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Abstract

 

Brief ischemic periods lead to myocardial dysfunction with-
out myocardial infarction. It has been shown that expres-
sion of inducible HSP70 in hearts of transgenic mice leads
to decreased infarct size, but it remains unclear if HSP70
can also protect against myocardial dysfunction after brief
ischemia. To investigate this question, we developed a
mouse model in which regional myocardial function can be
measured before and after a temporary ischemic event in
vivo. In addition, myocardial function was determined after
brief episodes of global ischemia in an isolated Langendorff
heart. HSP70-positive mice and transgene negative litter-
mates underwent 8 min of regional myocardial ischemia
created by occlusion of the left descending coronary artery,
followed by 60 min of reperfusion. This procedure did not
result in a myocardial infarction. Regional epicardial strain
was used as a sensitive indicator for changes in myocardial
function after cardiac ischemia. Maximum principal strain
was significantly greater in HSP70-positive mice with
88

 

6

 

6% of preischemic values vs. 58

 

6

 

6% in transgene-nega-
tive mice (

 

P

 

 

 

, 

 

0.05). Similarly, in isolated Langendorff per-
fused hearts of HSP70-positive and transgene-negative lit-
termates exposed to 10 min of global ischemia and 90 min
of reperfusion, HSP70 transgenic hearts showed a better-
preserved ventricular peak systolic pressure. Thus, we
conclude that expression of HSP70 protects against post-
ischemic myocardial dysfunction as shown by better pre-
served myocardial function. (
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Introduction

 

Brief periods of ischemia can cause reduced cardiac contractil-
ity without myocyte necrosis (1–3). Postischemic myocardial
dysfunction diminishes the benefits of reperfusion in treatment
of myocardial infarcts, and complicates cardiac surgery and

cardiac transplantation (4). Finding ways to protect the heart
from postischemic myocardial dysfunction would therefore be
highly desirable. Previous studies using a myocardial stunning
model in pigs suggested a correlation between elevated heat
shock protein 70 (HSP70)

 

1

 

 levels induced by prior ischemic ep-
isodes and improved myocardial function after subsequent
ischemia (5). Heat shock proteins can be induced by brief epi-
sodes of several stresses including ischemia (6–8), heat shock
(9, 10), or exercise (11). However, these measures lead to
changes in expression of a wide spectrum of proteins related to
cellular defense mechanisms, such as oxygen-free radical scav-
enging enzymes (12, 13) and increases in several members of
the heat shock protein family (14). Thus, in the setting of heat
shock or other stresses, the protective effect of one specific
heat shock protein such as HSP70 is difficult to discern. In
transgenic mice constitutively expressing the inducible rat
HSP70 in cardiac myocytes, experiments can be performed to
elucidate the protective effect of HSP70 independently of
prior stress situations. These HSP70-expressing transgenic
mice have been successfully used to demonstrate a decrease in
infarct size after 20 min of global and 30 min of regional (15,
16) ischemia. The subcellular mechanisms leading to de-
creased cardiac contractility after brief ischemic episodes are
different from those underlying myocardial infarction. One
important factor leading to postischemic myocardial dysfunc-
tion is the formation of free oxygen radicals (17–19) that may
induce malformation of specific cardiac proteins (20). As
HSP70 is known to protect proteins from malfolding, we
wanted to determine if transgenic mice that constitutively ex-
press inducible HSP70 in their cardiac myocytes are better
protected from regional myocardial dysfunction induced by
brief episodes of ischemia. Therefore, we established a new
technique for in vivo measurement of regional myocardial
function in mice based on measurement of a two-dimensional
(2-D) epicardial strain (21, 22). With this model, we were able
to observe that the postischemic decrement in regional myo-
cardial function is significantly less in HSP70-positive mice
than in controls. The protective effect of HSP70 was confirmed
in an isolated perfused Langendorff preparation in which myo-
cardial function was assessed by ventricular peak systolic pres-
sure. Our results in an in vivo model of regional ischemia and
in an isolated perfused heart preparation undergoing global
ischemia show that expression of inducible HSP70 can amelio-
rate myocardial dysfunction induced by a short period of
ischemia. 
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tine phosphokinase; E
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, minimal prin-
cipal strain; HSP, heat shock protein; TTC, 2,3,5-triphenyl-tetrazo-
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Methods

