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Abstract—Although protein tyrosine kinases (PTKs) have been implicated in late preconditioning (PC) against infarction,
their role in late PC against stunning is unknown. Furthermore, it is unknown whether PTK signaling is necessary only
to trigger late PC on day 1 or also to mediate it on day 2. Thus, conscious rabbits underwent a sequence of six 4-minute
coronary occlusion/4-minute reperfusion cycles for 3 consecutive days (days 1, 2, and 3). In the control group (group
I, n=7), the recovery of systolic wall thickening after the 6 occlusion/reperfusion cycles was markedly improved on days
2 and 3 compared with day 1, indicating the development of late PC against stunning. Administration of the PTK
inhibitor lavendustin-A (LD-A, 1 mg/kg IV) before the first occlusion on day 1 (group #,7) completely prevented
the late PC effect against stunning on day 2. Late PC against stunning was also abrogated when LD-A was given before
the first occlusion on day 2 (group lll,=17); however, in these rabbits, the late PC effect became apparent on day 3,
indicating that LD-A itself did not have any delayed deleterious actions on myocardial stunning. In groeb)/ {ne
sequence of 6 occlusion/reperfusion cycles resulted in a robust increase in the activity of inducible NO synthase (iNOS
[assessed as €aindependent-citrulline formation]) and nitrite-nitrate (NQ) tissue levels 24 hours later (on day 2),
with no concomitant change in €adependent NO synthase (endothelial NO synthase and/or neuronal NO synthase)
activity. Similar results were obtained on day 3 (group VIIE=@), indicating sustained upregulation of iINOS.
Administration of LD-A either on day 1 (group VI,=15) or on day 2 (group VII, #6) abrogated the increase in INOS
activity and NQ levels on day 2. LD-A had no effect on iINOS activity or Nfgvels in the absence of PC (group X,
n=>5). This study demonstrates that in conscious rabbits, PTK activity is necessary not only to trigger late PC against
stunning on day 1 but also to mediate the protection on day 2. This investigation also provides the first direct evidence
that cardiac INOS activity is upregulated during the late phase of ischemic PC in rabbits. Furthermore, the data indicate
that PTK signaling is essential for the augmentation of INOS activity and that PTKs modulate this enzyme at two distinct
levels: at an early stage on day 1 and at a late stage on day 2. This bifunctional role of PTKs in late PC has broad
implications for the signaling mechanisms that underlie the response of the heart to ischemic stress and, possibly,
other stressegCirc Res 1999;85:1154-1163.)
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schemic preconditioning (PC) confers myocardial protec- tection during subsequent ischemic insult(s) (reviewed in

tion in two temporally distinct phases: an early phase, Reference 8). Although reactive oxygen spetiésind pro-
which develops immediately and lasts for 2 to 4 hours after tein kinase C (PKC)-14are known to be involved in the
the ischemic stimulus, and a late phase, which begins after 12genesis of late PC, the exact signal transduction mechanism
to 24 hours and lasts for 3 to 4 dayy§Recent studies indicate ~ whereby a brief ischemic stress leads to subsequent cardio-
that NO plays a dual role (trigger and mediator) in late protection remains unclear. Elucidation of the cellular basis
PC14-8S5pecifically, the generation of NO associated with an of late PC is an essential step toward harnessing this cardio-
ischemic stress initiates a cascade of events that involves theprotective phenomenon for therapeutic benefit.
activation of several kinases and transcription factors and Protein tyrosine kinases (PTKs), a diverse family of
culminates in the upregulation of the inducible NO synthase enzymes that transfer phosphate from ATP to tyrosine resi-
(INOS) gene; NO produced by iINOS then confers cardiopro- dues on specific cellular proteins, are known to mediate a
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wide variety of cellular responsés:2“The nonreceptor PTKs  cardioprotection on day 2. We further hypothesized that the
are specifically designed for signal transduction from cell mechanism by which PTKs contribute to late PC is the
surface to intracellular enzymes and factors, usually by modulation of iINOS activity. Accordingly, the present study
protein-protein interaction. Recent evidence indicates that had three aims. First, we determined whether administration
PTKs play a role in the signaling mechanism underlying the of the PTK inhibitor LD-A before the first ischemic stress (on
early*8-21and the lat&2 phases of PC. Specifically, in isolated day 1) blocks the development of late PC against myocardial
rat hearts, inhibition of PTKs has been found to block the stunning. Second, we investigated whether administration of
PC-induced increase in the activity of phospholipase D LD-A before the second ischemic stress (on day 2) abrogates
(PLD), PKC, and mitogen-activated protein kinase—activated the cardioprotection afforded by late PC against stunning.
protein kinase 2 (MAPKAPK 2) as well as the cardioprotec- Finally, we assessed whether LD-A (given on day 1 or day 2)
tive effects of early PC? suggesting that the PTK-PLD-PKC- interferes with the increase in iINOS activity that underlies the
MAPKAPK 2 signaling pathway plays a role in the early cardioprotection afforded by late PC. All studies were per-
phase of PC. Using isolated rabbit hearts, Baines2ehalve formed in conscious rabbits. The rationale for using a
demonstrated that the protection afforded by early PC againstconscious animal model was to obviate potential problems
myocardial infarction is abrogated by the PTK inhibitors resulting from factors associated with open-chest prepara-
genistein and lavendustin A (LD-A). In addition, genistein tions, such as the exaggerated generation of reactive oxygen
has been reported to block the development of late PC againstspecies after myocardial ischemia/reperfusiowhich could
infarction in open-chest rabbits. have a major impact on the severity of myocardial stun-
Although these studié%22 implicate a PTK-dependent ning332 and the trauma of a thoracotomy and the ensuing
pathway in the genesis of early and late PC, a number of inflammatory reaction, which may lead to release of cyto-
important issues remain to be addressed: First, while the kines. LD-A was chosen because (1) this agent is more
available evidence suggests an involvement of PTKs in late selective for PTKs than other inhibit§e$4 and (2) it has
PC against myocardial infarcticd, virtually nothing is previously been shown to inhibit Src and Lck PTKs in our
known regarding the role of PTKs in the genesis of late PC conscious rabbit model of late PE€which enabled us to
against myocardial stunning. Myocardial stunning and infarc- assess the functional significance of Src and Lck PTK
tion represent two very different types of injury, so that the activation in this cardioprotective phenomenon.
effects of PC on one cannot be extrapolated to the other. For
example, in dogs, the early phase of PC confers powerful Materials and Methods
protection against myocardial infarctiss#4 but fails to pro-
tect against the stunning induced by a 10- or 15-minute
coronary occlusiods-27 Conversely, in conscious pigs, a Phase A: Studies of Myocardial Stunning

sequence of ten 2-minute coronary occlusions elicits a late PCThe experimental protocol consisted of 3 consecutive days (days 1,

