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Findings  from previous  invest igat ions  conducted at this 
ins t i tu t ion and others have suggested that  Univers i ty  of 
Wisconsin  solut ion (UWS) is preferable  for the pro- 
longed hypothermic  storage of hearts  before  t ransplan-  
tation. The benefit  seen with  UWS may  in part  be related 
to the inclusion of adenos ine  (5 mmol/L) in the UWS. To 
investigate whether  further manipu la t ions  of adenos ine  
metabol i sm might  enhance myocardia l  protection, s tud- 
ies were in i t ia l ly  conducted us ing cul tured myocytes,  
fo l lowed by  confirmatory exper iments  us ing isolated rat 
hearts. Cul tured human  ventr icular  myocytes  (7 to 8 
dishes/group) were stored for 12 hours  at 0°C in unmod-  
ified UWS or UWS supp lemen ted  with  increasing con° 
centrations (1 to 100/~mol/L) of the nucleos ide- t ranspor t  
b locker  p-ni t robenzyl th io inos ine .  The adenos ine  tr iphos-  
phate  concentrat ions were found to be enhanced with 
nucleoside- t ranspor t  inhibi t ion ,  wi th  the best  results  
achieved with the 1- and 3-~mol/L groups (control, 3.37 -+ 
0.41 nmol / / tg  DNA; UWS, 2.89 -.+ 1.31 nmol/ / tg  DNA; 1 
/tmol/L, 5.91 -+ 3.23 nmol / / tg  DNA; 3 / tmol /L ,  7.86 + 3.45 
nmol/ / tg  DNA; p < 0.05 versus control  or UWS group). 
Isolated rodent  hearts  from Sprague-Dawley  rats were 

prepared  on a Langendorff  appara tus  wi th  an intraven-  
tr icular  ba l loon and subsequen t ly  s tored for 8 hours  at 
0°C in unmodif ied  UWS (13 hearts /group) or UWS sup- 
p l emen ted  with  1 or 3 /~mol/L of p-n i t robenzyl th io-  
inos ine  (9 to 10 hearts/group).  In  separate exper iments  (5 
to 6 hearts/group),  the t issue levels of pur ine  metabol i tes  
were moni tored.  The addi t ion  of the nucleoside- t rans-  
por t  b locker  was associated wi th  an increased post isch-  
emic d e v e l o p e d  pressure  (UWS, 66.2% - 11.1%; 1 
~mol/L, 75.8% ± 6.4%; 3 ~mol/L,  78.3% - 10.7%; p < 0.05 
UWS versus 1- or 3-/tmol/L group) whi le  diastol ic  com- 
pl iance was reduced after storage in all  groups  (p = 0.01). 
Coronary flow was increased in associat ion wi th  the 
nucleos ide- t ranspor t  b locker  (UWS, 71.3% -+ 16.7%; 1 
/~mol/L, 78.5% - 11.0%; 3 /zmol/L, 86.6% -+ 13.3%; p < 
0.05 UWS versus  3 /zmol/L). The p-n i t robenzy l th io -  
inosine d id  seem to block nucleoside  transport ,  as the 
hypoxanth ine  content was unmeasurab le  after perfus ion 
in the treated groups  compared  with  the f indings in the 
group receiving unmodif ied  UWS (p < 0.01). 

(Ann Thorac Surg 199@59:1127-33) 

F indings from previous  investigations conducted  at 
this inst i tut ion [1, 2] and  at others  [3-5] r ecommend  

the use of Universi ty  of Wisconsin solution (UWS) for the 
p ro longed  hypothermic  s torage of hear ts  before t rans-  
plantation.  Universi ty  of Wisconsin  solution contains the 
cardioprotect ive agent  adenos ine  (5 mmol/L),  which may  
contr ibute to the improved  results  [6]. The benefits  of 
exogenous or endogenous  adenos ine  observed  in various 
i schemia- reper fus ion  models  are enhanced  by adeno-  
sine deaminase  inhibi t ion [7], acadesine [8], or blockers 
of t r ansmembrane  nucleoside t ranspor t  that  resul t  in 
increased levels of tissue nucleosides [9]. To de te rmine  
whe ther  the addi t ion of a nuc leos ide- t ranspor t  blocker  
can augment  cardiac recovery after p ro longed  hypother-  
mic storage with UWS, we carr ied out  exper iments  using 
p-ni t robenzyl thioinosine  (NBMPR), initially using cul- 
tured  h u m a n  cardiomyocytes  as a screening test. These 
results  subsequent ly  were app l ied  in the set t ing of an 
isolated rodent  hear t  prepara t ion .  
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M e t h o d s  

