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Abstract

To determine whether the myocardial response to ischemia/reperfusion (I/R) injury varies
depending on genetic background, gender, age, body temperature, and arterial blood pH, we
studied 1074 mice from 19 strains (including 129S6/SVEvTac (129S6), B6/129P2- Prgs2imiunc
B6/129SvF,/J, B6/129/D2, B6/CBAF1, B6/DBA/1JNcr, BALB/c, BPH2/J, C57BL/6/J (B6/J),
C3H/DBA, C3H/FB/FF, C3H/Hel-Pde6t/™, FVBIN/J [FVB/N], FVB/B6, FVB/ICR and Crl:ICR/
H [ICR]) and distributed them into 69 groups depending on strain and: (i) two phases of ischemic
preconditioning (PC); (ii) coronary artery occlusion (O) time; (iii) gender; (iv) age; (v) blood
transfusion; (vi) core body temperature; and (vii) arterial blood pH. Mice underwent O either
without (non-preconditioned [naive]) or with prior cyclic O/reperfusion (R) (PC stimulus)
consisting of six 4-min O/4-min R cycles 10 min (early PC, EPC) or 24 h (late PC, LPC) prior to
30 or 45-min O and 24 h R. In B6/J and B6/129/D2 mice, almost the entire risk region was
infarcted after a 60-min O. Of the naive mouse hearts, B6/ecSODWT and FVB/N mice had infarct
sizes significantly smaller than those of the other mice. All strains except FVB/N benefited from
the cardioprotection afforded by the early phase of PC; in contrast, development of LPC was
inconsistent amongst groups and was strain-dependent. Female gender (i) was associated with
reduced infarct size in ICR mice, (ii) determined whether LPC developed in ICR mice, and (iii)
limited the protection afforded by EPC in 129S6 mice. Importantly, mild hypothermia (1 °C
decrease in core temperature) and mild acidosis (0.18 decrease in blood pH) resulted in a striking
cardioprotective effect in ICR mice: 67.5% and 43.0% decrease in infarct size, respectively.
Replacing blood losses with crystalloid fluids (instead of blood) during surgery also reduced
infarct size. To our knowledge, this is the largest analysis of the determinants of infarct size in
mice ever published. The results demonstrate that genetic background, gender, age (but not in
ICR), body temperature and arterial blood pH have a major impact on infarct size, and thus need
to be carefully measured and/or taken into account when designing a study of myocardial
infarction in mice; failure to do so makes results uninterpretable. For example, core temperature
and blood pH need to be measured, respiratory acidosis (or alkalosis) and hypothermia (or
hyperthermia) must be avoided, and comparisons cannot be made between mouse strains or
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genders that exhibit different susceptibility to I/R injury (e.g., FVB/N male mice and ICR female
mice are inherently protected against I/R injury).
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transfusion; core body temperature; pH

INTRODUCTION

Endogenous protective mechanisms exist within the heart that limit the extent of myocardial
tissue insult following ischemia/reperfusion (I/R) injury [6, 8]. Various animal models such
as dogs, swine and large rodents have been utilized extensively to investigate these
protective effects, specifically those afforded by two very powerful, yet, fundamentally
different mechanisms, direct cardioprotection and ischemic preconditioning (PC). Direct
cardioprotection is confined to the non-preconditioned (naive) myocardium and utilizes
preexistent intracellular biomolecular mechanisms that, once provoked, directly limit
myocellular death. Ischemic PC is an adaptive phenomenon capable of producing a highly
defensive cardiac phenotype via brief repetitive episodes of myocardial ischemia. These
episodes render the heart resistant to the lethal consequences of subsequent acute I/R injury;
two distinct phases exist: an early phase (EPC) that develops rapidly after the stimulus but
dissipates within 2-3 h, and a late phase (LPC) that becomes apparent 12-24 h later and
persists for approximately 72 h. Prior to the established use of murine models for the study
of myocardial I/R injury, our understanding of the molecular mechanisms underlying
cardioprotection remained somewhat rudimentary [40, 56]. The decade following a study
published by our group validating the physiologic relevance for the study of EPC and LPC
in the mouse model [30] coincided with a surge in the literature produced by the basic
science community in the various fields of cardioprotection.

Indeed, the murine model has greatly accelerated our understanding of the biochemical and
cellular bases surrounding both direct cardioprotection and ischemic PC. However, this
model is not without shortcomings. First, new evidence has surfaced from other laboratories
indicating that genotype also contributes to observed phenotypic differences in both naive
and preconditioned mouse hearts [1, 20, 57]. At present, however, these data only exist for a
few strains of mouse [1, 20, 57], and whether strain-related differences exist for the
favorable effects afforded by PC is not currently known. Secondly, although not yet realized
in the mouse, gender-specific variability among myocardial infarct-related injuries has been
documented [17]. Finally, and equally important is the close consideration that must be
given to the technical challenges associated with experimentally inducing myocardial
infarctions in mice. It is apparent that fundamental physiologic variables (e.g., body
temperature, oxygenation, acid-base balance, and hemodynamic characteristics affecting
myocardial perfusion pressure), which are largely controllable, can significantly alter in a
direct manner the extent of tissue injury in response to I/R if not closely monitored and kept
within normal limits [10, 30, 32].