 

All experiments in this study were performed in accordance with the
guidelines established by the Committee on Animal Research at the
University of California, San Diego. As previously described, trans-
genic mice were generated by use of a chimeric transgene consisting
of the rat inducible HSP70 cDNA (23) inserted in the pCAGGsS vec-
tor. The transgene is under the control of the human cytomegalovirus
enhancer and chicken 

 

b

 

-actin promoter (15), leading to well-docu-
mented overexpression of HSP70 mRNA and protein levels in the
myocardium (15, 16).

 

Protein analysis.

 

2-D gel electrophoresis was carried out on an
Immobiline drystrip (pH 4.0–7.0) and an Excel SDS gel (gradient
8–18%; Pharmacia LKB Biotechnology, Piscataway, NJ). Approxi-
mately 100 mg of each protein sample was isoelectrically focused on
an Immobiline drystrip (pH 4.0–7.0), followed by protein size separa-
tion on the Excel SDS gel according to the manufacturer’s in-
structions. Subsequently, the 2-D gels were electrotransferred onto
nitrocellulose using a semidry electrotransfer apparatus (Bio-Rad
Laboratories, Hercules, CA). The nitrocellulose blots were reacted
with a polyclonal antibody that binds specifically to both the mamma-
lian inducible and constitutive HSP70 isoforms (7). Western blots
were then reacted with an anti–rabbit IgG biotinstreptavidin, horse-
radish peroxidase–conjugated system (Vectastain, ABC kit; Vector
Laboratories, Inc., Burlingame, CA), and developed with diami-
nobenzidine tetrahydrochloride (DAB kit; Vector Laboratories, Inc.).

 

Surgical preparation for in vivo study.

 

Mice were anesthetized with
Ketamine (100 mg/kg) and Xylazine (8 mg/kg). They were trache-
ostomized and ventilated with a Harvard rodent ventilator with room
air at a rate of 100/min and a tidal volume of 

 

z 

 

0.5 ml, which was ad-
justed individually according to thorax expansion. The heart was ex-
posed with a left thoracotomy. For better exposure of the heart sur-
face, the fourth and fifth ribs were removed, and the pericardium was
opened. An 8-0 nylon suture (Ethicon, Somerville, NJ) was placed
around the proximal left anterior descending coronary artery (LAD)
by entering the left ventricular wall just inferior to the left atrial ap-
pendage and exiting from the right ventricular outflow tract. The su-
ture and a small piece of polyethylene tubing were kept in place as a
reversible snare occluder. Nontoxic white titanium oxide powder
(Sigma Chemical Co., St. Louis, MO) was used to create surface
markers (diameter 0.02–0.04 mm) on the exposed left ventricular epi-
cardium (Fig. 1; 21). To protect the heart surface from drying, it was
covered with wet tissue between measurements. The left carotid ar-
tery was isolated, and a

 

 

 

heat-stretched fluid-filled polyethylene tub-
ing (PE240) connected to a Bio-Tec pressure transducer (BT70; Bio
Tec, San Diego, CA) was inserted (24). This cannula was also used to
heparinize the mice (7.5 U heparin/30 g mouse). Four limb leads were
placed subcutaneously to obtain the ECG. Body temperature was
monitored with a rectal probe and kept between 36.5–37.0

 

8

 

C using a
heating pad under the animal.

 

Data acquisition. 

 

The motion of the surface markers over several
heart cycles was recorded on standard VHS video tape with a black
and white video camera (High Performance CCD camera; Cohu
Electronics Inc., San Diego, CA) and a 60-mm macro lens. The zoom
level was such that the heart occupied the entire video field. ECG, ar-
terial pressure, and a 60-Hz synchronizing signal were acquired with
an analog-to-digital conversion at 2,000 Hz on an IBM-compatible
486 computer using Windaq software (Data Instruments, Akron,
OH). These signals were synchronized to the video tape, which con-
tained a dubbed time code for frame counting. The video recordings
were captured on a Macintosh-based image analysis system (Premier;
Adobe Systems Inc., Mountain View, CA). By separating one video
frame in two video fields, a temporal resolution of 60 frames/s could
be achieved. Each field consisted of 640 

