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Summary: In the acute respiratory distress syndrome (ARDS), surface tension, T, isbelievedtobe
elevated and surfactant therapy has failed to reduce mortality. Here, we test whethervarious
substances suggested to contribute to elevated Tin ARDS infact raise T inthe lungs. And we testthe
ability of exogenous surfactant and of a potential alternative therapeutic, sulforhodamine B (SRB), to
reduce T. We find exogenous surfactant unable tolower Tin the presence of cell debris but SRB, which
can be administeredintravascularly, acandidate forlowering Tin non-aspiration ARDS.
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Abstract

BACKGROUND: In the acute respiratory distress syndrome (ARDS), elevated alveolar surface tension, T,
may increase ventilation-induced lunginjury. Exogenous surfactant therapy has not reduced ARDS
mortality. Sulforhodamine B (SRB), which acts with albumin to improve native lung surfactant efficacy,
could be an alternative T-lowering therapeutic. We test whethersubstances suspected of elevating Tin
ARDS raise Tinthe lungs—where, unlikein mostin vitro tests, the surfactant monolayerisintact—and
testthe abilities of exogenous surfactantand SRBto reduce T.

METHODS: Inisolatedratlungs, we micropuncture asurface alveolus andinstill asolution containinga
substance purported toraise Tin ARDS: control saline, cell debris, secretory phospholipase A, (sPLA,),
acid or mucins. We test each substance alone; with albumin, to model proteinaceous edemalliquid;
with albumin and subsequent exogenous surfactant; or with albuminand SRB. We determine Thy
combining servo-nulling pressure measurement with confocal microscopy, and applying the Laplace
relation.

RESULTS: Inthe control group, saline, albumin and Infasurf do not alter T; SRB reduces T below normal.
With albumin, the experimental substances raise T. With cell debris, surfactant does not alter T; SRB
normalizes T. With sPLA,, surfactant normalizes T; SRB reduces T. With acid or mucins, neither
surfactant nor SRB alters T.

CONCLUSIONS: The inability of surfactant to countercell debris may contribute to the failure of
surfactanttherapy for ARDS. For non-aspiration ARDS, SRB, which can be delivered intravascularly to
target injured lungregions, holds promise as atreatment.
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Introduction

Acute respiratory distress syndrome (ARDS) can occur following a direct pulmonary insult, such as
gastric aspiration orcorona virus-induced pneumonia, orasystemicinsult, such as sepsis oracute
pancreatitis (47,49). In ARDS, alveolaredemaimpedes gas exchange. Mechanical ventilation supports
gas exchange but exacerbates lung condition and causes ventilation-induced lunginjury (VILI) (5, 6).
Evidence suggeststhat alveolar surface tension, T, is elevated in ARDS and that lowering Tshould reduce
VILI (15, 38, 50). However, surfactanttherapy has failed, in clinical trials, to reduce ARDS mortality (4).

The cause of elevated Tin ARDS is not well understood. While plasma proteinsinedemaliquid are
believedtoraise T, we and others have shown that plasma proteins do not alter Tin the presence of an
intact surfactant monolayeras existsinthe lungs (22, 25, 27, 34). Otherpossible causesinclude cell
debris contamination of the alveolar liquid phase (24); increased activity of phospholipases, particularly
secretory phospholipase A, (sPLA,) (17, 40); and gastricaspiration, which may loweralveolar pHor
wash T-raising airway mucins to the alveoli (33).

In ARDS, more than one of the above substances are likely present. And whilethe failure of surfactant
therapy may be attributable to ineffective dosage ordelivery strategy (11), the ability of exogenous
surfactantto lower Tinthe presence of the above-mentioned suspected T-raising substances and an
intact surfactant monolayer has not been assessed. Further, we found thatthe non-toxicdye
sulforhodamine B (SRB), in combination with albumin, lowers surface tension 27% below normal in
healthy lungs (28) and wish to test the efficacy of SRBin the presence of the above-mentioned
substances. Thuswe use our technique fordetermining Tin situ in surface alveoli of isolated lungs (27,
33) to determine Tunder ARDS conditions withoutand with exogenous surfactant or SRB.