. . . . . 2, and 3, respectively) of coronary artery occlusions (a sequence of
effect against stunn|r?g:8y29 bUt not against infarctioff six 4-minute coronary occlusion/4-minute reperfusion cycles) (Fig-
These examples of a dissociation between the effects of PCyre 1). Rabbits were assigned to 3 groups (Figure 1): group |

on stunning and infarction underscore the notion that, at least (control) did not receive any treatment; groups Il and Ill received an
under certain experimental conditions, different mechanisms intravenous bolus of LD-A (1 mg/kg) 10 minutes before the first
may be involved in the PC protection against reversible and coronary occlusion on day 1 or day 2, respectively. Regional

. ible ischemic ini S d th . | f myocardial function was assessed as systolic thickening fraction, as
irreversible ischemic injury> Second, the precise role(s) o previously described5-36 At the conclusion of the study, the size of

PTKs in late PC has not been fully elucidated. In this regard, the occluded/reperfused coronary vascular bed was determined by
it is important to distinguish the cellular mechanisms that postmortem perfusiofs

initiate the development of late PC immediately after the first Phase B: Studies of NOS Activity

|_schem|c stress (day 1) from those that mediate c:ardlopr_otec-RabbitS were assigned to 7 groups: group IV (sham control), group
tion 24 to 72 hours later (days 2 to 4). Although one previous v/ (pc-day 2), group VI (PC-day 2LD-A on day 1), group VII
study?? examined the effect of genistein on the development (PC-day 2-LD-A on day 2), group VIII (PC-day 3), group IX
of late PC against infarction on day 1, the role of PTKs as (PC-day 3+LD-A on day 2), and group X (LD-A without PC)
mediators of cardioprotection on days 2 to 4 has not been (Figure 1). Rabbits in group IV did not receive coronary occlusion/

o . reperfusion and were euthanized a minimum of 10 days after
explored. Thus, it is unknown whether PTK-dependent sig- surgery. Rabbits in groups V, VI, and VIl underwent a sequence of

naling is important only to trigger or also to mediate late PC. sjx 4-minute occlusion/4-minute reperfusion cycles as in phase A; in
Third, virtually nothing is known regarding the cellular groups VI and VII, LD-A (1 mg/kg IV) was administered 10 minutes

mechanisms by which PTKs contribute to late PC on day 1 or before the first coronary occlusion on da_y 1 and day 2, respectivel_y.
day 2. Although several studies have implicated iNOS as the Rabbits in groups V and VI were euthanized 24 hours later. Rabbits
diat f late PG5 direct evid that INOS activity i in group VIl were euthanized 25 minutes after the administration of
mediator o .a e b .Irec eviaence a.' g ac '.V'ty S DA (time interval corresponding to the interval elapsed between
augmented in the rabbit model of late PC is still lacking, and the administration of LD-A and the mid-part of the 6 occlusion/
the role of PTKs in iNOS modulation is unknown. reperfusion cycles in group Ill). Rabbits in groups VIII and IX
The present study was undertaken to address these issueginderwent a sequence of six 4-minute occlusion/4-minute reperfu-
We tested the hypothesis that PTKs play a dual role in the sion cycles on days 1 and 2 and were euthanized 24 hours later; in

. . . . . group IX, LD-A was given on day 2 as in group Il (1 mg/kg IV 10
pathophysiology of late PC against myocardial stunning, ie, minutes before the first coronary occlusion). Rabbits in group X

that they are essential not only for the initiation of this yecejved the same dose of LD-A (1 mg/kg IV) and were euthanized
phenomenon on day 1 but also for the manifestation of 25 minutes later (similar to group VII). In all 7 groups, the heart was

Experimental Protocol
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Figure 1. Experimental protocol. In phase A (studies of myocar-
dial stunning), 3 groups of rabbits were studied. All groups
underwent a sequence of six 4-minute coronary occlusion (O)/4-
minute reperfusion (R) cycles followed by a 5-hour observation
period on 3 consecutive days (days 1, 2, and 3). Rabbits in
group | (n=7, control) received no treatment. On day 1, rabbits
in group Il (=7, LD-A on day 1) received an intravenous bolus
of LD-A (1 mg/kg) 10 minutes before the first coronary occlu-
sion. Rabbits in group Il (=7, LD-A on day 2) received the
same dose of LD-A 10 minutes before the first coronary occlu-
sion on day 2. In phase B (studies of NOS activity), 7 groups of
rabbits were studied. Rabbits in group IV (=5, sham) under-
went surgical instrumentation but did not receive O/R; the rab-
bits were euthanized a minimum of 10 days after surgery.
Groups V, VI, and VIl underwent 6 cycles of 4-minute O/4-
minute R on day 1. Rabbits in group V (n=5, PC-day 2) received
no treatment and were euthanized 24 hours later. Rabbits in
group VI (n=>5, PC-day 2+LD-A on day 1) received LD-A (1
mg/kg IV) 10 minutes before the first coronary occlusion on day
1 and were euthanized 24 hours later. Rabbits in group VII
(n=6, PC-day 2+LD-A on day 2) were euthanized 25 minutes
after receiving the same dose of LD-A (1 mg/kg IV) on day 2.
Rabbits in groups VIII (PC-day 3) and IX (PC-day 3+LD-A on
day 2) underwent a sequence of six 4-minute O/4-minute R
cycles on days 1 and 2 and were euthanized 24 hours later; in
group IX, LD-A was given on day 2 as in group Ill (1 mg/kg IV
10 minutes before the first coronary occlusion). Rabbits in group
X (n=5, LD-A without PC) received the same dose of LD-A (1
mg/kg IV) without undergoing ischemic PC and were euthanized
25 minutes later.

excised, and myocardial samplesQ.5 g) were rapidly removed

citrulline using a modification of the procedure of Bredt and
Snyder3”

Measurement of Nitrite and Nitrate

Tissue nitrite was assayed by using the Griess reaction as modified
by Gilliam et al28 Tissue nitrate was determined after conversion of
nitrate to nitrite withAspergillusnitrate reductase8 All assays were
performed in duplicate.

