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Abstract

Already in 1965 Waldhausen reported that surfactant from lung transplants
had an impaired capacity to form a stable monolayer of phospholipids at an
air -water interface, or, in short, that surfactant had an impaired function (1).
This conclusion was underlined 10 years later by Benfield (2). However, due
to the use of minced lung extracts (containing both alveolar and intracellular
surfactant as well as other membrane fractions) for measurement of surfactant
function and due to poor study design, no reliable conclusions could be drawn
from these early studies. Now, 30 years after the initial study, new studies,
investigating pulmonary surfactant obtained by bronchoalveolar lavage, have
provided evidence that lung transplantation indeed alters the components of
pulmonary surfactant in such a way that the function of surfactant
deteriorates. In this article we review the effects that lung transplantation has
on pulmonary surfactant and the relation between surfactant alterations and
lung transplant function. Possible effects of rejection or immunosuppressive
therapy on pulmonary surfactant will not be treated. We will introduce normal
pulmonary surfactant and how it is affected by acute lung injury. In the injuey
caused by lung transplantation we recognize, the effects of three phases with
different effects on pulmonary surfactant: donor management, storage of
lungs, and reperfusion. Finally, we review the perspectives for surfactant
treatment in lung transplantation.

Pulmonary surfactant in the normal lung

Biophysical function
Pulmonary surfactant reduces surface tension at the air /fluid interface of fluid
that lines the alveolar surface. This reduction of surface tension is achieved by
forming a stable monolayer of surfactant phospholipids (see Figure 2). In this
way surfactant stabilizes the alveoli at end-expiration which prevents
atelectasis and alveolar edema and secures an optimal surface area for gas
exchange (3)

Surfactant composition
Pulmonary surfactant consists of a mixture of phospholipids and at least four
surfactant proteins, SP-A, SP-B, SP-C, and SP-D (4). The main surfactant
phospholipid class phosphatidylcholine (PC), in particular its saturated form,
dipalmitoylphosphatidylcholine (DPPC), has the unique property to form a
stable monolayer (Figure 2). To maintain the monolayer of DPPC during the
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respiratory cycle the presence of other surfactant lipids and proteins are
required. The hydrophobic surfactant proteins SP-B and SP-C enhance the
transport of lipids into the monolayer and are therefore essential for the
regulation of the surface tension in the alveoli during the respiratory cycle (4,
5). The hydrophylic SP-A may have a protective and regulatory role in this
process. SP-A, and the related protein SP-D, are also important in innate lung
defense (6).

Figure 1. This EM photograph shows the transformation of surfactant from the lamellar
stucture into the matrix structure of tubular myelin in the alveolus.

Surfactant metabolism and subtypes
During the respiratory cycle surfactant components are lost from the
monolayer that must be replenished (7). This dynamic process of renewing
and clearance is driven by the type II pneumocytes which synthesize and
secrete surfactant, take up inactive remnant surfactant particles, and recycle
surfactant phospholipids and proteins (3, 4, 7, 8) (Figure 2). The phospho-
lipids, SP-B and SP-C are secreted together in lamellar bodies (9). SP-A is
probably secreted independently by type II cells (10) and Clara cells (11). In
the alveolar lining fluid lamellar bodies transform into tubular myelin (see
figure 1), for which SP-A needs to be incorporated (7, 12). Tubular myelin
can be considered to be the extra cellular reservoir of surfactant which
protects surfactant from inactivation and from which the monolayer is formed.
Because of their relatively heavy weight, the lamellar bodies and tubular
myelin are called heavy subtype surfactant. Inactive remnant surfactant
particles consist of smaller and lighter unilamellar vesicles and
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Figure 2. This figure is a schematic representation of the function of pulmonary surfactant in
a normal alveolus. The function of surfactant is to reduce the surface tension at the air - fluid
interface of the fluid that lines the alveolar surface. For its function surfactant consists of a
mixture of phospholipids and three surfactant proteins, SP-A, SP-B, SP-C, all produced by
the type II pneumocyte. Crucial is that dipalmytoylphosphatidylcholine (DPPC) , the
disaturated form of phosphatidylcholine (PC), forms a stable monolayer that reduces the
surface tension. Efficient absorbance of DPPC occurs via the transformation route from the
lamellar body structure into tubular myelin. These two morphological forms of surfactant are
called the heavy subtype surfactant and are surface active. Used phospholipids form small
vesicles with reduced amounts of surfactant proteins, also called light subtype surfactant. The
small vesicles are taken up by the type II pneumocytes and recycled.
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Figure 3. After transplantation the composition of surfactant is altered in such a way that its
function is impaired. The changes include lower percentages of heavy subtype surfactant and
of PC relative to total phospholipids, and a reduced amount of SP-A. The altered surfactant is
more prone to inactivation by serum proteins that leak from the blood vessels into the
alveolus. Both the surfactant alterations and the leaked serum proteins make the monolayer
unstable and incapable to reduce the surface tension adequately. The remaining high surface
tension causes alveolar collapse and aggravates the pulmonary edema.

therefore are called light subtype (7, 12). The light subtype surfactant contains
reduced amounts of surfactant proteins rendering it as surface inactive (13).
Remnant surfactant is taken up by the type II pneumocytes for recycling or, to
a lesser extent (5-10 % of total ), cleared by alveolar macrophages(14)
Regulation of surfactant metabolism
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Multiple substances and factors regulate the synthesis and secretion of sur-
factant. We will focus mainly on the factors that determine extracellular
surfactant metabolism. In the alveolar lining fluid SP-A may regulate se-
cretion and re-uptake of surfactant by the type II cell and the formation of
tubular myelin. In addition, SP-A has been reported to have a synergistic
effect on the SP-B-mediated adsorption of lipids at the air-fluid interface. SP-
B is proposed to regulate the transformation route from tubular myelin via the
monolayer into unilamellar vesicles. On its turn the action of SP-B is
influenced by an enzyme called convertase (a serine protease). The action of
transformation depends on an ongoing increase and decrease of the alveolar
surface area during respiration (15, 16). The exact physyological relavance of
convertase and conversion of heavy to light surfactant subtypes remains to be
established. Besides respiration other factors such as parasympathetic and
sympathetic innervation of the lung influence pulmonary surfactant
metabolism. These two factors will be discussed later in this article in relation
to the procedures affecting donor lungs for transplantation.

Impairment of the biophysical function of surfactant in
acute lung injury

The biophysical function of surfactant can be impaired by acute lung injury in
several ways (17). First, the adsorption of DPPC is directly inhibited by
serum proteins that have leaked through the alveo-capillary barrier. The
leaked serum proteins directly compete with the DPPC for a place at the air-
fluid interface thereby making the DPPC monolayer unstable at expiration
(18). Second, due to changes in surfactant phospholipids, such as the decrease
of PC, DPPC and phosphatidylglycerol glycerol and the increase of
lysophosphatidylcholine after lung injury the monolayer might become
unstable (18). Finally decreased amounts of SP-A, often found after acute
lung injury, will result in a less organized surfactant structure that is more
prone to inactivation (19, 20). In vitro experiments have shown that especially
the combination of a decreased SP-A and an increased amount of serum
proteins is detrimental for the biophysical function of surfactant (21). It is
likely that SP-A protects surfactant from inactivation by serum proteins.
Support for this notion comes from experiments in vitro (21) and, recently,
also from studies in vivo (22, 23).

Pulmonary surfactant in lung transplantation
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Donor management
Already in the donor the surfactant system can be affected by lung injury.
Although surfactant has not been investigated specifically in lung donors it
has been investigated in similar pathophysiological conditions. Events that
influence pulmonary surfactant are brain injury and brain death, mechanical
ventilation, and disruption of the vagal nerve. All these events are obligatory
in the lung transplantation procedure.

Brain injury and brain death
To our knowledge effects of brain injury or brain death on composition of
surfactant have not been investigated. However, it is generally known that
brain injury or brain death can cause alveolar edema (24). Experimentally,
mechanically applied head injury causing brain death in monkeys caused
massive leakage of serum proteins resulting in inhibition of the biophysical
function of surfactant in parallel with lung dysfunction (25). Sympatholytic
drugs reduced the amount of serum protein leakage (25), which is most likely
beneficial for the function of surfactant.

Mechanical ventilation
The effects of mechanical ventilation on surfactant secretion or alveolar
amounts of surfactant depend on the duration and the mode of ventilation. A
single inflation increases the amount of alveolar surfactant. A longer duration
of mechanical ventilation of in situ or excised lungs was found to increase the
secretion of surfactant leading to higher alveolar amounts of phospholipids
(26-30). In one study it was suggested that ventilation did not increase
secretion of surfactant but modified the metabolism, inducing synthesis de
novo and decreasing recycling of alveolar surfactant (31). In more detail
others showed that ventilation increases the amount of heavy subtype
surfactant in excised lungs (27). However, ventilation of in situ lungs caused
an increased conversion of heavy to light subtype resulting in low amounts of
heavy subtype (32). The alveolar conversion of heavy subtype to light
increased when greater tidal volumes were used (32). Recently, Novick et al
indeed showed that large tidal volume ventilation of donor lungs in dogs
reduced the fraction of heavy subtype surfactant (33). In parallel the
ventilation caused an increased alveolar amount of serum proteins. As shown
by others, mechanical ventilation, particularly when large tidal volumes
without PEEP is used, results in protein leakage (34).
Overall the decreased fraction of heavy subtype surfactant and the increased
leakage of serum protein after mechanical ventilation will impair the
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biophysical function of surfactant from donor lungs. A few large breaths,
however, might be benificial.

Disruption of vagal nerve
High cervical disruption of the vagal nerves does not affect the ability of
surfactant secretion but it causes massive serum protein leakage into the lungs
(35, 36). In this way, vagal disruption might further contribute to the
inhibition of the biophysical function of surfactant as a consequence of serum
protein leakage.

Thus, management of the lung transplant donor will effect the state of
pulmonary surfactant in the donor lung. The major threat to pulmonary
surfactant in the donor is leakage of serum proteins which will inhibit the
biophysical function of surfactant at reperfusion. Ventilation with PEEP and
small tidal volumes might be beneficial in preventing this serum protein
leakage. In addition, a few large breaths before storage will cause a shift of
surfactant from intracellular to alveolar. Such a high amount of surfactant
inside the alveolus might be beneficial during reperfusion (37) as will be
discussed in that section.

Lung storage
During storage, components of surfactant might change as a result of damage
to lung cells. Ischemia, both warm and cold, impairs lung cell viability
because toxic metabolic products are formed after a certain duration (38). To
preserve lung cell viability the lung transplants are usually cooled to 10 - 4 0C
by flushing the pulmonary artery with cold preservation solutions (38, 39).
Clinically, a storage period up to 8 hours is considered to be save. Debate
occurs whether the lung should be stored inflated or deflated and which
preservation solution is to preferred (38-41)

Inflated or deflated lung storage
Pulmonary surfactant becomes polluted with cell membrane phospholipids
after 2 hours of warm storage of lungs without use of preservation solutions
as a result of cell death (42). However, during warm storage after the use of
preservation solutions, inflation with room air preserves the ability of the type
II pneumocyes to secrete surfactant (43). Active secretion can be provoked by
lung ventilation or lung lavage (43, 44). Remarkably, this ability to secrete
surfactant was absent when lungs were stored inflated with nitrogen or
deflated (43). In line with these results the presence of oxygen during warm
storage seems to be necessary to enable secretion of surfactant. Cooling of the
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lung below 13 0C totally blocks surfactant secretion (29, 44). In concert with
the absent active secretion of surfactant during unventilated storage or cooled
storage, the amount of surfactant, the relative fraction of heavy subtype, and
the phospholipid composition of alveolar surfactant remained virtually
unchanged during warm storage for up to 2 h (45) and during cold storage
from 2 h up to 28 h (46, 47). In some studies, however, surfactant deteriorated
quickly in stored rat lungs (41, 48). Immediately after preservation with
Eurocollins solution (EC) the amount of DPPC decreased, which was further
aggrevated by storage (41). Very low fractions of heavy subtype surfactant
were found after 4 and 8 h deflated or inflated stored lungs after preservation
with EC ( lower than 50 % ); the lowest fraction (about 10 %) was found after
8 h deflated storage (41).

The effect of warm storage on SP-A has not been investigated; also the
effect of cold storage on SP-A levels is unclear. It has been shown that the
amount of SP-A in lungs inflated with fifty percent oxygen decreases to 50 %
of control values after 12-h cold storage (46) and to 75 % after 20-h storage
(49). Although not statistically significant deflated cold storage decreased SP-
A to the same extend (49).

The in vitro biophysical function of surfactant remains normal after
storage (inflated or deflated) presuming that there is no accumulation of
(serum) proteins in the alveolar space(45, 46, 49). If the level of alveolar
protein is increasead during storage the in vitro biophysical function becomes
impaired (41, 43, 48)

Preservation solutions
A direct comparison of preservation solutions in regard of effects upon
pulmonary surfactant was only performed once (46). In that study the Belzer
University of Winsconsin solution (UW) was compared with Eurocollins
solution (EC) used for preservation of dog lungs. Both solutions preserved the
amount and composition of surfactant; Eurocollins solution caused a slightly
lower percentage PC and a somewhat higher amount of serum proteins in
BALF (46). Indirect comparison of EC and Perfadex solution is possible by
comparing two identical studies in rats performed by one research group (41,
50). This comparison reveals that Perfadex preserves the fraction heavy
subtype during 16 h cold storage whereas EC fails to do so after 4 h cold
storage.

In conclusion, the amount and composition of surfactant phospholipids
and the function of surfactant in BALF can remain normal after significant
periods of either warm storage (up to 2 h) or cold storage (up to about 24 h).
However, likely depending on the method of storage, storage can have
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deleterious effects on surfactant, especially after longterm storage of deflated
lungs. The influence of different preservation solutions on pulmonary
surfactant needs further evaluation. There is some indication, at least in rat
lungs, that EC solution is deleterious for pulmonary surfactant.

Lung reperfusion
The degree of injury of the lung transplant clearly emerges after reperfusion
(38). The effect of reperfusion upon pulmonary surfactant depends on the
degree of lung injury in the donor, the length of warm or cold lung storage,
the method of lung storage, or the used preservation solution. The gross
changes in pulmonary surfactant after transplantation are depicted in Figure 3.

Warm storage and reperfusion .
Reperfusion after one hour warm storage caused a significant loss of lamellar
bodies from type II cells (51), and a decreased alveolar percentage PC with a
relative increase of non-surfactant phospholipids, an impaired biophysical
function, and increased amounts of serum proteins (45) . The impaired
function was attributed to the combination of the altered surfactant
composition and the disturbance of the monolayer by serum proteins. An
increase from 1 to 2 h warm ischemia impaired the surfactant function further
(45) .

Cold storage and reperfusion .
In lungs reperfused after short cold storage periods, up to 4 h, the pulmonary
surfactant was virtually not affected. After 2 h cold inflated storage (EC as
preservation solution) and a 6 h reperfusion period no changes in the
proportion heavy subtype, the percentage PC, the amount of SP-A and the
biophysical function of surfactant were found in dog lung transplants (46)
(table). In parallel, the lung transplant function remained at its preoperative
level (46). After 4 h cold inflated storage (EC solution) and a 24 h reperfusion
period a small (3 %) decrease in percentage DPPC of total PC was found in
parallel with an insignificant decrease in PO2 of the transplant compared to
preoperative values (47). In rat lung transplants, Hausen and colleagues (41)
found that after 4 h cold inflated storage (EC
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Pulmonary surfactant in BALF from lung transplants after cold 
storage and reperfusion

Study

88.3 ± 2.4 
68.8 ± 4.1 
54.6 ± 9.0 
45.5 ± 1.7

Novick et al (52) 
  (6-h of reperfusion) 

- donor (n=13) 
- 38 h, EC (n=5)

77.5 ± 2.9 
45.3 ± 8.5

72.4 ±  2.2 
71.3 ±  2.3 
71.5 ±  3.1 
70.9 ±  3.6

4.5 ± 0.5 
4.3 ± 1.0 
2.1 ± 0.6 
2.1 ± 0.6

< 5 # 
< 5 # 
< 5 # 
< 5 # 

- 
-

- 
-

- 
-

Veldhuizen et al (46)  
   (6-h of reperfusion) 
- normal 
-   2 h, EC (n = 5) 
- 12 h, EC (n = 5) 
- 12 h, UW ( n = 5)

Erasmus et al (53)  
   (1-h reperfusion) 
- normal (n = 4) 
-   6-h, saline (n = 4) 
- 20-h, saline (n = 5)

75.5 ± 1.3 
53.6 ± 1.8 
61.2 ± 4.7 

69.3 ± 1.5 
29.7 ± 0.9 
25.5 ± 0.7

       < 1 
        - 
    20 ± 4

7.5 ± 1.6 
0.7 ± 0.1 
0.3 ± 0.1

Data are mean ± std error of the mean 
# = minimum surface tension measured in isolated heavy subtype surfactant 
‡ = data are estimated means

Table

Hausen et al (41)  
   (2-h of reperfusion) 
- 4-h, defl.,EC (n = 5) 
          infl.,EC (n = 5) 
- 8-h, defl.,EC (n = 6) 
          infl.,EC (n = 6)

Erasmus et al (57)  
   (1-h reperfusion) 
- normal (n = 4) 
- 20-h, saline  (n = 5)

83.2 ± 1.4 
62.5 ± 14.9 

68.6 ± 5.3 
34.3 ± 5.2

5.7 ± 0.2 
2.3 ± 0.2

Deflated storage

Inflated storage

Deflated vs inflated storage

Minimal Surface 
Tension

(mN/m)

SP-AHeavy  
Subtype
% of PL

 PC

29 ‡ 
56 ‡ 
  - 
18 ‡

< 5 
< 5 
     - 
10 ± 6

- 
-

- 
- 
- 
-

- 
- 
- 
-

% by weight  
of PL% of PL

solution) and 2 h reperfusion the fraction heavy subtype remained higher than
after 4h deflated storage (table). This difference however was not

caused by reperfusion but was already present after EC preservation and
storage (see Inflated or deflated lung storage ). The transplant function
remained good in both groups (41).

Prolonged cold storage periods for more 4 h do cause significant changes
in pulmonary surfactant and, sometimes, impairment of lung transplant
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function. If the storage period of dog lungs was prolonged from 2 h to 12 h,
then the fraction of heavy subtype decreased with more than 25 percent,
together with a slight decrease in percentage PC (only EC solution ) and PG
(EC and UW solution) and a significant increase in percentage SM (EC and
UW solution)(46). The amount of SP-A, already lowered after storage,
remained at the same low level after subsequent reperfusion (46) (table). Due
to the decrease in heavy subtype surfactant also the biophysical function of
surfactant was impaired. In parallel, the function of these lung transplants
deteriorated (46). Further prolongation of lung storage to 38h in a following
study by the same group decreased heavy subtype with 40 % and deteriorated
the lung transplant function (52) (table). In the study of Hausen in rats (41),
prolongation of a 4 h storage period of fully inflated lungs to 8 h, caused a
significant decrease in heavy subtype (table). This decrease was not paralleled
by an impaired surfactant function in vitro; the lung transplant function,
however, significantly worsened (41). Pulmonary surfactant of deflated stored
lungs was not available because of complete failure of the transplant upon
reperfusion (41). In another rat study, 6 or 20 h cold deflated lung storage
(saline as preservation fluid) and a 1 h reperfusion period reduced heavy
subtype surfactant by 50%, induced a small decrease in the percentage of PC
and a more than 90 percent decrease in the amount of SP-A (53) (table). In
concert, the biophysical function of surfactant (serum protein-free) was
significantly impaired in the 20 h stored lungs. The lung transplant function
was deteriorated after both the 6 h and 20 h storage period (53). Simillarly,
sixteen hours inflated storage of rat lungs with Perfadex® followed by 2 h
reperfusion caused a more than 80 % of heavy subtype surfactant and a
deterioration of lung transplant function. Prostacyclin, infused intravenously
into the donor and added to the Perfadex® solution, improved lung transplant
function but had no effect on the lowered fraction of heavy subtype surfactant
(50). The effects of transplantation injury on surfactant were shown to persist
for at least one week after transplantation in rats (54). Specifically 20 h
storage was associated with a low amounts of surfactant phopspholipids and
an impaired lung transplant function.

Importantly, the impact of the described changes in composition of
pulmonary surfactant on its function and the function of the lung transplant
greatly depends on the amount of serum protein leakage. Massive leakage of
serum proteins will strongly inhibit the surfactant function, as has been
described in ARDS (17). Leakage of serum proteins as part of the ischemia-
reperfusion injury was observed in most studies (45, 46, 53, 55) and impairs
the surfactant function and the function of the lung transplant (45).
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It can be concluded that pulmonary surfactant is most severly affected as
the lung donor is ventilated with high tidal volumes and by ischemia-
reperfusion injury after a significant warm or cold ischemic period.
Alterations in composition of surfactant after reperfusion are comparable for
warm (< 2h) storage and and long term cold storage, for inflated or deflated
storage, and among different preservation solutions. However, there is some
indication that inflated storage might be benificial for pulmonary surfactant
upon reperfusion. The surfactant alterations may result from a disturbed
alveolar surfactant metabolism (altered intracellular synthesis or increased
conversion from heavy to light surfactant subtype) or a direct breakdown of
surfactant components (17). The loss of intracellular lamellar bodies after
reperfusion (51) supports the hypothesis of an impaired synthesis of
surfactant. Importantly, the changes in surfactant are paralleled by an
increased leakage of serum proteins that further inhibit surfactant function and
that may contribute to the conversion of heavy to light surfactant subtypes
(56).

Surfactant treatment in lung transplantation

The rationale for surfactant treatment during the transplantation procedure is
to improve the insufficient biophysical function of surfactant and thereby the
lung transplant function. The efficacy of surfactant treatment in lung
transplantation might be expected to be dependent on similar factors as in
other acute lung injury models, including early timing of surfactant treatment,
the severity of the injury at the time of treatment, the mode of surfactant
delivery, and the amount and kind of surfactant used. In lung transplantation
studies surfactant treatment was usually given before reperfusion with a high
dose of modified natural surfactant, containing phospholipids and SP-B and
SP-C but no SP-A. In one study surfactant treatment was started at a very
early stage in the lung donor with the goal to prevent lung injury caused by
ventilation

Effects on alveolar surfactant
As might be expected treatment with supra-normal amounts of exogenous
surfactant phospholipids (minimally 50 mg/kg BW per lung) in the donor
lung or in the lung transplant just before reperfusion increased the amount of
surfactant phospholipids, increased the fraction of heavy subtype and altered
the composition of phospholipids in BALF obtained 1 h to 6 h after
reperfusion of the transplant (53, 55). Additionally, surfactant treatment
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preserved the amount of endogenous SP-A (53, 57) These improvements
normalized the biophysical function of surfactant when measured in vitro,
even in transplants with severe reperfusion injury after 20-h storage (53). In
addition surfactant instillation (after 1 h warm storage) prevented the loss of
lamellar bodies from the type II pneumocytes, indicative for an effect on the
surfactant metabolism (51). Another parameter, indicating uptake of the
exogenous surfactant, is the degree of association of the given surfactant with
the lung transplant tissue. This measure was introduced to interpret the results
of a combined surfactant treatment of the lung donor and of the lung
transplant just before reperfusion after implantation into the recipient . The
degree of association of surfactant with lung tissue proved to be higher after
the combined treatment than after separate donor or recipient treatment (52).
Very early surfactant nebulization, starting before lung donors were ventilated
for 8 h with high tidal volumes causing lung injury, preserved the heavy
subtype surfactant and prevented protein leakage and neutrophil
accumulation. This preservation of surfactant components was still apparent
after 17 h cold inflated storage and 6 h reperfusion (33). In another study
surfactant instillation before reperfusion prevented an decrease of the amount
of surfactant phospholipids 1 week after transplantation after severe
transplantation injury caused by 20h ischemia (54).

