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Abstract

The response of cardiac muscle to an insult such as myocardial infarction includes changes in the 

expression of numerous signaling proteins and modulation of gene expression, as well as post-

translational modifications of existing proteins. Most studies to date have defined these in end-

stage cardiac muscle thus obviating consideration of the temporal progression that causes the heart 

to transition from a compensated to a decompensated phenotype. To explore these transitions, we 

examined contractile protein biochemistry in a mouse MI model at two early time points: two days 

and two weeks post infarct and at two later time points: two and four months post infarct. 

Phosphorylation of myofilament proteins was analyzed using phosphospecific staining of 

polyacrylamide gels, and whenever possible, phosphospecific antibodies. Phosphorylation of 

myosin binding protein c, the myosin regulatory light chain and troponin I were all decreased 

relative to sham operated animals at both early time points. However, by 2 months, total 

phosphorylation of all the major myofilament proteins normalized and at both 2 and 4 months, 

there was a significant increase in troponin I phosphorylation. One-dimensional IEF of troponin I 

coupled with phospho-specific antibody analysis demonstrated a redistribution of phosphorylation 

sites with a significant initial decline at the putative PKA sites, Serine 22,23, and a subsequent 

increase at the putative PKC site, serine 43,45. These data suggest that temporal changes in 

myofilament protein phosphorylation contribute both to the initial compensatory hyperdynamic 

response to myocardial infarction and subsequently to the gradual progression to myocardial 

failure.
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Introduction

Myocardial infarction is the major cause of heart failure in Western society. Acutely, the 

loss of functional cardiac muscle causes decreased cardiac output, arrhythmias, increased 
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loading of the remaining viable myocardium, release of inflammatory mediators and the 

consequent activation of compensatory pathways. Compensatory pathways include 

neurohumoral responses to restore blood pressure, altered myocardial protein expression, 

altered myofilament protein phosphorylation and altered myofilament function, all of which 

have characteristic time domains -- the phosphorylation of proteins can happen in seconds, 

but significant changes in protein concentration requires days. We believe this results in 

sequential and sometimes transient activation of diverse pathways to produce and maintain a 

specific functional compensation. Consequently a full understanding of the compensatory 

responses to myocardial infarction requires mapping temporal responses in multiple 

pathways as the mechanical responses progress. In this study, we have focused on the time 

course of myofilament protein phosphorylation.

Previous work in this area has produced varying results. A study by Li et al [1] examined 

myocytes from a viable portion of an infarcted rat heart 7 days after the infarction. At 7 

days, cardiac systole and diastole remained markedly impaired by the infarction. At the 

myocyte level they described an increased resting tension and a decrease in calcium 

sensitivity although there was no change in the maximum force. The phosphorylation of TnI 

was increased consistent with the decrease in pCa50. In a similar experiment, van der 

Velden [2] looked at porcine myocyte function 21 days after the infarct when the cardiac 

output and arterial pressure had been restored to normal levels. They observed an increase in 

calcium sensitivity and a reduction in maximum force. The change in calcium sensitivity 

was consistent with a decrease in TnI phosphorylation. While the differences could be due in 

part to species differences and strategies of sample collection, it is certainly plausible that 

these differing TnI phosphorylation findings could represent discrete points in a time course 

of compensatory change or that they may reflect differences in site-specific phosphorylation 

of troponin I.

Troponin I (TnI) is the inhibitory unit of the troponin complex and inhibits actomyosin 

interactions at diastolic levels of intracellular calcium and is the target of PKA, PKC, PKG 

(and likely others) mediated phosphorylation, most of which have overlapping targets within 

the molecule. Phosphorylation of TnI at serine 22,23 in the unique amino-terminal end 

molecule [3-5] decreases the calcium sensitivity of the sarcomere, promotes calcium 

dissociation from troponin C and by extension enhances rates of cross-bridge cycling and 

diastolic relaxation [5, 6]. Historically, this site has been felt to be PKA dependent however 

recent data have also shown that it is susceptible to PKCα, PKCβ, and PKG dependent 

phosphorylation. Moreover, phosphoantibodies directed against this site have shown a high 

degree (>70%) of in situ phosphorylation. There are at least three other potential kinase 

dependent sites in the molecule (largely presumed to be PKC specific), at Ser 43,45 and Thr 

