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Hypothermia protects ischemic tissues by reducing ATP utilization and accumulation of harmful metabolites.
However, it also reduces ATP production, which might cause deterioration in the energy supply/demand ratio.
Modulation of energy supply/demand according to temperature has not been previously studied in detail. In this
study, isolated, perfused rabbit heams={ 60) were used to determine the effects of various temperatures on
myocardial energy metabolism and function during cardioplegic arrest. Ischemia was induced by crystalloid
cardioplegic solution at 4, 18, 30, and 34°C for 120 min, respectively. At each temperature, the hearts were
divided into a glucose-treated group which contained 22 mM glucose in cardioplegic solution as the only
substrate and a control group which contained 22 mM mannitol to keep same osmolarity. Following 15 min
reperfusion, recovery of left ventricular developed pressure (BR)P/dt,,,, and the product of heart rate and
DP were significantly higher in 30, 18, and 4°C groups than those in 34°C control group. The functional recovery
was also significantly higher in the 34°C glucose-treated group than that in the 34°C control group, but there was
no difference between those groups at 30°C and the temperature below 30°C. Myocardial ATP concentration was
significantly lower in 34°C control group than those in other groups. There is a close relationship between
myocardial ATP concentration and functional recove®y € 0.90). The accumulations of lactate and S@ere
significantly higher at 34°C in glucose-treated group than those in the control group. However, there was no
significant difference between these two groups at 30°C and the temperature below 30°C. These results indicate
that under these study conditions: (1) a marked decrease in energy supply/demand occurs above 30°C, implying
that a temperature threshold exists; and (2) this can be ameliorated by provision of glucose as substrate in
cardioplegia solution. © 1998 Academic Press

Key Words:ATP; cardioplegia; CQ glucose; hypothermia; lactate; myocardial ischemia; myocardial reper-
fusion; temperature; threshold.

Hypothermia protects ischemic myocardiunprotective effects of hypothermia (12, 13). Glu-
by reducing metabolic demands and injuriousose addition to crystalloid solutions further
catabolite production (3, 6, 12—-14, 25, 27, 28)trengthens these cardioprotective effects b
These beneficial effects are negated somewhgiomoting anaerobic glycolysis, which itself is
by a reduction in high-energy phosphate synemperature dependent (19-21, 24). These mu
thesis, which might offset the balance betweefiple factors could influence functional recovery
energy demand and supply. Separate from theggring reperfusion after ischemia. This study’s
energy metabolic considerations, profound hyyrincipal objective was to determine that spe-
pothermia can also induce temperature-depegific temperature range, which minimizes inju-
dent injury through various mechanisms includrioys effects of hypothermia, while maintaining
ing enhancement of cellular calcium entryyne heart energy supply/demand ratio. The dat
which leads to muscle contracture (1, 4, 8, §jicate that this optimal temperature range is
15-17, 23, 26). Cardioplegia enhances thf?alirly broad. However, energy supply/demand
- ratio deteriorates rapidly above 30°C, implying

1R%°1.e"’ed May 8, 1997; accepted September 8, 1997. that a temperature threshold exists for myocar

is study was presented in part at the Experimental . . .
Biology Meeting (abstract), April 14—17, 1996, Washing-dial protection. Additionally, the threshold can
ton, DC. be modified by substrate provision, which in-
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creases energy supply during increased energiprk. Myocardial oxygen consumption (M)

demand at higher temperatures. was calculated as the expression MV CF X
[(Pao, — Pvo,) X (c/760)], where CF is coro-
MATERIALS AND METHODS nary flow (ml/min), (Pa, — Pvo,) is the differ-
) ence in the partial pressure of oxygéty(, mm
Preparation of Isolated Heart Hg) between perfusate and coronary effluen

