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ABSTRACT. We prepared large unilamellar vesicles (LUVs) with three different stratum corneum lipid
compositions: constant amounts of ceramides (55 wt %) and fatty acids (15%) with varying amounts of
cholesterol sulfate (015%) and cholesterol (£530%). One of the compositions served as a model for
normal stratum corneum, while the second one served as a model for recessive X-linked ichthyosis stratum
corneum. The third composition consisted of no cholesterol sulfate. Intervesicle lipid interactions in these
LUVs were monitored by fluorescence methods for content leakage, and contents mixing at pH 9, in the
absence and presence of?Caand at pH 6. Since the content leakage and contents mixing assays were
originally developed for phospholipid vesicles, we characterized the probe binding and the probe quenching
properties for stratum corneum LUV systems, and modified the assays slightly accordingly. The time-
dependent fluorescence intensity changes in the probe-containing LUVs at pH 9 and 6 and in response to
the addition of calcium were monitored. Our results demonstrated that all three types of LUVs were
relatively stable at pH 9. Addition of Ga or decreasing the pH to 6 activated intervesicle lipid mixing
followed by vesicle fusion and lysis. We found that the LUVs with no cholesterol sulfate and 30%
cholesterol exhibited a more extensive?Gaor low-pH-activated intervesicle lipid interaction than LUVs

with either 5% cholesterol sulfate and 25% cholesterol or 15% cholesterol sulfate and 15% cholesterol.
These results suggest that fusogenic agents such?dsa@d H" act to neutralize the fatty acids in the

lipid bilayer of stratum corneum vesicles. The inclusion ef1%% cholesterol sulfate helps to prevent

the collapse of fused vesicles into other structures.

The stratum corneum layer of the skin, which forms a composition may potentially change the cholesterol sulfate:
barrier between the skin and the external environment, is cholesterol ratio in the stratum corneum by removing excess
composed of corneocytes (dead cells) in a lipid matrix. The cholesterol sulfate as well as by inserting exogenous
lipids, with ceramides as the main component and with little cholesterol {1). In addition, the topical application of
phospholipids 1, 2), are assembled in lamellar sheeBs (  physiological lipids with cholesterol as the dominant lipid
4). The lipid composition of the stratum corneum can affect in a propylene glycoti-propanol vesicle was found to
desquamation, the processes involved in the detachment anéccelerate barrier recovery in chronically aged murine
subsequent removal of corneocytes at the skin surface,epidermis and human skidg). The effects of C& and H
resulting in disorders of cornificatio®,(6). Stratum corneum  on intervesicle lipid interactions containing altered cholesterol
lipid abnormalities have been reported in inherited disorders sulfate:cholesterol ratios to reflect normal and ichthyosis lipid
such as ichthyosis and in common scaling disorders such assompositions have not been studied in detail. Information
psoriasis and atopic dermatiti€)( Recessive X-linked on lipid interactions as a function of the cholesterol/
ichthyosis patients lack steroid sulfatage§), resulting in cholesterol sulfate composition may shed light on the
accumulation of cholesterol sulfate and decreased cholesterobehavior of these sterol molecules in the maintenance of the
levels in the stratum corneum9,( 10). Consequently,  stratum corneum barrier in vivo.
prolonged stratum corneum retentidif)f and thus excessive We have demonstrated that large unilamellar vesicles
scaling of the skin occur. The molecular mechanism by which (LUVS)! with 5% cholesterol sulfate and 25% cholesterol,
cholesterol sulfate affects stratum corneum shedding is nottogether with 55% ceramides and 15% fatty acids, are stable
clear. It appears that the degree of scaling in patients suffering
from X-linked ichthyosis can be reduced by cholesterol _1A_bbreviations: ANTS, 8—_aminonaphth_alene—l,_S,6—trisulfonic acid,
replacement therapyLt. 12, A topical application of {5000 sal OFPC dbaumioyhosshatdicroine, Dbere, |
unilamellar vesicles/liposomes with the appropriate lipid |7, total fluorescence intensity measured in the presence of 0.5% Triton

