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A B S T R A C T   

Ca2+ dependent facilitation (CDF) and frequency dependent acceleration of relaxation (FDAR) are regulatory 
mechanisms that potentiate cardiomyocyte Ca2+ channel function and increase the rate of Ca2+ sequestration 
following a Ca2+-release event, respectively, when depolarization frequency increases. CDF and FDAR likely 
evolved to maintain EC coupling at increased heart rates. Ca2+/calmodulin-dependent kinase II (CaMKII) was 
shown to be indispensable to both; however, the mechanisms remain to be completely elucidated. CaMKII ac
tivity can be modulated by post-translational modifications but if and how these modifications impact CDF and 
FDAR is unknown. Intracellular O-linked glycosylation (O-GlcNAcylation) is a post-translational modification 
that acts as a signaling molecule and metabolic sensor. In hyperglycemic conditions, CaMKII was shown to be O- 
GlcNAcylated resulting in pathologic activity. Here we sought to investigate whether O-GlcNAcylation impacts 
CDF and FDAR through modulation of CaMKII activity in a pseudo-physiologic setting. Using voltage-clamp and 
Ca2+ photometry we show that cardiomyocyte CDF and FDAR are significantly diminished in conditions of 
reduced O-GlcNAcylation. Immunoblot showed that CaMKIIδ and calmodulin expression are increased but the 
autophosphorylation of CaMKIIδ and the muscle cell-specific CaMKIIβ isoform are reduced by 75% or more when 
O-GlcNAcylation is inhibited. We also show that the enzyme responsible for O-GlcNAcylation (OGT) can likely be 
localized in the dyad space and/or at the cardiac sarcoplasmic reticulum and is precipitated by calmodulin in a 
Ca2+ dependent manner. These findings will have important implications for our understanding of how CaMKII 
and OGT interact to impact cardiomyocyte EC coupling in normal physiologic settings as well as in disease states 
where CaMKII and OGT may be aberrantly regulated.   

1. Introduction 

Cardiomyocyte L-type voltage gated Ca2+ channels (Cavs) control the 
influx of extracellular Ca2+ (ICa) and are therefore the main trigger for 
excitation-contraction (EC) coupling in the heart [1]. In addition to their 
basal properties, Cavs can be dynamically regulated so that the heart can 
respond to changes in physiologic demand [2,3]. Ca2+ dependent 
facilitation (CDF) is a positive feedback regulatory mechanism that re
sults in increased Ca2+ entry through Cavs and/or slower Cav inactiva
tion when depolarization frequency increases [3]. CDF likely evolved as 
a response to the negative feedback process of Ca2+-dependent inacti
vation (CDI) that accelerates Cav inactivation when [Ca]i rises to protect 
the cell from Ca2+ overload [4]. Thus, the physiologic role of CDF is 
likely to maintain EC coupling when heart rate increases. Working in 

concert with CDF is frequency dependent acceleration of relaxation 
(FDAR) whereby the sequestration of [Ca]i following a Ca2+ release 
event is accelerated when stimulation rate increases [5,6]. 

The overwhelming evidence indicates that CDF and FDAR are 
attributed to the activity of the Ca2+ and calmodulin dependent kinase, 
CaMKII. This was largely gleaned from studies showing abolishment 
and/or significant reductions in CDF and FDAR following pharmaco
logic inhibition of CaMKII [6–11]. Our current understanding of how 
CaMKII mediates CDF is by direct phosphorylation of Cavs likely at 
Ser1512(1517) and/or Ser1570 of the α subunit [12,13]. This alters the 
gating properties of individual Cavs resulting in longer and more 
frequent openings. Despite these findings, much remains unknown. For 
example, in a mouse model where both putative CDF-related targets of 
CaMKII (Ser1512 and Ser1570 of mouse Cavα) were mutated to Ala, CDF 
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was reduced but not abolished [12]. Additionally, while there are 
several CaMKII isoforms found in the heart, CaMKIIδ is the predominant 
isoform [14,15]; however, genetic ablation of CaMKIIδ also reduced but 
did not abolish CDF [16]. These results raise the questions that other 
mechanisms and multiple CaMKII isoforms may contribute to CDF and 
FDAR. Despite these discrepancies, in a mouse model where CaMKII 
inhibition was targeted to the sarcoplasmic reticulum (SR) of car
diomyocytes, CDF was abolished and FDAR was markedly reduced [5] 
indicating that localization to the SR and/or the dyad space is critical to 
regulating CDF and FDAR. In addition to these unresolved issues 
regarding the mechanisms by which CaMKII contributes to CDF and 
FDAR and what isoforms may be responsible, it is also largely unknown 
whether other signaling pathways that can impact CaMKII activity [17] 
may also contribute to CDF and FDAR. 

CaMKII can be post-translationally modified by oxidation, S-nitro
sylation, autophosphorylation and, discovered only recently, intracel
lular O-linked glycosylation (O-GlcNAcylation) [18,19]. These 
modifications typically cause CaMKII to be trapped in an autonomous 
state that result in increased activity [18,19]. If and how these modifi
cations impact CDF and FDAR in vivo is not known. O-GlcNAcylation is 
characterized by the dynamic shuttling of N-acetylglucosamines 
(GlcNAc) to intracellular serine and threonine residues, akin to phos
phorylation [20]. O-GlcNAc transferase (OGT) and O-GlcNAcase (OGA) 
are the only two enzymes known to add (OGT) or remove (OGA) O- 
GlcNAc residues [21]. In addition to functioning as a signaling molecule, 
OGT is considered a nutrient-sensor because production of UDP-GlcNAc, 
the substrate of OGT, requires processing of glucose or other metabolites 
through the hexosamine biosynthesis pathway [22]. This metabolite- 
sensing property of OGT is likely why aberrant O-GlcNAcylation is 
implicated in diseases like diabetes mellitus and heart failure, where 
metabolic substrate utilization is altered [23–25]. While not as well 
understood as phosphorylation, the complexity and scope of O-GlcNAc 
signaling in the heart is emerging at an accelerating rate [26]. By 
creating a cardiomyocyte-specific OGT-null mouse strain (OGTKO), we 
recently showed for the first time that OGT is a critical and direct 
regulator of multiple aspects of Cav function [27]. Cardiomyocytes from 
OGTKO mice showed marked reductions in ICa density and post- 
transcriptional expression, depolarizing shifts in voltage-dependent 
gating and increased efficacy of adrenergic stimulation [27]. Heart 
and cardiomyocyte EC coupling were also consistently reduced in the 
OGTKO [27]. While these findings were a critical first step in uncovering 
a new role for O-GlcNAc signaling in the heart, they are likely only a 
primer given the extensive cross-talk O-GlcNAcylation displays with 
other signaling molecules that regulate Cavs and cardiomyocyte EC 
coupling such as CaMKII. 

Work by the Bers group indicated that CaMKII O-GlcNAcylation 
occurs in conditions of hyperglycemia and that the resulting O-GlcNA
cylated CaMKII demonstrates increased and, in most cases, pathologic 
activity [28–31]. This activity is like the activity incurred by increased 
CaMKII autophosphorylation. Their data also suggest that these two 
post-translational modifications occur independently of each other 
[28,29]. This spurred us to question whether OGT and CaMKII demon
strate a broader interaction that could be observed in a pseudo- 
physiologic setting. Thus, in the present study, we tested whether OGT 
inhibition could impact CDF and FDAR in the absence of any other 
pathophysiologic stimuli such as hyperglycemia. Our data indicate that 
in conditions of chronic and acute OGT inhibition, CDF and FDAR are 
both significantly depressed. We also observed that chronic reductions 
in O-GlcNAcylation result in increased CaMKIIδ and calmodulin 
expression but nearly abolished CaMKII autophosphorylation. The data 
indicate that the relationship between OGT and CaMKII is more complex 
than previously thought and can occur in non-hyperglycemic conditions. 
These findings will have important ramifications for our understanding 
of how CaMKII and OGT interact to impact cardiomyocyte EC coupling 
in normal physiologic settings as well as in other disease states where 
CaMKII and OGT may be aberrantly regulated. 

2. Methods 

2.1. Ethical approval 

Animals were handled in accordance with the NIH Guide for the Care 
and Use of Laboratory Animals. All protocols involving animals were 
approved by the Wright State University Institutional Animal Care and 
Use Committee (AUP 1163). Mice were euthanized, under deep anes
thesia (5% isoflurane), by thoracotomy and excision of the heart to 
obtain samples for the biochemical and functional studies. 

