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Abstract

Chronic stimulation of cardiac a1A-adrenergic receptors (a1A-ARs) improves symptoms in multiple preclinical models of heart failure.
However, the translational significance remains unclear. Human engineered heart tissues (EHTs) provide a means of quantifying the
effects of chronic a1A-AR stimulation on human cardiomyocyte physiology. EHTs were created from thin slices of decellularized pig
myocardium seeded with human induced pluripotent stem cell (iPSC)-derived cardiomyocytes and fibroblasts. With a paired experi-
mental design, EHTs were cultured for 3 wk, mechanically tested, cultured again for 2 wk with a1A-AR agonist A61603 (10 nM) or vehi-
cle control, and retested after drug washout for 24 h. Separate control experiments determined the effects of EHT age (3–5 wk) or
repeat mechanical testing. We found that chronic A61603 treatment caused a 25% increase of length-dependent activation (LDA) of
contraction compared with vehicle treatment (n = 7/group, P = 0.035). EHT force was not increased after chronic A61603 treatment.
However, after vehicle treatment, EHT force was increased by 35% relative to baseline testing (n = 7/group, P = 0.022), suggesting
EHT maturation. Control experiments suggested that increased EHT force resulted from repeat mechanical testing, not from EHT
aging. RNA-seq analysis confirmed that the a1A-AR is expressed in human EHTs and found chronic A61603 treatment affected gene
expression in biological pathways known to be activated by a1A-ARs, including the MAP kinase signaling pathway. In conclusion,
increased LDA in human EHT after chronic A61603 treatment raises the possibility that chronic stimulation of the a1A-AR might be
beneficial for increasing LDA in human myocardium and might be beneficial for treating human heart failure by restoring LDA.

NEW & NOTEWORTHY Chronic stimulation of a1A-adrenergic receptors (a1A-ARs) is known to mediate therapeutic effects in ani-
mal heart failure models. To investigate the effects of chronic a1A-AR stimulation in human cardiomyocytes, we tested engi-
neered heart tissue (EHT) created with iPSC-derived cardiomyocytes. RNA-seq analysis confirmed human EHT expressed a1A-
ARs. Chronic (2 wk) a1A-AR stimulation with A61603 (10 nM) increased length-dependent activation (LDA) of contraction. Chronic
a1A-AR stimulation might be beneficial for treating human heart failure by restoring LDA.

a1A-adrenergic receptor; engineered heart tissue; heart failure; human; induced pluripotent stem cell

INTRODUCTION

Multiple preclinical animal models of heart failure show
significantly improved cardiac function following chronic
treatment with an a1A-adrenergic receptor (a1A-AR) agonist
(1–4). Consistent with this, in humans, the ALLHAT clinical
trial found worse heart failure outcomes in patients treated

with an a1-adrenergic receptor (a1-AR) antagonist, suggesting
that a1-ARs mediate protective effects in human heart failure
patients [reviewed in Zhang et al. (5)]. However, there has
been no direct test of a1A-AR agonist therapy in human.
Engineered heart tissue (EHT) created using human induced
pluripotent stem cell iPSC-derived cardiomyocytes (iPSC-
CMs) is an experimental approach to study the in vitro
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properties of human cardiac tissue (6–11). EHT can be main-
tained long term in culture and thus can be used as a testing
platform to evaluate the effect of chronic treatment with
candidate therapeutics in human cardiomyocytes.

We used a paired experimental design to mechanically
test human EHT, then treated for 2 wk with a1A-AR agonist
A61603 (10 nM) or vehicle control, andmechanically retested
after drug washout for 24 h.

We found that chronic treatment for 2 wk with A61603
caused increased length-dependent activation (LDA) of con-
traction compared with before treatment. LDA was not
increased in vehicle-treated controls. LDA is an intrinsic
myocardial property that underlies the organ-level Frank–
Starling relationship where increased ventricular filling (pre-
load) results in increased ejection volume during the next
beat (12). LDA is blunted in heart failure, which might con-
tribute to impaired pump function (13, 14). Thus, increased
LDAmediated by chronic stimulation of the a1A-ARmight be
beneficial for increasing LDA in the human myocardium
and might be beneficial for treating human heart failure by
restoring LDA.

In contrast, average EHT force development was unchanged
after chronic A61603 treatment but was increased after vehicle
treatment, suggesting that EHT maturation occurred with ve-
hicle treatment but not with A61603 treatment.

In summary, in human iPSC-CMs, chronic treatment with
the a1A-AR agonist A61603 had a positive effect to increase
LDA but did not change EHT force. These findings might be
relevant for efforts to develop new heart failure treatments
that target the a1A-AR.

METHODS

Creation of EHT

EHTs were formed with one million human iPSC-CMs
(PGP1 cell line; Coriell Institute, male) and 50,000 human
cardiac fibroblasts per tissue, using decellularized porcine
myocardial scaffolds (dimensions, 150 mm thick, 2.75 mm
wide, and 6.34 mm long) that were incorporated into a poly-
mer cassette (MyoPod) (Fig. 1A). EHTs were cultured at 37�C
for 3–5 wk in DMEM, 5% CO2, and B27 supplement. EHTs
were created in two separate iPSC-CM differentiation
batches (two biological replicates).

