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ABSTRACT

We have investigated the effects of glucocorticoid treatment on lipid
lateral diffusion and cholesterokphospholipid ratios in the plasma mem
branes of the lipopolysaccharide (LPS)-responsive murine B-cell leuke

mia (BCL,). Exposure to LPS for 24 h at concentrations of 50 Â¿tg/ml,
100 Mg/ml, and 250 Mg/ml caused a 42% reduction in the lateral diffusion
of the lipid probe 3,3'-dioctadecylindocarbocyanine iodide as measured
by fluorescence photobleaching recovery techniques at 37Â°C. In cells
incubated with 50 Mg/ml LPS, 3,3'-dioctadecylindocarbocyanine iodide
diffusion is reduced to 2.2 x 10 '' uu2s ' compared to freshly isolated

BCLi cells where 3,3/-dioctadecylindocarbocyanine iodide diffused at a
rate of 3.8 x 10"* cm V. In BCL, cells activated by LPS for 24 h and

recultured with a pharmacological concentration of the synthetic gluco
corticoid triamcinolone acetonide (TA, III"'' M) for 6 h, lipid lateral
diffusion increased to 3.5 x IO"9 cmV. Concentrations of TA lower

than 10 '' M had no effect on lipid lateral diffusion. Six-h treatment with
10~* M TA had no effect on freshly isolated BCL, cells (Time 0). However,

lipid lateral diffusion increased in cells incubated 24, 48, and 72 h with
LPS, and an additional 6 h with 10~* M TA suggested that activated

BCL, cells were more glucocorticoid sensitive than cells at Time 0.
Plasma membrane cholesterol and phospholipid content, analyzed at 0
and 24 h, indicated that LPS activation was associated with a 7% increase
in the cholesterokphospholipid ratio in BCL, membranes and that glu
cocorticoid treatment of these LPS-activated cells for 6 h decreased the

membrane cholesterol:phospholipid ratio perhaps through inhibition of
tie novo cholesterol synthesis.

INTRODUCTION

Glucocorticoids are used in chemotherapeutic strategies for
treatment of malignancies of lymphoreticular origin. It is there
fore of interest to understand the mechanism by which gluco-
corticoids are cytotoxic to lymphocytic cells, how normal cells
differ from leukemic cells in their response to such agents, and
how cell proliferation modulates such differences. The murine
B-cell leukemia BCLi3 has been used to examine the response

of lymphoid tissue to glucocorticoid treatment. These mono
clonal leukemia cells, when incubated with LPS, differentiate
to antibody-secreting cells in a manner resembling normal,
nontransformed H-cells (1). Although this cell line is less sen
sitive to glucocorticoids than are normal LPS-activated murine
splenic B cells (2), BCLi cells respond to glucocorticoids as
indicated by reductions in the rate of DNA synthesis (3).

We have previously explored the effects of glucocorticoids
on membrane fluidity in LPS-activated murine B-cells (4). LPS
activation is associated with a decrease in lipid lateral diffusion
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in these cells. Lipid mobility is reduced at least 50% in lympho-
blasts compared to either resting splenic lymphocytes or ter
minally differentiated immunoglobulin-secreting B-cells. Glu
cocorticoid treatment rapidly increases membrane lipid mobil
ity in both resting B-cells and LPS-activated lymphoblasts in a
dose-dependent manner with maximum increases in lipid mo
bility occurring after 6-h steroid exposure.

Glucocorticoid effects on lipid diffusion may be a conse
quence of glucocorticoid effects on cholesterol synthesis. Glu
cocorticoid treatment of steroid-responsive cells is associated
with increases in membrane cholesterol and alterations in mem
brane lipid composition. The activity of 3-hydroxy-3-methyl-
glutaryl coenzyme A synthase is inhibited, which results in
reduced cholesterol synthesis (5). Glucocorticoid treatment also
affects lipid synthesis, increasing sphingomyelin synthesis in
HeLa cells and 3T3 cells (6, 7). In HeLa cells, these changes in
the membrane composition are reflected in values for lipid
fluidity and lateral diffusion (8, 9). Lipid diffusion increased
significantly in cells treated 24 h with glucocorticoids where
membrane cholesterohprotein ratios were decreased (8).

