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Detailed Methods 
 
Laboratory animals 
 
 The research reported in this article has been reviewed and approved by the 
San Diego State University Institutional Animal Care and Use Committee 
(IACUC), and conforms to the Guide for the Care and Use of Laboratory Animals 
published by the National Research Council. ATF6-floxed (ATF6fl/fl) mice were a 
generous gift from Dr. Gokhan S. Hotamisligil. Briefly, ATF6-floxed mice were 
generated with a targeting construct flanking exons 8 and 9 of ATF6 with LoxP 
sequences on a C57B/6J background, as previously described1. In previous 
studies we reported that there were no gender differences on the effects of ATF6 
on cardiac structure and function in mice2. Additionally, in unpublished studies 
with the ATF6fl/fl mice used in this paper, there were no gender differences in 
cardiac function or survival upon ATF6 deletion at baseline in mouse models of 
hypertrophy. Due to these observations, and in an attempt to decrease the total 
number of mice needed to adequately power the study, only male mice were 
used here. To determine the numbers of animals a predictive power analysis 
necessary to achieve 5% error and 80% power was used in combination with 
empirical determination of numbers of animals, the latter of which was based on 
pilot experiments designed to determine, for example, surgery mortality rates, 
which in the studies here were < 5%, and the approximate magnitude of changes 
in the measured parameters. All mice used in the experiments reported here 
were randomized and assigned a coded number to which the investigator 
carrying out the experiments was blinded.  
 
 
Animal numbers 
 
 A total of 184 mice were used for this study. ATF6fl/fl C57BL/6J mice injected 
with AAV9-Con (Con) (n=81) and their ATF6fl/fl littermates injected with AAV9-Cre 
(ATF6 cKO) (n=80); for certain experimental paradigms Con and ATF6 cKO mice 
were subsequently injected with either AAV9-Con (n=37), AAV9-Rheb (n=13) or 
AAV9-ATF6 (n=24); ATF6 TG C57BL/6J mice (n=4) and their non-transgenic 
littermates (n=3). Male wild-type C57BL/6J mice were purchased from Jackson 
Laboratories for the TAC time course experiment (n=16). All animals were fed ad 
libitum for all experimental purposes and kept on a traditional 12-hour light/dark 
cycle. All animal sacrifice and tissue harvest was consistently performed between 
the hours of 12pm-3pm when we have observed animals to be in a fasted and 
sedentary state.  
 
 



Cultured cardiac myocytes (NRVM) and experimental design 
 
 Neonatal rat ventricular myocytes (NRVMs) were isolated via enzymatic 
digestion, purified by Percoll density gradient centrifugation, and maintained in 
Dulbecco's modified Eagle's medium (DMEM)/F12 supplemented with 10% fetal 
bovine serum (FBS) and antibiotics (100 units/ml penicillin and 100 µg/ml 
streptomycin) on plastic culture plates that had been pre-treated with 5 µg/ml 
fibronectin, as previously described3. For all NRVM experiments, plating density 
was maintained at 2.5 x 105 cells/well on 12-well plates. Sixteen hours after 
plating, NRVM were subjected to respective treatments. For stimulated in vitro 
hypertrophy in NRVM, an initial period of serum starvation was implemented by 
replacing all culture media with 0.5 ml of glucose-free DMEM for 48 hours. 
NRVM culture media was then replaced with DMEM/F12 supplemented with BSA 
(1 mg/ml) containing either control, phenylephrine (50 µM) or IGF1 (100ng/ml) for 
an additional 48 hours. Experiments in which Lonafarnib (2 µM; Cayman 
Chemical, Cas#193275-84-2), rapamycin (20nM; Sigma-Aldrich), cyclohexamide 
(100 µg/ml; Sigma-Aldrich, Cat#C1988) or 4-phenylbutyrate (100 µM; Sigma-
Aldrich, Cat#SML0309) were administered was performed as previously 
described 4-7, treatment was performed after serum starvation in conjunction with 
respective phenylephrine or IGF1 administration. Images were obtained with an 
IX70 fluorescence microscope (Olympus, Melville, NY). For in vitro chemical 
UPR activation, sixteen hours after plating NRVM and AMVM were treated with 
tunicamycin (10 µg/ml) for 24 hours in DMEM/F12 supplemented with bovine 
serum albumin (BSA) (1 mg/ml) for NRVM. For in vitro ischemia/reperfusion (I/R), 
ischemia was simulated by replacing all culture media with 0.5 ml of glucose-free 
DMEM containing 2% dialyzed FBS, then incubated at 0.1% O2 in a hypoxia 
chamber with an oxygen controller (ProOx P110 oxygen controller, Biospherix, 
Parish, NY) for 8 hours or 3 hours for NRVM or AMVM, respectively, as 
previously described3. Reperfusion was simulated by replacing culture media 
with DMEM/F12 supplemented with BSA (1 mg/ml) for NRVM or maintaining 
media for AMVM and incubating at 21% O2 for an additional 24 hours. 
 
 
Immunoblotting 
 
 NRVM were lysed and subjected to immunoblot analysis, as previously 
described3. In brief, cultures were lysed with VC lysis buffer made from 20 mM 
Tris-HCl (pH 7.5), 150 mM NaCl, 0.1% SDS, 1% Triton X-100, protease inhibitor 
cocktail (Roche Diagnostics, Indianapolis, IN) and phosphatase inhibitor cocktail 
(Roche Diagnostics). Mouse heart tissues were homogenized in modified RIPA 
buffer with 2% SDS. Lysates were clarified by centrifugation at 15,000xg for 15 
min at 4°C, and the protein concentration was determined using DC protein 
assay (Bio-Rad, Hercules, CA). Samples comprising 15 µg of protein were mixed 
with Laemmli sample buffer, boiled, then subjected to SDS-PAGE followed by 
transfer onto PVDF membranes for immunoblotting. Full-length Atf6 (p90) was 
detected with an antibody from SAB Signalway Antibody (1:1000, cat# 32008, 



