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Previous studies from this institution have suggested 
that University of Wisconsin solution is preferred for 
prolonged cardiac storage and preserves high-energy 
phosphates better than other storage fluids. University of 
Wisconsin solution contains adenosine (5 mmol/L), 
which may maintain the concentration of myocardial 
adenine nucleotides. Cultures of human adult myocytes 
were grown from left ventricular biopsy specimens ob- 
tained from patients undergoing coronary bypass proce- 
dures. Cells (seven to nine dishes per group) were rinsed 
of culture medium and stored at 0°C in University of 
Wisconsin solution. Cells were analyzed for adenine 
nucleotide content after 1, 6, 12, and 24 hours of storage 
by high-performance liquid chromatography (units = 
nmol/pg DNA) and compared with control samples (0  
hour). Adenosine concentration increased from 0.03 f 
0.02 (mean 2 standard deviation) to 1.77 f 1.03 by 1 hour 

revious studies [ l ,  21 from this institution have sug- P gested that University of Wisconsin solution (UWS) 
is preferred for prolonged cardiac storage based on mor- 
phological and high-energy phosphate criteria. This solu- 
tion contains adenosine (5 mmoVL), which may retard the 
degradation or stimulate the synthesis of adenine nucle- 
otides and extend the current limits of cardiac preserva- 
tion. This study was designed to study the time-related 
changes of purine metabolites during prolonged storage 
with UWS. 

Material and Methods 
Cell Cultures 
Myocyte cultures were prepared as previously described 
[l-31. Human cardiomyoctes were obtained from skinny- 
needle left ventricular biopsy specimens acquired during 
elective aortocoronary bypass procedures. Patients signed 
a consent form approved by the institutional human 
ethics committee. Tissue was minced, and then the cells 
were dissipated with collagenase (0.1%) and trypsin (2%). 
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( p  < 0.0001, analysis of variance) and remained increased 
thereafter. Adenosine was largely degraded to inosine (0 
hours, 0.03 rt 0.03; 6 hours, 0.88 f 0.56; p < 0.001) and 
hypoxanthine (0 hours, 0.01 2 0.01; 6 hours, 0.15 2 0.09; 
p = 0.004). Measured levels of xanthine and uric acid 
were extremely low at all time intervals. Adenosine 
triphosphate levels were maintained at 1 hour (0 hours, 
0.64 f 0.38; 1 hour, 0.67 -C 0.45) but declined thereafter (6 
hours, 0.21 & 0.21; 12 hours, 0.11 f 0.09; 24 hours, 0.04 2 
0.03; p < 0.0001). Levels of adenosine diphosphate ( p  = 
0.007) and adenosine monophosphate ( p  < 0.05) de- 
creased to approximately 25% of original values by 24 
hours. University of Wisconsin solution does not prevent 
the degradation of adenine nucleotides during hypother- 
mic storage and may not permit adequate cardiac preser- 
vation beyond the present limits. 

(Ann Thorac Surg 1991;52:1021-5) 

The supernatant was collected. Cells were separated by 
centrifugation for 5 minutes at 600 g. The precipitated cells 
were suspended in culture medium containing fetal bo- 
vine serum and Dulbecco’s modified Eagle’s medium 
(Gibco Laboratories, Life Technologies Inc, Grand Island, 
NY) at 37°C in an environment of 5% carbon dioxide and 
an oxygen pressure of 150 mm Hg. 

Cells were grown until confluent, and then passage 
with trypsin was performed. Fibroblasts and myocytes 
were manually separated, and the identity of the myo- 
cytes was determined using anti-actin [4] and anti- 
ventricular light chain 1 antibodies [5]. 

Protocol 
For the control studies (0 hours of storage), the culture 
medium was discarded, and the cells were rinsed with 
chilled phosphate-buffered saline solution and then fro- 
zen with liquid nitrogen. For the experimental groups, the 
culture medium was discarded and the cells were rinsed 
with phosphate-buffered saline solution. Ten milliliters of 
chilled UWS was then added to each dish. Cells were 
stored at 0°C for 1, 6, 12, or 24 hours. At the end of the 
preservation period, the storage fluid was discarded, and 
the cells were rinsed with phosphate-buffered saline so- 
lution and then frozen with liquid nitrogen. The tissue 
was lyophilized and stored at -80°C until analysis. There 
were seven to nine dishes per group. 
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Nucleotide Extraction From Myocytes 
The nucleotide extraction technique was based on the 
method of Shryock and colleagues [6]. An aqueous meth- 
anol solution (80%, 5 mL, 70" to 75°C) was added to each 
dish of cells. The frozen cells were then transferred to a 
glass homogenizer, and the homogenate was transferred 
to a centrifuge. The glassware was kept on ice at all times. 
The tubes were centrifuged for 10 minutes at 2,500 rpm 
and 4°C. The supernatant was evaporated to dryness 
under nitrogen at room temperature. The pellet was used 
for quantification of deoxyribonucleic acid (DNA). To the 
dried nucleotide residues were added 0.5 mL of water and 
0.5 mL of a Freon:heptane (4:l) solution. After vortexing, 
the upper layer of the resulting two phases was trans- 
ferred to a microcentrifuge tube and frozen in liquid 
nitrogen. This extract was lyophilized and reconstituted 
in 100 mmol/L NH,H,PO, buffer before analysis by high- 
performance liquid chromatography. 

