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Abstract

Rationale—Cardiac function is dependent on the coordinate activities of membrane ion
channels, transporters, pumps, and hormone receptors to dynamically tune the membrane
electrochemical gradient in response to acute and chronic stress. While our knowledge of
membrane proteins has rapidly advanced over the past decade, our understanding of the
subcellular pathways governing the trafficking and localization of integral membrane proteins is
limited, and essentially unstudied in vivo. In heart, to our knowledge, there are no in vivo
mechanistic studies that directly link endosome-based machinery with cardiac physiology.

Objective—Define the in vivo roles of endosome-based cellular machinery for cardiac
membrane protein trafficking, myocyte excitability, and cardiac physiology.

Methods and Results—We identify the endosome-based EHD3 pathway as essential for
cardiac physiology. EHD3™/~ hearts display structural and functional defects including
bradycardia and rate variability, conduction block, and blunted response to adrenergic stimulation.
Mechanistically, EHD3 is critical for membrane protein trafficking, as EHD3~/~ myocytes display
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reduced expression/localization of Na/Ca exchanger and Ca, 1.2 with a parallel reduction in Incx
and I, . Functionally, EHD3~~ myocytes show increased sarcoplasmic reticulum [Cal,
increased spark frequency, and reduced expression/localization of ankyrin-B, a binding partner for
EHD3 and Na/Ca exchanger. Finally, we show that in vivo EHD3~/~ defects are due to cardiac-
specific roles of EHD3 as mice with cardiac-selective EHD3 deficiency demonstrate both
structural and electrical phenotypes.

Conclusions—These data provide new insight into the critical role of endosome-based
pathways in membrane protein targeting and cardiac physiology. EHD3 is a critical component of
protein trafficking in heart and is essential for the proper membrane targeting of select cellular
proteins that maintain excitability.

Keywords

EHD3; protein trafficking; cell biology; ankyrin; cell physiology; ion channel; electrophysiology;
mice

INTRODUCTION

Highly evolved and differentiated for excitation-contraction (EC) coupling, cardiac
myocytes express a specific profile of ion channels, pumps, and transporters that maintain
cardiomyocyte electrical excitability. Collectively, these membrane proteins mediate action
potential (AP) formation and response, Ca-induced Ca release (CICR), and the secretion of
natriuretic peptides. 2 Equally important is the set of hormone receptors localized to the
sarcolemmal (SL) membrane that regulate the activity and response of ion channels and
pumps through specific second messenger pathways. These highly evolved systems are
tightly synchronized to tune cardiac output to meet the changing demands placed on the
heart by variable stresses. Like other complex cells, cardiac membrane protein residency is
in constant flux, and primarily regulated by three general processes including synthesis and
trafficking of new proteins through the endoplasmic reticulum and Golgi to specific
membrane domains, membrane protein internalization and recycling, and ultimate
membrane protein degradation. In metazoan cells, endosome-based protein machinery is
indispensable for each of these functions. However, we know little to nothing about the in
vivo components of the cardiac endosome system. The Eps15 homology domain (EHD)-
containing protein family (EHD1-4) mediates endosome-based trafficking in non-excitable
and heterologous cells.3-> Recently, we identified EHD3 in human heart.% Further, we
identified that EHD3 levels are elevated in multiple forms of cardiovascular disease.’ Based
on our initial findings, we hypothesized that the endosome-based EHD3 protein plays
critical roles in cardiac membrane protein trafficking and physiology at baseline and in
disease, and that EHD3 deficiency would result in defects in both cardiac electrical and
functional phenotypes.

Here, we define the in vivo physiological and mechanistic roles of EHD3 in the heart.
EHD3-deficient (EHD3/") mice display enlarged hearts and abnormal cardiac function.
Furthermore, EHD3™~ mice exhibit bradycardia, atrioventricular (AV) conduction block,
heart rate (HR) variability, and have a blunted response to beta-adrenergic receptor (B-AR)
stimulation. Adult ventricular myocytes isolated from EHD3™/~ mouse hearts display a
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significant attenuation of action potential duration (APD), increased sarcoplasmic reticulum
Ca ([Ca]srT) and Ca sparks, a blunted B-AR response, and reduced expression and function
of the L-type Ca channel (Ca,1.2) and Na/Ca exchanger (NCX). Confocal studies revealed
improper localization of both the Ca,1.2 and NCX, consistent with the role of EHD3 for
targeting select membrane proteins. Moreover, ankyrin-B, an intermediate binding partner
between EHD3 and the NCX, is decreased in EHD3~/~ mice providing the underlying
mechanism between EHD3 and membrane proteins. Finally, EHD3™/~ defects are due to
cardiac-intrinsic roles of EHD3 as mice with cardiac-specific EHD3 deficiency demonstrate
structural and electrical phenotypes. These new data define a critical role for EHD3 in select
protein trafficking in heart as well as indicate the importance for subcellular protein
targeting for cardiac excitability.