In this study, we have used fluorescence photobleaching
recovery techniques to probe glucocorticoid effects on the mem
branes of BCL, cells. Because large numbers of BCLr cells are
obtained from the spleen of a single animal, plasma membranes
can be obtained in sufficient quantities for analysis of choles
terol and phospholipid content following steroid treatment. We
wished to see (a) whether lipid diffusion in LPS-activated BCLi
differed quantitatively from that of normal murine B-cells, (b)
whether glucocorticoid treatment affected lipid lateral diffusion
in these cells, and (c) whether changes in plasma membrane
lipid lateral diffusion were correlated with changes in plasma
membrane cholesterol and phospholipid content.

MATERIALS AND METHODS

Chemicals. RPMI 1640 with 200 HIMglutamine, HBSS, and PCS
(Lot 300244) were purchased from KC Biological (Lenexa, KS). Esch-
erichia coli lipopolysaccharide 055:B5, steroids, HEPES, Ficoll, BSA
Fraction V, Fiske-Subbarow reducer, and coprostane were purchased
from Sigma Chemical Company (St. Louis, MO). Sixty % hypaque
meglumine was purchased from Winthrop Labs (New York, NY). All
other chemicals were reagent grade except chloroform, which was
spectroscopic grade.

Preparation of BCL, Cells. The BCL, cell line was the generous gift
of Dr. Mary Ruh of St. Louis University School of Medicine. The cell
line was maintained in BALB/c mice (Charles River Labs, Wilmington,
MA) by i.p. injection of IO7 cells in 1.0 ml of BSS. The mice were

sacrificed 8 to 12 wk after injection, their spleens were removed, and
the cells were obtained by gentle teasing into RPMI 1640. Upon
sacrifia-, each spleen contained 8 to 10 x IO8 cells. At least 95% of

these lymphocytes were medium sized lymphocytes characteristic of
BCLi cells. Cells at a concentration of 2.5 x 10' cells/ml were cultured

in RPMI 1640 supplemented with 10% PCS, penicillin (100 lU/ml),
streptomycin (100 mg/ml), gentamycin (100 jig/ml), and 5 x 10~5M 2-

mercaptoethanol which enhances BCL, response to LPS (10). Cells
were maintained in 75-cm2 flasks (Corning No. 25110) at 37'C in a 5%

CO, atmosphere. The medium was exchanged every 24 h to maintain
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pH 7.2. LPS was added at Time 0 at the indicated concentrations. In
some experiments, cells activated with 50 jtg/ml LPS were washed once
by centrifugation at 220 x g for 10 min and resuspended in serum-free
medium containing various steroids for 6 h.

Fluorescence Photobleaching Recovery Measurements. To prepare
cells for FPR measurements, approximately 15 ml of the cell suspension
were centrifuged over 2 ml of Ficoll-Hypaque (p = 1.09 g/ml) at 2000
x g for 20 min to remove dead cells and erythrocytes. Viable BCL,
cells were collected from the Ficoll:buffer interface, washed 2 times in
BSS, and suspended in 1 ml of fresh BSS. The fluorescent lipid analogue
Dil (10 i/1 of 0.1 mg/ml Dil in ethanol) was added while gently
vortexing. Cells were incubated 10 min at 37"C, washed 3 times with

HBSS, and suspended in 0.5 ml of HBSS.
The FPR system used in these experiments has been described

elsewhere (11). FPR measurements on Dil-labeled BCLi cells were
performed at 37Â°Cunder coverslips on well slides as previously de

scribed (4). A photobleaching run on a single cell consisted of 16
prebleach fluorescence measurements, at 20 ms per point and using an
attenuated laser beam (0.1 jjW. 514.5 nm), a 5-ms bleaching pulse (3
mW at 514.5 nm), and 240 additional 20-ms measurements with the

attenuated beam to delineate fluorescence recovery kinetics. The beam
l/e2 radius was 0.481 /im. Data were analyzed on-line using optimized
non-linear curve-fitting procedures to obtain the diffusion coefficient
of the mobile fluorophore.