Quantification of D N A  
The protocol for DNA quantification was based on the 
method of Maniatis and associates [7]. Cold absolute 
ethanol, 2.5 mL, was added to each pellet obtained from 
the nucleotide extraction of the cells. Sodium acetate, 3 
mol/L, was added to a final concentration of 0.3 mol/L. 
The samples were centrifuged at 3,000 rpm and 4°C for 10 
minutes. The pellet was suspended in water, heated to 
65"C, mixed with an equal volume of phenol, and centri- 
fuged. The upper aqueous layer was transferred and 

equipment was controlled by a system interface module 
(Waters Associates model 1-200). 

Solvent flow was initiated isocratically with a 100 
mmoUL ammonium phosphate buffer at pH 5.7 for 15 
minutes followed by 40% methanol: water (vol/vol) over 5 
minutes using gradient curve 8 of the solvent program- 
mer. The 40% methanol solvent was infused for an 
additional 10 minutes, after which the column was equil- 
ibrated with buffer for 10 minutes before the next injec- 
tion. An internal standard (2'-O-methyladenosine) was 
added at a known concentration with each sample. The 
system measured the levels of uric acid, adenosine 
triphosphate (ATP), inosine monophosphate, adenosine 
diphosphate (ADP), hypoxanthine, xanthine, adenosine 
monophosphate (AMP), inosine, adenosine, and 2'-0- 
methyladenosine at 254 nm. Peak areas were integrated 
by the Waters Maxima 820 computer program. 

Statistical Analysis 
Data analysis was facilitated using Statistical Analysis 
System software (SAS Institute, Cary, NC) and a micro- 
computer. Data are summarized as the mean f the 
standard deviation in the text and figures. The treatment 
effect was tested initially with analysis of variance [9], and 
the differences between means were specified with Dun- 
can's multiple-range test. Statistical significance assumed 
for a p value of less than 0.05. 

reextracted wi?h phenol. The aqueous fraction was then 
extracted with an equal volume of ch1oroform:phenol (1:l) 
solution, followed by a final extraction with chloroform. Results 
To this final aqueous layer was added 2 . 5 ~  volume of 
100% ethanol and 3 mol/L sodium acetate to a final 
concentration of 0.3 mol/L. The samples were then vor- 
texed and stored at -80°C. Before analysis, the samples 
were centrifuged, the supernatants discarded, and the 
pellets dried. The samples were dissolved in 0.5 mL of 
water and assayed on a Beckman DU-40 spectrophotom- 
eter (Beckman Instruments Inc, Irvine, CA) at 260 nm. 

High-Performance Liquid Chromatography Protocol 
The levels of adenine nucleotides and their degradation 
products were measured using high-performance liquid 
chromatography according to a modification of the 
method of Hull-Ryde and associates [8] and employing 
the Waters Maxima 820 Chromatography Workstation 
computer program. Samples were maintained at 4°C and 
injected with an automatic injector (model 700 Satellite 
WISP; Waters Associates, Mississauga, Ont, Canada). A 
step-gradient solvent delivery was accomplished with a 
Waters Associates solvent select valve and two reciprocat- 
ing pumps (Waters Associates models 501 and 510). The 
chromatographic column was a Radial-Pak Resolve C18 
column with a 5-pm particle size (Waters Associates), 
which was operated in a radial compression module 
(Waters Associates model RCM 100) at 175 kg/cm2. A 
programmable multiwavelength detector (Waters Associ- 
ates model 490) was used to monitor the peaks obtained at 
an absorbance of 254 nm. The previously mentioned 

The results for adenosine, inosine, and hypoxanthine are 
summarized in Figure 1. The adenosine level increased 
from 0.03 f. 0.02 nmol/pg DNA to 1.77 f. 1.03 at 1 hour 
and remained increased through 24 hours. The inosine 
value increased from 0.03 k 0.03 to 0.33 2 0.15 nmol/pg 
DNA at 1 hour (not significant) and significantly to 0.88 2 
0.56 nmol/pg DNA by 6 hours. The hypoxanthine level 
increased from 0.01 f. 0.01 to 0.07 f. 0.04 nmol/pg DNA at 
1 hour and significantly to 0.15 t 0.09 nmol/pg DNA by 6 
hours. Values for xanthine and uric acid were always 
small (<0.01 nmollpg DNA) and generally unmeasurable. 