For complete, expanded methods please refer to the Online Supplement. All animal studies
were performed in accordance with the American Physiological Society Guiding Principles
for Research Involving Animals and Human Beings, and approved by The Ohio State
University Institutional Animal Care and Use Committee. The investigation conforms to the
Guide for the Care and Use of Laboratory Animals published by the US National Institutes
of Health (NIH Publication No. 85-23, revised 1996).

Echocardiography

Transthoracic echocardiogram was performed on anesthetized WT and EHD3~/~ mice as
previously described’ to measure the in vivo function of the heart.

Electrophysiology

Whole-cell recordings were obtained at RT with the use of standard patch-clamp techniques,
and cells from the WT and EHD3~/~ groups had a similar membrane capacitance (Online
Figure 1).8

ECG experiments

ECG recordings of ambulatory mice were obtained using subcutaneously implanted
radiotelemeters (DSI, St. Paul, MN).® Recordings were obtained from mice that were
conscious, post-exercise, post-isoprenaline injection, and post-exercise plus isoprenaline
injection. For baseline HR analysis, continuous ECG data was collected from WT and
EHD3/~ mice for 1 hour. Recordings were performed every 48 hours at the same time of
day. For stress tests, mice were run on a treadmill for a maximum of 45 minutes or until
exhaustion, then immediately injected with isoprenaline (0.5 mg/kg). Non-sustained and
sustained arrhythmias were identified using standard ECG analysis guidelines.10

In a separate group of mice than those implanted with radiotelemeters, surface ECG
recordings were obtained under anesthesia with 1-2% isoflurane. Three needle electrodes
were placed subcutaneously in the standard limb configuration. For each mouse, 15 min of
continuous data were sampled at 4 kHz with a PowerLab 4/30 interface (AD Instruments,
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Colorado Springs, CO). Analysis was performed offline using LabChart 7 Pro (AD
Instruments).

SR Ca load and Ca handling were assessed from isolated ventricular myocytes as previously
described.1! [Ca]sgrT Was calculated through the pseudo-ratio as previously described! with
[Ca]q assumed to be 120 nM for all mice.

Generation of EHD3~/~ mouse

Antibodies

EHD3~/~ mice were generated as previously described.12 DNA was isolated from tail clips
of 10 day old mice, and mice were genotyped by PCR. Three primers in a single duplex
PCR reaction amplified the WT allele (377 bp) and the deleted allele (488 bp, Figure 1A).
To test the in vivo cardiac-intrinsic roles of EHD3, we utilized a conditional null mutant
allele where the 5 UTR and exon 1 of the mouse EHD3 gene (Ehd3) were flanked by LoxP
sites (Ehd37f) and therefore are deleted in the presence of Cre recombinase. We selectively
eliminated EHD3 in cardiomyocytes by utilizing aMHC-Cre knock-in micel3; homozygous
conditional knockout mice are referred to as aMHC-Cre; Ehd3"f or cKO. Mice displayed
lack of EHD3 by PCR and immunoblot. Mice were born at expected Mendelian ratios, were
healthy and fertile with body weights comparable to their wild-type littermates.

The following antibodies were used to conduct this study: affinity-purified rabbit polyclonal
antibody directed at human EHD4 (SHRKSLPKAD), rabbit polyclonal anti-EHD1 (abcam,
Cambridge, MA), mouse monoclonal anti-NCX1 (Swant, Bellinzona, Switzerland), rabbit
polyclonal anti-ankyrin-B14, mouse monoclonal anti-Ca,1.21°, rabbit polyclonal anti-B;- and
anti-pp-adrenergic receptor (Santa Cruz Biotechnology, Dallas, TX), rabbit polyclonal anti-
Na,1.56, actin (Santa Cruz Biotechnology), rabbit polyclonal anti-SERCA (Santa Cruz),
mouse monoclonal anti-phospholamban (abcam, Cambridge, MA), rabbit monoclonal anti-
calsequestrin2 (abcam).

Immunoblots and immunostaining

Immunoblots of whole heart lysates were performed as described.1? Briefly, whole hearts
were harvested from WT and EHD3~/~ adult, age-matched littermates and immediately
placed into ice cold homogenization buffer (in mM: 50 Tris-HCI, 10 NaCl, 320 sucrose, 5
EDTA, 2.5 EGTA,; supplemented with 1:1000 protease inhibitor cocktail and 1:1000 PMSF
[Sigma]). Following quantification, tissue lysates were analyzed on Mini-PROTEAN tetra
cell (BioRad) on a 4-15% precast TGX gel (BioRad). Gels were transferred to a
nitrocellulose membrane using the Mini-PROTEAN tetra cell (BioRad). Membranes were
blocked for 1 hour at room temperature using a 3% BSA solution or 5% milk solution and
incubated with primary antibody overnight at 4°C. Densitometry analysis was done using
ImageL ab software (BioRad). For all experiments, protein values were normalized against
an internal loading control (actin or GAPDH).
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All values are presented as mean + SEM. When appropriate, data were analyzed using a
two-tailed Students t-test. Incx values were analyzed using a one-tail Student t-test with the
WT myocytes predicted to have the larger mean value based on previous work. & P-values
<0.05 were considered significant.