Thus, as strain-related and physiologic differences amongst mouse strains can potentially
alter the murine heart’s response to ischemia, it becomes crucial, for the preservation of
scientific method, to illumine these identifiable variables in order to remove confounding
factors that may erroneously account for the phenotypic and functional differences observed
experimentally. By diligently addressing these issues, methods and strategies can be
developed that may help to standardize our approach to the investigation of cardioprotection
in the mouse model. Accordingly, the present study was undertaken to establish whether and
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to what extent strain, gender, age and modulation of temperature and pH affect the
susceptibility of the heart to I/R injury, both with and without early and late PC stimuli. To
this end, we enrolled 1074 mice from 19 established and widely utilized commercially
available strains and used the end point of infarct size (expressed as a percent of the
myocardial region at risk) to determine tissue injury using an /7 vivo model of I/R. To our
knowledge, this is the largest analysis of the determinants of infarct size in mice ever
published.

The investigation conformed to the National Institutes of Health Guide for the Care and Use
of Laboratory Animals (NIH Publication No. 86-23, Revised 1996). The experimental
procedures and protocols were reviewed and approved by the Animal Care and Use
Committee of the University of Louisville School of Medicine (Louisville, KY).

This study was performed in male and female mice ages 6-101 wk. The analysis was
conducted in 1074 mice (including those excluded, Table 1), most of which were used in
previously published studies [11-14, 16, 21, 23-25, 27, 28, 30, 37, 41, 43, 48, 50, 51, 53,
60, 61, 64, 68, 69, 71]. A total of 19 different mouse strains were utilized: 129/SvEvTac
(12986, Taconic Labs) [3], B6;129P2-Prgs2im1Unc (B6/129P2; C57BL/6 [B6], 129P2 mixed
background from Taconic Labs) [65], B6/129SvF,/J (B6/129F,; B6 and 129/Sv mixed
background from Jackson Labs) [21, 24], B6/129Sv/D2 (B6/129/D2, Merck Research
Laboratories, West Point, PA) [23], B6/CBAF1 (B6/CBA, University of Dusseldorf,
Germany) [36], B6/DBA/1INcr (B6/DBA, Kyoto, Japan) [58], BALB/c (Jackson Labs),
BPH2/J (BPH, the hypertensive mice from Jackson Labs), C57BL/6/J (B6/J, Jackson Labs)
[25], C57BL/6/AR1 WT (B6/ARWT, wild-types control mice with B6 background for the
aldose reductase-1 deficient mice) [39], C57BL/6/ecSOD (B6/ecSODWT, wildtype control
mice with B6 background for extracellular superoxide dismutase deficient mice) [42],
C57BL/6/p55 WT (B6/p55WT, wildtype control mice for tumor necrosis-a receptor type-1
deficient mice engineered on the C57BL/6 background) [38], C3H/DBA (Jackson Labs),
C3H/FB/FF (Jackson Labs), C3H/HeJ-Pde6b/?2 (C3H/He, Jackson Labs), FVB/N/J (FVBIN,
Jackson Labs), FVB/B6 (FVB/N and B6 mixed background from University of Louisville),
FVBI/ICR (FVB/N and ICR mixed background from University of Louisville) and Crl:ICR/
H (ICR, Harlan Labs) [14, 22, 27, 30, 31, 49, 51-53, 64, 67, 68]. Mice were maintained in
microisolator cages under specific pathogen-free conditions in a room with a temperature of
24 °C, 55-65% relative humidity, and a 12 h light-dark cycle.

Experimental Protocol

The experimental protocol has been described in depth previously [24, 30] and the overall
experimental design is detailed in (Fig. 1). Mice were assigned to 69 different groups
depending on strain and: (i) two phases of ischemic preconditioning (PC); (ii) occlusion (O)
time; (iii) gender; (iv) age; (v) performance of blood transfusion; (vi) body temperature; and
(vii) body pH. Acute myocardial infarction (MI) was produced in male groups 1-XIX by 30-
min coronary O followed by 24 h R (Fig. 1A) and the average infarct sizes of these non-
preconditioned (naive) hearts were compared. Groups XX-XXX (early phase of PC, EPC)
underwent six 4-min coronary O/4-min R cycles 10 min prior to 30-min O followed by 24 h
R, with the exception of naive group XXV, EPC group XXVI (both underwent 45-min O)
and EPC sham group XXIX (open-chest 1 h without PC); average infarct sizes of EPC
groups were compared to that of their respective naive and/or EPC sham infarct groups (Fig.
1B). Mice in groups XXXI-XLIII (late phase of PC, LPC) were preconditioned with six 4-
min O/4-min R cycles 24 h prior 30-min O, with the exception of LPC group XL (45-min O)
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and LPC sham groups (groups XXXI1I and XLII); average infarct sizes of LPC groups were
compared to that of their respective naive and/or LPC sham infarct groups (Fig. 1C). Mice
from groups XLIV-XLVIII (IV, IX, XVI, XIX and XXV) underwent MI with varying
periods of coronary O (including 10, 20, 30, 45, and 60-min) followed by 24 h R; average
infarct sizes were compared based on O times (Fig. 1D). Average infarct sizes in male
strains of mice from groups I, XV, XVI-XX and XLII-XLIII were compared to that of
their respective female strains in groups XLIX-LV; mice underwent MI consisting of 30-
min O followed by 24 h R either with or without EPC or LPC stimulus (Fig. 1E). In
addition, male mice ranging in ages from 6-101 wk underwent Ml (30-min O followed by 4
hor 24 h R, Fig. 1F) and the average infarct sizes were compared (groups V, IX, XIV, XIX
and LVI-LXIII). Finally, male ICR mice in groups LXIV-LXIX underwent MI consisting
of 30-min O followed by 24 h R, and were compared based on with or without blood
infusion (groups LXIV-LXV), or different body core temperature (groups LXVI-LXVII),
and pH differences (obtained by different ventilator settings, groups LXVI1I1-LXIX) during
surgery (Fig. 1G).