X-100; LUVs, large unilamellar vesicles; LUV-N, LUV with 55%

ceramides, 15% fatty acids, 5% cholesterol sulfate, and 25% cholesterol;
T Supported by Loyola University of Chicago and Helene Curtis, A LUV-X, LUV with 55% ceramides, 15% fatty acids, 15% cholesterol
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at pH 9 and are good model systems for studying lipid of fluorescent probe ANTS and/or cationic quencher DPX
properties of normal stratum corneud8). The amount of to Fisher borate buffer increased the buffer osmolality, the
cholesterol sulfate present in normal stratum corneum is osmolality of all samples was maintained 2270 mmol/
smaller than that of cholesterol, but varies among different kg, rather than at the previous value-150 mmaol/kg (8).
anatomical sites, with more cholesterol sulfate present in theANTS or DPX solutions were prepared by dissolving
leg (6.0%) and less in the abdomen (1.5%) or face (2.7%) chemicals in Fisher borate buffer. Since ANTS is acidic, it
(15). Additionally, various values, for example, 2.6% cho- was necessary to add a small amount of NaOH to the solution
lesterol sulfate and 15.6% cholester8),(10% cholesterol  to bring the pH back to 9.0. The osmolality of all solutions
sulfate and 25% cholesterdl®), or 5% cholesterol sulfate  was adjusted te~270 mmol/kg with the addition of KCI.
and 25% cholesterol2( 17), have been used to represent For example, 60, 52, 25, or 7 mM KCl was added to solutions
the lipid composition of normal stratum corneum. Some of without ANTS or DPX, with 25 mM ANTS, with 12.5 mM
the variations in the literature are, in part, due to the different ANTS and 25 mM DPX, or with 50 mM DPX, respectively.
lipid extraction techniques used. In recessive X-linked The osmolality of buffers was checked by using a vapor
ichthyosis stratum corneum, the amount of cholesterol sulfate pressure osmometer (Wescor, Inc., Logan, UT). These
increases and the amount of cholesterol decreases. Williamssolutions were then added to lipid films to prepare MLVs
and Elias reported values of 14.8% cholesterol sulfate andcontaining different amounts of ANTS and DPX.

9.0% cholesterol for recessive X-linked ichthyosis scéje ( The MLVs were subjected to a repeated extrusion process
Topical application of cholesterol sulfate to hairless mouse until the sample absorbance at 700 nm was250, to yield
skin to double the amount of cholesterol sulfate in stratum | /g (18). Three types of lipid compositions wére used to

corneum produced scald9). In this work, we prepared 5 onare three types of MLVs and subsequently three types
LUVs with three different lipid compositions, all with of LUVs (LUV-N, LUV-X, and LUV-Z). All vesicles

constant amounts of ceramides (55%) and fatty acids (15%), . ngjsted of 55% (by weight) ceramides and 15% fatty acids.
but with differing ratios of cholesterol and cholesterol sulfate. LUV-N also consisted of 5% cholesterol sulfate and 25%

Tﬁel normlal ;tratumd Zozneuhml was Irepresente(rj] by 5% cholesterol to give a lipid composition similar to that in
cholesterol sulfate and 25% cholesterol (LUV-N), the reces- a1 stratum corneumt®). LUV-X consisted of 15%

sive X-linked ichthyosis scale by 15% cholesterol sulfate cholesterol sulfate and 15% cholesterol to gi "

. give a composition
aﬁdl 15% fhollrfasterol d(LSL(J);-X)H almd thel t[‘g?/ tZype by N0 gimilar to that in recessive X-linked ichthyos®)(LUV-Z
cholesterol sulfate an b cholesterol (LUV-Z). consisted of no cholesterol sulfate, but 30% cholesterol.

Intervesicle lipid interactions in these vesicles were pppC (100%) LUVs in Fisher borate buffer and 60 mM
monitored by fluorescence methods for content leakage andkC| were also prepared with extrusions at %@ through

contents mixing. Since content leakage and contents mixingg.4 and 0.1um filters.
assays have been developed for phospholipid vesit@s (
20), and have not been used on nonphospholipid systems
we modified the published methods slightly for stratum
corneum LUV systems. The modified assays were applied
to systems at pH 9 in the absence and presenceof &bl
at pH 6. Our results demonstrated thafCand acidic pH
affected intervesicle lipietlipid interactions. Similar C&
and H" effects were observed in LUVs representing bot
normal and ichthyosis lipid compositions, while different
effects were observed in LUVs devoid of cholesterol sulfate.

