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CHAPTERR 5 
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SECRETIONN OF FLUORESCENTLY LABELED SHORT-CHAIN 

PHOSPHOLIPIDS S 

Charless M.G. Frijters, Coosje J. Tuijn, Roelof Ottenhoff, Bart N. Zegers, 
Albertt K. Groen and Ronald P.J Oude-Elferink. 
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BiliaryBiliary transport of fluorescent phospholipids 

Thee role of different P-glycoproteins in hepatobiliary 
secretionn of fluorescently labeled short-chain 
phospholipids s 

Charless M. G. Frijters , Coosje J. Tuijn , Roelof Ottenhoff, Bart N. Zegers, Albert K. Groen, 
andd Ronald P. J. Oude Elferink l 

Departmentss of Gastrointestinal and Liver Diseases and Clinical Chemistry, Academic Medical Center, 
FO-221.. Meibergdreef 9, 1105 AZ Amsterdam, The Netherlands 

Abstractt  Class II I  P-glycoproteins (Pgps) mediate biliar y 
phosphatidylcholinee (PC) secretion. Recent findings that 
classs I P-glycoproteins are able to transport several short-
chainn phospholipid analogues raises questions about the 
rolee of these Pgps in physiological lipi d transport. We inves-
tigatedd the biliar y secretion of C6-7-nitro-2,l,3-benzoxadia-
zol-4-yll  (NBD)-labeled ceramide and its metabolites in Mdrla/ 
bb and Mdr2 knockout mice compared to control mice. 
Biliar yy secretion of these NBD-lipid s was unaffected in 
Mdrla/bMdrla/b -/- mice. Thus neither  Mdrl a nor  Mdrl b Pgp 
mediatess biliar y secretion of these lipids. In contrast, secre-
tiontion of all three NBD-Iabeled short-chain phospholipids was 
significantlyy reduced in Mdr2 —I—  mice. As in vitr o studies 
revealedd that Mdr 2 Pgp is not able to translocate these lipi d 
analogues,, we hypothesized that Mdr2 —/— mice had a re-
ducedd PC content of the exoplasmlc canalicular  membrane 
leaflett  so that extraction of the short-chain lipi d probes 
fromm this membrane by canalicular  bile salts was impaired. 
Too investigate this possibility we studied the bile salt-medi-
atedd extraction of natural sphingomyelin (SM) and NBD-
labeledd short-chain SM from small unilamellar  vesicles of 
differentt  lipi d composition. Natural SM could be extracted 
byy the bile salt tauroursodeoxycholate from vesicles con-
tainingg PC, cholesterol (CHOL) , and SM (1:2:2) but not 
fromm vesicles containing only SM and CHOL (3:2). NBD-
labeledd short-chain SM could be extracted from vesicles 
containingg PC while its extraction from pure SM:CHOL 
vesicless was reduced by 65%.fll These data confirm that the 
efficiencyy of NBD-SM extraction depends on the lipi d com-
positionn and suggest that the canalicular  membrane outer 
leaflett  of Mdr2 - / - mice has a reduced PC content.— 
Frijters,, C. M. G„  C. J. Tuijn, R. Ottenhoff, B. N. Zegers, A. K. 
Groen,, and R. P. J. Oude Elferink. Role of different P-glyco-
proteinss in hepatobiliary secretion of fluorescently labeled 
shortchalnn phospholipids./. Lipid Res. 1999. 40:1950-1957. 

Supplementaryy key words NBD-labeled lipids  canalicular mem-
branee  bile formation  hepatobiliary lipid transport  ceramide
sphingomyelinn  glucosylceramide  knockout mice  Mdrla  Mdrlb
Mdr2 2 

Inn mice, biliary phospholipid secretion is controlled by 
thee canalicular secretion of bile salts and by the activity of 

Mdr22 P-glycoprotein (Pgp) - This ABC-transporter translo-
catess phosphatidylcholine (PC) from the inner leaflet to 
thee outer leaflet of the hepatocyte canalicular membrane, 
therebyy supplying PC molecules for extraction by bile salts 
inn the canalicular space (1-5). The gene products of murine 
MdrlaMdrla and Mdrlb and human MDR1, have been identi-
fiedd as amphipathic drug export pumps. Disruption of the 
MdrlaMdrla and Mdrlb genes in mice had no effect on the phos-
pholipidd composition of bile (6, 7), suggesting that these 
Pgpss are not important for biliary phospholipid secretion. 
Instead,, these Pgps are known to be involved in the biliary 
secretionn of amphipathic drugs (6, 8). 