Results

In isolated ratlungs, we micropuncture asurface alveolus and instill normal saline (NS) alone (control) or
with a substance purportedtoraise Tin ARDS: red blood cell (RBC) debris or debris fraction (Fig. 1); one
of the sPLA, forms most likely to be presentin ARDS — group IB or lIA sPLA, (19, 23, 40); hydrochloric
acid (HCl); ormucins. To model the ARDS disease state in which plasma proteins are presentinthe
alveolaredemaliquid, we includealbumin. Totestthe effect of exogenous surfactant or SRB, we
administerasubsequentinjection of Infasurforinclude SRBinthe T-raising substance solution,
respectively. Forvisualization, we include non-T-altering fluorescein or sulforhodamine G (SRG) (27, 33).
Combiningservo-nulling pressure measurement and confocal microscopy, we apply the Laplace relation
to determine Tin situ in the lungs (27, 33).

Controlsaline. Asin previous studies (27, 28, 33), alveolarinjection of NSor NS+ albumin does notalter
T. Likewise, NS +albumin followed exogenous surfactant does not alter T(Fig. 2). However, NS+
albumin + SRB lowers Thelow normal. Alveolarseptaappearblack, indicating that fluorescein
administered with the instilled solutions remains in the alveolarliquid, (Fig. 3A).

Cell debris. Homogenized whole-RBC debris raises Tmarginally and whole cell debris +albumin raises T
significantly (Fig. 2). Exogenous surfactantfailsto countertheincreasein T. Sulforhodamine B
normalizes T.

From a 6x-volume lysate of RBCs, supernatant, ghost solution and ghost lipid extract fractions all raise T
(Fig.4A). With inclusion of albumin, lysate supernatant furtherraises T, ghost solution tends furtherto
raise Tand lipid extract failstoraise T.
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Supernatants from 1x-, 6x- and 30x-volume lysates of RBCs all raise T (Fig. 4B). However, only forthe
most concentrated 1x supernatant does asolution of the same concentration of methemoglobin
(metHb; Table 1) raise T. Thus, for the 6x and 30x supernatants, solutes otherthan Hb mustraise T.

Phospholipase A,. Group IBor IIA sPLA, solution, without or with albumin, raises T(Fig. 2). Subsequent
surfactantnormalizes T. Sulforhodamine B reduces (l1A) or fully normalizes (IB) T. Fluorescein
concentrationin cells suggests hydrolysis of epithelial plasma membranes and hydrolysis of macrophage
plasmamembranes or macrophage activation (Fig. 3B).

Hydrochloric acid and mucins. Hydrochloricacid solution causes regional damage evidentin bright-field
images as visible discoloration (not shown) and in confocal images as fluorescein concentration in cells
(Fig. 3C), and marginally raises T(Fig. 2). (This T resultisfrom and was significantin our previous study
(33). With greatertotal variance, significance islostin the present multiple comparison.) Hydrochloric
acid solution buffered by albumin, despite apHof 5.3 (Table 2), causes a similar pattern of damage (Fig.
3D) and likewise marginallyraises T. Subsequent surfactantorinclusion of SRBfurtherelevates T.

Mucin solution without or with albumin significantly raises T(Fig. 2). Subsequentsurfactanttendsto
normalize T. Inclusion of SRBdoesnot alter T.

Discussion

We consider, below, the mechanisms through which the substances we introduceinto the alveolus may
alterT.

ControlSaline. Our presentresults with albumin (Fig. 2) are consistent with our pastreport that neither
albuminnorblood plasmaraisesalveolar T(27). Plasmaproteins canincrease T by adsorbingfasterthan
surfactantto a cleaninterface (with constantinterfacial area or cyclic50% area compression)orre-
adsorbingfaster following monolayer collapse (caused by 80% area compression in vitro or 1-30 cmH,0
transpulmonary pressure, P,, variationinisolated lungs). However, plasma protein addition to the
subphase does notalter T inthe presence of anintact surfactant monolayer —in vitro, even with 50%
compression applied after monolayer formation, orinisolated lungs, with physiologic P, (22, 25, 27, 48).
With functional native surfactant, additional surfactantis not beneficial but SRB + albumin, viaan as-yet-
to-be-determined mechanism, improves the efficacy of native surfactantand lowers Tbhelow normal.