144 [7-9]. Studies using reconstituted fibers and mutational analysis have shown that PKC 

phosphorylation of TnI (largely at Ser 43,45) inhibits the actin-cross bridge reaction and 

reduces the Ca++ dependent actomyosin ATPase rate as well as the calcium sensitivity of 

force generation [3, 8, 10]. Phosphorylation at Thr 144 (mediated by several PKC isoforms) 

reduces maximal tension development and cross-bridge cycling rates [11]. Despite relatively 

clear in vitro data, establishing the physiologic significance of these effects in vivo has been 

difficult [12]. Moreover, the sites clearly have some interdependence. For example, we have 

characterized a murine model in which the Ser 43,45 site was mutated to alanines [13-16] 
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rendering them non-phosphorylatable. These animals show enhanced in vivo contractility 

and a blunted reduction of maximal tension following phorbol treatment that reflects not 

only loss of the PKC effect at S43, 45 but also the superimposition of the impact of 

enhanced phosphorylation of the Ser22, 23 site.

Phosphorylation of troponin T (TnT) in the Ca2+-sensitive C-terminal region results in a 

decrease in the Mg2+-ATPase activity [4], a decrease in Ca2+-sensitivity[11] and a decrease 

in the affinity of TnT for both tropomyosin and F-actin [17]. Phosphorylation of MyBP-C 

has been demonstrated at numerous sites [18] and has been shown to result in structural 

movement of the myofilament, bringing the thick filament into closer proximity with the 

thin filament [19]. Increased phosphorylation of MyBP-C results in acceleration of the 

kinetics of force development [20] whereas transgenic mice expressing non-

phosphorylatable MyBP-C have a decrease in contractility and a propensity toward cardiac 

hypertrophy [21].

The function of myosin light chain phosphorylation is even less well understood although a 

central role for the regulatory light chain (MLC2) in the regulation of cross-bridge cycling is 

increasingly acknowledged. Morano et al [22] have shown that alterations in the myosin 

light chain-actin interaction have a profound effect upon tension development and calcium 

responsiveness in isolated human myocardium. Likewise, MLC2 extraction from skinned 

myocardium results in decreased velocity of shortening as well as decreased calcium 

sensitivity [23]. Phosphorylation of MLC2 increases myofilament calcium sensitivity (and 

transgenic replacement with a non-phosphorylatable MLC2 isoform eliminates the MLCK 

effect on the tension:calcium relationship) with only a modest effect on tension development 

[24]. It has also been shown that the gradient of tension development across the myocardium 

correlates with an analogous gradient of MLC2 phosphorylation [25]. Importantly, our 

group and others have published that ablation of MLC2 phosphorylation is associated with a 

reduction in calcium activated tension development (but not calcium sensitivity) and also 

with a marked reduction in phosphorylation of other contractile proteins including TnI and 

MyBP-C [26].

Therefore, the aim of this study was to carefully define the temporal changes in protein 

phosphorylation of the major myofilament proteins following a myocardial infarct and to 

correlate those changes with changes in contractile function and ventricular remodeling. The 

results of this study identify changes in the phosphorylation state of MyBP-C, MLC-2 and 

TnI that are temporally regulated and may, in combination, represent a “phosphofingerprint” 

that can be correlated with degree and stage of cardiac dysfunction.

Materials and methods

Surgical Induction of Myocardial Infarction in Mice

Eleven week-old C57Bl/6J mice were anesthetized with 2,2,2-tribromoethanol, intubated, 

and mechanically ventilated with 90% O2. The heart was accessed via an intercostal 

thoracotomy and the left anterior descending coronary artery (LAD) was permanently 

occluded by tying off a 7-0 suture passed under the artery. The chest was closed and the 

mouse removed from the ventilator. The mouse was allowed to recover on a warmed 
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surface, with supplemental oxygen delivered through a nose-cone. Sham-operated animals 

went through all procedures described, except actual occlusion of the LAD. Ischemia was 

verified by three-lead electrocardiograms (ECGs), which were obtained pre-operatively and 

immediately following the end of the surgical procedure. Post-surgical pain was controlled 

with buprenorphine for the first 48 hrs following surgery and acetaminophen for 7 days.