College Park, MD), while active Atf6 (p50) was detected with an antibody from 
Proteintech (1:1000, cat# 24169-1-AP, Rosemont, IL). Other antibodies used 
include: anti-KDEL antibody (1:8,000, cat# ADI-SPA-827 , Enzo Life Sciences, 
Farmingdale, NY), which was used to detect GRP78, anti-IRE1 (1:500, cat# sc-
390960, Santa Cruz), anti-XBP1s (1:1000, cat# 619502, BioLegend, San Diego, 
CA), anti-phospho-PERK (1:1000, cat# 3179, Cell Signaling), anti-PERK (1:1000, 
cat# 3192, Cell Signaling), anti-Gapdh (1:25000, cat# G109a, Fitzgerald 
Industries International Inc.), anti-β-actin (1:1000, cat# sc-47778, Santa Cruz), 
and anti-FLAG (1:3,000, cat#F1804, Sigma-Aldrich, St. Louis, MO). The following 
antibodies were purchased from Cell Signaling (Danvers, MA): anti-RHEB 
(1:1,000, cat#13879s), anti-Phospho-mTOR (Ser2448, 1:1,000, cat#2971s), anti-
mTOR (1:1,1000, cat#2972s), anti-Phospho-AKT (Ser473, 1:1,000, cat#9271s), 
anti-Phospho-ATK (Thr308, 1:1000, cat#13038s), anti-AKT (1:1,000, cat#9272s), 
anti-Phospho-S6K (1:1,000, cat#9205s), anti-S6K (1:1,000, cat#9202s), anti-
Phospho-4EBP (1:1,000, cat#2855s), anti-4EBP (1:1,000, cat#9452s), anti-
Phospho-TSC2 (Thr1462, 1:1000, 3617s), anti-TSC2 (1:1000, 3990s), anti-
Phospho-ERK1/2 (Thr202/Tyr204, 1:1000, 9101s), and anti-ERK1/2 (1:1000, 
9102s). 
 
 
Adenovirus 
 
 Recombinant adenoviruses (AdV) encoding 3XFLAG-tagged constitutively 
active ATF6, ATF6α(1-373), 3XFLAG-tagged transcriptionally dead ATF6, 
ATF6α(94-373), and 3XFLAG-tagged full-length inactive ATF6, ATF6α(1-670) 
were generated using AdEasy system essentially as previously described8.  
Transduction of NRVM was performed by incubating cultures for 5 hours with the 
appropriate AdV at a multiplicity of infection of one. 
 
 
Plasmid transfection 
 
 Transfection of plasmids into NRVM was achieved using electroporation as 
previously described9. Briefly, 1 million NRVM were suspended in 300 µl 
DMEM/F12 supplemented with BSA (1 mg/ml) and mixed with 10 µg of CMV-
Flag-Rheb (AddGene plasmid #19996), or a Rheb promoter-luciferase construct 
of choice (see below), or an empty vector control plasmid. Subsequently, each 
mixture was then electroporated in a Bio-Rad gene pulser at 500 V, 25 
microfarads, 100 Ω in a 0.2 cm gap cuvette. Transfected NRVM viability is 
approximately 50% and were then plated into four-chamber Lab Tek chamber 
slides at 0.75x105 NRVM per 2 cm2 chamber.   
 
 
Rheb promoter-luciferase constructs 
 
 The promoter region of the rat RHEB gene spanning nucleotides -1067 to 



+123 was amplified by PCR using ggatcgacgcgtcagtacgcctgttgcagaaa as the 
forward primer, which introduced an MluI site (underlined) just 5’ of rat RHEB -
1067, and ggatcgctcgagcttggtagcCTgGTCAGC as the reverse primer, which 
introduced an Xho1 site (underlined) just 3’ of rat RHEB +123. Upper case 
nucleotides match those in the rat RHEB gene. The amplified product was then 
cloned into pGL2p to generate rat-RHEB(-1067/+123)-Luc. Truncated versions of 
rat-RHEB luciferase were cloned into pGL2p using a similar strategy and the 
same reverse primer coupled with the following forward primers: 
ggaacgacgcgtTCACCACCCACACTAAGC (-723), and 
ggaacgacgcgtGAACAGTGTCTCTCCTTGGC (-390) to generate rat-RHEB(-
723/+123)-Luc and rat-RHEB(-390/+123)-Luc, respectively.  Upper case 
nucleotides of these primers correspond to rat RHEB gene sequences. 
Informatics analyses identified putative ER stress response elements in the rat 
RHEB gene at nucleotide positions -754 to -736 and -628 to -610 in the rat RHEB 
gene, which we called ERSE-2 and ERSE-1, respectively. These elements in rat-
RHEB(-1067/+123)-Luc were mutated by site-directed mutagenesis in ways 
predicted to ablate ATF6 binding using RHEB-ERSE-2 mut sense primer, 
CCCACAGTTCCTCAGaacatAATAAAGCTTAGTCAC 
and RHEB-ERSE-2 mut antisense primer,  
GTGACTAAGCTTTATTatgttCTGAGGAACTGTGGG 
RHEB-ERSE-1 mut sense primer, 
GCCCGTCAGCTAGGGaacatCGCCTCACGCC, and 
RHEB-ERSE-1 mut antisense primer, 
GGCGTGAGGCGatgttCCCTAGCTGACGGGC.  
PCR-based mutagenesis was performed using the QuikChange XL Site-Directed 
Mutagenesis Kit (Agilent Technologies, Santa Clara, CA). Lower case letters 
represent mutated nucleotides; upper case letters represent nucleotides that are 
identical to those in the rat RHEB gene.  Plasmids were transfected into NRVM 
and luciferase activity was determined as previously described3.  
 
Luciferase reporter assay 
 Luciferase reporter assays were performed as previously described3. Briefly, 
suspended NRVMs were co-transfected by electroporation with Rheb promoter-
luciferase constructs described above, human-Hspa5(-284/+221), or rat-
Catalase(-1161/+131) promoter-luciferase constructs previously described3, 10 
along with pCH110 plasmids encoding SV40-beta-galactosidase and pGL2B, as 
described previously11. NRVMs were plated overnight and then infected with 
different forms of AdV-ATF6 or subjected to respective experimental paradigms.  
NRVMs were lysed after 48 h, and the activities of luciferase and beta-
galactosidase were measured using an Optocompt II luminometer (MGM 
Instruments, Hamden, CT).