The extruded samples were then loaded onto a Sephadex
'G-75 (Pharmacia, Piscataway, NJ) column with buffer
containing 30 mM boric acid, 0.2 mM EDTA, and 140 mM
KCI titrated to pH 9 wih 1 N NaOH (osmolality o~270
mmol/kg) (borate column buffer) to give pure LUVs. The
vesicle fractions were pooled and used as LUV samples at
h pH 9 for fluorescence measurements without further adjust-
ment of lipid concentrations. The lipid concentrations of the
final LUVs from different preparations ranged from 0.73 to
1.30 mg/mL and had an average value of 148.35 mg/

mL (n = 24). The concentrations of ANTS and DPX inside
EXPERIMENTAL PROCEDURES LUVs were not determined. The LUVs prepared with buffer

Cholesterol, cholesterol sulfate, bovine brain ceramides solutions containing, for example, 25 mM ANTS, were
types Il and IV (containinga-hydroxy acids), lignoceric ~ designated as LUYANTS, We prepared LUV-RPANTS, LUV-
acid, octacosanoic acid, and dipalmitoylphosphatidylcholing N*#SANTS/A2:5DPX | [J\/-N12.5ANTS/25DPX | |J\/-N 12 5ANTS/45DPX
(DPPC) were purchased from Sigma (St. Louis, MO), and and LUV-N°°PX Similar LUVs were prepared to yield
palmitic acid was purchased from Fisher (Pittsburgh, PA). probe-containing LUV-X and LUV-Z samples.

These chemicals were at least 99% pure and were used For samples with high DPX contents, frequent changes
without further purification {8). 8-Aminonaphthalene-1,3,6-  of membrane filters during repeated extrusion were necessary
trisulfonic acid, disodium salt (ANTS), anprxylene-bis-  to keep the applied pressure below 250 psi. The LUVs
pyridinium bromide (DPX) were from Molecular Probes containing DPX were more difficult to prepare than LUVs
(Junction City, OR). Calcium chloride was from Spectrum with ANTS. In general, more than 10 extrusions through 0.1
(Gardena, CA). Other chemicals used to prepare buffers were,m filters were required to yield LUVs with an absorbance
purchased from Sigma, Fisher, or Calbiochem (La Jolla, CA). at 700 nm 0f<0.250. Using our lipid compositions, we were
Borate buffer from Fisher (01 M boric acid/KCI/NaOH at not able to prepare LUVs in solutions Containing 90 mM
pH 9) was used to prepare buffers used in the studies. ~ ppPX, whereas phosphatidylserine LUVs were made in

Preparations of LUVs with Different Lipid Compositions, solutions containing 90 mM DPX20). We were able
with and without ANTS/DPXMultilamellar vesicles (MLVs) to prepare LUVs with 50 mM DPX. Thus, we used
(~5 mg/mL) and extruded LUVs were prepared as described LUV 125ANTS/250PX for [eakage studies and LUANTS with
previously (8) with minor modifications. Since the addition LUV 3PXfor contents mixing studies.
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To study C&" effects, CaGlsolution (500 mM) was added The quenching of ANTS fluorescence in one LUV
to some of the LUV samples immediately before fluorescence population by DPX in another LUV population is a measure
measurements. The final concentration of Cim samples of the extent of aqueous contents intermixint,(20).

was 5 mM. Quenching by DPX is highly concentration-dependent, so
For samples at pH 6, LUV samples at pH 9 were dialyzed release of contents from the vesicles and their dilution in
quickly (for 45 min) against 30 mM 2N-morpholino)- aqueous space do not result in quench{@.(The agqueous

ethanesulfonic acid (MES) buffer (pH 6) containing 0.2 mM contents of ANTS vesicles must mix with the aqueous
EDTA and 140 mM KCI with an osmolality of270 mmol/ contents of DPX vesicles to generate the distance-dependent
kg. Alternatively 1 M MES with EDTA and KCI buffer at energy transfer required for quenching. For contents mixing
pH 6 was injected into LUV samples at pH 9 to give LUVs experimentsl; values of samples containing equal volumes
at pH 6 in 33 mM MES buffer. These two methods appeared of LUV 2%ANTS and LUVA%PPX were measured as a function
to produce samples with very similar results in leakage and of time, up to 5 h. Contents mixing (percent) values were
contents mixing assays. For example, mean values for thecalculated asl§ — Iy)/lo.
contents mixing assay at= 4.5 h were 16.3t 4.1% for The rate of release of contents from vesicles (leakage) was
samples obtained with the dialysis method and 2283% measured separately by co-encapsulating ANTS and DPX
for samples obtained with the injection method. Values for in one population of vesicles and measuring the increase in
the content leakage assaytat 4.5 h were 12.6- 4.6% for  ANTS fluorescence as the probes (ANTS) leak from the
samples obtained with dialysis and 292.4% for samples  vesicles to the medium. ANTS becomes diluted into the
obtained with the injection method. Most of the data were medium (L0, 20). ANTS does not self-quench since there is
collected on dialyzed LUVs. no overlap between its excitation and emission sped0 (
Usually, under each experimental condition, three sets of ANTS fluorescence is efficiently quenched by DPX by the
samples were prepared for fluorescence intensity measureclassical Fester energy transfer mechanism and depends on

