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We previously demonstrated that cardiac myosin can use 2-deoxy-
ATP (dATP) as an energy substrate, that it enhances contraction
and relaxation with minimal effect on calcium-handling properties
in vitro, and that contractile enhancement occurs with only minor
elevation of cellular [dATP]. Here, we report the effect of chronically
enhanced dATP concentration on cardiac function using a transgenic
mouse that overexpresses the enzyme ribonucleotide reductase
(TgRR), which catalyzes the rate-limiting step in de novo
deoxyribonucleotide biosynthesis. Hearts from TgRR mice had
elevated left ventricular systolic function compared with wild-type
(WT) mice, both in vivo and in vitro, without signs of hypertrophy
or altered diastolic function. Isolated cardiomyocytes from TgRR
mice had enhanced contraction and relaxation, with no change in
Ca®* transients, suggesting targeted improvement of myofilament
function. TgRR hearts had normal ATP and only slightly decreased
phosphocreatine levels by 3'P NMR spectroscopy, and they main-
tained rate responsiveness to dobutamine challenge. These data
demonstrate long-term (at least 5-mo) elevation of cardiac [dATP]
results in sustained elevation of basal left ventricular performance,
with maintained p-adrenergic responsiveness and energetic
reserves. Combined with results from previous studies, we con-
clude that this occurs primarily via enhanced myofilament activa-
tion and contraction, with similar or faster ability to relax. The
data are sufficiently compelling to consider elevated cardiac [dATP]
as a therapeutic option to treat systolic dysfunction.

metabolism | inotropy | cross-bridge cycling

wide variety of cardiac pathologies such as myocardial in-

farct, dilated cardiomyopathy, and congestive heart failure
involve reduced systolic function of ventricles that often results
from altered ATP-mediated actin-myosin (cross-bridge) cycling
(1-4). The schematic shown in Fig. 1 outlines the basic compo-
nents of this chemomechanical cycle that are critical to understand
how cardiomyocytes use energy to develop tension and shortening:
(i) ATP bound to detached myosin is hydrolyzed to ADP and
inorganic phosphate (Pi); (i1) myosin binds to actin and undergoes
the power-stroke associated with Pi release, tension development,
and shortening; (iii) ADP is released from myosin; and (iv) ATP
binds and precipitates myosin detachment from actin.

We (5-8) and others (9-17) have reported that striated muscle
myosin can use most naturally occurring nucleotides to support
cross-bridge cycling and contraction to varying degrees. Although
most are not as effective as ATP, we found that 2-deoxy-ATP
(dATP) is more effective than ATP as a substrate for contraction
of demembranated cardiac muscle, augmenting both force and
shortening at all levels of Ca**-mediated contractile activation
(5-8). Our detailed biochemical and mechanical analysis sug-
gests that dATP increases the rates of both myosin binding and
product release (steps 2 and 3 in Fig. 1) (6). More recently, we re-
ported that adenoviral overexpression of ribonucleotide reductase
(RR), the enzyme that converts ADP to dADP (which is rapidly
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phosphorylated to become dATP), increases the dATP content
in cultured adult or neonatal rat cardiomyocytes ~10-fold. This
significantly enhanced the magnitude and rate of shortening and
increased the rate of relaxation, without affecting the magnitude
of intracellular Ca®" transients (18). Interestingly, the 10-fold in-
crease in cellular dATP content still represents <1-2% of the
adenosine triphosphate nucleotide pool, and we also showed that
this amount was sufficient to significantly increase force groduc-
tion of demembranated cardiac muscle at levels of Ca”™ mea-
sured during cardiac twitch contractions (18).