Statistical Analysis
Data are reported as meaSEM. One-way or two-way repeated-
measures ANOVA followed by Student’s tests for paired or
unpaired data with the Bonferroni correction was used, as
appropriates?-40

An expanded Materials and Methods section is available online at
http://www.circresaha.org.

Results
A total of 63 conscious rabbits were used in the present study
(2 for the pilot studies, 23 for phase A, and 38 for phase B).

Pilot Studies

Pilot studies were conducted in 2 rabbits to identify a dose of
LD-A that has no effect on heart rate, arterial blood pressure,
and systolic wall thickening (WTh). The concern was that
hemodynamic perturbations caused by LD-A (eg, a fall in
blood pressure or an increase in heart rate) could nonspecifi-
cally induce a late PC effect unrelated to the ischemic
stimulus. Arterial pressure was measured by cannulating the
dorsal ear artery with a 22-gauge angiocatheter under local
anesthesia (benzocaine), as previously describégThe

ICs, of LD-A for receptor PTKs (eg, epidermal growth factor
receptor) is 0.011umol/L, while the IG, for nonreceptor
PTKs (pp60°9) is 0.5 umol/L.3334We initially tested a dose

of 0.45 mg/kg 1V, which was calculated to produce plasma
concentrations=5 times the |G, of LD-A against nonrecep-

tor PTKs. This dose did not have any hemodynamic effect
when administered on day 1 (before the PC occlusion/
reperfusion protocol) or (in another rabbit) on day 2, before
the second ischemic challenge; however, this dose failed to
block late PC against stunning. Therefore, we increased the
dose to 1 mg/kg~10 times the IG, for nonreceptor PTKSs);
this dose did not have any significant effect on blood pressure
or heart rate but did block late PC when given on day 1 or day
2. Doses higher than 1 mg/kg would have been prohibitively
expensive. Consequently, a dose of 1 mg/kg was chosen for
the present experiments.

Phase A: Studies of Myocardial Stunning

Exclusions and Postmortem Analysis
Of the 23 rabbits instrumented for phase A, 7 were assigned

to group | (control group), 9 to group Il (LD-A on day 1), and
7 to group Il (LD-A on day 2). All animals assigned to the
control group completed the protocol on days 1, 2, and 3. Of

from the ischemic/reperfused and the nonischemic region and frozenthe 9 rabbits assigned to group |1, 2 were excluded because of

in liquid nitrogen.

Measurement of NOS Activity

persistent dyskinesis after the sixth reperfusion on day 1
(triphenyltetrazolium chloride staining demonstrated myocar-
dial infarction that was most likely due to malfunction of the

Tissue samples were homogenized in the appropriate buffer, and - .
cytosolic and membrane fractions were isolated?* @gpendent occluder), and 1 died on day 3 because of ventricular

(cNOS) and C&-independent (iNOS) NOS activities were deter- fibrillation during the fourth occlusion. Therefore, 6 rabbits in
mined by measuring the conversion éfdJL-arginine to [‘C]L- group Il completed days 1, 2, and 3, whereas 1 rabbit
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Heart Rate During Coronary Occlusion and Reperfusion in Phase A

Heart Rate, bpm

Reperfusion
First Sixth
Baseline  Preocclusion Occlusion Occlusion 30 Minutes 1 Hour 2 Hours 3 Hours 4 Hours 5 Hours

Group | (control)

Day 1 267+8 260+9 26111 249+14 258+10  254+13 240+10 2375  234+5  237+4

Day 2 264+8 265+9 275+12 2568 250+10  245+5  252+6  238*x7  239+8  235+6

Day 3 257+5 257+5 268+7 257+10 25910 248+9 254+5 252+12 243+9 240*8
Group Il (LD-A on day 1)

Day 1 2619 254+7 253+6 251+6 263+16  253+7  260=15 25513 252+16 258+15

Day 2 242+7 242+7 253+ 11 234+7 241+11  242+8  237+12 230£8  229+9  219+7

Day 3 24616 246+16 24614 233+13 247+11  231+x9  240+9 2369 2418  235+10
Group Il (LD-A on day 2)

Day 1 241+12 241+12 239+8 227+4 218*7 223+7 217+7 220+9 219+6 225+8

Day 2 243+9 254+12 253+ 11 24210 234+7 231+8  231x8  231*x12 236+12 227+12

Day 3 25412 254+12 251+13 229+9 23710  249+9 22711 2273  228+12 225*14

Values are mean=+SEM. Rabbits were subjected to a sequence of 6 cycles of 4-minute coronary occlusion/4-minute coronary reperfusion followed by a 5-hour
observation period. On day 1, rabbits in group Il (LD-A on day 1, n=7) received an intravenous bolus of LD-A (1 mg/kg, total volume 1 mL/kg) 10 minutes before
the first occlusion. On day 2, rabbits in group Il received an intravenous bolus of LD-A (same dose and volume as on day 1 in group Il) 10 minutes before the first
occlusion. Heart rate was measured before treatment (baseline), 9 minutes after treatment (preocclusion), at 3 minutes into the first coronary occlusion, at 3 minutes
into the sixth coronary occlusion, and at selected times after the sixth reperfusion.