ments. N N N _ the average distance between ANTS and DPX molecules
Analysis of Lipid Composition, Lipid Concentration, and (10). For content leakage experimeniigand|, (up to 5 h)
Vesicle Sizelipid compositions in LUV-NSANTS, -X25ANTS of LUV 125ANTS/25DPXsgmples were measured. Content leakage
and -Z5ANTS were checked by high-performance thin-layer (percent) values were calculated &s— 1o)/(IT — Io).
chromatography1(@). o Data were plotted with commercially available software
The cholesterol concentration in all LUV samples was (Origin from Microcal Software, Inc., Northampton, MA).
determined by the cholesterol oxidase as2dy. (A calibra-  gjnce data for our different runs, under the same experimental

tion curve was generated using cholesterol samples with congitions, were not always obtained with same time points,
known concentrations €150 xg/mL solutions), with and  each set of data was fitted by a spline function to give the
without cholesterol sulfate. We found that cholesterol sulfate past fit. Values at specific times were then calculated from
did not interfere with the cholesterol oxidase assay. Values fitted functions for each experimental run, and these values
of cholesterol concentrations in samples were then used toyere averaged to give mean values and standard deviations.
calculate total lipid concentrations in samples. Thus, under each experimental condition, raw data from
Effective diameters of LUV-N, with and without ANTS/  several, generally three, runs were reduced to one set of mean
DPX, and their polydispersity values were determined by yajyes, with standard deviations. These mean values under
quasi-elastic light scattering measurements with cumulant jne experimental condition were used for comparison with

analysis (8). _ those under another experimental condition.
Fluorescence Intensity Measurements for Content Leakage

and Contents Mixing AssayA Hitachi F2000 fluorescence RESULTS
spectrophotometer (Tokyo, Japan) equipped with a circulat-
ing water bath set at 25 was used to measure fluorescence ~ Characterization of LUV.sThin-layer chromatography data
intensities of samples(1.5 mL at a lipid concentration of ~ showed that the inclusion of fluorescent probe ANTS and/
~1 mg/mL) in cuvettes whose contents were being stirred. Or cationic quencher DPX in lipid solutions did not affect
The excitation was set at 384 nm, and the emission wasthe extrusion and column separation processes used in LUV
detected at 540 nm. A Corning 3-69 cutoff filter was used Preparation, and the lipid compositions of LUV-N, LUV-X,
to reduce light scattering effects@). The beam shutter was ~ and LUV-Z, summarized in Table 1, remained the same as
activated between measurements to help reduce the amourtheir starting compositions.
of photobleaching in samples. Samples were stored in the Mean effective diameters from dynamic light scattering
dark until they were used. measurements were 1249 nm, with a mean polydispersity
The fluorescence intensities of ANTS in various types of of 0.114+ 0.019 g = 2) for LUV-N at pH 9. These values
LUVs with and without DPX were measured as a function were similar to those published earlier, at lower osmolality
of time (Iy), with I taken att = 0. The maximum (total)  values (8). Thus, increasing the buffer osmolality did not
intensities of ANTS in all LUV sampled{) were measured  appear to change the mean effective diameter of LUVs. Mean
in the presence of 0.5% (by volume) Triton X-100. For effective diameters of LUV-R-5ANTS/25DPX(ysed for content
guenching experimentdy/IT values were determined in leakage studies), LURANTS and LUWPPX (used for con-
samples of LUV-N2SANTS/12.5DPX | |J\/-N 12-5ANTS/25DPX tents mixing studies) were also similar (Table 1). It has been
and LUV-NI25ANTSASDPX gand  in samples of DPPC  reported that phospholipid vesicles increase in size with
LUV 125ANTS/125DPX DPPC  LU\AZSANTSI25DPX and DPPC increasing cholesterol content, even when made by the same
LUV 125ANTSM5DPX. Stern-Volmer plots @2) of 1¢/IT versus process 11). However, for our LUV systems with various
DPX concentrations were obtained. cholesterol contents (15, 25, or 30% of total lipid content
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Table 1: Cholesterol Sulfate and Cholesterol Compositiéeight %) and Effective Diameter of LUV-N, LUV-X, and LUV-Z