Echocardiography

Cardiac function was assessed by 2D-transthoracic echocardiography (echo) using a 

VisualSonics Vevo 770 high resolution ultrasound imager equipped with a 35 Mhz 

transducer. The mice were lightly sedated with isoflurane and heart rates were maintained 

above 500 beats/min. Parasternal long axis and multiple short axis B-mode videos and M-

modes images (at the level of the mid-papillary short axis) were routinely acquired. Echo 

images were obtained on the mice 2 days post surgery to determine infarct size and then 

again immediately prior to animal sacrifice (2 days, 2 weeks, 2 months or 4 months). Infarct 

size was determined by wall motion score index (Zhang, et al. 2007) and by tracing the 

infarct during diastole in the B-mode long axis view. Determinations of infarct size, 

fractional shortening (FS), and ejection fraction (EF) were performed off-line in a blinded 

mode.

Tissue Harvest

After collecting the final echo data, mice were given an overdose of pentobarbitol and the 

chest cavity was immediately opened. The apex of the heart was snipped in situ and 

immediately frozen in liquid nitrogen. The heart was then removed from the chest and the 

atria and right ventricle were removed and frozen in liquid nitrogen. The infarcted tissue and 

tissue immediately surrounding the infarct zone was carefully removed and the rest of the 

left ventricle was rapidly frozen in liquid nitrogen. All samples were stored in liquid 

nitrogen until analysis.

Gel Electrophoresis

Small samples of the left ventricle were homogenized in 8 M urea, 2.5 M thiourea, 4% 

CHAPS, 10 mM EDTA and a cocktail of protease and phosphatase inhibitors. For 

quantification of phosphorylation, samples were separated by 12% SDS-PAGE, fixed and 

stained with ProQ Diamond Phosphoprotein Gel Stain (Invitrogen). After destaining, gels 

were imaged using a Typhoon 9410 Gel Imager (GE Lifesciences). Gels were rinsed with 

water and stained with BioSafe Coomassie Blue (BioRad) for detection of total proteins. 

Phosphorylation was calculated by dividing the PQD signal for each protein of interest by 

the CBB signal for the essential myosin light chain (MLC1). We used MLC1 as a 

normalization factor since there was no change in either quantity or phosphorylation of this 

protein.

For determination of redistribution of phosphorylation of Troponin I, we used non-

equilibrium isoelectric focusing gel electrophoresis as previously described [27, 28]. Briefly, 

homogenates were separated on urea gels consisting of 4% total acrylamide and a 1:4 

mixture of 3-10 and 7-9 ampholytes. The cathode and anode buffers were reversed and the 

gels were run 1 hour at 100 V, 2 hours at 200 V and 20 min at 500 V. Proteins were then 
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transferred to PVDF and the membranes were blocked in 5% BSA for 1 hour, rinsed with 

TBST and incubated in the appropriate antibody overnight at 4° C. Membranes were washed 

and incubated with secondary antibody for one hour at room temperature. After washing, the 

proteins were visualized using enhanced chemiluminescence.

For separation of alpha & beta myosin, samples were run by modified 6% SDS-PAGE 

(separating acrylamide/bis ratio 1:100; resolving gel buffer pH 9.0; running gel buffer pH 

8.2; (β-mercaptoethanol 600 ∝L/L inner gel buffer). Gels were run overnight at 4° C and 

stained with BioSafe Coomassie Blue protein stain.

Materials

Antibodies: anti-TnI (total); Fitzgerald, Inc 1:2500, 2° anti-mouse, Sigma 1:10,000: anti-

pS22/23 Troponin I; Cell Signaling 1:1000, 2° anti-mouse, Sigma 1:10,000.

Statistical Analysis

All data are expressed as mean ± SEM. Comparisons between groups (sham vs. MI) at 

individual time points were made using Student's t test. Differences in the time course of 

phosphorylation were assessed by testing for interaction between time and treatment in a 

multiple regression model. The R statistical language (version 2.4) was used for all 

statistical tests.

Results

Contractile and Hemodynamic Properties of the Mouse Myocardium

There were no significant differences in the average infarct size amongst the animals in each 

group. The average infarct sizes in each cohort (2-days, 2-weeks, 2-mo and 4-mo) were 

40±5%, 39±5%, 38±3% and 39±7 respectively. Table 1 illustrates changes in ejection 

fraction in mice following myocardial infarction. Following MI there was a steep decline in 

ejection fraction at 2-days post MI with a slower, progressive decline in function for the 

remaining time period. Between 0-2 days, mortality rate was 26% (11% of these deaths were 

due to surgical complications); between 2 days and 2 weeks, mortality rate was 15% and 

between 2 weeks and 4 months, mortality rate was 12.5%. At 4-months post MI, only 2 

animals remained alive.