2.2. Animal use 

The cardiomyocyte-specific OGT-null OGTKO strain was created as 
previously described [27]. OGT is X-linked and others have shown that 
induced male OGTKO mice demonstrate low mosaicism [32] while fe
male mice possess a much greater risk for heterogeneity likely due to 
incomplete X-linked inactivation [33]. Low levels of mosaicism are 
critical when performing single-cell experiments; therefore, 12–16- 
week-old male mice were used in all experiments. However, to ensure 
sex differences do not exist with regards to the effects of cardiomyocyte 
OGT deletion on Cav function, a study on female OGTKO mice was 
performed [supplemental fig. 1 (SF1)] and indicated similar results on 
Cav activity as reported previously [27] and here (Fig. 1). To control for 
potential spurious effects of tamoxifen induction and α-MHC-Mer
CreMer expression [34,35], all control mice for the OGTKO strain were 
tamoxifen treated and α-MHC-MerCreMer positive but had a normal 
OGT gene. A two-week regiment of tamoxifen-containing chow 
(250mgs/kg; TD.130855; Envigo, Indianapolis, IN, USA) was used for 
induction. OGTKO and control animals were used 22–30 days post in
duction. C57BL6 wild-type mice were originally from Jackson Labora
tories but the mice used in this study were from a colony maintained at 
the Wright State University Laboratory Animal Resources Department. 

2.3. Cardiomyocyte isolation 

Cardiomyocytes from the left ventricular (LV) wall were isolated 
using 0.6–1 mg/ml collagenase type II (CLS2; Worthington, Lakewood, 
NJ, USA) and 0.5 u/ml protease XIV (P5147; Sigma Aldrich, Saint Louis, 
MO, USA) via Langendorff perfusion as previously described [27,36,37]. 
Myocytes were stored in Hank’s balanced salt solution buffered with 10 
millimoles/l (mM) (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 
(HEPES) K+ salt and supplemented with 1× MEM amino acids 
(11,130,051 and 11,140,050; Thermo Fisher Scientific, Waltham, MA, 
USA) at room temperature. Myocytes were used 1–6 h following 
isolation. 

2.4. Cellular electrophysiology 

Cav activity was recorded at room temperature as previously 
described [27,36,38]. In brief, cardiomyocytes were added to a 
recording chamber and bathed in a solution consisting of the following 
in mM: 136 NaCl, 1 MgCl2, 1 CaCl2, 10 glucose, 10 HEPES, 4 CsCl, 0.02 
tetrodotoxin (TTX); pH 7.4-NaOH. Cells were ruptured following seal 
formation and dialyzed (5 min) with an intracellular recording solution 
(in mM): 110 Cs+ methane sulfonate, 30 CsCl, 10 HEPES, 1.0 CaCl2, 2 
MgCl2, 5 Na2ATP, 5 EGTA; pH 7.2-CsOH. To explore the effects of 
intracellular Ca2+ on CDF and recovery from inactivation and determine 
whether the effects differed in conditions of reduced O-GlcNAcylation, 
in a subset of experiments, Ca2+ was omitted and the EGTA concentra
tion was raised to 10 mM in the intracellular recording solution. At 10 
mM EGTA, a global increase in intracellular Ca2+ is prevented but 
because of the relatively slow onset of Ca2+ buffering by EGTA, an 
accumulation of Ca2+ at the mouth of the channel will still occur upon 
depolarization [3,5,9]. To specifically investigate the impact of Ca2+

release from the SR via ryanodine receptors on CDF and recovery from 
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inactivation, 2 μM ryanodine (1329; Tocris, Bristol, UK) was added to 
the extracellular recording solution and cells were incubated for a 
minimal of 30 min prior to patching. 

Cells were voltage clamped at −50 mV and cell size was determined 
by integrating the capacitance of the cell following a 25 ms, 10 mV step 
in voltage. Series resistance and capacitance errors were compensated at 
70%. Analog signals were low-pass filtered (5 kHz) then digitized (50 
kHz) and voltage clamp protocols were written and executed using 
Clampex 10.7 (Molecular Devices, Sunnyvale, CA, USA). Leak currents 
were always fewer than 50 pA and were ignored. To record steady-state 
Cav activity, cells were clamped at −50 mV then depolarized by a series 
of voltage steps beginning at −40 mV and ending at 60 mV for 200 ms in 
10 mV increments. The voltage steps were separated by 15 s. The 
maximum negative current at each test pulse was divided by capacitance 
for each cell and averaged to report the ICa–density/voltage 
relationships. 

To record CDF, cells were clamped at −90 mV, depolarized to −40 
mV for 50 ms to inactivate any voltage-gated Na+ channels (Navs) not 
blocked by TTX, and depolarized to 10 mV for 200 ms. After reaching a 
steady-state, this was repeated 10 times at 0.5 Hz. CDF was determined 
by calculating the percent increase in current of pulses 2–10 versus the 
current from pulse 1. To compare the effects of CDF on Cav inactivation, 
the time required for the ICa to decay one exponential unit or to 37% of 
the peak (T0.37) was calculated and compared between the pulse (P) 1 
and P2 currents as done by others [11]. The percent change between P1 
and P2 T0.37 was then calculated. 

Cav recovery from inactivation was recorded using a standard two- 
pulse protocol to a test potential of 10 mV from a holding potential of 
−90 mV. A 50 ms step to −40 mV to inactivate Navs preceded the 10 mV 
step. The rest intervals ranged from 50 to 3000 ms. Fractional current 
(I2/I1) from each two-pulse sweep was plotted as a function of rest in
terval and the curve was fit with a mono-exponential function to 
calculate the rate of recovery, which was reported as the time constant 
(Tau). The Tau values from each cell of a group were averaged to 
compare recovery rates but the figures indicate the mean I2/I1 values for 
all the cells in a group. 

2.5. Ca2+ transients 

Ca2+ transients were recorded at room temperature as previously 
described [27,36,37]. Briefly LV cardiomyocytes were loaded with 1 μM 
of the ester form of fura-8 (21-056; AAT Bioquest, Sunnyvale, CA, USA) 
for 20 min and the dye was allowed to de-esterify for 30 min. Fura-8 is a 
newer, red-shifted ratiometric Ca2+ dye that demonstrates better 
sensitivity and signal-to-noise than fura-2. Loaded myocytes were added 
to a recording chamber filled with Tyrode’s solution (in mM: 136 NaCl, 4 
KCl, 1 CaCl2, 1 MgCl2, 10 glucose, and 10 HEPES; pH 7.4-NaOH) and 
outfitted with platinum stimulation electrodes. Myocytes were allowed 
to settle, and cells were stimulated with 10 V at 0.5 and 3 Hz (MyoPacer; 
IonOptix, Westwood, MA, USA). Ca2+ signals were recorded ratio
metrically by alternating the excitation wavelengths between 355 and 
415 nm at 200 Hz using a monochromator, and emission was filtered 
(510/84 nm; Semrock, Rochester, NY, USA) and detected with a 
photometry system (PTI RatioMaster; Horiba Scientific, Edison, NJ, 
USA). Ca2+ transients were analyzed with IonWizard 7.4 (IonOptix, 
Westwood, MA, USA) and the decay portion of the last Ca2+ transient of 
the train at each stimulation frequency was fit with a mono-exponential 
function. The time constant of the exponential fit (Tau) was used as a 
measure of decay rate and the last transient of the train was analyzed to 
ensure that the rate of decay was not underestimated at the 3 Hz stim
ulation frequency. 

2.6. Immunoblotting 

Control and OGTKO ventricles were homogenized in HEPES buffered 
saline supplemented with 0.5% amidosulfobentaine, 1× Complete Ultra 

protease inhibitor cocktail (5-892-970-001; Roche, Mannheim, DE), 
0.01 calpain inhibitors I and II (A2602 and A2603; Apex Bio, Houston, 
TX, USA), 0.001 thiamet G (13-237; Caymen Chemical, Ann Arbor, 
Michigan, USA) and 0.02% Na+ azide. Gel electrophoresis and Western 
blotting using a bis-tris based buffer system was performed as previously 
described [27,36–38]. Immunodetection was carried out using the 
following commercially available antibodies: anti-CaMKIIδ and anti- 
calmodulin (A9196 and A4885 respectively; Abclonal, Woburn, MA, 
USA), anti-pan p-Thr287-CaMKII (12-716; Cell Signaling Technology, 
Danvers, MA, USA), anti-CaMKIIβ (PA5–85747; Thermo Fisher Scienti
fic, Waltham, MA, USA), and goat anti-rabbit IgG-horseradish peroxi
dase (HRP; AP307P; MilliporeSigma, Burlington, MA, USA). HRP signals 
were normalized to total protein staining by addition of 2,2,2-trichloroe
thanol to the resolving gel to calculate relative protein expression be
tween OGTKO and controls as described [27,36,37]. Image analysis was 
performed in ImageLab (Bio-Rad Laboratories, Hercules, CA, USA) and 
immunoblot figures are presented as merged files consisting of the 
chemiluminescent and colorimetric data to show the molecular weight 
markers. 