Human Cardiomyocyte Experiments 
Cultured h u m a n  ventr icular  cardiomyocytes  were pre-  
pa red  from infundibular  myocard ium of the r ight  ven- 
tr icular  outflow tract, as previously  descr ibed  [1, 2]. 
Myocard ium was ob ta ined  from pat ients  with tetralogy 
of Fallot, aged 2 to 4 years, whose parents  had  s igned a 
consent  form approved  by  the inst i tut ional  h u m a n  ethics 
committee.  All  exper iments  were per formed  using cell 
cultures es tabl ished from a single patient.  Control  results  
were obta ined  by discarding the culture medium,  r insing 
the cells with phosphate-buffered  saline solution, and  
then freezing the cells with l iquid nitrogen.  To obtain the 
storage results,  after removal  of the culture med ia  and  
r insing the cells with phosphate-buffered  saline solution, 
12 mL of a chil led test solut ion was placed in a culture 
dish. The dishes were s tored for 12 hours at 0°C, after 
which the preservat ion fluid was discarded,  the cells 
were r insed  with phospha te -buf fe red  saline, and  the cells 
were  then frozen with l iquid ni trogen.  

The NBMPR (s-[p-nitrobenzyl]-6-thioinosine) was ob- 
ta ined  from Sigma Chemical  Company  (St. Louis, MO). 
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The storage solutions consisted of UWS or UWS supple-  
men ted  with 1, 3, 10, 30, or 100/~mol/L of NBMPR (groups 
UWS, N1, N3, N10, N30, and  N100, respectively).  The 
NBMPR was solubi l ized in a vehicle composed  of di- 
methyl  sulfoxide (Anachemia,  Toronto, Ontario,  Cana-  
da). A stock solut ion with an NBMPR concentrat ion of 
20 mg/mL was p repared ,  and  aliquots of this stock were  
employed  to formulate  the various concentrat ions of 
NBMPR in UWS, with appropr ia te  corrections made  for 
the final volume. There were  seven to eight dishes pe r  
group. Addit ional ly,  cells were s tored in UWS supple-  
men ted  with the vehicle but  wi thout  NBMPR. 

The methods  for pur ine  extraction and analysis have 
been  descr ibed e lsewhere  in extensive detail  [10]. The 
DNA in the pellets  remain ing  from the adenine  nucle- 
otide analysis was assayed using the method  of Burton 
[11]. Cold (4°C) 5% perchloric  acid was a d d e d  to each 
sample,  fol lowed by  mixing and incubat ion on ice for at 
least 10 minutes.  After centr ifugation at 12,000 g for 10 
minutes,  the supernatants  were  removed  and the pellets  
were r e suspended  in cold 5% perchloric  acid and kept  on 
ice for 10 minutes.  All samples  and a DNA s tandard  
(1.0 m g l m L  of calf thymus  DNA [Sigma[) in 5 mmol /L  of 
sodium hydroxide  and an equal  volume of cold 10% 
perchloric  acid were  p laced in a 70°C water  bath  for 15 
minutes.  The samples  and  s tandard  were then spun at 
12,000 g for 10 minutes  and the supernatants  t ransferred 
to new tubes.  A d ipheny lamine  reagent  consist ing of 
d ipheny lamine  (88.6 mmol/L),  glacial acetic acid (98%), 
concentra ted sulfuric acid (1.5%), and  a 16-mg/mL acet- 
a ldehyde  solution (0.5%) was a d d e d  to each of the sam- 
ples and DNA s tandard  al iquots and  to a tube containing 
5% perchloric  acid (blank) in a ratio of two parts  of the 
d iphenylamine  reagent  to one part  of the sample.  All of 
the samples  and s tandards  were then incubated  at room 
tempera tu re  in darkness  for 16 hours. The optical densi-  
ties of the s tandards  and samples  were  then measu red  on 
a spec t ropho tome te r  (DU-40; Beckman Ins t ruments ,  
Irvine, CA) at a spectral  wave length of 600 nm. The 
concentrat ions of adenine  nucleot ides  and their  degra-  
dat ion products  were expressed as nanomoles  per  micro-  
gram of DNA. 