Plasma Membrane Isolation. Plasma membranes were prepared from
viable cells obtained using a method described by Steinman et al. (12).
A dense BSA solution (p = 1.082 g/ml) was prepared by dissolving 110
g of BSA in 280 ml of a mixture of 186 ml of phosphate-buffered
saline, 65 ml of water, and 29 ml of N NaOH. A BSA solution of p =
1.060 g/ml was prepared by a 20% dilution of the dense BSA solution
with phosphate-buffered saline at pH 7.2. Cells were suspended in the
dense BSA at a concentration of 107to 108cells/ml. The cell suspension
was then overlaid with an equal volume of BSA of p = 1.060 g/ml. The
tubes were centrifuged at 10,000 x g for 20 min in a Sorvall RC2-B
centrifuge. Viable BCLi cells were collected with the top layer and
washed twice with BSS.

Pure plasma membrane fractions were isolated from BCLi cells by
the method of Ferber et al. (13). BCLi cells were suspended in 0.02 M
HEPES:0.13 MNaChO.5 mM MgCl2 (pH 7.2) at a concentration of 0.5
to 1.0 x 10* cells/ml. An equal volume of 0.5 M sucrose was added to

the cell suspension while stirring. Nitrogen cavitation was used to
disrupt intact cells. Cell suspensions were equilibrated in a cold steel
bomb with 30 atm. of nitrogen for 20 min and then released to
atmospheric pressure through a Parr Instruments release valve at the
base of the bomb. Nuclei and mitochondria were removed by centrifu
gation at 20,000 x g in a Sorvall RC2-B centrifuge. Crude membranes
were pelleted by ultracentrifugation at 100,000 x g for 60 min at 5Â°C.

The pellet was washed once with 0.1 M HEPES (pH 7.5) and suspended
in 1 mM HEPES. This suspension was dialyzed against 1 HIMHEPES:!
HIMMgCl2 (pH 8.2) for l h at 4Â°C,layered on 26% dextran in the same
buffer (p = 1.09 g/ml), and centrifuged at 200,000 x g for 6 h at 4"C.

Plasma membranes were collected from the solution interface, mixed
with an equal volume of buffer, pelleted by centrifugation, and washed
once in buffer. Isolated membrane samples were stored at -20Â°C.The

purity of plasma membranes prepared using this method was assessed
by scanning electron microscopy.

Membrane Cholesterol Assay. Plasma membranes were saponified
with 0.5 ml of 50% KOH and 1.5 ml of 95% ethanol by heating at
SOT for l h in glass centrifuge tubes covered with a marble. Nonsa-
ponifiable lipids were extracted 3 times with 1 ml of CHCb. The
organic extracts were evaporated to dryness under streaming nitrogen
and then dissolved in 200 n\ of CUCI, containing 50 nv.of coprostane
as an internal standard. Samples were chromatographed on a Perkin-
Elmer Sigma 2 gas-liquid Chromatograph operated at 280Â°Cwith a 30-

m DB1 methyl silicone capillary column (J & W Scientific, Inc., Rancho
Cordova, CA) and flame ionization detector. Cholesterol was quanti-
tated by comparison of the peak areas of cholesterol to those of the
internal standard.

Phospholipid Determination. The total membrane phospholipid con
tent was determined as phosphate in the aqueous extract of the sapon

ified membranes. Plasma membrane samples were mixed with an equal
volume of 10% Mg(NO3)2-6H2O in ethanol, evaporated to dryness over
a flame, and further heated until the fumes disappeared. After cooling,
0.3 ml of N HC1 were added to each sample. The tubes were capped
with marbles and heated in a boiling water bath for 15 min. The samples
were allowed to cool before adding 0.65 ml of H2O, 0.05 ml of Fiske-
Subbarow reducer, and 0.2 ml of 5% ammonium molybdate to each
tube. Tubes were then vortexed and returned to the boiling water for 7
min. The absorbance at 830 nm was recorded on a Perkin-Elmer 552A
spectrophotometer. NaH2PO< was used to construct a standard curve
(14).