Effects on lung transplant function
The effect of surfactant treatment on lung transplant function varied among
studies. In the first study surfactant treatment failed to improve transplant
function in dogs; exogenous surfactant was given into the lung donor before
cold inflated storage (35-h) and into the donor lung in the recipient just before
reperfusion (58). In another study surfactant treatment before reperfusion
improved lung transplant function in 3 out of 8 treated dogs (38 h cold
storage) (55). The improvement of transplant function in the three dogs
started after 3 h of reperfusion. In a following study, again the efficacy of
surfactant treatment was improved by nebulizing an extra dose in the lung
donor followed by an instilled dose just before reperfusion. This strategy
resulted in a normal gas exchange and compliance immediately after
reperfusion whereas instillation just before reperfusion had no effect (52). In
rats prolongation of the storage period decreased the effect of surfactant
instillation just before reperfusion: after 6 h cold deflated storage the gas
exchange and dynamic compliance were significantly better improved than
after 20 h storage (53). Lung function of 20 h stored lungs assessed 1 week
after transplantation was however improved by instillaltion before reperfusion



Pulmonary surfactant and lung transplantation

23

although the immediate function was not improved (54). In a later study using
inflated instead of deflated storage for 20 h, instillation of surfactant before
reperfusion could not improve the immediate lung transplant function,
possibly because the inflated storage had resulted in a relatively good
transplant function in parallel with mild changes in surfactant components
(57). Suppletion of surfactant with SP-A, as an attempt to counteract serum
protein inactivation of surfactant, was not more effective than surfactant
alone. Very early surfactant treatment of the lung donor preserved donor lung
function and, after reperfusion, lung transplant function at pretransplantation
levels (33). One of the explanations for the preservative effect of the early
surfactant treatment was that the surfactant mitigated ventilator induced lung
injury.

Clinically, a successful rescue treatment with surfactant is reported after a
single lung transplantation. Surfactant nebulization was initiated several hours
after reperfusion as treatment of reperfusion injury of the transplant. The
diagnosis reperfusion injury was based on an impaired gas exchange, a
decreased dynamic lung compliance and edema (clincally and on chest X-
rays) requiring a higher FiO2 and PEEP. The effect of surfactant treatment
was an increase of the dynamic compliance after 30 minutes. After several
hours the FiO2 and PEEP could be lowered. The patient was extubated the
folowing day (59)

These studies show that surfactant treatment is a potential option to im-
prove the function of lung transplants immediately after reperfusion.
However, the best delivery strategy needs to be developed. Early surfactant
treatment of lung donors was most successful. The high association of ex-
ogenous surfactant given to the donor as part of a combined treatment of
donor and recipient might indicate that in the donor surfactant is incorporated
in the still normally functioning type II pneumocyte. The excellent transplant
function after the combined treatment might indicate that both the alveolar as
well as the intracellular pool need to be supplemented to optimize transplant
function. Another way to explain the excellent lung transplant function after
the combined treatment is that nebulization of surfactant in the donor
enhances the spreading of the instilled surfactant in the recipient since an
adequate surfactant layer promotes spreading (60). Surfactant treatment of an
inflated lung before reperfusion, now necessarily as bolus instillation, might
be improved when more efficient nebulization methods are available because
there is some indication that nebulized surfactant spreads better than instilled
surfactant.
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Conclusions

In this review we have focused on the biophysical function of surfactant,
which is important for the immediate lung transplant function after reper-
fusion. Other functions of surfactant, such as its role in innate lung defense
and immunemodulating properties, might be important for long term
transplant function. For the peri-operative period the following general
conclusions can be drawn.

Careful donor management, especially ventilation with small tidal vol-
umes, is important to preserve pulmonary surfactant and lung transplant
function after implantation. Storage (within certain time limits) does not
neccesarily affect the amount, phospholipid composition and function of
pulmonary surfactant. In contrast, reperfusion can deteriorate the pulmonary
surfactant after transplantation depending on the duration and method of
storage. Inflation during prolonged cold storage seems to preserve both
surfactant function and subsequent lung transplant function after reperfusion.
There is some indication that the kind of preservation solution used during
storage affects the outcome on pulmonary surfactant. Early surfactant
treatment, preferentially before the start of transplant injury, improves the
function of the lung transplant. Nebulization of surfactant was effective in the
lung donor. It remains to be investigated whether instillation or nebulization
of surfactant is to be prefered after storage or after reperfusion.
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Aims of this thesis

The first aim of this thesis is to elucidate whether lung storage and lung
transplantation are harmful to the pulmonary surfactant system. The second
aim is to investigate the effects of treatment by intrabronchial instillation of
surfactant on composition and function of pulmonary surfactant, and the
effects on lung transplant function.

We first investigate the composition and function of pulmonary surfactant
after cold storage of rat lungs (chapter 2A). Pulmonary surfactant is obtained
by bronchoalveolar lavage of the left or right lung. Next, composition and
function of pulmonary surfactant in relation to lung transplant function is
investigated at 1 day after transplantation (chapter 2B).

In the next part of the study, we treat lung transplants by instillation of a
modified surfactant into the bronchus just before reperfusion to improve the
quality of pulmonary surfactant and the function of the lung transplant. We
analyze the immediate function of the transplants during 1 hour after
reperfusion (chapter 3A) and at 1 week after transplantation (chapter 3B). It is
shown that the effect of the surfactant instillation on the transplant function is
correlated to the changes in surfactant components. Based on the findings of
these two studies, we enriched surfactant with surfactant-associated protein-A
(SP-A) to improve the efficacy of surfactant instillation  (chapter 3C).

Finally, we investigate in a pilot study to what extent the pulmonary
surfactant changes in patients after lung transplantation. In this study pul-
monary surfactant is sampled by aspiration of tracheal fluid during the first 24
h after sequential double lung transplantation (chapter 4A).
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Abstract

The function of pulmonary surfactant is impaired after cold storage and
subsequent reperfusion of lung transplants. It is unclear, however, to what
extent pulmonary surfactant changes already during the cold storage. We
investigated pulmonary surfactant from rat lungs after cold deflated storage
for 0h, 6h, and 20h, and in an additional experiment after cold inflated (50%
oxygen) storage for 20h. Pulmonary surfactant was obtained by
bronchoalveolar lavage. mRNA of the surfactant-associated protein A (SP-A)
was measured in lung tissue. We found that the phospholipid composition of
surfactant and the percentage of heavy subtype surfactant were not affected by
lung storage for up to 20h. The SP-A/PL ratio was slightly decreased (by
approximately 25 % ) after 20h lung storage. SP-A mRNA was not decreased.
This study shows that pulmonary surfactant does hardly change during cold
lung storage. The decrease in SP-A/PL ratio is relatively small and may be of
little clinical relevance. Significant changes in pulmonary surfactant occur
only after reperfusion of lung transplants.

The composition of pulmonary surfactant has been found to be changed
and its function deteriorated immediately after transplantation of lungs (1, 2).
The main cause of the detrimental changes of surfactant is thought to be
ischemia-reperfusion injury (2). It is unclear, however, to what extent
components of pulmonary surfactant change already during the period of cold
ischemic storage. In some studies the phospholipid composition of surfactant
changed early during storage (3). In other studies the phospholipid
composition remained unchanged during a period of 12 hours of cold storage,
but the surfactant-associated protein A (SP-A) decreased by half (1). To
address the question whether pulmonary surfactant changes during storage,
we assessed the composition (phospholipids, SP-A, inhibiting serum proteins)
and in vitro function of surfactant lavaged from explanted rat lungs that had
been stored for 0, 6, or 20 hours. In addition, the amount of SP-A mRNA was
measured in lung tissue. In the experiments with explanted lungs that had
been stored deflated for up to 20 hours we hardly found changes in pulmonary
surfactant. Therefore, we added an experiment where lungs were kept inflated
during 20 hours of ischemic storage.
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Methods

Changes in pulmonary surfactant during storage were investigated in ex-
planted right lungs from male, specific-pathogen free LEW rats (Charles
River). Lungs that had been stored for 0, 6, or 20 hours were compared with
normal control lungs (n= 4, 4, 5, and 5, respectively). During explantation the
lungs were ventilated with room air (PEEP 3 cm H2O, PIP 17 cm H2O). After
dissection, the lungs were flushed with saline through the pulmonary artery
(80 ml/ kg body weight at 6-8 °C, maximum pressure 40 cm H2O) and
subsequently submersed in saline at 6-8 °C as described previously (4). The
main bronchus was left open, so that the lung collapsed after explantation.
Lungs for 0 hour storage were investigated immediately after the explantation
procedure. The normal lungs were not flushed or stored.

In an additional experiment, a group of lungs was kept inflated during
storage for 20 hours; again, surfactant changes in the lungs were compared
with normal lungs (n= 7 in each group). Differences with the previous ex-
periments are that the lungs were ventilated with 50% O2 during explantation,
that they were inflated once till 25 cm H2O to expand all atelectatic spots, and
that subsequently, at an airway pressure of 10 cm H2O, the bronchus was
ligated.

After the storage period, the lungs were lavaged 5 times with ice cold
saline (2) for assessment of the surfactant components in bronchoalveolar
lavage fluid (BALF). Immediately thereafter lungs were cut into small pieces,
snap frozen in liquid nitrogen and stored at –70 °C for later measurement of
SP-A mRNA.

The components of surfactant were all measured using methods previ-
ously described (4) . In an aliquot of BALF the amount of phospholipids (PL)
was measured. Heavy-subtype surfactant was isolated in 1 ml of BALF by
centrifugation at 40,000 g for 15 minutes in a fixed angle rotor (TLA 100,
Beckman). The amount op phospholipids measured in this fraction was
calculated as a percentage of PL in total BALF. The percentage of surfactant
phosphatidylcholine (PC) was measured after separation of PL by thin layer
chromatography. SP-A was measured by sandwich ELISA. Values of
surfactant components in BALF are expressed relative to the measured PL
because smaller BALF volumes were recovered after inflated storage than
after deflated storage (table 1). The in vitro function of surfactant was
measured in a pulsating bubble surfactometer (PBS, Electronetics). Briefly,
the surface tension at minimal bubble size after 20 pulsation's in an organic
solvent extracted surfactant suspension ( 2 mg PL/ml in 0.9 % NaCl, 1.5 mM
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CaCl2, 37 oC) was used as measure of surfactant function (4) To measure the
amounts of 1.7 kb and 1 kb SP-A mRNA in lung tissue total RNAs were
isolated with RNAzol-B according to the instructions of the manufacturers
(Cinna/Biotecx, Houston, TX) and quantified by measuring the absorbance at
260 nm. Aliquots of 25 µg RNA were subjected to Northern blot
hybridization as described before (5) , using a 32P - labeled 662-bp rat SP-A
cDNA fragment (kindly provided by Dr. T. Lacaze-Masmonteil ) as a probe.
The intensities of the hybridization signals of both SP-A mRNAs were
quantified by measurement in a Fujix BAS 1000 Bio-imaging Analyzer
System (Fuji). When making multiple comparisons, statistical analysis was
carried out by one-way analysis of variance. In those cases where the F-test
indicated that there was a significant difference (p < 0.05) among groups,
comparisons with the control condition were made using Dunnett's test. When
2 means were compared, analysis was performed with Student's t-test (2-
tailed).

Recovered BAL Heavy subtype PC SP-A/PL  Protein/PL

(ml/kg BW) (% of PL) (% of PL) µg/mg (mg/mg)

Deflated
normal (n=5) 103.3 ± 6.1 66.1 ±   6.8 77.6 ±   3.3  84.4 ± 23.9       5.9 ±   1.5

0h storage (n=4) 107.2 ± 6.9 67.5 ±   7.9 78.6 ±   2.9  74.5 ± 16.4    3.9 ±   1.2*

6h storage (n=4) 106.6 ± 5.8 76.2 ± 10.4 71.7 ±   7.7  76.9 ± 26.0    4.0 ±   1.1*

20h storage (n=5) 107.7 ± 6.3 74.1 ±   6.4 72.8 ±   5.0  64.7 ± 12.0    3.6 ±   0.7*

1h reperfused  #
normal (n=4) n.a. 69.8 ±   4.4 75.5 ±   3.5   75.5 ±  20.2         2.3 ±   0.4    

20h storage(n=5) n.a.    25.0 ±   9.0‡    61.2 ± 10.5‡    3.2 ±    0.9‡    26.1 ±   5.3‡   

Inflated (50 % oxygen)
normal (n=7) 109.4 ±  6.4     73.3 ±    2.6     75.4 ±   2.7     97.2 ± 16.7      3.5 ±  1.0

20h storage (n=7)      93.6 ±  8.3‡  77.7 ±    3.9‡ 77.0 ±   2.1     72.5 ± 22.4‡ 4.9 ±  1.7  

1h reperfused  †
normal (n=8) n.a.  68.6 ±     5.3  83.3 ±    1.4      57.3 ±   6.5       4.4 ±   1.1

20h storage (n=5) n.a.   34.3 ±     5.2‡ 62.5 ±  14.9‡     24.7 ± 16.2‡   39.8 ±11.1‡

Table 1. Surfactant variables in BALF after cold lung storage

  values represent mean ± SD
  # data from ref 4 ( left lung transplants), † data from ref 8 ( left lung transplants).
  * p < 0.05 versus normal of same experiment (Dunnett's test)
  ‡ p < 0.05 versus normal of same experiment (Student's t-test)
  n.a. : not applicable because values are from left lungs

Results

The composition of surfactant remained remarkably constant during storage
of the deflated lungs. The percentage heavy subtype surfactant and the
percentage PC relative to total PL did not change (table 1). The SP-A/PL ratio
and protein/PL ratio decreased marginally, but these changes are small
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compared to the changes seen in transplanted lungs at 1 hour after reperfusion
(published data from a previous study (4) included in table 1). In the lungs
that had been stored inflated, the values of surfactant were likewise constant.
Here, the decrease of the SP-A/PL reached statistical significance. However,
when expressed as a percentage of the normal lungs, the decrease of SP-A/PL
was the same as in the experiment where the lungs were stored deflated for 20
hours (74.6 % and 76.7 %, respectively).

The in vitro function of surfactant remained normal; in all groups the
minimal surface tension measured in the pulsating bubble surfactometer
dropped below 1mN/m.

The amount of SP-A mRNA in the lung tissue did not decrease signifi-
cantly during lung storage: the amounts of both 1.7 kb and 1.0 kb SP-A
mRNA remained within normal ranges in all investigated groups (table 2).

(1.7 kb) (1 kb)
Deflated 
normal (n=4) 100.0  ±   21.7 100.0  ±  27.2

6h storage (n=4)   93.7   ±  12.9   88.1  ±  13.8

20h storage (n=3)   78.3   ±    5.5   88.6  ±    4.1

Inflated (50 % oxygen) 
normal (n=5) 100.0  ±  13.3 100.0  ±   13.5

20h storage (n=5)   94.1  ±  19.1   93.9  ±   21.6

SP-A mRNA (% of normal)

Table 2.   SP-A mRNA's in lung tissue after cold 
             lung storage

values are mean ± SD

Discussion

Our study shows that cold storage of explanted lungs has little impact on
pulmonary surfactant. Both composition and function of the surfactant in the
explanted lungs were hardly affected, even when storage was extended to 20
hours. When changes were found in the stored lungs, they were negligible
compared to changes found in lungs after transplantation (table 1). In contrast,
some studies report severe changes of pulmonary surfactant already after the
pulmonary flush with preservation solution (0h storage) (3). In our opinion
these surfactant changes –in combination with a leak of serum proteins–
reflect damage of the lungs caused during the harvesting procedure e.g. by
preservation solutions (6).

SP-A was the only surfactant component that seemed to be affected
during deflated storage. We believe that maintenance of the amount of SP-A
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after lung transplantation is important because SP-A protects the biophysical
function of surfactant against inactivation by leaked serum proteins (7). In a
study by Veldhuizen and colleagues (1) the alveolar SP-A was found to drop
much more than in our study. We wondered whether the difference between
the two studies resulted from the fact that we stored the lungs in deflated
state, while Veldhuizen and colleagues (1) used inflated storage. Therefore we
performed additional experiments with inflated lungs. Again, SP-A dropped
by 25%, which now reached statistical significance due to the larger number
of animals in the inflated group (table 1). The finding that SP-A decreased to
a similar extent after deflated storage and after storage while inflated with 50
% oxygen indicates that 50 % oxygen does not cause additional harm to SP-A
in pulmonary surfactant during storage. In contrast, 50% oxygen inflated
storage has been shown to partially preserve SP-A after reperfusion (8) and to
be beneficial for the postoperative function of transplanted lungs (8, 9).
Inflation of lungs with 100% oxygen for prolonged storage is not necessary
and should be avoided, as it cannot be ruled out that it facilitates proteolysis
of SP-A, as is seen in ozone exposure (10).

Apparently, surfactant is well preserved during explantation and cold
storage of lung transplants, provided that adequate preservation procedures
are used. At the end of the storage period in this study, surfactant was un-
changed in composition, it was functioning normally, and mRNA of SP-A
was available to produce additional SP-A. This indicates that the surfactant
system in the lung transplant is able to support a normal function immediately
upon transplantation. However, studies on surfactant in lung transplants
shortly after reperfusion (indicated in table 1), show that major changes in
surfactant develop quickly once the lung is reperfused. In addition, serum
proteins leak to the alveolar space after reperfusion, which is most detrimental
for the function of alveolar surfactant. As long as we are unable to prevent
inactivation of surfactant upon reperfusion, the ischemia-reperfusion injury
will occasionally result in primary organ failure of lung transplants. In the
treatment of primary organ failure the instillation of large amounts of
surfactant into the transplanted lung has been shown to be effective in
restoring the quality of the pulmonary surfactant (4, 11)
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Abstract

In this study we investigated the surfactant function in rat lung transplants at
the peak of the reimplantation response in experimental groups with in-
creasing warm ischemic times of the lung transplant. The left and right lungs
in five groups of rats were assessed 24 hours after left lung transplantation:
rats reeceiving transplants with lung graft ischemic times of 60 (n=4), 90
(n=5), and 120 (n=5) minutes, donor rats with 120 minutes lung ischemia
(n=5) and normal (nonoperated) rats (n=6). The reimplantation response was
assessed by the ventilation score on chest roentgenograms, measurement of
the static lung compliance and the (serum) protein concentration in the
bronchoalveolar lavage fluid. Surfactant in the bronchoalveolar lavage fluid
was assessed by measuring the amount and the composition of surfactant
phospholipids and the in vitro surfactant function in a pulsating bubble
surfactometer. We found that longer ischemic times caused a more severe
reimplantation response in the left lung grafts. Although the ventilation scores
were equally low in the 60-, 90-, and 120-minute ischemiagroups, the lung
compliances decreased and the (serum) protein concentrations increased
stepwise in correlation with longer ischemic times. The amount of surfactant
phospholipids during the reimplantation response was not changed, but the
percentage phosphatidylcholine decreased progressively in parallel with the
severity of the reimplantation response. Finally, the in vitro function of
surfactant from the lung transplants decreased in parallel with the
prolongation of the ischemic time, whereas the function of surfactant from
donor lungs with 120 minutes of ischemia and from native right lungs was not
changed. We conclude that the surfactant function is impaired during the
reimplantation response as a result of a high concentration of inhibiting serum
proteins and a low percentage of phosphatidylcholine.

Introduction

Pulmonary surfactant lowers the surface tension at the air-water interface
inside the alveolus. This effect is achieved by adsorption of surfactant
phospholipids at the air-water interface, a process controlled by surfactant-
associated proteins (1, 2). In this way, surfactant prevents collapse of the
alveolus at end expiration, prevents formation of alveolar edema and increases
the compliance of the lung

It is now well established that the surfactant function is impaired in the
adult respiratory distress syndrome (ARDS) (3, 5). Several factors in clinical
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ARDS and in experimental ARDS models are responsible for the impairment
of the surfactant function. One factor is the inhibition of the surfactant
function by serum proteins that leak into the alveoli (6, 7). Other possible
factors are an altered composition of surfactant and an altered surfactant
metabolism (3, 8, 9).

During the reimplantation response, which is a form of acute lung injury
after lung transplantation caused by the complex of denervation, disruption of
lymphatic vessels, and ischemia-reperfusion, we expect that the surfactant
function is impaired in a similar way as in ARDS. The clinical symptoms of
the reimplantation response, including the development of protein rich
alveolar edema, a decreased lung compliance, and a diminished gas exchange,
are similar to those of ARDS (10, 11, 12). Recently Veldhuizen and
colleagues (13) showed that the function of surfactant from canine lung
transplants was impaired at 6 hours after reperfusion, which is early in the
reimplantation response. The reimplantation response has its peak on the first
day after lung transplantation in small experimental animals (14), whereas in
larger animals and humanbeings the reimplantation response can remain
severe for a period between two days and one week post transplantation
(15,16). The severity of the reimplantation response differs significantly
among individuals; in most cases it is mild and transient, but, occasionally, it
is severe and can lead to early postoperative death caused by graft failure (17).
This disparity indicates that the reimplantation response is affected by
variable factors in the transplantation procedure. We previously showed that
in rats the reimplantation response was more severe after a longer ischemic
time of the lung transplant (14).

The aim of this study was to investigate the surfactant function at the peak
of the reimplantation response and, furthermore, to investigate whether the
surfactant function was affected more impaired after a longer duration of graft
ischemia, corresponding with a more severe reimplantation response. The
surfactant function was investigated in surfactant from rats 24 hours after
transplantation of the left lung.
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Materials and Methods

Experimental Design.
To investigate the function of surfactant during the reimplantation response
after lung transplantation, we transplanted left lungs of rats in three groups
with increasing warm ischemic times (60, 90 and 120 minutes). After 24
hours, the left lung transplants and the native right lungs were evaluated
separately. The effect of ischemia without subsequent reperfusion of the lung
was assessed in donor right lungs after 120 minutes of ischemia. For normal
control values, we used normal (nonoperated) rats.