White New Zealand rabbits (male or femaleflow, andc is the Bunsen solubility coefficient
2.2-2.7 kg body wt) were anesthetized witlof O, in perfusate at 37°C (22,2l O, X atm *
sodium pentobarbital (45 mg/kg, intravenously)x ml~! perfusate) (19, 22). Because hearts
and heparinized (700 U/kg, intravenously). Mewere quickly placed in liquid nitrogen for me-
dian sternotomy was performed and the heatabolite measurements at the end of experi
was rapidly excised and immersed momentarilgnents, the heart was not weighed and the mes
in ice-cold physiological salt solution (PSS), pHsurements of CF and MY were not
7.4, containing 118.0 mmol/L NaCl, 4.0normalized by heart weight. Oxygen extraction
mmol/L KCI, 22.3 mmol/L NaHCQ, 11.1 was calculated as the expression, EXT =
mmol/L glucose, 0.66 mmol/L KEPO,, 1.23 MV /oxygen content in the perfusate. Proce-
mmol/L MgCl,, and 2.38 mmol/L CaGl Pre- dures followed were in accordance with institu-
vious studies have shown that myocardiglcH tional and NIH guidelines on treatment of ani-
content was stable85%) in isolated perfused mals.
rabbit hearts perfused at 80—-90 mm Hg with
PSS using the same protocol (19—-21). The aort@ctate and CQ Measurements
was cannulated in the Langendorff mode and The first 1.5 ml of coronary effluent was
the heart was perfused with PSS that has beenllected at ischemic flush time (see Experi-
equilibrated with 95% ©-5% CQ, at 37°C and mental Protocols) and at reflow. Lactate con-
passed twice through 30m pore size filters. centration was measured with a GM7 Analyset
Perfusion pressure was maintained at 90 m#nalox micro-Stat, London). Concentrations
Hg. An incision was made in the left atrium, andf O, and CQ were measured with a Radiom-
a fluid-filled latex balloon was passed througteter (ABL 3, Copenhagen, Denmark). Differ-
the mitral orifice and placed in the left ventricleence in CQ content o) between coronary
The balloon was connected to a pressure transdtflow and inflow was calculated atzo, =
ducer for continuous measurement of left venPveo, — Pag) X ¢V, where (Pyg, —
tricular pressure (LVP) and the first derivativePa;o) is the difference in the partial pressure of
of LVP (dP/dt). The caudal vena cavum, the leftcarbon dioxide Rco,, mm Hg) between coro-
and right cranial vena cava, and the azygousary effluent flow and perfusate,is the solu-
vein were ligated (19). The pulmonary artenpility coefficient of CQO, in perfusate at 37°C
was cannulated for collection of coronary flow(0.53 ml CQ, - ml~* perfusate), an¥,, is molar
measured with a flow meter (T201, Transonizolume (22.4 ml/mmol/L) (20).

Systems Inc., Ithaca, NY). .

The analog signals were continuously refTP and Metabolites
corded on a pressurized ink chart recorder To observe changes in tissue nucleotide:
(Gould, Inc., Cleveland, OH) and an on-ling(ATP, ADP, AMP, IMP) and nucleosides
computer (Macintosh, Biopac Analog Signaladenosine, inosine, hypoxanthine, and xan
Acquisition System). To characterize cardiathine), hearts were quickly frozen in liquid ni-
function, developed pressure (DP) is defined @sgen and then lyophilized for 48 h at40°C
peak systolic pressure (PSP) minus end-diander 200-Torr vacuum. An aliquot (10 mg) of
stolic pressure (EDP). The product of heart ratthe dried tissue was homogenized with 890
(HR) and DP (PRP, mm Hg/min) was calcu-of 0.73 M trichloroacetic acid (TCA). After
lated to provide an estimate of myocardiatentrifugation (7000 rpm, 2 min) at 4°C, the
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supernatant (40Ql) was removed and added towere followed in each experiment. During the
a new Eppendorf tube containing an equal vobaseline period, data were obtained with the
ume of trin-octylamine and Freon (1:1, v/v). hearts maintained at 37°C by water circulatec
The sample mixture was then vortexed and cetthrough the organ bath. The pulmonary out-
trifuged as before. The aqueous phase was arflow temperature was monitored continuously
lysed with high-performance liquid chromatog-with a thermal probe to adjust the temperature
raphy (HPLC) (5, 19). Mobile phase wasof the infusion. During ischemia, the PSS
prepared as follows: buffer A consisted of 1.47nfusion was stopped and 60 ml of oxygen-
mM tetrabutylammonium phosphate (TBAP) agted St. Thomas' cardioplegic solution (CP)
a pairing ion and 73.5 M potassium dihydrogemt 4°C was injected into the aorta at a rate of
phosphate (pdp), and 0.0% acetonitrile; buffef mj/s to begin the 2-h ischemia. The organ
B consisted of 10% acetonitrile in distilled, path temperature was changed to 4, 18, 30, c
deionized water, 1.33 mM TBAP, and 66 M34°C during ischemia. Fifteen milliliters of