EHD3~/~ mice display chamber dilation and reduced ejection fraction

To evaluate the role of EHD3 in cardiac physiology, we first examined the structure and
function of the heart in EHD3™~ and WT mice (Figure 1A). By gross examination, whole
heart morphology was significantly altered in EHD3~/~ mice. Both atria and ventricles were
larger in excised EHD3™/~ hearts compared to those of WT littermates (Figure 1B) and we
observed increased heart weight to body weight ratio in EHD3~/~ mice compared to WT
littermates (EHD3~/~: 7.98 mg/g + 0.26; WT: 6.79 mg/g + 0.21, p=0.004, Online Table I).
We performed echocardiograms on age-matched WT and EHD3~/~ mice to directly assess if
EHD3-deficiency affected the development, structure, or contractility of the adult heart.
Both fractional shortening (FS) and ejection fraction (EF) were decreased in EHD3™/~ mice
(Figure 1F-G), though stroke volume (SV) was preserved (Figure 1H; likely due to a larger
left ventricular (LV) diameter in EHD3™/~ hearts [Figure 1C]). Both anterior and posterior
systolic wall thicknesses were decreased in EHD3™/~ mice (Figure 1D-E), however we
observed no difference in diastolic wall thickness between genotypes. Chamber dilation and
SV phenotypes were present in EHD3™/~ mice as early as four weeks, although at this age
we observed no difference in FS or EF between genotypes (Online Table I-11).

EHD3~/~ mice display bradycardia, heart rate variability, and cardiac conduction defects

We next assessed the in vivo role of EHD3 in cardiac electrical signaling. ECG data were
acquired from conscious, ambulatory WT and EHD3™/~ mice with subcutaneously
implanted radiotelemeters. Notably, we observed a significant reduction in baseline heart
rate in EHD3~/~ mice and WT littermates (Figure 2A). We examined HR variability by
conducting a fast Fourier transform analysis of HR. In addition to bradycardia, EHD3~/~
mice displayed increased HR variability compared with controls, with the frequency of
lower heart rates more prominent in EHD3~~ mice (Figure 2B-C). Analysis of individual
ECG traces revealed numerous electrical phenotypes in EHD3™~ mice. Unlike WT mice
(Figure 2D-E), EHD3™/~ mice were prone to bursts of irregular heart rate reflected as
increased variability in the R to R interval (RR;) and sinus pause in selected segments of the
ECG recordings (Figure 2C). EHD3~/~, but not WT mice commonly displayed significant
RR; variability for periods lasting more than 1 minute and as long as 5 minutes under
baseline conditions. This phenotype became even more apparent when EHD3~/~ mice were
stimulated with isoprenaline (Iso) injection (Figure 2E). With the exception of episodes of
sinus pause or AV block, we did not observe significant differences in either P-R interval or
QRS duration between WT and EHD3~/~ mice (Online Figure I1).

In addition to increased RR variability, EHD3™~ mice consistently displayed type Il AV
conduction block, with exacerbation of the phenotype following Iso stimulation (Figure 2F).
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The type 1l block was characterized by two P waves without subsequent QRS complexes
followed by a single extended R-R interval and resumption of normal rhythm (Figure 2F).
This pattern of AV block was maintained for as long as 15 minutes in EHD3™~ mice and
was never observed in WT littermates. Collectively, we conclude that normal cardiac
automaticity and conduction require EHD3.

EHD proteins have been implicated in membrane receptor expression, internalization, and
recycling in other cell systems. 18 19 \We therefore assessed the impact of EHD3 deficiency
on B-adrenergic receptor (AR) signaling in vivo. In conscious mice the maximum HR in
response to 1so injection (either low or high dose) was equivalent in WT and EHD3~/~ mice;
however, the duration of this response was significantly shorter in the EHD3~/~ mice
(Online Figure I111A-B). To limit any variation in the data resulting from the physical
handling of the mice, we performed surface ECG recordings on sedated mice with
continuous monitoring of HR (Online Figure 111C). After injection of Iso (0.5 mg/kg), WT
mice had a significantly larger increase in HR compared to EHD3~/~ mice (79 + 10 vs. 46 +
5 bpm; p<0.05; Online Figure I1ID). Outside of the sinus pause and AV block we observed
no other evidence of arrhythmias (i.e. premature ventricular complexes, or atrial flutter or
fibrillation) in EHD3™/~ mice at baseline, following Iso injection, or Iso injection and
exercise.

Based on these data, we hypothesized that EHD3™~ myocytes would display altered p;-AR
trafficking and membrane expression. However, by immunoblot, we observed increased
expression of B1- and B-ARs in EHD3 ™/~ hearts (Online Figure I111E-H). As immunoblots
are unable to discriminate between proteins embedded in the surface membrane and those
confined to internal compartments (including endosomes), we utilized radiolabeled 1-AR-
specific antagonist, 3H-CGP-12177, to assay potential changes in cell surface B1-AR density
in intact, isolated ventricular cardiomyocytes. Using this assay, we observed no significant
difference in $1-AR surface density (Online Figure I11-1). Notably, however, by
immunostaining and confocal analysis of WT and EHD3~/~ adult ventricular
cardiomyocytes, we observed a significant population of 31-AR expression in the peri-
nuclear region of EHD3-deficient myocytes (Online Figure 111J). Based on these data, we
hypothesize that while anterograde membrane trafficking of the f1-AR is EHD3-
independent, B1-AR endosomal recycling may be compromised in EHD3-deficient
myocytes.