One day after transplantation the left lung graft and the native right lung
were investigated. Chest roentgenograms were made and the lungs were taken
out for pressure-volume (PV) measurements. Each lung was then lavaged
separately to obtain bronchoalveolar lavage fluid (BALF). The following were
evaluated as parameters of the reimplantation response: the chest
roentgenograms were scored, the static lung compliance was calculated and
the amount of serum protein in the BALF was determined. The following
were evaluated as parameters for the quality of the alveolar surfactant: the
amount of surfactant phospholipids and the phospholipid composition in the
BALF were determined. The surfactant function was measured as the ability
of surfactant to lower the minimum surface tension in a pulsating bubble
surfactometer.

Left lung grafts, native right lungs, donor right lungs and normal lungs.
Inbred Lewis rats weighing 200 to 280 gm were used for donors, recipients,
and normal control animals. All animals received humane care in compliance
with the Dutch regulations and law. Single left lung transplantation was
performed according to the method of Prop et al (14, 18). In brief, the left
lung graft was taken out of the donor after a pulmonary artery flush with 50
cc cold (4 0C) saline solution at 20 cm water pressure while the lung was
ventilated. Thereafter no further cooling was applied and the lung graft was
kept at room temperature in a plastic cover to prevent dessication. During
implantation the pulmonary artery and vein were first anastomosed and during
reperfusion the left main bronchus was sutured.

Three experimental groups were examined with increasing ischemic times
of the left lung graft of 60, 90, and 120 minutes (n= 4, 5, and 5, respectively).
From these three experimental groups the left lung grafts, the native right
lungs, and the donor right lungs after 120 minutes of ischemia (n = 5) were



The function of surfactant is impaired during the reimplantation response

45

assessed separately. For comparison, left and right lungs of normal rats were
studied (n = 6).

Ventilation score on roentgenograms
Roentgenograms of the chest were made while the rat was anesthetized with
an intraperitoneal injection of chloralhydrate. The severity of the reimplantion
response was scored with the use of the ventilation score according to Prop et
al (14). In brief, this score is based on the radiographic density of the lung and
the total lung area and uses a scoring scale ranging from 6 (for normal lungs)
to 0 (for opaque lungs).

PV measurement
To obtain the lungs for PV measurement the rats were killed and bled from
the abdominal aorta. The thorax was then opened, and the pulmonary vas-
culature was flushed with saline solution at room temperature via the pul-
monary artery after the left atrium was opened. The heart and lungs were
taken out en bloc, the trachea was cannulated, and its bifurcation was freed of
tissue to allow selective clamping of the left and right main bronchi. The
donor right lungs of the 120-minute ischemiagroup were treated according to
this protocol, the only difference being that the left lung was removed and the
remaining left bronchus stump was ligated. To degas the lungs we placed
them briefly in a vacuum chamber. The right main bronchus was then
clamped, and a pressure-controlled static volume-pressure measurement of the
left lung was performed. For this purpose, the cannula in the trachea was
connected to a pressure transducer in open connection with a syringe. The
pressure was read from an X-Y recorder after calibration with a water
manometer. The left lung was then inflated with the syringe in steps of 5 cm
water pressure to a maximum of 35 cm water and then deflated with steps of 5
cm water pressure. At every pressure step the inflated volume was read from
the syringe after an equibrilation time of 50 seconds. After PV measurement
of the left lung, the clamp was moved to the left main bronchus for
measurement of the right lung in the same way. The PV measurement took
place at room temperature in a moist environment to prevent drying of the
lung surface. The volume at 35 cm water pressure was considered as Vmax.
The static compliance was calculated with the formula: Vmax/ body weight/
35 cm H2O (ml . kg body weight - 1 . 35 cm H2O

- 1 ). The volumes at 5 and 10
cm H2O at the deflation limb were used to calculate the lung stability indexes
according to Clements and collaborators, (19) (V5/Vmax)x 100 %, and
Gruenwald,(20) (2 V5 + V10)/2 Vmax.
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Bronchoalveolar lavage
Bronchoalveolar lavage (BAL) was performed after the remnant air was
removed in the vacuum chamber. Again, the lungs were assessed separately
by clamping the right and left main bronchi sequentially. Each lung was
lavaged five times with fresh saline solution (4 0 C) via the tracheal cannula.
To standardize the lavage volume, the first lavage was performed with 80 %
of the normal mean lung volume as measured at 30 cm H2O in a group of
normal rats (n=8). This standard volume per kg rat was 15.8 ml/kg for the left
and 27.6 ml/kg for the right lung. The recovered fluid volume of the first
lavage was recorded. In the next four lavages, we lavaged with a volume
equal to the recovered volume at the first lavage, to prevent rupture of the
lung. This process resulted in total BAL volumes of 63.9 ± 9.1 ml/kg from
left lungs and 120.4 ± 12.7 ml/kg from the right lungs, with no difference
between the groups. The BAL fluid (BALF) was collected on ice and
centrifuged at 150 g for 10 minutes to sediment cells and cell debris.
Thereafter, samples were taken out of the supernatant (S1) for protein and
phospholipid determination. The two samples and the remainder of S1 were
stored at -20 0C until further determination.

Assays in BALF
The protein in S1 was measured as a parameter of the reimplantation response
with a modified Lowry method on a microtiter plate (21). Proteins in the
BALF from the left lung grafts and the native right lungs were separated by
SDS PAGE gel electrophoresis ( Mini-Protean II Ready Gel 4 to 20%;
Biorad, Richmond, Calif. ) and compared with the protein spectrum of their
serum.

The amount of surfactant phospholipids in the BALF was determined in
S1 according to the procedure of Bhawaganani et al (22) after lipid extraction
according to Bligh and Dyer (23) and expressed per kilogram of body weight.

All the surfactant phospholipids had to be pelleted to determine the
phospholipid composition and the surfactant function. Therefore S1 was spun
overnight at 100,000 g, 4 0C, to obtain a pellet (P2) of surfactant. This
highspeed centrifugation was performed to have both the large aggregates
(lammelar bodies and tubular myeline) and the small aggregates (small
vesicles) of surfactant in the surfactant pellet. The large aggregates are highly
surface active, and the small aggregates are relatively surface inactive (24).

The phospholipid composition was determined in a sample of P2. After
lipid extraction (23) the phospholipids were redissolved in 100 µl chloroform



The function of surfactant is impaired during the reimplantation response

47

and applied on a silica thin layer plate (HPTLC 60, Merck, Darmstadt,
Germany) and run twice in the same direction with the Touchstone E solvent
(25). After drying on air the plate was sprayed with rhodamine-G (Sigma
Chemical Co, St Louis, Mo.) for the visualization of the phospholipid bands.
With this procedure, we identified lyso-phosphathidylcholine , sfyngomyeline
(SM), phosphatidylcholine (PC), phosphatidylethanolamine +
phosphatidylinositol , phosphatidylglycerol and unknown phospholipids. The
phospholipid bands were scraped off the plate, and their phospholipid content
was determinated for calculation of the relative composition of the
phospholipids in surfactant. The surfactant function was measured as the
ability of the resuspended P2 surfactant to lower the surface tension with the
pulsating bubble method according to Enhorning (26) with a Pulsating Bubble
Surfactometer® (Electronetics Co, Amersted, New York). For this purpose
the pellet (P2) was resuspended and homogenized in a buffer solution (saline
solution 0.9 %, HEPES buffer, 3 mmol CaCl2 ) at a total phospholipid
concentration of 2 mg/ml. The Pulsating Bubble Surfactometer generates a
pulsating bubble in the surfactant suspension between a preset minimum and
maximum radius. During pulsation it measures the pressure gradient ∆P ( in
mN.m -2 ) over the air-water interface of the bubble and calculates the surface
tension γ in mN.m -1 with the formula of Laplace (γ = ∆P / 2r). When there is a
good surfactant function, the surface tension will be the lowest at minimum
bubble size. We took the surface tension at minimum bubble size (0.4 mm)
after 1 minute of pulsating as measure of the surfactant function in a series of
100 pulsations in 5 minutes at 37oC. The surface tension at minimum bubble
size after 5 minutes of pulsating was used to assess a possible delayed
adsorption of the surfactant phospholipids to the air-water interface. During
this extra four minute period of pulsating the surfactant phospholipids in the
monolayer have the possibility to squeeze out eventual inhibiting proteins,
which can disturb the adsorption of surfactant phospholipids (27) .

Statistical analysis
All data are given as mean ± standard deviation. For comparison between the
ventilation scores a Mann-Whitney U-test for unpaired non-parametric values
was performed. For comparison between the other data of the different
groups, single-factor analysis of variance was performed. A difference with p
< 0.05 was considered to be statistically significant. Left lung grafts were
compared with normal left lungs, and the native right lungs and donor right
lungs were compared with normal right lungs.
Results
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We considered the ventilation score on the chest roentgenogram, the static
lung compliance and the serum protein concentration in the BALF as the
parameters for the severity of the reimplantation response; we found that

Values are mean ± SD. * p < 0.001  and # p < 0.05  compared to normal, with no significant 
difference between 60', 90' and 120' ischemia groups. p-values were calculated with the 
Mann-Whithney U-test for unpaired, non-parametric values.

Ventilation score of lungs on chest roentgenograms

90' 120'

Left    (graft)

Right (native)

2.6 ± 1.0 2.1 ± 0.7

5.4 ±  0.5 5.0 ± 0.7
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Figure 1. Deflation curves of the presssure-volume measurements of left lungs, of normal
non-operated rats (n=6) and left lung grafts 24 hours after transplantation with 60', 90' and
120' ischemia (n=4, 5, and 5 respectively). The symbols represent the mean values of each
group. The maximum inflated volume at 35 cm H2O differs between the groups, but the
shape of the deflation curves is identical. The volumes are presented per kg BW of the rats.
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the reimplantation response was more severe after a longer ischemic time. The
ventilation score of the left lung grafts, independent of the time of ischemia,
was significantly lower on day 1 after transplantation then that of normal
lungs (Table I). An ischemic time of only 60 minutes resulted in decrease of
the ventilation score from 6 to 3.1 ± 1.3, indicating a severe reimplantation
response. The ventilation score did not vary according to the 60, 90, and 120
minutes of ischemia of the left lung graft. The native right lungs of all
ischemia groups had somewhat lower ventilation scores than normal.

In comparison with normal lungs, the static compliance of the trans-
planted left lungs was considerably lower (Table II). Furthermore, the lungs
with the longest ischemic time of 120 minutes had a significantly lower static
compliance than the lungs after 60 and 90 minutes of ischemic time. No
differences were observed in the stability indexes which is visualized by the
unchanged shape of the deflation limb of the PV curves in all transplantation
groups (Figure 1) The native right lungs and the donor right lungs showed no
change in compliance (Table II) or in PV deflation limbs as compared to
normal right lungs.

60' 90' 120'

0.46 ± 0.07 0.45 ± 0.05 0.26 ± 0.12 0.59 ± 0.03

1.04 ± 0.03 0.95 ± 0.05 0.98 ± 0.04 1.00 ± 0.05

*

Ischemia time 

Static lung compliance of left and right lungs 
                     (ml/35 cm water pressure/kg BW    )

#

Values are mean ± SD. * p< 0.05 all ischemia groups compared to the normal group, # p< 0.05 
120' group compared to 60' and 90' groups. p-values were calcualted with single factor ANOVA.

left    (graft)

(native)

* *

NormalLung

Table 2

(donor) 1.01 ± 0.03

right

right 1.04 ± 0.03

For the protein concentration in the BALF obtained from left lung grafts
after 60 minutes of ischemia was significantly higher values than in the BALF
from normal lungs (0.92 ± 0.26 to 0.02 ± 0.02 mg/ml respectively ) (Figure
2). A further difference was observed in the left lung grafts after 120 minutes
of ischemia when compared with lungs after 60 and
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Figure 2. Protein concentration in BALF of rats that underwent unilateral left lung trans-
plantation after 60', 90', and 120' of ischemia time versus normal (non-operated) animals.
Top: left lung grafts, Bottom: native right lungs and donor right lungs.The horizontal lines
indicate the mean values of each group, *p < 0.05 versus normal group, #p < 0.05 versus 60'
and 90' ischemia group.
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90 minutes of ischemia (1.84 ± 0.17 , 0.92 ± 0.25, and 1.12 ± 0.42 mg/ml, re-
spectively ). The protein concentration in BALF from the native right lungs in
the 60-, 90-, and 120-minute ischemiagroups was slightly but significantly
higher when compared with the concentration from normal right lungs (0.15 ±
0.08, 0.12 ± 0.05, and 0.29 ± 0.09 to 0.01 ± 0.01 mg/ml, respectively) but it
remained much lower than that in the transplanted left lungs (Figure 2). The
protein concentration from the nontransplanted 120-minute ischemia donor
right lungs was also slightly but significantly higher than that from the normal
lungs (0.19 ± 0.13 mg/ml versus 0.01 ± 0.01 mg/ml ) (Figure 2).

Figure 3. The protein spectrum of equal amounts of protein on a silver stained 4-20 % SDS
gel. In lane 1, serum protein; in lane 2, 3, and 4, lavage protein from 60', 90', and 120' is-
chemia transplanted left lungs, respectively; in lane 5, lavage protein from a native right
lung; and in lane 6, lavage protein from a normal lung. This gel shows that the protein
spectrum of left transplanted and native right lungs are similar as the serum protein spec-
trum.

The spectrum of the proteins from as well the left lung grafts as well as
the native right lungs separated with gel electrophoresis was similar to the
spectrum of serum proteins (Figure 3).

Parameters for the quality of surfactant as used in this study were the
amount of phospholipids in the BALF, the phospholipid composition, and the
ability to lower the surface tension. The amount of phospholipids in the
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BALF did not differ between the left lung grafts after 60, 90, and 120 minutes
ischemia and normal lungs (Figure 4). It is noteworthy that, the amount of
phospholipids from all native right lungs after 60, 90, and 120 minutes of
ischemia showed significantly higher values compared with normal lungs.
The amount of phospholipids from the 120-minute ischemia donor right lungs
was normal (Figure 4).The phospholipid composition of the surfactant pellet
was clearly changed after lung transplantation. The percentage PC was
significantly lower in the left lung grafts after 60 minutes of ischemia than in
normal lungs (70.1% ± 4.3% versus 75.5% ± 1.8 %). The percentage PC of
the 90 and 120-minute ischemia lungs was even lower ( 56.6 %± 6.8% and
55.3% ± 10.5 % ). In addition to the lower percentage of PC, the percentage
of SM was significantly higher for all ischemia groups as compared with
normal groups. Furthermore, less consistent changes were found in the other
phospholipids; higher percentages of phosphatidylethanolamine +
phosphatidylinositol and unknown phospholipids were found in the lungs
after 60 minutes of ischemia, and, after 90 minutes all phospholipids apart
from PC were significantly higher, whereas after 120 minutes no
phopholipids other than PC and SM were abnormal (Figure 5). The surfactant
phospholipid composition of the native right lungs and the donor right lungs
with 120 minutes of ischemia showed no significant changes (Figure 5).

The minimum surface tension of surfactant recovered from all left lung
grafts was significantly higher when compared to the minimum surface
tension of surfactant from normal lungs (Figure 6). Within the ischemia
groups the minimum surface tension from the lungs after 120 minutes is-
chemia was significantly higher when compared with 60 minutes of ischemia
(37.9 ± 3.7 vs. 28.9 ± 6.8 mN/m) (Figure 6). Surfactant of the 60-, 90-, and
120-minute ischemia native right lungs did not lose the ability to lower the
minimum surface tension to normal values and neither did surfactant lavaged
from the 120 minutes donor right lungs (Figure 6).The adsorption of
surfactant to the air-water interface, assessed by comparing the minimum
surface tension after 1- and 5-minute pulsating, was different between the
ischemia groups. Surfactant from the normal group reached the minimum
surface tension, as expected, within 1 minute (table 3). In the 60 minute
ischemia group the minimum surface tension reached normal values between
1 and 5 minutes pulsating whereas the minimum surface tension in the 90-
and 120-minute ischemia groups did not decrease in this period.
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Figure 4. Amount of phospholipids in BALF of rats that underwent unilateral left lung
transplantation after 60', 90', and 120' of ischemia time versus normal (non-operated)
animals. Top: left lung grafts, Bottom: native right lungs and donor right lungs. The hori-
zontal lines indicate the mean values of each group. The larger amount of phospholipids
lavaged from the right lung in normal animals can be explainded by the larger size of the
right lung.
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Figure 5. Phospholipid composition of surfactant as percentage of total surfactant phos-
pholipids in rats that underwent left lung transplantation after 60', 90', and 120' of ischemia
time versus normal (non-operated) animals. Top: left lung grafts, Bottom: right native lungs
and right donor lungs. *p < 0.05 versus normal group, #p < 0.05 versus 60' ischemia group.
Abbreviations: LPC=lyso-phosphathidylcholine, SM = sfyngomyeline, PC = phosphatidyl
choline, PE+PI = phosphatidyl-ethanolamine + phosphatidylinositol, PG =
phosphatidylglycerol and PX = unknown phospholipids
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Figure 6. Minimum surface tension of surfactant measured at minimum bubble size with a
pulsating bubble surfactometer from rats that underwent left lung transplantation after 60',
90', and 120' of ischemia time versus normal (non-operated) animals. All samples contained
2 mg/ml phospholipids and the values were taken after 1 minute of pulsating. Top: left lung
grafts, Bottom: native right lungs and donor right lungs. The horizontal lines indicate the
mean values of each group, *p < 0.05 versus normal group, #p < 0.05 versus 60' ischemia
group.
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Discussion

We showed that the function of surfactant, measured as the in vitro minimum
surface tension, was severely impaired in lung transplants 1 day after
transplantation. Simultaneously, these lung transplants showed
symptoms of a severe reimplantation response, measured by the low venti-
lation score, low lung compliance and high serum protein concentration in the
BALF all measured as parameters of the reimplantation response. Both the
impairment of the surfactant function and the symptoms of the reimplantation
response were shown to be more severe in the lung transplant with the longest
ischemic time - 120 minutes. We further showed that the surfactant function
did not deteriorate during ischemia alone, as the surfactant from ischemic
right lungs from donor rats maintained normal function This finding
emphasizes that the function of surfactant is only affected after implantation
and subsequent reperfusion of the lung transplant ( i.e. during the
reimplantation response).

The surfactant in this study was not extracted with organic solvent but
was only separated from the cells in the BALF and then pelleted with 100,000
g. Thus it contained both the small inactive and the large active aggregates as
well as serum proteins which might explain that the surface tension at
minimum bubble size in our normal rats did not reach values below 10
mN/m, as described in other surfactant studies. We believe that the in vitro
surfactant function measured in this suspension, of total, not extracted
surfactant, is the best representation of the in vivo function of surfactant. This
also implicates that the measured impairment of the surfactant function in this
study was the overall result of various factors that influence the surfactant
function in vivo.

First, the surfactant function might be impaired by the leaked serum
proteins. It is well documented that serum proteins inhibit the surfactant
function and that this inhibition is concentration dependent (27, 28, 29, 30).
In a experimental ARDS model, this inhibition by serum proteins has been
shown to be the most important cause of the impaired surfactant function.(6).
The surfactant phospholipids and the serum proteins in the alveolar lining
fluid compete for a place at the air-water interface. When the concentration of
serum proteins is not too high, they will be squeezed out of the phospholipid
monolayer by the phospholipids; at high concentrations, the serum proteins,
especially fibrinogen and globulin, become integrated in the monolayer at the
air-water interface (27). The consistent high surface tensions after 1 and 5
minutes of pulsating of the surfactant from the 90- and 120-minute ischemia
lungs in our study might indicate that the associated high serum protein
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concentration in these lungs caused such integration within the surfactant
monolayer. The decrease of the minimum surface tension between 1 and 5
minutes of pulsating in the 60-minute ischemia group indicates that in that
group the serum proteins were disturbing the adsorption of the phospholipids
in the monolayer but that they eventually were squeezed out. Our
observations support the hypothesis that serum protein inhibition is an
important cause of the impairment of the surfactant function in lung grafts.

Another cause for the impaired surfactant function could be the significant
changes in the surfactant phospholipid composition, especially the low
percentage of PC after transplantation. PC in its dissaturated form (DPPC) is
the only phospholipid that enables surfactant to reach a minimum surface
tension to near 0 mN/m 1. In one study in patients with ARDS a correlation
was found between the percentage of PC and the function of surfactant (3). In
this study, impairment of the surfactant function was indicated by a reduction
of the hysteresis area measured in surface area-surface tension plots.
Furthermore, Klepetko et al (9) found, after lung transplantation in dogs, a
decreased oxygenation capacity of the lung graft in association with a
decreased DPPC percentage. They suggested that the decrease in DPPC
possibly led to an impaired surfactant function. Indeed, in our study, we
measured a higher minimum surface tension of the surfactant from the 90-
and 120-minute ischemia groups, which had a significantly lower percentage
PC as compared with the 60- minute ischemia group. We interpret this
observation as an inability of the PC to squeeze out the serum proteins
resulting in a high minimum surface tension that could not be lowered by
prolonged pulsating. Possibly, the low percentage of PC in surfactant from
our lung grafts contributed to the reduced surfactant function.

The change in the phospholipid composition after transplantation can be
explained by an increase of membrane phospholipids as a result of cell death
or an altered phospholipid metabolism. Cell death with subsequent membrane
damage as a cause for an altered phospholipid composition of surfactant was
shown in a post-mortem study in rats (31). The first change that occurred after
death was a decrease in the PC / SM ratio caused by an increase of the SM.
Also in our lung transplants the SM percentage was consistently higher than
in normal lungs. Because the surfactant composition from donor lungs after
120 minutes of ischemia did not show such changes, tmembrane damage must
only occur after subsequent reperfusion of the graft. A possible changed
DPPC metabolism after lung transplantation was found by Klepetko et al.(9).
In dogs, the DPPC levels decreased during preservation and reperfusion of
lung transplants, which could be prevented by stimulation of the DPPC
metabolism with L-carnitine. Their results suggest that the metabolism of
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DPPC is down regulated by lung transplantation. In our study we did not
investigate the surfactant metabolism systematically, but we found a
considerably higher amount of surfactant phospholipids in the native right
lungs during the reimplantation response. This finding might indicate that the
surfactant metabolism during the reimplantation response is altered indeed.
The higher phospholipid content in the native right lungs maybe attributed to
hyperventilation of these lungs, as compensation for the less functional
transplanted lungs. The relation of hyperventilation and increased surfactant
metabolism was shown before by Oyarzun and Clements (32). Studies that
investigate the specific surfactant metabolism in the alveolar type II cells
during preservation and reperfusion of the lung are necessary to elucidate this
unknown area.