Animal Surgery

The mice were anesthetized with pentobarbital sodium (60 mg/kg i.p), intubated, and
ventilated with room air supplemented with oxygen at a rate of 105 strokes/min and with a
tidal volume of 0.25-0.33 ml with the use of a small rodent ventilator. These respiratory
settings were found to result in optimal values of arterial pH (7.39 + 0.01) and PCO, (31 + 2
mmHg) [34, 46, 70]; except in groups LXVIII and LXIX where arterial blood pH was
altered experimentally (pH of 7.52 + 0.01 and 7.17 + 0.01, respectively) by increasing or
decreasing minute ventilation, the product of the respiratory rate and tidal volume. Body
temperature was carefully monitored with a rectal probe and maintained using heating pads
and heat lamps as close as possible to 37.0 = 0.2 degrees Celsius (°C); except in groups
LXVI and LXVII where body temperature was deliberately either increased or decreased by
about 1.0 + 0.2 °C. Since hypothermia is associated with bradycardia, which has been
suggested to limit infarct size [19], we closely monitored heart rate (HR) in all groups
(Tables 2 to 9). To prevent hypotension (which may due to the artificial respiration and
blood loss) during surgical procedures, blood from a donor mouse was given intravenously
at 40 ml/kg divided into three equal boluses [24, 30]; except in groups LXV where blood
loss was replaced with crystalloid alone at the same rate and boluses. After the
administration of antibiotics, the chest was opened through a midline sternotomy and a
nontraumatic balloon occluder was implanted around the mid-portion of the left anterior
descending coronary artery using an 8-0 nylon suture. After the coronary O/R protocol, the
chest was closed in layers and the mice were allowed to recover.

Postmortem Tissue Staining and Infarct Size Measurement

At the conclusion of the study, infarct size was calculated as a percentage of the region at
risk, as previously described [24, 30]. Briefly, hearts were excised and perfused with Krebs-
Henseleit solution through an aortic cannula. To delineate infarcted myocardium from viable
myocardium, the heart was perfused with 1% triphenyltetrazolium chloride in phosphate
buffer. To delineate the occluded/reperfused bed, the coronary artery was tied at the site of
the previous O and the aortic root was perfused with 10% Phthalo blue dye [16, 23-30]. As
a result of this procedure, the region at risk was identified by the absence of blue dye,
whereas the rest of the left ventricle was stained dark blue. The left ventricle was cut into
five to seven transverse slices, which were fixed in 10% neutral buffered formaldehyde,
weighed, and photographed under a microscope. The corresponding areas were measured by
computerized videoplanimetry, and from these measurements the infarct size was calculated
as a percentage of the region at risk [16, 23-30].
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Statistical Analysis

Data are expressed as mean + SEM. Differences were analyzed with a one-way ANOVA.
Following ANOVA, comparisons were performed using unpaired Student’s #test with the
Bonferroni correction. In addition, weighted arithmetic means (WAM)[2] were calculated
from the average infarct sizes of the naive hearts with either O 30-min (groups I-XIX, Table
10 and Fig. 2) or O 60-min (groups XLIVV-XLVI, Table 131 and Fig. 5) and used as the
surrogate control value. Because (1) ICR mice are the most widely used outbred mouse
strain and (2) the average infarct sizes in the naive hearts from this group was not different
from WAM, this group was chosen as the control group when individual comparisons of
average infarct sizes were made amongst the naive hearts. £< 0.05 was considered
statistically significant. All statistical analyses were performed using either SPSS (version
8.0, Chicago, IL) or SigmaStat (version 3.5, Ashburn, VA) statistical softwares.

RESULTS

Animals Excluded

After exclusions, a total of 881 mice from 19 different strains were analyzed in the study. Of
these, 193 mice were excluded for the reasons specified in Table 1.

Studies of Myocardial Infarction

Hemodynamic variables—By experimental design, rectal temperature remained within a
narrow physiological range (36.8° to 37.02°C) in all but two groups (groups LXVI and
LXVII) in which body temperature was intentionally either increased or lowered 1 °C for
experimental purpose, respectively (Tables 2-9). HR was measured 5 min before the 30-min
O, during the O, and after R (Tables 2-9). The average HR in groups I-LXIX ranged from
448 to 693 beats/min at pre-occlusion beats/min (Tables 2-9).