RESULTS

The effects of LPS concentration on lipid lateral diffusion at
37Â°Cwere examined in BCLj cells incubated 24 h with various

concentrations of mitogen (Fig. 1). The lipid probe Dil on
BCLi cells incubated 24 h in medium alone had a diffusion
coefficient of 3.8 x 10~9 cmV. The lipid lateral diffusion

measured on BCLi cells incubated with LPS for 24 h is reduced
to 2.7 and 2.2 x 10~9 cmV after treatment with 10 and 50

ng/ml of LPS, respectively. Exposure to LPS, at concentrations
of 100 ÃŸg/m\and 250 ng/ml, did not cause any further reduction
in membrane fluidity. This agrees well with studies showing
maximum thymidine incorporation into B( 'I., cells exposed to

50 to 100 Mg/ml of LPS (14). In subsequent studies a concen
tration of 50 MS/m' of LPS was used to mitogen activate BCLi
cells.

The effects of the synthetic glucocorticoid TA were examined
in lymphoblasts incubated with LPS for 24 h. Cells were cul
tured with 50 Mg/ml of LPS for 24 h and then incubated for 6
h in serum-free medium with various concentrations of TA
(Fig. 2). At concentrations of 10~8M and 10~7M TA, there was

no significant increase in membrane fluidity. The diffusion rate
of cells incubated with 10~6 M TA for 6 h was 3.47 x 10~9
cm2s~', an approximate 50% increase in the rate of lipid lateral
diffusion as compared to untreated cells. TA (IO"5 M) caused
an increase in lipid lateral diffusion to 3.77 x 10~9cm2s~'.

This effect on lipid lateral diffusion appears to be glucocor-

50 IOO ISO 200 300

LPS

Fig. 1. Effect of LPS concentration on lipid mobility of BCL! cells.
murine leukemia cells were obtained from spleens of BALB/c mice. Cells were
incubated for 24 h in medium containing various concentrations of LPS and then
labeled with Dil for fluorescence photobleaching recovery measurements. Points,
mean diffusion coefficient of at least l S measurements on individual cells; bars,
SE.
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Fig. 2. Effect of various doses of TA on lipid mobility in BCL, cells stimulated
24 h with LPS. BCL, cells were cultured for 24 h in RPMI 1640 with 50 iig/mi
of LPS. Cells were then placed in fresh medium containing no hormone (NH) or
TA at the concentrations indicated. Points, mean diffusion coefficient measured
by FPR and an average of 15 measurements; bars, SE.

ticoid specific. Corticosterone, which is less biologically potent
than TA, caused a smaller increase in lipid lateral diffusion to
2.83 x 10~9cmV1. BCL, cells treated with IO"5 M estradiol or

testosterone for 6 h had diffusion coefficients for Dil of 2.44 x
10~9cmV and 2.01 x 10~9cmV1, respectively. That estradiol

and testosterone did not cause an increase in membrane fluidity
suggests that increased lipid lateral diffusion in glucocorticoid-
treated cells is not due to nonspecific steroid interactions with
the lipid bilayer.

It has been suggested that the sensitivity of B-cells is depend
ent on the stage of differentiation (15), stimulated cells being
less sensitive than resting cells. We have previously examined
the effect of TA on normal B-cell membranes at various stages
and found that the magnitude of increases in Dil diffusion were
similar at 0, 24, 48, and 72 h (4). Analogous experiments were
performed on BCL, cells, and the results are shown in Fig. 3.
Lipid lateral diffusion was measured in cells incubated with
LPS for 0, 6, 24, 48, and 72 h. Within 6 h there was a slight
decrease in the Dil diffusion rate from 3.81 to 3.18 x 10~9

cmV. At 24 h the lipid diffusion was slowed by 48% and
remained essentially unchanged over the next 48 h. Lipid lateral
diffusion in the absence of LPS remained unchanged over 72 h
(data not shown). At 0, 24, 48, and 72 h, cells were recultured
in serum-free medium with 10~6M TA for 6 h. In unstimulated