EHD3~/~ myocytes display abnormal myocyte excitability

We directly evaluated the effect of EHD3 deficiency on cardiomyocyte membrane
excitability. APD was significantly shorter in ventricular myocytes isolated from EHD3/~
hearts (Figure 3A-B,D; n=7, both WT and EHD37"). At all intervals, APD was significantly
shorter in EHD3™/~ myocytes, though the shortening was most significant in the early phases
of the AP (APDsq and APD+s, Figure 3A-B,D). Further, consistent with in vivo data,
EHD3~~ myocytes displayed a blunted beta-adrenergic response to Iso treatment (100 nM)
compared with WT littermates (Figure 3C-E).
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EHD3~/~ myocytes display increased SR Ca load and Ca spark frequency

Given the abbreviated action potential, but no reduction of the stroke volume in EHD3 ™/~
mice, we hypothesized that EHD3~/~ myocytes may have an increased SR Ca load
([Ca]srT)- This higher Ca load would increase the Ca sensitivity of the SR Ca release
channel, ryanodine receptor (RyR), making it more prone to release even with a smaller Ca
trigger, similar to the physiological mechanism underlying increased contractility during
catecholamine stimulation. 20 To test this hypothesis we field stimulated isolated cardiac
myocytes at 0.5 Hz and assessed [Ca]sgT using caffeine-stimulated Ca release.1! Figure 4
shows that no differences in [Ca]; transients were observed between WT and EHD3~/~
myocytes (Figure 4A-D), even though there was a significant increase in [Ca]sgT in the
latter (186 + 25 vs. 262 + 20 uM, Figure 4E). Increased Ca sensitivity of the RyR is further
reflected by an increased spark frequency found in intact ventricular EHD3~/~ myocytes
(Figure 4F-H). These data support the hypothesis that [Ca]srT is up-regulated in order to
maintain contractility in EHD3~/~ myocytes indicating a role for EHD3 in Ca homeostasis.

EHD3 is required for Na/Ca exchanger and Ca,1.2 membrane targeting in heart

As a first step toward determining the ionic basis for reduced APD, increased SR Ca?* load,
and increased spark frequency in EHD3~/~ myocytes, we screened for likely candidates by
performing parameter sensitivity analysis on a well-validated mathematical model of the
mouse ventricular AP (Online Figure 1V). This analysis revealed that, among sarcolemmal
ion channels/transporters, the L-type Ca?* current and Na/Ca exchanger (NCX) had the
greatest influence on APD and SR Ca?* load, respectively, in a manner consistent with
experimentally measured changes. More specifically, the model predicts that loss of L-type
Ca?* channel membrane targeting would produce the greatest decrease in APD while loss of
NCX would result in the greatest increase in SR Ca2* load.

Based on WT and EHD3~/~ APD and [Ca]sgT data, and subsequent mathematical
predictions, we first evaluated the expression of NCX and Ca,1.2 by immunoblot. Ca,1.2
and NCX expression were reduced by 24% and 17%, respectively (Figure 5A-B, p<0.05).
Conversely, no differences in SERCA2, phospholamban, or calsequestrin expression were
identified between genotypes (Online Figure V). Together with computational analysis,
these results provide a possible mechanism for abnormal AP and SR Ca2* properties in
EHD3~ myocytes.

Decreased expression of NCX and Ca, 1.2 was paralleled by decreased membrane
expression of both NCX and Ca,1.2 in EHD3~/~ mice by immunostaining and confocal
analysis of isolated ventricular cardiomyocytes. Representative images are shown in Figures
5C-H. In WT myocytes, the NCX clearly localizes to both the SL membrane and along the
transverse-tubule network (Figure 5C,E). However, in EHD3™~ myocytes, the localization
to these two domains is decreased with a striking peri-nuclear distribution that is not
observed in WT cells (Figure 5D,F).

Cay1.2 localization was also disrupted by EHD3 deficiency. In WT myocytes, Ca,1.2
staining shows a typical striated pattern (Figure 5G).2! This pattern was disrupted in
EHD3~~ myocytes (Figure 5H). While some striations were evident, Ca,1.2-dependent
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staining was largely diffuse and not localized to any specific subcellular domain. Using an
antibody specific for N-cadherin and the lipophilic membrane marker, di-8-ANEPPS, we
observed no structural changes to intercalated disc and the t-tubule system in EHD3™/~
myocytes, indicating that myocyte ultrastructure is EHD3-independent (Figure 51-L).