Region at risk and infarct size

1. Naive hearts: There were no significant differences among the correlated groups with
respect to body weight or heart weight or weight of the region at risk or % of region at risk
(Tables 10-16). The susceptibility of the 19 different strains of mice to ischemia following a
30-min O and 24 h of R was evaluated (Figs. 1A and 2). Amongst the infarcted naive mouse
hearts, an overall analysis of variance followed by between-group comparisons was
performed to determine whether particular strains displayed infarct sizes different from
those of the remaining groups. In addition, since the weighted arithmetic mean (WAM;yzz)
infarct size of all 19 groups (50.4 + 2.6% of risk region) corresponded most closely to the
ICR strain (group XI1X), the most widely utilized outbred mouse strain (http://
www.harlan.com/), individual comparisons were made between groups using the ICR
average infarct size (50.8 + 1.6% of the risk region) as a naive control (Table 10 and Fig. 2).
Using both of these methods of comparison, only two strains, B6/ecSODWT (group XI) and
especially FVB/N (group XVI) mice, demonstrated average infarct sizes smaller than those
of the remaining groups and ICR naive control mouse infarcts (32.7 + 3.8% and 17.9 + 2.4%
vs. 50.8 + 1.6% of the risk region, respectively; £< 0.05, Fig. 2). Thus, B6/ecSODWT (on
B6 background) and FVB/N naive hearts are remarkably less susceptible to I/R injury than
other strains, indicating that these genotypes confer significant, innate cardioprotection.
Interestingly, the B6/J (group 1X) mice demonstrated average infarct sizes that were
significantly larger than the ICR control mice infarcts and the remaining WAM (64.5 + 2.1
vs. 50.8 + 1.6% and 49.3 + 2.6 % of the risk region, respectively; P < 0.05, Table 10 and
Fig. 2), indicating that these genotypes confer significantly less innate resistance to I/R
injury.
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2. EPC: Mice from various strains also underwent an EPC protocol consisting of six 4-min
coronary O/4-min R cycles 10 min prior to the 30 min (and 45-min, naive group XXVI and
EPC group XXVII) of coronary O and followed by 24 h R (Fig. 1C). Among the groups
studied, compared to each respective corresponding naive infarct group, only FVB/N (group
XXVII) mice were subjected to 45-min of coronary O with or with EPC stimuli (Fig. 3). We
did not study EPC with 30 min O in FVB/N mice, because the infarct size in this strain was
dramatically smaller than any other strain of mice with a 30 min O (Fig. 2). These data
indicate that, with the exception of FVB/N mice, the early phase of PC exists in all strains of
mice tested and the magnitude of its cardioprotective effects is similar amongst the strains.
In group XXIX (ICR, EPC sham group), keeping the chest open for 60 min before the 30-
min coronary O had no effect on infarct size (55.0 £ 2.2% of the region at risk vs. 50.8 +
1.6% in group XI1X) (Fig. 3), indicating that our standard surgical procedure does not affect
infarct size in our model. As shown in Tables 10 and 11 and Fig. 3, infarct size in groups
XXI1X was similar to that observed in groups XIX, indicating that a sternotomy with a 60-
min period of open-chest state without PC stimuli did not affect the extent of cell death
induced by a subsequent 30-min coronary O. Therefore, in this mouse model of MI, naive
groups can be used as controls.

3. LPC: When mice in the LPC groups underwent six 4-min coronary O/4-min R cycles 24
h prior to the 30 min (and 45-min, LPC group XXXVII; Fig. 1C) of coronary O, infarct size
was markedly reduced in B6/129P2 (group XXXII), B6129F, (group XXXIV), B6/DBA
(group XXXVI1), Balb/c (group XXXVII), BPH (group XXXVIII), B6/J (group XXXIX),
and ICR (group XLIII) strains, compared with their corresponding naive or sham control
groups, indicating the development of a LPC effect (Fig. 4). In contrast, infarct size was not
decreased in 129S6 (group XXXI), B6/129/D2 (group XXXV), FVB/N (group XL, infarct
size actually increased, £< 0.05), and FVB/B6 (group XLI) mice, indicating that LPC failed
to develop in these four strains (Fig. 4). These results demonstrate that, unlike the well-
preserved protective effects afforded by EPC among the mouse strains studied, the
development of LPC is quite variable. Again, as shown in Tables 10 and 12 and Fig. 4,
infarct size in groups XXXIII and XLII was similar to that observed in groups Il and XIX,
indicating that a sternotomy with a 60-min period of open-chest state without PC stimuli did
not affect the extent of cell death induced by a 30-min coronary occlusion 24 h later.
Therefore, naive groups can be used as control groups in these studies.

4. Occlusion Time: Figure 5 shows average infarct sizes in naive hearts of various strains of
mice exposed to different coronary O times (ranging from 10-60-min). Of the strains
studied, all showed progressively larger average infarct sizes as the coronary O time
increased. In B6/129/D2 and B6/J mice, almost all of the risk region (~80%) was infarcted
after a 60-min O. Interestingly, only after 60-min O did infarct size in naive hearts of FVB/
N mice (group XLVI, 63.9 + 2.5%) become significantly smaller than the WAM in group
XLV (B6/J, 81.1 + 3.4%) and remaining groups with 60-min O (78.7 £ 2.3%). Moreover,
infarct size in FVB/N mice with 60 min MI became similar to that of the other strains
undergoing a 30-min O (FVB/N 63.9 + 2.5% vs. B6/129/D2 55.5 + 2.8%, B6/J 64.5 + 2.1%
and ICR 50.8 £ 1.6% of the risk region, respectively; Tables 10 and 13, and Fig. 5)
indicating a notable degree of innate cardioprotection in this strain.