 

3 

 

240 pixels. The titanium
oxide markers appeared on the video as bright white dots ranging
from 5 to 15 pixels in diameter. Three dots in the ischemic area were
chosen. The centroid of each marker was determined in each video
field with image analysis software (Image 1.57; National Institutes of

Health), and lengths of the three sides of the triangle were com-
puted. The two-dimensional reference coordinate system was de-
fined at the center of the triangle in the epicardial tangent plane with
the longitudinal axis parallel to the apex–aortic valve line. Lagrangian
strains were calculated from the deformation of the triangle, assum-
ing a homogenous deformation within the area of the triangle (21).
The strain in the triangle was determined with respect to the end-
diastolic reference configuration, and followed over several

 

 

 

cardiac
cycles without ventilation. By solving the 2-D eigen-value problem,
maximum principal strain (E

 

1

 

) and its associated direction (principal
angle relative to circumferential) were determined. End-diastole was
taken as the first video field after the QRS complex and peak systole
was defined as the field with the greatest principal strain occurring in
each heart cycle. The peak systolic strain tensor and principal values
were found for several consecutive cardiac cycles and averaged.

 

Experimental protocol.

 

In the sham group, four HSP70-positive
and three transgene-negative mice underwent the surgical procedures
described above, except that the snare occluder was left open. Re-
gional myocardial function and physiologic parameters were ob-
tained over 60 min.

HSP70-positive mice (

 

n

 

 

 

5 

 

11) and their transgene-negative litter-
mates (

 

n

 

 

 

5 

 

11) underwent 8 min of coronary artery occlusion and 60
min of reperfusion. The transgene status of the mouse was not known
by the investigator during surgery and data acquisition. Time from in-
troduction of anesthesia to the first data recording was 

 

z 

 

45 min.
Functional measurements were obtained in both groups before isch-
emia and after 2, 15, 30, 45, and 60 min of reperfusion. Five mice were
reperfused for an additional 30 min for a total of 90 min. At the end
of the protocol (after 60 or 90 min of reperfusion) the coronary artery
was reoccluded, and the area of risk was demarcated by injecting 0.2
ml 0.05% Monastral Blue dye (Sigma Chemical Co.) into the apex of
the left ventricle (16). The heart was excised, cut transverse to the
long axis in five slices, and incubated in 2,3,5-triphenyl-tetrazolium-
chloride (TTC; Sigma Chemical Co.) for 12 min to verify the absence
of infarcted tissue. For histological examination of the myocardial tis-
sue, an additional set of four transgene-negative mice were exposed
to the same protocol with 8-min ischemia and 60-min reperfusion in
an open-chest preparation. After closure of the chest, the animals
were extubated and regained consciousness. 5 d after surgery the

Figure 1. Original video frame of the open-chest mouse heart during 
data acquisition. The heart was exposed by a left thoracotomy, and 
the fourth and fifth ribs were removed. The bright white dots on the 
epicardium are titanium oxide markers, and the triangle of dots used 
for the strain measurements is shown.
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mice were killed, and the hearts were fixed in 10% formalin and par-
affin-imbedded. Hearts were cut in 10-

 

m

 

m transverse sections and
stained with hematoxylin and eosin or picrosirius red. 15 mice were
not included in the analysis for the following reasons: one mouse was
excluded because of a malfunction of the video recorder; eight mice
were excluded due to problems with the surgical preparation; one
transgene-negative mouse developed ventricular arrhythmia during
reperfusion; two HSP70-positive and two transgene-negative mice
died during reperfusion after a substantial decrease of blood pres-
sure; one sham-operated transgene negative mouse also died after a
drop in blood pressure during the protocol.

 

Langendorff method. 