Cell debris. In ARDS, the epitheliumisdamaged and alveolarhemorrhage is sometimes present (1, 12,
32). Our findingthat surfactant fails to counterthe T-raising effect of cell debris (Fig. 2) suggests that
surfactant— evenifitcould be delivered to the alveolus without accumulating T-raising airway mucins
(33) — may not be capable of reducing Tin ARDS. SulforhodamineB, in contrast, normalizes cell debris-
elevated T.

To investigate the components of cell debris responsibleforelevating T, we lyse RBCs and fractionate
the lysate. The effect of albumin differs between fractions (Fig. 4A).

Extendingthe previous finding that RBC membrane lipids (extracted from whole sonicated cells)
interfere with surfactantadsorption (24), we show lipid extract to interfere with an intact surfactant
monolayer. Red blood cell membrane lipids comprise 54% phospholipid (PL), of which 6.5% is
lysophosphatidylcholine (lysoPC) and 4% is disaturated PC (24). Thus membrane lipids are more fluid
than and may interfere with the tight packing of surfactant phospholipids. LysoPC, in particular, has
beenshowntointerfere with —suggested tointercalateinto—intact surfactant monolayers (23, 25),
though whetherour lipid extract contains sufficient lysoPLs to raise T (20) is not known. Addition of
albumin abolishesthe T-raising effect of lipid extract. Although we use physiologically-relevant fatty
acid-repletealbumin, albumin likely acts by sequestering additional lipids.
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Ghost solutionisahomogenate of acomplex mixture of RBCshells comprising cytoskeleton plus plasma
membrane; organelles with theirown bilayer membranes; and some whole RBCs. The presence of
whole RBCsin ghostsolution, which we obtain from 6x lysate, is attributable to incomplete hemolysis.
During hemolysisin water, osmolarity rises quickly and retards further hemolysis. Multiplying ghost
solution Hb concentration by hemolysis dilution factor, we obtain an effective 1x Hb concentration that
islessthan the Hb concentration of whole cell debris (Table 1), indicatingincomplete hemolysis. In
ghost solution, membranes may be the ghost solution component that raises T. This possibilityis
supported by the lack of effect of albumin —membranes are too large to be sequestered by albumin.

Our comparison of lysate supernatants to Hb solutions (Fig. 4B) indicates that, in lysate supernatant,
there are components otherthan Hb that raise 7. A difference between lysate supernatantand Hb
solution is that the former contains Fe**-carrying fresh Hb whereas the latter contains Fe**-carrying
metHb. That fresh Hb is less likely than metHb to disrupt the surfactant monolayer (42), however,
supportsthe likelihood thatin, 6-30x supernatant, acomponent otherthan Hb raises 7. The T-raising
component and the mechanism through which albumin furtherraises T(Fig. 4A) remainto be
determined.

When Hb doesincrease T, one possible mechanismisanionicinteraction between Hb and negatively
charged surfactant phospholipid heads that could destabilize the surfactant monolayer (42). Previously,
Hb concentrations of 2.5-20 g/dl were tested during co-adsorption with surfactant and showntoraise T
(24). Here, we show that 2.0 g/dI Hb isrequired to raise T of an intact monolayer (Fig. 4B).

