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Human semilunar donor heart valves can be stored in banks, awaiting 
transplantation. To evaluate the result of the preservation protocols, a 
quantitative description of the tissue is necessary. In this study we 
investigated in a quantitative way the contractile properties of fresh and 
cryopreserved porcine isolated aortic heart valve leaflets in response to a 
number of endogenous vasoactive compounds. The responses of strips of 
the aortic wall were included for comparison. Contraction was measured 
isometrically in response to potassium (K+; 100 mmol/L), 5-hydroxytryp- 
tamine (1 nmol/L to 100 ~mol/L), noradrenaline (1 nmol/L to 100 ~mol/L), 
endothelin-1 (0.01 nmol/L to 0.3 /~mol/L), and prostaglandin F2« (0.1 
nmol/L to 10 ~mol/L). The pharmacologic parameters E~AX (the maximal 
response expressed as a percentage of contraction to a 100 mmol/L dose of 
K +) and ECso (the concentration that produces 50% of the maximal effect) 
were calculated for every compound (n = 6 to 7 each). We observed that all 
specimens contracted in response to potassium. Its magnitude in fresh 
leaflets equaled 1.6 _ 0.14 mN compared with 26.6 _+ 2.6 mN in fresh aortic 
wall. Noradrenaline, endothelin-1, and prostaglandin F2« all caused con- 
traction in valvular leaflets and aortic wall, whereas 5-hydroxytryptamine 
caused contraction in the valvular leaflets but relaxation in aortic wall. 
After cryopreservation, the response to K + amounted to 24% of the 
response of the fresh specimens in valvular leaflets (n = 25) and 14% in 
aortic wall (n = 26). The values of E~L~X and ECso of the responses to 
noradrenaline, endothelin-1, and prostaglandin F:,« remained unchanged. 
AIthough the physiologic relevance of contraction of valvular leaflets needs 
further study, its measurement may provide an additional model to verify 
the consequences of alternative methods of preservation. (J Thorac Car- 
diovasc Surg 1997;113:165-72) 

R eplacement of diseased human semilunar valves 
by human donor valves is a standardized tech- 

nique in cardiac surgery) '  2 Preservation techniques, 
such as controlled-rate freezing, have allowed for 
the development of  valve banks. However, the rela- 
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tion between preservation methods and clinical fol- 
low-up data is not consistent. 3 A number  of factors, 
such as the type of valve donor (beating heart  versus 
cadaveric) or the interval between the arrest of the 
donor heart  and preservation of the valves, 4' 5 may 
influence tissue quality even before the start of any 
preservation technique. Consequently the term cryo- 
preserved valve is only a partial description of a 
donor valve. Quantitative determinants of the pres- 
ence and function of the cells in the valve just before 
implantation are therefore essential to characterize 
an allograft more completebr. 

The matrix-synthesizing capacity of the valve leaf- 
let fibroblast has been used to monitor  in a quanti- 
tative way the effects of preservation techniques. 6-1° 
More recently, contractile properties of valve leaflet 
interstitial cells have been not iced)  1' 12 In this study 
we investigated in a quantitative way the contraction 
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Fig. 1. Example of tracing of contractile response of porcine aortic leaflet to single dose of 100 mmol/L 
K + and to increasing concentrations of noradrenaline. 

of  i so la ted  f resh porc ine  aor t ic  leaflets  in response  
to a n u m b e r  of  pha rmaco log ic  vasoact ive  com- 
pounds .  W e  c o m p a r e d  the  effect on  valve leaflets  
with the  response  ob t a ined  in ad jacen t  str ips of  
aor t ic  wall. Addi t iona l ly ,  we s tud ied  the effects of  
c ryoprese rva t ion  as used  for  t r ansp lan t a t i on  pur-  
poses  on  the  r e sponse  to these  compounds .  A1- 
though  the physiologic  role  of  con t rac t ion  and re- 
laxat ion of  semi lunar  valves may  ye t  be  unclear ,  
changes  in this capaci ty  may  serve as an add i t iona l  
tool  to m o n i t o r  the  effect of  different  p rese rva t ion  
and  process ing  techniques .  