Although we demonstrated that acute increases in [dATP] (via
RR overexpression) positively impacted contractility of cardio-
myocytes in vitro, it was not clear whether this elevated function
would occur in vivo. Additionally, it is not known whether chroni-
cally elevated dATP would have negative effects on myocardial
energetics and/or cardiac function. Here, we report an animal
model with enhanced cardiomyocyte cross-bridge chemomecha-
nical cycling via manipulation of the adenosine triphosphate nu-
cleotide pool of healthy animals. We studied a transgenic mouse
line that globally overexpresses both the large (ribonucleotide
reductase M1, Rrm1) and small (ribonucleotide reductase M2,
Rrm2) subunits of RR (TgRR), compared with their wild-type
(WT) littermates (named Rrm1™® + Rrm2"€ in ref. 19). In this
study, TgRR and WT animals were characterized for in vivo and
in vitro cardiac function, myocardial energetics, and cardiomyo-
cyte contractile properties to assess the effect of chronic, global
overexpression of Rrm1 and Rrm2 (and thus increased dATP)
on cardiac function. We found that left ventricular (LV) function
is elevated in TgRR mice vs. WT under basal conditions but is
similar during p-adrenergic challenge. The enhanced cardiac
function was associated with an increased magnitude and rate of
contraction and relaxation of isolated cardiomyocytes, without
an increase in Ca®* transient amplitudes. Furthermore, the im-
proved cardiac function occurred at a normal energetic cost and
with no effect on smooth muscle contraction. These data suggest
that manipulation of the adenosine triphosphate nucleotide pool
to increase cardiomyocyte intracellular dATP concentration
merits further investigation as a potential therapeutic option for
treatment of systolic heart failure.
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Fig. 1. Scheme illustrating a four-step cross-bridge model of contraction.
Major transitions are labeled. Dark arrows indicate transitions that we hy-
pothesize to be enhanced when dATP is used as a substrate for contraction
rather than ATP.

Results

Heart Size and Histology. At 3-5 mo of age, body weight (BW),
heart weight (HW), and HW relative to BW (HW/BW) were
obtained for TgRR mice and littermate controls (WT). No sig-
nificant differences were noted in these measures (Table 1). The
similar HW and HW/BW values suggest there is no overt hy-
pertrophy (at least to 3-5 mo of age) resulting from the chronic
inotropic state induced by elevated dATP. Histological assess-
ment of TgRR and WT hearts showed no appreciable difference
in myocyte size, organization, or fibrosis between groups at both
3 mo and 12 mo of age, which further demonstrates that TeRR
hearts are not morphologically different from controls (Fig. S1).

Echocardiography. In vivo cardiac function was assessed via echo-
cardiography for both WT and TgRR mice (Table 2). TgRR mice
had significantly increased fractional shortening (FS) (from 34.6 +
2.2% t0 43.5 + 1.4%; P < 0.05), ejection fraction (EF) (70.1 + 2.8%
to 80.7 + 1.4%; P < 0.05), and cardiac output (from 30.0 + 3.2
ml/min to 41.0 + 2.8 mL/min; P < 0.05) at similar heart rates.
During diastole, neither LV internal dimension (LVID;d) nor
LV posterior wall thickness (LVPW;d) was altered in the
transgenic animals (Table 2). These data suggest that increased
cellular concentration of RR and dATP can result in a beat-to-
beat elevation of cardiac performance in vivo. Combined with
the similar HW/BW ratio for TgRR and WT mice, these data
support the idea that enhanced ventricular function did not
result in cardiac hypertrophy. Importantly, there were no signif-
icant differences in diastolic dimensions, suggesting no evidence
of LV dilation. This indicates that increased cardiac output is
achieved by increased contractile force and not attributable to
changes in LV filling volume. These findings, combined with the
HW/BW and histological observations described above, demon-
strate that there is little or no compensatory adverse cardiac
remodeling in TgRR mice.

Ex Vivo Cardiac Function with *'P NMR Spectroscopy. To quantita-

tively assess the effects of increased Rrm1 and Rrm2 (RR) and
dATP on myocardial energetics and cardiac work, we measured

Table 1. Descriptive statistics of animal phenotype

Measurement WT TgRR

BW, g 27.91 + 0.87 26.02 + 1.11
HW, mg 115.32 + 8.52 106.00 + 3.64
HW/BW, mg/g 4.19 + 0.19 4.36 + 0.15

BW, HW, and HW/BW ratio from WT and TgRR animals between 3-5 mo
of age. Data are presented as means + SEM (WT, n = 6; TgRR, n = 6).
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Table 2. Echocardiography measurements