completed only days 1 and 2. Of the 7 rabbits assigned to 37.8+3.4% at baseline and 37:8.6% after administration

group I, 1 died of ventricular fibrillation on day 3 during the  of LD-A (P=NS, Figure 4).

fifth occlusion. Therefore, 6 rabbits in group Ill completed

days 1, 2, and 3. groug ' (Cfntr%I) ceningfract ined  sianificant
Postmortem analysis showed that the size of the occluded/ n day 1, thickening fraction remained significantly

-0 . .
reperfused vascular bed was similar in the 3 groups:=00783 g:r)] d Orgsc))v(l?g(;esbseds fggfrsh(zgirsu?;tezr)thi(;dsig;:nreptigtjstﬁg
g (17.5:2.6% of left ventricular [LV] weight) in group I, y g . g

0.83-0.09 g (16.1-1.5% of LV weight) in group II, and sequence of six 4-minute occlusion/4-minute reperfusion

0.84+0.07 g (15.81.6% of LV weight) in group lll. Tissue
staining with triphenyltetrazolium chloride confirmed the ab-
sence of infarction in all animals included in the final analysis. In
all rabbits, the ultrasonic crystal was found to be at least 3 mm
from the boundaries of the ischemic/reperfused region.

100

75+

Regional Myocardial Function
As shown in the Table, there were no appreciable differences & ;
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THICKENIN

-0 day 1,9roup 1] ool
e—e day2,group! | Yo7y
A——a day3, groupl

*P<0.05 vs. day 1

33.8£4.0%, and 34.44.2% on days 1, 2, and 3, respectively, g NI m sh n e
in group |; 41.0-3.2%, 40.2-3.8%, and 39.74.1% in group i SxOR Reperfusion after 6th occlusion

IT; _and 38.5-3.8%, 37.8-3.4%, and 37'1_4'3_% n grQUp I Figure 2. Systolic thickening fraction in the ischemic/reperfused
(Figures 2, 3, and 4). There were no significant differences region in the control group (group 1) at baseline, 3 minutes into
among the 3 groups on the same day or among different dayseach coronary occlusion (0), 3 minutes into each reperfusion
within the same group. In group II, thickening fraction on day () @nd at selected times during the 5-hour reperfusion interval
- ' . after the sixth occlusion. Measurements taken on day 1 are rep-
1 was 41.6:4.2% at baseline and 398.4% after adminis- resented by the dashed line with open circles, measurements
tration of LD-A (preocclusion)R=NS, Figure 3), indicating taken on day 2 are represented by the continuous line with solid
; iynifi i _ circles, and measurements taken on day 3 are represented by
that this r?lgent h.ad no S|gr_1|f|cz_ant effect on regional myocar the interrupted line with solid triangles (n=7 for all 3 days).
dial function. This conclusion is further corroborated by the Thickening fraction is expressed as a percentage of baseline

results in group I, in which thickening fraction on day 2 was values. Data are mean=SEM.
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o—e day 2, group Il (n=7)] on day 1
A— — A day 3, group Il (n=6}
25 ¢ *P < 0.05 vs.day 1, group Il
é 7 515'30'  1h 2h 3h 4h 5h
% sixoR - - :
& & cycles Reperfusion after 6th occlusion

Figure 3. Systolic thickening fraction in the ischemic/reperfused
region in group Il (LD-A on day 1) before administration of LD-A
(baseline), 9 minutes after LD-A (immediately before the first
occlusion, preocclusion [Pre-0]), 3 minutes into each coronary
occlusion (O), 3 minutes into each reperfusion (R), and at
selected times during the 5-hour reperfusion interval after the
sixth occlusion. Measurements taken on day 1 are represented
by the dashed line with open circles (n=7), measurements taken
on day 2 are represented by the continuous line with solid cir-
cles (n=7), and measurements taken on day 3 are represented
by the interrupted line with solid triangles (n=6). To facilitate
comparisons, the data pertaining to day 1 of group | (control
group) are also shown (thick interrupted line without symbols,
n=7). Thickening fraction is expressed as a percentage of Pre-O
values. Data are mean+SEM.

cycles resulted in severe myocardial stunning that lasted, on
average, 4 hours. On days 2 and 3, however, the recovery of
WTh was markedly improved after the 6 occlusion/reperfu-
sion cycles compared with day 1 (Figure 2). The total deficit
of WTh after the sixth reperfusion was 52% and 53% less on

days 2 and 3, respectively, compared with dayP*(.01)
(Figure 5). Thus, as expectédl24imyocardial stunning was

attenuated markedly, and to a similar extent, on days 2 and 3

compared with day 1.

Group Il (LD-A on Day 1)

THICKENING FRACTION
(% baseline)

— — day 1, group | (control, n=7)
[OIEREE O day 1, group Ill (n=7) LD-A
®——e day 2, group Il (n=7) | oy day 2
A—— A day 3, group lil (n=6)
*P <0.05 vs. day 1, group lll
:g - 5’1l5' 30 1h 2‘h 3‘h 4‘h 5‘h
% Q sixOR
& & oycles Reperfusion after 6th occlusion

Figure 4. Systolic thickening fraction in the ischemic/reperfused
region in group Il (LD-A on day 2) at baseline, 9 minutes after
LD-A (immediately before the first occlusion, Pre-0), 3 minutes
into each coronary occlusion (O), 3 minutes into each reperfu-
sion (R), and at selected times during the 5-hour reperfusion
interval after the sixth occlusion. Measurements taken on day 1
are represented by the dashed line with open circles (n=7),
measurements taken on day 2 are represented by the dashed
line with solid circles (n=7), and measurements taken on day 3
are represented by the interrupted line with solid triangles (n=6).
To facilitate comparisons, the data pertaining to day 1 of group
| (control group) are also shown (thick interrupted line without
symbols, n=7). Thickening fraction is expressed as a percent-
age of Pre-O values. Data are mean+SEM.