pdp. The final concentration of acetonitrile was; Thomas’ cardioplegic solution (4°C) was
adjusted by a two-pump control method fOfnjected every 30 min thereafter. The St.
achieving optimum peak resolution and separgpgmas cardioplegic solution contained
tion of nucleotides (3%) and nucleosides (0.5%) 49 9 mmol/L NaCl, 25.0 mmol/L KCI, 21.9

at pH 3.05. Standard curves were generatqﬂmom_ NaHCO, 16.0 mmol/L MgCh, and
from serial dilutions of ATP, ADP, AMP, IMP, g o1 CaC,:i When the 2-h ischemic

adenosine, hypoxanthine, xanthine, and | yeriod was ended, the hearts were reperfuse

rl]gs';g (:&gTSOChe;ng:gl COI./’LSZIK/(\)IUItS’ '\23 Avith oxygenated PSS at 37°C and the wate
N » an omol/L. ater ath temperature was increased to 37°C. Dur

UV absorbance detector was used for nucleotide . . .
: S ing the 15 min of reperfusion, hemodynamic
and nucleoside determinations. Peak areas fro

. data were recorded to compare with baseline
samples were integrated and least square curves . .
ata and to determine the degree of functiona
were plotted.

recovery in each heart. After reperfusion,
Experimental Protocols hearts were quickly placed in liquid nitrogen
for metabolite measurements.

After completing instrumentation and per- | of 60 h d for thi q
forming calibrations, left ventricular balloon Atotal o earts were used for this study.

volumes were varied over a range of values t?)—he hgarts divided Ipto 4, ]j8’ 30, and ‘,0’4 C
construct left ventricular function curves. IniSchemic groups. In pilot studies, the functional

this manner, it is possible to define a specififecovery was similar at 4, 12, 18, 22, 26, anc
balloon volume that is associated with a de30°C ischemia, but the recovery was dramati
veloped pressure between 100 and 140 mAally decreased at 34 and 37°C ischemia. There
Hg. This volume was maintained the saméore, we performed experiments at the above
during baseline and reperfusion conditionour temperatures to simplify the protocol. Each
The intraventricular balloon volumes werel€mperature group was divided into two sub-
not adjusted to produce specific end-diastoli@roups: control group and glucose-treatec
pressures (rather, we defined a level of sy&roup. Twenty-two millimolar glucose was

tolic pressure development), but end-diastoliddded into cardioplegic solution as substrate tc
pressures at baseline greater than 10 mm Hypserve the effect of ischemic temperature or
were not considered acceptable (22). Datayocardial metabolite levels in the glucose-
from hearts characterized by developed pre$eated group. It has been demonstrated that 2
sures less than 100 mm Hg or greater than 140M glucose is an adequate concentration o
mm Hg were not used. Baseline data wersubstrate during warm ischemic arrest (19)
obtained after an equilibration period of apMannitol (22 mM) was added into cardioplegic
proximately 30 min. The same proceduresolution as an osmolar control.
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Statistical Analysis started in the 34°C control group after 6125

Values reported are mearts standard error 3.2 min of ischemia but there was no contrac-

(SE) in the text, tables, and figures. The Staftre in the hypothermic groups. There was alsc

view 4.5 (FPV) Program (Abacus Concepts© contracture in the 34°C glucose-treatec

Inc., Berkeley, CA, 1995) was used for statisti9"OUP-

cal analysis. Data were evaluated with repeateghqhic and Anaerobic Metabolic Products
measures analysis of variance within groups and )

single factor analysis of variance across groups. 1€ difference of CQ content (o) and
When significant F values were obtained, [actate concentratio{,crare) between coro-

Scheffe’s test was used to distinguish whici@ry outflow and inflow were dramatically in-

groups differed from each other significantlycréased in the glucose-treated group at 34

The criterion for significance was taken to bdSchemia, indicating that the aerobic and anaer
P < 0.05 for all comparisons. obic metabolism were elevated at 34°C. Figure

2 summarizes the results. There were no signif

RESULTS icant differences between control and the glu-
, cose-treated groups at 4, 18, and 30°C ischemi:
Functional Parameters At34°C, there was a highefo, andd, acrare

On baselineThe left ventricular balloon vol- in the glucose-treated group. The functional re-
umes were similar in the group® (> 0.05, covery was better in this group than that of control
Table 1). During baseline conditions, there wergroup. In contrast, at this temperature there were
no significant differences between control antbwer dg, and d acrate in the control group,
glucose-treated groups in EDP, DPdP/dt,,,, and the levels were similar to those at 30°C.
HR, PRP, CF, M\,, and QEXT (Table 1). However, the functional recovery was obviously

Functional recovery during reperfusionn poor compared with all other groups.