2.7. SR protein enrichment extraction and calmodulin precipitation 

SR-enriched protein lysates were obtained using methods adapted 
from other work [39]. However, this protocol will likely also result in 
the enrichment of sarcolemmal membranes [40]. Ventricles from con
trol mice were homogenized in 20 mM HEPES supplemented with 1×

HALT EDTA-free protease inhibitor cocktail (87-785; Thermo Fisher 
Scientific, Waltham, MA, USA), 0.01 calpain inhibitors I and II, 0.001 
thiamet G. Lysates were spun at 400 ×g to remove debris and nuclei 
without pelleting myofibrils. The supernatants were spun at 40,000 ×g 
for 30 min and the pellets were resuspended and incubated for 10 min on 
ice with lysis buffer supplemented with 600 mM KCl. Lysates were spun 
again at 40,000 ×g and resuspended in lysis buffer supplemented with 
150 mM NaCl. Protein suspensions were then solubilized with 0.5% 
amidosulfobentaine and clarified by centrifugation. 

For calmodulin precipitation, 500 μg of SR-enriched protein was 
diluted to 1.5 mgs/ml. This was done in parallel with one aliquot sup
plemented with 2 mM CaCl2 and the other with 2 mM EGTA. Two 100 μl 
aliquots of calmodulin-coupled agarose (A6112; Sigma Aldrich, Saint 
Louis, MO, USA) were washed with SR protein solubilization buffer plus 
CaCl2 or EGTA. SR-enriched protein was incubated with washed and 
equilibrated calmodulin for 2 h at 4 ◦C with end-over-end rotation. 
Beads were then washed four times with CaCl2- or EGTA-supplemented 
solubilization buffer, eluted with 1xLDS buffer and 100 mM dithio
threitol at 70 ◦C for 10 min. Precipitants and supernatants were 
immunoblotted as described above. 

2.8. O-GlcNAc affinity precipitation 

Total protein lysates from TCre and OGTKO ventricles were diluted 
to 1 mg/ml and 1 mg of protein from each group was preabsorbed with 
streptavidin coated magnetic beads (88-816; Thermo Fisher Scientific, 
Waltham, MA, USA) for ~1 h at 4 ◦C. To capture proteins with the O- 
GlcNAc modification, biotinylated succinylated wheat germ agglutinin 
(sWGA; B-1025S; Vector Laboratories, Burlingame, CA, USA) was 
coupled to the streptavidin magnetic beads. Following preabsorption, 
protein was added to the lectin coupled beads and mixed for 2 h at 4 ◦C, 
washed extensively with lysis buffer, and eluted in 1xLDS sample buffer 
at 60 ◦C for 10 min. Following elution, eluates were immunoblotted as 
described above using the anti-CaMKIIδ and anti-CaMKIIβ antibodies. 

2.9. Immunofluorescence 

Cells were plated on laminin (20 μg/ml) coated coverslips for 1 h at 
room temperature. Cells were fixed with 4% paraformaldehyde in PBS 
for 10 min then washed three times with PBS. Cells were permeabilized 
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and blocked for 30 min in PBS supplemented with 0.3% Triton X-100, 
10% goat serum, and 0.2% BSA. Primary antibody incubations were 
carried out overnight in the refrigerator with rabbit anti-ryanodine re
ceptor 2 (A0298; Abclonal, Woburn, MA, USA) and Alexa Fluor 488 
conjugated mouse anti-OGT (sc-74546; Santa Cruz Biotechnology; Dal
las, Texas, USA) both at a 1/50 dilution or no primary all in blocking 
buffer. The next day, cells were washed three times with PBS, incubated 
with Alexa Fluor 568 conjugated goat anti-rabbit secondary (A11011; 
Thermo Fisher Scientific, Waltham, MA, USA) for 1 h, then washed again 
with PBS. Labeled coverslips were mounted on slides with Vectashield 
Vibrance (H-1800; Vector Laboratories, Newark, CA, USA). Imaging was 
performed with an Olympus FV1000 confocal microscope using the 488 
and 568 lasers for excitation. Analysis was performed with the ImageJ 
colocalization plugin JACoP according to the developer’s recommen
dations [41]. 

2.10. Statistical analysis 

Data are presented as the mean ± SEM and significance was deter
mined using unpaired student’s t-tests and Mann-Whitney rank sum tests 
where appropriate with a p criteria of <0.05. Animal numbers are listed 
as “N” and cell numbers as “n.” All data are available upon reasonable 
request. 

3. Results 

3.1. CDF is reduced while Cav recovery from inactivation is accelerated in 
OGTKO cardiomyocytes 

To determine the impact of reduced cardiomyocyte O-GlcNAcylation 
on the dynamic regulation of Cav activity, CDF was compared between 
cardiomyocytes from control and OGTKO mice using a 0.5 Hz repetitive 
stimulation protocol as described in the Methods. Also, as discussed in 

the Methods, here and throughout, all control animals for the OGTKO 
strain were α-MHC-MerCreMer positive, were administered tamoxifen, 
but possessed a normal OGT gene (referred to as TCre); thereby, con
trolling for any effects of tamoxifen treatment and Cre expression [34]. 
Facilitation was observed in both cardiomyocyte types but was signifi
cantly reduced in OGTKO cardiomyocytes (Figs.1A and 1B). For 
example, in control TCre cardiomyocytes, the current elicited from pulse 
(P) 2 was 131% of the current recorded following P1 while the differ
ence between P2 and P1 currents in OGTKO cardiomyocytes was only 
113% (Fig. 1A and B; N = 3, n = 19–23; *p < 0.001). This amounted to a 
58% reduction in OGTKO CDF compared to control TCre CDF. 

In addition to ICa potentiation, CDF may also result in slower Cav 
inactivation, which provides another mechanism for increased Ca2+

influx during conditions of repeated depolarizations. In order to 
compare the effect of CDF on Cav inactivation between TCre and OGTKO 
cardiomyocytes, we measured the time required for the P1 and P2 
currents to decay by one exponential unit or to 37% of the peak (T0.37) 
[11] as described in the Methods. The percent change in T0.37 between 
P2 and P1 currents was then calculated and compared. The slowing of P2 
current T0.37 compared to P1 current was 65% greater in control TCre 
cardiomyocytes compared to OGTKO cardiomyocytes (Fig. 1D; N = 3, n 
= 19–23; *p < 0.001). It should be noted that, as we reported earlier 
[27] and show here (Fig. 1C), the inherent inactivation rate of OGTKO 
cardiomyocyte Cavs was significantly slower than TCre controls, which 
can likely be at least partially ascribed to a rightward shift in voltage- 
dependent activation gating for OGTKO Cav [27]. These data indicate 
that the impact of cardiomyocyte OGT ablation on CDF is consistent 
between the effects on ICa magnitude and Cav inactivation rate. 

For reasons detailed in the Methods section, male mice were used in 
this study. However, to ensure that no sex differences exist in regard to 
the impact of reduced O-GlcNAcylation on the dynamic regulation of 
Cavs, a subset of experiments were performed on female OGTKO mice. 
CDF was similarly diminished in cardiomyocytes from female OGTKO 

Fig. 1. CDF is reduced in OGTKO cardiomyocytes. A) Representative pulse (P) 1 and P5 current traces from control TCre (black) and OGTKO (light green) car
diomyocytes. B) Percent increases in current compared to P1 current as a function of pulse number. N = 3, n = 19–23; *p < 0.001. C) The time required for the P1 and 
P2 currents to decay one exponential unit or to 37% of the peak (T0.37). N = 3, n = 19–23; *p ≤ 0.001. D) The percent increase in T0.37 between P2 and P1 currents. N 
= 3, n = 19–23; *p = 0.001. E) ICa density-voltage relationships. Dashed lines indicate that the OGTKO ICa density at a 10 mV test potential is similar to TCre control 
ICa density at a − 10 mV test potential. N = 3, n = 22; *p < 0.001. (For interpretation of the references to colour in this figure legend, the reader is referred to the web 
version of this article.) 
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mice compared to female TCre controls (SF1A and SF1B; N = 2, n =

8–13; *p ≤ 0.001). ICa density was also reduced and voltage-dependent 
gating was depolarized in female OGTKO cardiomyocytes (SF1C) similar 
to what was observed in males as shown here (Fig. 1E) and previously 
[27] indicating that the overall impact of cardiomyocyte OGT ablation 
on Cav activity is consistent between the sexes. 