control group, indicating that LD-A had no appreciable effect
on the severity of myocardial stunning in nonpreconditioned
myocardium. On day 2, however, the recovery of WTh during
the 5-hour period after the sixth reperfusion was not im-
proved compared with day 1 (Figure 3), and the total deficit
of WTh on day 2 was not significantly different from that

observed on day 1 (Figure 5). The total deficit of WTh on day
2 was 90% greater than the corresponding value in control
rabbits P<0.01) and similar to that observed in control

rabbits on day 1 (Figure 5). On day 3, the recovery of WTh

On day 1, the recovery of WTh (Figure 3) and the total deficit in LD-A-treated rabbits was markedly improved compared
of WTh (Figure 5) were similar to values observed in the with day 2 (Figure 3) and was similar to that noted on day 2

Control PC+LD-A PC+LD-A | Control PC+LD-A PC+LD-A
200 - on day 1 on day 2 on day 1 onday2
Q (n=7) (n=7) (n=7)
=
§ P<0.05 P<0.05 P<0.05
(S 150 L i ! ‘ ‘ f ! i Figure 5. Total deficit of WTh after the sixth
= P00 Feos Peols reperfusion on days 1, 2, and 3 in groups |, I,
42 and Il (control [n=7], LD-A on day 1 [n=7], and
<§( S LD-A on day 2 [n=7] groups, respect'lvely). In
o2 100 groups Il and lll, only 6 of the 7 rabbits were
O £ 0 studied on day 3 (see text). The values of total
= ?‘, deficit of WTh in individual rabbits are illustrated
8 e in the left panel; the mean=SEM values of total
u deficit of WTh are depicted in the right panel.
Iy 50 - The total deficit of WTh was measured in arbi-
£ trary units, as described in the text.
o
0 | | | | 1 | | 1 |

- N ™M — N ™M ~ N ™

T T8 ®IFTF ®ET
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B 'schemic-reperfused zone] Figure 6. Ca?*-independent NOS (iINOS) activity
Nonischemic zone in the homogenate (cytosolic+membranous frac-

* *D0.05 vs. sham tions) of myocardial samples obtained from rab-

0.4 $p<0.05vs. PC bits that underwent surgical instrumentation but

did not receive coronary occlusion/reperfusion
(sham controls [group 1V]), from rabbits subjected
24 hours earlier (day 1) to six 4-minute coronary
occlusion/reperfusion cycles (PC-day 2 [group
V]), from rabbits subjected 24 hours earlier to six
4-minute coronary occlusion/reperfusion cycles
after pretreatment with 1 mg/kg IV LD-A (PC-day
2+LD-A on day 1 [group VI]), from rabbits sub-
jected 24 hours earlier (day 1) to six 4-minute
occlusion/reperfusion cycles and given the same
dose of LD-A on the second day 25 minutes
before euthanasia (PC-day 2+LD-A on day 2
[group VII]), from rabbits subjected to six
4-minute occlusion/reperfusion cycles on day 1
and on day 2 and euthanized on day 3 (PC-day 3
[group VIII]), from rabbits subjected to six

iNOS ACTIVITY (total)
(pmol L-citrulline/min/mg protein)

PC—day PC-day 2  PC-day3 LD-A 4-minute occlusion/reperfusion cycles on day 1

Sham  PC-day2  +LD-A ~ +LDA ~ PCday3 DA without PC and on day 2, given LD-A on day 2 (same dose
y 1 on day 2 onday 2 .

(n=5) (n=5) (n=5) (n=6) (n=6) (n=5) (n=5) as group VIll), and euthanized on day 3 (PC-day

3+LD-A on day 2 [group IX]), and from rabbits
subjected to surgical instrumentation but not to coronary occlusion/reperfusion and given the same dose of LD-A 25 minutes before
euthanasia (LD-A without PC [group X]). INOS activity was measured as L-NAME-inhibitable L-citrulline production in the absence of
Ca?*, as described in Materials and Methods. Ischemic PC resulted in a robust increase in iNOS activity in the ischemic/reperfused
region on day 2, which was suppressed by administration of LD-A either on day 1 or on day 2. Administration of LD-A on day 2 had no
effect on the increase in INOS activity on day 3. Data are mean=SEM.

in the control group (Figure 2). The total deficit of WTh was B we investigated whether PTKs participate in late PC by
66% less than that noted on day 2 in the same animals modulating iNOS activity.
(P<0.01) and was comparable to that noted on day 2 in

conltro! rabbltsd(F|guref 5).' Thus, tfhe seguencs of f C?tron?r:y Of the 38 rabbits instrumented for phase B, 5 were assigned
occlusions and reperfusions performed on day 1 after the groups IV, V, VI, IX, and X, 6 to group VIII, and 7 to

administration of LD-A failed to induce late PC against roup VII. One rabbit in group VIl was excluded from
stunning on day 2, but the same sequence performed on da}analysis b'ecause of probable infarction

2 did precondition against stunning on day 3.