5. Gender: Average infarct sizes were also evaluated with regard to gender and strain (Fig.
6). Infarct sizes were similar in the naive hearts of both male and female mice studied, save
those in ICR mice, where the infarct size in females (group LIV) was significantly smaller
than that in males (group XIX; 50.8 + 1.6% vs. 40.8 + 3.9% of the risk region in male and
female, respectively; £< 0.001). Moreover, the development of late PC was gender-specific
in ICR mice, being absent in the females. However, in 12956 mice, when the EPC stimuli
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were applied 10 min prior to 30-min coronary O, males (group XX) experienced
significantly more cardioprotection than females (group XLV) (19.0 3.8% vs. 41.1 + 4.9%
of the risk region, respectively; Fig. 6, £< 0.05); indicating a gender-specific difference in
susceptibility to the cardioprotective effects afforded by EPC in the 129S6 strain.

6. Age: Interestingly, age-related differences in infarct size were observed in B6/CBA and
B6/J mice (Fig. 7). Infarct size was smaller in B6/CBA, 78 wk old mice (group LVI)
compared with adult (18 wk old, group V) mice (42.8 £ 3.5% vs. 55.7 + 3.7%); Fig. 7, P<
0.05). The infarct size was also smaller in B6/J, 52 wk old mice (group LVIII) compared
with either young (6 wk, group LVII) or adult (18 wk old, group 1X) mice (46.5 £ 3.0% vs.
67.2 + 5.0% and 64.5 + 2.1%, respectively; Tables 10 and 15; Fig. 7, < 0.05). But, no age-
and reperfusion duration-related differences in infarct size were observed in ICR mice
(Tables 10 and 15; Fig. 7).

7. Blood transfusion, body temperature and pH: In ICR mice that underwent 30-min of
coronary O and 24 h R, a significantly smaller infarct size was achieved when blood
transfusion was replaced with crystalloid infusion (group LXV 28.5 + 3.0% vs. group LXIV
48.4% + 2.5% and group XIX 50.8 + 1.6% of risk region, respectively; Tables 10 and 16;
Fig. 8). Moreover, increasing body core temperature by only 1.0 £ 0.2 °C in naive hearts
subjected to 30-min of coronary O and 24 h R resulted in a slightly bigger average infarct
size (group LXIV, 48.4 + 2.5% vs. group LXVII, 56.4 £ 6.1% of risk region; Tables 10 and
16; Fig. 8). Conversely, lowering core body temperature by only 1.0 £ 0.2 °C in naive hearts
subjected to 30-min of coronary O and 24 h R resulted in a dramatically smaller average
infarct size (group LXIV, 48.4 + 2.5% vs. group LXVII, 15.7 £ 4.1% of risk region; Tables
10 and 16; Fig. 8), indicating that mild hypothermia, as defined here (-1.0 £ 0.2 °C from
normal physiologic temperature [normothermia]), results in a striking direct cardioprotective
effect in ICR mice that is independent of HR (Table 9). On other hand, increasing body core
temperature to 38 £ 0.2 °C in naive hearts subjected to a 30-min of coronary O and 24 h R
protocol resulted in bigger infarct size (group LXVI1 56.4 + 6.1% vs. group LXIV 48.2 +
2.5% of risk region; Fig. 8), although this was not a statistically significant difference. Also,
alteration of minutes ventilation (specifically by decreasing both respiratory rate and tidal
volume) and resultant respiratory acidosis (pH = 7.17 £ 0.01) in ICR mice led to a
cardioprotective effect (48.4 + 2.5% vs. 27.7 = 6.5% of risk region, respectively; Tables 10
and 16; Fig. 8).

DISCUSSION

This study identifies genetic and experimental variables that alter the myocardial response to
I/R tissue injury in a wide array of established mouse strains. The findings have far-reaching
implications. We provide a number of novel observations that can be summarized as
follows: (i) when comparing infarct size among 19 of the most widely utilized mouse
strains, we found that certain wild-type (WT) mice engineered from the C57BL/6 (B6)
background (B6/ecSODWT) display a significant level of innate cardioprotection, an effect
that is even more striking in FVVB/N mice, even after 45-min of coronary O; (ii) although the
early phase of PC (EPC) existed in virtually all of the strains studied (except FVB/N) and
the magnitude of its cardioprotective effects was similar amongst the strains, this was not
true for the late phase of PC (LPC), which was inconsistently observed among strains; (iii)
there exists gender-specific susceptibility to the cardioprotection afforded by EPC in 129S6
mice and to I/R injury in the naive heart of ICR mice; and finally, (iv) core temperature, the
choice of vehicle for blood loss replacement, and the acid-base status during surgery have a
striking influence on infarct size in ICR mice. The obvious implication is that body
temperature and arterial blood pH need to be routinely measured and carefully controlled in
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studies of myocardial infarction in mice, and that blood losses cannot be replaced with
crystalloids but need to be replaced with blood.

Strain-related differences in the susceptibility of the heart to I/R injury were first suggested
in 1999 by Miller and colleagues using an experimental I/R and EPC model in FVB/N and
B6/J mice [57]. For instance, they observed approximately 20% smaller infarcts in FVB/N
mice as compared to B6/J (36.7 = 4.5% vs. 56.4 + 8.3% region at risk, respectively)
following 60 min coronary O, and here, we observed the same (63.9 £ 2.5% vs. 81.1 + 3.4%
region at risk; Tables 10 and 13; Fig. 5). Most notable, however, is the fact that when we
compared FVB/N mice to the other 19 strains, they demonstrated a marked direct
cardioprotective effect (34% smaller infarct size) following a 30-min O, an effect similar to
that afforded by EPC in other strains (Fig. 3). Explanation for this striking difference in
FVB/N mice is beyond the scope of the present study. However, others have made similar
observations and it has been suggested that resistance to (1) vascular thrombosis, [54] (2)
dystrophic cardiac calcinosis, [44] and (3) LV myocardial rupture following Ml is also
genetically conferred to the FVVB/N strain [17].

