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Figure 15.  Confocal images of immunostaining controls for tissue autofluoresence 
and secondary antibody binding in cardiac myocytes in immunized mice. 
 

Autofluorescence: A) No antibody added; some autofluorescence occurs  B) Nuclear 
staining with propidium iodide, and C)  Overlay of panels A and B shows that the 
autofluorescence is cytoplasmic. 

Secondary antibody staining:  D) Secondary antibody only added; some staining 
occurs; E) Nuclear staining with propidium iodide, and C)  Overlay of D and E shows 
that the secondary antibody binding in (D) is cytoplasmic. 
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Figure 16.  Confocal images of immunostaining controls for tissue autofluoresence 
and secondary antibody binding in cardiac myocytes in control mice. 
 
Autofluorescence: A) No antibody added; some autofluorescence occurs  B) Nuclear 
staining with propidium iodide, and C)  Overlay of panels A and B shows that the 
autofluorescence is cytoplasmic. 

Secondary antibody staining:  D) Secondary antibody only added; staining occurs; E) 
Nuclear staining with propidium iodide, and C)  Overlay of D and E shows that the 
secondary antibody binding in (D), although marked, is cytoplasmic. 
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outside of the immune cell nuclei (Figure 17).  Controls for autofluorescence and non-

specific staining of secondary antibody showed little or virtually no staining (Figure 18). 

 

Western Blot Analysis of JAK-STAT Proteins 

 To identify the JAKS involved and quantify the STATs identified by gel shift 

analysis, Western blot analysis was performed on samples at the time points at which gel  

shift analysis was positive, ie, days 14, 21, and 28.  At least 5 to 8 samples were analyzed 

in each group at each time point.  All values are expressed in relative densitometric units 

(RDU) and are expressed as mean ± SEM. 

  

P-STAT3, STAT3 and the P-STAT3/STAT3 ratio 

 As shown in Figure 19A, analysis of P-STAT3 alone showed it was markedly 

increased in immunized mice compared to controls, but was greatest at day 14 and lowest 

at day 21.  This difference between groups was significant overall (P < 0.0001, 2-way 

ANOVA); post-hoc testing revealed significantly greater P-STAT3 in the immunized 

group only at day 14.  However, the mean values at days 21 and 28 are substantially 

greater than the control values for these days, and the lack of statistical significance at 

day 28 may be due to the greater variability in the myocarditis group (0.55 ± 0.28 vs 0.09 

± 0.04 RDU; immunized vs control mice).  Although there was trend toward a change in 

P-STAT3 over time in both groups, time was not a significant factor (P = 0.07).  

Interaction between treatment and time was not significant P = 0.15).  In contrast, STAT3 

levels did not differ between control and immunized mice at any time point (Figure 19B; 

P = 0.49; 2-way ANOVA).  Likewise, time alone did not affect STAT3 levels in  
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Figure 17.  Confocal images of P-STAT3 nuclear localization in infiltrating 
inflammatory cells in myocardial tissue from immunized mice 
 
A) Immunostaining for P-STAT3 with anti-P-STAT3 (green) shows some staining,  B) 
Staining of cell nuclei using the DNA dye, propidium iodide (red), and C)  Overlay of 
panels A and B showing that potential P-STAT3 does not occur within the nuclei of  the 
inflammatory cells.  The wider diffuse areas of staining is most likely severely damaged 
cardiac myocyte tissue.  
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Figure 18.  Confocal images of immunostaining controls for tissue autofluorescence 
and secondary antibody binding in inflammatory cells in immunized mice. 
 
Autofluorescence: A) No antibody added; some autofluorescence occurs,  B) Nuclear 
staining with propidium iodide, and C)  Overlay of panels A and B shows that the 
autofluorescence appears to be cytoplasmic and clustered around the immune cell nuclei 

Secondary antibody staining:  D) Secondary antibody only added; faint staining can be 
seen, E) Nuclear staining with propidium iodide, and C)  Overlay of D and E shows that 
the secondary antibody binding in (D) is quite faint and is cytoplasmic. 
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Figure 19.  Representative western blot gels and summarized data for P- 
STAT3, STAT3, and P-STAT3/STAT3.

A) P-STAT3 was significantly increased in immunized mice vs control mice at 
days 14, 21, and 28 overall (P < 0.0001; 2-way ANOVA);post hoc testing showed 
a difference at day 14 (P < 0.001).  B) STAT3 did not differ between groups at 
any day ( P = 0.49).  C) The ratio of P-STAT3 to STAT3 was greater in 
immunized mice overall (P < 0.0001); post hoc testing showed a difference at day 
14 (P < 0.01). Controls, n = 5 - 6 mice each day; immunized, n = 5 - 7 mice each,.
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immunized or control mice (P = 0.18).  However, like P-STAT3, the mean value for 

STAT3 in the immunized mice was lowest at day 21.  There was no significant 

interaction (P = 0.36).   

Lastly, analysis of the P-STAT3/STAT3 ratio revealed the same pattern as seen 

for P-STAT3 alone (Figure 19C):  an overall significant difference exists between control 

and immunized groups (2-way ANOVA, P < 0.0001), but post-hoc analysis reveals that 

the ratio is greater in myocarditis only at day 14 (P < 0.01;  immunized vs control mice,  

0.80 ± 0.12 vs 0.08 ± 0.04).  Similar to the analysis of P-STAT3 alone, although the 

differences aren’t statistically significant, the mean values at days 21 and 28 are still 

markedly greater than those in the control groups (day 21 immunized vs control mice, 

0.50 ± 0.13 vs 0.03 ± 0.04; and day 28 immunized vs control mice, 0.59 ± 0.28 vs 0.07 ± 

0.03).  Interaction was not significant (P = 0.41). 

 

P-JAK1, JAK1, and the P-JAK1/JAK1 ratio  

Figure 20 shows the results for P-JAK and JAK1.  In Panel A, analysis of P-JAK1 

alone revealed that P-JAK1 increases over time in the immunized mice compared to 

control mice.  Two-way ANOVA showed that treatment had an effect overall (P = 

0.007), and Bonferroni post hoc analysis further revealed that P-JAK1 was significantly 

greater at days 21 and 28 (P < 0.05 and 0.01, respectively).  Surprisingly, at day 14, the  

mean value for the control group was greater than that for the immunized group (0.45 ± 

0.11 vs 0.12 ± 0.04 RDU, respectively), most likely leading to the significant interaction 

that was found (2-way ANOVA, P = 0.002).     
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Figure 20. Representative western blot gels and summarized data for P-JAK1, 
JAK1, and P-JAK1/JAK1.

A) P-JAK1 increased overall compared to controls at days 21 and 28 (P < 0.007; 
Bonferroni, P < 0.05 and <0.01, days 21 and 28). B) JAK1 increased between days 
14 and 21 but did not significantly differ between groups (P = 0.58) or time points 
(P = 0.20). C) The P-JAK1/JAK ratio differed significantly overall (P < 0.008) and 
at days 21 and 28 (P < 0.05 and P < 0.01). n = 6 each day, controls; n = 6 to 8, each 
day, immunized mice.  Note different Y axis scales.
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Figure 20B shows that JAK1 did not change in control mice, and although there is 

a trend toward an increase in immunized mice starting at day 21, this difference was not 

significant----neither treatment nor time had an effect (2-way ANOVA, P = 0.58 and P = 

0.20, respectively).  Interaction was not significant (P = 0.24).  

The results for analysis of the P-JAK1/JAK1 ratio are shown in Figure 20C.  The 

same pattern occurs as was seen for analysis of P-JAK1 alone----overall, the ratio 

increases in immunized mice relative to controls (P = 0.008), but time is not a factor 

within the groups (P = 0.32).  Post hoc testing revealed that the ratio was significantly 

greater in immunized mice at days 21 (P < 0.05) and 28 (P < 0.01).  As in the analysis of 

P-JAK1 alone, interaction was significant (P = 0.0008). 

 

P-JAK2, JAK2, and the P-JAK2/JAK2 Ratio 

 Results for JAK2 and its phosphorylation status are shown in Figure 21.  Two-

way ANOVA showed that overall, P-JAK2 was significantly greater overall in 

immunized mice compared to controls (P = 0.03, Panel A). Post hoc testing showed no 

further differences between groups at any specific time point.  However, although the 

difference was not significant, at day 21 the JAK2 level was 2-fold that seen in controls: 

0.98 ± 0.14 vs 0.49 ± 0.10 RDU, immunized vs controls. As shown in Figure 21B,  

although there was a trend toward an increase in JAK2 in immunized as compared to 

control mice at each time point, this was not statistically significant (2-way ANOVA, P =   

0.07 overall).  Panel C shows analysis of the P-JAK2/JAK2 ratio.  Unlike the findings for 

P-JAK2 alone, there is no significant difference overall (P = 0.27), but the ratio tends to 

be greater at day 21 in the immunized mice (1.04 ± 0.24 vs 0.55 ± 0.10, immunized  
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Figure 21. Representative western blot gels and summarized data for P-JAK2, 
JAK2, and the P-JAK2/JAK2 ratio.

A) Analysis of P-JAK2 alone shows that compared to controls, P-JAK2 was 
significantly greater in immunized mice overall (2-way ANOVA, P < 0.03); post hoc 
testing revealed no differences at specific time points. B) JAK2 did not differ 
significantly between groups or over time  (P = 0.07 overall).  C) The  
P-JAK2/JAK2 ratio 2-way ANOVA showed no significant differences between 
groups (P = 0.27) or at any time point within groups (P = 0.89). Controls, n = 5 to 6 
each day; Immunized, n = 5 to 7 each day.
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vs control mice).  Interaction was not significant for any of the P-JAK2 and JAK2 

analyses. 