Inn several studies Pgp-mediated translocation of fluores 
centt phospholipids across membrane bilayers was studied 
inn vitro. The fatty acid on thesn-2 position of these lipids 
iss replaced by a short acyl-chain (6 C-atoms) with 7-nitro-
2,l,3-benzoxadiazol-4-yll  group (NBD) as a fluorophore. 
Thee important advantage of these lipi d analogues is that 
theyy can be readily inserted into biological membranes by 
spontaneouss lipid transfer from exogenous carriers like 
bovinee serum albumin (BSA) or liposomes. Ruetz and Gros 
(5)) showed an ATP-dependent translocation of NBD-PC in 
thee Mdr2 transfected yeast but not in Mdrla transferred 
yeast.. Ruetz and Gros (9) and Nies, Gatmaitan, and Arias 
(10)) further demonstrated that this transport can be stim-
ulatedd by bile salts. Smit et al. (1) provided evidence for 
translocationn of natural PC in intact fibroblasts that ex-
presss a MDR3 transgene. These results confirmed the pro-
posedd PC translocation function of the orthologues Mdr2 
Pgpp (mouse), Pgp3 (rat), and MDR3 Pgp (human) and 
theyy explain the absence of biliary PC in Mdr2 knockout 

Abbreviations:: BSA, bovine serum albumin; CHOL, cholesterol; 
GlucCer,, glucosylceramide; HEPES, N-2-hydroxyethylpiperazlne-N
ethanee sulfonic acid; MRP, multidrug resistance protein; NBD-group, 
7-nitro-2,l,3-benzoxadiazol-4-yll  group: PC, phosphatidylcholine; PE, phos-
phatidylethanolamine;; Pgp, P-glycoproteln; PS phosphatidylserine; SM, 
sphingomyelin;; TUDC, tauroursodeoxycholic acid. 

11 To whom correspondence should be addressed. 
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micee (1). These mice have no Mdr2 Pgp but do express 
Mdr l aa and Mdr l b Pgp in their canalicular membrane. 
Vann Helvoort et al. (11) loaded MDR1 and MDR3 trans-
fectedd cells with fluorescent phospholipid precursors like 
C6-NBD-diacylglyceroll  or C6-NBD-ceramide and studied 
thee translocation of their metabolites, C6-NBD- (phosphati-
dylcholinee (PC) and phosphatidylethanolamine (PE)) 
orr C6-NBD-(sphingomyelin (SM) and glucosylceramide 
(GlucCer))) respectively. In their method fluorescent li-
pids,, translocated to the outer membrane leaflet, were ex-
tractedd using BSA as acceptor in the medium. The out-
comee of their studies was that human MDR1 and mouse 
Mdr l aa were able to translocate NBD-PC, NBD-SM. and 
NBD-GlucCer,, while the human MDR3 Pgp-mediated trans-
locationn was restricted to NBD-PC. 

Crawford,, Vinter, and Gollan (12) reported on die bil-
iaryy secretion of NBD-ceramide and its metabolites NBD-
GlucCerr and NBD-SM in a perfused rat liver system. Sim-
ilarr to endogenous phospholipid secretion, the output of 
thesee short-chain phospholipid analogues was bile salt-
dependent.. From these observation the question rises 
whetherr die translocation of labeled short-chain phospho-
lipi dd analogues by various Pgps is representative for hepa-
tobiliaryy lipid secretion of natural lipids. Because mouse 
Mdrl aa Pgp appears to be a translocator of NBD-SM, we 
testedd whether Mdr l a or l b P-glycoproteins control the 
hepatobiliaryy secretion of NBD-SM. We studied the secre-
tionn of NBD-ceramide and Us metabolites in an in situ 
mousee liver perfusion system using mice with different 
P-glycoproteinn gene disruptions. Because Mdr l a and l b 
havee overlapping substrate specificity and are bom ex-
pressedd in die canalicular membrane, we used mice in 
whichh both genes are disrupted (frfdrla/b —/-) (7). We 
alsoo used Mfr^knockout mice (Mdr2 - / - ) (1), with no 
hepatobiliaryy PC secretion and control mice with the same 
geneticc background (FVB) as die knockouts. We studied 
thee bile salt-mediated extraction of SM and its NBD-
labeledd analogue from membranes of different composition, 
whichh may resemble the canalicular membrane surface. 

MATERIAL SS AND METHODS 

Chemicals s 
Egg-yolkk phosphatidylcholine, cholesterol, N-2-hydroxyethyl-

piperazine-N'-2-ethanee sulfonic add (HEPES), and bovine serum 
albuminn (BSA) (essentially fatly add-free) were obtained from 
Sigmaa (St Louis, MO). Buttermilk sphingomyelin was obtained 
fromfrom Matreya (Pleasant Cap, PA). Krebs-bicarbonate buffer con-
tainedd 120 raw NaCl. 24 mi NaHCO* 1.2 rati KH2PO<, 4.8 tin* 
KC1,, 1.2 mu MgS04, and 1.3 mki CaCl2; pH 7.4. Tauroursodeoxy-
chollcc add (TUDC, 99%) was obtained from Calbtochem-Now-
biochemm (Ijjofla , CA). Methanol, HPLC-grade, was obtained from 
J.. T. Baker (Deventer. The Netherlands). Triethyiamine, 99%. and 
Ophosphoricc add, 85%. were obtained from Merck (Darmstadt, 
Germany).. C&WBI>ceramtde (6-[(7-nhrobenz-2-oxa-l,3-diazol-4-
yl)) amino] hexanoyl-sphingosine) and C6-NBD-sphingomyelln 
(6-- [ (7 nltrobenz-2-oxa-1,3-dlazol-4-yl) amino-hexanoyi] sphingosyl-
phosphocholine)) and C6-NBD-C16-PC (2(6-[(7-nitrobenz-2-
oxa-1,3-diazol-4-yl)ammo]hexanoyl-l-hexadecanc^-si*glvcero-3--
phosphochoUne)) were obtained from Molecular Probes (Eugene, 