 
 
Small interfering RNA (siRNA) transfection 
 
 Transfection of siRNA into NRVM was achieved using HiPerfect Transfection 
Reagent (Qiagen, Valencia, CA) following the vendor’s protocol as previously 
described3. Briefly, NRVM culture medium was replaced with DMEM/F12 
supplemented with 0.5% FBS without antibiotics, 120 nM siRNA, and 1.25 µl 
HiPerfect / 1 µl siRNA, then incubated for 16 hours, after which the culture 
medium was replaced with DMEM/F12 supplemented with BSA (1 mg/ml) for an 
additional 48 hours. The following targeting siRNAs were used: rat ATF6 (assay 
ID# RSS315363, Stealth siRNA, Thermo Fisher), rat RHEB (assay ID#  
RSS352522, Stealth siRNA, Thermo Fisher), rat PERK (assay ID#  s132055, 
Silencer Select siRNA, Thermo Fisher), and rat IRE1 (assay ID# RSS363210, 
Stealth siRNA, Thermo Fisher). A non-targeting sequence (cat# 12935300, 
Thermo Fisher) was used as a control siRNA.   
 
 
Immunocytofluorescence (ICF) and immunohistochemistry  
 
 NRVM were plated on fibronectin and laminin-coated glass chamber slides, 
respectively as previously described3. Briefly, cells were fixed with 4% 
paraformaldehyde, followed by permeabilization with 0.5% Triton-X. Adult mouse 
hearts were paraffin-embedded after fixation in neutral buffered 10% formalin via 
abdominal aorta retroperfusion as previously described3. Primary antibodies 
used were anti-α-actinin (1:200, cat# A7811, Sigma-Aldrich), anti-FLAG (1:200, 
cat#F1804, Sigma-Aldrich), and anti-laminin (1:30, cat# L9393, Sigma-Aldrich). 
Slides were incubated with appropriate fluorophore-conjugated secondary 
antibodies (1:100, Jackson ImmunoResearch Laboratories, West Grove, PA) 
followed by nuclei counter stain Topro-3 (1:1000, Thermo Fisher). To validate 
specificity of FLAG staining, NRVM were transfected with an empty vector 
plasmid and co-stained with the FLAG antibody as represented in the respective 
figures. Images were obtained using laser scanning confocal microscopy on an 
LSM 710 confocal laser scanning microscope (Carl Zeiss, Oberkochen, 
Germany). 
 
 



Quantitative real-time PCR (qRT-PCR) 
 
 Total RNA was isolated from NRVM or mouse hearts as previously described3 
using Quick-RNA MiniPrep kit (Zymo Research, Irvine, CA) or RNeasy Mini kit 
(Qiagen), respectively. cDNA synthesis was performed using SuperScript III 
First-Strand Synthesis System (Thermo Fisher). qRT-PCR was performed using 
Maxima SYBR Green/ROX qPCR Master Mix in a StepOnePlus RT-PCR System 
(Thermo Fisher). All qPCR probes were obtained from Integrated DNA 
Technologies, as previously described3, 7. Rheb-specific qPCR primers are listed 
below: 
 

Gene (rat) Forward Primer Reverse Primer 
Rheb - 1 CAGCAGGGCAGGATGAATA GCTTGCCGTGGATAACTTTAAT 
Rheb - 2 AAGATGCCTCAGTCCAAGTC GATCAGCTTGGTGAATGTGTTT 
   
Gene (mouse)   
Rheb - 1 CCATGGCAAGTTGTTGGATATG TCTTCATAGCTGATCACCCTTTC 
Rheb - 2 ACGTCTGACTCTGTCCAAATG TGCCAACAGGAGGCAATAA 

 
Adeno-Associated virus serotype 9 (AAV9) 
 
 The plasmid encoding the human cardiac troponin T promoter driving Cre-
recombinase was provided as a gift from Dr. Oliver Muller9. AAV9 preparation 
was carried out as previously described3. Non-anesthetized 8-week old ATF6fl/fl 
mice were injected with 100 μL of AAV9-control or AAV9-cTnT-Cre containing 
1x1011 viral particles via the lateral tail vein using a 27-guage syringe and housed 
for 2 weeks before either sacrifice or experimental initiation. To generate AAV9-
FLAG-Rheb, a plasmid encoding FLAG-Rheb was obtained from Addgene 
(Addgene 19996).  The region of this construct containing FLAG-Rheb was 
excised with EcoR1 and Xho1, then, after addition of an EcoR1/Nhe1 linker, it 
was ligated into the Nhe1 and Xho1 sites of the AAV shuttle vector, pTRUF-
CMVenhMLC800.  AAV9 were then prepared and administered as previously 
described in accordance with the respective experimental paradigms3. 
 
 
Chromatin immunoprecipitation (ChIP) 
 
 ChIP assays were performed essentially as previously described3, 12. Briefly, 
AdV-Con, AdV-FLAG-ATF6(1-373), or AdV-FLAG-ATF6(1-670) infected NRVM 
were treated with fixing buffer (50 mM HEPES-KOH, pH 7.5, 100 mM NaCl, 1 
mM EDTA, 0.5 mM EGTA, and 1% formaldehyde) for 10 min, quenched with 125 
mM glycine, and scraped into ice-cold PBS. Cells were centrifuged, resuspended 
in lysis buffer (50 mM HEPES, pH 7.9, 140 mM NaCl, 1 mM EDTA, 10% glycerol, 
0.5% NP-40, 0.25% Triton X-100, and protease inhibitor cocktail), and incubated 
on ice for 10 min. After centrifugation at 1,800 x g for 10 min, the pellets were 