 

Western Blot Analysis of Calcium Cycling Proteins 

 The calcium cycling proteins calseqeustrin and SERCA2A were normalized 

against actin to verify equal loading between lanes; actin has been found to not vary in 

heart failure.  Each figure shows a representative blot for both the protein of interest and 

its respective actin band. Tissue from the same hearts that were used for the JAK-STAT 

western blot analyses were also used in the calcium cycling protein studies. 

 

Calsequestrin 

 Overall, analysis showed a significant difference in calsequestrin, with the protein 

being decreased in immunized mice relative to controls (Figure 22; P = 0.03). The 

decrease was greatest at day 21 (0.34 ± 0.10 vs 0.64 ± 0.04, immunized vs controls, 

respectively), but post hoc testing revealed no difference at this or any other time point. 

There was a slight trend toward an increase in the control group, but this was not 

significant. 

 

SERCA2A 

 As shown in Figure 23, SERCA2A decreased in both immunized and control 

mice over time (P = 0.02); post-hoc testing revealed no further differences, however.  

Treatment had no effect (P = 0.52), in keeping with previous findings by our lab for this 

mouse model.192 
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calsequestrin as normalized to actin.

A) Calsequestrin differed significantly in immunized mice vs controls overall 
(2-way ANOVA, P  = 0.03). Post hoc testing revealed no further differences. 
Within groups, time had no effect (P = 0.50). Controls, n = 5 to 6 each day, 
controls; Immunized, n = 5 to 7, each day.  
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Figure 23. Representative Western blot and summarized data 
for SERCA2A normalized to actin.

SERCA2A did not differ between the control and immunized 
groups (2-way ANOVA, P = 0.53).  Statistical analysis did reveal 
an effect of time, however, with both groups decreasing somewhat 
over time (P = 0.02). Controls, n = 5 to 6. Immunized, n = 5 to 7
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Pressure-Overload Model vs Sham-Operated Mice 

 As described in the Methods, the hearts from pressure-overload mice analyzed in 

this study were created by a previous postdoctoral fellow in our laboratory, and this 

fellow also ran gel shift analyses on them.  A small number of hearts remained from this 

project, and I decided to examine the gel shift results and pursue further western blot 

analyses of JAK-STAT signaling in order to explore potential differences between this 

model and the autoimmune myocarditis model.  With the exception of the heart failure 

group (n = 6), all groups had very low numbers, so although statistical analysis was 

performed in the biochemical analyses, a larger sample size is necessary before any firm 

conclusions can be made.  All data are shown as mean ± SEM. 

Of the 6 hearts available in mice that went to heart failure, the shortest time to 

heart failure was 58 days and the longest was 183 days.  

   

Left Ventricle Weight-to-Body Weight Ratio 

 This analysis contains data for the hearts used in the biochemical analyses that I 

conducted. The number per group for the shams ranged from 2 (7, 21, and 28 days) to 5 

(heart failure).  With the exception of day 21, which contained only 1 heart, numbers for  

the pressure-overload mice ranged from 3 hearts per time point (days 7 and 28) to 6 

(heart failure).  There were 5 pressure-overload hearts per group for days 7, 14, and 28.   

As Figure 24 illustrates, the mean LVW/BW ratio increased weekly, with 2-way 

ANOVA showing that both treatment and time (P <0.0001) had an overall effect and that 

the interaction between the two factors was also significant (P <0.0001).  Post-hoc testing 

showed that the LVW/BW increased significantly in pressure-overload mice compared to  



Figure 24. Left ventricle weight-to-body weight (LVW/BW) in  
pressure-overload mice.

The mean LVW/BW increased starting at day 7 after initiation of 
overload, stabilized through day 21 and then significantly increased up 
to heart failure (overall, P < 0.0001 and P < 0.001 at days 28, 56 and 
heart failure by 2-way ANOVA).  All data = mean ±
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shams at days 28, 56, and at heart failure (P < 0.001, each).  In pressure-overload mice at 

day 7, the mean (± SEM) LVW/BW was 4.32 ±0.37 (range, 3.59 to 4.69) whereas at 

heart failure, the mean LVW/BW was 8.52 ± 0.42 (range, 7.51 to 9.98).   

 

EMSA Analysis for STATs 1 and 3 

 Figure 25 shows EMSA results for sham-operated and pressure-overload mouse 

hearts at each time point studied.  EMSA using a radiolabeled SIE oligonucleotide, which 

can bind both STATs 1 and 3, revealed a single band at all days in sham-operated mice, 

except possibly at heart failure. A single band at the same level was also observed in the 

pressure-overload mice.  However, the band in the pressure-overload mice was markedly 

stronger than that in the controls, indicating much more binding.  The exception to this is 

day 21, in which of the two pressure-overload samples analyzed, one has a band very 

similar to that seen in the sham-operated sample.  A mutant oligonucleotide was used as a 

negative control and showed no binding activity. 

 

STATS 1 and 3 Supershift Analysis 

To ascertain the identity of the bands detected on gel shift analysis, supershifts 

were run on all samples at each time point that showed strong activation on gel shift 

analysis.  Figures 26 and 27 show representative gels for supershift results for each time 

point.   A STAT1 antibody did not shift the very intense upper band at any time point in 

any sample, suggesting that this band is a STAT3 homodimer; a STAT3 antibody did 

shift the band upwards, confirming that this band indicates the presence of nuclear 

STAT3 homodimers in pressure-overload mice. 



Figure 25.  Gel shift analysis of STAT1 and STAT3 activation in sham vs. pressure overload mice.

EMSA analysis showed a single band to be present in all samples, including samples from sham-operated mice.  
However, the bands in the pressure overload samples are more intense, indicating greater activation.  The 
exception to this is day 21, where of the two pressure overload samples analyzed, only one is more intense than the 
sham-operated sample.  TAC = transverse aortic constriction; HF = heart failure
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Figure 26. Representative supershift analysis in pressure-overload mice at days 7, 14, and 21.

Supershift assays showed that the band initially detected by EMSA is a STAT3 homodimer at days 7, 14, and 21.  
Incubation with a STAT1 antibody did not produce an upward shift of the band whereas incubation with a STAT3 
antibody did produce a band shift (arrow).  A sham sample was also run at each time point for comparison. Shams; 
n = 1 to 2 each day; TAC, n = 1 to 2 each day.   SH = Sham-operated; TAC = transverse aortic constriction
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Figure 27. Representative supershift analysis in pressure-overload mice at days 28, 56, and at heart failure.

Supershift
 
assays showed that the band initially detected by EMSA at days 28, 56, and heart failure (HF) is a 

STAT3 homodimer.  Incubation with a STAT1 antibody did not produce an upward shift of the band whereas 
incubation with a STAT3 antibody did produce a band shift.  A sham sample was also run at each time point for 
comparison.  Shams,  n = 2 to 4 each day; TAC, n = 4 at days 28,

 
56, and at heart failure.   SH = Sham-operated; 

TAC = transverse aortic constriction
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Western Blot Analysis of JAK-STAT Proteins 

 To identify the JAKS involved and quantify the STATS identified by gel shift 

analysis and compare the results at the same time points studied in the autoimmune 

myocarditis model, Western blot analysis was performed on samples in the pressure-

overload model at the time points at which gel shift analysis was clearly positive for both 

the pressure-overload and autoimmune myocarditis models, ie, days 14, 28 and in the 

pressure overload model, at heart failure.  Two to four sham-operated samples were 

available and analyzed at each time point, and four pressure-overload samples were 

available and analyzed at each time point.  All values are expressed in relative 

densitometric units (RDU) and are expressed as mean ± SEM. 

  

P-STAT3, STAT3 and the P-STAT3/STAT3 ratio 

 As shown in Figure 28A, P-STAT3 increased at days 14, 28, and heart failure in 

pressure-overload compared to sham-operated mice; overall, treatment had a significant 

effect (P = 0.004, 2-way ANOVA).  The difference was greatest at heart failure, and 

Bonferroni post-hoc testing revealed that P-STAT3 was significantly greater in pressure-

overload as compared to sham-operated mice at heart failure (P < 0.05).  There was no 

significant interaction between time and treatment (P = 0.26).  Figure 28B shows analysis 

of STAT3.  As can be seen, STAT3 was greater  in the pressure-overload hearts as 

compared to sham-operated hearts at all time points and overall, this difference was 

significant by 2-way ANOVA (P = 0.005).  Post-hoc testing revealed that the groups 

differed at heart failure (P < 0.05; 0.17 ± 0.07 vs 0.56 ± 0.07, shams vs pressure-

overload).  Interaction between time and treatment was not significant (P = 0.40). 
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Figure 28. Representative western blots and summarized data for P- 
STAT3, STAT3, and the P-STAT3/STAT3 ratio.

P-STAT3 protein was analyzed on the days at which both pressure-overload and 
autoimmune myocarditis samples had a positive EMSA result. A) P-STAT3 
alone increased significantly overall in sham vs TAC (P = 0.004); B) STAT3 
increased  in TAC vs controls overall (2-way ANOVA, P = 0.005); post hoc 
testing revealed a difference specifically at heart failure (P < 0.05). C) The 
ratio is greater in TAC  compared to controls overall (P = 0.02) and specifically 
at heart failure (P < 0.05). Shams, n = 2 to 4 each day; TAC, n = 4 each day. 
TAC = transverse aortic constriction.  Note differences in Y-axis scales
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 Analysis of the ratio of P-STAT3 to STAT3 revealed a pattern similar to that seen 

for P-STAT3 when analyzed alone:  as Figure 28C illustrates, the ratio was greater in 

pressure-overload mice compared to controls at all time points (P = 0.02, 2-way 

ANOVA), and post-hoc testing revealed a specific difference from sham-operated mice at 

heart failure (P < 0.05; 0.77 ± 0.17 vs 2.3 ± 0.61, shams vs pressure-overload).  In 

addition, the absolute value for the ratio at each time point is approximately two-fold 

greater than that seen when P-STAT3 is analyzed alone. Interaction was not significant  

(P = 0.27). 