In contrast to the degree of innate cardioprotection observed in FVB/N mice, we found
persistent resistance to the effects of EPC in this strain only, even following a 30, 45 or 60-
min coronary O (Fig. 3; data not shown for 30 and 60 min). These findings are discordant
with those of others who report a protective effect in FVB/N mice afforded by EPC [57].
Interestingly, since these authors used an EPC stimulus consisting of three cycles of 5-min
coronary O/5-min R cycles followed by 2.5 h of R prior to 60-min coronary O, it is unlikely
that these differences can be explained by the dissimilarities in the delivery of the EPC
stimulus; as a lesser stimulus elicited a protective effect [57]. It would be more plausible to
postulate perhaps that other less strictly controlled physiologic variables (described below)
contributed to this observed cardioprotection; however, this is conjectural.

The marked degree of resistance to I/R tissue injury observed in our wild-type B6/ecSODWT
mice engineered on the B6 background has also been observed in other wild-type mice
engineered on this same background [20]. Specifically, Gorog et al. observed strain-
dependent genotypic influences on myocardial susceptibility to I/R injury between wild-
types created from mitogen-activated protein kinase kinase 3 knockout mice [B6/MKK2WT]
and B6/J. Although it may be tempting to infer an association between these observed
effects and presumed incomplete perturbation of the targeted gene, it is most likely that this
cardioprotection can be best explained by so-called background effects. These effects
originate from retained genetic remnants derived from the background of the embryonic
stem cell mouse donor used to generate the original chimeric knockout mice (e.g., 129/S6)
and are manifested as some phenotype in the subsequent offspring. Since the ablated gene of
interest was originally flanked by alleles derived from a different strain, these genes are
retained in subsequent generations, even following the reestablishment of the WT genotype
via the breeding of heterozygotes. As such, the linkage disequilibrium created by these
flanking genes can potentially influence the phenotype [18]. Although a noteworthy finding
here, the precise explanation for this phenotype in this particular strain is, nevertheless,
beyond the scope of this report.

While others have reported gender-specific variability in the susceptibility to the pathologic
sequelae of myocardial tissue injury following MI in mice [17], we demonstrate, for the first
time, a difference in the degree and the type of cardioprotection that is both gender-
dependent and strain-related in mice (Fig. 6). That these differences are obviously
multifactorial and therefore not subject to scrutiny in this particular study, does not
completely prevent speculation as to the underlying mechanisms. As the most likely
explanation for this variability lies in gender-related hormonal differences, our observations
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could in fact be the result of estrogen influences on processes such as myocardial
inflammation and remodeling following M1 [9]. However, the influence of testosterone
levels on processes such as these must be considered as well.

Interestingly, we found that no age-dependent response to I/R injury was observed in ICR
strains studied, not even in mice older than 100 weeks of age. However, we found that
infarct size was smaller in old B6/CBA mice (group V [18 wk old] 55.7 £+ 3.7% vs. group
LVI [78 wk] 42.8 + 3.5% of region at risk, #=0.037; Tables 10 and 15, Fig. 7) and B6/J
mice (group LVII [6 wk] 67.2.7 £ 5.0% or group 1X [18 wk] 64.2 + 2.1% vs. group LVIII
[52 wk] 46.5 £ 3.0% of region at risk, respectively, = 0.008 and £=0.007; Tables 10 and
15, Fig. 7). Notably, this effect is not shared in rat models of I/R injury. In fact, one study,
using rats of comparable age (96 wk) to our eldest group (Fig. 7), showed significantly
greater myocardial tissue injury as compared to their 24 wk-old counterparts of the same
genetic background [47]. Whether this effect is observed clinically in patients of advanced
age is still somewnhat a matter of debate [5].

Previous reports performed in swine, rabbit and canine models of experimental MI have
implicated core body temperature as a major determinant of infarct size [10, 15, 33, 62]. The
authors of these studies clearly demonstrated that even mild hypothermia (defined as at least
35.0°C) confers a substantial infarct-limiting effect to the myocardium. Others have
expounded on this premise by illustrating a direct relationship between the degree of
hypothermia and the degree of cardioprotection that is independent of heart rate or the
severity of the ischemic insult (i.e., the coronary artery O time) [32, 66]. However, these
findings have yet to be validated in the mouse. To our knowledge, no previous study has
examined the impact of body temperature on myocardial infarct size in mice. Here, we
demonstrate that even mild hypothermia (a decrease from a normothermic body temperature
[37.0 + 0.2] of approximately 1.0°C to 36 + 0.2°C) results in a striking cardioprotective
effect (Fig. 8). These data provide a cogent argument for implementation of new standards
for core body temperature control during coronary artery O/R in mice. Furthermore, this
finding underscores the necessity for strict maintenance of normothermia, as defined here,
during surgery if the inferences regarding I/R tissue injury made in murine models are to be
reliable. It is sobering to note that many studies in mice do not even report body
temperature. Our data imply that almost any infarct size (from very large to very small) can
be obtained in mice solely on the basis of variations in temperature. As for the mechanisms
responsible for this protective hypothermic effect, it has been suggested that hypothermic
perfusion results in increased myocardial ATP preservation, favorable myocardial metabolic
substrate utilization and a reduction in the energy demands placed on the heart during both
ischemia and R [59].