 

Influence of brief ischemia on isolated
hearts from HSP70 mice and their transgene-negative littermates was
investigated in a Langendorff retrograde perfusion setup. Hearts
were rapidly removed from anesthetized mice and immersed in iced
hyperkalemic buffer solution (KCl concentration of 9.4 mM), which
immediately stopped contractile activity. After trimming extraneous
tissue from the base of the heart and exposing aorta, a stainless steel
catheter was inserted into the aortic stump, and retrograde perfusion
was initiated. The time from removal of the heart to perfusion was
1–2 min. The heart immediately started to contract. The perfusion
system used was similar to those previously published (25, 26). The
perfusate, a modified Krebs-Henseleit buffer (in mM: NaCl, 118; KCl,
4.7; CaCl

 

2

 

, 2.25; MgSO

 

4

 

, 1.2; KH

 

2

 

PO

 

4

 

, 1.2; NaHCO

 

3

 

, 25.0; Na

 

2

 

EDTA,
0.5; and glucose, 5.5) was kept at 37

 

8

 

C and bubbled with 95% O

 

2

 

/5%
CO

 

2

 

. Perfusion pressure was maintained at 100 mmHg. After remov-
ing the left atrium, a small plastic balloon (Atane Film; Dow Corning,
Midland, MI) was inserted into the left ventricular cavity. The bal-
loon was coupled to a microsyringe and a pressure transducer (Millar
Instruments, Houston, TX). The balloon was filled with water and in-
flated until the diastolic pressure reached 10 mmHg. Platinum wires
were placed on the surface of the right atrium using a micromanipula-
tor to pace the heart at 400 beats/min. Hearts were perfused for 15
min before data collection. Digitized recordings were made of the
ventricular pressure and the stimulation pulse on an IBM-compatible
486 computer. Peak systolic pressure and end-diastolic pressure were
taken from the recordings. At the end of the protocol, heart tissue
was stained with TTC to verify viable tissue. An additional series of
experiments were conducted to determine if 10 min of ischemia
causes infarction or myocyte necrosis. Three groups of animals were
examined: a negative control group not exposed to ischemia, a 10-min
ischemia group, and a positive control group with a 30-min ischemic
episode. Four animals were studied in each group. Hearts were iso-
lated and perfused as described above. Effluent from hearts was col-
lected for 1 min immediately before the ischemia, and at 3, 30, and 60
min during the following reperfusion. The effluent was analyzed for
creatine phosphokinase (CK) content using an optical densimetric as-
say (Procedure No. 45-UV; Sigma Chemical Co.).

 

Statistical analysis. 

 

Data are presented as mean

 

6

 

SEM. The sta-
tistical significance of the change in strain or peak systolic pressure
over time, and the effect of the transgene status on this change were
tested by ANOVA for repeated measures (SuperANOVA; Abacus
Concepts Inc., Berkeley, CA). When ANOVA for repeated measures
indicated statistical significance, a closed-test procedure was applied
for post-hoc analysis (27). A value of

 

 P 

 

, 

 

0.05 was accepted as statis-
tically significant. Differences in CK release between groups were
tested with ANOVA for repeated measures and the Tukey-Kramer
post hoc test. 

 

Results

 

Baseline characteristics of transgene-positive and -negative
mice.

 

HSP70-positive mice were of unremarkable appearance
and behavior. Body wt of HSP70-positive mice was 28.4

 

6

 

2.7 g,
and heart weight was 116

 

6

 

7 mg. These values did not differ
from those of transgene-negative littermates with a body wt
and heart wt of 25.8

 

6

 

1.8 g and 112

 

6

 

7 mg, respectively. The

representative blots in Fig. 2 show the expression of constitu-
tive HSP70 in a transgene-negative littermate (

 

A

 

) and an
HSP70-positive mouse (

 

B

 

). A heart of a heat-shocked rat (23)
served as a positive control for expression of inducible HSP70
(

 

C

 

). Rat inducible HSP70 was detected in a transgene-positive
mouse at approximately the same isoelectric point compared
with the heat-shocked rat, and could not be detected in a nega-
tive littermate. The experiment was performed in duplicate.

 

Hemodynamic measurements.

 

Mean systolic and diastolic
arterial pressure in the sham-operated group and in HSP70-
positive and -negative mice before ischemia was 105/77, 97/76,
and 96/75 mmHg, respectively, and did not differ among the
groups (Table I). Over time, systolic and diastolic pressure de-
creased in the sham-operated group, the ischemic HSP70-posi-
tive group, and the ischemic transgene-negative littermates.
No statistical differences were found among groups. Blood
pressure at the end of the protocol averaged 78/52 mmHg in
the sham group,

 

 

 

65/49 mmHg in the reperfused HSP70-posi-
tive group, and 67/47 mmHg in the transgene-negative mice.
Heart rate showed no statistical differences among the groups,
nor did it change over time for the duration of the protocol
(Table I).