Phosphorylation of myofilament proteins

Phosphorylation was assessed in sham-operated controls and in the post-MI mice by 

phosphoprotein staining of 1-dimensional SDS-PAGE gels of heart tissue extracts at each of 

the time points (Figure 1). At 2-days post infarct, phosphorylation of myosin-binding protein 

C (MyBP-C), troponin-I (TnI) and the regulatory myosin light chain (MLC-2) was 

significantly reduced compared to sham-operated controls. There were no differences in 

troponin T or desmin phosphorylation. At 14 days there was a trend toward recovery of 

phosphorylation in each of the proteins examined and MyBP-C phosphorylation was no 

longer different from control tissues. Phosphorylation of both TnI and MLC-2 was still 

significantly lower in MI tissues than in the corresponding sham-operated controls. By 2-

months post infarct, there were no longer differences in phosphorylation of MyBP-C or 
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MLC-2 between sham-operated controls and post-infarct tissues; phosphorylation of TnI 

was significantly elevated compared to sham-operated controls and TnI phosphorylation 

remained elevated at 4-months post infarct in the MI tissues compared to the sham-operated 

controls. For TnI, a linear multiple regression model showed a significant interaction 

between time and treatment (p=0.016) indicating that differences in phosphorylation levels 

between the MI group and the sham-operated control group were due to significantly 

different temporal profiles of phosphorylation between the two groups (data not shown). 

Phosphorylation profiling from a region of the left ventricle more distal to the infarcted area 

showed qualitatively similar changes in phosphorylation at all time points, suggesting that 

the phosphorylation changes reflect the mechanical and endocrine stresses related to the 

infarct rather than focal ischemia.

Site-specific changes in Troponin I Phosphorylation

Cardiac troponin I can be phosphorylated at a number of distinct sites, each of which has 

unique effects on contractile function (see Introduction). In order to better understand the 

consequences of the temporal changes in TnI phosphorylation, we characterized the site-

specific changes in TnI phosphorylation. First, using one-dimensional isoelectric focusing 

where the anode and cathode buffers were reversed [27], we separated the TnI into distinct 

phosphospecies. In the 2-day post-MI samples, there was a significant increase in the 

percentage of unphosphorylated TnI, consistent with the phosphorylation data generated 

with ProQ Diamond signaling. The 1-dimensional IEF gels show that the increase in 

unphosphorylated TnI results from a decrease in higher level phosphorylation (P4), rather 

than dephosphorylation of the P2 species. By 2-months post-MI, there is a increase in TnI 

phosphorylation which resides in the higher level phosphospecies. That is, the amount of P4 

TnI is significantly increased, but P2 is not different from control tissues. Using 

phosphospecific antibodies generated against the three different phosphorylation sites in 

TnI, the PKA sites (serines 22, 23), and the PKC sites serine43 and threonine143, we found 

that at 2 days post MI, there was a significant decrease in S22/23 phosphorylation which 

returned to control levels by 14 days post MI and remained unchanged thereafter. 

Interestingly, phosphorylation of serine43 was elevated at 2-days post MI and at 14 days, 

and returned to sham operated control levels by 2 months. Threonine143 phosphorylation 

was unchanged at every time point (data not shown). Since total TnI phosphorylation is 

reduced immediately post-MI (Figure 1 and Figure 2), quantitatively the predominant effect 

is the dephosphorylation of the PKA sites, serine 22/23.

Alpha-Beta myosin expression

Heart failure has been shown to be associated with an increase in β-myosin expression in 

rodents and this increase in β-myosin is associated with a decrease in myofibrillar ATPase 

seen in failing hearts. To examine the potential contribution of myosin isoform switching in 

our model, we examined the ratio of alpha to beta myosin at each time point, using6% SDS-

PAGE gels to separate α & β-myosin. There was no detectable β-myosin in the sham-

operated animals at any time point. Consistent with other findings, there was a small shift in 

myosin isoform expression in our model. That is, two-days post MI, there was no detectable 

β-myosin, but by 14-days post-MI, β-myosin was increased to 9.8% and at 2-months and 4 

months was 10% and 9.5% respectively.
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Discussion

The major finding of this study is the demonstration of distinct temporal changes in the 

phosphorylation of both the regulatory thin filament and thick filament sarcomeric proteins. 