Methods 
Procurement of tissues. Porcine hearts were obtained 

at a local slaughterhouse and dissected within 2 hours 
after circulatory arrest. After removal of the aortic valve 
from the heart, the complete left or right coronary cusp 
was removed from the anulus. The basal side of the leaflet 
was trimmed to obtain a rectangular, circumferentially 
oriented strip of about 8 x 15 mm. A transversal sample 
of 4 × 15 mm was taken from the aortic wall. These 
("fresh") leaflet and aortic wall specimens were tested 
immediately for the contractile and relaxing response to 
several compounds (see further). The remaining aortic 
valve was processed in accordance with procedures for our 
human material. 13 This included incubation in a low-dose 
antibiotic cocktail for 24 hours at 4 ° C and cryopreserva- 
tion in Tc 199 medium, containing 10% dimethyl sulfox- 

ide, at a freezing rate of 1°C per minute. Valves were 
stored at -150  ° C. After 1 to 3 weeks, the cryopreserved 
valves were thawed in a 40°C water bath, followed by 
stepwise dilution of dimethyl sulfoxide. Again, one leaflet 
and a circular strip of the aortic vascular wall were excised 
and tested for their relaxing and contractile properties. 
After pharmacologic testing, the wet weight of the tissue 
samples was determined; thereafter, four samples were 
fixed for morphologic studies. 

Pharmacologic studies. The relaxant and contractile 
properties of the fresh and cryopreserved tissue pieces 
were investigated in a 15 ml organ bath containing oxy- 
genated Krebs bicarbonate solution at a temperature of 
37 ° C. Composition of the Krebs solution was as follows: 
118 mmol/L NaC1, 4.7 mmol/L KC1, 2.5 mmol/L CaC12, 1.2 
mmol/L MgSO4, 1.2 mmol/L KHPO4, 25 mmol/L 
NaHCO3, and 8.3 mmol/L glucose, with a pH of 7.4. Both 
ends of the tissue samples were tied to the tension 
transducer by means of 3-0 silk sutures. Preparations were 
stretched to a load of 3 mN for the valve leaflets and 40 
mN for the aortic strips, as assessed in pilot experiments. 
The tissues were allowed to stabilize in the tissue bath for 
1 hour and were washed with Krebs bicarbonate solution 
every 15 minutes. Changes in isometric tension were 
measured with a Harvard isometric transducer and re- 
corded on paper. The tissues were exposed to 30 mmol/L 
potassium twice before recording of the reference re- 
sponse evoked by 100 mmol/L potassium. After repeated 
washing, a cumulative concentration-response curve was 
obtained with one of the following compounds: 5-hydroxy- 
tryptamine (5-HT; 1 nmol/L to 100 txmol/L, Sigma Chem- 
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Fig. 2. Effect (plus or minus standard error of mean) of noradrenaline on isolated valve leafiets and aortic 
strips, before (open circles) and after (solid circles) cryopreservation (n = 6 to 7). Effect is expressed as 
percentage of contraction to 100 mmol/L K +. Concentration of noradrenaline refers to molars per liter. 

ical Co., St. Louis, Mo.), noradrenaline (1 nmol/L to 100 
~mol/L, Sigma Chemical Co.), endothelin-1 (ET-l; 0.01 
nmol/L to 0.3 /xmol/L, Neosystem S.A., Strasbourg, 
France), and prostaglandin F2~ (PGF2~; 0.1 nmol/L to 10 
ixmol/L, Sigma Chemical Co.). Both the fresh and the 
cryopreserved sets of leaflet and vascular wall samples 
were tested for their response to a single compound. 

Data analysis. The responses to 5-HT, noradrenaline, 
ET-l, and PGF2~ were expressed as a percentage of the 
response to 100 mmol/L potassium. For each of these 
compounds the response was characterized by determina- 
tion of the maximal contractile effect (E~ax)  and the 
concentration that produces 50% of the maximal response 
(ECso). The ECso was derived from the calculated best fit 
c u r v e .  14 In some cases the maximal effect was not reached 
at the highest concentration tested, and an ECso value 
could therefore not be calculated. Differences between 
the group averages of the fresh and cryopreserved valve 
leaflets and aortic wall strips were tested with the t test 
(for paired values where appropriate). Correlation coef- 
ficients were calculated according to Pearson's method. 