cells, glucocorticoid treatment caused essentially no change in
lipid lateral diffusion. LPS-stimulated cells obtained at 24, 48,
and 72 h and treated with TA for 6 h showed increases in the
rate of lipid lateral diffusion to values of 3.47, 3.24, and 4.31
x 10~9 cm2s~' for measurements at 30, 54, and 78 h, respec

tively. No change in lipid lateral diffusion occurred in lympho-
blasts recultured for 6 h without fetal calf serum.

With the large number of BCL, cells obtained from a single
animal, it is possible to isolate plasma membranes for analysis
of cholesterol and phospholipid content. Plasma membranes
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Fig. 3. Effect of 10 ' M TA on membrane lipid mobility in BCL! cells at

various times after LPS stimulation. BCL, cells were incubated in RPMI 1640
containing 50 Â¿ig/mlof LPS for the times indicated (â€¢).Glucocorticoid effects
on lipid mobility were examined on BCL, cells recultured for an additional 6 hwith 10~6M TA (â€¢).FPR measurements were made at 37"C on viable Oil-labeled

cells. Bars, SE.

Table 1 Effect of iriamcinolone acetonide on BCL, plasma membrane
cholesterol:phospholipid ratios

BCL, cell membranes were isolated and analyzed as described in "Materials
and Methods." Cells were incubated with LPS for 0 and 24 h, or for 24 h with
an additional 6-h exposure to 10~5M TA.

Time
(h)0

24
30TreatmentNone

LPS
LPS (24 h), 10-' M TA (6 h)Cholesterohphospholipid

(mol/mol)1.04
Â±0.03Â°(8)*

1.12 Â±0.04 (9)
1.07 Â±0.03 (7)

" Mean Â±SE.
* Numbers in parentheses, number of experiments.

were isolated from 10" to 10' cells per sample. Membrane

vesicles of various sizes were seen in transmission electron
micrographs (data not shown), and no contaminating organelles
were identified. The cholesterol:phospholipid ratios of isolated
plasma membranes were determined as described for fresh
splenic BCL, cells, cells cultured with LPS for 24 h, and LPS-
stimulated cells exposed to glucocorticoid for an additional 6 h
(Table 1). There is a 7% increase in the cholesterohphospholipid
ratio in LPS-activated BCL] cells, a result consistent with the
reduction in lipid lateral diffusion observed at 24 h. The differ
ence is significant at the 99.9% confidence level according to a
two-tailed Student's t test. Subsequent treatment with 10~5 M

TA for 6 h decreases the cholesterohphospholipid ratio 5%
perhaps through inhibition of cholesterol synthesis. This effect
of TA is significant at the 90.0% confidence level by the same
criterion.

DISCUSSION

Alterations in the lipid composition of plasma membranes
are associated with the growth and development of cancer (16).
The rate of cholesterol synthesis by leukemia cells has been
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reported to be 10 to 30 times that of normal lymphocytes (17,
18). The plasma membranes of leukemia ceils may also contain
more cholesterol relative to membrane phospholipids than do
normal lymphocytes (19). An increase in membrane cholesterol,
resulting in decreased lipid lateral mobility, would be consistent
with our observation that lipid lateral diffusion is slower in
BCLi cells than in normal B-cells. The diffusion coefficient for
Oil is 3.8 x 10~9 cmV on freshly isolated BCL, cells as
compared to 6.5 x 10~9 cmV in normal murine B-cells (20).

These results differ from reports where lymphocytes from pa
tients with leukemia or malignant lymphoma had increased
membrane lipid fluidity relative to normal human lymphocytes
(20, 21) which was attributed to decreases in choles-
terol:phospholipid content in the membrane. However, in most
types of human leukemic cells, the molar ratios of cholesterol
to phospholipid and the amount of membrane cholesterol are
lower than seen in normal human lymphocytes (22).

