al., 2008; Madhvani et al., 2011; Karagueuzian
et al., 2017; Madhvani et al., 2015; Markandeya and Kamp,
2015; Figs. 1, 2, 3, 4, 5, and 6). Late ICa,L has been implicated
as a source of EADs; in many cardiac pathological conditions
that are a high risk for ventricular tachycardia or ventricular
fibrillation, the rate of ICa,L inactivation can be slowed signifi-
cantly, thereby generating an increase in late inward depola-
rizing current (Madhvani et al., 2011; Karagueuzian et al., 2017;
Madhvani et al., 2015). This creates a pool of LTCCs that never
inactivate (Madhvani et al., 2011; Karagueuzian et al., 2017;
Madhvani et al., 2015). Three possibilities to treat EADs are (1)
shifting ICa,L steady-state activation in the depolarizing direc-
tion by <5 mV, (2) shifting steady-state inactivation in the

hyperpolarizing direction by <5 mV, and (3) reducing the
noninactivating component (Karagueuzian et al., 2017). The
crucial aspect is to adjust the kinetics of ICa,L to reduce window
current without reducing peak ICa,L; this is a major downfall
of traditional treatments such as verapamil or nifedipine
(Karagueuzian et al., 2017). Indeed, reducing peak ICa,L is not
needed to suppress EAD formation, but rather only to decrease
the late, arrhythmogenic component of ICa,L (Karagueuzian
et al., 2017; Madhvani et al., 2015). This way, excitation–
contraction coupling and overall contractility are unaffected.
One drug of promise that seems to decrease the late ICa,L
without affecting peak ICa,L is roscovitine, a cyclin-dependent
kinase inhibitor that is part of a new class of drugs known as
“gate modifiers” (Karagueuzian et al., 2017, Madhvani et al.,
2015; Han et al., 2019; Sheng et al., 2012; Yarotskyy and

Figure 7. Rad deletion does not prolong APD or QT interval. (A and B) Exemplar APs (A) at baseline from CTRL (blue) and cRadKO (red) and (B) after ISO
from CTRL (green) and cRadKO (black). Scale bars, 20 mV, 50 ms; arrows indicate the inflection point. (C) AP amplitude at baseline (P = 0.18). (D) APD50 at
baseline (P = 0.81). (E) APD80 at baseline (*, P = 0.04). n = 2 mice, n = 9 cells for CTRL; n = 2 mice, n = 7 cells for cRadKO. (F) AP amplitude after ISO (CTRL: P =
0.10, cRadKO: P = 0.20). (G) APD50 after ISO (CTRL: P = 0.45; cRadKO: P = 0.38). (H) APD80 after ISO (CTRL: *, P = 0.05; cRadKO: P = 0.18). n = 2 mice, n = 9
cells for CTRL with ISO; n = 2 mice, n = 6 cells for cRadKO. (I) Representative raw QT interval of intrinsic heart rate from surface ECG of CTRL and cRadKO.
Scale bar, 0.5 mV, 50 ms. (J) Raw QT interval (ms) is not significantly different (P = 0.35). (K) QTc (ms) is not significantly different (P = 0.41). CTRL: n = 6 mice;
cRadKO: n = 7 mice. P values were calculated using Student’s unpaired t test comparing CTRL with cRadKO (C–E, F–H, and J and K) and Student’s paired t test
comparing baseline with ISO (F–H). I and J were measured after administration of atropine (1 mg/kg) and propranolol (1 mg/kg). Data in C–E, J, and K are
presented as mean ± SEM values.
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Elmslie, 2007; Yarotskyy et al., 2009; Yazawa et al., 2011). It is
possible that Rad is an endogenous gate modifier for the LTCC
and that its removal selectively increases peak ICa,L without
increasing the late component. The absence of Rad illustrates a
similar effect on window current compared with roscovitine in
that there is a hyperpolarized shift in activation without an
increase in pedestal current (Ahern et al., 2019; Manning et al.,
2013). Further studies into how Rad specifically regulates the
LTCC may contribute to the new class of gate-modifying drugs
and how these mechanisms can be targeted to improve tradi-
tional treatments that use calcium channel block.