washed with buffer containing 10 mM Tris, pH 8.1, 200 mM NaCl, 1 mM EDTA, 
and 0.5 mM EGTA, resuspended in shearing buffer (0.1% SDS, 1 mM EDTA, 
and 10 mM Tris, pH 8.1), and then transferred to microTUBEs (Covaris, Woburn, 
MA). Chromatin was sheared by sonication for 15 min using an M220 focused 
ultrasonicator (Covaris). Triton X-100 and NaCl were added to the final 
concentration of 1% Triton and 150 mM NaCl followed by centrifugation at 
16,000 x g for 10 min. Immunoprecipitation was performed by incubated 140 μl of 
sheared chromatin with 5 μg of anti-FLAG antibody (cat# F1804, Sigma-Aldrich) 
and 260 μl of immunoprecipitation buffer (0.1% SDS, 1 mM EDTA, 10 mM Tris, 
pH 8.1, 1% Triton X-100, and 150 mM NaCl) at 4°C overnight. Protein A/G 
magnetic beads (5 μl, BcMag, Bioclone, San Diego, CA) were added to the 
mixtures and incubated at 4°C for 1.5 h. Magnetic beads were sequentially 
washed with low salt wash buffer (0.1% SDS, 1% Triton X-100, 2 mM EDTA, 20 
mM HEPES-KOH, pH7.9, and 150 mM NaCl), high salt wash buffer with 500 mM 
NaCl, LiCl wash buffer (100 mM Tris-HCl, pH 7.5, 0.5 M LiCl, 1% NP-40, and 1% 
deoxycholate acid), and TE buffer (10 mM Tris-HCl, pH 8.0 and 0.1 mM EDTA). 
Immune complexes were eluted by incubating beads with proteinase K digestion 
buffer (20 mM HEPES, pH 7.9, 1 mM EDTA, 0.5% SDS, and 0.4 mg/ml 
proteinase K) at 50°C for 15 min. Formaldehyde crosslinking was reversed by 
incubating with 0.3 M NaCl and 0.3 mg/ml RNase A at 65°C overnight. Samples 
were further incubated with 550 μg/ml proteinase K at 50°C for 1h. DNA was 
purified using NucleoSpin Gel and PCR Clean-up Kit (Macherey-Nagel, 
Bethlehem, PA) and eluted by 30 μl of water. Two μl of DNA was used for qRT-
PCR analysis with primers targeting rat Rheb ERSE-1 (5’-
CTGCACAGATTCCATTCTTCCC-3’ and 5’-TGTCTATACTTTAAATT-3’), rat 
Rheb ERSE-2 (5’-TGACAGCCAACCTACAGCC-3’ and 5’-
GAAGCGCGGTCATTGGTG-3’), rat Hspa5 (5’-GGTGGCATGAACCAACCAG-3’ 
and 5’-GCTTATATATCCTCCCCGC-3’), rat Cat (5’-
CTACCCACCAATTAGTACCAAATAA-3’ and 5’-
AGAAGGGACAGGATTGGAAG-3’), rat Pdia6 ERSE (5’-
CACATGAGCGAAATCCACAGA-3’ and 5’-ACTAGTCGAGCCATGCTGAT-3’), 
rat HO-1 (5’-GGGCTACTCCCGTCTTCCTG-3’ and 5’-
CCTTTCCAGAACCCTCTACTCTACTC-3’), or rat Gapdh (5’-
ATGCGGTTTCTAGGTTCACG-3’ and 5’-ATGTTTTCTGGGGTGCAAAG-3’). 
Pdia6 served as a positive control for a known ATF6 target gene in cardiac 
myocytes while HO-1 and Gapdh served as negative controls. ChIP signals 
obtained from the qRT-PCR were normalized to the input DNA.
 
 
3H-Leucine incorporation and trichloroacetic acid precipitation of protein 
 
 NRVM 3H-Leucine incorporation was performed as previously described7. 
Briefly, NRVM were plated at a density of 2.5 x 105 cells/well on 12-well plastic 
culture plates. After 48 hours of serum starvation in DMEM/F-12, NRVM culture 
media was replaced with DMEM/F12 supplemented with BSA (1 mg/ml) 
containing either control, phenylephrine (50 µM), IGF1 (100ng/ml), or Lonafarnib 



(2 µM) for an additional 48 hours. To this media was added 1 µCi of 3H-Leucine 
(PerkinElmer NET460A001MC L-[3,4,5-3H(N)]-Leucine, 100 to 150 Ci/mmol). 
After 48 hours, the media was removed, cultures were washed 3 times with 1 ml 
DMEM/F-12 and cells were subsequently scraped from culture dishes with 0.5 ml 
of 25% trichloroacetic acid and transferred to 1.5 ml microcentrifuge tubes. 
Protein precipitation was induced using 50 µl of a 10mg/ml solution of BSA and 
samples were allowed to freeze overnight. Upon thawing, precipitates were 
collected by centrifugation at 4˚C at ~20,000xg for 20 minutes. Supernatants 
were removed by manual aspiration and precipitated protein dissolved in 200 µl 
of base buffer (1% Triton X-100, 1M NaOH) at 37˚C for two hours. Radioactivity 
in solubilized material was quantified by scintillation counting in glass scintillation 
vials using 180 µl of solubilized protein into 10 ml of Ecoscint scintillation fluid. 
Each vial was counted for a minimum of 2 minutes with at least six separate 
myocyte cultures per treatment.    
 
 
Cultured cardiac myocyte area 
 
 NRVM (minimum of n=3 cultures per treatment) were visualized by phase-
contrast microscopy and images were obtained with an IX70 fluorescence 
microscope (Olympus, Melville, NY) as previously described7. Cell surface area 
was determined using NIH Image J software from a minimum of 100 cells per 
image using three separate fields from each cell culture.  
 
 
Transverse aortic constriction 
 
 Transverse aortic constriction (TAC) was performed as previously described7. 
Briefly, adult male mice were anesthetized using a 2% isofluorane/O2 mixture 
and intubated.  Mice were treated with buprenorphine (0.1 mg/kg IP) and a partial 
trans-sternal thoracotomy performed using aseptic technique. An approximately 
1.5 cm vertical left parasternal skin incision was made, underlying pectoralis 
muscle retracted, and the chest cavity entered through the fourth intercostal 
space. Using hooked retractors, adjacent ribs were retracted to expose the heart 
and aortic arch.  The aorta was isolated from annexed tissue, and the artery 
partially ligated between the innominate and left common carotid arteries with 6-0 
silk. The calibrated constriction of the aorta was performed by placing a dull 27-
gauge needle to the side of the artery, the ligature tied firmly to both the needle 
and the artery, and, subsequently, the needle was removed leaving a calibrated 
stenosis of the aorta.  Sham operated mice were exposed to the same 
procedure, except that the aorta was not constricted. The thoracic cavity was 
closed and the animals were allowed to recover. Animals were injected once with 
buprenorphine (0.1 mg/kg IP) about 12 h after recovery in order to reduce any 
post-operative discomfort. In case any animals displayed signs of pain or distress 
after this period, additional doses of buprenorphine were administered as 
needed. Immediately prior to sacrifice, animals were anesthetized and 



constriction levels were quantified by measuring alterations in Doppler velocities 
of the innominate and left carotid arteries 7 days post-TAC, as previously 
described13. Mean carotid peak blood flow velocities were determined using a 20 
MHz Doppler probe (Indus Instruments, Houston, TX) and ratios of innominate 
(RC) to left carotid (LC) were determined to evaluate consistency across animals 
in both SHAM and TAC groups. Just prior to sacrifice, post-TAC, animals were 
anesthetized and 0.5 mL of arterial blood were obtained via inferior vena cava 
puncture. Blood was placed in heparin- and EDTA-coated vacutainer (BD 
Vacutainer) and centrifuged at 3000 rpm for 10 minutes and plasma samples 
were analyzed for cardiac troponin I with a Mouse cTnI High-Sensitivity ELISA kit 
(Life Diagnostics, Inc.). A calcineurin phosphatase activity assay was performed 
using a calcineurin tissue extract assay kit (cat#BML-AK816-0001, Enzo Life 
Sciences) according to the manufacturer’s protocol. Briefly, free phosphate was 
removed from LV tissue extracts by passing through a desalting column and 
calcineurin phosphatase activity was measured spectrophotometrically by 
detecting free phosphate released from the synthetic RII phosphopeptide.  
 