Morphologic study. The valves were fixed in 4% buff- 
ered formaldehyde and embedded in paraffin. Radial 
sections of 5/xm thickness were stained with hematoxylin- 
eosin stain. Immunohistochemistry testing was done on 
two sets of fresh and cryopreserved leaflets with monoclo- 
nal antibodies directed against smooth muscle cell c~-actin 
(DAKO). Another two sets of fresh and cryopreserved 
leaflets were analyzed by transmission electron micros- 
copy for structural changes. These specimens were fixed in 
2.5% glutaraldehyde and subsequently in 1% osmium 
tetroxide, dehydrated in graded acetones, and embedded 
in LX 112 resin (Merck, Darmstadt, Germany). Sections 
were cut to 40 nm, stained with uranyl acetate and lead 
citrate and examined under a Zeiss EM 902 electron 

microscope at 80 kV. The extent of cellular injury was 
assessed according to Crescenzo and coworkers, is Injury 
was judged to be reversible when cytoplasmic edema, 
dilation of the endoplasmic reticulum, or swelling of the 
mitochondria was present. Injury was considered irrevers- 
ible in the presence of mitochondrial flocculent densities, 
karyolysis, or disruption of plasma membranes. 

Results 

Pharmacology. The contractile effect of  100 
mmol /L  K + was observed in all tissue samples 
(example in Fig. 1). A dose--dependent contract ion 
of  valve leaflets and aortic wall was observed for 
noradrenal ine,  ET- I ,  and PGF2~ (Figs. 2 to 4). 
However ,  5 -HT caused contract ion in valve leaflets, 
hut  relaxation in aortic wall (Fig. 5). A weak corre- 
lation was found between the magni tude  of  the 
response after 100 mmol /L  K + and the sample 
weight (fresh leaflets: n = 25, r = 0.15; cryopre- 
served leaflets: n = 25, r = -0 .35 ;  fresh aortic wall: 
n = 26, r = 0.09; cryopreserced aortic wall: n = 26, 
r = 0.005). In a compar ison  of  the EMAX and EC50 
values between leaflets and aortic wall, the largest 
differences were found for the EMa x of  5 -HT (84 vs 
< - 3 0 , p  = 0.001) and the ECso of  ET-1 (2.3 vs >19,  

p = 0.03). Cryopreservat ion resulted in a reduct ion 
of  the response to 100 mmol /L  K + f rom 1.61 2 0.14 
m N  in fresh leaflets to 0.38 _+ 0.06 rnN (23.6% of  the 
fresh response) in frozen leaflets (p < 0.0005). The  
response in aortic wall strips was 26.6 2 2.59 m N  in 
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Fig. 3. Effect (plus or minus standard error of mean) of ET-1 on isolated valve leaflets and aortic strips, 
before (open circles) and after (closed circles) cryopreservation (n = 7). Effect is expressed as percentage 
of contraction to 100 mmol/L K--. Concentration of ET-1 refers to molars per liter. 
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Fig. 4. Effect (plus or minus standard error of mean) of PGF2~ on isolated valve leaflets and aortic strips, 
before (open circles) and after (closed circles) cryopreservation (n = 6 to 7). Effect is expressed as 
percentage of contraction to 100 mmol/L K +. Concentration of PGF2~ refers to molars per liter. 

the fresh state and 3.63 +_ 0.55 m N  (13.6% of the 
fresh response) after freezing (p < 0.0005). Weak  
correlations were observed between the response to 
100 mmol/L K ÷ before and after cryopreservation of 
valve leaflets (r = 0.06) and aortic wall (r = -0.003).  
Cryopreservation reduced the response to 5-HT, 
noradrenaline, ET-1, and PGF2~ to a similar extent 
as it reduced the response to potassium. Therefore  

the calculated values of EMA x and ECs0 for these 
compounds remained practically unchanged. These 
results are summarized in Table I. 

Morphology. Light microscopy showed an intact 
architecture of the fresh and cryopreserved leaflets. 
The presence of a-smooth muscle actin in a consid- 
erable number  of cells in the leaflet was confirmed 
by immunohistochemistry. After cryopreservation 
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Fig. 5. Effect (plus or minus standard error of mean) of 5-HT on isolated valve leaflets and aortic strips, 
before (open circles) and after (solid circles) cryopreservation (n = 6 to 7). Effect is expressed as percentage 
of contraction to 100 mmol/L K ÷. Concentration of 5-HT refers to molars per liter. 