OR).. C6-NBD-glucosyl-ceramide was a kind gift from Dr. G. van 
Meer.. Dept of Cell Biology and Histology, Academic Medical 
Center,, Amsterdam. 

Preparationn of fluorescent lipid probe 
C6-NBD-ceramidee was bound to bovine serum albumin, adapt-

ingg the method previously described by Crawford et al. (12). C6 
NBD-ceramidee (109 nmol dissolved in 25 uJ ethanol) was added 
too 1.25 ml Krebs-bicarbonate. pH 7.45, containing 10 mt HEPES 
andd 30 mg/ml bovine serum albumin (essentially fatty add-free). 
Afterr diatyztng the solution 4 times against this medium at 4°C, 
aliquotss were prepared finally containing 6.6 nmol C6-NBD-
ceramldee bound to bovine serum albumin in a 1:5 molar ratio. 

I nn situ mouse liver perfusion system 
Mousee surgery and perfusion technique and solution prepara-

tionn were performed as described previously (13. 14). Briefly, un-
derr anesthesia (hypnorm (fentanyi/fkianisone), 1 ml/kg, Janssen 
Pharmaceuticals,, Beerse, Belgium and diazepam 10 mg/kg, Roche, 
Mijdrechtt The Netherlands) the vena cava superior, die gallblad-
der,, and portal vein were cannulated. Perfusion was performed in 
orthogradee direction with Krebs-blcarbonate buffer in a perfusion 
cabinett thermostatted at 37X. The perfusion medium was gassed 
withh carbogen (5% CO* 95% 02, Hoek Loos, Schiedam, the Neth-
erlands)) In an oxygenator. Directly after start of the perfusion with 
Krebs-bicarbonatee buffer, tauroursodeoxychollc add (TUDC) was 
infusedd through a three-way connector attached to the portal vein 
cannula,, at a steady rate of 500 nmol x min-1 X 100 g body 
weight-11 during die whole experimental period to maintain con-
stantt biliary excretion. After a stabilization period of 20 min, a 
boluss of C6-NBD-ceramide (6.6 nmol) was introduced into die per-
fusionn medium by infusion through die portal vein cannula. 

Bilee samples were collected at 5-mln intervals, diluted ten times 
withh distilled water and immediately frozen at -20%. C6-NBD-
C16-PCC was dissolved in eluent (85% 0.45 ran triethylammonium 
phosphatee in methanol and 15% 0.45 itM triethylammonlumphos-
phatee at pH 3.0) and was used as internal standard. Before Injection 
thee samples were diluted four times with internal standard solu-
tiontion that resulted in a final amount of 1.2 pmol per injection. 

Bil ee and perfusate analysis 
Fluorescentt lipids were detected using a recently developed 

reversed-phasee HPLC method. The HPLC system used consisted 
off  a Gynkotek 480 HPLC gradient system (Germering. Germany) 
connectedd to a Rheodyne 7125 Injection valve (Rheodyne, Co-
tati,, CA) with a 20 |U Injection loop and a Jasco FP920 Fluori-
meterr (Tokyo, Japan); excitation wavelength set to 470 nmm and 
emissionn wavelength on 530 nm. The LC columns (Inertsil ODS-
2.55 |im, 100 mm X 3 mm ID and Spherisorb CN, 3 urn, 100 mm X 
4.66 mm ID) used were obtained from Chrompack (Bergen op 
Zoom,, The Netherlands). Data acquisition was performed on a 
computerr with Gynkosoft integration software. The eluent flow-
raterate was 0.6 ml/min. Gradient runs were performed using (A) 
0.455 DIM trfethylammonlumphosphate at pH 3.0 and (B) 0.45 mw 
triethylammoniuniphosphatee in methanol. The initial eluent 
compositionn was 15% A and 85% B; after 0.5 min this was linearly 
changedd to 100% B in 9 min and kept for 6 min at 100%. Finally 
thee system was reset to its Initial composition in 5.5 min and stabi-
lizedd for 8 min before the next analysis was started. 