Isolated Roden t  Heart  Exper iments  

Hearts  were obta ined  from Sprague-Dawley  rats (weight, 
250 to 500 g), and  all animals  received h u m a n e  care in 
compliance with the "Gu ide  for the Care and Use of 
Laboratory Animals"  (NIH publicat ion number  85-23, 
revised 1985). Animals  were  anes thet ized with an intra-  
per i toneal  injectiOn of sodium pentobarbi ta l .  Hepar in  
(200 units) was admin i s te red  intravenously.  A med ian  
s te rnotomy was per formed,  and  the hearts  were rap id ly  
excised and immersed  in chil led normal  saline solution. 
The exper imenta l  p repara t ion  has been  descr ibed  previ-  
ously [12]. After excision the hearts  were subsequent ly  
per fused  in a Langendorff  appara tus  with fil tered Krebs- 
Hensele i t  buffer at a pressure  of 100 cm H20.  The 
reservoirs  and  conduits  were p laced  in a water  jacket 
kept  at 37°C. The perfusate  was aera ted  with 95% oxygen 
and 5% carbon dioxide and the pH adjus ted  to 7.4. 
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Fig 1. Adenine nucleotide results (mean +_ standard deviation; 7 
dishes~group) are presented for control samples and after 12-hour 
storage at O°C for unmodified University of Wisconsin solution 
(UWS) or that supplemented with 1, 3, 10, 30, or 100 txmol/L of the 
nucleoside-transport blocker p-nitrobenzylthioinosine (groups N1, 
N3, NIO, N30, NIO0). The addition of the blocker augmented the 
recovery of adenosine triphosphate (ATP) and total adenine nucle- 
otides (TAN), with an optimal improvement observed using 1 to 3 
txmol/L. (ADP = adenosine diphosphate; AMP = adenosine mono- 
phosphate; N1, N3, N10, N30, N100 = 1, 3, 10, 30, and 100 
ixmol/L of p-nitrobenzylthioinosine.) 

A saline-fi l led bal loon was inser ted  into the left ven- 
tricle through a left a t r io tomy and fixed to the mitral  
valve r ing with a purses t r ing  suture. The bal loon volume 
was var ied  in 0.02-mL increments  from 0 to 0.4 mL, but  



Ann Thorac Surg FREMES ET AL 1129 
1995;59:1127-33 UWS AND NUCLEOSIDE-TRANSPORT BLOCKER 

120 

100 

80 

60 

40 

20 

0 

A d e n o s i n e  p<0.005 
ANOVA 

,< 
z 

o) 
m 
O 
E 

1.5 

1 

0,5 

0 / / 

I M P P < o.ool 
ANOVA 

10 

9 

8 
7 

6 

5 

4 

3 

2 

1 

0 

I n o s i n e  p < 0.025 
ANOVA 

4 H v n n x ~ n t h i n ~  p<O.O25 
ANOVA 

3.5 
• p < 0.05 vs Control 

3 t P < 0.05 vs UWS 

2.5 

J M o.21 i!i i~i~ ~ il]l ~ ~ ~= ~ 
0 ~ 

Control UWS N1 N3 N10 N30 N100 

Fig 2. Adenosine, inosine monophosphate (IMP), inosine, and hypo- 
xanthine values were increased after storage with unmodified and 
modified preparations of University of Wisconsin solution. (See Fig 
1 for abbreviations.) 

not to exceed an end-diastol ic  pressure  of 30 m m  Hg. 
Data were ob ta ined  after a 30-minute stabil ization per iod  
before storage and after 45 minutes  of reperfus ion fol- 
lowing storage. 