 

Regional function in sham-operated mice. 

 

Systolic maximum
principal strain was used to quantify regional function. This

Figure 2. Two-dimensional PAGE Western blot analysis of protein 
extracts from heart tissue. Protein extracts from hearts of a trans-
gene-negative mouse (A), an HSP70-positive mouse (B) and from a 
heat-stressed rat (C) were separated by two-dimensional electro-
phoresis. The presence or absence of the different isoforms of HSP70 
were detected by Western blot analysis. Arrowheads indicate the po-
sition of the constitutive isoforms of HSP70. The arrow indicates the 
position of the inducible isoform of HSP70.
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negative strain corresponds to the maximum epicardial seg-
ment shortening at peak systole. Fig. 3 shows the individual
maximum principal strains for sham-operated mice. Basal
mean maximum principal strain (E

 

1

 

) was 

 

2

 

0.113

 

6

 

0.014 with
an angle of 

 

2

 

31

 

6

 

6

 

8

 

. E

 

1

 

 and the angle of E

 

1

 

 did not change
throughout the experiment (Table I).

 

Regional function after ischemia and reperfusion. 

 

The pri-
mary goal of our study was to determine if HSP70 could pro-
tect against myocardial dysfunction induced by a brief episode
of ischemia not resulting in myocardial infarction. Therefore,
we searched for an ischemic period long enough to induce a
loss of regional myocardial function, but short enough to avoid
myocardial infarction. In preliminary experiments using nor-
mal mice, we determined that 15 min of ischemia resulted in
myocardial infarcts as indicated by TTC staining. 8 min of isch-
emia resulted in a progressive decrease of myocardial function
during a 60-min reperfusion period, whereas after 5 min of isch-
emia there was no decline in myocardial function during the
following 60 min of reperfusion (28). Therefore, we chose an
ischemic time period of 8 min in the in vivo open-chest model.
Previous studies in isolated mouse hearts showed a functional
decrease after a similar ischemic time period (29). Infarction of
the myocardium was excluded by TTC staining (30, 16). To as-
sess the possibility of false negative results with this method,
we stained myocardial tissue from two mice undergoing 45 min
of ischemia and 25 min of reperfusion. As expected, this tissue
stained positive, indicating myocardial infarction in these mice.
To further confirm the absence of micro infarctions after 8 min
of ischemia, we histologically assessed four additional hearts 5 d
after the ischemic event. No signs of infarctions were found.

Regional myocardial function in both groups of mice as
measured by the maximum principal strain (E

 

1

 

) after 8 min of
LAD occlusion

 

 

 

is shown in Fig. 4 

 

A

 

. Maximum principal strain
is plotted as percentage of the basal value. In transgene-nega-
tive littermates, a pronounced decrease in function during re-
perfusion was observed (

 

P

 

 

 

, 

 

0.01, ANOVA), whereas in the
HSP70-positive animals the decrease of myocardial function
during reperfusion was not statistically significant. After 60
min of reperfusion, HSP70-positive mice had preserved re-
gional function when compared with their transgene negative
littermates with 88

 

6

 

6 vs. 58

 

6

 

6% of the basal values (

 

P

 

 

 

,

 

0.05). Absolute values of E

 

1

 

 are

 

 

 

shown in Table I.