Specifically, we found that acutely following MI there was a marked decrease in 

phosphorylation of the regulatory myosin light chain, myosin binding protein C and troponin 

I. The phosphorylation of MLC2 and MBP-C recovered to near sham levels by 2 weeks post 

MI and was not different from sham by 2 months post MI. Similarly, Troponin I 

phosphorylation was significantly reduced acutely following MI, returning to sham levels by 

2 weeks. However, phosphorylation of troponin I at 2 and 4-months was significantly 

elevated compared to sham operated controls. Phosphospecific antibodies showed that the 

dephosphorylation of troponin I was at the PKA sites serine 22 & serine 23 whereas the 

subsequent increase in phosphorylation was at the PKC serine 43 site.

Enhanced β-adrenergic stimulation following MI may be expected to have 2 seemingly 

opposing effects; 1) enhanced calcium handling mediated by phospholamban and 2) 

decreased calcium sensitivity of the myofilament by phosphorylation of serine 22 and 23 of 

troponin I. However, we describe decreased phosphorylation of serine 22/23, almost 

certainly due to preferential activation of phosphatase activity which targets these sites[29]. 

Dephosphorylation of troponin I at serines 22 and 23, results in an increase in calcium 

sensitivity of the myofilament, which presumably would allow the β-adrenergic stimulation 

seen immediately post MI to enhance calcium handling and contractility simultaneously as 

an immediate compensatory response to muscle loss. However, it is possible that early down 

regulation of β1-adrenergic receptor density and/or receptor uncoupling [30, 31] may 

contribute to the phosphorylation changes seen immediately post-MI and that the persistent 

decrement in β1-adrenergic receptor function (proportional to infarct size [32]) in the 

absence of pharmacotherapy may partially account for the shift from PKA to PKC 

dependent phosphorylation.

Additionally, we determined that the phosphorylation of the PKC site, serine 43 is increased 

immediately following MI and returns to sham levels by 2 months. Walker and colleagues 

recently showed that phosphorylation of isolated skinned cardiac myocytes with PKC-βII 

resulted in an increase in calcium sensitivity that correlated with an increase in troponin I 

phosphorylation [33]. However, the increase in calcium sensitivity was only seen in a mouse 

line that had the PKA sites, serine 22 & 23, mutated to alanines, suggesting that 

phosphorylation at serine 22 & 23 masked the effect of phosphorylation by PKC-βII. These 

investigators suggested that it was most likely that the PKC-βII phosphorylation of TnI was 

at threonine-144 however they were not able to unequivocally exclude serine 43 or 45 as the 

relevant site of phosphorylation mediating the increase in calcium sensitivity. Taken 

together, our data demonstrating both a decrease in serine22/23 phosphorylation and an 

increase in serine43 phosphorylation at early time points following MI suggest that 

regulation of troponin I phosphorylation is a dynamic and sensitive way of increasing 

contractility immediately following injury.

Functionally, decreases in myosin light chain 2 phosphorylation are associated with 

decreases in contractility as Morano and colleagues [22] have shown that MLC2 
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dephosphorylation has profound effects on both tension development and calcium 

responsiveness in the myocardium. Additionally, our group and others have published that 

ablation of MLC2 phosphorylation is associated with a reduction in ventricular ejection time 

and calcium activated tension development (but not calcium sensitivity) and also with a 

marked reduction in phosphorylation of other contractile proteins including TnI and MyBP-

C [34]. Moreover, we have shown that phosphorylation of MLC2 is enhanced by 

dobutamine treatment (other adrenergic agonists were not tested) in isolated muscle. These 

data suggest a potential role for MLC2 phosphorylation in the regulation of tension 

development and myofilament calcium sensitivity and the decrease in MLC2 

phosphorylation may, in part, contribute to the initial steep decline in contractile function.