Table I. Contractile responses of fresh and cryopreserved tissues to a number of compounds 

EC»o EMAX 

Fresh Cryopreserved p Value Fresh Cryopreserved p Value 

Valve leaflets 
5-HT 137 _+ 27 nmol/L 81 +- 40 nmol/L 0.45 84 _+ 10" 63 

NA 3.7 -+ 0.9 ~mol/L? 2.2 _+ 1.3/xmol/L 0.78 44 _+ 10:~ 52 

ET-1 2.3 _+ 0.5 nmol/L§ 2.2 + 0.9 nmol/L 0.95 134 _+ 271l 182 

PGN2~ NC NC NC >41 _+ 15¶ >70 

Aort ic  wall 
5-HT NC NC NC < - 3 0  -+ 10" - 5  

NA >5.1 _+ 1.4/xmol/L? >2.1 -+ 0.6/xmol/L 0.21 >93 + 18~: >73 

ET-1 >19 _+ 4 nmol/L§ >44 +_ 23 nmol/L 0.36 >85 -+ 911 >82 

PGF2~ NC NC NC >78 _+ 9¶ >43 

-+ 12 0.38 

-+ 15 0.68 

+ 26 0.11 

-+ 17 0.26 

-+ 9 0.06 

-+ 18 0.46 

+- 24 0.56 

-+ 8 0.20 

Vatues are mean plus or minus standard error of mean. p Values are for differences 
maximal response was not reached. 

*p = 0.001. 
,p = 0.87. 
:~p = 0.12. 

§p = 0.03. 
IIP = 0.06. 
'Ilp = 0.07. 

between means. NA, Noradrenaline; NC, not calculated because the 

we observed morphologic changes (Fig. 6, A and B) 
that were interpreted as signs of reversible damage: 
swelling of mitochondria and endoplasmic reticu- 
lum. Irreversible damage, for example that indicated 
by disruption of membranes, was not seen. 

Diseussion 

In this study we showed that intact porcine aortic 
valve leaflets respond with contraction to various 

vasoactive compounds .  Moreover ,  we were able to 
measure  these propert ies  in a quantitative manner .  
Cryopreservat ion of  the valve leaflets resulted in a 
considerable reduct ion of  contract ion and induced a 
number  of  morphologic  changes on electron-micro-  
scopic analysis. However ,  after cryopreservation,  the 
valve leaflets still responded  to the compounds  
tested. W h e n  expressed as a percentage  of  the 
response to potassium, the response to 5-HT, nor- 



1 7 0 Wassenaar et aL 
The Journal of Thoracic and 

Cardiovascular Surgery 
January 1997 

Fig. 6. A, Electron microscope picture of myofibroblasts in fresh semilunar leaflet (original magnification 
x7000). Throughout cytoplasm fine actin fibrils are visible. B, Myofibroblast in cryopreserved leaflet 
showing swelling of mitochondria and endoplasmic reticulum. These morphologic changes are considered 
to be reversible (original magnification :<7000). 

adrenaline, ET-l,  and PGF2~ remained unchanged 
with respect to EMA x and ECso values. 

The presence of oL-smooth muscle actin filaments 
in aortic valve leaflets was documented ~6 long be- 
fore the assessment of the dynamic contractile prop- 
erties of strips of atrioventricular (tricuspid) valve 
leaflets 11 and isolated interstitial cells from aortic 
valve leaflets. 12 A smooth muscle system was de- 
scribed for aortic valves, which consists of small 
bundles arranged in a radial way in the proximal one 
third of all three semilunar leaflets. 17 Others found 
that the interstitial cells of atrioventricular and 
sigmoid valve leaflets contain actomyosin and are 
typically elongated in shape, with many long, slender 
processes establishing a three-dimensional net- 
work. 11 The physiologic significance of the contrac- 
tile properties of these cells was proposed to lie in 
rearranging and packing of (new) collagen fibers 
into bundles. 18 Apart from these contractile capac- 
ities, leaflet fibroblasts are also able to synthesize 
matrix proteins. 6-m This leaflet interstitial cell pop- 
ulation, which can express characteristics of both 

smooth muscle cells and fibroblasts, has been desig- 
nated "myofibroblasts ''~2' 19 and these dual charac- 
teristics 12 comply very weil with observations in 
fibroblasts in other tissues, which can also exhibit 
heterogenic phenotypic features. 2° 

We observed only weak correlations between the 
weight of the samples and the contractile response 
to 100 mmol/L K + and between the potassium- 
induced responses of the fresh and cryopreserved 
tissue samples. Variability in the density of contrac- 
tile elements throughout a single leaflet and be- 
tween leaflets of a valve may have played a role. 