Smalll  unilamellar  vesicles 
Inn order to study die behavior of C6-NBD-SM and buttermilk 

SMM in small unilamellar vesicles (SUV) exposed to bile salts, 
direee batches of liposomes withh different compositions were pre-
pared.. The first batch consisted of PC and CHOL (molar ratio 
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3:2);; the second batch contained PC. CHOL. and SM (molar 
ratioo 1:2:2) and the third batch was prepared by mixing SM and 
CHOLL (3:2). The liposomes were prepared by mixing stock solu 
tionss of lipids in chloroform- methanol 4:1 in the indicated 
ratioss and the total amount of lipid in each preparation was 81.25 
(«nol.. All three batches were spiked with NBD-SM (135 pmol). 
Afterr evaporation of the solvent under a stream of nitrogen, the 
lipidd film was hydrated with 5 ml buffer (10 ITM HEPES/135 nw 
NaCl/0.05%% NaN3 (pH 7.4)), and sonicated for 30 min in a 
Bransonn B12 probe-type sonicator (80 watts) on ice under a stream 
off  nitrogen. The suspensions were filtered through a sterile 0.45 
,unn and a 0.22 pjn Mlllex-HA or Millex-GP filter (Millipore, 
Molsheime,, France) subsequently, aliquoted and stored under 
argonn at 4°C for not longer than 3 days. 

Bil ee salt-mediated lipi d extraction assay 
Totall  phospholipid (PC and SM) and cholesterol concentration 

wass determined in the SUV aliquots using the enzymatic methods 
describedd in the bile and perfusate analysis section. Just before use, 
SUVV suspensions were diluted to a total lipid concentration of 8.4 
mMM in 10 m HEPES/135 HIM NaCl/0.05% NaN3 (pH 7.4) con-
tainingg 10 mM tauroursodeoxycholic acid (TUDC) and incubated 
forr 10 min at 37°C. The vesicles (0.5 ml) were then chromato-
graphedd over a Sephacryl S-300 gel permeation column (elution 
bufferr 10 mM HEPES/135 mM NaCl/0.05% NaN3 (pH 7.4) con-
tainingg 10 mM tauroursodeoxycholic acid) using a flow rate of 0.7 
ml/min.. Fractions of 2 min were collected for 60 min in which to-
tall  phospholipid and cholesterol was determined to identify the ve-
sicularr fraction and the micellar fraction. Online detection of the 
fluorescencee signal (Jasco FP920 Fluorimeter, Tokyo, Japan) al-
lowedd determination of the percentage of NBD-SM fluorescence 
associatedd with the vesicular or micellar fraction. The amount of 
unlabeledd SM and PC in the peak fractions comprising the micel-
larr and vesicle fractions (two fractions of 2 mln each) was deter-
minedd by straight-phase HPLC combined with evaporative light 
scatteringg detection. Prior to injection on the HPLC column the 
lipidss in the gel permeation column fractions were extracted ac-
cordingg to the method described by Bligh and Dyer (15). After 
evaporationn of the organic solvents, the lipid film was dissolved in 
isopropanol-hexane-waterr 58:40:2. Essentially the same HPLC 
set-upp was used as described in die bile and perfusate analysis sec-
tion.. Detection was performed using a PL-EMD 960 Evaporative 
Lightt Scattering Detector (Polymer Laboratories, Heerlen, The 
Netherlands).. The lipids from the gel permeation fractions were 
separatedd using a Chromsphere 3 Si column (150 mm X 3.0 mm 
ID)) obtained from Chrompack (Bergen op Zoom, The Nether-
lands).. The eluent flow-rate was 0.4 ml/min. Gradient runs were 
performedd using (A) isopropanol (B) hexane, and (C) water The 
initiall  eluent composition was 58% A, 40% B, and 2% C; after 0.5 
minn this was linearly changed to 52% A. 40% B. and 8% C in 7 mln 
andd kept for 8 min in this composition. Finally the system was 
resett to its initial composition in 5.5 min and stabilized for 8 mln 
beforee the next analysis was started. 

Statistics s 
Resultss are reported as mean  SD from at least four animals 

inn each experimental group (controls (n = 7), Mdr2'—/— (n = 
4),, Mdrl a/b - / - (n=4)). Statistical significance was deter-
minedd where appropriate by Student's «est for unpaired data. 

RESULTS S 

Uptakee and metabolism of albumin-bound 
NBD-labeledd ceramide by the liver 

Thee uptake of C6-NBD-ceramide bound to albumin was 
determinedd by measuring disappearance of the fluores-

cencee in the perfusate after passage dirough the iiver. Five 
fractionss of 1 min each were collected directly after admin-
istrationn of the single dose of C6-NBD-ceramide followed 
byy 10-min samples. Within the 5-min period directly after 
administrationn of C6-NBD-ceramide, a peak in fluores-
cencee was detected; in the later fractions fluorescence was 
onlyy slightly above background. The rapid peak fraction 
probablyy represented die labeled lipid that was not taken 
upp by the liver. HPLC analysis confirmed Üiat in mis peak 
diee fluorescent signal was from die C6-NBD-ceramide 
(dataa not shown). 