Rad is a key contributor to LTCC modulation
The activation of PKA downstream of β-AR stimulation results
in an increase in ICa,L, an increase in channel open probability,

and an increase in the number of functional channels (Bean
et al., 1984; Ahern and Satin, 2019), also known as “modula-
tion” of the LTCC. Phosphorylation of CaV1.2 was long thought
to be the underlying mechanism of modulation (Pallien and
Klussmann, 2020), but recent studies have proposed that the
mechanism of modulation relies more on protein–protein in-
teractions within the LTCC or on LTCC clustering (Pallien and
Klussmann, 2020; Ahern et al., 2019; Liu et al., 2020; Navedo
et al., 2010; Dixon et al., 2012; Dixon et al., 2015; Ito et al., 2019;
Ahern and Satin, 2019). It was also recently shown that Rad is
essential for cAMP-PKA regulation of CaV1.2 (Liu et al., 2020).
Our studies have demonstrated that Rad–LTCC interaction is a
key molecular signaling axis for LTCC modulation, both in the
ventricle and in sinoatrial node cardiomyocytes (Ahern et al.,
2019; Ahern, unpublished data), and that the absence of Rad

Figure 8. Rad deletion yields modulated ICa,L in the presence of PKA inhibition. (A) Peak ICa,L measured from isolated ventricular cardiomyocytes in-
cubated in 2 µM H89 demonstrates larger current density in cRadKO than CTRL. (B)Maximal conductance is significantly larger in cRadKO than in CTRL in the
presence of H89 (*, P = 0.03). (C) Conductance transform of I-V curve normalized to maximal conductance demonstrates a negative shift in activation in
cRadKO compared with CTRL. Smooth curves are Boltzmann distributions fitted to data. (D) Activation midpoint is significantly negatively shifted in cRadKO
compared with CTRL in the presence of H89 (*, P = 0.04). (E) Remaining current across voltage steps 30 ms after peak. (F) Remaining current across voltage
steps 150 ms after peak. CTRL: n = 3 mice, n = 7 cells; cRadKO: n = 3 mice, n = 10 cells. P values calculated using Student’s unpaired t test for C and D. Data are
presented as mean ± SEM values. Data in E and F were analyzed by two-way ANOVA plus Š́ıdák’s multiple comparisons test.
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from the complex yields modulation of the LTCC. Our current
findings expand on this through kinetic analysis, demonstrating
that CTRL ICa,L stimulated with ISO decayed in a manner that
was indistinguishable from cRadKO ICa,L (Fig. 1). When treated
with ISO, channels may form “superclusters” along the t-tubules
to amplify Ca2+ influx (Ito et al., 2019) and modify kinetics. The
absence of Rad could promote these superclusters to form under
basal conditions, which could in turn promote more CICR from
the SR to feed back into the clusters to then accelerate CDI. The
superclusters that form in response to sympathetic stimulation
via the β-AR axis signaling modulate triggered calcium, which
could shorten APD (Shen and Zipes, 2014). At the tissue level,
sympathetic drive reduces transmural dispersion of APs (Dukes
and Vaughan Williams, 1984). If ICa,L is selectively increased, all
else remaining equal, the resulting ventricular APD would pro-
long, appearing on the ECG as a longer QT interval (Tranquillo

and Sunkara, 2007). In cRadKO cardiomyocytes, increased LTCC
peak current is offset by faster kinetics, thus raising the possi-
bility that the net effect of Rad loss on cardiac electrophysiology
for APD and QT prolongation is nullified (Manning et al., 2013;
Figs. 7 and 11).

An alternative idea stems from Findlay, who proposed that
modulation of LTCC from β-AR stimulation resulted in a switch
from VDI to CDI. Under basal conditions, it was thought that CDI
contributed to decay at more negative potentials, whereas VDI
dominated as the membrane became more depolarized. Findlay
and others showed that VDI has a biphasic decay and that rapid
VDI contributes to the fast component of ICa,L, not just CDI
(Findlay, 2002a; Findlay, 2004; Findlay, 2002c; Findlay, 2002b;
Mitarai et al., 2000). However, in the presence of isoprenaline,
CDI dominated at all voltages, and VDI was suppressed. Findlay’s
prediction was that CDI would then have little contribution to

Figure 9. Rad deletion increases heart function exclusive of β1β2-ARs. (A) Representative M-mode short-axis echocardiography from dKO and tKO mice.
Scale bars, 1 s; 2 mm. (B) Ejection fraction (****, P < 0.0001). (C) Left ventricular inner dimensions; diastole (LVID;d; **, P = 0.003). (D and E) Left ventricular
anterior wall; diastole (LVAW;d; P = 0.43; D) and left ventricular posterior wall; diastole (LVPW;d; P = 0.52; E) thickness. Dimensions in C–E were measured in
diastole. dKO: n = 11 mice; tKO: n = 15 mice. (F) Representative raw QT interval from surface ECG of dKO and tKO. Scale bar, 0.5 mV, 50ms. (G) Raw QT interval
(ms) is not significantly different (P = 0.19). (H)QTc (ms) is not significantly different (P = 0.14). (I) R-R interval (ms) is not significantly different (P = 0.27). dKO:
n = 6 mice; tKO: n = 8 mice. P values were calculated using Student’s unpaired t test for B–E and G–I. Data in B–E and G–I are presented as mean ± SEM values.
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the AP under basal conditions but could promote severe slowing
of ICa,L decay and therefore elongation of the AP after β-AR
stimulation (Findlay, 2004). Our results demonstrate that the
absence of Rad accelerates VDI in both the fast and slow com-
ponents of ICa,L decay (Fig. 6). This does not result in elongation
of the AP, nor does it significantly prolong the QT interval
(Fig. 7). It is therefore possible that Rad contributes to LTCC
regulation by allowing this switch between VDI and CDI. Under