Mechanical Testing

After 3-wk culture, EHTs were mounted at culture length
(0% stretch) in the MyoLabmechanical testing system. EHTs
were superfused at 0.3 mL/min with DMEMmedia at 37�C.

EHTs were preconditioned with three slow stretch cycles
from �5 to þ 5% of culture length. EHTs were returned to
culture length and electrically paced with square wave stim-
uli of 5-ms duration, 9–12-V amplitude, and 1–1.4-Hz fre-
quency. The contraction force and timing of contraction and
relaxation were calculated using custom software and the
values reported were obtained at culture length (unless
another EHT length is indicated).

After a stable baseline force was attained, length-depend-
ent activation (LDA) was determined bymeasuring isometric
twitch force at 11 different tissue lengths (�5 to þ 5% of ini-
tial length, at 1% increments). A unitless parameter for LDA

was defined as the slope of the relationship of EHT force ver-
sus normalized EHT length, divided by the EHT force
obtained at 0% stretch. After the LDA procedure, EHTs were
returned to 0% stretch for 10 min. Finally, the stimulation
rate was increased from baseline in steps of 0.2 Hz to deter-
mine themaximum capture rate (MCR, themaximum stimu-
lus rate that still caused a synchronous contractile response
of the EHT). The EHT testing protocol was completed in 60–
90min.

Effect of Chronic A61603 Treatment

A61603 is a potent and highly selective agonist for the
a1A-AR subtype (3). Previous dose-finding studies reported
that the EC50 for activation of ERK signaling (a known
effect of a1A-AR stimulation) was 5 nM A61603 in human
cardiomyocytes (15), 6 nM in neonatal rat cardiomyocytes
(3), and 23 nM in cultured mouse cardiomyocytes (3).
Moreover, the EC50 for the protection of cultured mouse
cardiomyocytes against doxorubicin-induced toxicity was
14 nM A61603 (3). For the current study, a dose of 10 nM
A61603 was used.

EHTs from a single iPSC-CM differentiation batch (one bi-
ological replicate, n = 14 technical replicates) were used to
test the effects of A61603- or vehicle-treatment using a
paired (before vs. after) testing protocol (Fig. 1B). EHTs were
mechanically tested in the MyoLab after 3 wk of culture, and
EHTs were returned to culture for a further 2 wk and chroni-
cally treated with either 10 nMA61603 or vehicle control (n =
7/group) withmedia changed every other day.

After 2 wk, plus a 24-h washout of drug, EHT mechanical
testing was repeated. The washout period was to minimize
the acute (inotropic) effects of a1A-AR activation and deter-
mine if residual (noninotropic) effects remained. Previous
studies found that acute physiological effects of a1-AR stimu-
lation were reversed 20min after drug washout (16, 17).

A

B

Figure 1. A: schematic of engineered heart tissue (EHT) mounted in
MyoPod cassette. EHT length was varied using an adjustable force trans-
ducer claw. B: schematic of the experimental protocol.
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Solutions

Vitamin C and HCl were used to stabilize A61603 solutions.
A stock solution of 10 mM A61603 (Tocris) was made in 1 mM
HCl and stored at�20�C. Aworking solution of 0.1mMA61603
was made with 50 μL stock added to 4.7 mL culture medium,
and 0.25 mL of vitamin-C (Sigma) stock solution (100mM). For
chronic treatment of EHT with 10 nM A61603, 100 μL of work-
ing solution was added per liter of culture medium. Vehicle
treatment used the same quantities of vitamin C andHCl.

Effects of EHT Age and Prior Mechanical Testing

EHTs from a second iPSC-CMdifferentiation batch (one bio-
logical replicate, n = 13 technical replicates) were used. To
determine the effect of EHT age, EHTs were tested on a single
occasion after 3, 4, or 5 wk of culture (n = 3 to 4 per age group).
To assess the effect of prior mechanical testing, the EHTs
tested at 3 wk were retested 1 wk later (n = 4). Moreover, addi-
tional EHTs tested at 3 wkwere retested 1 day later (n = 2).