Table 1 and Fig. 1, the data demonstrate that One molecule of glucose would be broken
hypothermic hearts provides greater functionalown to two molecules of lactate or broken
recovery than that observed in the 34°C contralown to six molecules of CO The glucose
hearts. There were no significant differencestilization was calculated by the formula (20)
between control and glucose-treated hearts aft@fucose utilization= (dco/6 + d_actate)

4, 18, and 30°C ischemia. The hypothermienM, wheredc, and d acrare are the differ-
hearts were characterized by higher developezhces of CQ content and of lactate concentra-
pressures, highedP/dt,, ., values, and lower tion between coronary effluent and inflow per-
end diastolic pressure, indicating that the hypdusates. The calculated glucose utilization was
thermia improved recovery from ischemicsimilar in the control and glucose-treated hearts
and/or reperfusion injury. Heart function in theduring 4°C (0.33£ 0.04 and 0.41t 0.02 mM,
hypothermic groups remained improved from 4espectively), 18°C (0.25- 0.06 and 0.29+

to 30°C in both control and glucose-treated.03 mM, respectively), and 30°C (0.960.06
hearts. and 0.99+ 0.11 mM, respectively) ischemia

Ischemic contractureAs noted under Mate- (Fig. 3). At 34°C the calculated glucose was
rials and Methods, a specific balloon volumé.20 = 0.06 mM in control hearts but was
was adjusted and maintained throughout th259 = 0.11 mM in the glucose-treated hearts.
experiment, allowing comparisons of left ven- The ratio of anaerobic metabolism to the total
tricular pressure under constant end-diastoliglucose utilization was calculated as glucose
volume. After injecting cardioplegic solution, broken down to lactate/(Glucose broken down
the left ventricular pressure was always near ® lactate+ Glucose broken down to C{ The
mm Hg. The beginning of ischemic contractureatio of anaerobic metabolism to the total glu-
was defined by the initial rise in left ventricularcose utilization is shown in Fig. 4. The ratio of
pressure above 2 mm Hg. Ischemic contractuanaerobic metabolism increases with the in.



"UONIPUOD BWES 10} D SA O ‘GO0 > d «
"d@ pue yH jo 1onpoid ‘dyd
‘3WINJOA Je|N2LIIUBA 3] ‘AAT ‘81l Leay ‘YH ‘einssald dljoiselp pusa JejndliuaA Ja| ‘dd3 ‘ainssaid 1ejnalinusa 1a] Jo aAIRALISP 1S11) 83U JO winwixew “®*“)p/dpinssaid padojansp
101IUBA U3| ‘da ‘(AjpAndadsal ‘D7 pue ‘0 ‘8T ‘¥ Te ainjeladwal o1wayadsi ay) sjuasaldal € pue ‘0g ‘8T ‘v7) dnoib parean-asoon|b ‘o ‘dnoib [01u0d ‘D :pasn suoneInaIgqay
YIS pue S[euale|y Japun paguoasap se (d3yd) uoisnuadal Jo Ul GT Jaye pue auljaseq Je sueay pasnyiadal pare|os] Ul paulwialap alom Sadlpul dlweuApowsy ay] "81oN