3.2. Pharmacologic inhibition of OGT reduces ICa potentiation during 
CDF but does not affect the slowing of inactivation 

To test whether transient reductions in OGT activity may also impact 
CDF, we treated cardiomyocytes from wild-type (WT) mice with the cell- 
permeable OGT inhibitor OSMI-1 [42] or vehicle control (0.1% DMSO) 
for 1–4 h. CDF was apparent in OSMI-1 and vehicle treated WT car
diomyocytes but was significantly reduced in OSMI-1 treated car
diomyocytes (Fig. 2A and B). The difference in P2 versus P1 currents was 
153% in WT vehicle treated cardiomyocytes and 121% in OSMI-1 
treated cardiomyocytes (Fig. 2B; N = 3–6, n = 18–24; *p < 0.001); a 
60% reduction in CDF-induced ICa potentiation. It should be pointed out 
that CDF was more robust in WT cells than in TCre and OGTKO cells; we 
currently do not have an unambiguous explanation for this. The WT 
mice used in this study were ~ 1 month younger than the induced TCre 
and OGTKO mice; we have some data suggesting that CDF can change 
with age. Tamoxifen treatment and Cre recombinase expression were 
also shown to impact cardiomyocyte and heart function including 
altered gene expression, DNA damage and fibrosis [34,35]. Importantly 
however, all groups of mice that were compared in this study were age- 
matched and controlled for tamoxifen induction and Cre expression. 

In contrast to what was observed in OGTKO cardiomyocytes 
(Fig. 1D), OSMI-1 treatment did not impact Cav inactivation compared 
to controls when comparing P2 versus P1 currents. T0.37 was calculated 
as described in the Methods and done in Fig. 1C and D and showed that 
the percent increase in P2 versus P1 inactivation was statistically similar 
between vehicle treated WT cardiomyocytes and OSMI-1 treated car
diomyocytes (Fig. 2D; N = 3–6; n = 18–24; p = 0.9). Interestingly, we 
also observed no inherent slowing of Cav inactivation following OSMI-1 
treatment (Fig. 2C; N = 3–6; n = 18–24; p = 0.6) as was observed in 
OGTKO cardiomyocytes (Fig. 1C and [27]) indicating that the impact of 
OGT inhibition on Cav activity by OSMI-1 is incomplete compared to 
OGT ablation or that ablation is accompanied by additional cellular 
remodeling. 

3.3. Cav recovery from inactivation is slowed in OSMI-1 treated 
cardiomyocytes but not in OGTKO cardiomyocytes 

Recovery from inactivation is another dynamic property of Cavs that 
is crucial for proper EC coupling at higher heart rates. Like the effects on 
CDF, CaMKII activity was shown to accelerate Cav recovery 
[5,11,43–45]. Based on the similarities between the effects of CaMKII 
inhibition and OGT inhibition on CDF, we hypothesized that Cav re
covery would be consistently slowed in OGTKO cardiomyocytes. This, 
however, was not the case: Cav recovery from inactivation was in fact 
29% faster in OGTKO cardiomyocytes than in controls (Fig. 3A; N = 3, n 
= 22; *p < 0.001), which was compared using the time constants (Tau) 
generated from fitting the recovery curves with a mono-exponential 
function as described in the Methods. Recovery from inactivation is a 
more complex process than CDF in that not only is it affected by CaMKII 
activity but is also impacted by voltage- and Ca2+-dependent inactiva
tion (CDI) and intracellular Ca2+ [11,43]. As we reported previously 
[27] and here (Fig. 1E), ICa density and intracellular Ca2+ release were 
both reduced in OGTKO cardiomyocytes. At a test potential of 10 mV, 
which was the test potential used to measure CDF and recovery, OGTKO 
ICa density was reduced by 40% compared to controls (Fig. 1E; N = 3, n 
= 22; *p < 0.001). As denoted with the dashed lines in Fig. 1E, at a test 
potential of −10 mV, control ICa density was similar to OGTKO ICa 
density at 10 mV. Data from work by others suggests that while CaMKII 
acts to accelerate Cav recovery from inactivation, intracellular Ca2+

slows recovery [11]. Thus, to question whether the acceleration in 
OGTKO Cav recovery from inactivation, despite the reduction in CDF, 
could be ascribed to a reduction in Ca2+ influx and/or Ca2+-induced 
Ca2+-release, we compared Cav recovery in a subset of control TCre 
cardiomyocytes at test potentials of −10 mV and 10 mV. At a test po
tential of −10 mV, control Cav recovery was accelerated by 32% 
compared to recovery at a 10 mV test potential (Fig. 3B; N = 2, n = 9; *p 
< 0.001). These data suggest that the acceleration in OGTKO Cav re
covery is due to a reduction in Ca2+ entry and/or Ca2+-induced Ca2+- 
release. If a reduction in Ca2+ entry/release similarly affected CDF, this 
would be a trivial explanation for the observed reduction in OGTKO CDF 
(Fig. 1A and B). To test this, CDF was also compared at the two test 
potentials in control cardiomyocytes. Despite the reduced ICa, CDF was 
increased by 18% at the −10 mV test potential (P2 versus P1 currents) 
compared to CDF at the 10 mV test potential (Fig. 3C; N = 2, n = 8; *p =
0.01). The reason for the increase in facilitation at −10 mV compared to 

Fig. 2. Transient inhibition of OGT from 
OSMI-1 treatment reduces CDF-induced ICa 
potentiation but does not impact inactivation. 
A) Representative P1 and P5 current traces 
from control vehicle treated (black) and OSMI- 
1 treated (dark green) cardiomyocytes. B) 
Percent increases in current compared to P1 
current as a function of pulse number. N =

3–6, n = 18–24; *p < 0.001. C) The time 
required for the P1 and P2 currents to decay 
one exponential unit or to 37% of the peak 
(T0.37). N = 3–6, n = 18–24; *p ≤ 0.01. D) The 
percent increase in T0.37 between P2 and P1 
currents. N = 3–6, n = 18–24; p = 0.9. E) ICa 
density-voltage relationships. N = 3–6, n =

19–25; *p ≤ 0.01. (For interpretation of the 
references to colour in this figure legend, the 
reader is referred to the web version of this 
article.)   
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10 mV is not known at this time but may be a result of less CDI elicited by 
the smaller depolarization or simply due to the way in which the facil
itation was measured (i.e., if at some point CDF reaches a steady-state 
that is largely independent of the initial ICa magnitude then a smaller 
depolarization and thus a smaller initial current would decrease the 
denominator used in the CDF calculation). Nevertheless, unlike the 
impact of intracellular Ca2+ on recovery in OGTKO cardiomyocytes, 
these data strongly suggest that the reduction in OGTKO ICa density is 
not directly responsible for the reduced CDF. 

In contrast to the acceleration of Cav recovery from inactivation 
observed in OGTKO cardiomyocytes (Fig. 3A), recovery in WT OSMI-1 
treated cardiomyocytes was slowed by ~two-fold (Fig. 3D; N = 3, n 
= 12–14; *p < 0.001). These findings are consistent with the slowing of 
Cav recovery from inactivation following CaMKII inhibition 
[5,11,43–45]. Cav recovery in WT vehicle treated cardiomyocytes also 
demonstrated an overshoot of current at recovery intervals of 500 ms 
and greater (Fig. 3D), which can likely be attributed to CDF although 
this overshoot of current will not be equivalent to CDF because of an 
accumulation of inactivated Cavs caused by the initial high-frequency 
depolarizations of the recovery protocol [46]. Similar to what was re
ported in conditions of CaMKII inhibition [43], this overshoot was 
abolished in WT OSMI-1 treated cardiomyocytes. In fact, recovery failed 
to reach P1 current levels even at a recovery interval of 3 s in conditions 
of acutely reduced OGT activity (Fig. 3D), which was likely a result of a 
greater accumulation of inactivated Cavs caused by the slower recovery 
time. At a 10 mV test potential, ICa density was ~20% lower in OSMI-1 
treated cardiomyocytes (Fig. 2E; N = 3–6, n = 19–25; *p = 0.003); 
however, this was apparently too small a reduction in ICa to cause an 
acceleration in Cav recovery as observed in OGTKO cardiomyocytes 
(Fig. 3A). This may be due to the fact that the relationship between ICa 
and Ca2+-induced Ca2+-release is saturating [47]. Consistently, as will 
be discussed in the next section, at 0.5 Hz, Ca2+-induced Ca2+-release 
was not impacted by OSMI-1 treatment. It is also possible that OSMI-1 
treatment potentiates Ca2+-induced Ca2+ release despite the marginal 
reduction in ICa (Fig. 2E). 