Among the many other fundamental physiological variables that must be tightly regulated
during surgery, blood pressure is perhaps one of the most important. Maintenance of an
acceptable aortic pressure sufficient to adequately preserve coronary perfusion during
surgery is accomplished, in large part, by intravascular expansion with either crystalloid or
whole blood. Models of I/R have been established using both crystalloid-perfused and
blood-perfused models and, until now, neither appeared to significantly impact the infarct
size [55]. Our results demonstrate that, in the mouse model, blood is required to prevent
hypotension and replace blood losses and that replacing blood with crystalloid solutions
results in an artifactual cardioprotective effect (Fig. 8, Table 16).

Finally, we demonstrate that even a minor deviation from physiologic arterial blood pH
(7.39) towards an acidic pH (7.17) confers a significant cardioprotective effect to ICR mice,
while a basic pH had no effect. These findings are similar to previous reports describing this
acidosis-related cardioprotective phenomenon [46]. However, whereas we observed

Basic Res Cardiol. Author manuscript; available in PMC 2013 September 19.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Guo et al.

Conclusions

Page 10

cardioprotection at a pH of 7.17, others required significantly lower pHs (< 7) to achieve this
effect [34], indicating that blood pH must be meticulously controlled in the mouse. The
phenomenon whereby rapid restoration of physiologic pH during the R phase of I/R injury
actually contributes to, rather than attenuating, the lethal effects of R has been well
described [34, 46, 70]. Though many mechanisms for this pH-dependent protective effect
have been proposed, perhaps the most convincing evidence stems from work describing the
mitochondrial permeability transition pore (mPTP). Recent data have shown that assembly
of this mPTP within the inner mitochondrial membrane in response to acidic reperfusate
leads directly to cell death by apoptosis if the insult is mild or to necrosis if the insult is
profound [4]. The intricate molecular basis of this protective effect is beyond the scope of
the present study.

We report herein the largest analysis of the determinants of infarct size in mice performed
heretofore. Genetically engineered mice have proven to be indispensable as scientific
research tools, particularly to our understanding of the molecular and cellular mechanisms
underlying cardioprotection. Here, we have discovered not only that these biological
instruments display genetically-dependent differences in their susceptibility to I/R injury,
but also that perturbation of fundamental physiological variables during surgery alters
greatly the severity of myocardial injury during ischemia. Unfortunately, these important
differences have been largely ignored in the literature; as a consequence, it is likely that
many erroneous interpretations, either propitious or unfavorable, have been made when
murine models of acute I/R injury have been utilized. For example, many mouse studies did
not even measure body temperature or arterial blood pH.

Our results demonstrate that genetic background, gender, age, body temperature, and arterial
blood pH have a major impact on infarct size, and thus need to be carefully measured and/or
taken into account when performing studies of MI in mice; failure to do so will make results
uninterpretable. For example, core temperature and blood pH must be measured routinely,
respiratory acidosis and hypothermia (or hyperthermia) need to be carefully avoided, and
comparisons cannot be made between mouse strains or genders that exhibit different
susceptibility to I/R injury (e.g., FVB/N male mice and ICR female mice are inherently
protected against I/R injury).

This report provides the groundwork required to standardize experimental methods used in
MI models in mice. We hope that the present results will alert the community to the need to
recognize that both the susceptibility of mice to ischemic injury and their resistance or
proclivity to cardioprotection exhibit major strain- and/or gender-related differences, and are
also affected to a major extent by physiological variables such as body temperature and
arterial blood pH. It is quite plausible that many or most previous differences in results
obtained by various laboratories were caused by the fact that the confounding influences of
these determinants of infarct size were ignored.

Because a standardized approach has been lacking in the preclinical investigation of
cardioprotective strategies, many inconsistencies have been observed when attempting
translation into the clinical setting [7, 35, 45, 63]. Accordingly, a collaborative network of
research laboratories is required to test novel cardioprotective strategies in a range of animal
MI models to establish a standard by which consistent cardioprotection can be observed
reproducibly [7, 35, 45, 63]. We hope that the data provided herein will offer a metric by
which cardioprotective strategies can be scrutinized in murine models of MI.
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Figure 1. Experimental Protocols
Sixty-nine groups of nine-teen strains mice were used. (A) Mice in groups I-X1X underwent
acute myocardial infarction (MI) consisting of 30-min coronary occlusion (O) and followed

by 24 h of reperfusion (R). (B) On day 1, mice in the early PC sham (EPC sham) group

XXIX were subjected to 60-min open chest 10 min prior to 30-min O and followed by 24 h

of R. Mice in the early preconditioned (PC, EPC) groups XX-XXV and XXVII-XXX

underwent a sequence of six cycles of 4-min coronary O/4-min R cycles 10 min prior to 30-

min O and followed by 24 h of R. (C) On day 1, mice in the late PC sham (LPC sham)

groups XXXIII and XLII were subjected to 60-min open chest and underwent 30-min O 24
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h later on day 2. Mice in the late PC (LPC) groups XXXI-XXXII, XXXIV-XL and XLII
were preconditioned with six 4-min O/4-min R cycles and underwent 30-min O 24 h later on
day 2. (D) Mice in groups XLIV-XLVIII underwent O times ranging from 10-60-min
followed by 24 h R. (E) Female mice in groups XLIX-LV underwent MI consisting of 30-
min O followed by 24 h R either with or without EPC or LPC stimulus. (F) Mice, ranging in
ages from 6-101 wk, in groups LVI-LXIII underwent Ml consisting of 30-min O followed
by either 4 or 24 h R. (G) ICR mice in groups LXIV-LXIX underwent Ml consisting of 30-
min O followed by 24 h R, and were compared based on body core temperature and pH
differences during surgery. On day 2 or 3, hearts from all groups (I-LXIX) were harvested
and subjected to postmortem tissue analysis including triphenyltetrazolium chloride, Phthalo
blue dye staining to determine infarct size.
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Figure 2. Ml in Nineteen Strains