A third factor that could be responsible for the impaired surfactant
function but that was not analyzed in this study, is a possible shift from the
large surfactant aggregates to the small surfactant aggregates in the trans-
planted lungs. The large aggregates of surfactant, including the multi lamellar
bodies and tubular myeline, are highly surface active, whereas the small
aggregates, consisting of small vesicles, show only low surface activity.
Recently Veldhuizen et al. (13) showed a significant shift toward the small
surfactant aggregates after lung transplantation in dogs. Furthermore, they
confirmed that suspensions of phospholipids extracted from small aggregates
failed to lower the minimum surface tension to a low level that was found for
suspensions of the large aggregates . The shift toward small aggregates is
possibly caused by a lack of functional surfactant protein-A. (8) This decrease
in functional surfactant protein-A might be caused by a reduced production of
surfactant protein-A in the type II pneumocytes and Clara cells or by
surfactant protein-A inactivation by elastase released from neutrophils (33).

As is shown in this study, a prominent factor impairing the surfactant
function appears to be the leaked serum proteins, we consider that prevention
of leakage of these serum proteins by better preservation is essential in lung
transplantation. Also others have shown that the amount of alveolar protein is
increased after lung transplantation and that the amount of protein leakage
differs between different preservation techniques (13). An increased
permeability for serum proteins is caused by a loss of the integrity of the
alveo-capillary barrier. (34, 35) Therefore, strategies that improve the
preservation of the alveo-capillary barrier and hence prevent leakage of serum
proteins will also improve surfactant function after lung transplantation.

Another approach of improving the surfactant function is supplementation
of the alveolar surfactant pool. Surfactant therapy, by intra-tracheal
installation or nebulization, is reported to be beneficial in patients with ARDS
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and also in experimental ARDS models (5, 36, 37). We expect that surfactant
therapy may also prevent early lung dysfunction after lung transplantation.
Primarily, the supplementation of surfactant may overcome the inhibitory
effect of serum proteins on the surfactant function by increasing the
phospholipid to protein ratio. In addition surfactant treatment will increase the
percentage of PC in the alveolar phospholipid pool, improving the
composition and consequently the function of alveolar surfactant in the
transplanted lung.

In conclusion this study shows that the surfactant function is impaired
during the reimplantation response. Furthermore, the surfactant function is
more impaired when the reimplantation response is more severe. This im-
pairment of the surfactant function is caused by serum proteins leaking into
the alveolar space and by a low percentage of PC. We expect that im-
provement of lung preservation methods will prevent the deterioration of the
surfactant function during the reimplantation response. The recently achieved
beneficial effects of intratracheal surfactant therapy in ARDS lungs are
promising for the treatment of surfactant dysfunction in lung transplants.
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Abstract

An impaired function of alveolar surfactant can cause lung transplant
dysfunction early after reperfusion. In this study it was investigated whether
treatment with surfactant before reperfusion improves the immediate function
of lung transplants and whether an improved transplant function was
associated with an increase in alveolar surfactant components. Left lungs with
6-hour (n=8) or prolonged 20-hour ischemia (n=10) were transplanted
syngeneically in rats. In both ischemia groups half of the lung transplants
were treated with surfactant just before reperfusion. Lung function was
measured during reperfusion for 1 hour. Thereafter, the rats were killed and
bronchoalveolar lavage was performed to measure alveolar surfactant
components. We found that surfactant treatment improved the immediate
function of lung transplants in parallel with a higher amount of total
surfactant phospholipids, a higher percentage of the heavy subtype of
surfactant, a normalized percentage of phosphatidylcholine, and a higher
amount of endogenous surfactant protein-A. We conclude that surfactant
treatment before reperfusion does improve the immediate lung transplant
function in rats in association with an increase in alveolar surfactant com-
ponents. More particularly, the amount of (endogenous) SP-A is thought to be
crucial for the efficacy of surfactant treatment after lung transplantation. In
normal lungs, surfactant reduces the surface tension at the air-fluid interface
and thereby preventing an alveolar collapse at end-expiration. To fulfill this
function, surfactant is composed of a complex mixture consisting of mainly
phospholipids and at least three surfactant proteins (SP), SP-A, SP-B, and SP-
C (1, 2)

After lung transplantation, the ischemia-reperfusion injury causes an
impaired function of alveolar surfactant (3, 4) similar to the impairment found
with acute respiratory distress syndrome (ARDS) (5). Early after reperfusion
of the transplants three specific surfactant components, each having a specific
role in surfactant function, were found to be decreased, namely: the amount of
phosphatidylcholine (PC) (4), the major class of surfactant phospholipids that
forms the surface-tension-reducing monolayer (1); the percentage of heavy
subtype surfactant (or large aggregates) (3) that contains tubular myelin,
which is the surfactant structure from which the surfactant phospholipids can
adsorb into the air-fluid interface (6): and the amount of SP-A (3), which
regulates the adsorption process of the phospholipids (7). Furthermore, SP-A
is essential in the formation of tubular myelin (8), being involved in the
control of secretion and re-uptake of surfactant by the type II pneumocytes (9,
10), and minimizing the inhibition of surfactant by leaked serum proteins
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(11). The function of surfactant in the injured lung transplants was shown to
be further inhibited by serum proteins, which leak, in large amounts into the
alveolar fluid (3, 4). It was concluded that this impaired function of surfactant
contributes significantly to the dysfunction of transplanted lungs during the
early reperfusion period (3, 4).

To improve the immediate function of transplanted lungs it would be
sensible to explore treatments which can restore the function of alveolar
surfactant. Intratracheal surfactant treatment could be a possibility. Surfactant
treatment has been shown to improve lung function in various acute lung
injury models and in human ARDS (12, 13, 14, 15) In lung transplantation,
one experimental study in dogs showed a positive effect of early surfactant
treatment on gas exchange. However, an improvement in lung transplant
function was found only with a small percentage of the surfactant-treated
animals (16), possibly due to the extremely long 38-h ischemia period .

In the present study two questions concerning the effect of surfactant
treatment in lung transplantation were investigated. First, does surfactant
treatment before reperfusion improve the immediate function of lung
transplants after a 6-h or a prolonged 20-h ischemia period and subsequent
reperfusion? Second, is an improved function of lung transplants associated
with an increase in alveolar surfactant components, which are known to be
important to alveolar surfactant function? Therefore the function of left lung
transplants during a 1-h reperfusion period was measured in rats, with or
without instillation of surfactant. After this 1-h reperfusion period,
components of alveolar surfactant and variables of lung injury were measured
in bronchoalveolar lavage fluid (BALF).

Materials and methods

Experimental groups
Inbred rats (LEW strain, male, 240 to 320 g) were used as donors, recipients,
sham-operated, and non-operated, normal, animals. All animals received
humane care in compliance with the Dutch regulations and law. Left lungs
were transplanted to rats of the following groups: 6-h ischemia, either with or
without surfactant treatment ( four each ), and 20-h ischemia either with or
without surfactant treatment ( five each ). Rats that were ventilated and sham
operated with a left sided thoracotomy only were used as controls of lung
function values ( sham, n=4 ), while non operated, normal rats were used as
controls of values in BALF ( normal, n=4 ).
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Operation on donors and recipients
Left single lung transplantation was performed according to the method of
Prop and Marck (17), with some of the procedures modified in both donors as
well as recipients. The left lung graft was taken from the donor after a
pulmonary artery flush with 25 ml cold (8 oC) saline at 40 cm of water
pressure, while ventilating the lung with a peak inspiratory pressure of 15 cm
H2O and a positive end-expiratorypressure (PEEP) of 4 cm H2O. This

pulmonary artery flush procedure took about 20 seconds. Next, the lung was
submersed in cold saline and placed in the refrigerator at 8 oC for 5 or 19
hours. One hour before the start of reperfusion, the lung was taken out of the
refrigerator and covered with a thin plastic sheet for the implantation
procedure in the recipient. The recipient was initially ventilated using a
fraction of inspired oxygen (FIO2) of 1.0, peak inspiratory pressures (PIP) of
12 cm H2O, PEEP of 2 cm H2O, and 40 breaths per minute. Access to the left

lung was obtained by a left thoracotomy. After the pulmonary artery and vein
were clamped with one large vessel clamp and the left bronchus was ligated,
the left lung was removed. During implantation of the left lung transplant, the
pulmonary artery and pulmonary vein were anastomosed first. To facilitate
the sampling of blood for gas analysis, a small cannula filled with heparin
solution was placed in the left pulmonary vein just above the anastomosis and
secured with a purse string suture. To test the sutures of the anastomoses, two
small vessel clips were placed on the pulmonary artery and vein near the lung,
after which the large vessel clamp was removed. Finally, the left main
bronchus was sutured and surfactant or a bolus of air was instilled. In contrast
with the method previously used by our group (17), reperfusion of the lungs
was allowed only after ventilation was started with a PEEP of 5 cm of water
pressure to prevent the formation of edema. Warm ischemia time (i.e. the
ischemia time during the implantation procedure ) was 1 hour ± 10 minutes;
total lung ischemia times were 6 h ± 15 min. or 20 h ± 30 min.

Surfactant treatment
Alveofact ®, a commercial surfactant, that is extracted with an organic sol-
vent from bovine lung lavage fluid ( kindly provided by Thomae GmbH,
Biberach, Germany) was used for treatment . Besides surfactant phospholipids
this extracted surfactant also contains SP-B and SP-C, but not SP-A. The
surfactant was diluted in saline down to a concentration of 25 mg of
phospholipids per milliliter. Surfactant was given at a dose of 100 mg per
kilogram body weight (BW); this dose was instilled directly into the left lung
transplant just before reperfusion. The untreated groups were handled
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similarly but air instead of surfactant was instilled. Treatment with saline
vehicle alone was not used as a control since this provoked severe and fatal
pulmonary edema in pilot experiments. Surfactant was administered at 0.2 ml
doses followed by an air bolus of 0.5 ml to enhance the spread of surfactant.
During instillation, the left main bronchus was tied with a ligature around the
cannula to prevent air and surfactant leaking into the trachea. After the
cannula was withdrawn, the ventilation settings were changed to 24 cm H2O
PIP, 5 cm H2O PEEP, and 55 breaths per minute. The left lung was ventilated

without reperfusion for 1 minute to facilitate the surfactant-spread before the
onset of reperfusion injury. Reperfusion of the lung transplant was allowed,
by first releasing the clip at the pulmonary vein followed by releasing the clip
at the pulmonary artery.

Lung transplant function
Transplant function was measured during a 1-h reperfusion period at t = 10,
25, 40, and 60 minutes. Transplant function was assessed by measuring PO2
and PCO2 in blood drawn from the left pulmonary vein and by measuring

blood flow in the left pulmonary artery. In addition, dynamic compliance of
both lungs was recorded at fixed pressures at t = 60 minutes. Five minutes
before a blood gas sample was taken, excessive lung fluids were suctioned
from the tube and trachea and PIP was increased to 30 cm H2O during four
breaths to expand the lung completely. PO2 and PCO2 were measured with a

blood gas analyzer (ABL 330, Radiometer, Copenhagen, Denmark). The
blood flow was measured with an ultrasound method ( 1-mm probe [1RB],
Transonic Systems Inc., Ithaca, NY ). The flow probe was placed round the
pulmonary artery immediately after the blood samples for the PO2 and PCO2
were drawn and it was removed after each measurement. Dynamic
compliance of both lungs at 5 cm H2O PEEP and 24 cm H2O Pmax was
calculated as follows: volume at Pmax x 24 cm H2O -1 x [(kg BW donor + kg

BW recipient)/ 2]-1. Even though the dynamic compliance of both lungs may
not be the most sensitive measure for the function of the left lung transplant,
as both left and right lung are measured simultaneously, differences in
dynamic compliance between separate groups can be ascribed to changes in
the left lung transplant. To measure control values of lung function rats were
sham-operated in a way similar to the recipient rats but without
transplantation of a lung. Blood for PO2 and PCO2 was drawn from the left

ventricle instead of the left pulmonary vein, and for blood flow measurements
only the pulmonary artery was dissected and not the complete lung hilus. Ten



Chapter 3a

68

minutes after the ventilator was set, as described in Surfactant treatment ,
measurement of PO2, PCO2 , blood flow, and the dynamic compliance was

performed.

Bronchoalveolar lavage (BAL)
After the 1-h reperfusion period the rats were killed by bleeding the animals.
Heart and lungs were taken out en-bloc. Left and right lungs were lavaged
separately as described previously (4), except that saline stored on ice was
used to lavage the lungs. Collection of BALF was performed on ice as well
and the total volume recovered was recorded. The recovered BALF volume
per kg BW did not differ between the groups (on average 53 ml/kg BW for
left lungs). The BALF was centrifuged at 150 g for 10 min. at 4 oC to remove
cells and cell-debris. The remaining cell-free BALF was used for all further
determinations of BALF.

Components of alveolar surfactant
To assess alveolar surfactant function irrespective of the amount of leaked
serum protein, four components of alveolar surfactant were determined in
BALF: the amount of total surfactant phospholipids, the percentage of heavy
subtype surfactant, the percentage PC of total phospholipids, and the amount
of endogenous SP-A. Furthermore, we measured the capacity of recovered
surfactant to lower surface tension in vitro. The amount of total phospholipid
was calculated by summing up the amount of phospholipids in the separated
light and heavy subtype fractions. Heavy and light subtypes were separated by
centrifuging a 1-ml sample of S1 at 40,000 g for 15 minutes (Beckman TLA-
100.3 rotor). After centrifugation the supernatant (S2) contains the light
subtype and the pellet (P2) the heavy subtype. Both S2 and P2 were extracted
with chloroform and methanol (18) to measure phospholipid contents (19).
The remainder of BALF was centrifuged overnight at 100,000 g, 4 oC, to
concentrate the surfactant in a pellet (P3) for the determination of the
phospholipid-composition. The phospholipids were separated by thin layer
chromatography according to Touchstone and coworkers (20) with the use of
their solvent E .The amount of SP-A was assessed in BALF with a sandwich
ELISA method (21). The measured amounts of SP-A do represent
endogenous SP-A of the lung transplants, since the surfactant used did not
contain SP-A.
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In vitro surfactant function
Surface tension measurements were performed only in the 20-h ischemia
group because, unfortunately, surfactant of the untreated 6-h ischemia group
was lost. The surfactant of P3 was extracted with chloroform and methanol,
precipitated with acetone at - 20 oC overnight, dried under nitrogen and
resuspended in 0.9 % NaCl with 20 milimolars CaCl2 to a final concentration

of 2 mg of phospholipids/ml. The extraction removes inactivating serum
proteins as well as hydrophilic surfactant protein SP-A; the acetone
precipitation removes neutral lipids. Thus, the remaining surfactant contained
only phospholipids and the hydrophobic surfactant proteins, SP-B and SP -C.
The resuspended surfactant was incubated at 37 oC for at least 90 minutes
before surface tension was analyzed in a pulsating bubble surfactometer
(Electronetics Corporation, Amherst, NY) (22). This apparatus forms a bubble
in the surfactant suspension that pulsates at 20 pulsations per minute, with a
radius between 0.55 mm (Rmax) and 0.4 mm (Rmin) at 37 oC. The difference
in pressure over the suspension/air interface (D P) is measured during each
pulsation. The surface tension (g) can be calculated with the law of Laplace(D
P = 2g /R). The minimum surface tension, obtained after 20 pulsations, was
used as a measure of the in vitro surfactant function

Variables of lung injury
Due to endothelial and epithelial cell injury caused by the ischemia-reper-
fusion injury of the lung serum proteins leak into the alveoli. To assess the
amount of leaked serum proteins, the total amount of proteins was measured
in BALF by means of a modified Lowry method (23). As an indicator of
injury to the lung epithelial cells, the lactate dehydrogenase (LDH) activity in
BALF was measured spectrophotometrically at 340 nanometers (nM) in 100
µl (24).

Statistical analysis
All data represent the mean of individual measurements ± SD. For compar-
ison between data from the separate groups, single factor analysis of variance
was performed. Differences with a p value of < 0.05 were considered
statistically significant.
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Figure 1. Improved function of lung transplants after surfactant treatment. Variables
measured are shown from top to bottom: PO2 and PCO2 in the left pulmonary vein, and
blood flow in the left pulmonary artery during the 1-h reperfusion period. Data are given as
the mean ± SD. Generally, PO2 and PCO2 improved after surfactant treatment (* p < 0.05).
In the 6-h ischemia group, the treated group functioned better than those in the 20-h ischemia
group († p < 0.05).

Results

Lung transplant function during 1-h of reperfusion
Surfactant treatment markedly improved the immediate function of lung
transplants in the 6-h ischemia group, whereas lung function was less im-
proved in the 20-h ischemia group. This improved lung function caused by
surfactant treatment in the 6-h ischemia group was exemplified by the seven
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fold increase in PO2, accompanied by the two fold decrease in PCO2 in the

left pulmonary vein during reperfusion (Figure 1), and the 20 % increase in
dynamic compliance of both lungs at 60 minutes of reperfusion (Table 1).
Blood flow in the left pulmonary artery was not affected significantly by
surfactant treatment (Figure 1 ). In the 20-h ischemia group surfactant
treatment resulted in just a slight improvement in PO2 and PCO2 during

reperfusion, along with a 13 % increase in the dynamic compliance of both
lungs at 60 minutes of reperfusion.

Group

Sham operated control
6-h ischemia

20-h ischemia

Untreated

Surfactant

Untreated
Surfactant

n

4

4

4

5
5

Mean Body Weight 

(kg)

0.27 ± 0.03

0.25 ± 0.03

0.26 ± 0.02

0.28 ± 0.03
0.27 ± 0.02

Dynamic Compliance

0.61 ± 0.04

0.56 ± 0.04

0.67 ± 0.04‡§

0.47 ± 0.02†
0.53 ± 0.01†‡

* The measured dynamic compliance is the total of left (transplanted) lung and right 
(native) lung. Values are given as mean ± SD.   
† p value < 0.05 ischemia versus control. 
‡ p value < 0.05 surfactant treated versus untreated. 
§ p value < 0.05 surfactant treated,  6-h versus 20-h ischemia. 

TABLE 1.      Dynamic compliance of both lungs after 1 h reperfusion*. 

(ml . cm H  O . kg BW    )
2

-1 -1

Components of alveolar surfactant
The improved function of lung transplants after surfactant treatment was
associated with an increase in the alveolar surfactant components . More
specifically, a higher amount of total surfactant phospholipids (Figure 2 A), a
higher percentage of heavy subtype surfactant (Figure 2 B ), a normalized
percentage of PC (Table 2), and a higher amount of endogenous SP-A (Figure
3) were found in surfactant-treated lungs. All the alveolar surfactant
components, with the exception of percentage of PC, were higher in the
surfactant-treated 6-h ischemia group than in the 20-h ischemia group.
Furthermore, the amount of endogenous SP-A in relation to that of surfactant
phospholipids, the SP-A /surfactant phospholipid ratio, was significantly
higher in the 6-h than in the 20-h ischemia group (4.7 ± 1.7 and 1.8 ± 0.5
µg/µmol, respectively, p < 0.05 ).

In vitro surfactant function
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Minimum surface tension of the extracted surfactant from the 20-h ischemia
group after surfactant treatment equaled normal minimum surface tension (
0.8 ± 0.6 and 0.7 ± 0.6 mN.m -1, respectively). In the untreated 20-h ischemia
group, minimum surface tension was as high as 20.1 ± 9.6 mN.m -1,
reflecting an impaired in vitro surfactant function, even in the absence of
inhibiting serum proteins.
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Figure 2. An increased amount of surfactant phospholipids (left) and an increased percentage
of heavy subtype surfactant (right) in bronchoalveolar lavage fluid from the left transplanted
lung after surfactant treatment. The increased amount of surfactant phospholipid was caused
mainly by an increase in heavy subtype surfactant. Data are given as the mean ± SD. Most
values deviated from normal values (* p < 0.05). Values were increased in the groups treated
with surfactant(† p < 0.05) but were lower in the treated 20-h than 6-h ischemia group (‡ p <
0.05).

  2.9 ± 0.9† 

  4.2 ± 0.7† 

75.2 ± 3.7† 

  5.7 ± 1.2 

10.0 ± 1.1† 

  2.0 ± 0.8

normal 6 hour ischemia 20 hour ischemia

LPC

SM

PC

PI+PE

PG

PX

untreated surfactant untreated surfactant

2.4 ± 1.2

3.9 ± 1.9

 75.5 ± 3.5

5.6 ± 1.6

9.4 ± 1.9

2.9 ± 1.5

  1.4 ± 0.3† 

  3.8 ± 0.7† 

76.5 ± 2.2† 

  5.4 ± 0.5† 

11.0 ± 0.6† 

  1.8 ± 0.4

12.8 ± 3.6* 

15.3 ± 2.7* 

53.6 ± 4.0* 

  9.0 ± 2.2* 

  6.5 ± 1.2* 

  2.8 ± 1.0

  9.7 ± 4.3* 

12.5 ± 4.4* 

61.2 ± 10.5* 

  6.9 ± 0.7 

  6.7 ± 1.4* 

  2.8 ± 0.8

Values are percentage surfactant phospholipid of total phospholipid (mean ± SD).  
* p < 0.05 ischemia vs normal 
† p < 0.05 surfactant treated vs untreated 
‡ : LPC, lysophosphatidylcholine, SM, sphingomyeline, PC, phosphatidylcholine, PI + PE, 
phosphatidylinositol + phosphatidylethanolamine, PG, phosphatidylglycerol, PX, unkown 
phospholipids.

TABLE 2.  
Surfactant phospholipid composition in BALF from the left transplanted lung.

Surfactant 
phospholipid ‡

Alveofact®

2.9 ± 0.2

1.7 ± 0.3
 78.3 ± 0.8

4.3 ± 0.3

11.2 ± 0.3

1.9 ± 0.3 
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Figure 3. Preservation of endogenous surfactant protein-A (SP-A) in bronchoalveolar lavage
fluid from left lung transplants, due to surfactant treatment. Data are given as mean ± SD.
SP-A was very low in the untreated lung transplants compared with normal lungs (* p <
0.05). Surfactant treatment prevented this drop († p < 0.05), but SP-A remained below
normal values and was lower in the 20-h than in the 6-h ischemia group (‡ p < 0.05).

Lung injury
After surfactant treatment, the amount of serum proteins and LDH activity in
BALF revealed separate changes in the two ischemia groups. In the 6-h
ischemia group, the amount of protein in BALF remained high after surfactant
treatment, whereas LDH activity was normal (Table 3). In the 20-h ischemia
group surfactant treatment reduced neither the amount of serum protein nor
LDH activity in BALF.

Lung injury variables protein and LDH activity (mean ± SD).  
* p value < 0.05 ischemia versus normal.  
† p value < 0.05 surfactant treated versus untreated. 
‡ p value < 0.05 surfactant treated,  6-h versus 20-h ischemia.