  

P-JAK2, JAK2, and the P-JAK2/JAK2 Ratio 

 Results for JAK2 and its phosphorylation status are shown in Figure 29.  Two-

way ANOVA showed that when P-JAK is analyzed alone, time had a significant effect  

(P = 0.02; 2-way ANOVA) but that treatment did not (P = 0.50).  Post-hoc testing, 

however, revealed no further specific differences between the sham-operated and 

pressure-overload groups at any time point.  Interaction was not significant (P = 0.27).  

Figure 29B shows the results for JAK2.   JAK2 levels did not significantly differ over 

time in either the sham-operated or pressure-overload groups (P = 0.76; 2-way ANOVA), 

and the two groups did not differ significantly from each other at any point (P = 0.44;  

2-way ANOVA).  Interaction between treatment and time was not significant (P = 0.29). 

 Results for the P-JAK2/JAK ratio are shown in Figure 29C.  Two-way ANOVA 

revealed that the groups differed over time, with the ratio decreasing from day 14 to heart 

failure in both groups (P = 0.003).  Neither treatment nor interaction had a significant 

effect, however (P = 0.58 and P = 0.59, respectively).  
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Figure 29.  Representative Western blots and summarized data for 
P-JAK2, JAK2, and the P-JAK2/JAK2 ratio in pressure-overload mice.

A) 2-way ANOVA of P-JAK2 alone revealed that time (P = 0.02) but not 
treatment (P = 0.50) had a significant effect; post hoc testing revealed no further 
differences. B) JAK2 did not differ between shams and TAC samples 
(P = 0.76) nor did time have an effect (P = 0.44). C) Analysis of the  
P-JAK2/JAK2 ratio revealed a difference over time, with the ratio decreasing in 
both groups (P = 0.003). Shams, n = 2 to 4 each day; TAC, n = 4 each day. 
TAC = transverse aortic constriction.  Note difference in Y-axis scale for JAK2.
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Western Blot Analysis of Calcium Cycling Proteins 

 The calcium cycling proteins calsequestrin and SERCA2A were normalized 

against actin to verify equal loading between lanes; actin has been found to not vary in 

heart failure.  Each figure shows a representative blot for both the protein and actin.  

Tissue from the same hearts that were used for the JAK-STAT western blot analyses 

were also used in the calcium cycling protein studies. 

 

Calsequestrin 

 Figure 30 shows the results for calsequestrin.  As can be seen, although the 

normalized values for calsequestrin increased in both shams and pressure-overload mice 

over time, this change was not significant (P = 0.20; 2-way ANOVA).  Treatment also 

had no effect (P = 0.61), and there was no significant interaction between time and 

treatment (P = 0.46). 

 

SERCA2A 

 Figure 31 shows the findings for SERCA2A.  Normalized SERCA2A levels did 

not vary over time in either the sham-operated or pressure-overload group (P = 0.72, 2-

way ANOVA).  Nor did they vary between the two groups, so pressure-overload 

treatment had no effect (P = 0.52).  Interaction between time and treatment was not 

significant (P = 0.57). 



Figure 30.  Representative Western blots and summarized data for 
calsequestrin in sham-operated vs. pressure-overload mice.

Calsequestrin protein was analyzed on the days at which both pressure- 
overload and autoimmune myocarditis samples had a positive EMSA  
result. Calsequestrin values were normalized against actin to account for 
any variability in loading. No significant differences were found between 
sham-operated and pressure-overload samples by 2-way ANOVA (P = 
0.61).  Time also did not have an effect (P = 0.20). n = 2 to 4, sham- 
operated mice; n = 4 TAC mice; TAC = transverse aortic constriction. 

Sham

PO

D 14 D 28 HF
0.0

0.5

1.0

1.5

Time Point

C
al

se
qu

es
tri

n 
/ A

ct
in

Calsequestrin
(55 kDa)

Actin
(46 kDa)

115



Figure 31.  Representative Western blots and summarized data for 
SERCA2A  in sham-operated vs pressure-overload mice

Calsequestrin protein was analyzed on the days at which both pressure-overload 
and autoimmune myocarditis samples had a positive EMSA result. Calsequestrin 
values were normalized against actin to account for any variability in loading. No 
significant differences were found between sham-operated and pressure-overload 
samples by 2-way ANOVA (P = 0.72), nor did time have an effect on either 
group (P = 0.52).  Shams, n = 2 to 4 mice each time  point, sham; TAC, n = 4, 
each time point.  TAC = transverse aortic constriction
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CHAPTER IV 

DISCUSSION 

 

 

Autoimmune Myocarditis vs. Control Mice 

Myocardial Inflammation and Fibrosis 

 Myocarditis is defined as an inflammatory cell infiltration of the myocardium, 

regardless of cause, and this infiltration results in myocyte damage and necrosis that is 

followed by replacement fibrosis.  In this project, in mice that developed myocarditis, the 

infiltrate initially appeared at post-immunization day 14, decreased slightly at day 21, and 

then gradually resolved up to the final time point of the study, day 42.  At peak 

inflammation, as much as 50% of the heart showed infiltration.  The finding of peak 

inflammation at day 14 is not consistent with findings for this model reported by our 

laboratory and others, which had reported peak inflammation at day 21.156, 191, 207  

However, at day 14 mice with disease either had quite mild inflammation or severe 

inflammation.  In our previous study in this model, only 22.2% (2/9) of mice at day 14

 had severe disease (score of 3 or 4) indicating severe disease whereas 12/33, or 36.4%, 

of mice with disease at day 14.191   The day 14 inflammation level was quite  similar to 
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day 21 and only at day 28 did a substantial reduction in inflammation begin to occur.  

This suggests that although disease occurred earlier in these mice, the pattern of 

resolution was similar to that previously reported. The pattern of fibrosis also differed 

somewhat from our previous report in which fibrosis was found starting at day 14, but 

generally as inflammation resolved, the fibrosis increased in the areas where 

inflammation had existed as well as possible myocyte damage (replacement fibrosis).  In 

the present investigation, cardiac fibrosis was present at all time points, but it also 

decreased with time, similar to the inflammation.  These differences may be due to one or 

both of two factors.  First, a different lot of cardiac myosin was used in the current 

project and most likely had a different antigenicity compared to the lot used in the 

previous study. Variability in the myosin antigenicity may result in slightly different 

disease patterns.  Secondly, during this project the mouse colony was moved from the 

Cleveland Clinic to be bred and housed at Jackson Laboratories. The difference in 

housing and breeding conditions as well as the fact that the mice had to be shipped to the 

Clinic may have had an effect on disease susceptibility.  

  

Effect of Myocarditis on Ventricle Weight 

When placed under an increased workload, cardiac muscle increases in mass and 

weight, similar to skeletal muscle.  In the autoimmune myocarditis model, the specific 

insult is the myocardial inflammation and subsequent myocyte damage. Under 

pathophysiologic conditions in which load increases, such as when myocardial injury 

occurs or in hypertension, the heart also increases in mass and weight.  However, because 

heart weight also normally increases as body weight increases, analysis of the heart 
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weight-to-body weight ratio is necessary to determine whether the heart weight is 

abnormally increased for the body weight.  As cardiac dysfunction and failure is 

characterized pathologically by changes in ventricular morphology, most often ventricle 

weight is considered the most important morphologic indicator of cardiac pathology.  

Again, consistent with our prior study, the VW/BW ratio increased in mice that 

developed myocarditis at all time points at which disease was histologically evident.  

However, this increase was statistically significant only at days 14, 21, and 28, whereas 

in our previous study, although the VW/BW also started to decline after day 28, the 

difference remained statistically significant compared to controls at days 35 and 42.  In 

addition, the ratio was markedly greater in the current study as compared to our previous 

report at day 14 (8.34 ± 0.31vs 5.27 ± 0.06), day 21 (8.32 ± 0.24 vs 5.25 ± 0.3) and day 

28 (8.25 ± 0.26 vs 5.86 ± 0.6).  Other reports of the VW/BW ratio in this model have 

analyzed it only at discrete time points, eg, peak inflammation at day 21 or late at day 

56,1, 2, 156, 207 but the findings are similar to those in our previous report.  Interestingly, in 

the current project, a number of mice with severe pathology also had obvious pericardial 

disease, and Afanasyeva and colleagues have reported higher day 21 VW/BW ratios 

(10.0 ± 3.0) in IFN-γ knockout mice with autoimmune mycoarditis that also developed a 

severe restrictive pericarditis.2  Their morphological description and photographs of the 

pericarditic hearts were very similar to what I observed in mice for this project. 