«/9°0 7S8'TT 620 FTIT'C 0T'T F02°LT 08'0 F9T'GT 62'T 67'8T 12T FSY9T vZ'T 79V 9/'T 79671 d3d
12T 75622 ZET F6ETT SS'T FIvee 16°0 72212 8L'T ¥6T°2C GE'T +€8'8T T2'T 766'22 S8°0 WLTZ auljaseq
(uw/BH ww QT) d¥d
TTT 35°LLT 2'TT 7G°GLT S'€ F0LLT €6 ¥£'29T 0'6 72061 ¥'8 ¥G'/8T L'8 76712 8% ¥6°002 d3d
8'TT FT°96T 8'0T ¥5'L6T ¥'9 ¥8'96T 8'C F'8.T 92T F0'T6T §'9T ¥2'€9T 9'8 76002 ¥ 0 L6T auljaseq
(uiwysresq) yH
K «2E 7869 02 ¥S0T 0G 7258 ¥Z 092 €9 7806 09 T0S8 9G 7/89 8/ 7069 d3d
< Z€ F0S0T ¥¥ F90T 99 T£86 8y ¥/€6 S9 F090T GE F€66 8V Tvv6 9z 16 auljaseq
i (S/BH ww) ***“)p/dp—
o «¥S F006 G2 T¥ST 66 F£2CT 9% ¥GG0T GTT FE€G2T 2L F2LTT €8 7028 21T 006 d3d
z /8 F¥S9T 88 F67ST 6¥T FSPST 91T FO¥ST SOT FS.VT Ty FervT 08 F+99T 2L #LST auljaseq
z (S/BH Wwy®*“Ip/dp
'V T6'69 €Z 61T 09 ¥2'.6 827 ¥2'E6 ¥'S ¥€°L6 ¥', ¥5'88 2'S 78'69 28 L. d3d
¥'Z ¥5°60T S ¥1'80T 8'S ¥G'ETT 6'G F0'6TT 19 72911 0'S ¥LLTT 0'€ FTV¥IT G'€ AGTT auljeseg
(BH ww) da
¥G6'T FE'ET ¥2'S ¥5'89 ¥8'0 7£'8 G5'Z ¥€'6 66'0 7€'€T LT 78°CT 89'C 6T S0'S 76°9T d3d
€207CT Tr0FLe 220FST 0’0 ¥8'T /T072¢ 090 78T V0 FLT €90 BT auljeseq
(BH ww) da3
100 ¥€S'T 110 762°T 210 FOV'T 210 ¥0S'T 100 7.E'T 0T'0 70T €T°0 ¥65°T 900 F0E'T (Ilw) AAT
(TT =9 ¥eO (TT =9 €0 (9=9 0o (9=9 0ed (9=9 819 (9=9 81D L=vp9 =90 dnoio

(3s Tes) soweuApowaH
T 31avli



TEMPERATURE THRESHOLD OF METABOLISM 7

* p<0.05, vs. 4°C
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FIG. 1. Effect of hypothermia on functional recovery during reperfusion in isolated hearts. The reperfused
cardiac function parameters are plotted as a percentage of baseline (37°C). Abbreviations used: DP, developec
pressuredP/dt,,,,, positive maximum of the first derivative of left ventricular pressure; PRP, product of HR and
DP. *P < 0.05, versus at 4°C. Hypothermia (4-30°C) increases functional recovery during reperfusion in
control hearts (A). The functional recovery is better in the glucose-treated hearts (B) than that in control hearts
after 34°C ischemia.

crease in ischemic temperature until 30°C twalues differ with ischemic values at all tem-
reach maximal capacity. peratures in control heart® (< 0.05).

Energy Status DISCUSSION

At 15 min of reperfusion, the concentrations Temperature optimization for myocardial
of myocardial ATP, and total nondiffusible nu-preservation has been an active focus of inves
cleotides (TNN) were much higher in the hypotigation. However, temperature modulation of
thermic groups than those in the 34°C contrahyocardial metabolism in order to improve
group. There were no noticeable differenceschemic resistance has not been studied in de
between glucose-treated hearts and contrtdil. A specific characteristic of this modulation
hearts after 4, 18, and 30°C ischemia. Howeveis the threshold phenomenon, which occurs
a significantly higher concentration of ATP andabove 30°C in control hearts in this study.
TNN was observed in the glucose-treated grougarked cardiac dysfunction during reperfusion
than those in the control group after 34°C ischeccurs in these hearts subjected to ischemia ¢
emia. The concentration of adenosine and tot84°C while substantially milder dysfunction oc-
nondiffusible nucleotides were not significantlycurs in hearts subjected to ischemia at 30°C an
different between all the groups at 15 min obelow. The severity of postischemic dysfunc-
reperfusion. Table 2 summarizes the levels ition is closely related to myocardial ATP con-
energy status. Reference values for energy meentration during reperfusion. Figure 5 illus-
tabolites expressed as micromoles per gram thtes the relation between left ventricular
dry tissue in the aerobic heart € 5; 37°C) are developed pressure and ATP. These data ai
ATP 20.04 = 0.48, ADP 4.59+ 0.57, AMP consistent with previous studies which have
0.38+ 0.08, TNN 25.03*+ 0.90, ADO 0.14* closely linked ATP preservation with postisch-
0.03, and TDN 0.61*+ 0.07. These referenceemic function (19-21).
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0 5 10 15 20 25 30 35 FIG. 3. Relationship between glucose utilization and
ischemic temperature. Abbreviations used: C, control
group; G, glucose-treated group;’'360', 90, and 120, at
30, 60, 90, and 120 min of ischemia. There are no signifi-
cantly differences between C and G under hypothermic