Mean angles of E

 

1

 

 were not significantly different at

 

2

 

47

 

6

 

9

 

8

 

C and 

 

2

 

59

 

6

 

7

 

8

 

C

 

 

 

for the HSP70-positive mice and neg-
ative littermates, respectively. Fig. 4

 

 B

 

 shows the mean
changes of the principal angle of E

 

1

 

 in the two groups during
reperfusion. The direction of E

 

1

 

 was stable in both groups
throughout the experiment. Basal values of minimum principal
strain (E

 

2

 

) before ischemia and at 60 min of reperfusion are

 

 

 

Table I. Hemodynamic Results and Principal Strains in HSP70-positive and Transgene-negative Mice

 

Sham group HSP 70-positive mice Negative littermates

Basal 60 Min Basal 60 Min Basal 60 Min

 

Hemodynamic data
Systolic BP (mmHg) 105

 

6

 

9 78

 

6

 

8 97

 

6

 

6 65

 

6

 

4 96

 

6

 

5 67

 

6

 

5
Diastolic BP (mmHg) 77

 

6

 

8 52

 

6

 

5 76

 

6

 

6 49

 

6

 

4 75

 

6

 

4 47

 

6

 

4
Heart rate (beats/min) 262

 

6

 

22 258

 

6

 

16 257

 

6

 

13 239

 

6

 

16 257

 

6

 

11 280

 

6

 

11
Principal strains

Maximum principal strain (E

 

1

 

)

 

2

 

0.113

 

6

 

0.014

 

2

 

0.120

 

6

 

0.013

 

2

 

0.110

 

6

 

0.009

 

2

 

0.092

 

6

 

0.005

 

2

 

0.138

 

6

 

0.019

 

2

 

0.071

 

60.006
Angle of E1 23166° 22568° 24769° 230610° 25967° 244611°
Minimum principal strain (E2) 20.02060.016 20.01860.010 20.03360.007 20.03560.007 20.03060.006 20.02260.007

Results of hemodynamic measurements (arterial pressure, heart rate) and of regional function (maximum principal strain E1, minimum principal
strain E2, angle of E1) in the in vivo open-chest study. Data are given as mean6SEM in sham-operated mice, HSP70-positive mice, and transgene-neg-
ative littermates undergoing regional myocardial ischemia at basal time and at 60 min of reperfusion.

Figure 3. Maximum principal strain (E1) in sham-operated mice. The 
same surgical procedures used in the ischemia protocol were applied 
to sham-operated mice except for occlusion of the snare around
the coronary. E1 was measured over a similar time period as in the
ischemia protocol. The “no ischemia” bar represents 8 min corre-
sponding to the time of ischemia, followed by 60 min analogous to the 
reperfusion period. E1 was obtained in HSP70-positive mice (dotted 
line; n 5 4) and transgene negative littermates (dashed line; n 5 3). 
Strains for the individual animals (fine lines) and the mean strain 
(solid line) are presented.
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shown in Table I. Minimum principal strain (E2) did not
change in either group during the protocol.

Isolated perfused hearts. To evaluate a potential protec-
tive effect of HSP70 against postischemic dysfunction by a sep-
arate approach, we used a Langendorff isolated heart model.
Hearts of HSP70-positive mice (n 5 11) and their transgene
negative littermates (n 5 11) were exposed to 10 min of global
ischemia and 90 min of reperfusion. Global myocardial func-
tion was determined by measurement of ventricular peak sys-
tolic pressure and plotted as percentage of basal value (Fig. 5).
Preliminary experiments had indicated that 10 min of global
ischemia was an appropriate time period to induce decreased
cardiac function without causing myocardial infarction. In
both groups ventricular peak systolic pressure decreased after
the onset of reperfusion. Significantly better global function
was found in the HSP70-positive mice when compared with
their transgene negative littermates (P , 0.05, ANOVA). In
HSP70-positive hearts, peak systolic pressure after 60 and 90
min of reperfusion were not different from the values before
ischemia, whereas in the transgene-negative hearts peak sys-
tolic pressure was found to be depressed by 7267 and 6867%,
respectively (P , 0.005). Staining of the myocardium at the
end of the protocol with TTC showed no evidence of infarc-
tion in the heart. Measurement of CK release (Fig. 6) in the ef-
fluent of isolated hearts showed no increased enzyme release
from hearts exposed to 10-min ischemia when compared with
hearts not exposed to ischemia. The dramatically increased

CK release from hearts exposed to 30-min ischemia at 3 min
(P , 0.05) and 30-min (P , 0.05) reperfusion with 2.2686
0.710 IU/min/g heart wt and 1.13460.348 iu/min/g heart wt
indicate that our CK measurements in the effluent of Langen-
dorff preparations are reliable. Since CK release from the 10-
min ischemia group was not different from that of the non-
ischemic control group, we conclude that 10 min of global
ischemia does not cause significant cardiomyocyte death.