 

Effect of Myocarditis on Plasma Interleukin-6 Level 

Members of the IL-6 cytokine family are elevated in human heart failure as well 

as in various animal models of cardiac disease.  IL-6 itself is a key regulator of the acute 
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phase response and T-cell proliferation.  In this study, plasma IL-6 was significantly 

elevated on post-immunization day 14.  The level then decreased to near control levels on 

day 21, and markedly increased again on day 28, although not to the level seen on day 14 

and it was not significantly different from controls at day 28.  Subsequently, IL-6 

returned to levels seen in control mice. Overall, the pattern of IL-6 increase followed the 

same pattern of immune cell infiltration of the heart, suggesting an association with 

inflammation rather than myocyte production of IL-6 or myocyte damage.  In 

autoimmune models of myocarditis, investigations have focused mainly on the role of 

cytokines in the induction of autoimmune disease and thus have investigated cytokines 

associated with T cell responses and development, particularly IL-12 and IFN-γ.4, 207  

Similarly, investigations in models of viral myocarditis have concentrated on the role of 

cytokines in the viral induction of disease and thus have examined the cytokine activity 

during the innate immune response to infection.  Accordingly, in both types of model, the 

importance of pro-inflammatory cytokines such as TNF-α, IFN-γ, IL1-β, IL-2, IL-4, and 

IL-12 have been examined during the acute stages of disease.2, 4, 181, 185, 188  In one viral 

study, investigation extended to the chronic stages, and PCR analysis showed that 

significant expression of IL1-β mRNA in viral myocarditis persists into the chronic stage 

(80 days post-inoculation); TNF-α, IFN-γ, and IL-2 mRNA were also present but in low 

quantity.185   

IL-6 has both pro- and anti-inflammatory activities.  Little has been published 

concerning its role in acute or chronic autoimmune myocarditis specifically. Although 

Schmidtke et al assessed myocardial IL-6 in viral murine myocarditis, they focused 

solely on its role in disease induction, finding that it increased by post-inoculation day 3 
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and subsided by day 7.  The present project does suggest that IL-6 may be important in 

autoimmune myocarditis.  Histologically, inflammation first appeared at day 14, the day 

at which the plasma IL-6 concentration significantly and vastly increased compared to 

other time points and to controls.  Using IL-6 knockout mice, Eriksson et al. determined 

that in the IL-6-/- mice by day 21 autoimmune myocarditis did not occur and further, that 

anti-myosin antibodies, complement C3, and CD4+  T cells were present at only very low 

levels at this point in disease as compared to IL-6+/+ mice.53  In a model of peritoneal 

infection in IL-6-/- mice, recruitment and infiltration of CD3+ T cells (ie, both CD4 and 

CD8 cells) to the peritoneal cavity was significantly impaired.  In addition, T-cell 

migration in this model appears to be effected through gp130-STAT3 signaling.141  

Consequently, the elevated plasma IL-6 seen in the current project may be related to T-

cell migration and myocardial infiltration.   

This pattern makes sense in light of evidence that the infiltrate is composed 

primarily of CD4+ T cells156, 187 and that autoimmune myocarditis is a TH2 disease3, 45:  

CD4+ cells that differentiate into TH2 cells secrete IL-6, and their targets are proliferating 

B cells, plasma cells, myeloid stem cells, and hepatocytes, the last of which results in 

production of acute phase proteins.  Possibly in this model, IL-6 production by CD4+ 

cells is activating B cells that then produce the autoantibodies seen in later stages of 

DCM and autoimmune myocarditis and may be in part responsible for ongoing 

myocardial damage and deteriorating function.  Cardiac myocytes may also contribute to 

this in an autocrine and paracrine manner as they have been shown to be capable of 

producing IL-6.150, 216   
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Effect of Myocarditis on Myocardial ANF mRNA Expression 

The presence of ventricular ANF mRNA is a long-established biomarker of 

cardiac hypertrophy and failure.  Northern blot analysis at days 14, 21, and 28 showed 

that as expected, given the pathology and increased VW/BW, ventricular ANF mRNA 

was highly expressed in immunized mice in this project.  These findings differ somewhat 

from those our laboratory reported previously for this model in that we had not found 

ANF mRNA expression at day 14.  Exactly why this difference exists is uncertain, but in 

the current project more mice had disease at day 14 and disease was more severe than in 

our previous project, so this difference in disease presence and severity may account for 

the ANF expression detected here at day 14.  In CVB3-induced myocarditis in BALB/c 

mice, Huber reported ventricular ANF mRNA as early as day 7 that was associated with 

CD8+ cell myocardial infiltration (CD8 is the predominant T-cell type infiltrating in this 

mouse strain during CVB3 infection) because monoclonal anti-CD8 injected 1 to 2 days 

after infection prevented ANF expression.  However, in two other mouse strains tested in 

the same study, no ANF expression occurred by day 7.89 

 

Effect of Myocarditis on Nuclear Localization of STAT3 and STAT1 

 Two types of assays were run to show the presence of STAT protein in cardiac 

myocyte nuclei.  First, gel shift and supershift assays were run to ascertain the nuclear 

translocation and DNA binding of STAT proteins and therefore provide evidence of the 

presence of functional STAT protein.  Because whole-heart homogenate was used for 

preparation of the nuclear extracts and thus a positive gel shift signal could also reflect 

STAT activation in the inflammatory infiltrate, I also performed colocalization studies 
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using immunostaining with confocal microscopy on frozen myocardial sections.  These 

studies will be discussed here briefly, and then in more detail in the next section which 

discusses the findings for western blot analysis of both the JAK and STAT proteins.   

 

Gelshift and Supershift Analysis 

Gel shift and supershift analysis showed that the dominant STAT activated in this 

model of autoimmune myocarditis is a STAT3/3 homodimer that is present on post-

immunization days 14, 21, and 28----the same days at which severe inflammation occurs 

and at which IL-6 is elevated to varying degrees.  Control mice also showed a faint 

STAT3/3 band, but this was not seen in all control mice and possibly reflects a very low 

response to the immunologic adjuvants used in the immunization procedure (Freund’s 

Complete Adjuvant, pertussis toxin, and killed Mycobacterium).  Because this faint band 

did not appear in the mutant SIE binding experiments, it is unlikely to be merely non-

specific binding.  In addition, supershift experiments with anti-STAT3 antibody on 

several control samples shifted this faint band in the same way seen for the strong bands 

in myocarditis samples (data not shown). 

A second much fainter band that ran below the SIE-protein band seen on EMSA 

is possibly a STAT1 homodimer.  Supershift analysis showed that this band disappeared 

when the sample was incubated with a STAT1 antibody.  This disappearance has two 

explanations.  First, it is possible that the band is a STAT1/1 homodimer and that when it 

supershifted, it moved into the STAT3/3 band directly above it.  However, in a second 

scenario, if the anti-STAT1 antibody used for the supershift was raised against the DNA 

binding domain of STAT1, it is possible that the antibody used for the supershift 
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competed with the labeled SIE oligonucleotide for binding to the STAT1 protein and 

prevented it from binding the DNA.  If this is the case, the radiolabelled SIE would be 

unable to bind the STAT1 protein and would migrate to the bottom of the gel during 

electrophoresis.  This is particularly a problem in STAT1 dimer analyses because the 

STAT1 dimer has a low affinity for its DNA binding domain, with binding equilibrium 

being achieved in less than 30 seconds; however, this on-off time is maximized (3 

minutes) when larger STAT1 complexes form (STAT1 binding sites often neighbor each 

other and STAT1 tetramers bind both sites in tandem) and when a high-affinity binding 

site is used, such as the c-fos M67 element that was used in this project.203, 204  The 

STAT1 antibody was obtained from Santa Cruz Biotechnology; the product literature 

indicated that the antibody was raised against the C-terminal domain of STAT1.  The 

DNA binding domain occurs between amino acids 400 and 500 whereas the C-terminal 

domain begins at about amino acid 600.86  Given that 1) the Santa Cruz STAT1 antibody 

is raised against the C-terminal domain, 2) a high-affinity DNA binding site was used in 

this project, and 3) the STAT1/1 positive control shifted when incubated with the 

antibody, it is likely that when the faint lower band disappeared in a supershift assay, that 

it moved upward into the STAT3/3 homodimer and so was no longer visible and 

therefore is a STAT1/1 dimer. 

Although most studies of STAT activation in the heart have employed the less 

sensitive western blot technique (discussed in the following section on JAK and STAT 

identification and quantification), several early investigations in various rodent models 

used EMSA to determine that STATs 1 and 3 are activated in cardiac dysfunction and 

failure. No group has yet reported gel shift analyses of STAT activation in human heart 
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failure.  Likewise, there are no published gel shift analyses in myocarditis, either in 

patients or animal models.  Fujio et al reported in rat neonatal cardiac mycoytes that the 

IL-6 family cytokine, LIF, activated gp130 to result in nuclear translocation of STAT1, 

which bound to the LIF cis element of the bcl-x promoter and induced bcl-x mRNA 

expression.63  Others have reported STAT1/3 complexes with LIF stimulation.105  

Hypertrophy is associated with nuclear localization of STATs 1 and 3.  LIF induces 

hypertrophy in rat neonatal cardiac myocytes and induces formation of STAT1/3 

complexes.105  Mechanical stretch of rat neonatal cardiac myocytes to mimic increased 

workload also induces translocation of STATs 1 and 3,168 and this activation may occur 

through the angiotensin II receptor.145   

G-coupled protein receptors such as the angiotensin II receptor can signal via 

JAK2, and a number of investigations have reported that myocardial angiotensin II 

stimulation is associated with nuclear translocation of STATs 1 and 3 as well as STATs 5 

and possibly STAT6; STAT 5 will be discussed in the next section.  A regulatory element 

in the rat angiotensinogen promoter shares similarity with the GAS domain.137  STAT1 

and STAT 3 homodimers and heterodimers have been reported after angiotensin II 

treatment in rat neonatal myocytes, with STAT1/3 predominating137, 145  as well as in 

myocardium in the spontaneously hypertensive rat, a well-established model of 

hypertension and hypertrophy dependent on changes in the renin-angiotensin system.137  

Binding of STAT3/3 homodimers to the angiotensin II promoter has been identified in 

myocytes treated with CT-1; angiotensinogen mRNA also increased, suggesting that a 

positive feedback loop may exist for hypertrophy.64  Finally, in a rat model of myocardial 

infarction, STAT3/3 binding activity is observed in both infarcted and non-infarcted 
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tissue for at least 7 days post-infarction, and angiotensin receptor blockade or JAK2 

inhibition (AG490) can inhibit STAT3 binding activity.52, 162  However, in the current 

project, JAK2 phosphorylation, although present, did not differ from that seen in controls 

(see below), so it is likely that STAT3 binding activity is not due primarily to signaling 

via the angiotensin II receptor. 