Group

Protein 

(mg/kg BW)

3.5 ± 0.3

53.7 ± 18.8*

51.7 ± 14.8*

54.2 ± 7.9*

43.3 ± 6.9*

5.0 ± 1.1

6.3 ± 2.1†‡

10.5 ± 2.4*

11.7 ± 1.1*

10.3 ± 1.2*

(U/min)

LDH activity

TABLE 3. Lung injury variables in BALF from the left transplanted lung

Sham operated control
6-h ischemia

20-h ischemia

Untreated

Surfactant

Untreated

Surfactant
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Native right lungs
In native right lungs most of the variables measured were normal; the is-
chemic period of the contra lateral lung transplant and surfactant treatment
had little or no influence (data not shown). The only changes observed in
BALF of right lungs were an increase in the amount of proteins in all
transplanted rats, indicating some form of injury to the right lungs as a result
of the transplantation procedure, and an increase in the amount of surfactant
phospholipids in the surfactant-treated rats, most probably caused by a spill-
over of the surfactant instilled in the left lung.

Discussion

This study shows that surfactant treatment before reperfusion improves lung
transplant function during a 1-h reperfusion period after left lung
transplantation in rats. Surfactant treatment of lung transplants exposed to a 6-
h ischemia period markedly improved gas exchange and increased dynamic
compliance. In lung transplants exposed to a prolonged 20-h ischemia period,
the effects of surfactant treatment on transplant function were less marked:
gas exchange was only slightly improved and dynamic compliance showed
just a small increase compared with untreated lung transplants.

Furthermore, this study shows that improvement in the function of lung
transplants by means of surfactant treatment is closely associated with an
improved alveolar surfactant composition, that is, higher amounts of alveolar
surfactant components that are known to be important for a good surfactant
function. Surfactant treatment increased the amount of surfactant
phospholipids, the percentage of heavy subtype surfactant and PC, and the
amount of endogenous SP-A in the 6-h as well as the 20-h ischemia group. In
general, the effect of surfactant treatment was most apparent in the 6-h
ischemia group compared with the 20-h ischemia group.

The higher values of alveolar surfactant components in the surfactant-
treated lung transplants may have resulted in a better function of alveolar
surfactant in several ways. First, a higher amount of surfactant phospholipids
can overcome inactivation of surfactant by leaked serum proteins more
effectively, even though inactivation of surfactant by albumin was disputed
when tested in vitro at pH values of alveolar lining fluid (25). Yet, from other
studies it was concluded that inactivation of surfactant by serum proteins did
occur in vivo and could be prevented by increasing the amount of surfactant
instilled (12, 26, 27). Second, a higher percentage of heavy subtype surfactant
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is shown to represent a better quality of surfactant, and therefore this
parameter has been used as an indicator of the alveolar surfactant function in
other studies of acute lung injury (3, 28). Third, a normalized percentage of
PC, the di-saturated species of which form the essential surface-active
phospholipids, may contribute to an improved surfactant function. The
relevance of these phospholipid surfactant components to the function of
surfactant is confirmed by our in vitro surfactant function measurements: the
function of extracted surfactant from the untreated 20-h ischemia group was
poor but improved significantly after normalization of its composition by
surfactant treatment.

Unexpectedly, the amount of endogenous SP-A proved to be the fourth
component of surfactant that was higher after surfactant treatment.
Considering that SP-A has been found to increase both the percentage of
heavy subtype surfactant (8) and its surface activity (7, 29) the higher amount
of endogenous SP-A contributed presumably to a better alveolar surfactant
function in such a way. In addition, SP-A is a most important component in
prohibiting the inactivation of surfactant by serum proteins (2,11). That
endogenous SP-A does indeed improve the in vivo function of instilled
surfactant was described by Ikegami and colleagues (30). Endogenous SP-A
was found to associate with the surfactant used for treatment. This association
resulted in an improved function of surfactant in vivo as exemplified by an
improved lung function in a premature rabbit model. In analogy, we
hypothesize that in the surfactant-treated lung transplant the preserved
endogenous SP-A associates with the surfactant instilled, thereby improving
the function of alveolar surfactant.

The way in which lung transplantation and subsequent surfactant
treatment may affect SP-A was not investigated in this study. Other acute
lung injury studies that focused on SP-A have shown that SP-A is degraded
by oxidation (31, 32) and proteases (31, 33). Therefore, the preserved amount
of SP-A after surfactant treatment, as found in this study, might indicate that
instilled surfactant diminishes SP-A degradation in lung transplantation.

It seems logical to attribute the improved function of lung transplants after
surfactant treatment, as found in this study, to an improved alveolar surfactant
function, even though no absolute proof for this statement can be given. Still,
lung function may fail to respond favorably to surfactant treatment in case an
extended ischemia period has caused serious ischemia-reperfusion injury.
Such a serious ischemia-reperfusion injury could explain the failure of
surfactant treatment in most transplanted lungs of dogs after an extremely
long ischemia period of 38 hours, as used in a study by Novick and
colleagues (16). In the present study too, the effect of surfactant treatment was
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much weaker after a 20-h than after a 6-h ischemia period. The most striking
difference between these two groups was the amount of SP-A, which
remained very low after the 20-h ischemia period. Therefore, we assume that
preserving the amount of SP-A is of essential importance to substantiate a
considerable effect of surfactant treatment in seriously injured lungs.

A small amount of the surfactant instilled was recovered from the sur-
factant-treated lungs, namely 9.8 % and 4.9 % after 6 and 20-h ischemia,
respectively. This low recovery might be caused by a high loss of the sur-
factant instilled due to the tracheal suctioning to remove excessive pulmonary
edema fluid during reperfusion. It is feasible that the surfactant instilled was
diluted with the edema fluid and suctioned away, but unfortunately, the
surfactant contents of the fluid suctioned were not measured. Alternatively,
the low recovery of surfactant might have been caused by its being trapped in
hyaline membranes that are formed in the alveoli as a result of epithelial
damage (34), which may have been most severe in the 20-h ischemia group.

The assumption that prolongation of cold ischemia time aggravates lung
injury is supported by our finding that lung transplants with the shortest
ischemia period benefited most from surfactant treatment. However, the
amount of protein and LDH activity in BALF from untreated lung transplants
did not indicate a difference in the severity of lung injury after a 6 or a 20-h
ischemia period. Presumably, the amount of protein in BALF can only be
used to discriminate between much milder injuries but not between the severe
lung injuries found in transplanted lungs, as indicated by the already
considerable protein increase in BALF from the milder injured native right
lungs. The LDH activity in BALF might not be a useful measure because it
reflects the amount of actual disrupted cells, while the difference in injury to
the cells is presumably more subtle.

The efficacy of surfactant treatment might be improved by introducing
some changes in the strategy of surfactant treatment. One improvement might
be to instill surfactant earlier than just before reperfusion, that is, already in
the donor. In this way the surfactant instilled may be already 'activated' in the
donor by endogenous components of surfactant, such as SP-A (30). Even
though the clinical application of this strategy will not be easy,
experimentally it is a most interesting option. Another improvement might be
to add SP-A to surfactant. One study, in premature rabbits suffering from
respiratory distress syndrome showed that adding SP-A to surfactant
improved the effect of treatment (35). The present study indicates that
addition of SP-A to surfactants may be worthwhile also after lung trans-
plantation.
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Conclusion

This study shows that surfactant treatment before reperfusion improves
immediate function of lung transplants in rats even when the ischemia period
of the transplant is as long as 20 hours. This improved function of lung
transplant due to surfactant treatment was found to be associated with an
increase in the components of alveolar surfactant. Of these components the
amount of (endogenous) SP-A is thought to be crucial to obtain a favorable
effect of surfactant treatment after lung transplantation. Because generally SP-
A is not included in surfactants used for treatment, we speculate that addition
of SP-A to surfactant may further improve the efficacy of surfactant treatment
in lung transplantation.
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Abstract

We investigated whether pulmonary surfactant in rat lung transplants re-
covered during the first week post-transplantation, in parallel with symptoms
of the reimplantation response, and whether this recovery was affected by
early surfactant treatment. The severity of transplantation injury was varied by
transplanting left lungs with 6 hour and 20 hour ischemia ( n = 12 and 19,
respectively ). Half of the transplants were treated by instillation of surfactant
before reperfusion. Lungs from sham operated and normal rats (n = 4 and 5,
respectively ) served as controls. The transplantation injury severely impaired
lung transplant function; ten of the worst affected animals died. After one
week symptoms of reimplantation response and properties of pulmonary
surfactant were assessed. If untreated, the reimplantation response had almost
resolved in the 6-h but not in the 20-h ischemia group; pulmonary surfactant,
however, continued to be deficient in both ischemia groups ( low amounts of
surfactant phospholipids and surfactant protein A [SP-A] ). Surfactant
treatment improved the recovery from injury in the 20-h ischemia group
resulting in normal lung function and amounts of surfactant phospholipids.
Amounts of SP-A were not improved by surfactant treatment. In conclusion,
early surfactant treatment enhances recovery from transplantation injury and
is persistently beneficial for pulmonary surfactant in lung transplants.

Pulmonary surfactant is a complex mixture of phospholipids and proteins
excreted into the fluid lining the alveoli of the lung (1). Its main function is to
lower the surface tension of the fluid layer. A low surface tension prevents
that alveoli collapse at end-expiration and also that alveolar edema is formed.
In addition, surfactant plays a role in host defense against invading micro-
organisms (2, 3).

Immediately after lung transplantation in animals, pulmonary surfactant is
affected in its composition and biophysical function (4-6). While the total
amount of surfactant phospholipids remains constant after lung
transplantation, its composition changes unfavorably in at least three aspects:
the proportion of surface-active heavy subtype surfactant, the percentage of
phosphatidylcholine (PC) in the phospholipids, and the amount of surfactant
protein A (SP-A) decrease. The function of this altered surfactant has been
shown to be impaired when tested in vitro for its capacity to reduce the
surface tension at an air/fluid interface (4-6). In the transplanted lung, this
poor biophysical function of surfactant is inhibited additionally by serum
proteins leaked into the alveolar space (5).

The changes of surfactant result from the acute injury inflicted upon the
lungs during the transplantation procedure. Amongst other factors, ischemia-
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reperfusion is generally considered to be most damaging for transplants (7).
Prolonging the ischemia time leads to more severe lung injury (8), with
progressive effects on surfactant and lung function (4-6). In clinical lung
transplantation, the injury is recognized as diffuse roentgenographic
infiltrates, protein rich lung edema, and decreased gas exchange and decreased
lung compliance. This syndrome is referred to as the reimplantation response
(9).

Treatment with exogenous surfactant, instilled before reperfusion into
lung transplants, has been shown to improve pulmonary surfactant as in-
vestigated for a few hours after reperfusion (6, 10). The surfactant treatment
increased the total amount of phospholipids (6), the proportion of surface-
active heavy subtype (6, 10) and the percentage of PC to normal or supra-
normal values and it preserved the amount of SP-A (6). As a result of these
improvements in composition also the in vitro biophysical function of
surfactant was improved (6). Early surfactant treatment also improved the
function of the lung immediately after transplantation.

All studies on pulmonary surfactant in lung transplants have focused on
the first few hours after transplantation but recovery of surfactant composition
and function on a longer term is expected to be important for both lung
transplant function and host defense. It is yet unknown whether altered
surfactant recovers from the transplantation injury during the first post-
transplantation week, in parallel with the symptoms of the reimplantation
response (9), and whether this recovery is affected by early surfactant
treatment.

These two questions were investigated in this study by transplanting left
lungs syngeneically in rats. The severity of transplantation injury was varied
by using a 6 and a 20-hour lung ischemia period. For comparison, a sham-
operated group without transplantation or ischemia-reperfusion but with
injury caused by the surgical procedures in the recipient was included.
Surfactant was instilled into half of the transplanted lungs in each ischemia
group. During one week, lung transplants were investigated for recovery from
injury, and at the end of this week, for lung function and for amount,
composition, and function of its pulmonary surfactant.
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Materials and methods

Experimental groups
Inbred rats (LEW strain, specific-pathogen free, male, weighing 240-300 g)
were used for donors, recipients, sham-operated, and normal animals. All
animals received humane care in compliance with the Dutch regulations and
law. Left lungs were transplanted syngeneically to avoid influence of rejection
or immunosuppressive treatment. Lungs from six experimental groups were
investigated for recovery from transplantation injury and for properties of
pulmonary surfactant.: 1) transplanted after 6 hours ischemia (untreated 6-h, n
= 6), 2) transplanted after 20 hours ischemia (untreated 20-h, n = 10 ), 3)
transplanted after 6 hours ischemia plus surfactant treatment (surfactant-
treated 6-h, n = 6), 4) transplanted after 20 hours ischemia plus surfactant
treatment (surfactant-treated 20-h, n = 9 ), and as controls, 5) sham-operated
rats without ischemia-reperfusion but with the effects of left sided
thoracotomy, preparation of pulmonary artery and mechanical ventilation
(sham, n = 4), and 6) normal, non-operated rats (normal, n = 5).

Lung transplantation and surfactant treatment
Left lung transplantation was performed as previously described (5). For
harvesting the left lung from the donor, the left pulmonary artery was flushed
with 25 ml cold (8 0C) saline at 40 cm water pressure while the lung was
ventilated with a positive end expiratory pressure (PEEP) of 4 cm H2O. After
dissection of the left main bronchus the lung was allowed to deflate. Then the
lung was submersed in 8 0C saline and placed in the refrigerator at 8 0C for 5
or 19 hours. One hour before the planned start of reperfusion the lung was
taken out of the refrigerator and covered by a sheet of thin plastic.

The recipient rat was anesthetized with a mixture of fluothane (1-2 %),
N2O and oxygen, and ventilated with peak inspiratory pressures (PIP) of 16
cm H2O, PEEP of 2 cm H2 O at 40 breaths/min and infused with saline
containing 0.3 mM bicarbonate ( ± 3 ml / hour ). The left lung transplant was
implanted through a left sided thoracotomy. The pulmonary artery and vein of
the lung transplant and recipient were anastomosed first. In the left pulmonary
vein a small canula, filled with heparin solution, was placed just above the
anastomose site (secured with a purse string suture) to facilitate blood
sampling for blood gas analysis. Finally the left main bronchus was sutured
and surfactant or a bolus of air was instilled.

For surfactant treatment we used Alveofact ®, an organic solvent ex-
tracted surfactant from bovine lung ( Thomae GmbH, Biberach, Germany).
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Just before reperfusion of the left lung transplant the surfactant (25 mg
phospholipids per ml) in a dose of 100 mg/kg body weight (BW) was instilled
directly into the main bronchus of the transplant, as described previously (6).
The untreated groups received a bolus of air instead of surfactant. Air instead
of saline was used as control because instillation of 1 ml saline caused the
death of all five animals ( 6 hour cold ischemia) on ventilator in an earlier
performed experiment. Reperfusion of the lung transplant was allowed by
releasing the clip on the pulmonary vein first and then that on the pulmonary
artery. Warm ischemia time (= ischemia time during implantation ) was 1
hour ± 10 minutes; total lung ischemia times were 6 hours ± 15 minutes or 20
hours ± 30 minutes. After the lung function was measured, the canula in the
pulmonary vein was removed, the chest was closed and the rat was weaned
from the ventilator.

Sham operation
The sham operation was similar to the recipient operation including limited
dissection of tissue around the hilus but without transplantation of the left
lung. The sham-operated rats were used as controls for the recovery of sur-
factant from surgical injury without ischemia-reperfusion.

Symptoms of Reimplantation Response

Immediate lung function.
The immediate effect of transplantation injury after 25 minutes of reperfusion
was assessed by the A-a O2 gradient in the left lung, the blood flow in the left
pulmonary artery and by the peri-operative mortality. Five minutes before
blood was taken from the left pulmonary vein for gas analysis, we suctioned
the tube and trachea to remove excessive lung fluids and ventilated the lung 4
times with an increased maximum pressure of 30 cm H2O to fully expand the
lung. The PO2 and PCO2 were measured with a blood gas analyzer (ABL 330,
Radiometer, Copenhagen, Denmark). The alveolar-arterial O2 gradient (A-a
O2 = PAO2 - PaO2) was calculated using the alveolar gas equation to
determine the alveolar PO2 (PAO2 ).

PAO2 = FiO2 . ( Pb - PH2O) - (PACO2 /R)
FiO2 = fraction inspired oxygen,
Pb = barometric air pressure,
PH20 = partial pressure of water vapor at 37 oC,
PACO2 = alveolar CO2 pressure (assumed to be equal to PaCO2)
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PaO2 = arterial O2 pressure,
R = respiratory quotient (assumed to be equal to 0.8)(11)

The blood flow in the pulmonary artery was measured with an ultrasound
probe ( 1 mm [RB], Transonic Systems Inc., Ithaca, NY ) placed round the
artery.

Mortality.
To wean the rat from the ventilator the PIP, PEEP, and frequency were
gradually decreased and the FiO2 lowered to 0.3. In some cases the lung
transplantation procedure led to the death of the animal during the weaning
procedure or shortly thereafter. The mortality was used as an immediate
measure of the severity of the transplantation injury .

Chest roentgenograms.
To assess recovery from transplantation injury we used a ventilation score (9)
of chest roentgenograms taken at days 2, 5 and 7 after transplantation. To
ascertain a good contrast a short exposure time ( 0.06 sec) and a mammografy
film was used. Two investigators blinded for the experimental conditions but
not for the day after transplantation or sham operation scored the chest
roentgenograms. The score, indicating the degree of ventilation, was the
summation of 2 scores and ranged from 0 to 6: one score for aerated surface
area (3 = totally - 2/3 aerated, 2 = 2/3 - 1/3, 1 = 1/3 - minimal, 0 = not
aerated) and a second score for lung density ( 3 = normal, 2 = slightly or
patchily increased, 1 = moderately increased, and 0 = opaque).

Lung function at one week.
At one week gas exchange, dynamic compliance and pulmonary perfusion
were measured. For these measurements the animals were anesthetized with
chloralhydrate i.p., intubated and ventilated with FiO2 = 1, at 24 cm H2O PIP,
5 cm H2O PEEP, and a frequency of 55 breaths/min. After 10 minutes of
ventilation the dynamic compliance of both lungs was determined and blood
was drawn from the left ventricle to measure the PO2 and PCO2 . The dynamic
compliance of both lungs was calculated as: Vmax/24 cm H2O/(kg BW donor
+ kg BW recipient)/ 2, where Vmax is the volume at 24 cm water pressure.
Due to adhesions it was impossible to dissect the left lung for separate
function measurements without severely damaging the lung; therefore the
measured dynamic compliance is the total of left and right lungs. The left
lung transplant perfusion was measured by intravenously injected Tc191
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labeled macro-aggregates and expressed as percentage counts of total counts
(9).

Injury variables in BALF.
After measurement of the lung function at one week, heart and lungs were
taken out en-block and left and right lungs were lavaged separately for 5 times
with ice-cold saline as described previously (5). The BAL fluid (BALF) was
collected on ice and the total recovered volume noted. Most untreated 20-h
ischemia left lung transplants had to be lavaged with smaller volumes than
normal to prevent rupture of these lungs. This resulted in a recovered mean
volume of 40.8 ± 11.1 ml/kg for the untreated 20-h ischemia group and 54.4
± 5.8 ml /kg for all other groups; recovery of the BALF was > 89 % for all
groups. Right lungs of all groups were lavaged with a mean volume of 101 ±
9.2 ml/kg. The percentage of PMN's and the amount of alveolar proteins in
BALF were used as indicators of transplantation injury. Alveolar cells were
isolated from BALF by centrifugation at 150 g for 10 min at 4 0C. PMN’s
were differentiated from alveolar macrophages and lymphocytes on stained
cytospin preparations. In the remaining cell-free BALF the total amount of
alveolar proteins was measured according to Lowry modified by adding SDS
(12). This cell-free BALF was also used for surfactant determinations.

Pulmonary Surfactant at one week.