 
Free-wheel exercise protocol 
 
 Free-wheel exercise protocol was performed as previously described14. 
Briefly, adult male mice were housed individually in cages containing rodent 
exercise wheels of a 5.356 in diameter (Model InnoWheel, BioServe) and 
provided with food and water ad libitum. The wheels were equipped with a digital 
magnetic counter to record revelations of the wheel during bouts of exercise. 
Sedentary mice were maximally house and provided with food and water ad 
libitum in cages not equipped with exercise wheels.  
 
 
Transthoracic echocardiography 
 
 Transthoracic echocardiography was performed using an ultrasound imaging 
system (Vevo 2100 System, Fujifilm VisualSonics, Toronto, Ontario, Canada) as 
described3. 
 
 
Transcript profiling and bioinformatics 
 
 ATF6 TG and non-transgenic littermates were treated with tamoxifen (10 
mg/kg IP) daily for 5 days as previously described2. Total RNA was isolated from 
mouse left ventricular extracts and RNA sequencing was carried out on Illumina 
Nextseq at CellNetworks Deep Sequencing Core Facility at Heidelberg 
University. Sequencing adapter residues and low quality bases were removed 
from raw sequencing reads prior to all other analysis steps using Flexbar version 
3.0.315. Subsequently, reads mapping to known ribosomal RNA species were 
excluded from further analyses using Bowtie2 version 2.3.0 with a custom rRNA-



index and only keeping non-aligning reads16. Principal read mapping against the 
mouse reference genome (mm10, ENSEMBL build 85) was performed with the 
STAR aligner, version 2.5.3a17. The read-to-transcript assignment was carried 
out using the R package Rsubread version 1.24.218 and the ENSMBL gene 
annotation mm10/build85. The resulting count table was further processed with 
the edgeR R package19 to construct the list of differentially expressed genes. The 
final heatmap was generated using the pheatmap R package version 1.0.1020.  
 
 
Statistics  
 
 For studies involving surgical TAC, cohort sizes were based on a predictive 
power analysis to achieve 5% error and 80% power using G*Power 3.1.9.3. Cell 
culture experiments were performed with at least three cultures for each 
treatment. Shapiro-Wilk tests were performed to assess the nature of all data, 
which were shown to exhibit a Gaussian distribution. Accordingly, two-group 
comparisons were performed using Student’s two-tailed t-test, and all multiple 
group comparisons were performed using a one-way ANOVA with a Newman-
Keuls post-hoc analysis. All analyses were performed using Prism 7.0e. mRNA 
and protein expression levels were normalized to either glyceraldehyde 3-
phosphate dehydrogenase (GAPDH) or -Actin. Where appropriate, a linear 
transformation was performed to set the result of control group (usually Con 
Sham) to 1, by dividing each group with the average obtained for their control 
group. Data are represented as mean with all error bars indicating ± SEM. 
*P<0.05, **P<0.01, #P<0.001.       
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Online Figure I. Effect of cardiac myocyte-specific ATF6 gene deletion in mice 
subjected to TAC:  A, mRNA for ATF6 target genes was determined by qRT-PCR. 
B, Troponin I (cTnI) levels were measured in plasma samples collected from Con or 
ATF6 cKO mice. Data are represented as mean   s.e.m. **P<0.01, #P<0.001.+
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Online Figure III. Effects of ATF6 deletion on regulators of the mTORC1 pathway in 
hearts of mice subjected to TAC: A, Immunoblot of TSC2, AKT, and ERK1/2 protein 
phosphorylation and expression in LV extracts from Con or ATF6 cKO mice after 7 days of 
Sham or TAC. B, Calcineurin activity as measured by free-phosphate release in LV extracts 
from Con or ATF6 cKO mice after 7 days of Sham or TAC. Data are represented as 
mean   s.e.m. #P<0.001.+
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Online Figure IV. Effect of ATF6 and RHEB knockdown on the mTORC1 pathway at 
cardiac myocyte hypertrophy: A-E, NRVM were transfected with a nontargeted siRNA 
(siCon) or siRNAs targeted to rat ATF6 (siAtf6) or RHEB (siRheb), and then treated with or 
without phenylephrine (PE; 50μM) or IGF1 (100ng/ml) for 48 hours. A, B, Incorporation of  
H-leucine into TCA-precipitable protein in NRVM extracts was measured by scintillation 
counting. E, mRNA for ATF6 target genes was determined by qRT-PCR in coordination with 
target genes presented in Figure 4E.D, E, Immunoblot of NRVM. Phosphorylation of AKT 
on Ser473 is indicative of mTORC2 activity.  Data are represented as mean   s.e.m. 
*P<0.05, **P<0.01, #P<0.001. 
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Online Figure V. Rheb-inhibitor, Lonafarnib, inhibition of cardiac myocyte 
hypertrophy: A-C, NRVM were treated with or without PE (50μM) for 48 hours in the 
presence or absence of the Rheb inhibitor, Lonafarnib (2μM). A, Incorporation of  H-leucine 
into TCA-precipitable protein in NRVM extracts was measured by scintillation counting. 
B,
C, Immunoblot of NRVM. D-E, NRVM were treated with or without IGF1 (100ng/ml) for 48 
hours in the presence or absence of the Rheb inhibitor, Lonafarnib (2μM). D, Incorporation 
of  H-leucine into TCA-precipitable protein in NRVM extracts was measured by scintillation 
counting. E,
Data are represented as mean   s.e.m. *P<0.05, **P<0.01.
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Online Figure VI. Effect of ATF6 overexpression on cardiac myocyte hypertrophy: 
A, NRVM were infected with AdV encoding control or FLAG-ATF6(1-373) [active form] and 
then treated with or without phenylephrine (PE; 50μM) or IGF1 (100ng/ml), with or without 
rapamycin (20nM) for 48 hours, as shown. Cell surface area was determined by 
photomicroscopy and morphometry, then expressed as mean   s.e.m after analyzing at 
least 100 cells per treatment per experiment. B-C, NRVM were transfected with a 
non-targeted siRNA (siCon) or siRNA targeted to rat RHEB (siRheb), and then infected with 
AdV encoding control or FLAG-ATF6(1-373) [active form]. NRVM were then treated with or 
without phenylephrine (PE; 50μM) (B) or IGF1 (100ng/ml) (C) with or without 
Lonafarnib (2μM) for 48 hours, as shown. Data are represented as mean   s.e.m. *P<0.05, 
**P<0.01, #P<0.001.
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Online Figure VII