Secretory PLA,. How elevated sPLA, activity may elevate Tin ARDS has not been fully explained. First,
the mechanism could be phospholipid depletion, but >80% hydrolysis might be required to raise T(20,
23). As (i) the hydrolysis product lysoPL associates with, but does not completely compose, small
aggregatesand (ii) small aggregates contain 72% of ARDS bronchoalveolar lavage fluid (BALF)
phospholipids (39, 40), this threshold is not likely met. Second, hydrolysis of plasmamembranes (Fig.
3B) mightrelease cell debris that elevates T. Third, the surfactant- and plasma membrane-hydrolysis
products lysoPLand fatty acid (FA) could disrupt surfactant monolayer packing. LysoPLs, at 10-20%
hydrolysis, raise Tof an intact monolayer, raise Tfollowing co-adsorption with surfactantand,
subsequentto co-adsorption, raise minimum T, Ty, following cyclic 50% area compression (20, 23, 25).
While lysoPLs often comprise <10% of ARDS BALF phospholipids, lysoPCin one case comprised ~18%
(39, 40). Fatty acids, at 10-20% hydrolysis, raise Tduring co-adsorption with surfactant and
subsequently, albeitinconsistently and toa lesserdegree than lysoPLs, raise T,y following cyclic 50%
area compression (20, 23). Fourth, the activity of sPLA, IIA, which cleaves phosphatidylglycerol (PG) and
phosphatidylethanolamine (PE) butnot PC, is elevated in ARDS BALF and the fraction of PG isreducedin
ARDS BALF (21, 39, 40). Degradation of PG, which interacts with surfactant protein B, may have an
outsized effect on T (40).

We find thatalbumin does not alter or marginally increases the sPLA, effecton T (Fig. 2). These results
fitwithin arange of reports of interdependent albumin and sPLA,-product effects on sPLA, activity.
Plucthun and Dennis (35) showed that FAs stimulate sPLA, IB hydrolysis of PC/ or PE/Triton-X 100
micelles. AlsoforsPLA, IB, Conricode and Ochs (8) showed that cleavage products inhibitand <1%
albumin stimulates hydrolysis of PCliposomes; and <0.1% albumin stimulates and 0.1-0.3% albumin
inhibits hydrolysis of PC/cholate micelles. (Conricode and Ochs presented no dataat a higher,
physiologic ~5% albumin concentration.) Conricode and Ochs surmised that, as FAs stimulate sPLA, IB,
likely by remaining almost entirely associated with and providing a negative charge at the lipid-water
interface, (i) itmustbe lysoPLs, agreater fraction of which dissociate, thatinhibit hydrolysis of PC
liposomes and (ii) the lysoPLs must be sequestered by albumin. Conricode and Ochs further speculated
that, as lipid-water interface charge affects membrane affinity for FAs, different substrate affinities for
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FAs explain the different albumin effects under different conditions. Ourobservation thatalbumindoes
not alterthe sPLA, IB effect on T suggests that FA stimulation and lysoPLinhibition of sPLA, IBmay be
relatively balanced for native surfactant, perhaps due to charge at the native surfactant-waterinterface,
and may remain so inthe presence of albumin. Although we do notknow of data investigating product
stimulation/inhibition of sPLA, IIA, our observation that albumintendstoincrease Tsuggeststhe
possibility of productinhibition and albumin sequestration of product.

In our experiments, Infasurf fully counters Televation by either sPLA,; SRB fully counters sPLA, IBand
partially butsignificantly counters sPLA, IIA. The efficacy of Infasurf suggests thatany cell debris
released should be differentin composition or concentration than homogenized whole cell debris,
against which Infasurfis ineffective, and that the mechanism of sPLA, Televation more likely depends
on hydrolysis of phospholipids, whether those of surfactant orthe plasmamembrane. AsSRB acts by
interacting with albumin and native surfactant, sufficient functional surfactant must be present for SRB
to lowerT. Our results suggeststhat SRB may counter T elevation by sPLA, in ARDS.