Thee low signal In the later fractions was from NBD-Cer 
withh a small amount of NBD-SM. No NBD-GlucCer was 
detectedd in die perfusate during the entire experiment. 
Thee uptake of C6-NBD-ceramide by the liver turned out 
too be very efficient. About 10% of the injected dose of 
6.66 nmol C6-NBD-ceramide could be recovered in the 
perfusionn medium after passage through the liver. The 
uptakee values did not differ among the different geno-
types.. The fractional uptake values for controls, Mdrl 
a /bb ( - / - ) and Mdr2(-/-) were 89.7  2.2% (n = 7), 
91.99  1.7% (n = 4), and 93.4  1.0% (n = 4) of total 
administeredd dose. 

Biliar yy secretion of NBD-labeled 
short-chainn lipi d analogues 

Thee first fluorescent lipid excreted into bile after in-
ject ionn was NBD-C6-ceramide. At 10-15 min after ad-
ministrationn a sharp increase in biliary concentrat ion 
wass observed which gradually decreased to low steady 
statee levels (Fig. 1A). The bulk of ceramide was excreted 
withinn a 50-min period after the administration. In con-
trast,, the metabolites of NBD-C6-ceramide, NBD-C6-
glucosylceramide,, and NBD-C6-sphingomyelin showed a 
delayedd biliary excretion with kinetics similar to the cer-
amidee (Fig. IB) . The total amount of NBD-labeled lip-
idss secreted during a period of 100 min after administra-
tionn of the NBD-ceramide was highest in the Mdrla/b 
( - / - )) mice (5.0  1.7% of the administered dose; n = 
4).. This was, however, not significantly different from 
thee total biliary secretion in control mice (3.7  1.9%; n = 
7).. Significantly less total NBD-lipid was secreted in 
Mdr2Mdr2 ( - / - ) mice bile during this period (0.75 ; 
nn = 4). Analysis of bile for the individual fluorescent 
lipi dd species revealed that there was no significant differ-
encee in biliary secretion between controls andA/dr7a/b 
( - / - )) (Fig. 2). The 100-min cumulative secretion in 
controlss was: 521.7  313.1 (NBD-ceramide); 123  60 
(NBD-glucosylceramide),, and 42 1 pmol /100 g body 
weightt (NBD-sphingomyelln). I n M d r / a /b ( - / - ) mice, 
thee secretion values of these lipid species were 748
314,, 176  82, and 41  16 pmol /100 g body weight, re-
spectively.. However, the fluorescent lipid secretion values 
inn Mdr2 (— /—) were decreased significantly for all three 
lipi dd species. NBD-ceramide values only reached 92
166 pmol /100 g body weight, NBD-glucosylceranide 
reachedd 34.0  10 and NBD-sphingomyelin reached 17
33 pmol/100 g body weight. 
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Fig.. 1. Biliary secretion of NBD-labeled ceramide (panel A) and 
itss metabolites, NBD-sphingomyelin (triangles) and NBD-glucosyl-
ceramidee (circles) (panel B) in a perfused control mouse liver. After 
aa 20-min steady-state perfusion period, NBD-ceramide was adminis-
teredd in a single dose to the perfusion medium. The mouse liver 
waswas perfused for a total of 120 min. Bile fractions were collected 
andd analyzed by HPLC as described in Materials and Methods. Out-
putt levels are expressed in p m o l / m in and normal ized to 100 g 
bodyy weight. 

Extractionn of natural and short-chain NBD-labeled SM 
fromm lipid vesicles by tauroursodeoxycholate 

Thee reduced NBD-lipid secretion observed in Mdr2 
(—/—)) mice was somewhat unexpected because these li-
pidss are not substrates for Mdr2 Pgp and this reduction 
couldd be a secondary effect of the absence of Mdr2 Pgp. 
Thee outer membrane leaflet of canalicular membranes 
probablyy contains phosphatidylcholine, sphingomyelin, 
andd cholesterol. It is expected that, due to the absence of 
supplyy by Mdr2 Pgp, the PC content of tiiis membrane 
leaflett in MdrZ'(—/ — ) mice is drastically reduced. We hy-
pothesizedd that such alteration of the lipid composition of 
thee canalicular outer membrane leaflet in Mdr2 —/-
micee causes reduced bile salt-mediated NBD-lipid extrac-
tion.. To test this hypothesis, we compared the behavior of 
buttermilkk SM and NBD-labeled short-chain SM in mem-
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Fig.. 2. Biliary secretion of NBD-labeled lipids in mice with differ
entt P-glycoprotein genotypes. The values represent the cumulative 
fluorescencefluorescence in bile dur ing t he 100-min post-administration of 
NBD-ceramidee (error bars indicate s tandard deviation). Values 
fromm Mdr2 ( - / - ) and Mdrl a / b ( - / - ) mice were tested for sta
tisticallyy significant differences with data from control mice by Stu
dent'ss «est; * P< 0.05. 

braness with different lipid composition exposed to bile 
salts,, in an in vitro extraction assay. Briefly, lipid vesicles 
weree prepared containing PC-CHOL (3:2 molar ratio), PC-
SM-CHOLL (1:2:2), or SM-CHOL (3:2) and trace amounts 
off NBD-SM were added to all. The vesicles were preincu-
batedd for 10 min at 37°C with tauroursodeoxycholate (10 
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rrun)) and then applied to a gel permeation column, which 
wass eluted with a buffer containing 10 ITM TUDC. Analysis 
off the eluted fractions for both NBD-labeled and non-
labeledd lipid species revealed the fractional distribution of 
lipidd over the micellar and vesicular fraction. 