RNA Extraction from EHT

To preserve RNA from EHTs treated with A61603 or vehi-
cle, after final physiological testing, EHTs were preserved
individually with RNA stabilization solution (RNAlater,
ThermoFisher), stored at �80�C for �2 wk, and shipped on
dry ice to the University of California Davis for RNA-seq
analysis. For RNA extraction, individual EHTs were trans-
ferred to a 1.5-mL Eppendorf tube on dry ice and homoge-
nized using a cold pestle followed by the addition of 0.25 mL
of TRIzol (Cat. No. 15596026; Life Technologies), vortexed
for 1 min, and incubated at room temperature (RT) for 10
min. Samples were transferred to a QIAshredder tube
(Qiagen LLC, 79654), and centrifuged at 4�C, at 14,000 g, for
2 min. Eluate was returned to the original 1.5-mL Eppendorf
tube, and an additional 0.75 mL of TRIzol was added, vor-
texed for 1 min, and incubated at RT for 10 min. Chloroform
(0.2 mL) was added, briefly vortexed, and centrifuged at 4�C,
at 14,500 g, for 15 min. The clear aqueous phase was trans-
ferred to a new 1.5-mL Eppendorf tube, avoiding the phenol-
chloroform phase. RNA was precipitated from the aqueous
phase by adding 0.6 mL of isopropyl alcohol, incubating
for 5 min at RT, and centrifuging at 4�C, at 14,500 g, for 15
min. The supernatant was carefully discarded without dis-
turbing the pellet. Three ethanol washes were performed
using 0.75 mL of 70% ETOH preceding RNA cleanup. After
the last wash, the tubes were left to air dry for 30 min at
RT. RNA was dissolved in 50 mL of nuclease-free water and
incubated at 55�C for 5 min. Purification of RNA was fol-
lowed immediately after extraction using an RNA Clean
and Concentrator kit (Cat. No. R1017, Zymo Research).
Briefly, two volumes of RNA binding buffer were added to
the eluate and mixed, followed by an equal amount of
100% of ETOH, which was then mixed and transferred to a
Zymo-spin column. Sample was centrifuged at 13,000 g for
30 s and the supernatant discarded. DNase treatment was
performed in column by adding 75 mL of DNA digestion
buffer and 5 mL of Dnase I (Zymo Research, E1010) and
incubating for 15 min at RT. Following incubation, 0.4 mL
prep buffer was added, centrifuged at RT, at 13,000 g, for
30 s and the supernatant discarded; 0.7 mL of RNA wash

buffer was then added, centrifuged at RT, at 13,000 g, for
30 s, and the supernatant discarded. A second round of 0.4
mL of RNA wash buffer was added, centrifuged at RT, at
13,000 g, for 30 s and the supernatant discarded. RNA was
eluted by adding 30 mL of RNase-free water, incubating for
1 min, and centrifuging at RT, at 13,000 g, for 30 s.
Samples required an RNA integrity number (RIN) > 7.0
and an A260/280 ratio of absorbance > 1.7 to proceed.

RNA Sequencing

Strand-specific and barcode-indexed RNA sequencing (RNA-
seq) libraries were generated from 100–200 ng total RNA from
each EHT and after poly-A enrichment using the Kapa mRNA-
seq Hyper kit (Kapa Biosystems, Cape Town, South Africa) fol-
lowing the manufacturer instructions (unfortunately, because
of a technical issue, RNA from one A61603-treated sample was
lost at the time of library making). The fragment size distribu-
tion of the libraries was verified via microcapillary gel electro-
phoresis on a LabChip GX system (PerkinElmer,Waltham,MA).
The libraries were quantified by fluorometry on a Qubit fluo-
rometer (LifeTechnologies, Carlsbad, CA) and pooled in equi-
molar ratios. The pool was quantified by qPCR with a Kapa
Library Quant kit (Kapa Biosystems) and sequenced on an
Illumina NovaSeq 6000 system (Illumina, San Diego, CA) run
with paired-end 150-bp reads.

RNA-Seq Data Processing and Analysis

Transcript abundance was quantified from the raw
sequencing data using the program kallisto (18) and the
Homo_sapiens.GRCh38.96.gtf genome build (19). RNA-Seq
data for vehicle-treated and A61603-treated EHTs have been
uploaded to the Gene Expression Omnibus (http://www.
ncbi.nlm.nih.gov/geo/) and can be retrieved using the series
accession number GSE216439.

Gene-level quantification of expression levels, as well as sta-
tistical tests of differential expression with respect to A61603
versus vehicle, were performed using the package sleuth
(20, 21) within the statistical computing environment R (22).
The sleuth package performed likelihood ratio tests of differen-
tial expression at the transcript (isoform) level and then aggre-
gated the P values, using the Lancaster method (23), to obtain
gene-level P values. The package also provided the computa-
tions for principal components analysis (PCA), through stand-
ard R routines. Adrenergic receptors and selected contraction-
related genes (i.e., calcium handling, myofilament, and colla-
gen-related genes) with raw P values of<0.05 were considered
statistically significant for an individual gene.

Functional pathways altered with A61603 treatment were
identified using prioritized genes with raw P values of <0.1
among the genes at the transcriptome level and the KEGG
(Kyoto Encyclopedia of Genes and Genomes) pathway data-
base (24) (a collection of maps for biological pathways show-
ing networks of molecular interactions and links to genes).
The pathways were tested for overrepresentation using the
hypergeometric test (one-sided Fisher’s exact test), produc-
ing nominal P values as the probability of observing as many
(or more) prioritized genes in the pathway, under the null
hypothesis that any such common genes are due purely to
chance. Significantly altered pathways were defined as hav-
ing P< 0.05 for the hypergeometric test.
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Statistical Analysis

Data are presented as means ± SE. Statistical tests for
RNA-seq data were described in the previous section. All
other statistical tests (paired or unpaired t test, two-way
ANOVA, F test of equality of group variances, linear regres-
sion, and coefficients of variation) were performed using
Prism 9 software (GraphPad Software, La Jolla, CA) with a
significance level set at P< 0.05.