Acid aspiration. Inaspiration, pH2.2-4.5 gastriccontents (7) enterthe airways and, en routeto the
alveolus, mix with airway liquid that should buffer pH but contribute T-raising mucins (29, 33). Ifthereis
little mixture with airway liquid then low pH liquid, which should aggregate mucins and block their T-
raising effect (26, 33), may reach the alveolus. As pH 2 solution does not altersurfactant function in
vitro (16), raises alveolar Tprogressively overtime (33) and damages the epithelium (Fig. 3C), low pH
may raise T indirectly viageneration of cell debris. If there is significant mixture with airway liquid, then
it may be a higher-pHliquid thatreaches the alveolus. If pHexceeds 4, mucins should be un-aggregated
(26) and may raise T just as, following tracheal salineinstillation, mucins reached the alveolus and raised
Tby 42% (33). Astracheal salineinstillation does not cause lunginjury, however, the physiological
significance of mucin-elevated Tis not known.

That albumin-buffered HCI, with a pH of 5.3 (Table 2), injures the epithelium (Fig. 3D) is surprising. We
speculate that solution pH may decrease uponinjectioninto the alveolus, where phospholipid head
group phosphates may induce H' dissociation from albumin.

NeitherInfasurf nor SRBreducesthe T elevation caused by acid or mucins. Asdiscussed above, acidic
solution may raise T by generating cell debris. We speculate thatacid, unlike sPLA,, may damage the
plasmamembranesinaway that resultsin release of cell debris similarto that of ourhomogenized
whole cell debris, against which Infasurfis ineffective (Fig. 2). Andwe previously showed Infasurf
ineffective against mucins —tracheal Infasurf instillation, by accumulating mucins, raises alveolar Tby
45% (33). We speculate thatthe large, non-glycosylated hydrophobicdomains of mucins (41, 44)
interfere with surfactant by hydrophobicinteraction. The inefficacy of SRB against HCl could be
attributable to a pH effect on SRB-albumininteraction. Albumin Sudlow site | attractsthe xanthene
rings of SRB (30). As discussed above, alveolarinjection may reduce the pH of HCI + albumin solution.
And pH <4.3 causes compaction of albumin (3, 10), which mightinterfere with albumin-SRB binding.
Alternatively, the SRBresponse to pHis likely similar to that of rhodamine WT, which has a net charge of
-1at pH >4.7 and becomes a zwitterion below (46). The lostcharge, whichisnot on the xanthene rings,
might not preventinteraction with albumin but mightalterthe interaction of an albumin-SRB complex
with native surfactant. Inthe presence of mucins, we again suspect hydrophobicinteraction —the
hydrophobicdomains of mucins may sequester the xanthene rings of SRB (30).

Study limitations. One limitation of our study is that we do nottestall purported mechanisms of T
elevationin ARDS. We do not investigate possible cholesterol contamination of the surfactant
monolayer (14, 31). While blood plasmaisamajorsource of cholesterol, cell membranesalso contain
significant cholesterol (45). That SRB normalizes T-elevation caused by cell debris (Fig. 2) suggests that
SRB might be effect against T-elevation caused by cholesterol. Another possible mechanismis oxidative
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damage to surfactant phospholipids or proteins by leukocyte- or macrophage-released reactive oxygen
species (ROS). Asdiscussed elsewhere (34), the principal effect of phospholipid oxidationis likely to be
viageneration of lysophospholipids (36). AsSRBreversessPLA,-elevated T, whichis likely attributable
to lysophospholipid generation, SRBwould likely reduce Televated by phospholipid oxidation.
Oxidation of surfactant protein B, however, may also contribute to T elevationin ARDS (36). Whether
SRB would reduce such T elevation remainsto be determined. Anotherlimitationisthat, forthe
substances we test, we do not know the pathophysiologic concentrationin ARDS edemalliquid. Thus,
we select concentrations thatraise Tto levels comparabletothose we observedinthe lungsin other
modelsof lunginjury (27,33, 51). To determine whether SRB can reduce Tunder ARDS conditions,
testinginanimal models of ARDS will be required.

Conclusion. We show that cell debris, sPLA,, acid and mucins raise T of an intact surfactant monolayer.
In acid-aspiration ARDS, neither surfactanttherapy norSRBis likely toreduce 7. And againstcell debris,
exogenous surfactantis ineffective, which may help to explain the inefficacy of surfactanttherapyin
treating ARDS.