The deve loped  pressure  was recorded before and after 
storage at the pre ischemic  bal loon volume associated 
with an end-diastol ic  pressure  of 5 m m  Hg. Compl iance  
curves were assessed by  l inear  regression analysis  of the 
end-diastol ic  pressure  data to calculate a slope and 
X-intercept.  Linear regression prov ided  a reasonable  
mode l  for the diastolic function curves (R 2 of 0.85 to 0.99 
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Fig 3. Postreperfusion developed pressure (mean +_ standard devia- 
tion; 9 to 13 hearts/group) as a percentage of prestorage values. De- 
veloped pressure was increased in the nucleoside blocker groups (N1 
[group receiving 1 i~mol/L of p-benzylthioinosine] and N3 [group 
receiving 3 p, mol/L of p-benzylthioinosine]) compared with group 
receiving unmodified University of Wisconsin solution (UWS). 

for individual  curves). Coronary  flow was ob ta ined  in 
dupl icate  by a t imed collection carried out in the empty-  
ing beat ing state. Hear ts  were rejected for subsequent  
s torage if they exhibi ted a deve loped  pressure  of less 
than 90 m m  Hg (4 animals)  or a coronary flow of greater  
than 30 mL/min  (4 animals),  or a cardiac arrest  occurred 
dur ing the basel ine  stabil ization per iod  (2 animals).  

The adenine  nucleot ide contents were  measu red  in 
control  hear ts  after basel ine  perfusion in the Langendorff  
appara tus  before storage, immedia te ly  after storage, or 
following 45 minutes  of reperfusion after s torage (6 
hear ts /group) .  Hearts  were submerged  immedia te ly  in 
l iquid nitrogen.  The pur ine  metabol i te  levels were  mea-  
sured  by h igh-per formance  l iquid chromatography  using 
a previously  descr ibed  me thod  [13], and  results were  
expressed as micromoles  pe r  gram dr ied  weight.  The 
creatine kinase release and lactate dehydrogenase  re- 
lease were  assessed for the 45-minute reperfus ion per iod  
after the storage interval.  The entire coronary effluent for 
the reperfus ion phase  was collected. Enzyme release was 
de te rmined  spect rophotometr ica l ly  using a Hitachi Au-  
tomatic Analyzer  737 and Olympus  AU800 at a spectral  
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Fig 4. Postreperfusion coronary.flow results (mean + standard devi- 
ation; 9 to 13 hearts/group) as a percentage of prestorage values. 
Coronary flow was increased in the group receiving 3 izmol/L of 
p-nitrobenzylthioinosine in the preservation solution (N3) compared 
with that receiving the unmodified University of Wisconsin solution 
(UWS). (N1 = group receiving 1 t~mol/L of p-nitrobenzylthio- 
inosine in preservation solution.) 
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Table 1. Diastolic Function a 

p Value 
(pre versus 

Variable UWS N1 N3 post) 

Slope (ram 
Hg/rnL) 
Pre 155 ± 71 180 ± 184 105 ± 27 
Post 212 ± 194 227 ± 193 220 ± 182 

X-intercept 
(rnL) 
Pre 0.15 -+ 0.09 0.05 -+ 0.14 0.11 + 0.10 
Post 0.12 -+ 0.15 0.08 -+ 0.11 0.18 + 0.10 

0.01 

0.50 

a The results (mean ÷ standard deviation; 9 to 13 hearts/group) of the 
slopes and X-intercepts derived from linear regression analysis of the 
diastolic function curves obtained before storage (pre) and after reperfu- 
sion (post). There was a significant increase in slope detected for all 
groups, but no significant changes for the X-intercept. There were no 
significant differences among the groups for the slope or X-intercept. 
N1 = 1 tJ.mol/L of p-nitrobenzylthioinosine added to UWS; N3 3 
/±mol/L of p-nitrobenzylthioinosine added to UWS; UWS = Univer- 
sity of Wisconsin solution. 

wavelength of 340 nm. The results of these studies were 
expressed as international  units per gram dried weight. 

Control functional data were obtained after 30 minutes  
of perfusion in the Langendorff apparatus before isch- 
emia. Hearts were preserved with unmodif ied UWS or 
UWS supplemented  with the optimal NBMPR concen- 
trations identified by the prel iminary cell culture studies. 
After aortic root flushing (15 mL/kg), hearts were stored 
for 8 hours at 0°C in 15 to 20 mL of storage solution. 