cholesterol effective

LUV type sulfate (%) cholesterol (%) ANTEMM) DPX? (mM) diameter (nnf) P>

LUV-N© 5 25 125 25 112 20 (3) 0.102+ 0.035
25 - 116+ 3 (3) 0.100+ 0.022
- 50 121+ 14 (2) 0.145+ 0.008

LUV-Xd 15 15 12.5 25 11%+ 6 (4) 0.102+ 0.035
25 - 105+ 9 (2) 0.088+ 0.008
- 50 121+ 7 (2) 0.137+ 0.064

LUV-Z 0 30 12.5 25 124+ 9 (3) 0.118+ 0.043
25 - 119+ 35 (2) 0.164+ 0.064
- 50 154+ 16 (3) 0.181+ 0.076

@ The remaining lipid compositions consisted of 55% ceramides (composed of a 3:2 weight ratio of bovine brain ceramides type Il and IV,
respectively) and 15% fatty acids [1:2:1 (by weight) palmitic acid:lignoceric acid:octacosanoic’adid]concentrations listed were the concentrations
in solutions used to make LUVs. The concentrations of ANTS and DPX inside LUVs were not deterfiiwedage effective diameter in nanometers
of LUVs measured by quasi-elastic light scattering methed3D (0 = the number of different samples use#lPD is polydispersity (the relative
width of the distribution of effective diameters).

for LUV-X, LUV-N, or LUV-Z, respectively), similar 124
effective diameters (about 120 nm) were obtained (Table 1). |
Most of the polydispersity values were around or less than 10
0.150, suggesting that the LUV effective diameters were ]
narrowly distributed. The polydispersity values of two s

systems (LUV-Z5ANTS and LUV-Z°°PPX) were >0.150, but

<0.185, suggesting a slightly broader distribution of sizes

in these two systems. ]
Binding of ANTS to LUV.sSThe mean intensity of LUV-N 4 /

incubated with 25 mM ANTS followed by column chroma- ] /
»

11,

tography to remove unbound ANTS was 3300.3 (h = 2]
3), and the fluorescence intensity for plain LUV-N was 27.9 ]
4+ 0.04. The difference of 5.1 was considered to be the 0 —
fluorescence intensity of ANTS bound to LUV-N. The mean 0 10 20 30 40 50
fluorescence intensity of LUV-NANTSwas 457+ 121 (= DPX (mM)
3). Thus, bound ANTS contributed about 1.1% of the total ggyre 1: Stern-Volmer plot. Quenching of ANTS by DPX in
fluorescence intensity of LUV-NANTS, Similar values were LUV samples prepared with buffers (pH 9) containing 12.5 mM
obtained for DPPC LUW5ANTS Qur findings of little ANTS ANTS and various amounts of DPX, as indicated on xkexis.
binding to stratum comeun vesicles were similar to the ZIOPSECHE T EREE TCIISST e presence of 0.6% (by valume)
. e . 5%
published resullts On, phospholipid vesicl@s)( Triton X-100 () were measured. Th% squar@® (represer% data
DPX QuenchingSince we were unable to prepare LUVS  for stratum corneum LUV-N (see Table 1 for lipid composition),
with 90 mM DPX, as required in the published protocol for and the triangles&) represent data for DPPC LUVs. The values

phospholipid vesiclesl(, 20), we decreased the concentra- for quenching in these two systems were very similar. The data

tions of DPX in buffers to 12.5. 25. or 50 mM and ANTS points exhibited an upward curvature, suggesting that the quenching
. . . e was a product of both dynamic and static terms. This upward
concentrations in vesicle preparation buffers at pH 9 t0 12.5 ¢yature behavior is commonly observed for efficient quenchers.

mM. We followed the DPX quenching in both stratum For content leakage assays, we used LUVs prepared with 12.5 mM
corneum LUV-N and DPPC LUV systems at pH 9. In ANTS and 25 mM DPX.