The results obtained in our organ bath experi- 
ments would indicate a difference between the con- 
tractile elements in valve leaflets (that is, interstitial 
cells/myofibroblasts) and aortic wall (that is, smooth 
muscle cells), considering the contractile response 
to 5-HT seen in valve leaflets versus the relaxant 
response observed in aortic wall. This difference in 
response may also be caused by the presence of 
different 5-HT receptors coupled to different second 
messenger systems. 21 On the other hand, we cannot 
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rule out functional involvement of 5-HT receptors 
on the endothelium, which may be responsible for 
relaxation. 22 In this study we adhered to preparation 
methods used in the procedures for human valves 
and made no attempts to control the presence or 
absence of endothelium. In addition, it was shown 
that smaller concentrations of ET-1 were necessary 
to evoke a contractile response in valves than in aortic 
strips, as evidenced by the difference in ECso values. 
However, we previously showed that, in particular for 
a large molecule like ET-I, the observed EC»0 value 
may be affected by the architecture of the tested tissue, 
which leads to differences in penetration of the ago- 
nist. 23 Indeed the thin aortic valve leaflet may be 
penetrated by ET-1 more easily than the robust aortic 
wall. For some agonists it may appear, from Figs. 2 to 
5, that different results were obtained before and after 
cryopreservation. However, these differences were not 
consistent for both valve leaflets and aortic wall and 
are considered of low significance. 

The reduction in contraction of aortic wall strips 
after cryopreservation was considerably larger in our 
material than in human pulmonary arteries (re- 
duced to 76%) 24 and canine basilar arteries (re- 
duced to 69%), 25 but comparable to porcine coro- 
nary arteries (reduced to 20%). 26 Of significance 
here is the preservation protocol used in our study, 
which primarily aimed at optimal preservation of 
matrix protein synthesis in the valve leaflets, 7 not at 
optimal contractile responses of the aortic wall. 
Furthermore, differences between studies in species, 
cryoprotective agents, freezing and thawing rates 
(for example, as a result of a larger tissue sample), 
storage temperatures, and storage duration may 
have played a role. 

The electron microscope photographs of myofi- 
broblasts showed the morphologic damage that ac- 
companied the reduction in the contractile capacity 
after a freeze-thaw cycle. The cells did not appear to 
be irreversibly damaged after our preservation pro- 
tocol. A reduction in contraction could be explained 
by depletion of energy stores. 27' 28 Enzyme activity 
seems unchanged after cryopreservation. 29 The ex- 
act interrelationship, however, between contraction, 
energy stores, and enzyme activity and between 
changes in these parameters can only be assessed in 
a combined study. 

Quantitative assessment of functional viability of 
tissues that are to be transplanted is crucial for a 
sensible interpretation of follow-up studies on the 
performance of these tissues after implantation. The 
outcome of these combined studies allows for selec- 

tion of those harvesting and preservation techniques 
that render donor valves that have the best clinical 
performance. Fresh vascular tissues such as arter- 
ies 24-26 and veins 25' 3o possess the capacity to con- 
tract or relax in response to various compounds. 
These qualities are currently being used as a mea- 
sure for functional viability of these tissues before 
and after preservation procedures. Because the 
fresh, vital population of interstitial cells of valve 
leaflets possesses dual capacities (protein synthesis, 
contraction), one can test either quality to assess the 
functional viability of a leaflet. The present study 
suggests that also in valve leaflets contractility can 
be tested in a quantitative way. Further studies are 
essential in determining the pathophysiologic/phys- 
iologic role of contraction of interstitial cells in 
semilunar valve leaflets. 

The provision of a generous supply of porcine hearts by 
the Rotterdam Porcine Slaughterhouse is gratefully ac- 
knowledged. We thank Mrs. Z. Aghai and Mrs. C. van 
Tricht for their assistance during cryopreservation of the 
specimens. 
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