Recent studies suggest that the phosphorylation of myosin binding protein C may play a 

major role in regulating both the function and the structure of the thick filament. MyBP-C 

can be phosphorylated by PKA [35, 36], Ca2+-camodulun-dependent kinase [36, 37] and 

protein kinase C [38, 39]. Phosphorylation is associated with increases in calcium 

sensitization of the thick filament, while decreases in phosphorylation are associated with 

decreases in contractility [21], and it has been suggested that phosphorylation of MyBP-C is 

necessary for normal cardiac function [40]. Furthermore, phosphorylation of MyBP-C 

accelerates the kinetics of force development [20] and dephosphorylation of MyBP-C 

immediately post-MI likely contributes to the initial rapid decline in contractile function.

Chronically, the changes in regulatory protein phosphorylation evolve following the acute 

insult, so that phosphorylation of MLC2 and MyBP-C return to pre-infarction levels whereas 

phosphorylation of TnI increases, driven predominately by an increase in the PKC 

dependent site, Ser43,45, which functionally decreases the calcium sensitivity of 

contraction. Mechanical performance of the heart and of the non-infarcted myocardium in 

particular declines over this interval a finding which is consistent with previous animal 

studies from our lab and others showing that PKC dependent phosphorylation of TnI is 

associated with reduced sarcomeric calcium sensitivity and maximal tension development 

and in transgenic animals with the development of a dilated cardiomyopathy.

The contribution of myosin heavy chain gene and protein expression to cardiac muscle 

dysfunction in rodent models (and in particular the α to β isoform switch) has been 

extensively reviewed [41-43]. However, the increase in β-myosin heavy chain is small and 

constant after the initial switch at 2 weeks and it seems likely that cross bridge cycling and 

ATPase activity in this context are more strongly influenced by changes in the regulatory 

elements described above than by MHC.

Taken together these data underscore the dynamic and complex post-translational responses 

of the sarcomeric regulatory proteins that contribute to ventricular remodeling in response to 

an acquired insult such as myocardial infarction. These would appear to reflect not only a 

balance between kinase and phosphatase activation, the later dominating the acute response 

to injury, but also a balance amongst various kinase activities which appears to dominate the 

chronic (mal) adaptation seen as overall contractility declines and the heart remodels. In this 

later circumstance it would appear as if PKC (and perhaps CAMK) activity is more potent 

that PKA in defining the dilated, hypocontractile phenotype. How the various post-
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translational modifications of the regulatory proteins cooperatively interact to define overall 

sarcomeric dynamics remains to be defined, but regardless it does appear as if a sarcomeric 

“phosphofingerprint” can be defined that establishes stage specific responses to a pathologic 

insult.
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Figure 1. 
A. Representative SDS-PAGE of sham operated (S) or infarcted animals (MI) at each time 

point. ProQ Diamond staining demonstrates phosphoprotein signal. B. Coomassie Brilliant 

Blue staining of the same gel for total protein signal. C. Summary data from sham operated 

and infarcted mice. Normalized signal was derived by dividing the ProQ Diamond 

phosphoprotein signal by the total protein (Coomassie blue) signal for the essential myosin 

light chain and multiplying by 100. Data are expressed as percentage change from matched 

control. Sham; n=4 at each time point; MI; n=12 (2 days), n=12 (12 days), n=4 (60 days), 

n=2 (120 days). *P<0.05
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Figure 2. 
Representative 1-dimensional isoelectric focusing of Troponin I in sham operated control 

(C) and infracted animals (MI) at 2d, 14d, 2 mo, and 4 mo. The major bands seen in these 

tissues are represented as U: unphosphorylated TnI; P2: phosphorylated at 2-sites; and P4: 

phosphorylated at 4-sites. Right panel: Summary of data for each time point. N=4. *P<0.05 

compared to paired control.
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Figure 3. 
Western blots of phosphorylated troponin I. Samples were separated on 12.5% SDS-PAGE 

and probed with antibodies against A: phospho-serine 22/23, phosphoserine43, 

phosphoS143; and cTnI (for total protein). Panel B: relative changes in phosphorylation at 

each site, compared to matched control. N=4 (2, 14, 60 days); N=2 (120 days).
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Figure 4. 
SDS-PAGE separation of α/β myosin in sham operated (S) or infracted (MI) animals at each 

time point. Extracts were separated using 6% SDS-PAGE and gels were stained with 

colloidal Coomassie blue.
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Table 1

Hemodynamic Characteristics of Mouse MI model

Ejection Fraction

2 days 2 wks 2 mo 4 mo

Sham 63±5 60±14 71±2 70±3

MI 49±10 39±2 33±1 30±9
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