general, the excited ANTS collides with DPX to form an

excited-state encounter complex which undergoes an internal Aqueous Contents MixingdLittle contents mixing was
fluorescence quenching reaction. This is dynamic quenchingobserved for all three LUV systems at pH 9 (Figure 2,
and is represented by a linear Steiolmer plot. Whenthe  bottom). The mean values obtainedtat 5 h were 4.1%
quencher forms a ground-state ANTS complex, it undergoesfor LUV-N, 1.8% for LUV-X, and 5.6% for LUV-Z, with a
static quenching. The total degree of quenching is thus astandard deviation of about 3%. The addition of 5 mM GaCl
product of the dynamic and static terms with an upward tg these LUV systems induced rapid contents mixing, with
curving Stera-Volmer plot €2). This upward curving  apout 30% contents mixing within the first 3 min of
behavior is commonly observed for efficient quenchers. Both eagyrement for all three LUV systems (Figure 2, top). The
stratum corneum LUV-N and DPPC LUV systems exhibited ., tants mixing processes appeared to level off at absut

upward curving SternVVolmer plots (Figure 1), suggesting 1 h. with the values beina 35.9% for LUV-N. 33.6% for
that 25 mM DPX in LUVZSANTE®PP  was an efficient LU\,/-X and 36.2% for LLgJV—Z A?tt =5h t’he \}aIL;)es

quencher at pH 9. ANTS/DPX leakage assays have also beer}emained similar (35.9% for LUV-N, 34.3% for LUV-X, and

used previously at pH 9'5 on thSphO“p'd vesicls) ( 37.0% for LUV-Z, with a standard deviation of about 3%).
Measurements of quenching efficiency at pH 6 were not

taken, but since ANTS fluorescence is relatively independent Changing the sample pH from pH 9 to 6 by dialysis
of pH between 4.0 and 7.51Q), we assumed a similar induced contents mixing (Figure 2, middle). &&= 5 h, the
guenching efficiency at pH 6. values increased to 16.4% for LUV-N, 10.6% for LUV-X,
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the mean values of data for LUV-N, triangles)(for LUV-X, and
Time (h) circles @) for LUV-Z. See Table 1 for lipid compositions of these
- LUV samples. The LUVs were prepared in buffers containing 12.5
FiGURe 2: Aqueous contents mixing of LUVs. Squarel)(  mM ANTS and 25 mM DPX. The concentrations of ANTS and
represent mean values of data for LUV-N, triang|a$ for LUV- DPX inside LUVs were not determined. Florescence intensities as
X, and circles @) for LUV-Z. See Table 1 for lipid compositions 5 fynction of time () were measured up to 5 h. The maximum
of these LUV samples. The 5';\HTVS were prepared in buffers fjyorescence intensities™j were measured by adding 0.5% (by
containing 25 mM ANTS (LUV*ANTS) and in buffers containing  yolume) Triton X-100. Content leakage (percent) values were
50 mM DPX (LUVSPPPY). The concentrations of ANTS and DPX  g(culated asl{— 1g)/(I” — Io), wherelo, was measured at= 0.

inside LUVs were not determined. The maximum fluorescence | yys were prepared at pH 9. Ca@olutions (500 mM) were added
intensities oof ANTS () in each LUV sample were measured by 5 | yyv samples immediately before fluorescence measurements
adding 0.5% (by volume) Triton X-100 to the LUV system. \ere taken to give final Cagtoncentrations of 5 mM. For samples
Florescence intensities of samples containing equal volumes of 4 pH 6, LUV samples at pH 9 were dialyzed quickly (for 45 min)

LUV25ANTS and LUVPPPX were measured as a function of time  54ainst 30 mM MES buffer at pH 6. Three or four runs were carried
(1Y), up to 5 h. Contents mixing (percent) values were calculated as ot under each condition.

(Io — 1Y/lo, wherelp was measured d@t= 0. LUVs were prepared
at pH 9. Cad solutions (500 mM) were added to LUV samples | . v 10 leak
immediately before fluorescence measurements were taken to giveV@s delayed. Approximately 1% content leakage was de-

a final concentration of 5 mM. For samples at pH 6, LUV samples tected for LUV-Z att = ¥/, h, and the degree of leakage
at pH 9 were dialyzed quickly (for 45 min) against 30 mM MES reached a level of+3% after 1 h. The content leakage
buffer at pH 6. Three or four runs were carried out under each continued beyond the first hour for all three systems, and at
condition. The standard deviations ranged from 3 to 4%. t =5 h, the degree of content leakage appeared to level off
to about 16% for LUV-N and 11% for LUV-X, but continued

and 13.2% for LUV-Z, with standard deviations of about to increase to 35% for LUV-Z.