In summary, a STAT3 homodimer is the predominant STAT activated in this 

model of autoimmune myocarditis.  The pattern of activation is distinct, with DNA 

binding occurring at post-immunization days 14, 21, and 28.  STAT1 may be activated, 

but control mice sometimes showed similar activation of STAT1.  That STAT3 

predominates is consistent with what has been reported in the literature on functional 

STAT binding in other animal models and in cultured myocyte models.  Activation of 

STAT3 DNA binding roughly parallels plasma IL-6 levels in the autoimmune 

myocarditis model, suggesting that IL-6 signals through gp130 to activate STAT3 

homodimers. However, as will be discussed, JAK1 is not phosphorylated at day 14, and 

JAK1 activation is an absolute requirement for IL-6 signaling via gp130.  The renin-

angiotensin system is a critical player in cardiac remodeling and is well known to 

promote cardiac hypertrophy. Activation of STAT3 can occur through an angiotensin 

receptor-JAK2 activation.  Although it is possible that STAT3 activation also is occurring 

through the angiotensin receptor via JAK2 activation to promote hypertrophy, this is not 

likely because JAK2 phosphorylation did not differ from that seen in control animals. 

 

Immunofluorescent Confirmation of P-STAT Localization in Cardiac Myocytes  

Immunofluorescent staining of myocardial tissue sections with anti-P-STAT3 plus 
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staining of cell nuclei revealed that STAT3 was expressed in cardiac myocytes in 

myocarditis but not in control tissue.  Staining was not present in all cells on a section, 

but in cells that did stain, the staining is strong and clear. If no cells had stained, then one 

would have to conclude that STAT3 was activated in some cell type other than cardiac 

myocytes. Moreover, performing the same staining on tissue sections containing 

infiltrating immune cells revealed little to no nuclear P-STAT3.  Although the analysis is 

qualitative, the fact that so little staining was present in immune cells relative to the 

number of cells present suggests that STAT3 activation in the immune cells is negligible.  

Podewski et al. found that the number of STAT3-postive cells (not P-STAT3) was 

decreased in patients with DCM when stained using the ABC immunohistochemistry 

method and that P-STAT3 was reduced on western blot analysis.170 

 

Effect of Myocarditis on Nuclear Localization of STAT5 

 Control mice showed no STAT5 DNA binding on gel shift analysis.  The effect of 

myocarditis is less clear.  Starting at post-immunization day 14 and continuing through 

day 28, a faint band was present, somewhat similar in intensity to that seen for the 

potential STAT1 homodimer in control mice discussed above.  However, this differs little 

from the non-specific band remaining when a cold-competition assay is performed 

(Figure 13).  

A few investigations in rodent models, either of myocardial infarction or 

angiotensin II stimulation of isolated myocytes have examined STAT5 binding.  Overall, 

these studies have shown that angiotensin II administration can stimulate STAT5 DNA 

binding to the PIE element and to the angiotensinogen promoter, which contains a GAS 
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sequence; in the heart, the STAT is STAT5A, not STAT5B.52, 74, 144  On the other hand, in 

a seminal investigation of the relation between JAK2 and STAT5 activation in the 

spontaneously hypertensive rat, STAT5 was phosphorylated, but not did not bind the 

angiotensinogen promoter.137  Phosphorylated STAT5 has been reported in one heart 

failure patient study.  Interestingly, P-STAT5 was identified in tissue from patients with 

ischemic heart failure, but not in patients in with failure due to DCM.158  Whether STAT5 

DNA binding activity is present in the current project is uncertain; if it is, the activation is 

minimal and occurs in the same time pattern as STAT3 binding activity.  The 

investigations of STAT5 indicate that DNA binding is activated via the angiotensin 

receptor and JAK2 signaling.52, 144  In this project, JAK2 phosphorylation did not differ 

from that seen in controls.  This finding supports the likelihood that STAT5 binding 

activity is absent as well as reinforces the conclusion that JAK-STAT activation does not 

occur through the angiotensin II receptor during the time period examined in the 

autoimmune myocarditis model. 

 

Effect of Myocarditis on P-STAT3, STAT3, and the P-STAT3/STAT3 Ratio 

 Overall, P-STAT3 and the P-STAT3/STAT3 ratio were increased compared to 

control animals on days 14 through 28; this followed exactly the same pattern that was 

seen on EMSA, indicating that the phosphorylated DNA detected on western blot 

analysis was capable of binding DNA.  The pattern was biphasic, following that seen for 

plasma IL-6: greatest on day 14, decreasing on day 21 although not to control levels, and 

then rising again on day 28.  STAT3 did not significantly change although there was a 

decrease at day 21.  Some but not all of the same samples analyzed in the IL-6 study were 
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also used in these western blot analyses.  This similarity suggests IL-6 + IL-6Rα binding 

to gp130 may be phosphorylating STAT3 and initiating STAT3 nuclear translocation. 

 No studies have examined changes in the phosphorylation status of STAT3 in this 

particular model, but gp130 and CT-1 mRNA and protein have been found to be 

significantly higher in Chagasic cardiomyopathy 2 weeks after infection in rats,40 and 

CT-1 mRNA peaks at 2 days after coxsackie virus infection in 10-day old mice.161  Over 

a 2-week period in a pressure-overload model, SOCS3 has been found to be activated in a 

biphasic pattern and in tandem with P-STAT3 phsophorylation.207  Investigations 

examining JAK-STAT signaling in other animal models of cardiac dysfunction and 

failure as well as studies of IL-6 family cytokine signaling suggest that STAT3 

phosphorylation is occurring through gp130 in the pathologic heart.  Only studies in 

patients and animal models other than pressure overload will be discussed here; pressure-

overload investigations will be discussed in the subsequent section on the findings in the 

secondary project on the pressure-overload mouse.  

First, it is well-established that in the heart, gp130 and STAT3 are phosphorylated 

in response to ischemia-reperfusion injury, mechanical stretch,168 and treatment with IL-

6, LIF, 111, 112, 212 or CT-1.64, 212  In addition, gp130 knockout is embryonic lethal-----

cardiac ventricle development is severely hypoplastic, but the myocytes have normal 

maturational features. IL-6 + IL-6 receptor increase DNA synthesis in myocytes cultured 

from these embryos.221  This in combination with findings that continuous activation of 

gp130 in transgenic mice causes myocardial hypertrophy85 and that CT-1 induces 

eccentric hypertrophy,212 indicates that the heart responds to IL-6 ligands via gp130 and 

that this signaling activates the JAK-STAT pathway in the heart. Results from patient 
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studies of gp130 signaling are unclear.  Several have found that CT-1 mRNA and 

protein224 and LIF 51, 224 increase in failing hearts although IL-6 and LIF receptor are 

decreased170 or unchanged.51  Phosphorylation of gp130 in these studies is contradictory: 

despite increases in myocardial LIF and CT-1, and increased gp130 phosphorylation,170 

gp130 mRNA and protein are reported as unchanged51 or downregulated224 compared to 

donor tissue.  STAT3 phosphorylation as determined by western blot analysis has been 

reported both as unchanged170, 218 and increased in DCM.158 

Perhaps most importantly, STAT3 phosphorylation appears to be cardio-

protective, at least during the early stages of chronic myocardial injury.  Cardiac-

restricted knockout of STAT3 results in significant myocardial inflammation, fibrosis, 

and failure as the mice age.94  Probably most conclusive that STAT3 is protective is the 

finding that if mice with cardiac STAT3 knockout are subjected to aortic banding and 

pressure overload, very rapid and severe DCM develops with death occurring by day 7 of 

overload.  The hypertrophic phase is skipped, strongly suggesting that in the initial 

phases of myocardial insult, STAT3 signaling is critical to promoting an initial 

compensatory hypertrophy.83, 201 

Overall, in the autoimmune myocarditis model, it appears that STAT3 

phosphorylation is occurring in response to IL-6 signaling via gp130.  The EMSA results 

support this idea, and neither plasma IL-6 nor P-STAT3 increases until the VW/BW 

increase, suggesting that the signaling may be involved in hypertrophy.  This does not 

negate the possibility that IL-6 is directing T-cell migration in the myocardium as 

discussed earlier; rather, IL-6 may have dual roles in this particular model.  In addition, 

CT-1 and LIF were not measured in this project.  They very well may be upregulated and 



 

 131

contributing to JAK-STAT signaling.  On the other hand, as will be discussed in the next 

section, JAK1 was not phosphorylated, and phosphorylation of JAK 1is critical in IL-6 

signaling through gp130. 

 

Effect of Myocarditis on P-JAK1, JAK1, and the P-JAK1/JAK1 Ratio 

 P-JAK1 protein and the P-JAK1/JAK1 ratio were increased compared to control 

animals on days 21 and 28.  On day 14, the controls exhibited greater P-JAK1 protein, 

and this probably accounts for the significant interaction that was found.  Why the control 

group had higher levels on day 14 is uncertain---the variability was not unusually high 

(0.45 ± 0.11, P-JAK1 alone, mean ± SEM;  0.71 ± 0.18 P-JAK1/JAK1), although the 

standard error was about 2.0 to 2.5 times greater than that for the day 21 and day 28 

control groups.  However, this variability can be accounted for by a single day 14 control 

mouse that had a P-JAK1 value of 0.006, which does not explain the higher control 

values at day 14.  JAK1 values for the control mice were also markedly greater at day 14, 

which may explain in part the higher values for P-JAK1 alone.  JAK1 protein did not 

differ in either group, although there was a trend toward an increase between days 14 and 

21 in the myocarditis group.  Thus, starting at some point after day 14, JAK1 

phosphorylation appears to become continuous through day 28 in this model. 