Finally, to quantitate potential functional differences, Na/Ca exchanger (Incx) and Ca, 1.2
(Ica L) currents were assessed in isolated ventricular myocytes using whole-cell patch clamp.
Data in Figure 5M-Q show that both Ic, | and Incx were significantly reduced in EHD3-
myocytes. Iycx was significantly decreased in EHD3-deficient myocytes compared to that
in WT myocytes with a 47% reduction in peak current (Figure 5M-N). At baseline, I, |
was decreased 60% in EHD3~/~ myocytes (Figure 50,Q). Treatment with Iso (100 nM)
increased Ic, | similarly in both WT and EHD3™~ myocytes (Figure 5P-Q).

In summary, our data obtained using three different approaches support a mechanistic in
vivo role of EHD3 for the membrane targeting of both Na/Ca exchanger and the Ca, 1.2 in
primary adult cardiomyocytes. Importantly, loss of membrane protein expression
phenotypes were EHD3-dependent (versus a compensatory response to a failing
myocardium) as we observed defects in channel or transporter expression in EHD3™/~
primary cardiomyocytes (Online Figure V1) isolated at post-natal day 1 (weeks prior to
observed functional phenotypes).

Dysregulated ankyrin-B trafficking in EHD3~/~ myocytes

Our findings implicate EHD3 for targeting select ion channels/transporters to the myocyte
membrane. However, to further understand the mechanistic link between EHD3 and
membrane protein targeting, we investigated the regulation of ankyrin-B, a membrane
adapter protein previously linked with both NCX and EHD3. 8 2224 Notably, ankyrin-B
expression is significantly decreased (~40%) in EHD3~/~ hearts (Figure 6A-B).
Furthermore, EHD3™/~ myocytes show altered ankyrin-B staining. We observed a decrease
in overall intensity with increased peri-nuclear ankyrin-B staining in EHD3~/~ myocytes
compared to WT myocytes (Figure 6C-J). Defects in ankyrin-B expression and localization
are present from birth and are directly EHD3-dependent, as viral re-introduction of GFP-
EHD3 is sufficient to rescue the expression of ankyrin-B in EHD3™~ myocytes (Online
Figure VII). Based on these findings, we predict that that ankyrin-B plays a key nodal role
for EHD3-dependent membrane targeting in heart.

Cardiac-specific EHD3™/~ mice display structural and electrical phenotypes

Global EHD3~/~ mice display bradycardia, HR variability, conduction defects, and
structural phenotypes (Figures 1-2). However, these parameters may be influenced by
cardiac extrinsic factors (i.e. nervous system). To directly test the in vivo cardiac-intrinsic
roles of EHD3, we utilized a conditional null mutant allele where exon 1 of the mouse
EHD3 gene (Ehd3) was flanked by LoxP sites (Ehd3") and therefore are deleted in the
presence of Cre recombinase. We selectively eliminated EHD3 in cardiomyocytes by
utilizing aMHC-Cre knock-in micel3; homozygous conditional knockout mice are referred
to as aMHC-Cre; Ehd3"f or cKO.

Circ Res. Author manuscript; available in PMC 2015 June 20.
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Data presented in Figure 7 demonstrate a striking similarity between the EHD3 ™~ and the
EHD3~/~ cKO mice. Resting HR was equally depressed in the EHD3~/~ cKO and EHD3~/~
mice compared to WT (Figure 7A, p<0.05) with a shifted distribution of HR similar to the
EHD3~/~ model (Figure 7B). Moreover, we observed similar conduction defects in the
EHD3~ cKO mice: a high HR variability at baseline (Figure 7C), a high incidence of SAN
pause (Figure 7D), and AV conduction block (Figure 7E) following Iso treatment. SAN
pause and AV block were also present at a lower rate in the absence of Iso stimulation (not
shown). These conduction disorders were never observed in the WT mice. Importantly, at
the level of the single myocyte, cKO mouse myocytes display significant loss of Incx and
IcaL (Figure 7F-1). Specifically, EHD3™/~ cKO peak Iycx Was reduced ~43%, and lcaL Was
reduced ~53% compared to WT (both p<0.001). Beyond electrical phenotypes, the structural
and function phenotype of EHD3~/~ global and cKO mice assessed by echocardiography
were similar in nearly all respects (Online Table I11). Together, these new data indicate that
cardiac EHD3 is critical for normal cardiac structural and electrical phenotypes. Further,
these data support cardiac intrinsic roles for EHD3 in regulating normal cardiac structure
and function.

DISCUSSION

Anterograde and retrograde protein trafficking and endocytic protein recycling are often
overlooked cellular systems. As an often membrane-centric discipline, we take for granted
that these pathways are present and critical for cell function. Our lack of understanding may
stem from the particular difficulties in studying these systems, as endosomes undergo an
incredibly complex maturation process that makes investigating particular processes or steps
within these pathways problematic, particularly in vivo. Relatively little is known about the
particular proteins and enzymes that may be involved in cell membrane trafficking
processes. Research over the last 15 years has only just started to isolate single proteins and
enzymes that are involved in trafficking. Proteins like Arf6, SNARE complexes, BIN1,
EHD1-4, amongst others are now the focus of efforts to further understand protein
trafficking in all cell types.* 25-27 Recently, a mutation in EHD3 was linked to major
depressive disorder in humans, indicating that trafficking systems simply do not maintain
cellular health but may be the primary cause for medical disorders.28 We recently identified
EHD3 in the heart and demonstrated an association of this protein with cardiac disease.”