Figuree 3 shows the online detection of fluorescent sig
nall and the amount of cholesterol and phospholipid in 

fractionss collected from the gel permeation column after 
applicationn of the SUVs of different composition in TUDC. 
Thee lipids eluted in two peak fractions. The first peak con
tainss the large vesicular structures (vesicular peak) and 
thee second peak contains the smaller micelles (micellar 
peak). . 

Ass expected, the amount of lipids ending up in the mi-
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Fig.. 3. Separation of lipid vesicles and mixed micelles by gel permeation after incubation of small unilamellar vesicles (SUVs) with 10 ITIM 
TUDC.. Panels B, D, and F reflect the cholesterol (circles) and total phospholipid (PC + SM) (triangles) concentration in the collected frac
tions.. Panels A, C, and E reflect the online registration of fluorescence of NBD-SM that was added in trace amounts to all vesicles. SUVs of dif
ferentt composition were tested: PC-CHOL (panels A and B), PC-CHOL-SM (panels C and D), and CHOL-SM (panels E and F), respectively. 
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cellarr peak varied with the composition of the vesicles. PL 
andd cholesterol were best extracted from SUVs composed 
off PC-CHOL; about 15-20% of total amount of lipid that 
wass loaded on the column was recovered in the micellar 
fractionn (Fig. 3B). When SM was also present in the SUVs 
(PC:SM:CHOLL (1:2:2)) the amount of lipids retrieved in 
thee micellar peak was only 4 - 5 % of the total amount 
loadedd on the column (Fig. 3D). In SUV containing exclu
sivelyy SM and CHOL, no phospholipid (i.e., SM) and cho
lesteroll could be detected in the micellar peak (Fig. 3E). 
Becausee the enzymatic assay that was used could not dis
tinguishh between PC and SM, we analyzed the main peak 
fractionss with HPLC and evaporative light scattering de
tection.. These data showed that in case of PC-SM-CHOL 
vesicles,, the micellar fraction predominantly contained 
PC.. The ratio PC:SM in the vesicular peak was 3.5  0.6 
timess lower than in the micellar peak. The data also con
firmedd the absence of SM in the micellar fraction when 
thee SM-CHOL vesicles were used. The online detection of 
NBD-SMM extracted by bile salt from the different SUVs is 
depictedd in Fig. 3A, C, and E, respectively, and showed a 
behaviorr that was markedly different from the natural 
long-chainn buttermilk SM. In contrast to natural SM, the 
extractionn of NBD-SM was equally high in PC-CHOL- and 
PC-SM-CHOL-containingg vesicles. The most striking dif
ferencee was the identification of NBD-SM-associated fluo
rescencee in the micellar fraction in CHOL-SM vesicles. Al
thoughh extraction from these vesicles was significantly 
reducedd compared to the SUVs containing PC, still 35% 
off the NBD-SM could be retrieved in the micelles (fig. 4). 

DISCUSSION N 

Althoughh the mechanism of biliary phospholipid se
cretionn is not fully understood, two major factors driving 
thiss process can be distinguished. First, activity of Mdr2 
P-glycoproteinn in the canalicular membrane is an absolute 
requirementt for phospholipid secretion. Second, bile salt 
secretionn into the canalicular lumen is necessary to evoke 
lipidd secretion and the efficiency of this extraction in
creasess with hydrophobicity of the bile salt species. These 
observationss have been combined in a hypothetical model 

describingg the mechanism of lipid secretion (reviewed in 
refs.. 3, 4, 16). In short, PC molecules are delivered to the 
canalicularr membrane leaflet facing the cytoplasm. Mdr2 
Pgpp (MDR3 in humans) translocates these molecules in 
ann ATP-driven process to the leaflet facing the canalicular 
lumenn where they vesiculate in biliary vesicles. The latter 
processs requires bile salts to be present in the canalicular 
lumen. . 

Murinee Mdrla and human MDR1 Pgp are capable of 
translocatingg short-chain phospholipids but not natural 
long-chainn PC (11). In their study, van Helvoort et al. (11) 
foundd that these class I Pgps translocate NBD-SM, NBD-
GlucCer,, NBD-Cer as well as NBD-PC while MDR3 Pgp 
(thee human orthologue of murine Mdr2) only translo
catedd NBD-PC. In addition, Crawford et al. (12) reported 
thatt NBD-SM and NBD-GlucCer are secreted into bile of 
thee isolated perfused rat liver in a bile salt-dependent fash
ion.. From these observations the question rose as to which 
rolee class I Pgps play in the biliary secretion of phospholip
idss other than PC. It is unlikely that class I Pgps play any 
quantitativee role in the biliary secretion of natural PC, be
causee the secretion of this phospholipid is virtually abro
gatedd in Mdr2 knockout mice, while these animals do ex
presss Mdrla and lb . These animals actually have a strongly 
inducedd expression of these P-glycoproteins compared to 
wild-typee animals (1). The reason for this is unknown but 
mightt be related to the liver pathology. 