Myocardial infarct size in non-preconditioned (naive) hearts from nineteen strains of male
mice (groups I-XIX) that received 30-min O followed by 24 h R (Fig. 1 A). Infarct size is
expressed as percentage of region at risk. Individual mice (o) and Mean = SEM (e) for
respective groups (7, number of mice); weighted arithmetic mean (WAM, 50.4 + 2.6% of
region at risk) for all infarcted naive groups (checkered circle).
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Figure 3. EPC Effect in Eight Strains

Myocardial infarct size in hearts from eight different strains of male mice in the early
preconditioning (PC, EPC) groups (XX-XXVIII and XXX) that received an EPC stimulus
consisting of a sequence of six cycles of 4-min coronary O/4-min R cycles 10 min prior to
30-min O (with the exception of groups XXV and XXVI where 45-min O was used),
followed by 24 h R (Fig. 1 B). Infarct sizes in EPC groups are compared to that of their
respective naive or EPC sham groups. Infarct size is expressed as percentage of region at
risk. Individual mice (o) and Mean + SEM () for respective groups (17, number of mice).
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Figure 4. LPC Effect in Eleven Strains

Myocardial infarct size in hearts from eleven different strains of male mice in the late
preconditioning (PC, LPC) groups (XXXI-XXXII, XXXIV-XLI, and XLIII) that received a
sequence of six cycles of 4-min coronary O/4-min R cycles 24 h prior to 30-min O (with the
exception of group XL where 45-min O was used), followed by 24 h R (Fig. 1 C). Infarct
size is expressed as percentage of region at risk. Individual mice (o) and Mean + SEM (e)
for respective groups (7, number of mice).
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Figure 5. Naive Infarct Size vs. Occlusion Time in Four Strains

Myocardial infarct size in non-preconditioned (naive) hearts from four different strains of
mice in groups XLIV=XLIII (including young adult groups 1V, IX, XVI, XIX and XXVI)
that received 10-60-min O followed by 24 h R (Fig. 1 D). Infarct size is expressed as
percentage of region at risk. Individual mice (o) and Mean £ SEM (), for respective
groups (7, number of mice); weighted arithmetic mean (WAM, 76.9 £ 10.2% of region at
risk) for all infarcted with 60-min O naive groups (checkered circle).
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INFARCT SIZE (30-min occlusion) vs. GENDER AND STRAIN
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Figure 6. Infarct Size vs. Gender in Five Strains

Myocardial infarct size in hearts from five different strains of fernale mice (groups XLIV-
XLVIII and LI-LII) and male mice (groups 11, XV, XVI, XVII, XX, and XLIX) that
underwent MI consisting of 30-min O followed by 24 h R, either with or without early
preconditioning (PC, EPC) or late PC (LPC) stimulus (Fig. 1 E). Infarct is expressed as
percentage of region at risk of infarction. Individual mice (o) and Mean + SEM (), for
respective groups (7, number of mice).
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MALE INFARCT SIZE (30-min occlusion) vs. AGE AND STRAIN
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Figure 7. Infarct Size vs. Age in Four Strains

Myocardial infarct size in non-preconditioned (naive) hearts from mice ranging in ages from
6-101 wk V, IX, XIV, XIX and LIII-LIX underwent Ml consisting of 30-min O, followed
by 24 h R (Fig. 1 F). Infarct is expressed as percentage of region at risk of infarction.
Individual mice (o) and Mean = SEM (e), for respective groups (77, number of mice).
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INFARCT SIZE (30-min occlusion) vs. TEMPERATURE AND pH

MALE NAIVE ICR MICE

BLOOD TEMPERATURE pH
XIX LXIV LXV LXVI LXVil LXVIl LXIX
naive T 37.0£0.2°C T 37.0:0.2°C T 38.0£0.2°C T 36.0£0.2°C T37.0:0.2°C T 37.0:02°C
=52 pH=7.40 pH=7.40 pH=7.40 pH=7.40 pH=7.52 pH=T.17
blood no blood n=6 n=8 n=7 n=7
n=16 n=21
(o]
(o] o [e)
000 o
o®

0%

o]
B, o ) 5t

o
o (o]
988 40° [ o8 g
(o]
888 o 80 *1
o P - °
o oK) g
o® 8 x§ =
*P<0.001 vs. group LXIV (blood) o E 8
§P<0.001 vs. group LXVI (T 38.0£0.2°C) o8 S
$p<0.001 vs. group LXVIIl (pH=7.52) o 8o

Figure 8. Infarct Size vs. Blood, Temperature and pH in ICR Mice

Myocardial infarct size in non-preconditioned (naive) hearts from ICR mice (LXIV-LXIX)
that received 30-min O followed by 24 h R (Fig. 1 G). Infarct size is expressed as percentage
of region at risk. Individual mice (o) and Mean + SEM (), for respective groups (7,
number of mice).
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