RESULTS

Baseline contractions

Figure 2A shows typical data records of electrically
stimulated twitch contractions of EHT measured at vari-
ous EHT lengths both above and below the culture length.
Figure 2B shows there was a close positive linear relation-
ship between peak twitch contraction force versus EHT
length. The linear regression R2 values were not different
for EHT after vehicle treatment (0.99 ± 0.003) versus after
A61603 treatment (0.98 ±0.01) (P = 0.37, n = 7/group).

Figure 2C shows values for parameters derived from
contractions of EHT after 3 wk in culture before treatment
with either A61603 or vehicle (n = 14). These baseline val-
ues show good reproducibility for EHT created from the
same iPSC-CM differentiation batch. However, there were
some differences noted between batches (see Chronic
A61603 Treatment Did Not Increase EHT Force).

After 3 wk of culture, the average EHT force was �300 μN.
Based on EHT width at 3 wk �1.5 mm, and EHT thickness

�0.25 mm (7), the force per cross-sectional area was �1 mN/
mm2.

Values for the twitch time to peak and time to 50% relaxa-
tion (173 ms, 94 ms) were similar to values previously meas-
ured in human cardiac trabeculae (203ms, 125 ms) (17).

Intrinsic Contraction Rate

Figure 3 shows the intrinsic contraction rate measured
from video recordings of EHT. Mean intrinsic rate before
treatment was �0.75 Hz and the intrinsic rate was not
statistically different after treatment with either vehicle
or A61603. There was a trend toward greater variability in
intrinsic rate after A61603 treatment versus baseline
(coefficient of variation = 41%, n = 6 vs. 25%, n = 13, P =
0.051, F test).

Chronic A61603 Treatment Increased LDA

Figure 4A shows LDA values both before and after
chronic treatment with vehicle control or with A61603.
After chronic A61603 treatment, there was a trend to-
ward a modest increase in LDA compared with before
treatment (P = 0.06, n = 7/group, paired t test). However,
LDA was not changed after vehicle control treatment. The
experimental design allows a comparison of the before ver-
sus after treatment effect for each muscle. Figure 4B shows
LDA after treatment as a percentage of LDA before treat-
ment. LDA was �25% higher (P = 0.035) after A61603 treat-
ment (117% of initial) than after vehicle treatment (93% of
initial).
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Figure 2. Representative records and pooled data for contractions of engineered heart tissue (EHT) after 3 wk culture, before drug/vehicle treatment. A:
superimposed twitch contractions for EHT at various lengths above and below culture length (Lo). B: relationship between force vs. EHT length: same
experiment as in A (means ± SE, n = 3 contractions, errors are smaller than symbols). C: baseline parameters before drug/vehicle treatment for all EHTs
in cohort (individual and mean values, n = 14, and coefficients of variation).

CHRONIC a1A-ADRENERGIC AGONIST TREATMENT OF HUMAN EHT

H296 AJP-Heart Circ Physiol � doi:10.1152/ajpheart.00279.2022 � www.ajpheart.org
Downloaded from journals.physiology.org/journal/ajpheart at Univ of California Irvine (169.234.061.169) on August 28, 2023.

http://www.ajpheart.org


Chronic A61603 Treatment Did Not Increase EHT Force

Interestingly, Fig. 5 shows that 2 wk after vehicle treat-
ment, EHT contraction force was significantly increased
by 35% compared with before vehicle treatment, suggest-
ing EHT maturation. However, 2 wk after A61603 treat-
ment average EHT force was not increased. These different
responses did not involve EHT hypertrophy. EHT width at
the start of culture (2.75 mm) was reduced to �1.5 mm after
3 wk of culture and was further decreased by �10% during
the 2-wk treatment period (Fig. 5C). However, EHT width
was not different between vehicle-treated versus A61603-
treated EHT. The absence of hypertrophy suggests that the
increased force in the vehicle-treated group was due to
increased EHT intrinsic strength (force per cross-sectional
area). Moreover, the findings suggest that A61303 treatment
did not increase EHT intrinsic strength.

To further investigate the increased force measured after 2
wk of vehicle treatment, we assessed the effect of EHT age.
Figure 6 shows that there was not a significant change in the
values of LDA, force, or twitch time to peak (TTP) with EHT
age [though there was a decline in the time to 50% relaxation
(RT50) with EHT age]. These results suggest that the increased
EHT force after 2 wk of vehicle treatment was not due to the
aging of EHT.

To determine the effect of repeat mechanical testing on
EHT force, EHTs were mechanically tested after 3 wk in cul-
ture and then retested after 1 day or 1 wk (Fig. 7A). When
compared with mechanical testing at 3 wk, EHT force was
increased �30% when retested 1 day later and increased
two- to threefold when retested 1 wk later.