Discussion

The ability of HSP70 to decrease infarct size in a transgenic
HSP70 mouse model has been well-documented (15, 16).
From these results, we hypothesized that cardiac expression of
HSP70 would be sufficient to preserve myocardial function af-
ter short periods of ischemia. With increased use of invasive
procedures in cardiology and cardiac surgery leading to brief
ischemic episodes, development of protective measures against
temporary cardiac dysfunction are of importance. Towards
this aim, we have shown that expression of inducible HSP70 in
hearts of transgenic mice exerts a protective effect against di-
minished cardiac function induced by a brief period of isch-
emia not resulting in myocardial infarction. These observa-
tions were made in an in vivo model in which regional
myocardial function was monitored in an open-chest mouse
preparation. Studies in an isolated perfused heart confirmed

Figure 4. Maximum principal strain (E1) and angle in hearts of HSP70-positive and transgene-negative mice undergoing ischemia and reperfu-
sion. (A) E1 was used to measure regional myocardial function in the open-chest preparations. E1 is shown as a percentage of basal value before 
ischemia in HSP70-positive mice (n 5 11) and their transgene-negative littermates (n 5 11). “Ischemia” represents 8 min of occlusion of the left 
descending coronary artery. The endpoint was 60 min after start of reperfusion. In HSP70-positive mice, maximum principal strain during reper-
fusion was significantly better preserved than in the transgene-negative littermates (P , 0.05, ANOVA). (B) To demonstrate the stability of the 
direction of the maximum principal strain throughout the experiments, changes of the angle of E1 from the basal angle before ischemia were cal-
culated. Results are presented as mean6SEM. *P , 0.05 for HSP70-positive mice vs. their transgene-negative littermates. HSP70-positive mice 
(j), transgene negative littermates (d).
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the protective effect of HSP70 against postischemic dysfunc-
tion.

Transgenic mouse hearts expressing specific proteins pre-
sent interesting models for exploring the influence of transgene
products on cardiac function. This exploration requires reli-
able techniques to examine cardiac function in vivo. A method
to quantify regional myocardial contractility in rats was previ-
ously established in our laboratory (21). We were able to adapt
this method to the smaller mouse heart. The measurements
are based on analysis of 2-D epicardial strain by tracking epi-
cardial markers through the cardiac cycle. These markers
were spaced close enough together so that a homogenous
strain distribution could be assumed in that particular region
of the myocardium. The values of maximum principal strain
(20.13860.19) were found to be well in accordance with the
values (20.15860.036) obtained in a previous study in rats
(21). In sham-operated mice, the maximum principal strain
(E1) did not change during the protocol. Mice undergoing brief
ischemia showed a decrease in E1 without changes in the angle
of E1. We concluded that the observed decrease in E1 is caused
by a depressed myocardial function, and is not due to changes
in the direction of principal strain. Measurement of the 2-D
epicardial strain has been shown to be a sensitive method to
assess changes in regional myocardial function in dogs with
myocardial infarction (31) and in stunned rabbit hearts (32).
Coronary anatomy in mice was characterized earlier (33), and

previous infarct studies with occlusion of the left descending
coronary artery showed an area of risk that included most of
the anterior wall (16). After each experiment, the area of risk
was demarcated with Monastral blue dye to confirm that the
chosen titanium oxide markers were well within the ischemic
region.

The in vivo results showing a protective effect of HSP70
against decreased myocardial function induced by brief isch-
emia were confirmed by using a well-established isolated heart
approach. A retrograde-perfused Langendorff preparation
was used, and ventricular peak systolic pressure was taken as
an index for global function. Hearts of HSP70-positive mice
showed significantly better function during reperfusion com-
pared with hearts from their transgene-negative littermates.
This result indicates that the protective effect seen in vivo is in-
deed intrinsic to expression of HSP70 in the myocardium. The
detailed molecular mechanisms by which HSP70 protects
against this type of myocardial dysfunction may be different
from mechanisms of protection against myocardial infarction.
Ischemic damage takes place in the absence of oxygen,
whereas reperfusion damage is thought to be induced predom-
inantly by oxygen-free radicals (17–19). The presence of oxy-
gen-free radicals may contribute to calcium overload (19), pro-
tein malfolding (20), and partial protein denaturation leading
to a decreased calcium affinity of myofilamental proteins (34).
The protective effect of HSP70 against postischemic myocar-
dial dysfunction can be explained with the known chaperone
function of members of the HSP70 family (35, 36). During re-