The serial changes in adenine nucleotides are presented 
in Figure 2. The level of ATP was maintained at 1 hour but 
had decreased significantly by 6 hours (0 hours, 0.64 2 
0.38 nmol/pg DNA; 6 hours, 0.21 f 0.21 nmol/pg DNA). 
It progressively declined thereafter to less than 10% of 
control amounts by 24 hours. The ADP level had declined 
significantly by 6 hours, whereas a reduction in the AMP 
level required 12-hour storage. The levels of ADP and 
AMP declined to approximately 25% of control values. 
Inosine monophosphate was not detected in control sam- 
ples and had increased significantly by 6 hours. 

The proportional contribution of each of the purine 
metabolites over 24 hours is shown in Figure 3. It dem- 
onstrates that the total amount of purine compounds 
increased by 1 hour, largely because of the addition of 
adenosine and inosine. 
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Fig 1. The myocyte levels of adenosine, inosine, and hypoxanthine are 
demonstrated for control samples (0 hours) and after 1, 6 ,  12, and 24 
hours of storage with University of Wisconsin solution. Data are 
shown as the mean ? the standard deviation for seven to nine experi- 
ments per group. Significance was determined initially by analysis of 
variance (adenosine, p < 0.0001; inosine, p = 0.001; hypoxanthine, 
p = 0.004), and differences between 0 hours and storage values were 
subsequently specified with a multiple-comparison t test. (DNA = 
deoxyribonucleic acid.) 

Comment 
Information supplied by the Registry of the International 
Society for Heart Transplantation [lo] documents a high 
risk of early death with organ ischemic times exceeding 4 
hours. In a more recent report [ll], ischemic time ex- 
pressed as a continuous variable was an important mul- 
tivariate determinant of operative mortality. Enhanced 
myocardial protection should affect the clinical results of 
cardiac transplantation through several mechanisms. Re- 
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Fig 2. The myocyte levels of adenosine triphosphate (ATP), adenosine 
diphosphate (ADP), adenosine monophosphate (AMP), and inosine 
monophosphate (IMP) are demonstrated for control samples (0 hours) 
and after 1, 6 ,  12, and 24 hours of storage with University of Wis- 
consin solution. Significance was determined initially by analysis of 
variance (ATP, p < 0.0002; ADP,  p = 0.007; AMP, p < 0.05; 
IMP, p = 0.02), and differences between 0 hours and storage values 
were subsequently specified with a multiple-comparison t test. (DNA 
= deoxyribonucleic acid.) 

sults achieved using the current donor and recipient 
criteria may improve. In addition, indications for donor 
acceptability may expand and include organs now consid- 
ered to be too distant, of insufficient size, or of inadequate 
function [12, 131. 

Previous studies [l, 21 from this institution using cell 
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Fig 3.  The proportional contribution of each of the purine metabolites 
is displayed. The sum of all measured purine metabolites increased 
significantly by 1-hour storage (p < 0.02, analysis of variance), 
largely because of the increase in adenosine and inosine. (ADP = 
adenosine diphosphate; AMP = adenosine monophosphate; ATP = 
adenosine triphosphate; DNA = deoxyribonucleic acid, IMP = ino- 
sine monophosphate.) 
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cultures evaluated prolonged storage using Stanford car- 
dioplegia, modified EuroCollins, UWS, and phosphate- 
buffered saline solution. Several hypothermic tempera- 
tures were tested. Our studies indicated that UWS was 
the preferred solution for cardiac storage and that 0°C 
provided superior protection than warmer temperatures. 
According to morphological and trypan blue exclusion 
criteria, cellular preservation was adequate, but ATP, 
ADP, and AMP were severely depressed to nonviable 
levels. The present experiments were performed using 
UWS at 0°C (the preferred storage conditions). The time 
course of cellular preservation was determined by the 
assessment of purine metabolites (a more sensitive end 
point). 

University of Wisconsin solution contains adenosine, 5 
mmol/L, to help prevent degradation of ATP or maintain 
synthesis during the ischemic period. Adenosine entered 
into the cardiac myocytes in these experiments and was 
converted to inosine, which was subsequently degraded 
to hypoxanthine. The increase in the total purine content 
from 1.00 * 0.063 to 3.06 t 1.61 nmol/pg DNA between 0 
hours and 1 hour of storage can be accounted for by the 
increase in adenosine and deamination to inosine. Yeh 
and colleagues [ 141 demonstrated that adenosine values 
increased between 10-fold and 100-fold in the isolated rat 
heart with comparable elevations of inosine and more 
modest elevations of hypoxanthine. 