Online Figure VII. mTORC1-dependent activation of the UPR during cardiac myocyte 
hypertrophy: A, Immunoblot of NRVM after treatment with or without phenylephrine 
(PE; 50μM) or IGF1 (100ng/ml), with or without rapamycin (20nM) for 48 hours, as shown. 
B, C, NRVM were transfected with siCon or siRNAs targeted to rat ATF6 (siAtf6), PERK 
(siPerk), or IRE1 (siIre1) and then treated with or without phenylephrine (PE; 50μM) for 
48 hours. Atf6, Perk (Eif2ak3) and Ire1 (Ern1) mRNA levels were determined by qRT-PCR 
(B), and cell surface area was determined by photomicroscopy and morphometry (C). 
D, NRVM were transfected with a nontargeted siRNA (siCon) or siRNA targeted to rat ATF6 
(siAtf6) and were then infected with AdV encoding control, FLAG-ATF6(1-373) [active] or 
FLAG-ATF6(94-373) [inactive due to deletion of transcriptional activation domain], then 
treated with or without phenylephrine (PE; 50μM) for 48 hours. Cell surface area was 
determined by photomicroscopy and morphometry, then expressed as mean   s.e.m after 
analyzing at least 100 cells per treatment per experiment. Data are represented as 
mean   s.e.m. *P<0.05, **P<0.05, #P<0.001.+
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Online Figure VIII

Online Figure VIII. Protein synthesis-dependent activation of the UPR during cardiac 
myocyte hypertrophy: A, Immunoblot of NRVM transfected with a nontargeted siRNA 
(siCon) or with siRNA targeted to rat ATF6 (siAtf6) and then treated with or without 
phenylephrine (PE; 50μM) or IGF1 (100ng/ml) for 6 hours. B, Immunoblot of NRVM after 
treatment with or without phenylephrine (PE; 50μM) or IGF1 (100ng/ml), with or without 
rapamycin (20nM) for 6 hours, as shown. C, Immunoblot of NRVM after co-treatment with or 
without cyclohexamide (CHX; 100μg/ml) and either phenylephrine (PE; 50μM) or IGF1 
(100ng/ml) for 6 hours. D, Immunoblot of NRVM after pretreatment with 4-phenylbutyrate 
(4-PBA; 100μM) for 24 hours and subsequent co-treatment with or without 4-PBA (100μM) 
and either phenylephrine (PE; 50μM) or IGF1 (100ng/ml) for an additional 6 hours. 



Online Table I

Table I:  7-day TAC echocardiographic parameters for Con and ATF6 cKO mice 

 Con ATF6 cKO Con ATF6 cKO 
 Sham Sham TAC TAC 
 (n = 5) (n = 5) (n = 5) (n = 6) 
FS (%) 30.40±1.91 26.71±2.31 28.28±1.89 16.12±1.411,2 

EF (%) 58.60±2.72 52.64±3.72 55.46±2.86 34.30±2.741,2 

LVEDV ( l) 53.75±5.29 62.55±4.99 51.26±2.23 68.32±5.212 

LVESV ( l) 22.47±3.07 30.08±3.98 22.83±1.80 45.35±4.732 

LVIDD (mm) 3.56±0.15 3.80±0.13 3.51±0.06 3.95±0.132 

LVIDS (mm) 2.48±0.14 2.80±0.16 2.52±0.08 3.32±0.151,2 

PWTD (mm) 0.86±0.13 0.89±0.15 1.51±0.111 1.01±0.102 

PWTS (mm) 1.17±0.10 1.04±0.12 1.76±0.101 1.07±0.112 

AWTD (mm) 0.88±0.07 0.76±0.05 1.40±0.081 0.97±0.071,2 

AWTS (mm) 1.08±0.04 1.02±0.08 1.72±0.031 1.10±0.072 

HR (bpm) 519±13.27 540±2.63 524±3.71 523±13.47 

DPLR (RC/LC) 0.91±0.05 1.11±0.08 4.56±0.251 4.85±0.341 

HW (mg) 118.98±5.41 120.62±3.35 183.36±6.141 154.08±3.091,2 

BW (g) 21.57±0.78 23.85±0.80 25.78±0.641 24.43±0.59 

TL (mm) 16.40±.0.24 17.40±0.24 17.40±0.24 17.00±0.00 
HW/BW (mg/g) 5.53±0.27 5.06±0.08 7.12±0.201 6.32±0.161,2 

HW/TL (mg/mm) 7.26±0.33 6.93±0.11 10.53±0.251 9.06±0.181,2 

 
 
FS = fractional shortening 
EF = ejection fraction 
LVEDV = left ventricular end diastolic volume 
LVESV = left ventricular end systolic volume 
LVIDD = left ventricular inner diameter in diastole 
LVIDS = left ventricular inner diameter in systole 
PWTD = left ventricular posterior wall thickness in diastole 
PWTS = left ventricular posterior wall thickness in systole 
AWTD = left ventricular anterior wall thickness in diastole 
AWTS = left ventricular anterior wall thickness in systole 
HR = heart rate in beats per minute  
DPLR = Doppler ratio of right carotid blood flow velocity to left carotid blood flow velocity 
HW = heart weight 
BW = body weight  
TL = tibia length 
HW/BW = heart weight/body weight 
HW/TL = heart weight/tibia length 
 

 Statistical analyses used a one-way ANOVA with a Newman-Keuls post-hoc analysis. 