Figure 5. Ventricular peak systolic pressure in isolated Langendorff 
perfused hearts undergoing ischemia and reperfusion. Peak systolic 
pressure is shown as a percentage of the preischemic basal value. 
Hearts from HSP70-positive mice (j; n 5 11) and their transgene-
negative littermates (d; n 5 11) were exposed to 10 min of ischemia 
followed by 90 min of reperfusion. The decrease in ventricular peak 
systolic pressure during reperfusion was significantly smaller in hearts 
from HSP70-positive mice than in hearts from their transgene-nega-
tive littermates (P , 0.05, ANOVA). Results are presented as 
mean6SEM. *P , 0.05 for HSP70-positive mice vs. their transgene-
negative littermates. 

Figure 6. CK release from isolated perfused hearts. CK release in the 
effluent, which was repetitively collected for 1 min, is shown in IU 
and corrected for heart weight. Enzyme release from hearts exposed 
to 10-min ischemia according to the ischemia protocol (h; n 5 4) did 
not increase at any time point compared with negative control hearts, 
which were not exposed to ischemia (s; n 5 4). Hearts exposed to 30-
min ischemia (e; n 5 4) showed significantly elevated levels of CK 
release at 3 and 30 min of reperfusion when compared with control 
(P , 0.05) and to the 10-min ischemia group (P , 0.05).



HSP70 Protects Mycardial Function After Brief Ischemia and Reperfusion 861

perfusion, normal protein function and return of protein syn-
thesis to a normal level may occur more rapidly with increased
levels of HSP70. Our results show increased protection against
myocardial dysfunction after brief ischemia using transgenic
mice expressing HSP70 proteins. Such an effect had been pos-
tulated in earlier studies using a pig model in which prior brief
episodes of ischemia induced HSP70 expression (5). It is ap-
propriate to assume that these maneuvers also have induced
other changes, and that the observed protective effect may not
be solely attributed to HSP70.

Along with the 2-D strain measurements it was necessary
to monitor carefully different functional parameters to ensure
the stability of our preparations. From the beginning of this
study we found that it was not possible to maintain stable
blood pressure in an open-chest mouse. This finding, which is
also present in rat open-chest preparations, is most likely due
to fluid loss and the side effects of the anesthetic agents (37).
Initial attempts to compensate for fluid loss did not increase
the stability of blood pressure. However, the decrease in blood
pressure was the same in sham-operated and ischemic mice of
either transgene status. The inability to observe cardiac func-
tion recovery during reperfusion in control mice is a limitation
of our study that cannot be overcome in our open-chest model.
Since the term “myocardial stunning” includes a recovery
phase, our model does not fulfill all the criteria of a stunning
model. We therefore avoided using this terminology. Heart
rate in all groups was slightly below the values described in
conscious mice (24), but remained stable during the experi-
ments. The cardiovascular parameters in this preparation were
still sufficient to maintain the viability of myocardial tissue as
no myocardial infarction developed in mice examined 5 d after
surgery.

Increased expression of inducible HSP70 in transgenic
mice protects myocardial function from reperfusion damage
after brief ischemic periods not resulting in infarction. Trans-
gene-positive mice and their negative littermates showed no
other difference in cardiovascular function during reperfusion.
The protective effect against postischemic myocardial dysfunc-
tion was documented in an open-chest in vivo model using a
newly developed method to measure regional myocardial
function in the mouse heart. The protective effect of HSP70
against postischemic myocardial dysfunction was confirmed ex
vivo in an isolated perfused Langendorff heart model. Thus,
we can conclude that isolated expression of inducible HSP70
in the myocardium is sufficient to protect from myocardial dys-
function induced by brief ischemic periods.
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