 Several groups have reported increases in JAK1 phosphorylation in the heart in 

short time-course studies performed in cultured neonatal rat myocytes.  Kunisada et al. 

found that when neonatal myocytes were stimulated with LIF, all components of the 

gp130 signaling path were rapidly phosphorylated, except Tyk2 which was not 

measured.111  Intravenous injection of LIF into adult mice produced the same response 
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although IL-6 did not.  In addition, MAPK (ERK 1/2) was activated within the same time 

frame.  A more recent study also implicates ERK1/2 in LIF-induced JAK-STAT 

activation in cardiac myocytes.24  Others have reported similar findings in LIF 

stimulation of cardiac mycoytes and have found Tyk2 to be activated only at a very low 

level comparatively and that despite the lack of Tyk2 activation, STATs 1 and 3 were 

phosphorylated and formed heterodimers.105  This same study reported that LIF 

stimulation induced myocyte hypertrophy, indicating that hypertrophy can occur via 

gp130 and JAK-STAT activation.  To the best of my knowledge, only one patient study 

has examined changes in JAK protein expression in cardiac disease:  in patients 

undergoing heart transplantation for DCM, there was no change in JAK1 phosphorylation 

and a decrease occurred in JAK2 phosphorylation despite an increase in gp130 

activation.170 

 Signaling by the IL-6 family of cytokines through the gp130 receptor requires 

phosphorylation of JAK1 for subsequent gp130 phosphorylation and STAT recruitment, 

activation, and subsequent translocation to the nucleus.75  Although JAK1, JAK2, and 

Tyk2 are all phosphorylated in response to receptor binding of IL-6 cytokines, there is an 

absolute requirement for JAK1 phosphorylation. Depending on the cell type, 

phosphorylation of JAK2 or Tyk2 may or may not occur or may occur to varying 

degrees.189  In addition, in myocytes from JAK1 knockout mice, STAT3 DNA binding 

decreases by more than 95% in comparison to JAK1-competent mice. Thus, JAK1 must 

make a major contribution to this signaling response in cardiac myocytes. Further, in 

neonatal mycoytes from these same knockout mice, stimulation with IL-6, LIF, or CT-1 
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did not induce the hypertrophic response that is characteristic of stimulation with these 

cytokines.176  

The findings in the current project suggest that JAK1 is the primary JAK 

activated in this model (as will be examined in the next section, JAK2 activation does not 

differ from control levels).  Whether its activation is related to IL-6 signaling cannot be 

known for sure because P-JAK1 is lowest on day 14, which is the day with the highest 

plasma IL-6 level.  Several possible explanations exist for this discrepancy.  First, JAK1 

may not be activated at day 14 and signaling is not related to IL-6 per se; possibly the 

STAT3 activation seen at day 14 is due to binding by LIF or CT-1, which were not 

measured.  Another possibility is activation via crosstalk with another pathway such as 

MAPK.  gp130 knockout is embryonic lethal.221  Rodig et al. reported that mice with 

JAK1 deficiency survive to birth and do not exhibit cardiac defects.  As they discuss, this 

suggests that JAK1 is not necessary for some cardiac developmental events and suggest 

that activation of alternative signaling pathways may preserve some cardiac responses.176 

It is possible that at day 14, IL-6 is activating another signaling pathway that leads to 

STAT3 binding activity at this time point. Finally, the IL-6 values at day 14 were 

extraordinarily high compared to days 21 and 28.  It may be that at day 14, JAK1 was 

being inhibited via SOCS3 binding to gp130 to downregulate JAK1 signaling and that at 

day 21, SOCS3 activity had ceased.  This idea is supported by the finding described 

above, that mice at day 14 and day 28 with high IL-6 values also had highly abnormal 

gross pathology compared to the other mice in the groups.  Assessing IL-6, SOCS3, 

JAK1, and STAT3 phosphorylation and nuclear translocation at time points between days 
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7 and 14 would provide some insight as to whether SOCS3 cycles on and off as disease 

develops.  

 

Effect of Myocarditis on P-JAK2, JAK2, and the P-JAK2/JAK2 Ratio 

P-JAK2 alone increased overall (P = 0.03), with a peak increase at day 21, but this 

was not significant compared to day 21 control hearts.  Neither JAK2 nor the P-

JAK2/JAK2 ratio differed significantly although the values for the ratio was greatest 

compared to controls at day 21.  JAK2 phosphorylation has been routinely reported in 

various animal and neonatal myocyte models and in one patient study, so the samples 

were run several times to ensure there were no technical problems with the western blot 

protocol.  Because the P-JAK2/JAK2 ratio was not different, this suggests regulation of 

JAK activity is occurring also in a manner that involves other signaling pathways. 

 The most obvious explanation for the low JAK2 activation in this model is that it 

is not a model of cardiac dysfunction that develops on the basis of pressure overload or 

mechanical stretch.  Thus, although JAK2 activation through the angiotensin II receptor 

is certainly possible as angiotensin is important in all forms of cardiac disease, it may 

play a lesser role in activating the STATs in this model.  In addition, although JAK2 and 

JAK1 are both activated in response to IL-6, they are not equivalent in gp130 signaling.  

In embryonic fibroblasts from JAK2 knockout mice, it has been found that JAK2 is not 

necessary for a cellular response to IL-6:  JAK1 and Tyk2 phosphorylation do not differ 

between the knockout and wild-type mice and can still induce the immediate-early gene, 

IRF-1.169  Although this response may differ in cardiac myocytes, it is possible that 

phosphorylation of JAK2 is not essential in the autoimmune myocarditis model for IL-6 
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cytokine signaling.  In a similar vein, overexpression of JAK1 can inhibit JAK2 and Tyk2 

phosphorylation, perhaps because the JAKs may compete for the same region on gp130.75  

In this project, a distinct but not significant increase in JAK1 protein was seen at days 21 

and 28, thus indicating more JAK1 was available for phosphorylation. Therefore, it is 

possible that the strong JAK1 activation seen at days 21 and 28 is inhibiting JAK2 

activation in the autoimmune myocarditis model. JAK2 protein also increased at days 21 

and 28, but the change was slight, so the additional JAK2 available for phosphorylation 

may not have been great enough to offset the change in JAK1.  

 

Effect of Myocarditis on Calcium Cycling Proteins 

Calsequestrin 

 As reviewed in the Introduction, it is well established that calsequestrin mRNA 

and protein are not altered in cardiac hypertrophy and failure----changes have not been 

seen in patient studies or in a variety of whole-animal and cellular models.  In this 

project, calsequestrin decreased significantly overall on days 14 through 28, although 

there was no specific time point at which the two groups differed.  We have previously 

reported this same decrease in this model at days 18 and 35.191   Our laboratory has 

routinely performed western blotting for calsequestrin analysis in human heart tissue and 

our findings have been similar to those reported for other human studies,10, 49 so it is also 

unlikely that something is unusual in our experimental protocol. 

 A PubMed search (myocarditis and calesquestrin) did not reveal any publications, 

other than our own, that had analyzed calsequestrin levels in patients or in animal models 

of myocarditis.  One report in a rabbit model of doxorubicin-induced heart failure did 
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find reduced levels of calsequestrin mRNA and the other sarcoendoplasmic reticulum 

proteins.12  This study suggested that calsequestrin itself may regulate Ca2+ release from 

the SR, and a 2007 report confirmed this idea, finding that 25% lower calsequestrin 

protein expression increases SR Ca2+ leak and ventricular arrythmias upon stimulation 

with isoproterenol.42  It is possible that calsequestrin is regulated differently from the 

other major calcium cycling proteins in the heart and that this in some way could account 

for my finding of decreased protein.  Interestingly, a recent report examined the effect of 

chronic (10 days) CT-1 stimulation on contractile function in engineered heart tissue and 

also measured calsequestrin expression and STAT3 phosphorylation.223  Not only was 

contractile function negatively affected but calsequestrin mRNA expression decreased by 

32%.  Additionally STAT3 phosphorylation was biphasic: it increased at 5 minutes after 

CT-1 application, decreased at 90 minutes but then increased again to remain 

significantly elevated over a 6-day study period.  This experimental system involved 

reconstituting neonatal rat myocytes in medium with extracellular matrix components and 

allowing the mix to gel so that a multicellular system developed in which contractile 

function might be better assessed.  Possibly, IL-6 or CT-1 has a similar effect in the 

autoimmune myocarditis model.  

 

SERCA2A 

 Also unusual was the absence of any change in SERCA protein in this model.  In 

human heart failure and many animal models, SERCA2A mRNA and protein are 

consistently decreased and as discussed in the Introduction, are thought to be regulated in 

tandem with the Na+/Ca+ exchanger, which increases in heart failure.  Again, we have 
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previously reported the same finding in this model and have routinely performed western 

blotting analysis in human tissue for SERCA 2a and have reported that same 

downregulation as other groups.10, 49 

 Why no change occurs in this model is uncertain.  Other than our own, no study 

has reported the effects of myocarditis on calcium cycling protein expression and only a 

few have investigated the effects of cytokines. IL-6 and LIF have been reported to inhibit 

SERCA2A promoter activity by 36% and 23%, respectively, in a model of cardiac 

myocytes transfected with the SERCA2A promoter and a chloramphenicol 

acetyltransferase reporter gene.  Western blot analysis also showed a 60% decrease in 

SERCA2A protein in myocytes treated with IL-6 or LIF.202   In addition, one study has 

shown that the LIF and IL-6 independently can inhibit the SERCA2A transcriptional 

activity that is induced by thyroid hormone, which has well-characterized cardiac 

effects.67  Thus, as for calsequestrin, it is possible that the immune-mediated nature of the 

autoimmune myocarditis model may influence SERCA2A expression. 