Statistical Analysis 
Data analysis was facilitated using Statistical Analysis 
System software (SAS Institute, Cary, NC) and a micro- 
computer. Variables are expressed as the mean  _+ stan- 
dard deviation of the original values, or as a percentage 
of the control value. Data analysis was performed with a 
one-way analysis of variance and between-group differ- 
ences specified with Duncan 's  mult iple-range test. Dia- 
stolic function was analyzed additionally using a multi-  
variate analysis of variance, testing s imultaneously both 
the slope and X-intercept. Statistical significance is as- 
sumed for a p value of less than 0.05. 

Resul ts  

Human Cardiomyocyte Experiments 
The recovery of DNA after storage was reduced for all 
test solutions (p < 0.0001, analysis of variance) compared 
with the control results, but  was similar among the 
different groups (UWS, 25.5% - 9.6%; N1, 27.0% _+ 12.1%; 
N3, 26.3% _+ 12.1%; N10, 27.3% _+ 10.4%; N30, 27.5% + 
7.3%; N100, 28.5% + 7.6%) and the NBMPR vehicle group 
(28.0% ± 12.8%). 

Figure 1 depicts the poststorage values of adenine  
nucleotides. The adenosine tr iphosphate (ATP) levels 
were increased in association with NBMPR supplemen-  
tation, and the improvement  was statistically significant 
for the N1 and N3 groups. The adenosine diphosphate 

level was unchanged  with storage, but  the adenosine 
monophosphate  values were increased for all test solu- 
tions. The levels of total adenine  nucleotides were in- 
creased in association with nucleoside-transport  inhibi-  
tion, with an optimal improvement  identified for the cells 
stored in UWS with 3 /~mol/L of NBMPR. There was 
no significant effect noted for the NBMPR vehicle (ATP, 
3.87 -+ 1.63 nmol/p,g DNA; total adenine  nucleotides, 
5.96 -+ 2.74 nmol/p,g DNA). 

The levels of inosine monophosphate,  adenosine, ino- 
sine, and hypoxanthine were increased after storage, but  
were similar for the NBMPR and UWS groups (Fig 2). 

Because of the improvement  noted for the preservation 
fluids containing 1 or 3 /~mol/L of NBMPR, subsequent  
rodent  experiments compared the effects of unsupple-  
mented  UWS with the effects of UWS supplemented  with 
NBMPR at these two concentrations. 

Isolated Rodent Heart Experiments 
The developed pressure and coronary flow were simi- 
lar for all groups before storage (developed pressure: 
128.9 +- 16.0 to 133.3 _+ 15.4 m m  Hg, p = 0.90; coronary 
flow: 20.3 + 6.4 to 21.2 -+ 3.8 mL/min;  p = 0.97). The 
developed pressure was reduced after storage for all 
preservation media groups, but  increased in the N1 and 
N3 groups compared with the unmodif ied UWS group 
(Fig 3). Coronary flow was decreased after storage for all 
groups but  increased in the N3 group relative to the UWS 
group (Fig 4). The diastolic function results are presented 
in Table 1. The poststorage slopes were increased for 
each of the study conditions but  did not differ among the 
groups. There was no significant change in the X-inter- 
cept, although it tended to be decreased for the UWS 
group and to be increased for the NBMPR groups. 

Biopsy results are presented in Table 2. The ATP, 
diphosphate, and total adenine  nucleotide levels were 
reduced compared with the control poststorage and 
postreperfusion values, but  did not differ among the 
groups. The increase in the adenosine monophosphate  
level after storage was greater in the N3 group. The 
recovery of creatine phosphate after reperfusion ob- 
served in the UWS and N3 hearts exceeded the control 
values, but  the values in the N1 hearts were similar to the 
control values. The NBMPR did seem to block nucleoside 
transport, as the hypoxanthine content  was unmeasur -  
able in the N1 and N3 groups after reperfusion. 

There were no significant differences in the creatine 
kinase or lactate dehydrogenase release among the 
groups during the reperfusion phase (Table 3), although 
both values were increased in the N3 hearts. This t rend 
was also seen when the results were expressed as con- 
centrations (creatine kinase: UWS, 49.4 - 35.9 IU/L; N1, 
40.2 _+ 30.5 IU/L; N3, 70.7 +- 72.7 IU/L. Lactate dehydro- 
genase: UWS, 12.3 _+ 10.3 IU/L; N1, 9.2 + 7.6 IU/L; N3, 
15.9 _+ 18.0 IU/L). 