Measurement WT TgRR
LVPW;d, mm 0.70 + 0.12 0.81 + 0.04
LVID;d, mm 3.22 + 0.1 3.30 £ 0.14
LVPW;s, mm 1.04 + 0.07 1.21 + 0.04*
LVID;s, mm 2.10 + 0.09 1.72 + 0.10%
FS, % 34.58 + 2.17 43.54 + 1.43*
EF, % 70.65 + 2.75 80.68 + 1.45*
HR, bpm 454.20 + 28.57 497.10 + 21.67
CO, mL/min 30.00 + 3.16 41.00 + 2.77*

Echocardiographic measures obtained in WT and TgRR animals. Data are
presented as means + SEM (WT, n = 5; TgRR, n = 10). CO, cardiac output;
LVID;d, LVID in diastole; LVID;s, LVID in systole; LVPW;d, LVPW in diastole;
LVPW;s, LVPW in systole.

*P < 0.05.

high-energy phosphate content with P NMR spectroscopy in
Langendorff-isolated heart preparations. Consistent with in
vivo echocardiography data, TgRR hearts demonstrated
a ~30% increase in LV developed pressure (LVDevP) (P <
0.05, Fig. 24 and Fig. S24) at a similar heart rate (HR) at
baseline (Fig. 2B and Fig. S2B). Overall myocardial perfor-
mance (or work) was assessed by the rate—pressure product
(RPP), the product of LVDevP and HR. This was also signifi-
cantly elevated in TgRR compared with WT under normal
workload conditions (Fig. 2C and Fig. S2C) with equivalent cor-
onary flows (Fig. 2D and Fig. S2D). A marker of the rate of
contractility, the positive maximum LV pressure wave (+dP/dt),
was ~35% higher in TgRR mice (P < 0.05 vs. WT at BL; Fig. 2E
and Fig. S2F), whereas the negative maximum LV pressure wave
(-dP/dt), a marker of ventricular relaxation rate, appeared faster
but was not significantly different (Fig. 2F and Fig. S2F). This
enhanced cardiac performance at baseline resulted in a ~10% de-
crease in levels of the energy reserve compound phosphocreatine
(PCr) in TgRR mice (P < 0.05 vs. WT; Fig. 3 and Fig. S34). Even
though this is a statistically significant reduction, the energetic
reserves are still quite considerable [pathologic conditions are
associated with 40-50% decreases in PCr (20-22)]. There was no
significant difference in ATP content (Fig. S3B), but Pi was
significantly greater in TgRR hearts (P < 0.05 vs. WT; Fig. S3C)
with no difference in intracellular pH (Fig. S3D). Even though
elevation of Pi has not been demonstrated to significantly reduce
function in the heart as it does in skeletal muscle, the higher Pi
concentration (2.98 + 0.37 vs. 4.29 + 0.37 mM, respectively) could
reduce LVDevP via Pi-mediated inhibition of force production
(23-25). If so, the potential for increased LV function by ele-
vated cardiomyocyte dATP levels may be even greater than in
Table 2 under in vivo conditions where cardiac tissue Pi buffering
occurs. Combined, these results suggest that increased cardiac
contractility in TgRR hearts causes a mild reduction in high-
energy phosphate reserves, without compromising cellular ATP
concentration under normal workload (basal) conditions.

To test whether overexpression of the RR transgene alters
myocardial responsiveness to f-adrenergic stimulation, we infused
dobutamine in isolated perfused hearts from TgRR and WT mice.
During the initial 90 s of dobutamine infusion, LVDevP, +dP/dt,
and —dP/dt were significantly increased in both WT and TgRR
hearts, demonstrating expected peak p-adrenergic responsive-
ness (Fig. 2 4, E, and F). However, as the HR approached 500
beats per minute (bpm) after 5 min of dobutamine infusion (Fig.
2B), LVDevP, +dP/dt, and —dP/dt declined in both groups (Fig. 2
A, E, and F), consistent with the negative treppe effect (i.e.,
force—frequency relationship) in mouse myocytes (26). Over the
final 15 min of the experimental period, HR remained signifi-
cantly elevated to a comparable degree in both TgRR and WT
mice, demonstrating normal adrenergic reserve (Fig. 2B and Fig.
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Fig. 2. Response of LV function during 20 min of acute physiological demand. (A-C) LVDevP, HR, and RPP, the product of LVDevP and HR, measured in
isolated hearts perfused at baseline (BL) and dobutamine infusion (n = 5 each group). (D) Coronary flow, estimated by collecting the perfusate effluent over
a 2-min period, in Langendorff heart preparations during normal workload and dobutamine infusion (n = 5 each group). (E and F) Rate of pressure change
calculated by the first derivative of the LV pressure wave (dP/dt) in Langendorff heart preparations at baseline and during dobutamine infusion. The positive
maximum (+dP/dt) is an index of the rate of LV pressure development. The negative maximum (—dP/dt) is an index of the rate of ventricular relaxation. *P <