4%.

Content LeakageAt pH 9, little content leakage was piscussioN
detected for all three types of LUV samples (LUV-
N125ANTS/25DPX | J\/-X 125ANTSIZSDPX andl LUV-ZA2-5ANTS/25DP In this study, the effects of calcium and pH on vesicle
up to 5 h after the vesicles were prepared (Figure 3, bottom).|eakage and aqueous contents mixing were studied on stratum
The values obtained from content leakage assays were allcorneum lipid LUVs containing three different cholesterol:
around baseline. The addition of Ca@® mM) drastically cholesterol sulfate ratios to better understand stratum cor-
increased the degree of content leakage for all three systemsieum lipid interactions and the effect of cholesterol sulfate.
(Figure 3, top). At =%/, h, about 18% content leakage was Most stratum corneum lipid studies have been carried out
detected for LUV-N and LUV-X whereas about 13% leakage on small unilamellar vesicle (SUV) systems. For example,
was detected for LUV-Z. At = 5 h, the degree of leakage morphological changes in stratum corneum lipid assembly
leveled off to about 30% for both LUV-N and LUV-X, upon addition of corneocyte24), salt 4), acylceramides
whereas the degree of content leakage continued to increasand acylglucosylceramide&%, 26), and calcium 27) were
to about 45% for LUV-Z. observed in SUV systems. SUVs prepared with either no