3.4. Inhibition of global Ca2+ release by high Ca2+ buffering abolishes 
CDF in OGTKO and OSMI-1 cardiomyocytes 

ICa triggers Ca2+ release from the SR via ryanodine receptors 
resulting in whole-cell Ca2+ waves [1]. This whole-cell rise in intracel
lular Ca2+ can impact Cav function including CDF, recovery from inac
tivation and Ca2+-dependent inactivation [11,48–51]. To determine 
whether cardiomyocyte OGT ablation (OGTKO) and/or OGT inhibition 
(OSMI-1) alter the effects of SR-mediated whole-cell Ca2+ release on 
CDF and Cav recovery from inactivation, the concentration of the Ca2+

chelator EGTA was raised to 10 mM and Ca2+ was omitted from the 
intracellular recording solution. As discussed in the Methods, at 10 mM 
intracellular EGTA, Ca2+ accumulation would likely only occur at the 
mouth of the channel and whole-cell increases in intracellular Ca2+

would be prevented [3,5,9,48]. CDF and Cav recovery from inactivation 
shown in Figs. 1–3, were recorded with 1 mM Ca2+ and 5 mM EGTA in 
the intracellular solution. At these concentrations, resting intracellular 
Ca2+ was calculated to be at a closely physiologic level of approximately 
80 nM (calculated using Schoenmakers’ chelator algorithm, which ac
counts for ATP and Mg2+ [52]). In the presence of 10 mM intracellular 
EGTA and nominally Ca2+ free, CDF-induced ICa potentiation was 
diminished in control TCre cardiomyocytes and abolished in OGTKO 
cardiomyocytes (SF2A and SF2B; N = 3, n = 11–12; *p ≤ 0.02). The 
impact of CDF on Cav inactivation was also diminished in control TCre 
cardiomyocytes and abolished in OGTKO cardiomyocytes (SF2D; N = 3, 
n = 11–13; *p = 0.03). Consistent with the acceleration of OGTKO Cav 
recovery from inactivation shown in Fig. 3A, OGTKO Cav recovery from 
inactivation was still accelerated with 10 mM intracellular EGTA 
compared to controls (SF2E; N = 3, n = 11–12; *p = 0.001). 

CDF-induced ICa potentiation was also diminished in vehicle-treated 
WT cardiomyocytes and abolished in OSMI-1 treated cardiomyocytes 
with 10 mM intracellular EGTA and nominally Ca2+ free (SF3A and 
SF3B). Cells treated with OSMI-1 also demonstrated ICa depression of 
~9–12% during the CDF protocol with 10 mM EGTA in the patch pipette 
(SF3A and SF3B, N = 3, n = 17–19; *p < 0.0001). Depression of ICa 

Fig. 3. Cav recovery from inactivation is 
accelerated in OGTKO cardiomyocytes, 
which is likely a result of reduced ICa 
and/or Ca2+-induced Ca2+-release, but 
recovery is slowed in OSMI-1 treated 
cardiomyocytes. A) Cav recovery from 
inactivation was fit with a mono- 
exponential function and was acceler
ated in OGTKO cardiomyocytes. N = 3, 
n = 22; *p < 0.001. B) Cav recovery in 
control cardiomyocytes is accelerated to 
a similar degree as recovery in OGTKO 
cardiomyocytes when ICa is reduced due 
to a smaller depolarization (−10 mV 
versus 10 mV). N = 2, n = 9; *p = 0.001. 
C) CDF in TCre control cardiomyocytes 
at test potentials of −10 and 10 mV. N =
2, n = 8; *p ≤ 0.01. D) Cav recovery from 
inactivation was fit with a mono- 
exponential function and was slowed in 
OSMI-1 treated cardiomyocytes. N = 3, 
n = 12–14; *p < 0.001.   
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current during repeated depolarizations was also reported in conditions 
of SR-targeted CaMKII inhibition [5] and others have suggested that 
depression occurs simultaneously with CDF and is Ca2+ sensitive but not 
Ca2+ dependent [53]. If depression is Ca2+ sensitive, the lack of 
depression observed in OGTKO cardiomyocytes with 10 mM intracel
lular EGTA may be a result of the marked reductions in ICa and SR Ca2+

release in these cells (Fig. 1E and [27]) or an inherent difference of Ca2+

sensitivity resulting from OGT ablation compared to transient OGT in
hibition (OSMI-1 treatment). 

In pseudo-physiologic conditions (1 and 5 mM intracellular Ca2+ and 
EGTA respectively), we observed no difference in the percent change of 
P2 versus P1 inactivation rates between vehicle treated WT and OSMI-1 
treated cardiomyocytes (Fig. 2D). However, when the intracellular 
recording solution was nominally Ca2+ free and contained 10 mM EGTA, 
the mean percent change of the P2 versus P1 current inactivation rate 
(T0.37) was ~43% higher in vehicle-treated WT cardiomyocytes versus 
OSMI-1 treated myocytes (SF3D; N = 3, n = 17–19; *p = 0.02). Cav 
recovery from inactivation was still significantly slower in OSMI-1 
treated cardiomyocytes in the presence of 10 mM EGTA compared to 
controls (SF3E; N = 3, n = 17–19; *p < 0.001. Taken together, these data 
suggest that in conditions of reduced O-GlcNAcylation, the regulation of 
Cavs by intracellular Ca2+ is diminished. 

To directly investigate the impact of SR Ca2+ release on CDF and Cav 
recovery from inactivation, 2 μM ryanodine was included in the extra
cellular recording solution as described in the Methods. Ryanodine 
abolished CDF-induced ICa potentiation, resulting in depression, and the 
slowing of inactivation and significantly slowed recovery from inacti
vation in vehicle treated WT cardiomyocytes (SF4A-SF4E; N = 3, n =
6–18; *p ≤ 0.001). Based on these experiments, SR Ca2+ release is 
necessary for CDF and accelerates Cav recovery from inactivation, which 
is consistent with work by others [11,48,49,54]. Some, however, have 
reported no effect of ryanodine on CDF [46,55] although dose and in
cubation time may contribute to the discrepancy of these studies. The 
data reported here also strongly suggest that 10 mM intracellular EGTA 
does not abolish SR Ca2+ release but likely results in only its accumu
lation in the dyad space near the mouth of Cavs. 

3.5. FDAR is reduced in conditions of chronic (OGTKO) and acute 
(OSMI-1 treated) reductions in OGT activity 

To compare FDAR among the different conditions of reduced OGT 

activity (OGTKO and OSMI-1 treated cardiomyocytes), whole-cell Ca2+

transients were recorded from field-stimulated fura-8 loaded cells at 0.5 
and 3 Hz. FDAR was measured as the percent increase in acceleration 
rate of the Ca2+ transient decay (reduced time constant, Tau) at the 
higher versus lower stimulation frequency and was observed in all 
groups (Fig. 4A and B). However, FDAR was significantly smaller in 
OGTKO and OSMI-1 treated cardiomyocytes compared to their respec
tive controls (Fig. 4A and C). In TCre cardiomyocytes, the Ca2+ transient 
rate of decay (measured as time constant Tau, the inverse of rate) was 
accelerated by 39% when cardiomyocytes were stimulated at 3 Hz 
versus 0.5 Hz; Ca2+ transient decay was only accelerated by 23% in 
OGTKO cardiomyocytes (Fig. 4A and C; N = 3, n = 24–39; *p < 0.001). 
In vehicle treated WT cardiomyocytes, the Ca2+ transient decay was 
accelerated by 46% when increasing the stimulation frequency to 3 Hz 
from 0.5 Hz; in OSMI-1 treated WT cardiomyocytes, the decay rate was 
only accelerated by 35% (Fig. 4C; N = 3, n = 28–34; *p = 0.002). 
Consistent with our previous data [27], the Ca2+ transient amplitude 
was reduced by 45% in OGTKO cardiomyocytes at 0.5 Hz and 3 Hz (data 
not shown; N = 3, n = 24–39; *p < 0.001). At 0.5 Hz, Ca2+ transient 
amplitudes were similar between vehicle and OSMI-1 treated WT car
diomyocytes. However, at 3 Hz, Ca2+ transient amplitude was reduced 
by 35% in OSMI-1 treated cardiomyocytes (data not shown; N = 3, n =
28–34; *p < 0.001). 