The effects of both EHT age and prior mechanical testing
are summarized in Fig. 7B. For EHTmechanically tested at
4 wk, EHT force was much higher if EHTs were previously
tested at 3 wk. Thus, some aspects of mechanical testing
promoted increased EHT force development. Moreover,
the EHT force on retest was higher when the interval
between tests was 1 wk versus 1 day, suggesting that prior
mechanical testing stimulated a maturation process that
subsequently developed over the following week.

Taken together, the findings suggest that the increased EHT
force after vehicle treatment was due to an effect of repeat me-
chanical testing. However, after A61603 treatment, EHT force
was not significantly increasedwith repeatmechanical testing.

Separate iPSC-CM differentiation batches were used to
create EHT for studies of A61603/vehicle versus studies of
aging/retesting. EHT made from separate iPSC-CM differen-
tiation had similar values for both twitch force and for time
to peak. However, the EHT used for aging/retesting had a
25% higher LDA and a 16% longer relaxation time (RT50).

Contraction Kinetics

The twitch time to peak force (TTP) was slightly prolonged
after treatment with either vehicle (6.7%) or A61603 (4.7%)
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(Fig. 8A). These increases were not statistically different
from each other (Fig. 8B).

The time to 50% relaxation (RT50) did not change signifi-
cantly from baseline after treatment with either vehicle or
A61603 (Fig. 8C). However, RT50 was more variable after
A61603 treatment than after vehicle treatment (coefficient of
variation = 11.5 vs. 3.3%, P = 0.008, F test).

There was a trend to a lower maximum capture rate (MCR)
after vehicle treatment (P = 0.095) but not after A61603 treat-
ment (Fig. 9A). Moreover, MCR values tended to be more
variable after A61603 treatment than after vehicle treatment.
But there was no difference in the percent change in MCR
between treatment groups (Fig. 9B).

Figure 9C shows the relationship between contraction
force and stimulation frequency for contractions used to
assess MCR. For all EHTs before treatment with either vehi-
cle or A61603 (n = 14), there was a modest increase (�3%) in
force with increasing stimulation frequency. Figure 9C also
shows that the force-frequency response after 2-wk vehicle
treatment was not appreciably changed relative to baseline.

Thus, prior mechanical testing, which prompts EHT force
maturation, did not impact the force-frequency response.

Figure 9D shows that following chronic treatment with
A61603, the force-frequency relationship was variable
among EHT samples. For all stimulation frequencies
above 1 Hz, there was a statistically significant greater vari-
ability of normalized force values after A61603 treatment
than after vehicle treatment (P = 0.05, F test). There was a
trend toward increased force with increased stimulation
frequency, but this did not reach statistical significance.

Taken together, contraction kinetics were not different
between vehicle versus A61603 treatment, but there was a
trend toward greater variability after A61603 treatment.

RNA-Seq Analysis

To investigate the effects of treatment with A61603 or vehi-
cle on gene expression, bulk RNA-seq was performed. The total
RNA recovered from EHTs that were treated with A61603
(346.5±63 ng) or vehicle (356.5±125 ng) were similar (P =
0.8976, means ± SE, n = 7/group). The RIN values and A260/
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280 values for EHTs that were treated with A61603 (7.5±0.15
and 1.87±0.03) or vehicle (7.7±0.21 and 1.9±0.05) were similar
(P = 0.4606 and 0.6312, respectively, n = 7/group). An average
of 32.2±0.5 million reads per sample were produced by the
sequencer, of which an average of 23.5 million (73%) were
mapped to transcripts.

Genes for all three a1-AR subtypes were expressed in EHT
(Fig. 10A). Moreover, the expression level of the a1A-AR sub-
type was not significantly different between A61603-treated
(n = 6) versus vehicle-treated EHT (n = 7, P = 0.36). The
expression level of the a1A-AR subtype was less than the
expression level of the b1-AR, consistent with previous stud-
ies (25). The a1D-AR subtype expression level was low, con-
sistent with previous suggestions that the cardiac a1D-AR is
localized to coronary vessels, not to cardiomyocytes (26, 27).

A61603 treatment did not cause significant changes in the
expression levels for several prespecified genes involved in
Ca2þ handling, myofilament contraction, or collagen (Fig.
10B); this suggests that changes in the expression of these
genes were not part of the response to chronic treatment
with A61603 versus vehicle.

At the whole transcriptome level, 780 genes met the pre-
specified criteria of raw nominal P values of <0.1 and were
pursued for additional pathway analysis. Under correction
for multiple testing, no individual gene had a q value < 0.05
in A61603-treated versus vehicle-treated EHT. However,
analysis of functional pathways for the 780 prioritized genes
found several pathways in which genes with small nomi-
nal P values (P < 0.1) were significantly overrepresented
in EHT treated with A61603 (Fig. 10C). Several of these
pathways (5 out 18) have been previously implicated in a1-
AR signaling, including calcium signaling (P = 0.00994),
neuroactive ligand-receptor signaling (P = 0.01098), gly-
cosaminoglycan biosynthesis (P = 0.01641), PI3K-AKT sig-
naling (P = 0.0174165), and MAPK signaling (P = 0.02695).