This report is the first to detail the functional in vivo roles of EHD3 in the heart. The key
findings of this investigation are: 1) EHD3™/~ hearts are significantly larger with preserved
cardiac output; 2) EHD3~/~ mice display bradycardia, heart rate variability, type Il
conduction block, and a blunted response to p-AR stimulation; 3) isolated EHD3~/~
myocytes display a significantly abbreviated APD and a blunted response to p-AR
stimulation; 4) EHD3™~ myocytes have a significant reduction in expression, targeting, and
function of Ca,1.2 and NCX; 5) EHD3~/~ myocytes display a significantly larger [Ca]sgrT
and a higher frequency of sparks compared to WT; 6) ankyrin-B function is directly altered
by EHD3 loss; and 7) EHD3~/~ phenotypes can be directly linked with EHD3 expressed in
myocytes. Together, these data highlight the importance of endosome-based pathways for
normal cardiac function.
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EHD proteins (EHD1-4) are key regulators of membrane protein targeting in other tissue
and cell types.29-31 This family of proteins has high homology amongst the members
(ranging from 71-86%), with EHD1 and EHD3 sharing the highest homology.32 This degree
of homology infers similar and potentially redundant cellular function. For example, in a C.
elegans model lacking the EHD ortholog, RME-1, expression of human EHD1-4 is
sufficient to rescue RME-1-dependent protein trafficking.# These findings appear relevant to
our study. For example, while select protein trafficking pathways are disrupted and EHD3 ™/~
hearts display multiple in vivo phenotypes, the viability of EHD3~/~ mice strongly support
that additional pathways are present for ion channel and transporter membrane expression.
Interestingly, EHD1 expression was significantly up-regulated in the EHD3™~ mice (Online
Figure VIII). We speculate that this up-regulation may represent a compensatory response of
the heart to maintain protein trafficking. We also observed reduced expression of EHDA4 in
the EHD3™/~ hearts (Online Figure V111). While nothing is currently known regarding the
role of either EHD1 or EHDA4 proteins in heart, these data suggest that the EHD family may
collaborate to regulate endosome-based trafficking pathways.

EHD3~ and EHD3™~ ¢cKO mice display bradycardia, rate variability, and conduction
defects. The sinoatrial node (SAN) is the pacemaker of the heart, and the atrioventricular
node (AVN) is critical for the proper conduction of the AP from the atria to the ventricles.
Both the SAN and AVN depend on voltage-gated ion channels and exchangers to maintain
proper electrical activity. In particular, the SAN is known to rely on both the Ic, | and Incx
for automaticity; while I, activity in the AVN is thought to be indispensable for
conduction through this junction.33-36 Notably, EHD3 is expressed in the SAN of both mice
and canine hearts (Online Figure 1X). While additional studies will be necessary to identify
specific roles of EHD3 in these critical cardiac cell types, our initial findings link EHD3
function with cardiac automaticity.

EHD3-dependent trafficking in the heart may represent a nodal control pathway for
regulating protein trafficking in response to acute or chronic stress. Here we demonstrate
that EHD3-dependent mechanisms are broadly implicated in the subcellular trafficking and
localization of many of the proteins involved in EC coupling. Na/Ca exchanger expression is
increased in nearly all reports examining protein expression in HF, including in

humans.37: 38 While initially compensatory, as the severity of HF progresses the increased
Na/Ca exchanger expression becomes maladaptive and arrhythmogenic leading to delayed
after-depolarizations.3% 40 We previously reported that EHD3 expression is increased in
numerous etiologies of HF.” The evidence in this report strongly indicates that EHD3
mediates NCX trafficking in the heart. Together, Inycx and I, | make up a substantial
fraction of the whole cell current during a typical action potential. Based on modeling
predictions, we expect that loss of 15 plays a critical role in abbreviation of APD in
EHD3-null myocytes, especially in the early phases of AP development, while loss of Iycx
determines changes in SR Ca2* load. While EHD3 is critical for NCX, Ca, 1.2, and ankyrin-
B targeting, it is important to note that EHD3 also likely targets additional membrane
proteins, and that observed phenotypes in the EHD3™/~ heart may not be related to calcium-
based signaling pathways. Future experiments will be critical to define the full spectrum of
EHD3 targets in heart.
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Finally, additional work will be necessary to define the structural phenotypes observed in
EHD3~/~ hearts during development, as well as the relationship between structural and
electrical phenotypes. Despite chamber dilation, reduced EF, and reduced SV, the myopathy
phenotype in EHD3™/~ mice is complex and may not simply represent a pure maladaptive or
physiological hypertrophy phenotype. In fact, despite observing increased expression of
slow skeletal muscle troponin (consistent with maladaptive hypertrophy, p<0.05), we did not
observe elevated expression of ANP, BNP, or f-myosin heavy chain expression mRNA in
EHD3~/~ hearts (p=N.S.). Future experiments will be critical to fully characterize the role of