Exclusions

Effect of Ischemic PC on NOS Activity and
Group IIl (LD-A on Day 2) . . Myocardial Nitrite+Nitrate (NO,) Levels
Onday 1, the recovery of regional function was similar to that  Ag detailed in Materials and Methods, NOS activity was measured
observed in the control group (Figures 4 and 5). On day 2, 35 Ne-nitro-arginine methyl ester  (L-NAME)—inhibitable
however, both the recovery of WTh (Figure 4) and the total | _itrulline production. In group V (ischemic PC-day 2), the
deficit of WTh (Figure 5) were similar to values observed on  sequence of 6 cycles of 4-minute occlusion/4-minute reperfusion on
day 1. The total deficit of WTh on day 2 was 86% greater day 1 resulted in a robust induction of iNOS activity 24 hours later
than the corresponding value in control rabbRs:0.01) and  (on day 2). In these rabbits, total (cytoselimembranous fractions)
was similar to that observed in control rabbits on day 1 Cg*-independent NOS activity (iNOS activity) in the ischemic/
(Figure 5). Thus, administration of LD-A on day 2 com- reperfused region was 167% higher than the activity in the nonis-
pletely abrogated the protective effects of late PC. On day 3, chemic region®<0.05) and 119% higher than the activity in the
the recovery of WTh was markedly improved compared with anterior LV wall in sham control rabbits (group IVIP€0.05)
day 2 (Figure 4) and was similar to that observed on day 3 in (Figure 6). The increase in INOS activity was more pronounced in
the control group (Figure 2). The total deficit of WTh was the cytosolic fraction{233%,P<0.05) than in the membranous
59% less than that noted on day 2 in the same animals fraction (+100%,P<0.05). No significant changes in iINOS activ-
(P<0.01) and was comparable to that noted on day 3 in ity were observed in the nonischemic region (Figure 6). In contrast
control rabbits (Figure 5). Thus, administration of LD-A to iNOS activity, C& -dependent NOS (endothelial NOS and/or
before the sequence of 6 coronary occlusions and reperfu-neuronal NOS) activity in the ischemic/reperfused region did not
sions on day 2 completely abolished the late PC effect againstchange appreciably 24 hours after ischemic PC (on day 2), either in
stunning that was induced by the ischemic stimulus on day 1. the total homogenate (cytoseticnembranous fractions) (Figure 7)
The significant improvement in the recovery of WTh noted or in the individual (cytosolic and membranous) tissue fractions
on day 3 in these rabbits indicates that LD-A in itself did not (data not shown). The changes in iINOS activity were associated
have any delayed deleterious effects on myocardial stunning.with directionally concordant changes in the tissue levels of

nitrite+nitrate (NQ), the stable oxidation products of NO: as
Phase B: Studies of NOS Activity illustrated in Figure 8, in group V total (cytosoliecnembranous
Having observed in phase A that late PC is blocked by the fractions) myocardial NQlevels in the ischemic/reperfused region
administration of LD-A on day 1 as well as on day 2, in phase were significantly increased 24 hours after ischemic PC (day 2)
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(+62% versus the nonischemic regi®k{0.05] and+43% versus mation is available regarding the mechanism whereby PTKs
the anterior LV wall in group IV [sham controlsP{0.05)). contribute to late PC.

In group VIII (ischemic PC-day 3), rabbits were subjected
to a sequence of six 4-minute occlusion/reperfusion cycles on Salient Findings
day 1 and to another sequence on day 2; 24 hours later (onThe present investigation provides significant new insights regard-
day 3), the increases in iINOS activity (Figure 6) and,NO ing these issues. Using conscious rabbits, we found that adminis-
levels (Figure 8) were similar to those measured on day 2 in tration of LD-A before the ischemic PC stimulus (on day 1)
group V (ischemic PC-day 2). No change in ctNOS activity completely blocked the development of protection against myocar-
was noted on day 3 (Figure 7). Thus, myocardial iNOS dial stunning 24 hours later, indicating that PTK activity is neces-
activity and NQ levels were augmented both on day 2 and on Sy o trigger this mechanism. The protective effects of late PC

day 3, indicating sustained upregulation of iNOS by late PC. @gainst stunning were also abrogated when LD-A was administered
before ischemia/reperfusion on day 2, indicating that PTK activity is

Effect of LD-A on NOS Activity and Myocardial NQ also necessary to mediate this phenomenon. To our knowledge, this
In the absence of ischemic PC (group X), LD-A did not have is the first indication that PTKs are involved in the manifestation of
any appreciable effect on INOS activity (Figure 6), cNOS protection during the late phase of ischemic PC (on day 2). Finally,
activity (Figure 7), or NQlevels (Figure 8). When LD-Awas  administration of LD-A either on day 1 or on day 2 abrogated the
administered before the PC ischemia on day 1 (group VI), increase in myocardial iNOS activity and N@vels on day 2,
INOS activity and NQ levels in the ischemic/reperfused indicating that the upregulation of INOS (which mediates the
region 24 hours later (day 2) were not significantly different cardioprotective effects of late P&9 occurs via at least two
from those measured in the nonischemic region in the samePTK-dependent pathways, one that is operative on day 1 and one
group and in the anterior LV wall of sham control rabbits that is active on day 2.
(group 1V) (Figures 6 and 8). Both iNOS activity and NO Previous studies have implicated PTKs in e#§* and
levels were significantly less in preconditioned rabbits treated late?2 PC against myocardial infarction. To our knowledge,
with LD-A on day 1 (group VI) compared with untreated this is the first study to demonstrate that PTKs play an
preconditioned rabbits (group V) (Figures 6 and 8). Thus, obligatory role in the development of late PC against myo-
pretreatment with LD-A completely abrogated the ischemic cardial stunning. This is also the first study (1) to identify two
PC—induced increase in iNOS activity and Nf@vels ob- distinct functions for PTKs in late PC against stunning (ie,
served 24 hours later (day 2) in group V. PTKs are required both to trigger this phenomenon on day 1
When LD-A was administered on day 2 (group VII), iNOS and to mediate it on day 2), (2) to directly demonstrate that
activity and NQ levels in the ischemic/reperfused region 25 INOS activity is upregulated during the late phase of ischemic
minutes after LD-A did not differ significantly from those PC in rabbits, (3) to indicate that this upregulation of INOS
measured in the anterior LV wall in sham control rabbits activity requires PTK activity, and (4) to examine the effect
(group 1V) and were significantly les$€0.05) than those  Of PTK inhibitors on ischemic PC in conscious animals. The
measured in rabbits subjected to ischemic PC (group V) finding that cardiac iNOS upregulation is PTK dependent
(Figures 6 and 8). Thus, administration of LD-A 24 hours reveals a new signaling mechanism and a new function for
after the initial PC ischemia (day 2) markedly suppressed the PTKS, which has significant implications for many patho-
ischemic PC—induced increase in iNOS activity and abro- Physiological processes besides ischemic PC.
gated the ischemic PC—induced increase in myocardigl NO . .
levels on day 2. In contrast, administration of LD-A on day 2 Rationale for Selecting LD-A . .
had no significant effect on the ischemic PC—induced in- There were several reasons for selecting LD-A instead of

crease in iINOS activity and NCevels observed 24 hours genistein as a PTK inhibitor. First, the selectivity of LD-A
later (on day 3) (group IX) for PTKs versus other kinases is superior to that of