DISCUSSION

Previous studies reported that chronic treatment with an
a1A-AR agonist had beneficial effects in multiple animal
models of heart failure (1–4). Here, human EHT was used to
evaluate the effects of chronic a1A-AR agonist treatment on
human cardiomyocyte physiology. EHTs were mechanically

Vehicle

150

160

170

180

190

200

TT
P 

(m
s)

Before After

0.0431

A61603

Before After

0.0230

Vehicle

70

80

90

100

110

120

R
T5

0 
(m

s)

Before After

0.2052

A61603

Before After

0.8215

Vehicle A616030

50

100

150

R
T5

0 
(%

 in
iti

al
)

0.2825

Vehicle A61603
0

50

100

150

TT
P 

(%
 in

iti
al

)

0.5293
A B

C D

Figure 8. Effect of chronic A61603 treatment on the timing of contraction
and relaxation. A: twitch time to peak (TTP) measured before and after
chronic (2 wk) treatment with vehicle or A61603 (means ± SE, n = 7/group,
P values for paired t tests). B: TTP after treatment relative to before treat-
ment (P value for unpaired t test). C: time to 50% relaxation (RT50) meas-
ured before and after chronic (2 wk) treatment with vehicle or A61603
(means ± SE, n = 7/group, P values for paired t tests). D: RT50 after treat-
ment relative to before treatment (P value for unpaired t test).

Vehicle

0

1

2

3

4

M
C

R
 (H

z)

Before After

0.0948

A61603

Before After

0.7287

Vehicle A616030

50

100

150

200

M
C

R
 (%

 in
iti

al
)

0.3872

1.0 1.5 2.0 2.5

1.00

1.05

Frequency (Hz)

Fo
rc

e 
(n

or
m

.)

Before treatment

After vehicle

1.0 1.5 2.0 2.5

1.00

1.05

1.1
1.2

Frequency (Hz)

Fo
rc

e 
(n

or
m

.)

After A61603

ns

A B

C D

Figure 9. Effect of chronic A61603 treatment on the
response to rapid pacing. A: maximum capture rate (MCR)
measured before and after chronic (2 wk) treatment with ve-
hicle or A61603 (means ± SE, n = 7/group, P values for paired
t tests). B: MCR after treatment relative to before treatment
(P value for unpaired t test). C: relationship between engi-
neered heart tissue (EHT) force (normalized) and stimulation
frequency before treatment with vehicle or A61603 (n = 14)
and after vehicle treatment (n = 5) (means ± SE, ����P <
0.0001, ��P< 0.01, paired t tests). D: force-frequency relation
after A61603 treatment (n = 6) (means ± SE, ns, not significant,
paired t test).

CHRONIC a1A-ADRENERGIC AGONIST TREATMENT OF HUMAN EHT

AJP-Heart Circ Physiol � doi:10.1152/ajpheart.00279.2022 � www.ajpheart.org H299
Downloaded from journals.physiology.org/journal/ajpheart at Univ of California Irvine (169.234.061.169) on August 28, 2023.

http://www.ajpheart.org


tested, then treated for 2 wk with A61603 or vehicle and
retested after 24-h washout.

The major findings were 1) length-dependent activation
(LDA) of EHT contraction was increased by 25% after chronic
a1A-AR agonist (A61603) treatment, compared with after ve-
hicle treatment; 2) average EHT force was not increased after
A61603 treatment but was increased after vehicle treatment;
and 3) RNA-seq analysis confirmed the expression of the a1A-
AR in human EHT and found that chronic A61603 treatment
caused changes in the expression of genes inmultiple biolog-
ical pathways that are linked to a1A-AR signaling.

In the context of preclinical testing, the current study
found that chronic a1A-AR agonist treatment of human EHT
had a positive effect to increase LDA. In heart failure where
the effect of preload on cardiac output is reduced, increased
myocardial LDA mediated by chronic a1A-AR stimulation
might improve the function of the failing heart.

Increased LDA

For human EHT, chronic A61603 treatment increased
LDA. However, LDA was not increased with EHT age.
Moreover, LDA was not increased in the vehicle-treated
group, indicating that EHT maturation did not involve
increased LDA. Thus, increased LDA was specifically related
to chronic A61603 treatment, but not to the components of
the treatment protocol that involved aging (i.e., 2-wk treat-
ment) or prior mechanical testing. Increased LDA is a novel
effect of chronic a1A-AR stimulation and adds to multiple
reported effects that may contribute to reversal of heart fail-
ure, including increasedmyofilament function, increasedmi-
tochondrial function, and decreased oxidative stress (1, 28).