3.6. CaMKII autophosphorylation is markedly reduced in OGTKO 
ventricles despite increased expression of CaMKIIδ and calmodulin 

To explore the molecular mechanism for the reduction in CDF and 
FDAR we assessed CaMKII and calmodulin expression and CaMKII 
autophosphorylation in control TCre and OGTKO ventricles by immu
noblot. CaMKIIδ expression, the predominate CaMKII isoform in the 
heart [14,15], was increased 1.7-fold in OGTKO ventricles (Fig. 5A and 
E; N = 4; *p < 0.001). Calmodulin expression was also increased in 
OGTKO ventricles, although to a lesser extent than CaMKIIδ (1.3-fold; 
Fig. 5B and E; N = 5–7; *p = 0.01). Inter-subunit CaMKII autophos
phorylation at Thr287 (Thr286 in the α isoform) is an important regu
latory mechanism that can increase CaMKII’s affinity for Ca2+/ 
calmodulin and generate autonomous activity [56]. We next questioned 
whether CaMKII autophosphorylation was altered in the ventricles of 
OGTKO mice using a pan anti-phospho-Thr287(Thr286) CaMKII specific 
antibody. Immunoblotting with this antibody generated two bands at 

Fig. 4. FDAR is reduced in OGTKO and 
OSMI-1 treated cardiomyocytes. A) 
Representative Ca2+ transients from 
control TCre (black) and OGTKO (light 
green) cardiomyocytes at stimulation 
frequencies of 0.5 (solid lines) and 3 Hz 
(dashed lines). B) Ca2+ transient inac
tivation time constants (Tau) at 0.5 and 
3 Hz. N = 3, n = 24–39; *p < 0.001 
under conditions of chronic (OGTKO; 
light green) or acute (OSMI-treatment; 
dark green) OGT inhibition versus con
trols (black). C) Percent increases in 
Ca2+ transient decay rate when stimu
lation frequency increased from 0.5 to 
3 Hz. N = 3, n = 24–39; *p ≤ 0.002. 
Indicating that the increase in Ca2+

transient decay rate when stimulation 
frequency increased (0.5 versus 3.0 Hz) 
was significantly reduced in OGTKO 
and OSMI-1 treated cardiomyocytes 
versus their respective controls. (For 
interpretation of the references to 
colour in this figure legend, the reader 
is referred to the web version of this 
article.)   
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~72 and ~55 kD (Fig. 5C), with the 55 kD band likely representing 
autophosphorylated CaMKIIδ and to a lesser extent CaMKIIγ. The 72 kD 
band was indicative of the novel CaMKIIβ isoform found in skeletal 
(CaMKIIβs) and cardiac (CaMKIIβc) muscle that contains an ~12 kD 
polypeptide insert in the variable region and that is sequestered to the 
SR by the CaMKII-related protein αKAP [57–60]. Autophosphorylation 
of the ~55 kD (likely, CaMKIIδ) and ~72 kD (likely, CaMKIIβc) proteins 
was nearly abolished in OGTKO ventricles (75 and 81% respectively; 
Fig. 5C and E; N = 5; *p < 0.0001). When considering that CaMKIIδ 
expression was increased 1.7-fold in OGTKO ventricles, the reduction in 
OGTKO CaMKIIδ autophosphorylation is even more striking. To verify 
that CaMKIIβc was present in these samples, immunoblot was performed 
using an anti-CaMKIIβ antibody raised against an epitope away from the 
variable region. CaMKIIβc expression was not different between OGTKO 

and TCre control ventricles (Fig. 5D and E; N = 4; p = 0.3). 

3.7. OGT is likely enriched in the dyad space and/or at the SR and binds 
to calmodulin in a Ca2+-dependent manner 

If OGT is exerting a direct effect on the CDF machinery, it would 
likely need to be spatially coupled to Cavs, CaMKII, calmodulin, or some 
combination of the three. In support of this, using proximity ligation 
proteomics, others have shown that OGT is in close proximity to Cavα1 
and Cavβ2 [61]. To further explore whether OGT is colocalized with 
CDF-related proteins found in the dyad space and/or at the SR, we 
performed pull-down experiments with SR-enriched protein lysates 
using calmodulin-coupled agarose. The calmodulin pull-downs were 
performed in parallel with one aliquot containing CaCl2 and the other 

Fig. 5. CaMKII autophosphorylation is reduced by 
at least 75% in OGTKO ventricles despite increased 
expression of CaMKIIδ and calmodulin. A-D) Im
munoblots (IBs; top panels) and total protein 
(bottom panels) showing CaMKIIδ (A), calmodulin 
(B), pan p-Thr287-CaMKII (C), and CaMKIIβc (D) 
expression in control TCre and OGTKO ventricles. 
E) IB signals were normalized to total protein 
levels and signals were compared between TCre 
(white bars) and OGTKO (light green bars). N =

4–7; *p ≤ 0.01. (For interpretation of the refer
ences to colour in this figure legend, the reader is 
referred to the web version of this article.)   

Fig. 6. SR-enriched OGT precipitates 
with calmodulin in a Ca2+-dependent 
manner, CaMKIIβc is likely O-GlcNAcy
lated, and OGT colocalizes with ryano
dine receptors. A) SR-enriched lysates 
were precipitated with calmodulin- 
agarose with Ca2+ or EGTA present. 
The eluents were immunoblotted and 
blots were probed with anti-OGT (top) 
and anti-CaMKIIδ (bottom) antibodies. 
The dashes at the top of the blots repre
sent lanes that were left blank to prevent 
carry-over among lanes if a large volume 
was required for loading. The lanes 
labeled as “Super” represent the super
natants from the calmodulin precipita
tion in the two conditions. B) Protein 
lysates from TCre control and OGTKO 
ventricles were affinity purified (AP) 
with the GlcNAc-specific lectin sWGA. 
Eluates were immunoblotted with anti- 
CaMKIIβ (top panel) and anti-CaMKIIδ 
(bottom panel) antibodies. A and B 
represent data from at least 2 indepen
dent experiments. C) Confocal images of 
fixed and permeabilized cardiomyocytes 
that were immunolabeled with an Alexa 
Fluor 488 conjugated anti-OGT antibody 
(green) and an anti-ryanodine receptor 

antibody. Ryanodine receptors were visualized with an Alexa Fluor 568 conjugated anti-rabbit secondary (red). D) Scatter plot showing Pearson’s correlation co
efficient (R) values and mean of 0.73 ± 0.01 (N = 2, n = 14) indicating significant colocalization of OGT and ryanodine receptors. Scale bars indicate 20 μm. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)   
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containing EGTA as described in the Methods. Ca2+ binding by 
calmodulin exposes several hydrophobic regions with which a variety of 
calmodulin-binding proteins can interact, this interaction typically in
dicates a functional relationship between calmodulin and the protein of 
interest that is Ca2+ dependent as is CDF and FDAR. Following pull- 
down, proteins were eluted with heat in sample buffer and Western 
blotted. As seen in the top panel of Fig. 6A, immunoblotting showed that 
SR-enriched OGT is bound to calmodulin in a Ca2+ dependent manner. 
Fig. 6A bottom panel shows the lower portion of the blot that was 
probed with an anti-CaMKIIδ antibody demonstrating the specificity of 
the experiment. Others have shown that CaMKIIβc also is precipitated by 
calmodulin in a Ca2+ dependent manner in cardiac SR-enriched lysates 
[58]. Together, these data suggest that OGT is a component of an SR- 
related signaling complex that contributes to the regulation of Ca2+

handling. 
The Bers group showed that CaMKIIδ was O-GlcNAcylated at Ser280 

[28] and at Ser279 in CaMKIIα [29]. CaMKIIβ possesses a similar Ser in 
its regulatory domain [29]. To determine if CaMKIIβc could also be O- 
GlcNAcylated and demonstrate that the O-GlcNAcylation of CaMKIIδ 
and CaMKIIβc was reduced in OGTKO ventricles, we performed affinity 
precipitation using the GlcNAc-specific lectin succinylated wheat germ 
agglutinin (sWGA) as in our previous efforts [27]. Following immuno
blotting, it was apparent that CaMKIIβc could be successfully precipi
tated by sWGA strongly suggesting that, like the other CaMKII isoforms, 
it too can be O-GlcNAcylated (Fig. 6B). Not surprisingly, we also 
observed that sWGA pulled down ~5 to 20 times more CaMKIIδ and 
CaMKIIβc respectively from TCre control ventricular lysates compared 
to OGTKO lysates (Fig. 6B) 