0.05 vs. WT at baseline (n = 5 each group).

S2B). Interestingly, even though LVDevP at the end of dobut-
amine infusion in WT hearts was similar to baseline values in
TgRR (Fig. S24), dobutamine infusion did statistically increase
RPP over the entire infusion time course and remained statisti-
cally elevated over baseline levels in both groups at the end of
the protocol (Fig. 2C and Fig. S2C). Thus, the TgRR hearts
generate higher baseline force and respond to adrenergic chal-
lenge principally with increased rate. The normal rate response
suggests that much of p-adrenergic signaling is intact, neither
blunted nor sensitized, in the TgRR heart. Both TgRR and
control hearts experienced similar decreases in PCr (~40%) and
ATP (~20%) in response to acute demand (Fig. 3 and Fig. S3)
with associated increases in Pi (Fig. S3C). Intracellular pH
remained stable in hearts for both groups (Fig. S3D). In total,
these data indicate that TgRR hearts responded to the acute
physiological challenge with a similar work output to controls
with comparable changes of high energy phosphate content.

dATP Does Not Affect Cardiac Smooth Muscle Function. Although we
(5-8) and others (9-17) have characterized the effect of dATP
on striated (skeletal and cardiac) muscle, its effect on smooth
muscle is unknown. To determine whether vascular smooth
muscle responds differently than striated muscle, we measured
contraction of nontransgenic mouse aortic muscle strips with
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Fig. 3. Energetic response to dobutamine challenge. Ratio of PCr and ATP,
as measured by 3'P NMR spectroscopy in isolated perfused hearts at baseline
(BL) and at the end of 300 nM dobutamine infusion (DOB). *P < 0.05 vs. WT
at baseline (n = 5 each group).
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complete replacement of ATP for dATP. Fig. 4 demonstrates
that there was no significant difference in the mechanical and
biochemical parameters measured for skinned aortic smooth
muscle activated with 5 mM ATP vs. 5 mM dATP. When smooth
muscle was activated, force rapidly increased to a steady state
with both nucleotides. Maximal Ca**-activated force was 25.7 +
4.8 mN/mm? (n = 8) vs. 25.4 + 5.5 mN/mm? (n = 7) for ATP vs.
dATP, respectively. Because myosin light chain (LC,) phos-
phorylation regulates smooth muscle cross-bridge cycling, we
quantified the level of phosphorylation in smooth muscle prep-
arations with solutions containing ATP vs. dATP. For ATP, LCy
phosphorylation was 2 + 0.5% at rest [negative logarithm of
calcium ion concentration (pCa) 9] and increased to 33 + 2% at
pCa 4 (n = 3), whereas for dATP, LC,, phosphorylation in-
creased from 3 + 1% to 34 + 5% (n = 3). Because LC, phos-
phorylation did not differ between preparations with ATP vs.
dATP, these data suggest that dATP does not alter the regula-
tion of smooth muscle. Importantly, this indicates that even
though increased [dATP] significantly enhances striated muscle
contraction, smooth muscle contraction is unchanged by dATP.