LDA is a sarcomere-level correlate of the organ-level
Frank–Starling relationship where increased filling of the
ventricle (i.e., increased preload) results in greater ventricu-
lar ejection volume (13). LDA is attenuated in heart failure,
which may contribute to the impaired function of the failing
heart (13, 14). Increased LDA in human EHT after chronic
A61603 treatment raises the possibility that chronic stimula-
tion of the a1A-AR might be beneficial for increasing LDA in
human myocardium and might be beneficial for treating
human heart failure by restoring LDA.

The mechanisms underlying LDA are not fully resolved
and involve multiple contributing effects on myofilament
calcium sensitivity, cross-bridge recruitment, and posttrans-
lational modifications (12, 29–31). Further study is needed to
determine the role of these mechanisms in the increased
LDA observed after chronic treatment of EHT with A61603.
The current study did not find significant changes in the
expression of specific genes that could account for increased
LDA after A61603 treatment.

EHTMaturation

This study used a paired experimental design to mechani-
cally test EHT both before and after treatment with A61603
or vehicle. Importantly, for the vehicle-treated group, we
found that the first episode of mechanical testing prompted
increased EHT contraction force, suggesting EHT matura-
tion. As a cautionary note, future EHT studies using a paired
experimental design with repeat mechanical testing would
need to control for a potential EHTmaturation effect.

EHT force was increased two- to threefold when mechani-
cally retested after 1 wk. However, EHT force was increased
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by only 35% when vehicle-treated EHTs were retested after 2
wk. Possibly, the force maturation effect caused by mechani-
cal testing might peak after 1 wk and then decline by 2 wk.
However, the EHTs used at these two time points were cre-
ated using different iPSC-CM differentiation batches, and
EHTmaturationmay be affected by the iPSC-CM differentia-
tion batch.

Currently, there is considerable interest in the factors
promoting EHT maturation (32). Previous studies reported
that chronic electrical pacing of EHT over several weeks
resulted in improved Ca2þ handling and force develop-
ment (33, 34). The current study found that just a single
episode of mechanical testing involving electrical pacing
for 60–90 min was sufficient to prompt subsequent EHT
force maturation. What aspect of the testing protocol pro-
moted EHT maturation is unknown (e.g., electrical pacing,
faster pacing during force-frequency measures, mechani-
cal stretch, etc.). Although electrically stimulated contrac-
tions can mediate EHT maturation (33, 34), the spontaneous
contraction rate was not changed in the vehicle-treated
group, suggesting that spontaneous contractions did not
play a role in EHT maturation observed in the vehicle-
treated group.

Chronic A61603 Treatment Did Not Increase EHT Force

Lower EHT force after chronic A61603 treatment versus
after vehicle treatment might have occurred because
A61603 treatment inhibited EHT maturation. After A6160
treatment, there were trends toward greater variability of
intrinsic contraction rate, twitch timing, maximum cap-
ture rate (MCR), and force-frequency response. Variability
in these parameters may reflect variability in EHT electri-
cal properties (e.g., action potential duration, period of
refractoriness, presence of arrhythmias), which might
adversely affect EHT maturation. Nevertheless, it is
unclear whether an absence of EHT maturation after
A61603 treatment would be relevant in the context of heart
failure and a therapeutic approach based on chronic a1A-
AR stimulation.

Alternatively, lower force after A61603 treatment might
reflect a rundown phenomenon. Specifically, in vitro stud-
ies of cardiac muscle preparations commonly find contrac-
tion force is reduced after inotropic stimulation and drug
washout (i.e., rundown). In the current study, although
EHTs were not electrically stimulated during A61603 treat-
ment, inotropic stimulation by A61603 may have occurred
during spontaneous contractions, and the lower force
observed after A61603 washout might reflect postinotropic
rundown.

Previous studies found that inmouse heart failure models,
chronic A61603 treatment increased maximum force devel-
opment of demembranated cardiac muscle fibers and
increased fractional shortening in vivo (1–3). However, in the
current study, chronic A61603 treatment did not increase
EHT force. These discordant findings might reflect different
experimental phenotypes and species (nonfailing human
EHT vs. mouse heart failure models). Moreover, in the cur-
rent study, A61603 was washed out before mechanical test-
ing, but in the mouse heart failure models, A61603 was still
present during testing.

Effect of Chronic A61603 Treatment on Gene
Expression

RNA-seq analysis showed that the a1A-AR was present in
human EHT (Fig. 10A), and the lower expression level rela-
tive to the b1-AR was consistent with a previous report (25).
The presence of the a1A-AR in EHT is consistent with the
idea that the observed mechanical effects of A61603 treat-
ment occurred via a1A-AR signaling. When prespecified con-
traction-related genes were tested, no significant differences
were seen in response to A61603 treatment, suggesting that
these genes were not transcriptionally affected by A61603
treatment. This study was not powered to identify changes
in the expression of individual genes with a significant q
value that could explain the differences noted in LDA or
force for EHT treated with either A61603 or vehicle.