EHD3 in cardiac development as well as the specific roles of EHD3 in heart failure.
Importantly, EHD3™~ NCX targeting phenotypes were directly due to EHD3 deficiency,
and not a compensatory response to functional decompensation, as dysregulated NCX
targeting was present from birth, and rhythm defects were observed as early as 4 weeks of
age in EHD3™/~ mice (prior to depressed cardiac function; Online Figures VI & X). Thus,
our data support that that EHD3 plays roles in targeting proteins involved in both cardiac
structural and electrical functions.
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Nonstandard Abbreviations and Acronyms

AP action potential

APD action potential duration

B-AR beta-adrenergic receptor

bpm beats per minute

[Ca]; cytosolic Ca concentration
[CalskrT total sarcoplasmic reticulum Ca concentration
CaVvl.z2 L-type Ca channel type 1.2

CICR Ca-induced Ca release

EC coupling excitation-contraction coupling
EHD Eps15 homology domain

ERC endosomal recycling compartment
HF heart failure

HR heart rate
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IcaL L-type Ca channel mediated membrane current
InCX Na/Ca exchanger-mediated membrane current
Iso isoprenaline
NCX Na/Ca exchanger
RR; R to R interval
SL sarcolemmal
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Novelty and Significance
What Is Known?

» lon channels and transporters require complex trafficking and retention
pathways to modulate cardiac cell excitability.

« Innon-cardiac cell-types, endosome pathways play critical roles in membrane
protein trafficking, internalization, and recycling.

e Epsl15 homology domain (EHD) family gene products were recently identified
in heart, associated with membrane protein trafficking in myocytes, and shown
to be altered in multiple forms of heart disease.

What New Information Does This Article Contribute?

e  Global deficiency of EHD3 in mice results causes in vivo defects in cardiac
structure and electrical function including chamber dilation, reduced ejection
fraction, bradycardia, and conduction defects.

« EHD3 deficient myocytes display defects in ion channel and transporter
expression, membrane localization, and function. These defects are associated
with loss of the membrane adapter protein ankyrin-B.

e  Mice that selectively lack EHD3 in cardiomyocytes show similar cardiac
phenotypes of global EHD3-deficient mice, demonstrating a key role of the
EHD3-based endosome pathway in cardiovascular physiology.

Cardiac excitability is governed by the synchronized activities of a host of membrane-
bound ion channels, transporters, and receptors. While the field has gained significant
insight into the pathways governing membrane protein structure and biophysical function
in health and disease, little is known regarding the cellular mechanisms that regulate
membrane protein expression, trafficking, and internalization at baseline or in response to
acute or chronic stress. As these mechanisms are fundamental for cardiac structural and
electrical remodeling in heart failure, new in vivo studies focused on these pathways are
essential for generating new therapeutic targets for disease. Our results using new in vivo
models demonstrate key roles for the cardiac endosome-based system for membrane
protein targeting. Further, these data show that lack of the endosome Eps15 homology
domain 3 protein (EHD3) results in both cardiac structural and electrical phenotypes.
Together, our findings provide new in vivo data that link endosome-based intracellular
protein trafficking pathways with the expression, membrane targeting, and function of
key cardiac membrane proteins. As altered EHD3 levels have been previously linked
with multiple forms of heart failure, our findings may identify new markers and
therapeutic avenues for the diagnosis and treatment of cardiovascular disease.
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Figure 1. EHD3™~ mice display abnormal cardiac function
(A) Genotyping of WT, EHD3*~ and EHD3~/~ mice assessed by PCR of DNA isolated

from tail clips of 8-10 day old mice. (B) Representative whole hearts isolated from WT and
EHD3~/~ mice. (C) LV systolic diameter is increased in EHD3~/~ hearts. (D) Systolic
anterior wall thickness is increased in EHD3™~ hearts. (E) Systolic posterior wall thickness
is increased in EHD3 ™/~ hearts. (F) Fractional shortening is decreased in EHD3™/~ hearts.
(G) Ejection fraction is decreased in EHD3~/~ hearts. (H) Stroke volume is preserved across
genotypes. (1-J) Representative echocardiographic images from WT and EHD3~/~ mice; *
p<0.05, n=7 WT, n=6 EHD37/~,
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Figure 2. EHD3™~ mice display heart rate variability and conduction defects
(A) EHD3~~ mice display bradycardia compared with WT littermates. (B) Distribution of

heart rate variability of WT and EHD3™~ mice. In A-B, n=5 for each genotype, p<0.05. (C)
EHD3~ mice were prone to bursts of irregular R to R interval variability not seen in WT
mice. (D) Selected five second trace of a WT mouse radiotelemetry demonstrating regular
HR. (E) Selected five second trace of an EHD3~/~ mouse demonstrating a burst of high R to
R interval variability. (F) Trace of an EHD3~~ mouse demonstrating type 11 AV conduction

block.
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Figure 3. EHD3-deficient myocytes display shortened action potential duration
(A) Representative baseline AP waveform in WT (black) and EHD3™~ (red) mice. (B) APD

at baseline. (C) Representative AP waveform after application of 100 nM Iso in WT (black)
and EHD3™~ (red) myocytes. (D) APDgy APD7s, and APDsg (+ Iso) in WT and EHD3™/~
myocytes. (E) Change in APD after Iso application. For data in figure, *p<0.05 vs WT,
#p<0.05 vs. WT + Iso, n=7 mice/genotype).