TgRR Mice Have Enhanced Cardiomyocyte Contractility. Video im-
aging of sarcomere length (IonOptix) was used to compare the
rate and extent of shortening and relengthening (relaxation) in
single ventricular cells from both TgRR and WT mice. Simulta-
neous measurements of Ca* transients were made using Fura-2
fluorescence. Representative shortening traces and Ca®* transients
can be seen in Fig. 5 A and B, respectively. Cardiomyocytes from
the TgRR mice had enhanced contractility relative to control
(WT) cells, measured by a number of parameters (Table 3). The
rate and magnitude of shortening were increased by 15.4% and
21.5%, respectively, and rate of relaxation was increased 28.4%
(Fig. 54 and Table 3). These increases in contraction and relaxation
properties are similar, but smaller in magnitude, to those we re-
cently reported for adult and neonatal rat cardiomyocytes trans-
duced with an adenoviral vector to elevate cellular RR levels and
dATP content (AV-RR) (18). These cardiomyocyte contractility
data support our in vivo observations of increased FS and EF, as
well as our in vitro observations of increased LV rate and mag-
nitude of pressure development. Interestingly, the increased car-
diomyocyte contractility occurred with no change in Ca®* transient
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Fig. 4. Smooth muscle contraction is not disrupted in WT mice with full
exchange of dATP for ATP. An example trace from smooth muscle contrac-
tion assay is shown. Maximum force was not different between two groups:
WT mouse smooth muscle strips with either 5 mM ATP or 5 mM dATP.
Vertical lines before force development and immediately following plateau
are noise resulting from switching calcium solutions.

amplitude (Flg 5B and Table 3); thus, myofilament responsive-
ness to Ca** is increased in TgRR animals (Table 3). This also
agrees with our previous report of AV-RR-transduced adult rat
cardiomyocytes (18) and, together, suggests that increasing dATP
concentration acts primarily to increase myofilament cross-bridge
cycling at similar levels of Ca**

Discussion

The purpose of this study was to characterize the cardiac function
of transgenic animals that overexpress RR, resulting in increased
cardiomyocyte [dATP]. The data presented here demonstrate that
increased rate and magnitude of cardiomyocyte contraction and
increased cardiac performance resulting from elevated cardio-
myocyte [dATP] persist into adulthood. We further show that
this occurs with minimal effects on cardiac energetic reserves.
Additionally, p-adrenergic rate responsiveness to increase car-
diac output is maintained for TgRR mice, although the absolute
magnitude of increased cardiac output is somewhat reduced
because of significantly increased basal pressure development.
Importantly, with p-adrenergic stimulation maximal performance
is maintained and myocardial energetics are comparable to WT
hearts. Also, important is that enhancement in contractile function
does not result from, or result in, hypertrophy or altered diastolic
dimensions, at least out to 3-5 mo of age in mice. To further
assess changes in the expression of genes related to myosin iso-
forms and cardiac hypertrophy, we measured expression levels of
myh6 (a-myosin), myh7 (B-myosin), anp (atrial natriuretic peptide),
and bnp (brain natriuretic peptide) via RT-PCR (Fig. S4). Both
myh6 and myh7 were significantly down-regulated to a similar
degree in TgRR vs. WT (Fig. S4 A and B). Because up-regulation

-
o)
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©
3
ca?* (Fura Ratio Units)

0.0 0.2 0.4 08 0.8 1.0 0.0 0.2 0.4 06 08 1.0
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Fig. 5. Representative sarcomere length (A) and calcium (B) traces from
TgRR and WT single isolated ventricular myocytes. (A) Representative sarco-
mere length traces obtained using video microscopy (lonOptix). WT shortening
is shown in gray and TgRR is shown in black. (B) Representative Fura-2
fluorescence traces obtained during shortening. No observable difference in
calcium handling was noted. WT is shown in gray and TgRR in black. Quan-
tification of these traces (and others) can be found in Table 2.
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of the fetal isoform myh?7 is associated with cardiac pathologies
in mice, these data suggest that chronic elevation of dATP did
not cause pathological-associated changes in the myosin iso-
forms. Consistent with this, up-regulation of anp or bnp was not
observed in TgRR hearts. This elevation of baseline cardiac
function may persist through life, because we have observed el-
evation of LV function with no signs of hypertrophy in 8§-10 mo
TgRR mice.