C o m m e n t  

In our initial studies we at tempted to determine whether  
the addition of a nucleoside-transport  blocker would 
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augment  the recovery of ATP in human  cardiomyocytes  
after s torage in UWS. These results  were subsequent ly  
tes ted in isolated rat  hear t  experiments .  This investiga- 
tive strategy provided  evidence suppor t ing  the addi t ion 
of NBMPR to UWS. 

The p r imary  rat ionale for the use of cul tured human  
cardiomyocytes  stems from the potent ial  concerns about  
discrepancies  in t roduced by species differences. Second, 
the use of cul tured h u m a n  cardiomyocytes  allows one to 
per form exper iments  on specific cell types (eg, myocytes,  
fibrocytes, and  endothel ia l  cells)• We have used  right 
ventr icular  outflow tract myocard ium from pat ients  with 
tetralogy of Fallot as a convenient  source of a large 
amount  of ventr icular  myocard ium to initiate the cul- 
tures. We  emphas ize  the impor tance  of confirming the 
cell culture f indings in an intact cardiac preparat ion;  
however,  using similar  exper imenta l  protocols,  we have 
previously  shown that  the supp lementa t ion  of UWS with 
glucose also improved  the posts torage results in the 
settings of both  h u m a n  cul tured cardiomyocytes  [14] and 
isolated rodent  hear ts  [12]. We acknowledge that  buffer- 
per fused  systems are not ideal  and  that  b lood-per fused  
models  are more  physiologic• 

There exists considerable  interest  in the appl icat ion of 
UWS to cardiac allograft  s torage [1-61. Clinical trials 
have been  conducted  in pat ients  in the sett ing of conven- 
tional organ ischemic times, that  is, less than 4 hours 
[15-17]. A reduct ion in the r equ i remen t  for electrical 
defibri l lat ion was noted in all three studies.  The trials 
compar ing  UWS and Stanford cardioplegia  [15, 16] re- 
vealed addi t ional  evidence for the super ior i ty  of the 
myocardia l  protect ion conferred by  UWS, as shown by 
the cardiac levels of ATP or creatine phospha te  and by 
the postopera t ive  enzyme release. The one s tudy that  
compared  UWS and St. Thomas '  Hospi tal  solution [17] 
did  not  reveal  any other  evidence of improved  preserva-  
tion with UWS. Studies conducted  on organs from high- 
risk donors by  virtue of the p ro longed  organ ischemic 
t ime anticipated,  the high level of inotropic agents  uti- 
lized, small  donor  size, or advanced  age may  bet ter  
discr iminate  the protect ive proper t ies  of al ternative stor- 
age solutions. 

The beneficial  proper t ies  of UWS with respect  to 
cardiac s torage may  relate to the inclusion of adenos ine  
in its formulat ion [6]. Adenos ine  originally was docu- 
men ted  to facilitate ATP synthesis  dur ing hypothermic  
k idney perfusion [18]. However ,  the composi t ion of UWS 
is un ique  in many  regards,  and, fur thermore,  mul t ip le  
different UWS-l ike  formulat ions have been  employed  
dur ing  exper imenta l  evaluations.  Recent  s tudies con- 
ducted  by Lasley and Mentzer  [6] directly evaluated  the 
contr ibut ion of adenos ine  to UWS. The resul tant  inter-  
stitial adenos ine  concentrat ions were 20 to 40 t imes 
greater  in the adenos ine- t rea ted  hearts,  as shown by 
cardiac microdialysis ,  and  functional recovery was en- 
hanced.  

Adenos ine  supp lementa t ion  has been  found to be 
effective in models  of regional  ischemia [19], global  
ischemia [20], cardioplegia  [7], ventr icular  assist [21], and 
t ransplanta t ion  [6]. Adenos ine  has been  impl ica ted  as the 
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Table 3. Enzyme Release" 

Enzyme UWS N1 N3 p Value (ANOVA) 

Creatine kinase (IU/g) 115.5 ÷ 43.9 123.1 + 54.8 246.3 + 214.0 0.09 
Lactate dehydrogenease (IU/g) 27.3 _+ 15.8 28.0 ÷ 17.1 52.6 _+ 53.2 0.23 

a The results (mean -+ standard deviation; 6 hearts/group) of creatine kinase and lactate dehydrogenase release collected over the entire 45-minute 
reperfusion period and expressed as IU/g dried weight. 