Content leakage was detected at pH 6, however to a lessefree fatty acids or no cholesterol sulfate were used to study
extent than that induced by 5 mM CaQFigure 3, middle). calcium effects on stratum corneum lipid&7). However,
Leakage began immediately, with about B)% content lipid molecules in SUVs experience unusual molecular
leakage detected during the first hour of monitoring for packing in their bilayer due to their high level of curvature
LUV-N and LUV-X. For LUV-Z, however, content leakage (28). The higher percentage (6G0%) of lipids in the outer
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monolayer of SUV compared to the inner monolayer can h. After 5 h, about 50% of the vesicles exhibited leakage,
lead to asymmetric distribution of lipids in vesicle®9). and the degree of leakage did not appear to level off. The
Asymmetric lipid distribution may affect lipidlipid and/or increased extent of Cainduced leakage for vesicles without
lipid —protein interactions. Thus, it may be difficult to relate  cholesterol sulfate suggests thafChinds to the fatty acid’s
experimental results to functional properties in SUV studies. carboxylate group at the surface of the LUVs, leading to
Stratum corneum LUVs are relatively more stable and may the collapse of LUV-Z vesicles, presumably into other
better serve as a model system for understanding lipid structures, whereas the vesicles with cholesterol sulfate
interactions in stratum corneum with different lipid composi- (LUV-N and LUV-X) remain relatively stable due to
tions. cholesterol sulfate’s contribution to the surface charge of the
Contents mixing and content leakage assays are twovesicles. Thus, the extent of calcium-induced leakage for
methods widely used to study intervesicle lipid interactions vesicles containing both fatty acids and cholesterol sulfate
(23, 30, 31). It has been shown that lipid vesicles interact to was less than the extent of massive leakage observed in
yield fusion, lysis, and/or mixing of bilayer componer2g) vesicles without cholesterol sulfate. Previous EM studies
For the first case, fusion is defined as the concomitant mixing showed that SUVs without cholesterol sulfate began to fuse
of bilayer lipids and aqueous contents. For the second casefo form larger vesicles and lamellar sheet withi h of the
lysis involves no mixing of aqueous contents, but leakage addition of C&", and only lamellar sheet structures were
and mixing of bilayer lipids. The third case may be due only found after 2 weeks7). The SUVs with cholesterol sulfate
to outer monolayer mixing while the inner monolayer and fatty acids remained as larger vesicles with only some
remains intactZ0). The lipid interactions leading to vesicle lamellar sheets, and the SUVs with cholesterol sulfate but
fusion may be observed with a contents mixing assay, andno fatty acid did not fuse after 2 week®7.
the lipid interactions leading to vesicle lysis may be observed The physiological relevance of &€ato stratum corneum
with a content leakage assay. We modified the published formation has been previously suggestéd, (36). Menon
contents mixing and content leakage assays, which wereand co-workers used ion capture chromatography to show
developed for phospholipid systems, for stratum corneum high levels of extracellular Ca present at the stratum
lipid systems, and used them to evaluate intervesicle lipid granulosum-stratum corneum interface. Lamellar granules
interactions in LUVs with various stratum corneum lipid are thought to discharge their contents into intercellular space
compositions. Since different assays follow different kinetic as flattened unilamellar vesicle37). The high C&" levels
or equilibrium properties in lipid interactions, each assay at the interface might activate the fusion of unilamellar
monitors slightly different molecular event®(( 32). There- vesicles into broad lipid lamellar sheets, which form the
fore, these two assays provide complementary information stratum corneum 27). Recently, Elias and co-workers
on vesicle lipid interactions. It has been shown that the demonstrated the importance of a calcium gradient in barrier
ANTS/DPX assay monitors a faster fusion event than the formation. In rodent epidermis, a calcium gradient forms at
terbium/dipicolinate assap(, 33). It has also been reported the same time as the stratum corneum barrier competence is
that the contents mixing assay is very sensitive to lipid established38). The gradient exhibits low levels of €ain
aggregation32). In addition, small changes in the average the stratum corneum and higher levels of Cat the stratum
size of the liposomes led to significant changes in the fusion corneum-stratum granulosum interface. In agreement with
kinetics @0, 34). In our studies, we focused on comparing this finding, our results showed that Tapromoted lipid
the relative extent of intervesicle lipid interactions in our interactions in all vesicle systems studied. We did not observe
LUV systems with three different lipid compositions, rather differences in C&-induced fusion between vesicles with a
than the absolute values for vesicle fusion or for vesicle lysis. high cholesterol sulfate content (LUV-X) and vesicles with
Results from both contents mixing and content leakage 5% cholesterol sulfate (LUV-N). In recessive X-linked
assays indicated little intervesicle lipid interactions at pH 9 ichthyosis, significantly higher cholesterol sulfate levels are
in all three types of LUVs studied. At pH 9 and room only present at the stratum corneum lay28)( Since the
temperature, LUV-X (15% cholesterol sulfate) and LUV-Z Ca&* concentration is low in the stratum corneum, lack of
(no cholesterol sulfate) samples exhibited stabilities similar differences in C&-induced lipid interactions between vesicles
to that of LUV-N (5% cholesterol sulfate) samples. Earlier, modeled with ichthyosis and normal lipid compositions might
we have shown that LUV-N samples remain in solution, and not be surprising.
are free of lipid aggregation for 46 weeks at room Lower levels of cholesterol sulfate are present in the upper
temperature 18). layer of the stratum corneum than in entire stratum corneum
In this study, we found that, at pH 9, the addition oPCa  sheets §9). Some cholesterol sulfate is needed to prevent
(5 mM) to LUVs activated intervesicle lipid mixing, leading collapse of all vesicle structures prior to final stratum
to both contents mixing and content leakage in all three typescorneum bilayer formation. Too much cholesterol sulfate
of LUVs. About 30-40% LUVs exhibited contents mixing  present, i.e..~~15 wt % as in the case for recessive X-linked
(fusion) within 30 min of addition of C4 in all three stratum ichthyosis, along with decreased levels of cholesterol might
corneum LUV systems. However, for the Canduced prevent proper extended bilayer formations in the uppermost
content leakage (lysis), differences were observed betweenayer of the stratum corneum. The rate of intermembrane
systems with and without cholesterol sulfate. For LUV-N exchange for cholesterol sulfate was found to be ap-
and LUV-X systems, Ca-induced interactions led to 20% proximately 10-fold faster than for cholesterally. Thus, it
content leakage/vesicle lysis within 1 h, and leveled off to is possible that intervesicle lipid interactions may lead to
about 25% at 5 h. For the LUV-Z system, however, content rapid exchange of cholesterol sulfate between bilayers.
leakage was initially slower than that for LUV-N and LUV-X A decrease in pH to pH 6, the pH of the ski#O( 41),
systems, but was followed by more rapid leakage after 1.5 also activated intervesicle lipid mixing, but to a lesser extent
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than that activated by €a The overall extents of vesicle = 5—15% cholesterol sulfate helps to prevent the collapse of
fusion (contents mixing) and vesicle lysis (content leakage) fused vesicles into other structures.

at pH 6 were about 10% in LUV-N and LUV-X systems.
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