Sulforhodamine B normalizes cell debris-induced T-elevation and reduces sPLA,-induced Televation.
Sulforhodamine B could be administered viathe trachea orthe vasculature. Trachealinstillation would
be unadvisable given thatit washes T-raising mucins to the alveolus (33). Tracheal nebulization would
avoid collecting airway mucins butis inefficient and delivers a spatially variable dose (9, 13, 18, 43),
likely concentrated in healthy lungregions. Intravenous administration, in contrast, capably deliver SRB,
at a controllable concentration, directly toinjured lungregions (52). Intravenous SRB might effectively
lower Tin non-aspiration ARDS.

Methods
We perform this studyinisolatedratlungs.

Isolated lung preparation

As described previously (33), we anesthetize a male orfemale Sprague-Dawley rat (225-325g, n = 37)
with 3.5% isoflurane in 100% oxygen. We puncture the heartthrough the chestwall (21G needle) and
euthanize by withdrawal of ~10 ml blood into a syringe with 1 ml of 1000 units/ml heparin. We
cannulate the trachea (blunted 15G needle connected to a stopcock), perform a midline thoracotomy,
inflate the lungs (2ml air), close the stopcock and excise the heartand lungs en bloc. We place the lungs
on a microscope stage and connect an air source and pressure transducer to the tracheal stopcock. We
increase P, to 30 cmH,0 and then decrease P, toa constant5 cmH,0, thus maintaininglungvolume
above functional residual capacity.

Model ARDS solutions
We model ARDS edema liquid using NS (pH 5.0) as the solvent. We include 23 uM fluorescein (00297-

17, Cole Parmer, Vernon Hills, IL) in all solutions excepting Infasurf (ONY Biotech, Amherst, NY), in which
we include 5 uM SRG.

Cell debris. We start by washingthe collected RBCs (Fig. 1). We centrifuge the heparinized blood (5000
x g, 4°C, 20 min) and discard the supernatant. We suspendthe pelletin pH7.5 NSto the heparinized-
blood volume, centrifugeand discard the supernatant, and repeat the process two more times. Next, to
obtain whole-celldebris we homogenize the RBCs or to obtain cell debris fractions we lyse the RBCs.
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1. To obtain whole-cell debris, we suspend the pelletin pH 5.0 NS to the heparinized blood volume. We
homogenize the solution onice (VDI12, VWR, Radnor, PA; maximum speed; 5min) and filter (3-um pore)
the solution.

2. To obtain cell debris fractions, we modify the methods of Rosenberg etal. (37). We lyse the RBCs by
suspendingthe pelletin 1, 6 or 30x the heparinized blood volume of Milli-Q-purified water (“water,” pH
unadjusted, roomtemperature, 2 hrs). We centrifuge the lysate (20,000 x g, 4 °C, 40 min), separate the
supernatantand pelletand follow one of three protocols:

2a. Lysate supernatant. We add NaCl (0.9%) to the supernatant fromthe 1x-, 6x-, or 30x-volume lysate.
The Hb-containing solutions are translucentand vary fromred (1x) to pink (30x).

2b. Ghost solution. We wash the 6x lysate pellet. We suspendthe pelletinthe 6x lysate volume of pH
7.5 NS (more Hb is removed at neutral than acidic pH), centrifuge the suspension (20,000x g, 4 °C, 40
min) and discard the Hb-containing supernatant, and repeat the process two more times. We suspend
the pelletin pH5.0 NS to the 6x lysate volume, homogenizethe solution onice (maximum speed, 5min)
and filter (3-um pore) the solution. The solutionislight pink and cloudy.

2c. Lipid extract of RBC ghost. We wash the 6x lysate pelletasin2b and thensuspenditin 10:3
water:toluene, with the watervolume that of the 6x lysate. To enable phase separation, we vortexthe
solution briefly, letitstand onice (2 hrs) and then centrifuge it (13,000 x g, 4 °C, 30 min). We collectthe
toluene layer, evaporate the toluene under nitrogen and obtain dry ghost lipids. We weigh some
samples, prepared specifically for lipid quantification, on a microbalance. We prepare other samplesfor
alveolarinjection by suspending the dry lipidsin 100 pl of pH 5.0 NS. The ghostlipid solutionisclear,
without color.