Administration of LD-A either on day 1 or on day 2 had no genistein. The lg’ ratio of genistein for nonreceptor PTKS
discernible effect on cNOS activity (Figure 7). v?rsus protein kinase A/.PKC has been foynd_to _be_: 11010
1:143442whereas LD-A is a highly selective inhibitor of
) ) PTKs, with an IG, of 0.011, 0.5, and>100 umol/L for
Discussion receptor PTKs, nonreceptor PTKs, and serine-threonine
Although previous studies have identified the initial compo- kinases (including PKC, protein kinase A, and calmodu-
nents of the signal transduction pathway that underlies late |in-dependent kinases), respectivéhg* Thus, the 1G,
PC, including NO!-7 reactive oxygen speciés? and ratio for nonreceptor PTKs versus PKC #s1:200 for
PKC1-14the mechanisms downstream from these molecules | D-A34 compared with<1:10 for genistein. The dose of
are poorly understood. Recent studies have shown thatLD-A selected for the present study (1 mg/kg) was
ischemic PC activates Src and Lck PTRqut the functional  calculated to result in peak plasma concentrations of
significance of this observation remains unknown. In partic- 4.5 umol/L, ~10 times higher than the lgfor Src PTKs
ular, no information is available regarding whether PTKs are (0.5 umol/L).23:34 Because in intact organisms LD-A is
causally involved in late PC against myocardial stunning and, redistributed after intravenous injection, the plasma and
if so, whether they participate in the development of this tissue levels present during the 6 occlusion/reperfusion
adaptive phenomenon on day 1 and/or in the manifestation of cycles 10 to 54 minutes after the intravenous bolus of
its cardioprotective effects on day 2. Furthermore, no infor- LD-A should have been considerably lower, making it very
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Figure 7. Ca2?*-dependent NOS (cNOS [endothelial NOS
and/or neuronal NOS]) activity in the homogenate (cytosolic+
membranous fractions) of myocardial samples obtained from
rabbits that underwent surgical instrumentation but did not
receive coronary occlusion/reperfusion (sham controls [group
IV]), from rabbits subjected 24 hours earlier (day 1) to six
4-minute coronary occlusion/reperfusion cycles (PC-day 2
[group V]), from rabbits subjected 24 hours earlier to six
4-minute coronary occlusion/reperfusion cycles after pretreat-
ment with 1 mg/kg IV LD-A (PC-day 2+LD-A on day 1 [group
V1)), from rabbits subjected 24 hours earlier (day 1) to six
4-minute occlusion/reperfusion cycles and given the same
dose of LD-A on the second day 25 minutes before euthana-
sia (PC-day 2+LD-A on day 2 [group VII]), from rabbits sub-
jected to six 4-minute occlusion/reperfusion cycles on day 1
and on day 2 and euthanized on day 3 (PC-day 3 [group
VIII]), from rabbits subjected to six 4-minute occlusion/reper-
fusion cycles on day 1 and on day 2, given LD-A on day 2
(same dose as group VIl), and euthanized on day 3 (PC-day
3+LD-A on day 2 [group IX]), and from rabbits subjected to
surgical instrumentation but not to coronary occlusion/reper-
fusion and given the same dose of LD-A 25 minutes before
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Il 'schemic-reperfused zone
Nonischemic zone

* P<0.05 vs. sham

§p<0.05 vs. PC

MYOCARDIAL NOy (nmol/mg protein)
(o]

0 D N\ \ h N
PC-day 2 PC-day 2 PC-day 3 LD-A
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(n=3) (n=5) (n=5) (n=86) (n=86) (n=%) (n=5)

Figure 8. Total (cytosolic+membranous fractions) myocardial con-
tent of NO, in myocardial samples obtained from rabbits that
underwent surgical instrumentation but did not receive coronary
occlusion/reperfusion (sham controls [group 1V]), from rabbits sub-
jected 24 hours earlier (day 1) to six 4-minute coronary occlusion/
reperfusion cycles (PC-day 2 [group V]), from rabbits subjected 24
hours earlier to six 4-minute coronary occlusion/reperfusion cycles
after pretreatment with 1 mg/kg IV LD-A (PC-day 2+LD-A on day
1 [group VI]), from rabbits subjected 24 hours earlier (day 1) to six
4-minute occlusion/reperfusion cycles and given the same dose of
LD-A on the second day 25 minutes before euthanasia (PC-day
2+LD-A on day 2 [group VII]), from rabbits subjected to six
4-minute occlusion/reperfusion cycles on day 1 and on day 2 and
euthanized on day 3 (PC-day 3 [group VIII]), from rabbits subjected
to six 4-minute occlusion/reperfusion cycles on day 1 and on day
2, given LD-A on day 2 (same dose as group VII), and euthanized
on day 3 (PC-day 3+LD-A on day 2 [group IX]), and from rabbits
subjected to surgical instrumentation but not to coronary occlu-
sion/reperfusion and given the same dose of LD-A 25 minutes
before euthanasia (LD-A without PC [group X]). Nitrite was mea-
sured by using the Griess reaction; nitrate was determined after

conversion to nitrite as described in Materials and Methods. Ische-
mic PC resulted in a significant increase in myocardial NO, levels,
which was abrogated when LD-A was administered before ische-
mic PC (day 1) or 24 hours later (day 2). Administration of LD-A on
day 2 had no effect on the increase in NO, levels on day 3. Data
are mean=SEM.

euthanasia (LD-A without PC [group X]). cNOS activity was
measured as L-NAME-inhibitable L-citrulline production in the
presence of Ca?* and calmodulin, as described in Materials
and Methods. Neither ischemic PC nor LD-A had any effect
on cNOS activity. Data are mean=SEM.

unlikely that the observed inhibition of late PC could be
ascribed to inhibition of PKC or other serine-threonine
kinases.