Surfactant in BALF.
To analyze the properties of pulmonary surfactant we assessed its compo-
sition in four ways: the total amount of surfactant phospholipids, the per-
centage of heavy subtype surfactant, the percentage PC of total phospholipids,
and the amount of SP-A; in addition we measured the surface tension
lowering properties of surfactant in vitro . The amount of phospholipids was
measured with a perchloric acid method (13) after lipid extraction (14) . The
amount of total phospholipids was calculated by summation of the amounts of
phospholipids of the heavy and light subtype fractions of a 1 ml BALF sample
after these fractions were separated by centrifugation at 40,000 g for 15
minutes as described previously (6). To determine the composition of
surfactant phospholipids, the remainder of BALF was centrifuged overnight at
100,000 g, 4 oC, to concentrate all the surfactant in a pellet. The
phospholipids in the pellet were separated by thin layer chromatography
according to Touchstone with solvent E (15). The amount of SP-A in a
sample of the BALF was assessed with a sandwich ELISA method (16). The
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measured amounts of SP-A represent endogenous SP-A of the lung transplant
since the instilled surfactant contains no SP-A. For in vitro surface tension
measurements the pelleted surfactant was extracted with chloroform-methanol
and resuspended in saline with 20 mM CaCl2 to a final concentration of 2 mg
phospholipids per ml as described previously (6). Using this purification
protocol the final suspension contains the surfactant phospholipids and the
hydrophobic surfactant proteins SP-B and SP-C. The surface tension of the
surfactant suspension was analyzed in a pulsating bubble surfactometer
(Electronetics Corporation, Amherst, NY) according to Enhorning (17). We
used γ at Rmin, the minimum surface tension, at 20 pulsation's and 37 oC as
the variable of in vitro surfactant function.
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Figure 1. Ventilation scores of left transplanted and sham-operated lungs. Ventilation scores
improved during one week after lung transplantation, except in the untreated 20-h ischemia
group. In the untreated 20-h ischemia group the score was lower than in the sham control
group throughout the week (* p < 0.05) and also lower than the surfactant treated 20-h
ischemia group († p < 0.05). Data are given as medians, error bars indicate minimum or
maximum scores given in a group.
Statistical analysis
For comparison between ventilation scores of the different groups the Mann-
Whitney -U Sum Rank-test was performed. All the other data of the different



Persistent effects of surfactant treatment after lung transplantation

89

groups were assessed by single factor ANOVA. Differences with a p-value of
< 0.05 were considered statistically significant.
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68.3 ± 14.6 
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Table 1. Lung transplant injury: immediate function and mortality 
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†
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data are mean ± SD 
* measured at 25 minutes of reperfusion 
† p < 0.01; transplanted vs sham 
‡ p < 0.05; transplanted vs sham 
§ p < 0.05; surfactant treated vs untreated

6h 
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Results

Lung transplant injury and recovery
Immediately after transplantation, acute lung injury was seen as severe lung
dysfunction. At 25 minutes after reperfusion the A-a O2 gradient and blood
flow were abnormal in both untreated groups compared to the sham group
(Table 1). Surfactant treatment improved both the A-a O2 gradient (p= 0.06)
and blood flow in the 6-h ischemia group, but not in the 20-h ischemia group
(Table 1). The total mortality was 36 % without a significant influence of
ischemia time or surfactant treatment (Table 1). The mortality occurred
exclusively during the first post-operative hour, and in animals that showed
severe injury after 25 minutes of reperfusion as measured by an A-a O2

gradient over 70 kPa.
The chest roentgenograms of the transplanted and sham-operated rats

showed initial injury and then a gradual recovery of the lungs during the week
(Figure 1). On the first roentgenogram, taken two days after operation, all
lungs were graded lower than the normal ventilation score of 6. In particular
the untreated transplants scored poorly, but even sham-operated lungs were
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abnormal. On day five, lungs in all groups scored slightly better and
continued to improve on the roentgenograms at 1 week. Then, most
transplants only showed small radiographic infiltrates, except for lungs in the
untreated ischemia groups, of which the 20-h ischemia lungs scored
consistently lower than the sham-operated lungs. Importantly, surfactant
treatment had significantly increased the ventilation score in the 20-h is-
chemia group.
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10.5 ± 4.2 

 

7.6 ± 3.4 

8.5 ± 3.4 

 

9.3 ± 3.0 

8.0 ± 2.3
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Table 2. Recovery from transplantation injury: lung function and variables in    
   BALF at 1 week after transplantation

Alveolar  
proteingroup
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 20h 
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 20h
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Percentage 
alveolar PMN

Lung function* in BALF from transplant

%mg / ml

data are mean ± SD, * measured in both lungs 
† p < 0.01; transplanted vs sham 
‡ p < 0.05; transplanted vs sham 
§ p < 0.05; surfactant treated vs untreated
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‡
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15.4 ± 3.5  

16.0 ± 4.5

†

†

†

†

In most groups the lung function recovered to sham values by one week
(Table 2). Only in the untreated 20-h group the A-a O2 gradient and dynamic
compliance of both lungs remained lower than in the sham-operated group. In
the 20-h ischemia group surfactant treatment resulted in a significantly higher
dynamic compliance of both lungs , in parallel with the higher ventilation
score of the lung transplants. The perfusion was reduced in all transplants,
without obvious influence of ischemia or surfactant treatment. Symptoms of
persistent lung injury in the transplants as measured by amounts of alveolar
protein and % PMN in BALF were absent; the values were as low as in
normal rats (Table 2).
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Pulmonary surfactant
Strikingly, we found that without treatment, surfactant in the transplanted left
lungs was still abnormal at one week after operation (Table 3). Generally,
surfactant changes were more severe in the 20-h ischemia group than in the 6-
h group, and least severe in the sham-operated group. The amount of
surfactant phospholipids was significantly lower in these untreated
transplanted groups; the proportion heavy subtype was low but within normal
range, and the percentage PC was normal (Table 3). The amount of SP-A was
significantly lower in the transplanted groups but not in the sham-operated
group. The changes in surfactant after transplantation did not impair the in
vitro biophysical function of surfactant extracted from BALF; the minimum
surface tension of surfactant was in the normal range ( Table 3).
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sham 

untreated 

 6h 

 20h 
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57.9 ± 15.4
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73.8 ± 2.1 
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Table 3. Surfactant in BALF at 1 week after transplantation

%

data are mean ± SD 
* p < 0.05; sham or transplanted vs normal 
† p < 0.05; transplanted vs sham 
‡ p < 0.05; surfactant treated vs untreated

*

* †

* †

* †

* †

* †

*

‡

‡

Surfactant treatment at the time of lung transplantation appeared to improve
or even normalize the surfactant changes at one week. The amount of
phospholipids was improved to normal values (Table 3). Surfactant treatment
resulted in a slightly higher SP-A amount in both the 6 and 20-h ischemia
groups, but the large variation in lung injury within each transplantation
group prevented a significant improvement (Table 3). When analyzing this
variation, it appeared that the amount of SP-A at one week correlated strongly
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with the initial acute injury at the time of reperfusion expressed by the A-a O2
gradient (Figure 2). This correlation, including surfactant-treated and
untreated transplants, was highly significant (p < 0.000001). The in vitro
biophysical function of surfactant remained normal (Table 3).

Surfactant phospholipids from the right native lungs of the transplanted
and sham-operated animals were virtually normal with a slight decrease of
proportion of heavy subtype surfactant in all operated groups (data not
shown). Strikingly, however, in both the untreated and surfactant treated 20 h
ischemia group, an isolated significant lower amount of SP-A in right lungs to
40 % of normal values was measured ( 82.3 ± 18.4 , and 78.4 ± 7.8 vs. 197.6
± 51.3 µg/kg, respectively, p< 0.01 ).
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Figure 2. Amount of SP-A in BALF at one week after transplantation as a function of the A-a
O2 gradient in the transplant at 25 minutes of reperfusion. Each symbol represents this re-
lation for a single lung transplanted rat. Regression analysis revealed a highly significant
correlation indicating that the severity of the immediate lung transplant injury after reper-
fusion determines the amount of SP-A one week after transplantation.

Discussion.

Previous studies have shown that pulmonary surfactant is affected early
during the reimplantation response after lung transplantation (4-6, 10). The
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surface-active surfactant components of surfactant, such as its heavy subtype,
PC, and SP-A were decreased, which impaired its in vitro biophysical
function (4-6, 10). This impairment is aggravated in vivo by leaked serum
proteins. The present study shows that pulmonary surfactant at one week after
transplantation is still deficient. In the untreated 6 h ischemia group the total
amount of surfactant phospholipids was only two-third of normal and the
amount of SP-A only half of normal; the relative amounts of heavy subtype
and PC were normal. Strikingly, the function of lung transplants in the
untreated 6 h ischemia group had recovered almost completely from the
reimplantation response. In the 20-h ischemia group the total amount of
surfactant phospholipids was further decreased to a third and the amount of
SP-A to a quarter of normal as an effect of the more severe transplantation
injury. In this group the lung transplants still showed features of the
reimplantation response: abnormal chest-X-ray, impaired gas exchange, and a
low dynamic compliance of both lungs. In sham-operated rats, ventilation
without ischemia-reperfusion had no significant effect on pulmonary
surfactant. Thus, pulmonary surfactant has not fully recovered from the
transplantation injury at one week after syngeneic lung transplantation even in
lungs in which the reimplantation response apparently is resolved.

The deficient amounts of surfactant phospholipids and SP-A at one week
might be caused by the immediate transplantation injury of surfactant
producing type II pneumocytes after transplantation. Semik et al found that
the type II cells in rat lung transplants were depleted from surfactant-
containing lamellar bodies up to one week after transplantation (18). These
authors hypothesized that this depletion was caused by a deficient synthesis of
surfactant after transplantation, which hypothesis would also explain the low
alveolar amounts of surfactant in our present study. How the function of type
II cells is affected by transplantation injury might be explained in two ways.
First, as shown in other lung injury models, type II cells start to proliferate in
response to injury of type I cells. These proliferating type II cells have a
decreased lamellar body pool size (19) which is consistent with a decreased
synthesis of surfactant. Second, production or secretion of phospholipids and
SP-A by type II cells can be impaired by reactive oxygen metabolites and
cytokines (20-23) which are generated after lung transplantation (24, 25).
Both these mechanisms may have induced the changes of surfactant that we
measured at one week after the initial transplantation injury in the present
study.

The present study also shows that treatment with surfactant, instilled as a
single dose before reperfusion, increased the surfactant phospholipids to
normal amounts at one week after lung transplantation. This normal amount
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of surfactant might consist merely of instilled surfactant, however, in other
acute lung injury models a significant amount of instilled surfactant is quickly
metabolized by type II cells or cleared by macrophages (3). Another
explanation is that the instillation of surfactant preserves the production of
surfactant. This explanation is supported by the study of Semik et al showing
that depletion of lamellar bodies in type II cells during the transplant-
reperfusion period is prevented by surfactant treatment (18). In conclusion,
the persistent normal amount of surfactant phospholipids after surfactant
treatment in our lung transplants might be the result of both suppletion and a
preserved surfactant metabolism.

Interestingly, surfactant treatment did not only improve surfactant
amounts, but also enhanced the recovery from transplantation injury; the
ventilation score, the A-a O2 gradient and the dynamic compliance improved
to sham control values. One can think of two ways in which surfactant
treatment improved lung function at one week. First, the higher amount of
alveolar surfactant might have resulted in a more widespread stabilization of
alveoli, thereby improving lung function. Second, the high amount of
exogenous surfactant may have suppressed the inflammation process that is
provoked by ischemia-reperfusion. Such an anti-inflammatory capacity of
surfactant has been shown in vitro and in in vivo (lung) injury models (26).
Apparently, the effect of surfactant instillation remained locally, that is in the
alveolar compartment of the lung, as lung perfusion was not improved. We
did not assesses whether this low perfusion was due to abnormalities in the
pulmonary artery or in the arterioles. Despite the absent effect on lung
perfusion, one dose of surfactant before reperfusion clearly improves the
recovery of lung transplants from serious transplantation injury.

It seems not so surprising that our surfactant treatment had no effect on
SP-A because the instilled surfactant contained no SP-A. Yet, in a previous
study instilled surfactant preserved the amount of endogenous SP-A as
measured one hour after reperfusion. This preservative effect was attributed to
the instilled surfactant phospholipids which were thought to minimize the
breakdown of SP-A by products of activated PMN's (6). The low amounts of
SP-A at one week after transplantation seems not to correlate with ongoing
SP-A breakdown caused by PMN's because few PMN's were present in BALF
( Table 3 ). Instead, the observed correlation between increased severity of
immediate transplantation injury and low amounts of SP-A at one week after
injury (Figure 2) might indicate that besides initial SP-A breakdown also the
SP-A producing type II cells (and Clara cells) are damaged. This theory of an
impaired SP-A production is in agreement with the clinical finding that, for
more than a year after transplantation, the amount of SP-A is still low in lung
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transplant patients (27). This persistently low SP-A level might be of
relevance for the local anti-bacterial defense (3) of transplanted lungs.

Few patients have been treated with surfactant after lung transplantation.
One report supports the experimental data that it is a useful treatment in early
graft failure (28). Especially prevention of graft failure after prolonged
ischemia times might prove to be successful clinically. A promising way of
surfactant treatment is to treat first the donor and then again the lung
transplant just before reperfusion (29).

Conclusion

The present study shows, first, that surfactant is not fully recovered at one
week after transplantation even in lungs which have recovered apparently
from transplantation injury. Second, this study shows that early surfactant
treatment in lung transplantation enhances recovery from transplantation
injury and has persistent beneficial effects on pulmonary surfactant.
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Abstract

This study investigated whether surfactant protein-A (SP-A) enriched
surfactant used for treatment of lung transplants in rats could improve the
effect of the surfactant treatment. Left lung grafts were kept inflated with 50
% O2 during 20-h ischemic storage and were transplanted syngeneically in
rats. Surfactant (n = 6) or SP-A enriched surfactant (n = 6) was instilled into
the left main bronchus of the lung transplant just before reperfusion. Air was
instilled into untreated lung transplants (n= 6). Sham operated animals (n = 4)
and normal animals (n = 8) served as controls. Lung function was measured
for 1 h after reperfusion. Then the rats were killed and broncho-alveolar
lavage performed to measure alveolar surfactant components. We found that
addition of SP-A to surfactant did not improve the effect of surfactant
treatment: neither dynamic compliance nor blood gasses improved as
compared to treatment with surfactant without SP-A. Unexpectedly, the
function of untreated transplants equaled that of the two surfactant treated
groups. Both instillation of surfactant and instillation of SP-A enriched
surfactant did increase the amount of surfactant phospholipids and of
endogenous rat SP-A. We hypothesize that the absent improvement of
transplant function after instillation of surfactant or SP-A enriched surfactant
was due to an inadequate spreading of the surfactant in the inflated-stored
lung. Other surfactant delivery methods, such as nebulization, may be more
effective.

The injury caused by transplantation of lungs leads to dysfunction of
pulmonary surfactant (1-3). This surfactant dysfunction impairs the function
of lung transplants after reperfusion. To improve the function of the injured
lung transplants instillation of surfactant has proved to be beneficial.
However, not all of the treated lung transplants responded positively to the
surfactant treatment (3, 4). One of the causes for this inconsistent effect of
surfactant treatment might be its susceptibility for inactivation by serum
proteins. Treatment of lung transplants with a composition of surfactant that
is able to resist inhibition of serum proteins might thus improve the effect of
treatment.

All surfactants currently used for treatment are susceptible to serum
protein inactivation. In this respect the modified natural surfactants, which
still contain the hydrophobic surfactant proteins SP-B and SP-C, are probably
less susceptible to serum protein inactivation than the protein deficient
synthetic exogenous surfactants (5, 6). Importantly, all the clinically used
surfactants lack the hydrophilic surfactant protein A (SP-A), while SP-A is
the component of surfactant that in particular counteracts the inactivation of
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surfactant by serum proteins (7, 8). Since SP-A enriched surfactant performed
better than SP-A deficient surfactant in an other lung injury model (9), we
hypothesized that lung transplants also might benefit from treatment with SP-
A enriched surfactant.

In the present study the question was asked whether addition of SP-A to
exogenous surfactant for treatment of lung transplants improved the effect on
lung function and composition of pulmonary surfactant. This was investigated
in left lung transplants after 20 h cold and inflated storage and 1h reperfusion
in rats.

Materials and methods

Experimental groups and animals
For the experiments inbred rats ( LEW strain, male, 240-320 g, specific
pathogen free) were used. All animals received humane care in compliance
with the Dutch regulations and law. Five groups of rats with different
treatments were investigated: group 1. instillation of surfactant in left lung
transplants (n=6), group 2. instillation of SP-A enriched surfactant in left lung
transplants (n=6), group 3. instillation of air in left lung transplants
(untreated) (n=6), group 4. no treatment of left lung after left sided thora-
cotomy (sham) (n=4), and, group 5. no treatment and no operation (normal)
(n=8). All left lungs were stored for 20 hours at 8 oC after inflation with 50 %
oxygen.

Operation: donor, recipient and sham.
Left single lung transplantation was performed as previously described (3),
with the modification that left lung transplants were stored inflated instead of
deflated. The left lung transplant was taken from the donor after a pulmonary
artery flush with 25 ml cold (8 oC) saline at 40 cm water pressure, while
ventilating the lung with a positive-end- expiratory-pressure (PEEP) of 4 cm
H2O, a peak inspiratory pressure (PIP) of 12 cm H2O, and 50 % oxygen. Next
the main left bronchus was clipped at a lung pressure of 10 cm H2O, and the
inflated lung was submersed in cold saline and placed in the refrigerator at 8
oC for 19 hours. One hour before the start of reperfusion, the lung was taken
from the refrigerator and covered with a thin plastic sheet to prevent
desiccation during the implantation procedure. The recipient was ventilated
using PIP of 12 cm H2O, PEEP of 2 cm H2O, 100 % oxygen, and 40
breaths/min. Access to the left lung was obtained by a left thoracotomy. After
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the pulmonary artery and vein were clamped with one large vessel clamp and
the left bronchus was ligated, the left lung was removed. For implantation of
the left lung transplant the pulmonary artery and pulmonary vein were
anastomosed first. To facilitate the sampling of blood for gas analysis, a small
canula filled with heparin solution was placed in the left pulmonary vein just
distal to the anastomosis site and secured with a purse string suture. To test
the sutures of the anastomosis a small vessel clip was placed on the
pulmonary artery and vein near to the lung, then the large vessel clamp was
removed. Finally, the left main bronchus was sutured and surfactant or a
bolus of air was instilled ( see Surfactant treatment below). Reperfusion of
the lungs was allowed only after ventilation was started with a PEEP of 5 cm
water pressure to prevent the formation of edema. Warm ischemia time (i.e.
the ischemia time during the implantation procedure ) was 1 hour ± 10
minutes; total lung ischemia times were 20 hours ± 25 minutes. Sham
operated animals were handled in a similar way as recipient rats with the
difference that the left lung was not removed. To facilitate placement of a
blood flow probe later in the procedure minimal dissection around the
pulmonary artery was performed. Then, the ventilatory PEEP was raised to 5
cm H2O for 60 minutes like in the transplantation groups. Blood for blood gas
measurement of the sham operated animals was drawn from the left ventricle.

Surfactant treatment
BLES ® (BLES Biochemicals Inc., London, Canada), a commercial modified
surfactant, which is extracted with an organic solvent from bovine lung lavage
fluid was used for treatment. Besides surfactant phospholipids (95 % heavy
subtype surfactant) this extracted surfactant contained also SP-B and SP-C,
but not SP-A. The SP-A enriched surfactant contained purified bovine SP-A
(7) which was added to BLES (5 % SP-A by weight )(7). The surfactants
were used in a concentration of 25 mg of phospholipids per ml and were
given at a dose of 100 mg per kg BW. The untreated group had air instead of
surfactant instilled. Surfactant treatment was given just before reperfusion of
the left lung transplant. The surfactant dose was instilled through a canula
directly into the left main bronchus. Therefore, the clip on the left bronchus
was removed and replaced by a ligature which was pulled round the inserted
canula to prevent surfactant leaking into the trachea. Surfactant was
administered at 0.2 ml doses followed by an air bolus of 0.5 ml to enhance the
spreading of surfactant. After the canula was withdrawn, the ventilation
settings were changed to 24 cm H2O PIP, 5 cm H2O PEEP, and 55
breaths/min. The left lung was ventilated without reperfusion for 1 minute to



Instillation of surfactant protein-A enriched surfactant

103

facilitate spreading of surfactant before the onset of reperfusion injury.
Reperfusion of the lung transplant was allowed, by first releasing the clip on
the pulmonary vein followed by releasing the clip on the pulmonary artery.
To enhance further surfactant spreading by gravity the rat was turned on its
left side for the first 5 minutes of reperfusion and then turned back on its right
side to allow measurements of lung transplant function.

Lung transplant function
Transplant function was measured during a 1-hour reperfusion period at three
time points: 10, 30, and 60 minutes. Transplant function was assessed by
measuring PO2 and PCO2 in blood drawn from the left pulmonary vein,
dynamic compliance of both lungs, and by measuring blood flow through the
left pulmonary artery (only at 60 minutes). Five minutes before a blood gas
sample was taken, excessive lung fluids were suctioned from the tube and
trachea and PIP was increased to 30 cm H2O during four breaths to expand
the lung completely. PO2 and PCO2 were measured with a blood gas analyzer
(ABL 330, Radiometer, Copenhagen, Denmark). Dynamic compliance of
both lungs at 5 cm H2O PEEP and 24 cm H2O PIP was calculated as follows:
Volume (at 24 cm H2O PIP) x 24 cm H2O -1 x ((kg BW donor + kg BW
recipient)/ 2)-1. The dynamic compliance of both lungs may not be a sensitive
measure for the function of the left lung transplant, but differences between
separate groups can be attributed to changes in the left lung transplant. The
blood flow was measured with an ultrasound method ( 1 mm probe (1RB),
Transonic Systems Inc., Ithaca, NY ). The flow probe was placed round the
pulmonary artery immediately after the blood samples for the PO2 and PCO2
at 60 minutes were drawn. In sham operated animals measurements were only
performed at 60 minutes.

Bronchoalveolar lavage (BAL) and suction fluid
After the 1-hour reperfusion period the rats were killed by bleeding the
animals. Heart and lungs were taken out en-bloc. Left lungs were lavaged as
described previously 4. The total recovered volume was recorded. The
recovered BAL volume per kg BW did not differ between the groups (on
average 58 ml/kg BW). The BAL fluid (BALF) was centrifuged at 150 g for
10 min. at 4 oC to remove cells and cell-debris. The remaining cell-free
BALF was used for all further determinations of BALF. Apart from BALF,
suction fluid from the tube and trachea was sampled in 3 surfactant and 3 SP-
A enriched surfactant treated rats to measure the loss of surfactant
phospholipids.
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Pulmonary surfactant
Four components of alveolar surfactant were determined in BALF: the
amount of total surfactant phospholipids, the percentage of heavy subtype
surfactant, the percentage phosphatidylcholine (PC) of total phospholipids,
and the amount of endogenous rat SP-A. The amount of total phospholipid
was calculated by summing up the amount of phospholipids in separated light
and heavy subtype fractions: heavy and light subtypes were separated by
centrifuging a 1 ml sample of the cell free BALF at 40,000 g for 15 minutes
(Beckman TL 1000, rotor TLA-100.3 ). After centrifugation the supernatant
contains the light subtype and the pellet the heavy subtype. Both supernatant
and pellet were extracted with chloroform and methanol (10) to measure
phospholipid contents (11). After samples were taken for SP-A
measurements, the cell free BALF was centrifuged overnight at 100,000 g, 4
oC, to concentrate the surfactant for the determination of the phospholipid
composition. The phospholipids were separated by thin layer chromatography
according to Touchstone with the use of their solvent E (12). The amount of
SP-A in cell free BALF was assessed with a sandwich ELISA method (13).
Note that the measured amounts of SP-A represent only the endogenous rat
SP-A of the lung transplants since the bovine SP-A used for instillation can
not be detected by the antibodies used in this ELISA. The amount of leaked
serum proteins was measured with the method of Lowry (14). Surfactant from
the transplanted groups was compared to surfactant from a normal group
instead to surfactant from the sham operated group. The reason for this
comparison is that placement and removal of the blood flow probe in the
sham operated group is difficult and causes additional damage to the lung and
possibly to the pulmonary surfactant.

Statistical analysis
For comparison between the data of the different groups single factor
ANOVA was used. To test whether the lung function improved during
reperfusion ( 30 or 60 min. compared to 10 min.) a paired student-t test was
performed. Values of p < 0.05 were considered to be statistically significant.
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Results

Function of lung transplants
Instillation of SP-A enriched surfactant did not improve the blood gasses of
left lung transplants as compared to installation of surfactant alone (table 1).
In the contrary, some blood gas values at 10 and 30 minutes after reperfusion
in the two surfactant treated groups were worse than blood gas values of the
untreated group. Interestingly, the PO2 at 30 and 60 minutes of reperfusion in
the SP-A enriched surfactant instillation group was significantly higher than
at 10 minutes of reperfusion (p < 0.05 ) and the PO2 value at 60 minutes was
not significantly different from the sham control PO2 value. Compliance was
not significantly affected by either of the two surfactant treatments and
equaled values obtained in the untreated group at 60 minutes of reperfusion.
Blood flow was significantly lower in all transplantation groups compared to
the sham operated group.