basal conditions, the presence of Rad regulates VDI; when β-Ars
are activated, Rad phosphorylation causes dissociation from the
LTCC (Liu et al., 2020), and CDI then becomes the dominant
inactivation mechanism as channels cluster together and elevate
intracellular calcium. The synchronous activity of these clusters
then promotes accelerated CDI so that the increase in ICa,L is
offset so as not to significantly alter APs. Further studies into
how phosphorylation of Rad alters its location within the

Figure 10. Rad deletion yields modulated ICa,L in the absence of β1β2-ARs. (A) Exemplar family of Ca2+ currents of dKO (dark blue) and tKO (dark red).
Scale bar, 1 nA, 100 ms. (B) Peak ICa,L current density is larger in tKO than in dKO. (C and D) Conductance transform of I-V curve demonstrates higher maximal
conductance in tKO than in dKOwith quantification shown in D (****, P < 0.0001). (E) Activation midpoint is significantly negatively shifted in tKO (*, P = 0.04).
(F) Exemplar Ca2+ currents with EGTA for dKO (dark blue) and tKO (dark red). Traces were normalized to peak current at 0 mV. Scale bar, 100 ms. Black dots
indicate r30. Black stars indicate r150. (G and H) Remaining current across voltage steps 30 ms after peak (G) and 150 ms after peak (H). (I and J) ICa,L current
density 30ms (I) and 150 ms (J) after peak. dKO: n = 3 mice, n = 7 cells; tKO: n = 3 mice, n = 9 cells. P values were calculated using Student’s unpaired t test for D
and E. Data in B–E and G–J are presented as mean ± SEM values. Data in G and H were analyzed by two-way ANOVA plus Šı́dák’s multiple comparisons test.
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complex or its interactions with other proteins could help elu-
cidate how Rad contributes to LTCC inactivation, especially
under conditions of β-AR stimulation.

Rad regulation of LTCC is independent of β-AR signaling
Our work has demonstrated that Rad is a critical component
in LTCC modulation by β-AR stimulation (Ahern et al.,
2019; Manning et al., 2013; Levitan et al., 2016). Indeed,
cardiomyocyte-restricted Rad deletion demonstrates the extreme
by which the loss of Rad yields maximally modulated ICa,L that
translates from channel function up to enhanced in vivo cardiac
function. Data collected from the tKO demonstrated that the
maximal modulation of ICa,L is due to the absence of Rad from the
LTCC, exclusive of activation of β-ARs (Figs. 9, 10, and 11). Others
who have used β1-AR knockout, β2-AR knockout, or β1β2-AR dKO
models have reported minimal impacts on basal cardiac function,
suggesting that there are potentially other controls for critical
physiological functions, such as cardiac rate and contractility, to
compensate for the loss of these receptors (Xiang and Kobilka,
2003; Nikolaev et al., 2010; Myagmar et al., 2017; Rohrer et al.,
1999; Jimenez et al., 2002; Devic et al., 2001). In β1β2-AR dKO ne-
onatal myocytes, β3-AR was shown to stimulate contraction after
treatment with ISO, though desensitization occurred more rapidly
than with β1-AR or β2-AR (Devic et al., 2001). It is therefore pos-
sible that there is a minor contribution from other sources to how
the heart responds to increased sympathetic drive. However, our
data clearly demonstrate a significant increase in function, both at
the level of the whole heart and at the level of the channel, when
Rad is deleted in the β1β2-AR dKOwithout significant prolongation
of the QT interval. We have previously shown that Rad deletion
allows a systolic advantage without promoting damaging effects
that are normally associated with the chronic use of positive ino-
tropes (Ahern et al., 2019; Manning et al., 2013). Therefore, we
suggest that Rad reduction could serve as a treatment for heart
failure that enhances systolic function while preserving β-AR sig-
naling pathways and without increasing proarrhythmic late ICa,L

(Mahajan et al., 2008; Madhvani et al., 2011; Karagueuzian et al.,
2017; Madhvani et al., 2015).

Limitations
It is possible that differential dispersed cell activity might arise
from cellular damage artifact during enzymatic dispersal.
However, our findings in this study are similar to those of other
reports of Rad deletion on cardiac function (Finlin et al., 2003;
Ahern et al., 2019; Manning et al., 2013; Liu et al., 2020). These
studies are limited to the mouse. Mice have a larger SR calcium
content and greater SERCA activity than those of larger species
(Wang et al., 2019; Morotti et al., 2012). Repolarizing current
is mostly carried by Ito and IKur in the mouse, whereas larger
species express IKr and IKs (Wang et al., 2019). Despite these
differences, the cardiac fight-or-flight response is conserved
across multiple species, and this study gives further insight into
how LTCC activity is modulated.