The second advantage of LD-A over genistein is that it
is much more selective for the Src family of PTKs.
Genistein and other flavonoids are general inhibitors of

PTKs with little specificity for individual enzymes. In prevented by pretreatment with LD-A (given at the same dose
contrast, LD-A preferentially inhibits two families of  {ha¢ was used in the present investigation), indicating that the
PTKs, epidermal growth factor receptor kinases and Src recpitment of this transcription factor requires PTK signafing.
PTKss334In view of the fact that previous studies in our  However, the mechanism whereby PTK-dependent recruitment
conscious rabbit model have shown that ischemic PC o NF-«B produces delayed cardioprotection remained un-
activates Src PTKs but has no effect on epidermal growth known. The present findings that pretreatment with LD-A on
factor receptor PTK3? LD-A would appear to be a useful  day 1 abrogated the increase in iNOS activity and tissug NO
tool for interrogating the Src family of PTKs. The third |evels 24 hours later (Figures 6 and 8) indicate that PTK
reason for selecting LD-A was that this agent (at the same signaling on day 1 is required for the upregulation of INOS on
dose used in the present study) has been documented tajay 2. NF«B is known to be a central mechanism controlling
block Src PTK activation during ischemic PE€In view of iNOS inductior?445 and mounting evidence indicates that the
these facts, the actions of LD-A documented in the present late phase of PC is mediated by iNOS activify Thus, based
study suggest a critical role of the Src family of PTKs both on the fact that the mobilization of PTKs shortly after the initial
in the development of late PC on day 1 and in the PC stimulus (on day 1) is essential not only for the activation of
manifestation of its cardioprotective effects on day 2. NF-«B, as shown previousKt but also for the increase in INOS

Role of PTKs in the Development of Late PC

(Day 1)

Recent studies in conscious rabbits have identified a pivotal role
of the transcription regulatory protein nuclear factor (MB)in

the development of late PC on day'IThese studies have also
found that the activation of NkB by ischemic PC was
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activity and for the acquisition of cardioprotection 24 hours later, new iINOS proteins? posttranslational modulation of INOS
as shown in the present study (Figures 5, 6, and 8), we proposeproteins via tyrosine phosphorylation is also critical in acti-
that PTKs participate in the genesis of late PC by promoting vating this enzyme and conferring enhanced tolerance to
INOS transcription via an NikB—dependent pathway. myocardial ischemia/reperfusion injury. Thus, a complex
This paradigm is consistent with emerging evidence in non- scenario emerges from the present observations, in which
cardiac cells, in which tyrosine phosphorylation has been found PTK signaling elicited by brief ischemia upregulates iNOS
to be necessary for NkB mobilization. For example, the PTK  both via increased transcription (day 1) and via posttransla-
inhibitors herbimycin A and genistein can block hypoxia- tional modulation (day 2).
induced phosphorylation of inhibitoryBa: (IkBa) on tyrosine The concept that tyrosine phosphorylation is required for stress-
residues and the consequent activation of dFin Jurkat T induced iINOS proteins to be protective reveals a new function of
cells?® Recently, it has been shown that tyrosine phosphoryla- PTKs in cardiac pathophysiology. This concept is congruent with a
tion of IkBa induced by the phosphatase inhibitor pervanadate previous studs in which tyrosine phosphorylation of INOS in
promotes NF«B DNA-binding activity without degradation of  murine macrophages was found to be associated with increased
IkBa.# In that study, a PTK of the Src family (Lck) was proven  iNOS activity. Further studies will be needed to elucidate the

essential for pervanadate-inducedBé tyrosine phosphoryla-  mechanism whereby PTK activity is enhanced on day 2 and to
tion and NF«B activation?” Interestingly, Lck is activated by jdentify the specific kinase(s) involved.

ischemic PC in conscious rabbits, and the activation is blocked
by LD-A, given at the same dose as in the present study, Conclusions
raising the possibility that this specific kinase may be involved in The present study provides new insights into the role of PTKs in
the ischemic PC~induced recruitment of NB- cardioprotection. The results of phase A demonstrate that, in
In the present study, iINOS activity was augmented not only conscious rabbits, PTKs perform two distinct functions within
on day 2 (group V) but also on day 3 (group VIII), demonstrat- the signal transduction pathway that underlies late PC against
ing sustained upregulation of this enzyme during late PC. The myocardial stunning: on day 1, they are essential for the
mechanism for the increased iNOS activity of day 3 appears to development of the late PC effect, whereas on day 2, they are
be different from that on day 2, in view of the fact that the  essential for its manifestation. The results of phase B are the first
administration of LD-A on day 2 had no significant effect on  gjrect evidence that iNOS activity is enhanced during late PC in
myocardial stunning (Figures 4 and 5), iNOS activity (Figure 6), rapbits. Furthermore, phase B provides a mechanistic basis for
and NQ levels (Figure 8) 24 hours later (on day 3) (group lll - the results of phase A, in that it indicates that PTKs are involved
and IX). Thus, although the protection against stunning and the i, the modulation of cardioprotective iNOS activity at two
concomitant increase in iINOS activity observed on day 2 require jistinct levels: at an early stage on day 1 and at a late stage on
PTK signaling on day 1 (groups Il and V1), it appears that neither oy » This heretofore unrecognized bifunctional role of PTKs
the_protectior_1 f_;lgainst stunning nor the c_oncomitant upregulation suggests a new pathophysiological paradigm for the late phase of
O,f 'NQS activity observed on day 3 is dependent on PTK is-hemic pC and has broad implications for our understanding of
signaling on day 2,(9,“)“'35 III.and IX),' These .results. A the signaling mechanisms that underlie the response of the heart
congruent with the finding that, in conscious rabbits, a single to ischemic stress and, possibly, other stresses. The present

sequence of six 4-minute occlusion/reperfusion cycles elicits afindings support the concept that tyrosine phosphorylation
state of PC against stunning that lasts for 72 hours even when no,

g ; - - : . . serves as a critical regulatory mechanism for stress-activated
additional ischemic PC stimuli are appli¢dTogether with this e’ reg v

. gene upregulation in the heart.
previous study® the present results suggest that both the
preconditioned state and the rise in INOS activity seen on day 3
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