21 * ischemia (4-30°C). The maximal utilization of glucose in
*, p<0.05,vs.C the control group is about 1.2 mM that is reached at 60 min
1 of ischemia under 34°C in both control and glucose-treatec
s S groups. This level does not reach under 30°C hypothermic
c in the 120 min of ischemia. The maximal utilization of
o 14 glucose in the glucose-treated group is about 2.6 mM a
8 34°C and the level is higher than all control groups.
T
0.5'— ‘“““‘“u"‘ “'“O
periments are indexed by ATP levels. Al-
0 T 1 though anaerobic ATP production increases

i 1 I 1 ]
0 5 10 15 20 25 ﬁo 35 with temperature as does utilization, the con-
ISCHEMIC TEMPERATURE ("C) sistency of ATP values implies that energy

FIG. 2. Effects of hypothermia on cardiac metabolism at
120 min of ischemia. Abbreviations used: C, control group;
G, glucose-treated group. Differences in gfontent (co,) 95 = o
or in lactate concentrationd(acrate) between coronary *, p<0.05, vs. 4°C
effluent and inflow perfusates are plotted versus ischemicg 904
temperature. Values were determined as described undeé
Materials and Methods.* < 0.05, G versus C at the same

ischemic temperaturél.o, andd_acrare are significantly C:J; 854
lower in the control group than that in glucose-treated group @@
at 34°C. There are no significant differences between C an(ﬁ 8
G under hypothermic ischemia (4—-30°C). ‘éJ
o 75
o mQuw C
Differences in lactate and roduction Q 704
P 9 70 -G

between control and glucose supplied heartsg
do not occur at the three lower temperaturesZ 65
studied. Nor are there temperature related dif-
ferences in these glycolytic products at 30°C 60 USSR
or below. Anaerobic glycolysis with lactate 0 5 10 15 20 25 30 35
. . ISCHEMIC TEMPERATURE (°C)

production represents the predominant ATP o _ _
producing pathway during ischemia in this FIG. 4 Relationship between the ratio pf ana_eroblc

del. Inequities between ATP broductio metabolism and temperature at 120 min of ischemia. Ab-
mo q ] _p rbreviations used: C, control group; G, glucose-treatec
and utilization would result in high energygroup. The ratio of anaerobic metabolism increases with the
phosphate store depletion, which in these exacrease in ischemic temperature until 30°C.
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TABLE 2
ATP and Metabolitesgimol/g Dry Tissue, Mean- SE)

c4 G4 Ci8 G18 C30 G30 C34 G34

ATP 1486+ 2.73 16.59+ 0.67 16.21+2.21 14.93+2.73 17.38-1.33 19.14* 0.64 2.02+ 0.38** 10.54=* 0.40*
TNN 22.88+ 3.54 24.74+0.73 21.28+2.24 20.07+2.92 21.74+1.47 23.75+1.02 5.23%0.35** 15.03* 0.48***
ADO 0.31+0.03 0.35-0.05 0.20+0.07 0.21+0.03 0.25-0.05 0.39*0.13 0.57+0.23 0.06* 0.01
TDN 224*042 211015 1.21+045 0.84+x0.12 117035 0.81+0.23 1.29+0.28 0.55+ 0.09