ANOVA = analysis of variance; N1 - I /zmol/L of p-nitrobenzylthioinosine added to UWS; N3 = 3/~mol/L of p-nitrobenzylthioinosine added to 
UWS; UWS = University of Wisconsin solution. 

mediator  of ischemic precondi t ioning through the pro- 
cess of Al-select ive receptor  activation [22]. The ult imate 
effector of this phenomena  is uncertain, al though evi- 
dence supports the role of pertussis-sensitive G i proteins 
linked to K+ATP channels [23]. The potential mechanisms 
responsible for the improved  tolerance to ischemia- 
reperfusion, extensively covered in previous reviews [24], 
relate to enhanced tissue adenine nucleotide levels, the 
modification of glucose metabolism, vascular dilatation, a 
cardioplegia effect secondary to the depression of nodal 
and conductive tissue function, an inhibitory activity 
directed against neutrophils  or platelets, or an antiadren- 
ergic effect. 

Masuda and associates [9] investigated the role of the 
experimental  nucleoside-transport  blocker R75231 for 
24-hour cardiac storage. The best results were  obtained 
when R75231 was added to both the cardioplegic-storage 
solution and the reperfusion medium.  Improved recov- 
ery was associated with greater  levels of ATP and total 
adenine nucleotides after storage and reperfusion in the 
nucleoside t ranspor t -b locker  groups. The adenosine and 
inosine levels were greater  after storage in the control 
group, but  these were  not maintained during reperfu- 
sion. The hypoxanthine concentrations were  increased 
after storage and increased further during reperfusion in 
the untreated hearts, but nucleoside-transport  inhibition 
was associated with mainta ined levels of adenosine and 
inosine during reperfusion and with minimal  hypoxan- 
thine values. Hypoxanthine can act as a substrate for the 
formation of oxygen free radicals associated with the 
xanthine-xanthine  oxidase reaction. 

In our cardiomyocyte experiments,  we identified that 
the addition of 1 and 3 /zmol/L of NBMPR to the UWS 
was associated with increased levels of ATP and total 
adenine nucleotides after storage. Based on these data, 
rodent  heart  experiments  were per formed with 1 and 3 
/zmol/L of NBMPR. The adenosine concentrations were 
markedly elevated in the cellular preparat ions related to 
the high adenosine concentrations in the storage solu- 
tions, as we have previously reported [3, 22], without  any 
differences identified among the groups. The inosine and 
hypoxanthine values were similar to those achieved with 
unmodif ied UWS. 

The NBMPR appeared to be biologically active in the 
rodent  hearts, as the postreperfusion hypoxanthine lev- 
els were  unmeasurable.  The reasons for the discrepancy 
in the adenine nucleotide levels between the rodent  and 
human cardiomyocyte experiments  may relate to model  

or species differences. A beneficial effect of nucleoside-  
transport  blockade was noted in terms of the developed 
pressure and coronary flow, as compared  with the effects 
of unmodif ied UWS. These findings support  the addition 
of NBMPR to UWS and are compatible with the concept 
that nucleoside-transport  blockade is the mechanism 
responsible for the improved results. The optimal con- 
centration of NBMPR shown by the cell culture experi- 
ments  was 3/xmol/L. The coronary flow results from the 
rodent  heart  exper iment  r ecommend  the addition of 
3 htmol/L of NBMPR. Other  end points (tissue levels of 
creatine phosphate  and adenosine, and the cardiac re- 
lease of creatine kinase and lactate dehydrogenase)  sug- 
gest that a concentration of I /~mol /L  may be preferable. 

In summary,  we have provided evidence that the 
putative nucleoside t ranspor t -b locking agent NBMPR 
enhances the recovery of cardiac tissue stored with UWS. 
Addit ional  relevant  questions that remain unanswered  
are whether  exogenous adenosine is necessary for this 
benefit  and whether  supplement ing  other storage solu- 
tions with NBMPR is advantageous.  
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