1 = p 0.05 different from respective Sham 
2 = p 0.05 different from Con TAC 



Online Table II

Table II:  4-week Free Wheel echocardiographic parameters for Con and ATF6 cKO mice  

 Con ATF6 cKO Con ATF6 cKO 
 Sedentary Sedentary Run Run 
 (n = 5) (n = 5) (n = 5) (n = 5) 
FS (%) 29.19±1.46 24.22±1.64 29.24±1.74 23.03±1.752 

EF (%) 56.42±2.33 48.55±2.70 57.06±2.74 46.53±3.002 

LVEDV ( l) 79.56±16.48 72.38±6.33 50.38±7.60 71.78±5.852 

LVESV ( l) 35.29±7.76 37.64±4.35 22.29±3.93 38.54±4.112 

LVIDD (mm) 4.13±0.40 4.04±0.15 3.44±0.24 4.03±0.142 

LVIDS (mm) 2.93±0.30 3.07±0.16 2.45±0.21 3.10±0.142 

PWTD (mm) 0.75±0.14 0.89±0.14 1.77±0.111 0.79±0.032 

PWTS (mm) 1.08±0.08 1.21±0.15 2.06±0.081 1.08±0.042 

AWTD (mm) 0.81±0.06 0.84±0.07 1.22±0.081 0.96±0.092 

AWTS (mm) 1.11±0.03 1.14±0.05 1.48±0.071 1.09±0.072 

HR (bpm) 491±9.28 500±9.36 506±9.11 556±8.701,2 

DIST (km/wk)  n/a n/a 8.11±1.79 8.65±0.87 

HW (mg) 132.02±4.51 128.32±7.28 171.16±5.241 137.02±1.402 
BW (g) 27.23±0.51 25.14±0.90 24.80±0.661 24.43±0.43 

TL (mm) 17.00±0.00 17.20±0.20 17.20±0.20 17.60±0.24 
HW/BW (mg/g) 4.85±0.14 5.09±0.16 6.90±0.131 5.61±0.091,2 
HW/TL (mg/mm) 7.77±0.27 7.46±0.42 9.96±0.351 7.79±0.112 

 
 
FS = fractional shortening 
EF = ejection fraction 
LVEDV = left ventricular end diastolic volume 
LVESV = left ventricular end systolic volume 
LVIDD = left ventricular inner diameter in diastole 
LVIDS = left ventricular inner diameter in systole 
PWTD = left ventricular posterior wall thickness in diastole 
PWTS = left ventricular posterior wall thickness in systole 
AWTD = left ventricular anterior wall thickness in diastole 
AWTS = left ventricular anterior wall thickness in systole 
HR = heart rate in beats per minute 
DIST = average distance ran per week 
HW = heart weight 
BW = body weight 
TL = tibia length 
HW/BW = heart weight/body weight 
HW/TL = heart weight/tibia length 
 

 Statistical analyses used a one-way ANOVA with a Newman-Keuls post-hoc analysis. 

1 = p 0.05 different from respective Sedentary 
2 = p 0.05 different from Con Run















































































































































Online Table IV

Table IV:  7-day TAC echocardiographic parameters 

 Con Con+Rheb ATF6 cKO ATF6 cKO+Rheb 
 Sham Sham Sham Sham 
 (n = 5) (n = 5) (n = 5) (n = 5) 
FS (%) 31.47±4.07 33.63±1.68 28.61±2.54 28.28±1.67 

EF (%) 59.40±5.61 63.18±2.30 55.60±4.07 54.94±2.72 

LVEDV ( l) 55.61±9.30 56.30±2.97 59.41±3.99 75.90±6.83 

LVESV ( l) 23.61±2.83 20.84±2.03 26.91±4.19 34.54±4.42 

LVIDD (mm) 3.59±0.24 3.65±0.08 3.73±0.10 4.12±0.16 

LVIDS (mm) 2.48±0.27 2.42±0.10 2.67±0.16 2.96±0.15 

PWTD (mm) 0.72±0.06 0.68±0.05 0.93±0.08 0.72±0.08 

PWTS (mm) 1.03±0.11 1.02±0.06 1.15±0.14 0.94±0.08 

AWTD (mm) 0.91±0.07 0.87±0.02 0.92±0.08 0.83±0.03 

AWTS (mm) 1.21±0.05 1.16±0.08 1.21±0.08 1.12±0.05 

HR (bpm) 488±18.43 516±16.48 464±33.55 504±35.34 

HW (mg) 138.60±7.91 134.75±2.55 137.73±3.05 161.60±8.84 

BW (g) 26.14±0.97 26.64±0.43 27.13±0.26 28.05±0.65 
TL (mm) 19.00±0.37 18.50±0.26 19.67±0.26 22.00±0.37 
HW/BW (mg/g) 5.29±0.13 5.07±0.15 5.08±0.13 5.75±0.21 
HW/TL (mg/mm) 7.28±0.29 7.29±0.19 7.00±0.07 7.34±0.32 
 
 
 Con Con+Rheb ATF6 cKO ATF6 cKO+Rheb 
 TAC TAC TAC TAC 
 (n = 7) (n = 8) (n = 7) (n = 8) 
FS (%) 29.73±2.25 31.60±1.08 17.71±2.201,2 26.25±1.07 

EF (%) 57.77±1.54 60.57±1.54 37.25±4.151,2 52.41±1.88 

LVEDV ( l) 46.54±4.61 50.55±2.03 61.26±4.532 52.73±5.771 

LVESV ( l) 19.71±1.81 19.92±1.08 38.91±4.661,2 25.46±3.782 

LVIDD (mm) 3.36±0.15 3.49±0.061 3.77±0.122 3.53±0.161 

LVIDS (mm) 2.36±0.13 2.39±0.05 3.11±0.161,2 2.61±0.151 

PWTD (mm) 1.78±0.121 1.54±0.081 1.03±0.042 1.45±0.141 

PWTS (mm) 1.99±0.111 1.66±0.141 1.07±0.082 1.68±0.131 

AWTD (mm) 1.28±0.051 1.23±0.081 0.91±0.122 1.27±0.131 

AWTS (mm) 1.49±0.091 1.61±0.061 1.28±0.132 1.62±0.131 

HR (bpm) 523±9.02 519±13.29 505±13.20 514±22.54 

HW (mg) 212.44±3.891 217.20±14.081 176.89±7.441,2 232.95±9.991,2 

BW (g) 24.34±0.66 23.99±0.511 25.63±0.47 25.52±0.731 

TL (mm) 19.60±0.40 19.00±0.31 20.86±0.32 20.17±0.44 

HW/BW (mg/g) 8.75±0.241 9.10±0.691 6.90±0.271,2 9.15±0.391 

HW/TL (mg/mm) 10.86±0.221 11.39±0.561 8.50±0.411,2 11.54±0.331 

 
 
FS = fractional shortening 
EF = ejection fraction 
LVEDV = left ventricular end diastolic volume 
LVESV = left ventricular end systolic volume 
LVIDD = left ventricular inner diameter in diastole 
LVIDS = left ventricular inner diameter in systole 
PWTD = left ventricular posterior wall thickness in diastole 
PWTS = left ventricular posterior wall thickness in systole 
AWTD = left ventricular anterior wall thickness in diastole 
AWTS = left ventricular anterior wall thickness in systole 
HR = heart rate in beats per minute  
HW = heart weight 
BW = body weight  
TL = tibia length 
HW/BW = heart weight/body weight 
HW/TL = heart weight/tibia length 
 

Statistical analyses used a one-way ANOVA with a Newman-Keuls post-hoc analysis. 