However, RNA-seq analysis of prioritized genes ranked
by the raw P values found significant changes in multiple
biological pathways; five pathways were already known to
be affected by a1-AR signaling, whereas thirteen others
were not previously linked (Fig. 10C). There were signifi-
cant changes in the MAPK signaling pathway, which is
known to be activated by a1-AR stimulation and to mediate
effects on myocyte hypertrophy, cell contraction, and cell
survival (35–37). There were significant changes in the
PI3K-Akt signaling pathway, which was previously reported
to contribute to the hypertrophic response of A61603 stimu-
lation (38). Although A61603 treatment did not change the
expression level of a few prespecified major Ca2þ handling
proteins (Fig. 10B), there were significant changes in other
genes in the Ca2þ signaling pathway (Fig. 10C), which has
been implicated in the regulation of contraction by a1A-ARs
(39). There were also significant changes in the neuroactive
ligand-receptor interaction pathway, which contains a large
array of signaling receptors, including adrenergic receptors.
There were significant changes in the glycosaminoglycan
biosynthesis pathway, which involves numerous extracel-
lular matrix molecules and is also known to be affected by
a1-AR activation (40).

Finally, other pathways (13) not previously linked to a1-AR
signaling were also significantly implicated. For example,
there were significant changes in the glycosphingolipid bio-
synthesis pathway, which include sphingolipids that are
known to mediate protective effects on myocyte survival
(41). The other pathways identified in this analysis may sug-
gest the existence of new molecular targets for the discovery
of protective mechanisms involved in a1-AR signaling.
Future studies powered for individual gene discovery will be
needed to characterize potential new targets.

Strengths and Limitations of Human EHT

Human EHT has advantages as an experimental platform
for translational studies. The geometrically simple form is
ideal for mechanical testing. EHTs can be constructed using
cells from heart failure human patients to evaluate patient-
specific responses to drug treatments (42) and to investigate
disease mechanisms (8). EHT can be maintained long term
in culture to evaluate responses to chronic interventions.

There are additional advantages associated with the ex-
perimental system used in the current study. EHTs were
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constructed using standardized scaffolds consisting of cryo-
sectioned and laser-cut pig myocardium (7). The resulting
scaffolds were thin, which allows diffusional exchange
between the EHT and culture medium. Moreover, the scaf-
folds had precisely defined dimensions with the longitudinal
alignment of iPSC-CMs. The MyoLab system allows EHT to
be automatically mounted at culture length for mechanical
testing. Standardizing both the scaffold dimensions and
length contributes to reproducible contractions measured
between different EHTs. The MyoPod EHTmounting system
allows EHT to be readily removed from culture for mechani-
cal testing and then returned to culture. This nondestructive
testing allows for repeatedmeasurements in a single EHT, en-
abling the collection of longitudinal function data. Moreover,
the MyoPod movable force transducer mount allows changes
in the EHT length during mechanical testing. With the cur-
rent experimental system, human EHTs have been used to
investigate systolic and diastolic function, response to drugs,
and the effects of cardiomyopathymutations (6–11).

However, human EHTs have important limitations as a
model system for human myocardium. EHT contains fewer
cell types than human myocardium. Human iPSC-CMs are
structurally and functionally immature relative to normal
adult cardiomyocytes (11). Thus, signaling and metabolic
pathways may differ from adult cells. Consistent with an
immature phenotype, we found EHT force development (�1
mN/mm2) was similar to a previous report (7) but well below
that of adult human myocardium (16 mN/mm2) (17).
Likewise, the maximum capture rate (�2 Hz) was consistent
with a previous report (43), but below that of humanmyocar-
dium (�3 Hz). Finally, the increase of EHT force (�3%) with
increased stimulation frequency was consistent with a
recent study of EHTs (11), but well below that of humanmyo-
cardium (�35%) (44). Given the relative immaturity of
human iPSC-CMs and the EHTs formed from them, results
from studies performed in EHTs should be considered to-
gether with human and animal data and not as the sole tool
to uncover the mechanistic effects of therapies.

Study Limitations

EHTs were constructed from healthy iPSC-CMs. Therefore,
the findings of the current study show only the functional
impact of A61603 on nonfailing myocardium and cannot be
directly extrapolated to failing myocardium. The stability of
A61603 in solution is unknown, and any significant degrada-
tion of A61603 during the 2-day period between media
exchanges might attenuate the apparent treatment effects.
After 2 wk of A61603 treatment, a 24-h washout was used.
However, a previous study suggested that treatment with
high doses (up to 1 mM) of phenylephrine may require >1 day
for agonist to be eliminated from cells (45). Thus, although
the current study used a very low dose (10 nM) of A61603, it
remains possible that some agonist was retained within EHTs
after washout. Finally, it is unclear if A61603 treatment inhib-
ited EHT maturation, or if postinotropic rundown obscured
monitoring of EHT forcematuration.

Conclusions

Chronic stimulation of a1A-ARs resulted in increased
length-dependent activation (LDA) of human EHT compared

with treatment with vehicle control. This result raises the pos-
sibility that chronic stimulation of the a1A-AR might be bene-
ficial for increasing LDA in humanmyocardium andmight be
beneficial for treating human heart failure by restoring LDA
and thereby increasing the effect of preload on cardiac
output.
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