We quantify Hb concentration of whole cell debris, lysate supernatants and ghost solution by Drabkin’s
assay. We divide each sample forduplicate assay and use bovine metHb (H2500, Sigma Aldrich, St.
Louis, MO) as a standard. For each solution, we calculate effective 1x Hb concentration by multiplying
measured concentration by dilution factor. Foreach lysate supernatant, we prepare asolution of the
same concentration of MetHb.

SPLA,. We dissolve bovine pancreaticsPLA, IB (P8913, Sigma Aldrich; 0.1 mg/ml) or recombinant rat
SPLA, lIA (Uniprot no. P14423 from ELISA kit LS-F23950, LS Bio, Seattle, WA; 2.5 ng/ml)in pH 5.0 NS.

Acid and mucins. To testlow pH or mucins, we add 0.01 N hydrochloricacid (HCl) or 25 pg/ml porcine
gastric mucin (M2378, Sigma Aldrich), respectively, to pH 5.0 NS.

Experimental groups

For control pH 5.0 NS and solutions of each potential T-raising substance, we test: (i) Solution alone. (ii)
To model plasma-protein rich ARDS edemaliquid, solution +5% bovine serum albumin (A8327, Sigma
Aldrich). (iii) Totestexogenous surfactant, initial administration of solution + 5% albumin and
subsequentadministration, to the same region, of Infasurf. (iv) Totest SRB (341738, Sigma Aldrich),
single administration of solution +5% albumin + 10 nM SRB. Table 2 shows pH valuesforselect
solutions.

Protocol

We hold P, at 15 cmH,O, puncture an aerated alveolus on the costal surface with a glass micropipette
filled with agiven solution and inject approximately 7-10 ul of solution, which floods agroup of alveoli.
In flooded alveoli, the air-liquid interface forms a meniscus (2, 27).
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We determine Tina flooded alveolus as described previously (27, 33). For Infasurf groups, we
determine Tinan alveolusinwhich the flooding solution is labeled with both fluorescein and SRG.
Briefly, afteralveolarinjection, we ventilate twice between P, of 5 and 15 cmH,0, then hold P, at 15
cmH,0. We determinealveolarairpressure from the tracheal transducer, alveolarliquid pressure by
servo-nulling pressure measurement (Vista Electronics, Ramona, CA) and three -dimensional meniscus
radius from a z-stack of fluorescent confocal images (x20 waterimmersion objective, 0.7N.A., 0.2-mm
workingdistance, plan apochromatic; SP5 confocal microscope, Leica Microsystems, Buffalo Grove, IL).
We calculate Tfromthe Laplace relation, obtaining one Tvalue persolutioninjection.

Statistical analysis

We analyze datasets comprising experimental groups (i)-(iv), detailed above, plus an additional group
for normal T, also at P, of 15 cmH,0, of the aerated alveolarliquidlining layer (datafrom (27)) by one-
way ANOVA and post-hocTukey’s analysis. We report group mean + SD and accept p<0.05 as
significant.
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FIGURELEGENDS

Figure 1. Protocol for obtainingcell debris. Protocol for(1) homogenizing red blood cells (RBCs) to
obtainingwhole celldebris or (2) lysing RBCs to obtain (2a) lysate supernatant, (2b) ghost solution or
(2c) lipid extract.