OGT has traditionally been considered a nucleocytoplasmic protein. 
Our functional data indicate that OGT impacts CDF and FDAR 
(Figs. 1–4), which are processes that occur at the SR and/or dyad space, 
and our biochemical data (Fig. 6A) indicate that OGT can also associate 
with cellular membranes including likely SR membranes. To provide 
additional evidence for an association of OGT with SR membranes and/ 
or within the dyad space, immunofluorescence of isolated car
diomyocytes using an antibody specific for the cardiac ryanodine re
ceptor (RYR2), which is only found at the SR, and an Alexa Fluor 488 
conjugated anti-OGT antibody were used to determine colocalization. 
Ryanodine receptors were visualized with an Alexa Fluor 568 conju
gated anti-rabbit secondary. Data were processed using the ImageJ 
JACoP plugin as described in the Methods and indicated a mean ± SEM 
Pearson’s correlation coefficient (R) of 0.73 ± 0.014 (N = 2; n = 14) 
indicating significant overlap of the OGT and RYR2 fluorescence signal 
(Fig. 6C and D). Taken together, our data suggest that OGT can associate 
with the SR and/or reside within the dyad space to impact CDF and 
FDAR. 

3.8. CDF following OGT inhibition is more sensitive to omission of 
exogenous ATP 

The function of CaMKIIβc in cardiomyocytes is not well understood. 
In the heart, it is tethered to the SR and colocalizes with calmodulin and 
SERCA2a with the latter interaction likely occurring through αKAP [58]. 
In vitro, CaMKIIβc can phosphorylate SERCA2a and regulate SR- 
associated GAPDH activity suggesting that it may regulate ATP gener
ation at the SR [58–60]. All glycolytic enzymes can be found in associ
ation with cardiac and skeletal muscle SR vesicles where they produce 
ATP and are functionally coupled to SR Ca2+ transport [60,62,63]. 
Additionally, ATP generation, likely as a substrate for Cav phosphory
lation by CaMKII, is an important component of CDF as evidenced by the 
fact that when a non-hydrolysable form of ATP is included in an intra
cellular recording solution, CDF is abolished [8]. Given the role of OGT 
as a nutrient-sensor and the fact that CaMKIIβc autophosphorylation was 
nearly abolished in OGTKO ventricles (Fig. 5C and E), we were inter
ested in whether one potential role for OGT in CDF was to contribute to 
the regulation of ATP generation at the SR and/or the dyad space. This 

line of questioning is also consistent with the data generated by others 
indicating that SR-targeted CaMKII inhibition abolishes CDF and re
duces FDAR [5] highlighting the importance of the SR, and likely the 
dyad space, to the dynamic regulation of Cavs. The intracellular 
recording solution used to measure CDF depicted in Figs. 1 and 2 con
tained 5 mM ATP. In a subset of experiments, we replaced ATP with an 
isomolar amount of aspartic acid, then compared CDF between vehicle 
and OSMI-1 treated WT cardiomyocytes. In these conditions, all ATP 
would need to come from existing pools or be generated during the 
repeated depolarization protocol. Without exogenous ATP, CDF in 
vehicle treated WT cardiomyocytes was reduced by 36% compared to 
when 5 mM ATP was present in the patch pipette (from 153% to 134%; 
comparing the change in P2 versus P1 currents) (Fig. 7; N = 3, n = 18; *p 
= 0.004). CDF in OSMI-1 treated WT cardiomyocytes was reduced by 
52% (from 121% to 110%) following removal of exogenous ATP (Fig. 7; 
N = 3–6, n = 14–24; *p = 0.02). These data highlight the importance of 
ATP to CDF. Additionally, since OSMI-1 treated cardiomyocytes were 
more sensitive to removal of exogenous ATP, the data also suggest that a 
defect in SR-related ATP generation due to reduced OGT activity may 
contribute to the reductions in CDF and FDAR observed in OGTKO and 
OSMI-1 treated cardiomyocytes. 

4. Discussion 

4.1. Reduced OGT activity contributes to CDF and FDAR likely through 
inhibition of CaMKII autophosphorylation and activity 

CDF and FDAR are important adaptive processes that allow the heart 
to function efficiently when heart rate increases. CaMKII was shown to 
be responsible for CDF and, at a minimum, contribute to FDAR 

Fig. 7. CDF following OGT inhibition is more sensitive to omission of exoge
nous ATP. A) Representative P1 and P5 current traces from control vehicle 
treated (black) and OSMI-1 treated (dark green) cardiomyocytes in the absence 
of exogenous ATP. B) Percent increases in current compared to P1 current as a 
function of pulse number. The facilitation curves show that CDF is reduced to a 
greater extent in OSMI-1 treated cardiomyocytes than controls when exogenous 
ATP (dashed lines) is removed. Facilitation curves generated with 5 mM ATP in 
the patch pipette (solid lines) are from Fig. 3B. N = 3–6, 14–24; *p ≤ 0.02. (For 
interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.) 
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[5,6,8,10,64]. In the present study, we show that OGT also contributes 
to these processes demonstrating how multiple signaling pathways and 
potentially metabolism may converge to regulate cardiomyocyte Ca2+

handling. While our previous work suggests that Cavα1.2, Cavβ2, or both 
subunits can be O-GlcNAcylated [27], it is unlikely that a direct modi
fication of Cavs by OGT contributes to CDF since SR-targeted CaMKII 
inhibition abolished CDF [5], indicating that OGT impacts CDF indi
rectly. The responsible mechanism, at least in part, likely involves the 
observed >75% reductions in CaMKII autophosphorylation, despite 
increased CaMKIIδ and calmodulin expression, when OGT is ablated 
(Fig. 5B, C, and E). While autophosphorylated CaMKII is considered to 
be autonomously active, autophosphorylation does not exclude CaMKII 
from further activation by Ca2+/calmodulin [65]. Since the binding of 
Ca2+/calmodulin to CaMKII is enhanced when CaMKII is autophos
phorylated [56], it is likely that during high frequency depolarizations, 
autophosphorylated CaMKII plays an important role in the rapid 
response of CDF. Therefore, in conditions of reduced OGT activity, 
where CaMKII autophosphorylation is reduced, there would be a smaller 
pool of readily activatable CaMKII. The precise mechanism for the 
reduction in CaMKII autophosphorylation in conditions of reduced O- 
GlcNAcylation is not known at this time. A trivial explanation would be 
that the reduced ICa current and Ca2+-induced Ca2+-release observed in 
OGTKO cardiomyocytes results in less Ca2+ binding to calmodulin and 
therefore less activation of CaMKII. However, this likely could not 
explain how transient inhibition of OGT from OSMI-1 treatment, were 
ICa is only marginally reduced and Ca2+-induced Ca2+-release is only 
affected at a high stimulation frequency (higher than the frequency used 
to assess CDF and recovery from inactivation), can confer a similar 
phenotype as OGT ablation, where ICa and Ca2+-induced Ca2+-release 
are drastically reduced (Fig. 2B and [27]). It should also be pointed out 
that the amplitude of the fura-8 ratio during diastole (before and be
tween stimulations) was not different in any group (data not shown) 
suggesting that OGT ablation or OGT inhibition does not impact steady- 
state intracellular Ca2+ levels. The most likely potential explanations for 
the effect of OGT on CaMKII autophosphorylation include: 1) there are 
unidentified O-GlcNAc sites in addition to Ser280 (Ser279) on CaMKII 
that regulate autophosphorylation, 2) O-GlcNAcylation or OGT impacts 
CaMKII’s binding of Ca2+/calmodulin, 3) another protein that is regu
lated by OGT contributes to the regulation of CaMKII autophosphor
ylation, and/or 4) CaMKII O-GlcNAcylation increases the duration of 
CaMKII activation and/or the number active monomers within the ho
loenzyme, both of which would lead to more CaMKII autophosphor
ylation. Based on the data using 10 mM intracellular EGTA (SF2-SF3) 
suggesting that in conditions of reduced O-GlcNAcylation, the regula
tion of Cavs by intracellular Ca2+ is diminished, another possibility is 
that OGT impacts CaMKII activity and autophosphorylation indirectly. 
This may occur through a change in the sensitivity of calmodulin to Ca2+

which could then directly impact CaMKII activation or indirectly impact 
CaMKII by altering the activity of protein phosphatases responsible for 
removing CaMKII’s autophosphorylation such as calcineurin and pro
tein phosphatase 1 [66,67] These potential mechanisms are currently 
under investigation. 