Circ Res. Author manuscript; available in PMC 2015 June 20.



1duosnue Joyny vd-HIN 1duosnue N Joyny vd-HIN

1duosnuel Joyiny vd-HIN

Curran et al. Page 19

pe

C  wild-type D EHD3--
3
g w 3 w
o T
1 1
0
0 2000 40.00 50'00 0 2000 4000 6000
(ms) (ms)
E 300

o0
o N

Ca Sparks
(100 um-1s-1)

poo0on
°o uihwba

Figure 4. EHD3-deficient myocytes display increased SR Ca load and Ca spark frequency
(A-B) Representative linescan images of 0.5 Hz Ca transients in WT and EHD3~/~

myocytes. (C-D) Representative Ca transients of WT and EHD3~/~ myocytes, normalized to
Fo. (E) Average SR Ca load in WT (186 + 25 uM, n = 9) and EHD3™/~ (262 + 20 uM, n =
14) myocytes. (F) Spark frequency is increased in EHD3~/~ compared to WT myocytes
(0.55+0.15 vs. 0.1+0.05 sparks 100 pm~1 s71, n=9 each). Representative confocal linescan
images of sparks in WT (G) and EHD3™/~ (H) myocytes.

Circ Res. Author manuscript; available in PMC 2015 June 20.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Curran et al.

Page 20

WT EHD3™

Cavi.2mfl[]
actin o (G| [w]—s1

WT _EHD3™

ch1>E| |

actin - ===}

5 o @ o

(relative to actin)

o ° © o o =

o

WT EHD3™
Na/Ca exchanger Na/Ca exchanger

— JEHD3"
Na/Ca exchanger | F Na/Ca exchanger

o
3
o

S
o
)

120 100 80 -0
EEE

Peak Iycx (PA/pF)
=]
&

(o] P

: ;
mop e W0 % m P e @ e % s

Peak g, (pAIPF) O

Figure 5. EHD3 regulates NCX and Cay1.2 membrane targeting and function in heart
(A) NCX expression is decreased by 17% in EHD3~/~ hearts (left), representative

immunoblot (right). Space between lanes denotes that data were collected from
noncontiguous lanes of the same gel. (B) Cay1.2 expression is decreased by 24% in
EHD37/~ hearts (left), representative immunoblot (right); n=8 hearts/WT, n=9 hearts/
EHD3~/~ for immunoblots (*p<0.05 vs. WT). (C-L) Representative confocal images of WT
and EHD3™/~ isolated ventricular cardiomyocytes displaying localization of Na/Ca
exchanger, Cavl.2, N-cadherin, and di-8-ANEPPs (T-tubule marker). Scale bar= 10 microns
for all images. (M-N) Whole cell Incx Was decreased in EHD3 ™/~ myocytes (n=10
myocytes/genotype). Specifically, peak Incx was decreased by 47% in EHD3™/~ myocytes.
(O-P) EHD3~ myocytes display reduced Ica,L compared to WT at baseline and following
100 nM lIso (n=6 myocytes/genotype, *p<0.05 vs. WT). (Q) Peak I, is significantly
decreased in EHD3™/~ myocytes *Iso.
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Figure 6. Dysregulation of ankyrin-B expression and localization in EHD3™/~ heart

(A) Ankyrin-B expression is reduced ~40% in EHD3~/~ hearts (n=9 WT, 8 EHD3~/~;
*p<0.05 vs. WT). (B) Representative immunoblot of ankyrin-B expression in WT and
EHD3/~ hearts. Space between lanes denotes that data were collected from noncontiguous
lanes of the same gel. (C-J) Representative confocal images detailing ankyrin-B trafficking
dysregulation in EHD3~/~ myocytes; (*p<0.05 vs. WT).
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Figure 7. Cardiac-specific EHD3™/~ mice phenocopy global EH D3~ mouse electrical
phenotypes
(A) EHD3~/~ cKO mice display bradycardia compared with WT littermates. (B) Distribution

of heart rate variability of WT and EHD3~/~ cKO mice. In A-B, n=4 for each genotype,
p<0.05. (C) EHD3~/~ cKO mice were prone to bursts of irregular R to R interval variability
at baseline not seen in WT mice. (D) Selected trace of cKO mouse radiotelemetry
demonstrating sinus pause and rate variability following Iso. (E) Selected trace of cKO
mouse demonstrating AV conduction block phenotypes.
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