Figure 2. Solution effects on alveolar surface tension, T. Base solutions are: normal saline (control
solution and solvent of experimental solutions); whole cell debris, with hemoglobin concentration of
heparinized blood; secretory phospholipase A, (sPLA,) IB, 0.1 mg/ml; sPLA, IIA, 2.5 ng/ml; hydrochloric
acid, 0.01 N; and porcine gastricmucin, 25 pg/ml. Additives are asshown. Surface tension determined
at 15 cmH,O0 transpulmonary pressure over 10-15 min period following solution injection. Horizontal
gray bar shows mean+ SD for T of normal liquid lining layerin aerated lungs, also at 15 cmH,0
transpulmonary pressure, from (27). Data for “no additive” groups with saline, hydrochloricacid and
porcine gastric mucin are from previous study (33). Statistics: *p <0.05 vs. normal Tin aerated lungs; #
p < 0.05 betweenindicated groups.

Figure 3. Solution effectson cells. Confocal images of alveoli after flooding with fluorescein (23 uM;
greeninimages)in (A) normal saline, (B) 0.1 mg/ml sPLA, IB, (C) 0.01 N HCl or (D) 0.01 N HCI plus 5%
albumin. In(A), airspace (labeled) and septa (dashed lines) are black. The latterindicates fluorescein
exclusion byintactepithelium. In(B-D), fluorescein appearsto be concentratedin macrophages
(arrowheads, round morphology), alveolarepithelial type | cells (open-headed arrows, thin morphology
lining septum) and, likely, alveolar epithelialtype Il cells (closed-headed arrows), indicating damage to
cellmembranes and possible macrophage activation. Image (A) is representative of images notonly for
saline injection but also forinjection of saline +albumin, mucin and mucin + albumin. Image (B) is
representative of images forall injections of sPLA, IBwithoutand with albumin butonly for 1/4
injections of sPLA, IIA without albumin and 2/4injections of sPLA, IIA with albumin. Images of other
sPLA, llAiinjections, without or with albumin,look like (A). However, sPLA, IIA elevates Teven without
causingvisible cellularinjury. Images (Cand D) are representative of images forall injections of HCI
withoutand with albumin, respectively. Images (488 nm excitation, indicated laser power, 750 gain)
taken~2 min aftersolutioninjection, at 15 um sub-pleural depth. Low pHin alveolarliquid quenches
fluorescein. Due to saturationin (B) and (C) on left, lower-laser-power replicateimages shown onright.

Figure 4. Red blood cell fraction effectson T. (A) Effects of 6x lysate fractionson 7. Sets of fraction
solutions (no additive, + 5% albumin) obtained from same blood sample. (B) Effects of all
concentrations of lysate supernatant and solutions with matching concentrations of methemoglobin on
T. Lysiswater volume is multiple of original heparinized blood volume. Surface tension determination,
horizontal barand statisticsasin Fig. 2.
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Table 1: Concentrations of hemoglobin (Hb) and lipids in whole red blood cell (RBC) debris and RBC lysate fractions
Solutions obtained from heparinized blood as depicted in Fig. 1 and described in Methods. Effective 1x concentration is
product of measured concentration and dilution factor.

Hb concentration, g/dl Lipid concentration, g/dI Effective 1x Hb
(n=3/group) (n=3/group) concentration, g/dl

Whole ceI.I dgbns from 13.3 +0.34 o 133
homogenization
Supernatant 1.97 027 — 1.97
from 1x-volume lysate
Supernatant 1.57 +0.13 — 9.42
from 6x-volume lysate
Supernatant 0.30 £ 0.01 — 9.00
from 30x-volume lysate
Ghost solution 0.12 £ 0.02 — 0.72
from 6x-volume lysate
Lipid extract L 0.13 + 0.02 .

from 6x-volume lysate ghost
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Table 2: Albumin effects on pH of select solutions

Solution pH measured on benchtop at 22°C before injection into alveoli. *p < 0.05 vs. 0% albumin/0 nM SRB group for same
solution.

Normal saline

0.01 N HCl

0% Albumin
0 nM SRB

(n=3/group)

5.03 £ 0.02

1.98 + 0.02

20

5% Albumin
0 nM SRB

(n=3/group)

6.83 £ 0.07

5.31+0.08

5% Albumin
10 nM SRB

(n=3/group)

6.88 +0.05

5.23 £0.02
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