4.2. A potential role for OGT-mediated regulation of CaMKIIβc in CDF 
and FDAR 

CaMKIIδ is likely the major contributor to CDF but whether it’s solely 
responsible is not known. The initial studies identifying the link between 
CaMKII and CDF used pharmacologic approaches and those drugs have 
no isoform specificity [7–9]. Additionally, prior work by others showed 
that CDF was only ~20% lower in cardiomyocytes from mice where the 
CaMKIIδ gene was ablated compared to controls [16]. This would sug
gest, at a minimum, that other CaMKII isoforms are able to contribute to 
CDF. Because SR-targeted CaMKII inhibition abolished CDF and reduced 
FDAR [5], the SR-targeted CaMKIIβc is a good candidate to contribute to 
these processes. Additionally, the mechanism responsible for FDAR is 

still under debate although it is widely considered to involve an increase 
in SERCA2a Vmax with some providing data for and others against the 
notion that this involves phosphorylation of SERCA2a by CaMKII 
[68–71]. CaMKIIβc can phosphorylate SERCA2a in vitro indicating that 
if FDAR requires SERCA2a phosphorylation, CaMKIIβc may be involved. 
CaMKIIβc also likely contributes to ATP generation at the SR since it 
regulates SR-associated GAPDH activity [60]. Experiments designed to 
identify and delineate a role for CaMKIIβc in CDF and FDAR are ongoing. 
However, we hypothesize that CaMKIIβc may contribute to CDF and 
FDAR directly though phosphorylation events and indirectly by regu
lating glycolytic flux at the SR and/or the dyad space and that OGT plays 
a role in these activities. This is based on the following: 1) CaMKIIδ 
cannot account entirely for CDF [16], 2) CaMKIIβc autophosphorylation 
is also drastically reduced in OGTKO ventricles (Fig. 5C and E), 3) 
CaMKIIβc is likely O-GlcNAcylated (Fig. 6B) in basal conditions (i.e., in 
normoglycemia), 4) OGT and CaMKIIβc can be enriched from the same 
cellular location and both can apparently associate with calmodulin 
(Fig. 6A and [58]), 5) CDF is more sensitive to ATP levels when OGT is 
inhibited (Fig. 7), and 6) OGT activity is dictated, in part, by metabolite 
levels [21]. Experiments designed to investigate the relationship be
tween OGT and CaMKIIβc and how they may impact cardiomyocyte 
Ca2+ handling are ongoing. 

4.3. Comparison of the two models of reduced O-GlcNAcylation 

In both the chronic genetic OGTKO model and the acute pharma
cologic OSMI-1 model we observed a similar ~60% reduction in CDF- 
induced ICa potentiation following OGT ablation or OGT inhibition 
(Figs. 1A and B and 2A and B). There were however two major differ
ences between the acute and chronic models of reduced O-GlcNAcyla
tion although some differences between the models should not be 
surprising. That is, OGT is ablated in the OGTKO model, resulting in 
almost no OGT expression nor enzymatic activity chronically [27] while 
in the OSMI-1 model, enzymatic activity of OGT is only transiently 
inhibited. Thus, the genetic model abolishes enzymatic activity as well 
as any pleiotropic effects of OGT (i.e., structural interactions of OGT 
with other proteins, etc.). Additionally, we observed a number of 
remodeling events in the OGTKO including a down-regulation of Cav 
expression and a reduction in hemodynamic function that would likely 
impact neurohormonal regulation of the heart [27]. In this study, we 
show further examples of remodeling in the OGTKO model in the form of 
increased CaMKIIδ and calmodulin expression (Fig. 5A, B and E). 

The first major functional difference between the two models was 
that the percent increase in T0.37 (slowing of inactivation between P1 
and P2 currents) observed during CDF was significantly reduced in the 
OGTKO model compared to TCre controls (Fig. 1D) while we observed 
no difference in the percent increase in T0.37 during CDF between OSMI- 
1 and vehicle treated cardiomyocytes (Fig. 2D). Secondly, we observed a 
significant slowing of recovery from Cav inactivation in OSMI-1 treated 
cardiomyocytes (Fig. 3D), which is consistent with other studies inves
tigating the impact of CaMKII inhibition on Cav recovery [5,11,43–45], 
but we observed an acceleration of recovery in OGTKO cardiomyocytes 
(Fig. 3A). The most likely explanation for these divergencies between 
models originates from their differences in intracellular Ca2+ levels 
following stimulation (systolic Ca2+), with OGTKO cardiomyocytes 
demonstrating markedly reduced ICa and Ca2+ transient amplitude 
(Fig. 1E and [27] and OSMI-1 treated cardiomyocytes showing only 
marginal reductions in ICa (Fig. 2E) and no reduction in Ca2+ transient 
amplitude. 

While most ascribe CDF to CaMKII activity (positive feedback), 
others have suggested that CDF is the consequence of reduced SR Ca2+

filling between repetitive stimulations that results in reduced Ca2+- 
induced Ca2+ release and thus reduced CDI. Therefore, under this 
paradigm, ICa potentiation during facilitation is the result of slower Cav 
inactivation from the reduction in CDI (negative feedback) [50,51]. The 
data obtained using the OGTKO model where intracellular Ca2+ is 
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reduced (both ICa and Ca2+-induced Ca2+ release) but CDF-induced ICa 
potentiation is also reduced could be construed as an argument against 
the negative feedback theory. However, it also suggests that CDF- 
induced ICa potentiation may be CaMKII-dependent while the slowing 
of inactivation is dependent on intracellular Ca2+ levels and thus the two 
are likely related but disparate processes. This is further supported by 
the fact that we observed reduced CDF-induced ICa potentiation yet no 
difference in Cav inactivation during facilitation in OSMI-1 treated cells, 
where ICa is only marginally reduced and Ca2+-induced Ca2+ release is 
not affected. The reduction in OGTKO systolic intracellular Ca2+ likely 
also contributes to the inherently slower basal Cav inactivation rate that 
is not observed in OSMI-1 treated cardiomyocytes (Figs. 1C, 2C, and 
[27]). 

Based on the experiments depicted in Fig. 3B, it is highly likely that 
the acceleration of Cav recovery from inactivation in OGTKO car
diomyocytes is also due to reduced intracellular systolic Ca2+ in that 
when control cells are used to model the reductions in OGTKO ICa, and 
presumably Ca2+-induced Ca2+ release, by applying a smaller test po
tential (−10 mV), we observed a similar acceleration in Cav recovery 
compared to when we trigger larger ICa and thus Ca2+ release using a 
more depolarized test potential (10 mV; both test potentials occur along 
the linear portion of the conductance-voltage curve [27]). These data 
also suggest that intracellular Ca2+ plays a more prominent role in the 
rate of Cav recovery because, although CDF is reduced in OGTKO car
diomyocytes, likely due to inhibition of CaMKII, that is not enough to 
outweigh the impact of reduced systolic intracellular Ca2+ in the OGTKO 
on Cav recovery. 

Taken together, while both have provided important insight into not 
only how OGT impacts CDF but also the underlying mechanisms 
responsible for CDF, the OGTKO and OSMI-1 models should only be 
considered complimentary and not equivalent models. In fact, one could 
argue that the OSMI-1 model is the superior model to investigate the 
direct effects of O-GlcNAcylation on the dynamic regulation of EC 
coupling and CaMKII activity while the OGTKO is better suited to un
cover secondary and tertiary effects of OGT and O-GlcNAcylation on 
these processes. 

4.4. Conclusions 

In the present study, we shed new light on the scope to which O- 
GlcNAcylation (and/or OGT) contributes to cardiomyocyte EC coupling. 
OGT has long been thought to be a nucleocytoplasmic protein; however, 
our data indicate that OGT is also likely present at the SR and/or the 
dyad space where it contributes to the formation of a signaling complex 
that impacts cardiomyocyte Ca2+ handling. In contrast to work by 
others, this co-regulatory interaction between OGT and CaMKII occurs 
in the absence of hyperglycemia [28–31] indicating that the relationship 
between O-GlcNAcylation and CaMKII activity is more complicated than 
previously thought. Our data also indicate for the first time that OGT 
impacts the beat-to-beat regulation of Cav activity and cardiomyocyte 
EC coupling under basal conditions. These findings will enhance our 
current understanding of how disease processes that involve altered 
cellular signaling and metabolism, such as diabetes mellitus, hypertro
phy and heart failure, may impact cardiomyocyte EC coupling though 
regulated and aberrant OGT and CaMKII activity. 
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