10  
30  
60 

PO2 
 (kPa)

PCO2  
(kPa)

Compliance 
(ml/kg BW)

60 Blood flow 
(ml/min)

         -   38.5 ± 19.5      14.4 ±   8.8 *  16.9 ± 16.5 
         -   43.1 ± 17.4      22.6 ± 17.1  34.8 ±   6.4 ‡ 
67.0 ± 9.3  34.8 ± 15.4 †      23.4 ± 15.5 †  42.7 ± 19.5 ‡

        -   3.4   ±   1.2      5.9   ±   1.4 *  6.8   ±   1.4 * 
        -   3.3   ±   1.1      4.8   ±   1.9  3.3   ±   0.5 
2.7  ±  0.2  3.4   ±   1.0      3.3   ±   0.9  3.2   ±   0.8

         -   0.60 ±   0.02      0.57 ±   0.06  0.57 ±   0.04 
         -   0.58 ±   0.04      0.59 ±   0.08    0.61 ±   0.08 
0.66 ± 0.03  0.61 ±   0.03 †     0.65 ±   0.04  0.66 ±   0.06

7.1   ± 1.1  2.8   ± 0.4  †      2.9   ±   1.4  †   3.6   ±   1.2  †

Untreated

Table 1.          The effect of surfactant treatment on lung transplant function during 60 
  min of reperfusion 

Data are mean ± SD . * p < 0.05, surfactant-treated versus untreated,† p< 0.05, transplantation versus sham at 60 
min, and ‡ p < 0.05, 30 and 60 min versus 10 min. The PO 2 and the PCO2 are measured in blood from the left 
pulmonary vein, the compliance compromises both the left lung graft as the right native lung, bloodflow is 
measured in the left pulmonary artery. 

10  
30  
60 

10  
30  
60 

Surfactant + 
SP-A-treated

Surfactant - 
   treated

Sham
time (min)

Pulmonary surfactant
Pulmonary surfactant isolated from the BALF was, in contrast to transplant
function, significantly better in lung transplants treated with either surfactant
or SP-A enriched surfactant than in untreated transplants (table 2). As might
be expected after the high dose instilled phospholipids which was for 95 % in
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the heavy subtype form, the amounts of surfactant phospholipids and the
percentage heavy subtype surfactant was higher in the two surfactant treated
groups than in the untreated group. Lower amounts of total phospholipids
were recovered in the SP-A enriched surfactant group than in the surfactant
group. The suction fluid from both surfactant treatment groups (n = 3 each)
contained high amounts of phospholipids: 57.3 ± 9.3 mg/kg BW, being about
60 % of the instilled dose; the amounts were not different between the two
treatment groups. The somewhat lower percentage PC in both treatment
groups can be explained by the relatively low percentage of PC (74 %) in the
instilled surfactant. Unexpectedly, the amount of endogenous rat SP-A
remained at a normal level after both surfactant and SP-A enriched surfactant
treatment. Protein content was significantly higher in all three transplanted
groups compared to normal control values.

Phospholipids 
(mg/kg BW) 
 
Heavy Subtype 
(% of total phospholipids) 
 
Phospatidylcholine 
(% of total phospholipids) 
 
Endogenous SP-A 
(µg/kg BW) 
 
Leaked protein 
(mg/kg BW)

  1.7 ±   0.6  
 
 
34.3 ±   5.2 ‡ 
 
 
62.5 ± 14.9 ‡ 
 
 
38.2 ± 17.7 ‡ 
 
 
67.2 ± 6.6 ‡

  8.2  ±  2.6  *‡ 
 
 
85.4  ±  2.6  *‡ 
 
 
73.0  ±  5.8  ‡ 
 
 
89.5  ± 42.6 * 
 
 
66.4  ±   9.3 ‡

  4.4 ±   2.1 *†‡ 
 
 
70.6 ±   9.6 *† 
 
 
75.3 ±   2.9 †‡ 
 
 
77.0 ± 24.5 † 
 
 
59.3 ± 15.6 ‡

Data are mean ± SD, * p < 0.05; surfactant treated vs untreated, † p < 0.05; surfactant + SP-A  treated vs 
surfactant treated, ‡ p < 0.05; transplantation vs normal

Table 2.              Pulmonary surfactant in BALF from lung transplants after 60 min of   
                            reperfusion 

Untreated Surfactant + 
SP-A-treated

Surfactant - 
   treated

Normal

  1.6  ± 0.2 
 
 
68.6  ± 5.3  
 
 
83.2  ± 1.4 
 
 
90.8  ± 15.2 
 
 
  7.9  ±  1.4 
 

Surfactant- 
components

Discussion

In this study, adding SP-A to a modified natural surfactant did not improve
the efficacy of surfactant treatment of lung transplants. Moreover, instillation
of surfactant had no obvious beneficial effect on lung transplant function.
Previously we have shown clear beneficial effects of surfactant instillation on
function of severely injured lung transplants (3). Therefore, we believe that
factors related to the inflated storage in the present study might be responsible
for the lacking efficacy of surfactant treatment. The factor(s) responsible for
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the lacking effect of surfactant treatment may also have blurred the effect of
adding SP-A to surfactant. Despite the lacking effect on lung function,
surfactant treatment of the lung transplants did preserve pulmonary surfactant
in BALF including the amounts of endogenous SP-A.

Airway obstruction or an insufficient surfactant spreading are most likely
the factors responsible for a lacking effect of surfactant instillation in this
study with inflated lung storage. Airway obstruction is described to occur
after instillation of surfactant in other acute lung injuries (15). In lung
transplantation, Novick and coworkers, (4, 16) also blamed airway
obstruction or an insufficient spreading of instilled surfactant for an absent
improvement of transplant function. In their study instillation of surfactant
into inflated stored sheep lungs did not improve blood gasses but necessitate
high tidal volumes to keep the PCO2 within acceptable limits after
reperfusion of the transplant. In the present study the PCO2 rose initially to
high levels with a fixed ventilator setting, probably also caused by airway
obstruction or insufficient surfactant spreading. Furthermore, the excessive
loss of instilled surfactant measured in the suction fluid of the tube and
trachea ( about 58 % of total instilled) indicates a lack of spreading. We
therefore think that an inflated state of the lung during surfactant instillation
does not promote an adequate surfactant spreading. This speculation is in line
with findings of Cummings and coworkers, (17) who showed that surfactant
instillation in surfactant deficient lungs from premature lambs was more
successful when instilled in unventilated, collapsed, lungs than in ventilated
lungs. We hypothesize that complete collapse of an inflated-stored lung just
before instillation of surfactant may improve the surfactant spreading and,
consequently, the effect of surfactant treatment.

Another way to improve the effect of surfactant treatment using inflated
lung storage can be achieved by nebulization instead of instillation of
surfactant. As shown by Novick and collaborator's, (16) nebulization of
surfactant into a ventilated lung donor improved the function of the inflated
stored lung transplant, whereas instillation of surfactant just before
reperfusion had no effect. Remarkably, when nebulization of surfactant into
the lung donor was combined with instillation of surfactant just before
reperfusion the effect of surfactant treatment was optimal, reflected by blood
gas values at pre-operative levels (16). The mechanism of this excellent effect
after the combined delivery of surfactant might be that the film of surfactant
in the lung that remains after nebulization enhances the spreading of the later
instilled surfactant (18).

A beneficial effect of surfactant treatment may also become evident after a
longer period of reperfusion and ventilation. As shown by others, only after 3
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hours of reperfusion, instillation of surfactant resulted in an improved gas
exchange (4). This long period of reperfusion and mechanical ventilation
might have been necessary for resolving obstruction and spreading of
surfactant. The increasing PO2 in the SP-A enriched surfactant group during
the 1 h reperfusion period is in line with this speculation. However, to prevent
barotrauma to the lung cells during mechanical ventilation, caused by
compliance differences in alveoli due to the inadequate surfactant spreading
(19), an immediate effect is important.

Surfactant instillation preserved surfactant composition and increased the
amount of surfactant in BALF. Most interesting is the preservation of
endogenous rat SP-A at a normal level after both surfactant treatments. SP-A
is thought to protect the surfactant monolayer for interference by leaked
serum proteins. The high level of SP-A after treatment with the modified
surfactant alone might explain why enrichment with SP-A did not result in a
better effect. Furthermore, this finding is in line with our previously stated
hypothesis that surfactant treatment protects endogenous SP-A against
damage caused by ischemia-reperfusion (3).

Conclusion

In this study instillation of surfactant enriched with SP-A did not improve
lung transplant function after a 1 hour reperfusion period. Importantly
however, it is confirmed that early surfactant treatment does improve sur-
factant phospholipid composition and preserves SP-A after reperfusion. We
believe that after inflated lung storage instead of instillation of surfactant
other delivery techniques, such as nebulization, will improve surfactant
spreading and, as a consequence, improve the immediate lung transplant
function . In such a situation the effect of enrichment of surfactant with SP-A
can be investigated more properly.
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Abstract

It is unknown whether lung transplantation alters the composition or function
of pulmonary surfactant from patients. Therefore we investigated the
composition of pulmonary surfactant from clinically transplanted lungs. We
further investigated whether an altered composition of pulmonary surfactant
correlated the duration of ischemia and with post operative complications, a
lower PO2 / FiO2 ratio, a longer duration of mechanical ventilation or a longer
stay on the ICU ward. Pulmonary surfactant was obtained by aspiration of
tracheal fluid while the lung transplant patient was on ventilator.(n=12). As
control, surfactant was investigated in tracheal aspirates form patients who
underwent an uncomplicated coronary bypass operation (n=15). We found
that after lung transplantation, with ischemia times up to 7 hours pulmonary
surfactant was almost the same as after coronary bypass grafting. Only the
ratio of surfactant protein-A to total surfactant phospholipids was
significantly lower after lung transplantation then after coronary bypass
grafting. Among the lung transplantation patients no correlation was found
between surfactant values and duration of ischemia or postoperative course.
The clinical significance of a low amount of SP-A in lung transplants remains
to be shown.

Introduction

After lung transplantation some degree of lung dysfunction is a common
feature. In most cases the lung transplant dysfunction resolves within days but
occasionally primary organ failure develops. The main cause of lung
transplant dysfunction is thought to be the injury evoked by ischemia and
reperfusion (1). One of the damaging effects of ischemia -reperfusion is
disturbance of the composition and function of pulmonary surfactant (2, 3). In
canine lung transplantation disturbances in the composition of pulmonary
surfactant after transplantation especially occur when the lung graft has been
stored for more than 12 hours (2). After 2 h to 4 h storage no significant
alterations of surfactant are reported (2, 4). It is unknown whether lung
transplantation alters the composition or function of pulmonary surfactant in
patients. We investigated whether the composition of pulmonary surfactant
from clinically transplanted lungs, with ischemia times up to 7 hours, is
altered after reperfusion. Pulmonary surfactant was obtained by aspiration of
tracheal fluid while the patient was on ventilator on the ICU ward. We further
investigated whether an altered composition of pulmonary surfactant
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correlated with postoperative complications, a lower PO2 / FiO2 ratio, a longer
duration of mechanical ventilation and a longer stay on the ICU.

Patients and methods

Pulmonary surfactant was analyzed in tracheal aspirates obtained from twelve
consecutive patients who received a double sequential lung transplant. Most
patients were transplanted for end-stage emphysema caused by alpha -1-
antitrypsin deficiency ( see table 1 ). Lung ischemia times did not exceed 7
hours. As a control group we used 15 patients who received a coronary artery
bypass graft (CABG). CABG patients undergo procedures that are similar to
lung transplant patients such as a thoracotomy and use of a extra corporeal
circulation. Pre-operative exclusion criteria for the CABG group were age
older than 65, history of lung diseases, and current state of heart failure.
Furthermore, complicated operation or post operative course leading to an
intubation time longer than 24 hours, led to exclusion. The postoperative
course of the patients is summarized in table 1.

table 1.    Patients with double lung transplantation or coronary bypass operation 
Indication for m/f HLM complication PO2/FiO2 days of storage time storage time

operation first 24 h before sampling ventilation 1st lung 2d lung

DLTx 1 AAD f no no 57 2 180 240
2 AAD m no no 58 1 210 270
3 AAD m no no 53 3 215 275
4 emphysema m yes ARDS, infection 24 32 270 280
5 bilateral bronchiectasia f yes bleeding, ARDS 32 21 220 340
6 cystic fibrosis f yes no 58 4 270 360
7 AAD f yes no 53 3 240 360
8 AAD m yes infection 50 7 270 360
9 AAD f yes no 67 2 250 400

10 bilateral bronchiectasia f no no 45 2 310 420
11 AAD m no no 47 3 330 420
12 AAD m yes no 59 1 295 420

CABG 1 CAD m yes no 41 Š 1 - -
2 CAD m yes no 42 Š 1 - -
3 CAD m yes small atelectase 47 Š 1 - -
4 CAD m yes no 53 Š 1 - -
5 CAD m yes no 47 Š 1 - -
6 CAD m yes no 53 Š 1 - -
7 CAD f yes no 47 Š 1 - -
8 CAD f no no 48 Š 1 - -
9 CAD m yes no 50 Š 1 - -

10 CAD f yes no 46 Š 1 - -
11 CAD m no no 38 Š 1 - -
12 CAD m yes no 55 Š 1 - -
13 CAD m yes  atelectase 1 lobe 31 Š 1 - -
14 CAD m yes no 52 Š 1 - -
15 CAD m yes atelectase 1 lobe 23 Š 1 - -

AAD= alpha-1-antitrypsin deficiency, CAD= coronary artery disease. 
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Tracheal aspirates
The tracheal aspirates were collected in the immediate post operative ICU
period while the patients were still ventilated. The main period of collection
was within 24 hour after transplantation or coronary bypass grafting.
Additional aspirates were collected from the lung transplantation patients to
monitor changes in surfactant until extubation. The aspirate was obtained only
on time points that the endotracheal tube was cleared from mucus on routine
basis. Five to 10 ml saline was injected into the trachea via a canula
positioned in the tube and then aspirated. The aspirates were refrigerated and
analyzed within 24 hours after collection.

Pulmonary surfactant.
To isolate pulmonary surfactant the aspirate was diluted with saline to ap-
proximately 1:1, vortexed for 1 minute and centrifuged for 10 minutes at 150
g to sediment debris, mucus and other large particles. The supernatant (s1)
was used for further analysis of the pulmonary surfactant. First, the
percentage heavy surfactant subtype was determined. Therefore 2 x 1 ml of s1
was centrifuged at 27 000 g for 15 minutes in a TLA 100 rotor (Beckmann) as
described previously (5). The pellet (p2) contains the heavy subtype
surfactant, the supernatant (s2) the light subtype surfactant. Phospholipid
content was measured with a perchloric acid method (5). By summing up the
amount of light and heavy surfactant phospholipid the total amount of
phospholipid (PL) was calculated. The percentage phosphatidylcholine (PC)
of total amount of PL was measured with thin layer chromatography
according to Touchstone (6) . To obtain a sufficient amount of surfactant s1
was first concentrated in a pellet (p3) by centrifugation for 8 hours at 100,000
g in a Beckman SW 50 rotor. The amount of SP-A was measured in sample
taken from s1 using a sandwich ELISA method (7). Finally, also the amount
of serum protein was measured in a separate sample from s1 (8). Because of a
large variation of recovered aspirate volumes (2.5 ml to 10.5 ml) no absolute
amounts but only amounts relative to PL will be presented.

Results

The pulmonary surfactant in trachea aspirates obtained from double lung
transplantation patients and coronary bypass patients did not differ greatly.
The surfactant components heavy subtype and PC (as percentages of PL) did
no differ between the two groups ( table 2).
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Table 2.         Surfactant components in tracheal aspirates

Heavy subtype PC/PL SP-A/PL Protein/PL
(%) (%) (µg/µmol) (µg/mmol)

DLTx
average 73.3 54.2     4.0 * 65.6

sd 12.6 11.8 2.5 46.5
CABG

average 74.8 50.5 11.8 50.0
sd 15.9 8.4 8.4 33.7

* = p< 0.001, DLTx versus CABG

Only the ratio of SP-A to PL within 24 h after operation was lower in the lung
transplantation group as compared to the CABG group (figure 1).
In the time period until extubation the SP-A/PL ratio tended to increase but
varied greatly (figure 2). Within the lung transplantation group there was no
correlation between alterations in surfactant components and ischemia time
before reperfusion or the use of the heart lung machine.Furthermore, there
was no correlation with post operative complications, PO2 / FiO2 ratio within
24 h after operation, days of mechanical ventilation, or days of stay on the
ICU. The two lung transplant patients with the post operative

SP-A/PL 
(µg/µmol)

10

20

30

CABG

0

P< 0.01

DLTx

Figure 1. SP-A/PL ratios in tracheal aspirates within 24 hours after double lung transplanta-
tion or coronary artery bypass operation. The SP-A/PL ratio in tracheal aspirates is signifi-
cantly lower after a lung transplantation (DLTx) then after a coronary bypass operation
(CABG).
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complication ARDS (pat. 4 and 5, see table 1) had a SP-A/P L ratio in the
range of the whole group (3.6 and 1.8, respectively) and a protein/PL ratio in
the lower range (22.6 and 11.7, respectively). Within the CABG group the
patients operated without heart lung machine had no apparent different
composition of surfactant then the patients operated with the use of a heart
lung machine (data not shown).

0

15

1 2 3 4 5 6 7 >7
days of mechanical ventilation

SP-A/PL 
(µg/µmol)

day 21

day 32

5

10

Figure 2. SP-A/PL ratios in tracheal aspirates during the ventilation period after double lung
transplantation. Data of day 1 include all first samples taken within the first 24 hours after
transplantation. Data of patients extubated within the first 3 days after transplantation are
shown in a shaded area that represents the mean ± SD (day 1 n=8, day 2 n=6, and day 3 n=3).
Individual curves are given for the four patients extubated later after transplantation. The SP-
A/PL ratio in the aspirates on day 1 do not correlate with the duration of mechanical
ventilation. The SP-A/PL ratio in patients ventilated for 4 or more days, including the two
patients with ARDS after transplantation (extubated at day 21 and 32), is in the same range
as in the rest of the patients.

Discussion

This study shows that the composition of pulmonary surfactant in tracheal
aspirates of patients after a double lung transplantation obtained within 24
hours after reperfusion differs minimally with surfactant from patients who
underwent uncomplicated coronary bypass operation: the percentages heavy
subtype and PC of total PL were low but not apparently effected by lung
transplantation. The SP-A/PL ratio, however, was significantly lower after
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lung transplantation then after coronary bypass grafting. The composition of
pulmonary surfactant in the tracheal aspirates from lung transplantation
patients seemed not to relate to individual differences in transplantation
procedure and post operative course.

The use of tracheal aspirates as sampling source of pulmonary surfactant
instead of the more commonly used bronchoalveolar lavage fluid (BALF)
makes the interpretation of the found low SP-A/PL ratio somewhat difficult.
Compared to the SP-A/PC ratio in studies where BALF from healthy
volunteers was investigated, our SP-A/PC ratio (calculated from the SP-A/PL
ratio and the percentage PC) is 25 times lower after lung transplantation (7.6
± 5.0 µg/µmol) and 10 times lower after CABG ( 22.0 ± 13 .7 µg/µmol).
Whether this large difference is due to the use of tracheal aspirates or reflects
a real decrease of the SP-A/PL in the alveoli and bronchioles is uncertain.
Support for a real decrease of SP-A/PL in lung transplants is the consistently
very low concentration of SP-A in BALF ( 5 to 30 times lower then in healthy
controls ) on time points varying from 1 week to several years after lung
transplantation in a study by Hamm and colleagues (9).

The factors causing the low SP-A/PL ratio after transplantation are yet not
identified. Experimentally, it has been shown that it can not be an increase in
PL that causes a decrease in SP-A/PL ratio (3, 5). Factors that may cause a
low SP-A/PL ratio after ischemia and reperfusion are a decreased SP-A
synthesis (10), SP-A cleavage (11) and leakage of SP-A from the alveolus
into the blood (12).

A low SP-A/PL ratio after lung transplantation may have clinical impli-
cation for both the lung function and the innate lung defense. SP-A
specifically counteracts the inactivation of surfactant by leaked serum proteins
as occurs after lung reperfusion or during acute lung injury. In this way it is
important in preventing alveolar collapse. As shown in rats a deteriorated
function of lung transplants after a prolonged ischemia time was paralleled by
a low amount of SP-A in BALF(5). In the defense against bacteria and
viruses, SP-A was shown to activate alveolar macrophages leading to a more
effective clearance of certain bacteria (13) and viruses (14, 15).

Most lung transplant recipients performed well during the first postop-
erative day, except for two patients with ARDS. The development of ARDS
in these two patients was related to massive post-operative bleeding and re-
operation in the first and lung infection in the second, but not to prolonged
ischemia times.  A low SP-A/PL ratio did not predict a complicated course
and seems not to be a sensitive marker for the extend of lung transplant
injury. We conclude that lung transplantation with ischemia times up to 7
hours affects pulmonary surfactant only minimally as compared to CABG.
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The clinical significance of a low amount of SP-A in lung transplants remains
to be shown.

Aknowledgements: We thank Bianca van Rozendaal for the measurement of SP-A.
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Summary and conclusions

Pulmonary surfactant lowers the surface tension at the air-water interface
inside the alveolus. This is achieved by adsorption of surfactant phospholipids
at the air-water interface, a process controlled by surfactant-associated
proteins, such as SP-A. In this way, surfactant prevents collapse of the
alveolus at end expiration, prevents formation of alveolar edema and increases
the compliance of the lung. In chapter 1a an overview is given how the
normal function of surfactant can be affected by lung transplantation.

It is now well established that the surfactant function is impaired in case
of acute lung injury, like in the acute respiratory distress syndrome (ARDS).
Several factors in clinical ARDS and in experimental ARDS models are
responsible for the impairment of the surfactant function. One factor is the
inhibition of the surfactant function by serum proteins that leak into the
alveoli. Other possible factors are an altered composition of surfactant and an
altered surfactant metabolism.

During the reimplantation response, which is a form of acute lung injury
after lung transplantation caused by the complex of denervation, disruption of
lymphatic vessels, and ischemia-reperfusion, we expect that the surfactant
function is impaired in a similar way as in ARDS. The clinical symptoms of
the reimplantation response, including the development of protein rich
alveolar edema, a decreased lung compliance and a diminished gas exchange,
are similar to those of ARDS.

Pulmonary surfactant after lung storage and reperfusion
To elucidate which factors might affect pulmonary surfactant in lung
transplantation, two distinct phases in the transplantation procedure were
investigated in this thesis. The first phase is lung storage during which the
surfactant system may be disturbed by ischemia and (in some cases) hypoxia
leading to changes in composition and function of surfactant. The second
phase is the reperfusion period after lung storage during which an oxygen
radical mediated lung injury may alter the surfactant composition and impair
the surfactant function. To investigate the pulmonary surfactant, it was
obtained from the lungs by bronchoalveolar lavage.