The assessment of contractile function presented in this study
strongly indicates that the prlmary effect of dATP is on the
myoﬁlament level, because Ca** transients are not affected. This
conclusion is supported by previously published biochemical and
mechanical studies suggesting that dATP binds to the myosin head
and results in increased chemomechanical cycling. In skeletal
muscle, the forward rate of cross-bridge attachment and the power
stroke (transition 2 in Fig. 1: A + M-ADP-Pi - AM*ADP =+ Pj;
where A is actin, M is myosin, and AM is actin— myosin complex)
and the rate of ADP release (transition 3 in Fig. 1: AM*ADP —
AM™) are increased when dATP is used as a substrate for con-
traction (vs. ATP) (6). The increase in skeletal muscle contrac-
tion is relatively small compared with what we have reported for
cardiac muscle containing either a- or -myosin (5, 7, 8). Indeed,
with only 2% dATP (98% ATP; 5 mM total NTP), there is sig-
nificant augmentation of force in demembranated cardiac mus-
cle at (submaximal) Ca** concentrations that occur during a
cardiac twitch (18). Because dATP-binding affinity is similar to
that for ATP (18), we hypothesize that contractile augmentation
may occur because the few myosin cross-bridges using dATP may
bind and cycle more rapidly to actin than myosins using ATP.
Indeed, recent evidence suggests that small changes in the mi-
nority population of rat ventricular f-myosin content or the mi-
nority content of rabbit and human ventricular a-myosin content
have a significant effect on the magnitude and rate of cardiac
tissue contraction and relaxation (27-29). It may be that the ini-
tial, rapid blndmg of a few myosins can augment thin ﬁlament
activation, which is a highly cooperatlve process where initial Ca>*
binding allows subsequent myosin binding, and this facilitates
tro omyosin movement and stabilization (30, 31) and additional

* binding (32, 33) Both of these promote additional myosin
cross-brldge binding in a highly cooperative manner for cardiac
muscle (30, 31, 34).

Interestingly, dJATP appears to be an effective substrate for con-
traction in all three muscle types (cardiac, skeletal, and smooth
muscle), but its ability to enhance maximal force is restricted to
cardiac muscle, where the augmentation of submaximal force is
also most prevalent. Our studies have shown that it is an effective
substrate for myosins from fast and slow twitch skeletal muscle
(5-7), a- and p-cardiac muscle (8, 18, 35), vascular smooth muscle
(this study), and human fetal skeletal muscle.

Importantly, dATP may also be used by other cellular ATPases.
It has been reported that sarcoplasmic reticulum pump [sarco-
plasmic reticulum calcium ATPase (SERCA)2a] activity is
enhanced by dATP (36). Here, we observed similar Ca** transient-
decay kinetics in cardiomyocytes from TgRR vs. WT mice, sug-
gesting the level of dATP in the TgRR mice had little or no effect
on SERCAZ2a function. However, we prev1ously reported a small
(albeit significant) increase in the rate of Ca®* transient decay for
cultured adult rat cardiomyocytes transduced with AV-RR to in-
crease cellular [dATP] (18). Thus, it is reasonable to hypothesize
that other cardiomyocyte ATPases could use dATP for function,
although it is unknown whether the affinities of these ATPases is
similar or dissimilar for dATP. However, given the millimolar
levels of competing ATP in the cardiomyocyte and our inability
to see the dATP signal by solution NMR (Fig. S3), it is unlikely
that the levels of dATP attained in the TgRR mice (or through
viral-mediated transgenesis of RR) would have a dominant ef-
fect, unless there is a highly cooperative interaction with other
proteins, as occurs with cardiac thin filament activation. Future
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Table 3. Sarcomere length and calcium transient values at 1-Hz stimulation

Measurement WT TgRR

FS, % 7.26 + 0.36 8.40 + 0.23*
Rate of shortening, pm/s -2.93 +0.18 —-3.56 + 0.12*
Time to Peak, ms 99.95 + 3.23 92.92 + 2.61
Rate of Relaxation, pm/s 1.76 + 0.15 2.26 + 0.11*
Magnitude of Ca®* release, % 38.14 + 1.89 39.08 + 1.69
Rate of Ca* release, fluorescent ratio units per second 2490 + 1.18 25.71 + 1.08
Rate of Ca®* reuptake, fluorescent ratio units per second -1.98 + 0.09 -1.95 +0.10

Measurements of sarcomere length and calcium transients were obtained in isolated cardiomyocytes from WT
and TgRR at 3-5 mo of age. Cardiomyocytes were stimulated at 1 Hz. Data are presented as means + SEM (WT,

n =73 cells; TgRR, n = 75 cells).
*P < 0.05.

studies will be required to specifically determine the global in-
fluence of dATP on cardiomyocyte function.