Our studies did not identify any appreciable levels of 
xanthine and uric acid. Allopurinol(1 mmol/L), present in 
UWS, may have sufficiently blocked xanthine oxidase and 
prevented hypoxanthine-xanthine and xanthine-uric acid 
conversion. Studies [15] performed on adults undergoing 
coronary bypass procedures demonstrated trace amounts 
of xanthine or uric acid in left ventricular biopsy speci- 
mens despite elevated hypoxanthine levels. These results 
suggest xanthine oxidase activity may be minimal in 
human myocytes. Results from Downey and colleagues 
[16] support this concept, although it remains controver- 
sial [17]. 

Adenine nucleotides were maintained after 1-hour stor- 
age but declined progressively thereafter. This was true 
for ATP, ADP, and AMP, although less significantly so for 
AMP. Using the isolated rat heart, ATP levels declined to 
25% of control after 6 hours of hypothermic UWS storage, 
which improved with reperfusion to approximately 60% 
in experiments reported by Yeh and associates [14]. In 
that study, ADP declined to 50% of preischemic values, 
whereas AMP increased more than 100% with partial 
restoration of both values after 1 hour of reperfusion. In 
canine hearts, Swanson and associates [18] noted that 
with 12-hour preservation, ATP levels declined to 50% to 
60% of baseline and did not improve with reperfusion. 
Values for both ADP and AMP increased with ischemia 
and decreased with reperfusion, and total adenine nucle- 
otide levels declined during ischemia without improve- 
ment during reperfusion. Our experiments and others 
support the concept that UWS does not affect the process 
of adenine nucleotide breakdown or, if it does, only 
modestly despite markedly increasing tissue adenosine 
levels. Reperfusion studies have demonstrated conflicting 

results with respect to restoration of adenine nucleotides 
and could represent model effects or perhaps species 
differences [19]. 

University of Wisconsin solution has been effective 
using several models and different criteria for experimen- 
tal heart transplantation. Swanson and associates [ 181 
reported that left ventricular systolic function returned to 
70% of control in canine experiments after 1 hour of 
reperfusion and normal systolic function after 150 min- 
utes of reperfusion using 12 hours of cold storage. Hearts 
stored for 6 hours achieved 70% of baseline systolic 
function and diastolic compliance in rodent studies [ 141. 
In experiments by Okouchi and co-workers [20], graft 
survival was excellent for hearts preserved up to 16 hours 
and transplanted in the heterotopic position. We [l, 21 
noted satisfactory preservation of endothelial cells for up 
to 72 hours. Cardiomyocytes stored for 24 hours in UWS 
demonstrated improved morphology and high-energy 
phosphates compared with other storage fluids [2]. 

The primary rationale for adenosine supplementation 
for hypothermic preservation is a documented loss of 
nucleosides during the reperfusion phase after a period of 
ischemia [21]. This lack of nucleotide precursors prevents 
rapid restoration of tissue ATP levels [21]. Adenosine 
supplementation of cardioplegic solutions results in en- 
hanced postischemic ventricular function [22, 231, and 
adenine nucleotides are restored more rapidly after reper- 
fusion [22]. Further, adenosine supplementation during 
reperfusion results in more complete return of postisch- 
emic ventricular function [24]. These results of adenosine 
supplementation seem enhanced by the use of adenosine 
deaminase inhibition (deoxycoformycin [22], EHNA [25- 
27]), nucleoside transport blockade (p-nitrobenzylthio- 
inosine [26], soluflazine [28]) or ribose [29]. Other actions 
of adenosine, such as its cardioplegic effect [30] due to 
inhibition of nodal tissue, or vascular dilation [31], may be 
responsible for improved results. 

Our studies demonstrate that although adenosine rap- 
idly entered the myocyte, the metabolism is largely di- 
rected toward breakdown into inosine and hypoxanthine. 
Adenosine triphosphate had declined to about 30% of 
control value by 6 hours. Our studies and others suggest 
that UWS may offer improved protection compared with 
other commonly employed storage fluids, although we 
would be cautious to recommend storage beyond the 
present limits of cardiac ischemia. Further modification of 
UWS by incorporating adenosine deaminase inhibitors or 
nucleoside transport blockers, for example, may enhance 
the levels of adenine nucleotides observed during pro- 
longed cardiac storage and improve cardiac protection for 
transplantation. 
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