Note.ATP and metabolites were determined in isolated reperfused hearts at 15 min of reperfusion as described
Materials and Methods. Abbreviations used: C, control group; G, glucose-treated group (4, 18, 30, and 34 represer
ischemic temperature at 4, 18, 30, and 34°C, respectively); ADO, adenosine; TNN, total nondiffusible nucleotides; T
total diffusible nucleosides.* < 0.05, G vs C for same condition; P*< 0.05, control or glucose-treated groups vs C4
or G4, respectively.

supply/demand ratio is constant from 4 tagesult in substrate deprivation in the control
30°C with or without provision of glucose in hearts. Lack of substrate may result in ac-
cardioplegia. A marked decrease in the ercelerated ATP depletion and its associatec
ergy supply/demand ratio is indexed by theardiac dysfunction. This metabolic response
dramatic drop in ATP at 34°C. However, themplies that above 30°C, ATP utilization ac-
presence of glucose in cardioplegia ameliocelerates and substrate deprivation limits the
rates both cardiac dysfunction and ATP loskearts ability to increase ATP synthesis. This
in the postischemic hearts subjected to 34°Gbrupt decrease in energy supply/demand re
This response represents a blunting of th#o is reduced by substrate provision during
threshold effect as apparent in Fig. 1 anischemia at 34°C.
Table 2. Glycogen depletion is known to oc- Although postischemic function appears to
cur during prolonged ischemia (2) and mape modulated by energy metabolism above
30°C, it does not appear to play a major role
below this temperature in the current car-

W 100+ « dioplegic arrested model. Myocardial dys-
=] & :

3 g0 o Cg\D function and damage has been documente
> 0 \ during profound hypothermia. The tempera-
g 80+ N ture and mode of injury is specific to the
= i \\\\\\ . . . . .

m 70 RS 8 & (@] model under investigation, but in general is
< 604 S o related to enhanced cellular calcium entry
E 50 & (@] leading to contracture (1, 23). This injury
S ] OO occurs well below 20°C (1, 23, 28) and may
£ 40+ \O\\\ be enhanced by multidose cardioplegic solu-
E 30+ \\\s“ R2-0.90 tion (18). In the present study, although there
> 50 S was a trend, cardiac dysfunction was not sig-
o} Qs . ; o °

2 10l o nificantly different at 4°C from 30 or 18°C.

[ \@ Previous studies have examined the effects o
& 0 T T T T | ischemic temperature on postischemic functior

T
0 4 8 12 16 20 24

MYOGARDIAL ATP (umol/g dry tissue) and cardiac metabolism. These investigation:

o _ have also elaborated the adverse effects of ten

F_IG. 5. Relatlgnshlp between myocardial ATP conce.n-peratureS below 20°C (3’ 6, 12—14, 25, 27, 28)
tration and functional recovery. The reperfused left ventric; t t th hold factor f
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several other important factors among experi-
mental groups (18). The finding that ATP de-1.
pletion does not accelerate until temperatures
reach above 30°C in this particular model em-
ploying cardioplegia implies that at least pro-,

found hypothermia €20°C) may not be re-

quired during cardiac surgery under similar

conditions.

Similarly, the beneficial effects of glucose in
cardioplegia have been studied in several labo-
ratories (2, 7, 19, 24). Inconsistent findings4
among these studies may be related to severa
factors including ischemic temperature and ox-
ygenation of the cardioplegia solutions unders,

study. Doughertyet al.found that the beneficial

effect of glucose on postischemic function only
occurred in oxygenated cardioplegia (7), similarg
to that used in the present study. They could
define no differences in high energy phosphate
levels associated with the superior postischemic
function provided by glucose in the oxygenated
cardioplegia. However, their study was per-
formed only at 8°C, and glucose modulation of 7.
temperature effects on metabolism was not con-
sidered. Thus, the present study unlike previous
investigations demonstrates that glucose in ox-
ygenated cardioplegia does modulate the tems.

perature threshold.

The significance of these findings rests in the
temperature threshold characterization, whichy
has not been previously defined. This includes
the observation that this threshold can be mod-
ified by glucose provision in cardioplegia. The-
oretically, the presence of glucose in cardiople-
gia could allow an increase in the operativeao.
temperature during complex cardiac surgery
with relatively long aortic-cross clamp dura-
tions. Conceivably this could minimize hypo-
thermia related damage to other organs during
cardiac surgery. This approach would require
further investigation in an appropriate modet?

in situ.
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