In chapter 2a surfactant was investigated in rat lungs during cold storage
up to 20 h. We found that cold lung storage does not significantly disturb the
pulmonary surfactant composition or function. Only the amount of SP-A
relative to the surfactant phospholipids decreases when lungs are stored for 20
h.
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In chapter 2b we investigated the effect of transplantation injury after 60,
90 and 120 minutes of warm ischemic lung storage on pulmonary surfactant
in rats. At 1 day after transplantation, when the reimplantation response is
most severe, pulmonary surfactant and the quasi static compliance were
investigated. We found that the surfactant function was impaired during the
reimplantation response. Furthermore the surfactant function was more
impaired when the reimplantation response was more severe caused by a
longer period of lung storage. The impairment of surfactant function was
paralleled by a decrease in quasi static compliance of the lung transplant. We
conclude that the impairment of the surfactant function is caused by serum
proteins leaking into the alveolar space and by a low percentage of
phosphatidylcholine in the surfactant phospholipids.

Surfactant treatment in experimental lung transplantation

On the basis of the first two studies we expected that improvement of lung
preservation methods would prevent the deterioration of the surfactant
function during the reimplantation response. Furthermore we expected that
intra-tracheal surfactant treatment, given before changes in pulmonary sur-
factant occur (i.e. before reperfusion), would improve lung transplant
function.

In chapter 3a a modified natural surfactant was instilled into the lung
transplant just before reperfusion after 6 or 20 h cold deflated lung storage to
improve the lung transplant function. In this study we showed that instilled
surfactant improved the immediate lung transplant function in association
with an increase in pulmonary surfactant components. Remarkably, the
amount of endogenous SP-A was partially preserved after surfactant
instillation which may be crucial for the efficacy of surfactant treatment of
lung transplants.

In chapter 3b the effect of early surfactant instillation on the recovery
from transplantation injury in a period of 1 week was studied. Again sur-
factant was instilled before reperfusion but now the lung transplant function
was followed for one week and pulmonary surfactant from the transplant
obtained at one week. We found, first, that pulmonary surfactant was not fully
recovered at one week after transplantation even in lungs which had recovered
apparently from transplantation injury. Second, we found that early surfactant
treatment in lung transplantation enhanced recovery from transplantation
injury and had persistent beneficial effects on pulmonary surfactant.
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In chapter 3c a surfactant enriched with SP-A was instilled just before
reperfusion to investigate whether the enrichment with SP-A could improve
the efficacy of surfactant treatment after prolonged lung storage. In this study
the rat lungs were stored inflated with 50 % oxygen for 20 h. Transplant
function and pulmonary surfactant in BAL fluid were measured after 1h of
reperfusion. It was found that inflated storage preserved pulmonary surfactant
and lung transplant function rather well. Although surfactant treatment
improved the amount and composition of surfactant phospholipids and
preserved the amount of SP-A, it did nor further improve the lung function.
Enrichment of surfactant with SP-A did not result in better effects of the
surfactant treatment. Our explanation for the absent effect of surfactant
instillation in this study was inadequate spreading of the instilled surfactant in
the inflated-stored lung. We hypothesize that other delivery techniques, such
as nebulization, may improve surfactant spreading, and consequently the
function of inflated-stored lung transplants.

Pulmonary surfactant after clinical lung transplantation

In chapter 4a it was investigated in a pilot study whether pulmonary surfac-
tant alters after clinical lung transplantation. Our main interest was the im-
mediate effect of transplantation injury on pulmonary surfactant after lung
storage and reperfusion. Pulmonary surfactant was obtained by aspiration of
tracheal fluid from patients who underwent a double sequential lung
transplantation. Surfactant from patients who underwent a uncomplicated
coronary bypass operation served as control. We found that after lung
transplantation with ischemia times till 7 h the composition of pulmonary
surfactant was almost the same as after coronary bypass grafting. The only
difference was a lower SP-A/PL ratio (presumably caused by a low amount of
SP-A) in surfactant from lung transplant patients. The clinical significance of
the low amount of SP-A in lung transplants remains to be shown.

Conclusions and future perspectives

In this thesis we investigated the effects of lung storage and the effects of lung
transplantation on pulmonary surfactant and lung transplant function in rats
and patients. The time points of measurement after transplantation ranged
from immediately after reperfusion till one week after transplantation.
Surfactant treatment of lung transplants was another line of investigation.

Based on our studies we conclude that cold storage of lungs up to 20 h did
not affect the phospholipids of surfactant or the function of pulmonary
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surfactant; the amount of SP-A, however, decreased during storage. Although
similar findings were reported by some investigators, our findings are in
contrast with other reports of a complete deterioration of surfactant during
storage. As discussed in chapter 1a, we believe that the apparent differences
are caused by the use of different storage methods.

Our findings during the first hourst of reperfusion are in line with other
studies on pulmonary surfactant ( chapter 1a, table ) and lung transplant
function. Also our finding that reperfusion after inflated storage causes less
surfactant alterations and improves lung transplant function (chapter 3c)
confirms other studies. The observation that one week after transplantation
both the amount of surfactant phospholipids and SP-A are lowered is unique
because it could be made without interference of rejection. The performed
pilot study in lung transplant patients indicates that transplanting a lung
within 7 hours of ischemia compared with coronary bypass grafting does not
cause major changes in surfactant .

Surfactant treatment of lung transplants, in our studies by surfactant
instillation before the start of reperfusion, improved the composition of
surfactant in parallel with the lung transplant function in rats. Our studies, in
line with studies by others, showed that the effect on lung function depended
on the severity of transplant injury. Additionally, we found that early
surfactant instillation positively effected the amount and composition of
surfactant and the transplant function at 1 week after transplantation. We were
unable to show that enrichment of surfactant with SP-A improves the efficacy
of surfactant instillation before reperfusion. As is shown by Novick and
colleagues, surfactant instillation just before reperfusion of an inflated stored
lung is not very effective, likely due to inadequat spreading. They find that
surfactant treatment of the lung while still in the donor is much more
effective.

We believe that surfactant treatment given just before reperfusion can be
equally effective as treatment of a lung donor when spreading of surfactant is
improved. Nebulization instead of instillation might spread surfactant more
efficient because the lung is not injured before reperfusion. Clinical
application might be possible when surfactant can be nebulized faster and
more efficiently due to the development of new devices. Another clinical
application for surfactant treatment might be restoration of the function of a
marginally functioning donor lung which is caused by brain death or
mechanical ventilation. In this way lungs may be saved that otherwise were
refused for transplantation.
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Inleiding

Longen worden sinds de jaren tachtig met succes getransplanteerd. De long
van een donor moet na uitname en tijdens transport in een goede staat
gehouden worden zodat zij meteen weer goed functioneert in de ontvanger.
Ter voorkoming van schade aan de cellen van de bloedvaten in de long en de
cellen van het longweefsel zelf, is het koelen van de long essentieel en moet
er een bewaarvloeistof gebruikt worden. Ondanks deze beschermende
maatregelen lopen de genoemde cellen toch altijd enige schade op die pas
duidelijk wordt als de long na plaatsing in de ontvanger weer wordt
doorbloed. In sommige patiënten leidt deze vorm van schade –de zogeheten
transplantatieschade– tot een slechtere opname van zuurstof en een geringere
luchthoudendheid van de getransplanteerde long. Dit komt doordat er vocht
vanuit de bloedvaten in de longblaasjes lekt en de longblaasjes gaan
samenvallen. Hoewel deze situatie intensieve behandeling behoeft (met name
kunstmatige beademing) is de transplantatieschade meestal omkeerbaar. In
enkele gevallen is de schade echter dermate ernstig dat de long verloren gaat.
De vochtlekkage en het samenvallen van de longblaasjes door de
transplantatieschade zou nog versterkt kunnen worden door een verminderde
functie van het longsurfactant.

Normaal functionerend longsurfactant zorgt ervoor dat de longblaasjes
goed open blijven gedurende de ademhaling zodat een continue uitwisseling
van zuurstof en kooldioxyde gewaarborgd is. De longblaasjes, die aan de
binnenzijde bedekt zijn met een dun laagje vloeistof, hebben een neiging tot
samenvallen. De neiging tot samenvallen wordt veroorzaakt door een naar het
midden van het longblaasje gerichte kracht, die het gevolg is van de
oppervlaktespanning in het vloeistof-luchtgrensvlak van het vloeistoflaagje.
Longsurfactant verlaagt de oppervlaktespanning en vermindert daarmee de
neiging tot samenvallen.

Longsurfactant wordt geproduceerd door een specifieke longcel: de type II
pneumocyt. Longsurfactant bestaat voor het grootste deel uit vetten of lipiden,
met name uit fosfolipiden met als belangrijkste het phosphatidylcholine (PC).
Verder bevat surfactant specifieke surfactanteiwitten, te weten SP-A, SP-B, en
SP-C. De functie van het longsurfactant is het verlagen van de
vloeistofoppervlaktespanning aan de binnenzijde van het longblaasje grenzend
aan de lucht. Praktisch betekent dit dat surfactant ervoor zorgt dat de slecht
samendrukbare PC-moleculen aan de oppervlakte van het vloeistoflaagje een
éénlagige schil vormen die de spanning uit de oppervlakte halen en die bij een
kleine diameter het longblaasje zelfs "stutten". De surfactanteiwitten SP-A,
SP-B, en SP-C zorgen er voor dat de PC-moleculen efficiënt de éénlagige
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schil kunnen vormen. Verder zorgt met name het SP-A ervoor dat de vorming
van deze éénlagige schil niet makkelijk verstoord wordt door bijvoorbeeld
eiwitten die vanuit de bloedbaan in het longblaasje gelekt zijn.

Om de hoeveelheid longsurfactant op peil te houden is er enerzijds
voortdurend aanmaak en uitscheiding van nieuw surfactant, en anderzijds
heropname en recycling van gebruikt surfactant in de type II pneumocyt.
Vergroting van het vloeistofoppervlak tijdens de inademing zorgt ervoor dat
nieuwe PC-moleculen in de éénlagige schil kunnen komen; verkleining van
het vloeistofoppervlak tijdens de uitademing heeft als gevolg dat gebruikte
fosfolipiden eruit worden gedrukt.

In het onderzoek van dit proefschrift is onderzocht bij ratten wat er na
longtransplantatie misgaat met het longsurfactant en of dit te behandelen is
door extra surfactant in de longblaasjes te spuiten. Verder is in een oriën-
terende studie nagegaan of ook bij getransplanteerde patiënten het long-
surfactant verandert.

Longsurfactant na longtransplantatie bij de rat

Wat gaat er nu mis met het longsurfactant na longtransplantatie?
Na alleen een langdurige koude (8 0 C ) bewaarperiode van de rattenlong is de
samenstelling van het longsurfactant (verkregen door spoelen van luchtwegen
en longblaasjes van de long) nog praktisch onaangetast en heeft het surfactant
een goede functie bij meting in een proefopstelling (hoofdstuk 2a). Alleen de
hoeveelheid SP-A ten opzichte van de hoeveelheid fosfolipiden neemt af. Na
transplantatie echter verslechtert de kwaliteit door een veranderde
samenstelling en daarmee verslechtert ook de functie (hoofdstuk 2b). Meer in
detail: het PC wordt vervangen door minder effectieve fosfolipiden en de
vorming van de éénlagige schil wordt verstoord door gelekte serumeiwitten.
Eveneens neemt de hoeveelheid SP-A zeer sterk af, met name als de long veel
transplantatieschade heeft opgelopen door een lange bewaarperiode
(hoofdstuk 3a). Gelijkertijd verslechtert ook de functie van het
longtransplantaat: zuurstof wordt slecht opgenomen en er zijn hogere
beademingsdrukken nodig om de longblaasjes ontplooid te houden.
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Surfactantbehandeling van longtransplantaten bij de rat

Wat te doen aan de schade van het longsurfactant die ontstaat na long-
transplantatie ?
Door de manier van bewaren te optimaliseren zou de transplantatieschade
kunnen worden verminderd. Toch zal er altijd schade ontstaan. Daarom
hebben wij onderzocht of rechtstreeks toedienen van surfactant in het
longtransplantaat de functie van het surfactant en daarmee de functie van het
transplantaat zou kunnen verbeteren. Het surfactant wordt net voor
hernieuwde doorbloeding - of reperfusie - van de long in de grote luchtweg
van het transplantaat toegediend.

Als surfactant (verkregen uit koeienlongen en daarna gezuiverd) in
overmaat wordt toegediend, verbetert de directe functie van longtransplantaat
ten opzichte van onbehandelde transplantaten (hoofdstuk 3a). Het positieve
effect is echter minder uitgesproken bij sterkere transplantatieschade ( in onze
studie veroorzaakt door de bewaartijd van de long te verlengen van 6 naar 20
uur ). De surfactantbehandeling verbetert behalve de longfunctie ook de
samenstelling van het surfactant. Opmerkelijk is dat de hoeveelheid SP-A,
geproduceerd door het longtransplantaat zelf, na surfactantbehandeling
enigszins op peil blijft. Zelfs één week na het toedienen van surfactant is er
nog een positief effect op het longsurfactant en de transplantaatfunctie waar te
nemen: normalisatie van de hoeveelheid surfactantfosfolipiden in vergelijking
met onbehandelde transplantaten (hoofdstuk 3b).

Omdat de transplantaatfunctie in geval van ernstige schade na een lange
bewaartijd minder goed reageert op surfactantbehandeling, trachtten wij de
werkzaamheid van het toegediende surfactant te vergroten. Dit is gedaan door
SP-A toe te voegen aan het surfactantpreparaat (hoofdstuk 3c). De
veronderstelling hierbij is dat surfactant met SP-A beter bestand zou zijn
tegen de verstorende invloed van gelekte serumeiwitten uit de bloedbaan - een
lekkage die eigenlijk altijd optreedt na reperfusie. Wij konden in deze studie
het veronderstelde effect niet aantonen. Waarschijnlijk is dit het gevolg van
het feit dat ook zonder surfactanttoediening de getransplanteerde longen
redelijk goed functioneerden. Oorzaak hiervan was dat de longen in deze
studie opgeblazen in plaats van ineengevallen zijn bewaard. In dergelijke
longen geeft vernevelen van het surfactant waarschijnlijk een beter effect.
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Surfactant na longtransplantatie bij patiënten

Verandert het longsurfactant ook na longtransplantatie bij patiënten?
Het longsurfactant van patiënten na dubbelzijdige longtransplantatie is
vergeleken met surfactant van patiënten die een omleggingsoperatie van een
kransvatslagader van het hart of een hartklepoperatie hebben ondergaan. In de
door ons onderzochte patiëntengroep lijken de surfactantfosfolipiden, na
spoeling opgezogen uit de luchtpijp, redelijk ongeschonden uit de strijd te
komen. Het enige wat afwijkt is de lage verhouding van het SP-A ten
opzichte van de fosfolipiden in het surfactant van de transplanta-tiepatiënten.
Mogelijk geeft het transplanteren van longen met een bewaartijd tot 7 uur,
zoals in deze studie, slechts weinig transplantatie- en surfactantschade.

Toekomstverwachtingen
Surfactantbehandeling van longtransplantaten voor reperfusie lijkt klinisch
goed te realiseren. Longen met een lange bewaartijd zouden hiervoor in
aanmerking kunnen komen. Voorwaarde hiervoor is wel dat de efficiëntie van
de surfactanttoediening verbeterd wordt. Een andere mogelijke toepassing is
surfactantbehandeling te geven aan potentiële donoren als de longen
ongeschikt dreigen te raken voor transplantatie door vocht- en eiwitlekkage
vanuit de bloedbaan als gevolg van de opgetreden hersendood of kunstmatige
beademing.
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Met dank aan

Hoewel je als promovendus vele uren alleen met een proefschrift bezig bent,
is de tot standkoming van dit proefschrift toch zeker een teamprestatie. Ik ben
dan ook velen dank verschuldigd.

Het team waar ik een aantal jaren in functioneerde werd in feite
geformeerd door mijn co-promotor, dr. Jochum Prop, hoofd van de
Onderzoeksgroep Thoraxchirurgie. Beste Jochum, naast het feit dat je het
basisidee van mijn onderzoek hebt uitgewerkt tot een project, ben je er tot en
met de laatste punt van het proefschrift bij betrokken gebleven. Op je geheel
eigen - directe - wijze wist je bij mij het onderste uit de kan te halen. De zeer
vele versies van manuscripten werden zonder zichtbaar morren gecorrigeerd.
Bij tegenslag met de ratten, en tegenslag hebben we gehad, was jij op je best
omdat er dan weer iets was om op te lossen. Kortom Jochum, zonder jouw
grote inzet was het nooit zover gekomen.

Prof. dr. Sidarto Bambang Oetomo, promotor, stond ook aan de basis van
dit proefschrift. Beste Sidarto, jouw kennis van surfactant was van grote
waarde bij de start van het project. Met als basis de methoden die jij gebruikte
voor jouw promotie, begon ik in het nieuw opgerichte laboratorium "long en
surfactant" en startte ik later  met het toedienen van surfactant. Verder kwam
ik via jouw in contact met vernieuwers op het gebied van surfactantonderzoek
welke essentieel waren voor de vooruitgang van de experimenten.

Op de werkvloer waren het Arjen Petersen en Gert Hofstede die het
onderzoek gestalte gaven. Beste Arjen, jij blijft als specialist op het gebied
van het transplanteren van rattenlongen onnavolgbaar. Ik heb echter bovenal
je inzet gewaardeerd die er toe heeft geleid dat mijn ideeën, met name op het
gebied van surfactanttoediening en longfunctiemeting tijdens de
longtransplantatieprocedure, tot een werkzaam geheel werden. Beste Gert,
jouw enthousiasme en werklust waren zo groot dat we je moesten afremmen.
Dit ondanks het feit dat je onder moeilijke omstandigheden moest werken
doordat de diverse afdelingen en laboratoria ver uitelkaar lagen. Door een
goede samenwerking met andere analisten en onderzoekers konden we de
meeste bepalingen uiteindelijk " zelf ". Met erg veel plezier denk ik terug aan
ons geklooi op het kleine labje van het CDL.

Prof. dr. Tjark Ebels, eerste promotor en opleider, begeleidde het on-
derzoek op afstand waarbij hij altijd de vertaalslag naar de kliniek trachtte te
maken. Beste Tjark, je analytische benadering van de onderzoeksresultaten
werkte zeer verhelderend. Jammer genoeg kon ik je niet trakteren op een berg
gegevens die statistisch bewerkt moesten worden. Met veel plezier ben ik nu
met het echte werk op de afdeling Thoraxchirurgie begonnen.
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Prof. dr. Bert van Golde, promotor, overzag, als surfactantonderzoeker
van het eerste uur, de mogelijk- en onmogelijkheden van het project. Beste
Bert, op cruciale punten stuurde je de richting van het project bij. Doordat je
initiëerde dat ik experimenten kon doen in het surfactantlaboratorium van
jouw vakgroep Veterinaire Biochemie in Utrecht, kreeg ik steeds meer vat op
het surfactant.

Nadat contact was gelegd met het "Utrechtse" raakte dr. Henk Haagsman,
referent, meer en meer bij het onderzoek betrokken. Beste Henk, jouw
gedrevenheid en betrokkenheid gaf het onderzoek een enorme impuls en
diepgang. Met iedere vraag omtrent methoden of bepalingen kon ik bij je
terecht. Door onze goede verstandhouding kon het SP-A een belangrijke rol
gaan spelen.

Andere mensen staken waardevolle energie in het onderzoek of ver-
leenden mogelijkheden tot het doen van de experimenten. Prof. dr. Gerrit
Scherphof en dr. Jacob Ennema gaven adviezen bij het opzetten van de
methoden en beoordeelden de eerste resultaten. Dr. Hans Egberts begeleidde
de eerste oppervlaktespanningsmetingen in Leiden. Dr. Eberhardt Weller uit
Duitsland verschafte niet alleen het surfactant maar gaf zijn enthousiasme en
kennis er bij. Dr. Coos Batenburg onderwees mij in het scheiden van
fosfolipiden en werkte mee aan een artikel. Met Dr. Ruud Veldhuizen in
Canada werd regelmatig overlegd en gebrainstormd over nieuwe
onderzoeksideeën. Prof. dr. Roel Vonk en dr. Folkert Kuipers verleenden
medewerking aan en ruimte voor het verrichtten van laboratoriumwerk. Rick
Breeuwsma, expert in datamassage, analyseerde toch betrouwbaar de eiwitten
in longlavagevloeistof op het lab van de Dermatologie. Stefan Monnink testte
de mogelijkheden van de bellenblaasmachine nadat vele emmers met
uitgespoeld schapensurfactant waren opgewerkt. Aan het geluid van de
machine en de vorm van de bel wisten we op den duur exact de uitslag van
oppervlaktespanningsmeting te voorspellen.

Van diverse onderzoeksgroepen en laboratoria stonden mensen mij bij als
er met reageerbuizen, pipetten, dunnelaagplaten of vluchtige oplosmiddelen
gegoocheld moest worden. Met name wil ik noemen dr. Dirk-Jan Reingoud
en Albert Gerding die zich vooral ongevraagd met de surfactantbepalingen
bemoeiden. Verder waren Janny  Takens, Tiny Meeuwsen, Rick Havinga,
Renze Boverhof, dr. Klary Niezen, en Trijnie Bos altijd bereid tot advies,
zelfs nadat ik, net voor een vakantieperiode, een gemeenschappelijke vriezer
had uitgezet in plaats van het alarm op de vriezer. De intensieve SP-A
bepalingen in Utrecht werden onder zeer gezellige omstandigheden begeleid
en soms zelfs verricht door Martin van Eijk, dr. Esther Putman, Rob Elfring
en Bianca van Rozendaal. Bij de Onderzoeksgroep Thoraxchirurgie verleende
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Diny de Boer secretariële bijstand en verrichtte Greetje Groen veel
histologische kleuringen op materiaal wat we nog amper hebben kunnen
gebruiken en spijkerde Janneke de Vries mijn Engels bij. De groep van Bloed
Interactie Onderzoek (dr. Wim van Oeveren) was, voordat ze verkasten, een
goede discussiepartner. Het longtransplantatieteam Groningen en mensen
werkzaam op de IT Thoraxchirurgie werkten mee aan de studie bij long-
transplantatie patiënten

 Het Nederlands Astmafonds wil ik niet alleen bedanken voor de fi-
nanciële steun maar ook voor het constructief meedenken van hun adviseurs
toen het project de richting van surfactantbehandeling op ging.

En dan natuurlijk Dettha. Lieve Dettha, jij weet als geen ander dat, als het
enthousiasme bij mij toeslaat, ik bepaalde zaken vergeet. Jouw ondersteuning
en uithoudingsvermogen hebben er voor gezorgd dat dit proefschrift er is
gekomen naast jouw werk en mijn opleiding. Alsof het niets was, baarde je
ook nog onze twee prachtige dochters Iris en Elbrich en zorgde je er voor dat
zij niets te kort kwamen. Je bent en blijft onvervangbaar.
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