Previous work has shown that TgRR animals significantly
overexpress both Rrm1 and Rrm2 in both cardiac and skeletal
muscle compared with their WT littermates and that this was
associated with and ~10-fold increase in cellular dATP concen-
tration (19). This is similar to the level of elevation we recently
reported for cultured adult cardiomyocytes transduced with ad-
enoviral vectors to elevate Rrm1 and Rrm?2 (18). Thus, small but
significant increases in dATP content appear to be able to in-
crease contractility at the cell, tissue (in vitro), and organ (in vivo)
levels via enhancement of both the magnitude and kinetics of
myofilament contraction and relaxation. Importantly, here we
demonstrate that even chronic overexpression of Rrm1 and Rrm2
(and, thus, chronic increases in [dATP]) do not significantly de-
plete energetic reserves or eliminate adrenergic responsiveness.
Also important for ischemic conditions is that dATP does not
increase vascular smooth muscle contraction, suggesting it does
not precipitate vasoconstriction. This is important because ade-
quate coronary flow is required for long-term enhancement of
cardiac performance.

Implications for Translational Research. Although this study was
primarily focused on characterizing healthy animals with increased
dATP concentration, the results compel us to consider enhancing
cardiac dATP concentration as a therapy to increase the basal
contractility of the heart in cases where systolic function is reduced.
Heart disease is the leading cause of mortality and morbidity in
the United States and has been rising dramatically around the
world (37). Many cardiopathologies, as well as ischemia-reperfusion
injury and myocardial infarct, result in reduced systolic function (1-
4). Whether heart failure results from infarction or other diseases
that reduce systolic function, the most common treatment strat-
egies are pharmacological therapies and/or surgery. However,
these strategies have significant limitations, including multiple
off-target drug effects, unintended drug activity within the target
myocardium, and complications from surgery and recovery. Ad-
ditionally, they ultimately only serve as short-term treatments that
only slow progression of heart failure. Thus, novel strategies fo-
cused on recovery of function are desirable. A potential strategy is
to improve basal cardiac function via direct enhancement of myo-
filament contractile capacity by altering substrate conditions for
cross-bridge cycling. Here, we have reported considerable in
vitro and in vivo evidence that increasing cardiomyocyte [dATP]
increases contractility in muscle via increased (actin-myosin)
cross-bridge binding and cycling, which elevates basal cardiac
function. This elevation persists over time in transgenic mice,
the hearts of which appear nonpathogenic, respond to a high
workload challenge, and maintain normal myocardial energetics.
Thus, further studies to test the potential of the elevated cardiac
dATP approach for treatment of systolic failure are merited. Such
studies could involve cardiac-targeted treatment to avoid potential
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organ-specific or systemic effects of elevated Rrm1 and Rrm2
overexpression and/or dATP.

Materials and Methods

Animal Model. Transgenic mice that overexpress both the Rrm1 and Rrm2
subunits of ribonucleotide reductase via the chicken p-actin promoter and
cytomegalovirus enhancer (referred to as TgRR mice hereafter) have been
described previously (38). WT mice used in this study were transgenic ani-
mals bred on the same background (FVB/N) as TgRR mice. All animal ex-
periments were approved by the University of Washington (UW) Animal
Care Committee. Animals were cared for in accordance with US National
Institutes of Health Policy on Humane Care and Use of Laboratory Animals in
the Department of Comparative Medicine at UW.

Histology. Adult mice were euthanized by carbon dioxide asphyxiation. Tis-
sues for histological analysis were excised, fixed overnight at room tem-
perature in 10% (volivol) buffered formalin, processed, and sectioned at 5pm
thickness before staining with hematoxylin and eosin (H&E) or Masson’s
trichrome. Sample dehydration, embedding, sectioning, and staining were
conducted by the Histology Core Facility in the College of Veterinary Medi-
cine at Cornell University.