 It should be noted that the autoimmune myocarditis model differs from many of 

the models used for these studies in that most studies have examined the effects of 

cytokines in cultured neonatal myocytes and the few whole-animal studies have used the 

pressure-overload model.  The fact that this is a model of autoimmune disease is 

advantageous in that it allows one to study the development of cardiac dysfunction in 

myocarditis without the concomitant effects of infection.  Thus, it may give insight to the 

changes that are thought to occur post-infection in the subset of patients believed to 

develop dilated cardiomyopathy secondary to infective myocarditis.  On the other hand, 

the cytokine activity may be greater in this model and may differ from that seen in 
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hypertensive and overload models.  Indeed, as reviewed in the Introduction, patients with 

idiopathic DCM and prior myocarditis have circulating autoantibodies, and these are not 

seen in patients with heart failure due to other causes. 

 

Pressure-Overload vs. Control Mice 

Effect of Pressure Overload on Left Ventricular Weight 

 As expected, the LVW/BW ratio increased compared to controls at each time 

point investigated, with significant differences starting at day 28 and continuing to heart 

failure.  An adaptive response, cardiac hypertrophy is a hallmark of cardiac disease and 

allows the heart to compensate for an increased workload.  The pressure-overload model 

is a model of pure overload and is intended to mimic conditions of human systemic 

hypertension or aortic stenosis, depending on where the ligature is placed to constrict the 

aorta. The 32% increase seen in this project at day 7 is similar to that in mice reported by 

the group using the same transverse aortic constriction procedure used in this project; at 4 

weeks and 8 weeks, the ratio exceeded that reported by others: 5.89 ± 0.40 vs 4.8 ± 0.27 

(4 weeks) and 6.31 ± 0.52 vs 5.7 ± 0.4 (7 weeks).47, 48  Thus, as indicated by the 

LVW/BW ratio, pressure overload resulted in significant myocardial hypertrophy. 

 

Effect of Pressure Overload on Nuclear Localization of STAT3 and STAT1 

 EMSA analysis revealed that at every time point, nuclear translocation of P-

STAT3 had occurred compared to sham-operated mice.  An exception to this seems to be 

day 21 because 1) the sham-operated sample shows a faint band, and 2) of the two 

pressure-overload samples analyzed, only one is more intense than the sham sample.  
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Unfortunately only these three day-21 samples (1 control and 2 pressure overload) were 

available for gel shift analyses.  Supershift analysis revealed that the band identified on 

EMSA was a STAT3/3 homodimer at each time point.  There was no evidence of a 

STAT1 homodimer.  In comparison, in the autoimmune myocarditis model, DNA 

binding of STAT3 was first seen at day 14 and ceased after day 28.  Additionally, there 

was most likely very low activation of STAT1 that followed the same time course.  Some 

controls exhibited the same band, though, so the importance of STAT1 in the model is 

minimal. 

 Only a few studies have been done in animal models of pressure overload to 

examine STAT DNA binding, and they have been acute.  Findings indicate that nuclear 

translocation of STATs 1 and 3 occurs although there is at least one report of STAT2 

translocation.166  Ligation of the abdominal aorta in rats results in nuclear translocation of 

STATs 1 and 2 within 5 minutes of banding while STAT1 and 3 migration did not occur 

for 30 minutes; phosphorylation of these proteins, however, occurred within 5 minutes.166  

A longer study of myocardial infarction in rats revealed that 1) STAT3 DNA binding 

occurs in both infracted and non-infracted tissue 2) it increases over a 7-day study period 

following ligation, and 3) the translocation can be inhibited by pretreatment with an 

angiotensin blocker or ACE inhibitor.162 

This is the first investigation of STAT DNA binding from the initiation of 

pressure overload to heart failure.  This pattern is in contrast to the autoimmune 

myocarditis model in which STAT3 homodimers appear at day 14 and persist through 

only day 28 of disease.  This project suggests that STAT3 activation occurs early in 

overload and continues through to heart failure.  Conventional thought is that STAT3 
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activation is protective due to an involvement in the hypertrophic response that has been 

revealed in acute studies with hypertrophic agents.  In contrast, this study suggests that 

activation continues to failure, which may indicate a deleterious role as well. Why 

STAT1 binding was not present is uncertain, but no studies of pressure overload that 

reported STAT1 activation extended beyond 2 hours of testing.  Thus, STAT1 may be 

seen only in the immediate post-banding period, and because this period was not assessed 

here, any STAT1 binding activity would have been missed. 

 

Effect of Pressure Overload on P-STAT3, STAT3, and the P-STAT3/STAT3 Ratio 

 To compare the pressure-overload and autoimmune myocarditis models, the 

phosphorylation status of STAT3 was examined at the same time points in pressure 

overload at which STAT3 was phosphorylated in the autoimmune myocarditis model 

plus the heart failure time point.  In pressure overload overall, P-STAT3, STAT3, and the 

ratio were significantly greater than in shams, with post-hoc testing showing a significant 

difference at heart failure specifically.  These findings corresponded to the DNA binding 

seen in the gel shift studies.  In comparison, STAT3 phosphorylation in autoimmune 

myocarditis also increased significantly overall, but the greatest difference was at day 14.  

In both models, however, even when post-hoc testing revealed no significant difference 

between groups at specific time points, P-STAT3 phosphorylation was markedly greater 

than in the control animals.  Interestingly, STAT3 protein increased in the pressure 

overload model but not in myocarditis, but the mean value is still about half (0.50 vs 0.81 

RDU) that seen in myocarditis.  Most studies of myocardial STAT3 report no change in 

total STAT3, including the few in rodents with pressure-overload.  Particularly because 
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STAT activation and deactivation appears to be very tightly controlled, such a change 

might point to a regulatory mechanism unrelated to the stimulus that is initiating STAT 

phosphorylation and nuclear translocation.  On the other hand, the pressure-overload 

group had only 4 mice at each time point, so the small numbers could also be a factor.  

These findings of increased STAT3 phosphorylation are consistent with what has 

been reported in lengthier studies of JAK-STAT signaling in small animal models of 

pressure overload.  However, the time course of activation may differ.  Over a 14-day 

period, Yasukawa and colleagues found that STAT3 phosphorylation was biphasic, with 

a peak at 3 hours and again at 2 days; although a decrease then occurred, the level still 

did not decline to that of controls.  Additionally, activation of SOCS3 (which interferes 

with JAK phosphorylation) and increases in ANF and brain natriuretic peptide closely 

paralleled the changes in STAT3.218  Another group, in a 14-day study of the role of 

JAK2 in pressure overload, found that at 14 days, STAT3 phosphorylation was 

significantly greater in pressure overload mice as compared to controls and that 

phosphorylation decreased to the level in controls when mice were treated daily with a 

JAK2 inhibitor.18  In contrast to our findings, a 4-week study of JAK-STAT and MAPK 

signaling in rabbits found that STAT3 was phosphorylated at 3 hours and then 1 day after 

transverse aortic constriction, a pattern similar to that seen in the 2-week study by 

Yasukawa and colleagues.148   

Although not cases of pressure overload, the three patient studies reporting on 

phosphorylation of STATs 1 and 3 are important to consider because 1) they are human 

studies, and 2) they were done in patients with heart failure.  The findings are conflicting:  

two studies in patients with DCM or ischemic disease reported no change in the ratio for 
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P-STAT1170 or P-STAT3.170, 224  The third report found that phosphorylation of all 

STATs occurred in patients with DCM but that in patients with ischemic heart disease, 

only phosphorylation of STATs 1 and 6 occured.158  Clearly the first 2 studies do not 

agree with my findings for STAT3 phosphorylation in pressure overload.  Only 

phosphorylation status was examined and not DNA binding in all these studies, so 

whether these results reflect what is happening at a molecular level is unclear.   

Although STAT3 phosphorylation status was not studied acutely in this project, 

the initial studies of JAK-STAT signaling in pressure overload were acute and also 

showed an increase in phosphorylation.  Initially reported by Pan et al,166 STATs 1, 2, 

and 3 are phosphorylated in response to pressure overload, with STAT1 and 2 

phosphorylation peaking within 5 to 15 minutes while STAT3 phosphorylation was 

delayed.  The phosphorylation time courses coincided with the appearance of STAT-

DNA complexes for both STAT1/2 and STAT1/3.  Mechanical stretch of cultured cardiac 

myocytes also induces STAT1 and 3 phosphorylation145, 168  

In summary, the phosphorylation status of STAT3 seen in both pressure overload 

and autoimmune myocarditis corresponds to the DNA binding seen on gel shift analysis 

in both models.  Although a significant difference does not exist between groups at every 

time point, P-STAT3 is substantially greater than in control animals in both models.  In 

pressure overload, STAT3 total protein significantly increases, whereas in autoimmune 

myocarditis it does not.  This increase suggests that perhaps another regulatory 

mechanism is acting to affect total STAT3 level and concomitantly, the level of STAT3 

phosphorylation.  The small numbers at each of the pressure-overload time points could 

also be a factor.  
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Effect of Pressure Overload on P-JAK2, JAK2, and the P-JAK2/JAK2 Ratio 