1 = p 0.05 different from respective Sham 
2 = p 0.05 different from Con TAC 



Online Table V

Table V: TAC time course echocardiographic parameters for Wild-Type mice 

  3-Hours 2-Days 7-Days 
 Sham TAC TAC TAC 
 (n = 4) (n = 4) (n = 4) (n = 4) 
FS (%) 30.76±1.69 32.27±1.83 28.32±3.21 25.36±1.85 

EF (%) 59.11±2.58 61.40±2.64 54.95±4.98 50.51±3.001 

LVEDV ( l) 55.18±3.16 50.76±3.82 58.16±1.60 62.66±1.321 

LVESV ( l) 22.82±2.74 19.94±2.60 26.38±3.44 30.87±1.671 

LVIDD (mm) 3.62±0.08 3.49±0.11 3.70±0.04 3.82±0.031 

LVIDS (mm) 2.51±0.11 2.37±0.13 2.65±0.14 2.85±0.061 

PWTD (mm) 0.70±0.04 0.78±0.03 0.91±0.12 1.30±0.051 

PWTS (mm) 1.03±0.04 1.12±0.06 1.22±0.09 1.69±0.061 

AWTD (mm) 0.79±0.04 0.93±0.05 1.03±0.051 1.50±0.041 

AWTS (mm) 1.10±0.04 1.22±0.06 1.25±0.04 1.78±0.051 

HR (bpm) 517±11.32 503±13.78 509±11.75 517±7.18 

HW (mg) 121.05±5.23 158.95±4.051 162.90±3.391 208.50±10.041 

BW (g) 23.09±0.28 31.00±0.851 27.94±1.561 29.06±0.371 

TL (mm) 18.50±.0.29 23.50±0.291 21.50±0.501 22.75±0.251 

HW/BW (mg/g) 5.24±0.22 5.13±0.06 5.85±0.43 7.19±0.421 

HW/TL (mg/mm) 6.54±0.21 6.76±0.10 7.56±0.511 9.15±0.351 
 
 
FS = fractional shortening 
EF = ejection fraction 
LVEDV = left ventricular end diastolic volume 
LVESV = left ventricular end systolic volume 
LVIDD = left ventricular inner diameter in diastole 
LVIDS = left ventricular inner diameter in systole 
PWTD = left ventricular posterior wall thickness in diastole 
PWTS = left ventricular posterior wall thickness in systole 
AWTD = left ventricular anterior wall thickness in diastole 
AWTS = left ventricular anterior wall thickness in systole 
HR = heart rate in beats per minute  
HW = heart weight 
BW = body weight  
TL = tibia length 
HW/BW = heart weight/body weight 
HW/TL = heart weight/tibia length 
 

Statistical analyses used a one-way ANOVA with a Newman-Keuls post-hoc analysis. 

1 = p 0.05 different from Sham 



Online Table VI

Table VI:  3-hour TAC echocardiographic parameters for Con and ATF6 cKO mice 

 Con ATF6 cKO Con ATF6 cKO 
 Sham Sham TAC TAC 
 (n = 5) (n = 4) (n = 5) (n = 4) 
FS (%) 34.06±2.95 33.88±3.13 31.91±1.57 31.59±3.66 

EF (%) 63.57±3.78 63.18±4.30 60.66±2.26 59.72±5.30 

LVEDV ( l) 51.52±3.83 58.55±2.44 61.47±4.92 63.15±5.20 

LVESV ( l) 18.28±1.23 21.79±3.28 24.33±2.86 26.21±5.31 

LVIDD (mm) 3.51±0.11 3.71±0.07 3.78±0.12 3.82±0.13 

LVIDS (mm) 2.30±0.06 2.46±0.15 2.57±0.12 2.63±0.23 

PWTD (mm) 0.84±0.08 0.76±0.07 0.72±0.05 0.81±0.06 

PWTS (mm) 0.90±0.23 1.16±0.18 1.08±0.05 1.16±0.07 

AWTD (mm) 0.86±0.10 0.90±0.09 0.88±0.04 0.93±0.04 

AWTS (mm) 1.77±0.16 1.24±0.08 1.21±0.04 1.22±0.04 

HR (bpm) 493±19.31 517±10.09 510±10.16 512±14.34 

HW (mg) 128.88±5.32 137.30±6.35 148.00±2.161 152.78±6.371 

BW (g) 24.58±0.88 25.88±1.04 26.58±0.40 28.16±0.651 

TL (mm) 19.40±.0.51 19.00±0.41 21.00±0.32 21.75±0.481 

HW/BW (mg/g) 5.24±0.11 5.31±0.16 5.58±0.15 5.42±0.14 

HW/TL (mg/mm) 6.65±0.25 7.23±0.23 7.06±0.16 7.02±0.22 
 
 
FS = fractional shortening 
EF = ejection fraction 
LVEDV = left ventricular end diastolic volume 
LVESV = left ventricular end systolic volume 
LVIDD = left ventricular inner diameter in diastole 
LVIDS = left ventricular inner diameter in systole 
PWTD = left ventricular posterior wall thickness in diastole 
PWTS = left ventricular posterior wall thickness in systole 
AWTD = left ventricular anterior wall thickness in diastole 
AWTS = left ventricular anterior wall thickness in systole 
HR = heart rate in beats per minute  
HW = heart weight 
BW = body weight  
TL = tibia length 
HW/BW = heart weight/body weight 
HW/TL = heart weight/tibia length 
 

Statistical analyses used a one-way ANOVA with a Newman-Keuls post-hoc analysis. 

1 = p 0.05 different from respective Sham 
2 = p 0.05 different from Con TAC 