Too investigate the role of class I Pgps in the biliary secre
tionn of other phospholipids, we studied the biliary secretion 
off NBD-ceramide, NBD-SM, and NBD-GlucCer in per
fusedd livers from MdrJa/b double knockout mice. Be
causee both Pgps are very similar in drug transport activity 
andd both are expressed in the canalicular membrane, it 
wass essentiall to use this double knockout. The liver perfu
sionn technique with C6-NBD-ceramide as described by Craw
fordd (12) was successfully adapted for use in mice. In con
trastt to Crawford et al., who administered NBD-ceramide 
incorporatedd in liposomes, we added the lipid to the per
fusatee in an albumin-bound form. It is quite unlikely that 
thiss leads to a significantly different outcome of the exper
iments;; in both methods the applied NBD-lipid is taken 
upp very efficiently. 

Wee used a recently developed HPLC method for the 
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Fig.. 4. Extraction of phospholipid by TUDC from ves
icless of different composition. The data are the means 
andd standard deviations (indicated by error bars) of 
threee separate experiments with SUV of different lipid 
composition:: PC-CHOL (3:2) (left bar): PC-SM-CHOL 
(1:2:2)) (middle bar) and SM-CHOL (3:2) (right bar). 
Leftt panel shows the amount of phospholipid (PC and 
SM;; enzymatically detected) that is retrieved in the mi
cellarr fraction as percentage of total phospholipid 
loadedd onto the column. Right panel displays the frac
tionn of NBD-labeled SM that associates with the micellar 
fractionn as percentage of total NBD-SM loaded onto the 
gel-permeationn column. 

129 9 



BiliaryBiliary transport of fluorescent phospholipids 

identificationn and quantification of NBD-lipids in bile and 
perfusatee samples (14). About 90% of the administered 
dosee of NBD-ceramide was taken up by the liver with no 
differencee between the mouse genotypes that were used. 
Afterr first passage of the injected material, only tiny 
amountss of NBD-lipid are secreted into the perfusate dur
ingg the remainder of the experiment. Further analysis 
showedd that this was mainly NBD-Cer and some NBD-SM. 
Thee hydrophilic nature of NBD-Cer allows this lipid to mi
gratee easily through the cytosol and undergoes rapid 
equilibrationn between all cellular membranes. Therefore 
itt is not unexpected that NBD-Cer is released at low con
centrationss from the basolateral membrane into the per
fusionn medium. The appearance of small amounts of the 
NBD-Cerr metabolite NBD-SM but not NBD-GlucCer in the 
perfusionn medium is in agreement with the cellular com-
partmentalizationn of the enzymes involved. The enzyme 
responsiblee for biosynthesis of sphingomyelin from the 
precursorr ceramide, sphingomyelin synthase, is predomi
nantlyy localized in the Golgi and to a lesser extent at the 
exoplasmicc leaflet of the plasma membrane (17, 18). Ex
ogenouss addition of NBD-Cer in the liver perfusion most 
likelyy provides enough substrate for the SM-synthase at 
thee exoplasmic membrane leaflet to produce NBD-SM 
thatt is partly recovered in the perfusion medium. On the 
otherr hand, glucosyltransferase, involved in the synthesis 
off glucosylceramide, is located at the cytosolic site of the 
ris-Golgiris-Golgi and some other Golgi-related compartments (19, 
20).. The NBD-GlucCer produced will diffuse through the 
cytoplasmm to the plasma membrane but there it can only 
enterr the cytoplasmic oriented membrane leaflet. Sponta
neouss flipping from this leaflet to the exoplasmic mem
branee leaflet is slow and therefore no or very low concen
trationss of NBD-GlucCer can be found in the perfusion 
medium. . 

Thee above-mentioned rapid equilibration of NBD-Cer 
withh all cellular membranes probably contributes to the 
moree rapid clearance kinetics of this lipid as opposed to 
thee metabolites. Transport of exogenous NBD-Cer to the 
sitee of biosynthesis and subsequent transfer of the metabo
litess to the canalicular membrane also play a part in the 
delayedd appearance in bile. The biliary secretion kinetics 
off NBD-C6-ceramide and its metabolites in mice in this 
studyy is very similar to that described by Crawford et al. for 
ratt liver (12). From our study it is clear that the hepatobil
iaryy secretion of short-chain NBD-labeled ceramide and 
itss metabolites C6-NBD-SM and C6-NBD-GlucCer is not 
significantlyy influenced by the absence of Mdr la and 
Mdrlbb P-glycoproteins. This shows that class I Pgps do not 
playy a role in the biliary secretion of these lipids. It is 
nott clear whether these lipids require a translocator for 
secretionn into bile, but if they do, it remains to be deter
minedd which translocator this is. Recent publications using 
fluorescentlyy labeled analogues of phosphatidylserine 
(PS)) and PC suggest that the outward directed transport 
off these lipids in human and murine red blood cells is 
mediatedd by Multidrug Resistance Protein 1 (MRP1) (21, 
22).. Analysis of NBD-lipid flipping in red blood cells from 
MdrJaMdrJa —/-, Mdr2 — / — , and Mrpl —/— mice revealed that 