The data showed that P-JAK2 alone and the P-JAK2/JAK2 ratio declined over 

time in both sham-operated mice and controls.  Thus, pressure overload had no effect on 

phosphorylation.  Total JAK2 levels did not change over time or between groups 

although there was a trend toward an increase at heart failure.  In contrast, in the 

autoimmune myocarditis model, there were no differences between controls and 

immunized mice in regard to P-JAK2 phosphorylation or total JAK protein at any time 

point.  In the pressure-overload project, JAK2 phosphorylation had been expected to 

increase in the pressure-overload mice because previous work has shown that JAK2 is 

physically associated with the angiotensin receptor and that STAT signaling can be 

initiated through angiotensin II binding.7, 136, 145 It is difficult to explain the decline in 

phosphorylation over time in both the shams and pressure-overload mice because JAK 

activity is regulated by phosphorylation, not total protein.  Several studies examining 

growth hormone signaling have reported that JAK2 phosphorylation decreases with age 

in C57BL/6 mice, which is the same strain used in this project for the pressure-overload 

model.  However, the “young” mice used in these age studies were 10 months old and the 

old mice were 31 months of age.214, 215  In contrast, the oldest mouse used in my project 

was a pressure-overload mouse that was only 8 months of age at sacrifice.  A more likely 

possibility is that the decrease is actually a spurious finding:  the sham groups had as few 

as 2 mice so it is quite possible that the limited number of samples is a factor here. 
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Effect of Pressure Overload on the Calcium Cycling Proteins 

Calsequestrin 

 Calsequestrin protein levels did not change in pressure-overload as compared to 

sham-operated mice.  In contrast, calsequestrin significantly decreased overall in the 

autoimmune myocarditis model.  The findings for the pressure overload model are 

consistent with almost all previous reports for calsequestrin protein and mRNA in animal 

models, including studies in pressure overload ranging from 1 to 4 weeks,12, 78, 200 and in 

patient studies.11, 49, 146  Overexpression of calsequestrin produces severe hypertrophy 

along with decreases in calcium-induced calcium release from the sarcoendoplasmic 

reticulum related to downregulation in the ryanodine receptor and associated calcium-

release proteins, possibly indicating that calsequestrin is involved in regulation of 

release.96  Calsequestrin is present in a variety of phosphorylated and glycolated forms in 

the heart and it has been proposed that changes in the distribution of these forms rather 

than the total amount of protein alone may affect calsequestrin function.100 

 

SERCA2A 

 SERCA protein expression did not change in the pressure overload mouse; nor 

did it change in the autoimmune myocarditis model.  As discussed in the section on the 

SERCA findings in autoimmune myocarditis, this is unusual.  Moreover, a number of 

reports in pressure-overload models have reported marked decreases in SERCA2A 

protein and mRNA.183, 200  However, this change may be related to the degree of 

hypertrophy that develops in these models:  Arai and colleagues found that SERCA2A 

mRNA decreased only in severely hypertrophied hearts and increased in mildly 
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hypertrophied hearts at the end of 8 days of aortic constriction.12  A more recent study 

has also reported similar findings during the first 7 days of pressure overload in rats.39   

 

Conclusions and Future Directions 

 The findings for the two models suggest that JAK-STAT signaling, and 

specifically STAT3 activation, is involved in cardiac pathophysiology that results from 

two quite different causes, one which depends on immune system activation and one 

which depends on pressure overloading.  The potential functional role of STAT3 

activation is unclear, because no direct testing of potential mechanisms was done. 

However, indirectly the findings do imply several possible functions for gp130 signaling 

and STAT3 activation.  

In both models, STAT3 activation may have an initial role that protects in 

response to the myocardial insult.  As mentioned previously, acute studies in neonatal 

cardiac myocytes or pressure overload suggest that the IL-6 cytokines and subsequent 

STAT3 activation are involved in mediating cardiac myocyte hypertrophy. The 

hypertrophy is an adaptive response to increased myocardial load, allowing the heart to 

compensate for the increase, and thus it has been generally accepted that STAT3 has a 

protective role by inducing hypertrophy after various types of myocardial injury and that 

cessation of STAT3 activation results in heart failure.87, 217   

Evidence for this includes the activation of various cell-survival pathways and 

STAT3-induced transcription of cell survival factors. As reviewed briefly in the 

Introduction, gp130 phosphorylation by IL-6 ligands can result not only in JAK-STAT 

activation but also activation of the PI3K and MAPK pathways, both of which are major 
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regulators of cell survival and involved in cardiac hypertrophy.  It is well established that 

MAPK activation can oocur via G protein-coupled receptors.  This pathway can also be 

activated via gp130 phosphorylation.  In response to LIF, MAPK activation (ERK1/2) via 

gp130 may be independent of both the JAK-STAT and PI3K pathways.107  On the other 

hand, endothelin-1 has been shown to inhibit LIF-induced STAT3 via ERK1/2.24  In 

regard to PI3K signaling, LIF binding of gp130 can rescue serum-deprived myocytes 

from apoptosis via  STAT1 induction of bcl-XL, which contains a GAS promoter 

element.63  Others have shown that doxorubicin, which is cardiotoxic, promotes apoptosis 

that can be inhibited via PI3K and Akt/PKB signaling. LIF pretreatment of myocytes 

exposed to doxorubicin significantly reduced apoptosis by restoring PI3K and Akt 

activity and eliminating caspase-3 activation. Moreover, pretreatment with LIF and a 

caspase inhibitor increased bcl-XL protein to basal levels.154  Of note, JAK1 can associate 

with PI3-kinase in cardiac myocytes stimulated with LIF.159  Thus, rather than IL-6, LIF 

and CT-1 (which uses the LIF receptor in conjunction with gp130) may be responsible 

for the increase in JAK1 phosphorylation seen at days 21 and 28 in the autoimmune 

myocarditis model.  The IL-6 elevation, which was greatest on the first day inflammation 

was observed, may be related primarily to the T-cell trafficking that occurs in this 

model.141 

Whether suppression of STAT3 activity actually leads to failure is unknown.  The 

results for the pressure overload mouse studies here suggest that it does, as DNA binding 

activity and STAT3 phosphorylation occurred through failure.  If this represents an 

ongoing cell survival and hypertrophic signal or a deleterious signal cannot be known for 

sure. No other studies have been conducted that examined DNA binding at failure, and of 
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few studies of patients in heart failure and the single chronic (12 weeks) study in rabbits, 

STAT3 phosphorylation was unchanged or increased.148, 158, 170  In the autoimmune 

myocarditis model, STAT3 activation may represent a purely hypertrophic signal that 

ceased once this phase was over, as discussed above. It most likely also is a response to 

IL-6 signaling related to the inflammatory cell infiltration.  STAT3 activation may also 

cycle on and off.  One study has shown SOCS3 to parallel STAT phosphorylation and 

dephosphorylation in pressure overload, and it is possible that this pattern continues into 

failure as the heart tries to regulate growth and apoptotic signals. 

The increase in ANF mRNA found in the myocarditis model may be related to 

STAT3 activation.  In cardiac myocytes, ANF and c-fos transcription are upregulated in 

response to LIF, and this appears to be independent of MAPK (ERK1/2) activation by 

LIF.112  Because ANF expression was not measured in the pressure overload model, the 

possible role of STAT3 is uncertain.  However, it has been shown that angiotensin II 

delays phosphorylation of STAT3 as compared to stimulation with LIF or IL-6.  This is 

due to an angiotensin-induced transcription of IL-6, LIF, and CT-1; these are then 

secreted and in an autocrine and paracrine fashion promote gp130 signaling and STAT3 

activation.178 179  Given that cardiac myocytes and fibroblasts are a source of IL-6 

cyotkines due to angiotensin stimulation, it is possible that in the autoimmune 

myocarditis model that some of the elevation in plasma IL-6 is due to secretion by the 

myocardium.  However, JAK2 activation was low and did not differ from that in controls, 

so contribution to IL-6 from angiotensin II activation would be minimal.  The same 

events almost certainly would also occur in the pressure-overload model.  
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Future Directions 

 A key feature that would distinguish differences in signaling pathways activating 

STAT3 binding in the two etiologies of heart failure examined here would be JAK1 

phosphorylation and the cytokines present in the pressure overload model.  Thus 

determining JAK1 phosphorylation status and the cytokines activated are the first steps.  

If it were activated at a lower level, in a different temporal pattern, or not at all, this 

would suggest that activation of STAT3 via IL-6 cytokines plays a small role compared 

to that seen in the autoimmune myocarditis model.  Elucidating the relationship between 

STAT3 and SOCS3 expression from disease induction to failure would also provide 

insight to the regulation of STAT3 during disease progression.   

 In the autoimmune myocarditis model, because ANF expression was upregulated 

at all three time points at which JAK-STAT activation was seen, determining the time 

course throughout the study period may provide some insight to the relationship between  

STAT3, SOCS3, hypertrophy, and ANF expression.  Similarly, because of the unusual 

decrease in calsequestrin protein expression in this model, measurement at all time points 

and correlating it with cytokine and STAT3 activation may provide insight to 

calsequestrin regulation.  Also, measuring STAT3 phosphorylation at time points without 

positive results for STAT3 DNA binding may give insight to the realtionhip ebwteen 

STAT3, JAK1 and IL-6 elaboration.  Analyzing myocardial and plasma levels of other 

IL-6 cytokines in autoimmune myocarditis may provide insight to STAT3 activation----if 

STAT3 signaling parallels CT-1 levels, for example, then CT-1 might play a larger role 

in STAT3 activation than does IL-6, which decreases after day 14. Lastly,conducting a 

longer study (eg, 12 weeks or more) that includes measurement of cardiac function would 
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permit determination of when and if this model goes to into failure and the changes in 

cytokine levels and STAT activation that may accompany failure.   
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