Echocardiography. Echocardiography was carried out on mice 3-5 mo old.
LV end-diastolic (LVEDD) and LV end-systolic (LVESD) dimensions were
determined and FS was calculated from these data using the formula:
(LVEDD — LVESD)/LVEDD x 100. Additional information on echocardiographic
measurements is provided in S/ Materials and Methods.

RNA Isolation and Real-Time PCR. Total RNA was isolated from frozen heart
tissue using the RNeasy Mini Kit (Qiagen), and cDNA was synthesized using
the Omniscript RT kit (Qiagen) according to the manufacturer’s guidelines.
Real-time PCR was performed using iQ SYBR Green Supermix (Bio-Rad) with
the following primer sequences: myh6 forward (F), GGCAAAGTCACTGCGG-
AAACTGAA; myh6 reverse (R), TCTTGTCGAACTTGGGTGGGTTCT; myh7 F,
GCAGCTGTGCATCAACTTCACCAA; myh7 R, TCCACTCAATGCCCTCCTTCTTGT;
anp F, ATTGACAGGATTGGAGCCCAGAGT; anp R, TGACACACCACAAGGG-
CTTAGGAT,; bnp F, GCCAGTCTCCAGAGCAATTCA; and bnp R, GGGCCATTT-
CCTCCGACTT.

Smooth Muscle Contractile Studies. All solutions and the methods for tissue
preparation have been described in detail (39-42) (SI Materials and Methods).
Briefly, strips of mouse aorta were mounted between a force transducer and
a motor, stretched, and skinned. They were then maximally activated with
calcium. The effects of dATP were investigated in solutions containing either
5 mM ATP or 5 mM dATP.

LC,o Phosphorylation. LC;; phosphorylation was determined as described
previously (39-42) (S| Materials and Methods). Briefly, skinned tissue strips
were denatured, washed, and dried. LC,o was solubilized in PAGE sample
buffer, resolved on a polyacrylamide gel, and transferred to a nitrocellulose
membrane. Phosphorylated and unphosphorylated LC,, were identified by
immunoblotting using a LC;o mAb (Sigma).

Isolated Perfused Mouse Heart Preparation and 3'P NMR Spectroscopy. Myo-

cardial energetics and LV function were measured in Langendorff isolated
heart preparations combined with 3'P NMR spectroscopy as described
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previously (43-45) (S/ Materials and Methods) (43-45). In brief, excised
mouse hearts were perfused at a constant pressure of 80 mmHg with
a modified Krebs-Henseleit buffer at 37.5 °C. After equilibration, base-
line function was monitored at a fixed end diastolic pressure of 8-
10 mmHg. After baseline, dobutamine was infused. Dynamic changes
in high-energy phosphate content (PCr, ATP, Pi) were monitored using
3P NMR spectroscopy simultaneously with continuous recording of LV
function.

Adult Mouse Cell Isolation and Contractile Assessment. Adult mouse
cardiomyocytes were isolated by enzymatic digestion from 3- to 5-mo-
old mice as described previously (46) in accordance with the Alliance for
Cellular Signaling protocol (S Materials and Methods). Briefly, the
hearts were rapidly excised, cannulated, and perfused. Myocytes were
dissociated via enzymatic digestion; following which, the ventricles were re-
moved, minced, and, after reintroduction to calcium, resuspended in 37 °C
standard media.

Contractile assessment of cells was carried out on the same day as isolation.
Cells were treated with Fura-2-acetoxymethyl ester to measure calcium
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transients, and cell shortening and relengthening were recorded and mea-
sured using lonOptix SarcLen system video microscopy.

Statistical Analysis. Statistical differences for echocardiography, sarcomere
length, and calcium transients were performed using Student’s t test (SPSS
Version 18). Summary ex vivo function data (Fig. 3 and Fig. S2) were assessed
using a two-way ANOVA with a Bonferroni post hoc analysis. Figs. S2 and S3
data were analyzed using two-way ANOVA with repeated measures with
a Bonferroni post hoc analysis (Graph Pad/Prism Version 5.01). P values <
0.05 were considered significant. Data are displayed as means + SEM.
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