inn these cells Mrpl is responsible for the observed lipid 
translocation.. Furthermore, the inhibitory effect of sev-
eraleral drugs on this translocating activity correlated closely 
withh the characteristics observed for MRP-like transport
erss and correlated poorly with the inhibiting effect on active 
transportt mediated by MDR1 P-glycoprotein (22). These 
dataa are in full agreement with our observation that bil
iaryy secretion of NBD-labeled lipids is not affected in 
Mdrll a / b — / - and supports our hypothesis mat the re
ducedd biliary secretion in Mdr2 — /— mice is secondary to 
thee absence of Mdr2 Pgp. We cannot rule out that mem
berss of the MRP-subfamily (for instance MRP-2) are re 
sponsiblee for the biliary lipid secretion in control and 
MdrlMdrl  a/b ( - / - ) mice. 

Ann unexpected finding was the reduced secretion of 
NBD-Cer,, NBD-GlucCer, and NBD-SM inMdr2-/- mice, 
becausee these lipids are not substrates for Mdr2 Pgp (11). 
Too rule out the possibility that the biosynthesis of NBD-
GlucCerr and NBD-SM was altered in Mdr2 —/— mice, we 
analyzedd the NBD-lipids present in perfused livers of both 
controlss and Mdr2 — /— mice at 40 min after administration 
off NBD-Cer. No difference in the amount of NBD-lipids 
couldd be detected. Therefore the most likely explanation of 
thee reduced NBDlipid secretion is an effect secondary to 
thee absence of Mdr^ Pgp. The absence of mdr2 Pgp from 
thee canalicular membrane might lead to a reduction of 
thee PC content and as a consequence to a relative increase 
inn the SM content. It is extremely difficult to analyze lipid 
asymmetryy in canalicular membranes in situ. To circum
ventt this problem we studied bile salt (TUDC)-mediated 
extractionn of SM and NBD-SM from lipid vesicles with dif
ferentt outer membrane lipid content. 

Thee major bile salt species found in normal mouse bile 
aree muricholic acid (80%) and to a lesser extent tauro-
cholicc acid (20%) (23). In our infusion and extraction ex
perimentss we used TUDC because muricholic acid is not 
availablee in sufficient quantities and TUDC is the only 
otherr bile salt suitable to infuse at high fluxes without gen 
erationn of cholestatic effects. We observed that exchanging 
PCC in the vesicles with SM led to a dramatic reduction of 
thee extraction of phospholipids by TUDC. This effect was 
reportedd previously, directly or indirectly, in several exper
imentall set-ups (24-26) . In vesicles composed of both PC 
andd SM, much more PC than SM was extracted by the bile 
salt.. The low extraction efficiency of SM is probably 
causedd by the strong tendency of cholesterol to bind SM 
(27-29),, by the fact that (buttermilk) SM contains more 
saturatedd fatty acids than egg yolk PC, and by the fact that 
sphingolipidss form hydrogen bonds with each other via 
thee free OH group in the sphingosine base. We used but
termilkk SM and egg yolk PC because these resemble SM 
andd PC from the canalicular membrane (30). In vesicles 
containingg only SM and cholesterol, no phospholipid 
(SM)) extraction into micelles was observed at all. In con
trastt to natural (long-chain) SM, which was not extracted 
fromm these vesicles at all, NBD-SM still underwent signifi
cantt extraction from CHOL:SM vesicles, albeit at a re
ducedd level. While extraction of NBD-SM from PC CHOL 
andd PC-SM-CHOL vesicles was identical, it was reduced by 
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65%%  in vesicles containing only SM and CHOL . These 
observationss demonstrate two importan t characteris-
ticss of NBD-SM. First, it clearly shows the different behav-
iorr  of NBD-SM from natural (buttermilk ) SM. The latter  is 
resistantt  towards bile salt-mediated extraction, while the 
formerr  is extracted quite well, even from very resistant ves-
icless such as those exclusively composed of SM and 
CHOL .. Second, the reduced extraction of NBD-SM from 
SM-CHOLL  vesicles as compared to PC-SM-CHOL vesicles 
mayy suggest that the canalicular  membrane of Mdr2 — / -
hepatocytess is relatively more rich in SM than that in con-
tro ll  hepatocytes due to the absence of Mdr 2 Pgp-mediated 
PCC translocation. This, however, remains to be provenH 
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