We have also not explored ion channel regulation in the ab-
sence of Rad other than that of LTCC regulation. Although there
is no current evidence to suggest that Rad interacts with other
channel complexes besides the LTCC, interactions may still ex-
ist. It is also possible that other ion channels that are affected by
intracellular calcium could experience secondary effects due to
Rad deletion. Indeed, it is possible, for example, that calcium-
activated potassium channels could be activated in cRadKO so
that balance is maintained in the plateau phase of the AP and the
QT interval is not prolonged (Fig. 7). Further studies into the
effect of Rad deletion on other ion channels may enhance un-
derstanding of the fight-or-flight response and how it is differ-
ent or similar in other species.

Conclusions
In summary, we have demonstrated that modulation of the
LTCC is governed by the presence of Rad in the CaV1.2 macro-
molecular complex. The absence of Rad yields an increase in
peak ICa,L that is offset by an increase in both VDI and CDI so that

Figure 11. Rad modulates ICa,L independent of β-adrenergic signaling to confer systolic advantage. The absence of Rad results in modulated ICa,L that
enhances cardiac contraction (early phase) without promoting electrical dysfunction because of accelerated decay kinetics (late phase).
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AP andQT interval are not significantly prolonged. β-AR–mediated
modulation of the LTCC is governed by Rad. Taken together, Rad
reduction within cardiomyocytes is a compelling potential thera-
peutic approach for increasing cardiac function without the need
for β-blockers, thereby improving quality and quantity of life for
those with heart failure.
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Supplemental material

Figure S1. ISO effect on CTRL ICa,L. (A) CTRL ICa,L current density 30 ms after peak before and after treatment with ISO. (B) ISO significantly increased
current density at r30 in CTRL (at +5 mV; **, P = 0.007). CTRL: n = 4 mice, n = 7 cells. Data in A are presented as mean ± SEM values.
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Figure S2. Two-way ANOVA 95% confidence intervals and tabular results. (A) 95% confidence intervals and tabular results for Fig. 1 B. (B) 95% con-
fidence intervals and tabular results for Fig. 1 C. (C) 95% confidence intervals and tabular results for Fig. 2 B. (D) 95% confidence intervals and tabular results
for Fig. 3 B. (E) 95% confidence intervals and tabular results for Fig. 5 A. (F) 95% confidence intervals and tabular results for Fig. 5 D. Data are presented as
mean ± 95% confidence intervals.*, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001. DFn and DFd are degrees of freedom in the numberator and
demoninator, respectively.
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Figure S3. Two-way ANOVA 95% confidence intervals and tabular results. (A) 95% confidence intervals and tabular results for Fig. 6 B. (B) 95% con-
fidence intervals and tabular results for Fig. 6 C. (C) 95% confidence intervals and tabular results for Fig. 10 G. (D) 95% confidence intervals and tabular results
for Fig. 10 H. Data are presented as mean ± 95% confidence intervals.
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Figure S4. Surface ECG measurements. (A) Representative raw QT interval of baseline heart rate from surface ECG of CTRL and cRadKO. Scale bar, 0.5 mV,
50ms. (B) Raw QT interval (ms) is not significantly different (P = 0.16). (C)QTc (ms) is not significantly different (P = 0.14). (D) Baseline R-R interval (ms) is not
significantly different (P = 0.97). (E) Intrinsic R-R interval (ms) is not significantly different (P = 0.48) CTRL: n = 6 mice; cRadKO: n = 7 mice. P values calculated
using Student’s unpaired t test for B–E. Data in B–E are presented as mean ± SEM values.

Figure S5. Two-way ANOVA 95% confidence intervals and tabular results. (A) 95% confidence intervals and tabular results for Fig. 8 E. (B) 95% con-
fidence intervals and tabular results for Fig. 8 F.
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Figure S6. Whole-heartmeasurements of dKO and tKO. (A) Ejection fraction (*, P = 0.03). (B) Left ventricular inner dimensions in diastole (LVID;d). (C) Left
ventricular anterior wall thickness; diastole (LVAW;d; *, P = 0.01; **, P = 0.009). (D) Left ventricular posterior wall thickness; diastole (LVPW;d; *, P = 0.05).
(E) Ejection fraction after acute ISO (30 mg/kg) administration. Data for CTRL + ISO taken from published dataset in Ahern et al. (2019). *, P = 0.01; ****, P <
0.0001. (F) qRT-PCR analysis of samples from dKO and tKO hearts. (G) Raw QT interval. (H) QTc qRT-PCR analysis of samples from dKO and tKO hearts. G
shows raw QT interval, and H shows QTc.
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