Membrane lipid lateral diffusion in LPS-activated BCLi cells
was slower within 24 h after LPS activation and remained
relatively constant over the next 48 h. Similarly, normal murine
lymphoblasts examined after 24, 48, and 72 h of LPS exposure
had diffusion coefficients of between 2.5 and 5.0 x 10"' cmV
compared to a value of 6.5 x 10~9cm2s~' for normal, unstim-

ulated B-cells. The decrease in lipid lateral diffusion may be
due, at least in part, to increases in membrane cholesterol.
Cholesterol synthesis in phytohemagglutinin-stimulated cells
increases within 4 h and reaches a maximum rate at 24 h (23).
In differentiating human promyelocytes, elevations in choles-
terol:phospholipid ratios are accompanied by decreases in mem
brane fluidity (6). This appears to be the case in BCLi cells
where the cholesterol:phospholipid ratio in isolated plasma
membranes increases 7% 24 h after mitogen stimulation.

Exposure to the synthetic glucocorticoid TA consistently
causes an increase in lipid lateral diffusion (4) in both LPS-
activated B-cells and in Ik-La cells (8). In BCL, cells activated

with LPS for 24, 48, or 72 h, the rate of Dil diffusion increases
following 6-h exposure to 10~6 M TA, a steroid concentration

100-fold greater than that required to inhibit thy mid ine incor
poration (3). Increases in lipid lateral diffusion occur more
rapidly than does the inhibition of thymidine incorporation
which, in BCLi cells, takes, on the average, a minimum of 12
h (3). The increase in lipid lateral diffusion prior to DNA
synthesis is consistent with the notion that synthesis of cellular
cholesterol occurs prior to DNA synthesis. Inhibition of cho
lesterol synthesis stops cell proliferation, but the converse,
blocking DNA synthesis, has no effect on cholesterol synthesis,
blast transformation, or formation of cytotoxic T-cells (24).

After LPS activation of normal murine B-cells and BCLi
cells, glucocorticoid treatment has progressively less effect on
[3H]thymidine incorporation (2, 3). Interestingly, no such de
crease in glucocorticoid sensitivity occurred during LPS-in-
duced activation of either normal B-cells or BCLi cells as
measured by changes in lipid lateral diffusion. Unlike normal
B-cells, lipid lateral diffusion in freshly isolated BCLi cells is
not affected by 6-h treatment with TA. However, following LPS
activation for 24 h, glucocorticoid treatment of normal B-
lymphocytes produced increases in membrane fluidity of com
parable magnitude in mitogen-stimulated BCLi cells as was the
case for normal B-cells (4). Since LPS-activated BCLi cells
experience changes in lipid fluidity of their plasma membranes
in response to mitogen and glucocorticoid treatment in a man
ner analogous to that seen in normal cells, previously reported
changes in lipid lateral diffusion in B-lymphocytes may be due
to changes in membrane cholesterohphospholipid ratios as well.

That glucocorticoid treatment should increase lipid lateral dif
fusion is not surprising. Glucocorticoid treatment decreases
cholesterol synthesis in murine thymocytes (25) and in I lei.a
cells by inhibition of hydroxymethyl-glutaryl coenzyme A syn-
thase activity (5). Changes in the ratio of cholesterol to phos
pholipid correlate well with changes in diffusion rates for Dil.
Plasma membranes of BCLi cells cultured 24 h with LPS and
recultured for 6 h with TA had cholesterolrphospholipid molar
ratios of 1.07, similar to the cholesterol:phospholipid ratio in
untreated cells.

Although membrane fluidity has been implicated in numer
ous cell function, its role in glucocorticoid-mediated cell lysis
is not well understood. Increased lipid lateral diffusion in
response to glucocorticoid treatment might be a prelude to cell
lysis in BCL] cells. If this were the case, measurements of
membrane lipid diffusion before and after steroid treatment
could provide a rapid indication of patient response to gluco
corticoid therapy. Studies in progress in our laboratory suggest
that, in the steroid-sensitive leukemia CEM-C7, increases in
lipid lateral diffusion occur within cell populations where the
number of viable cells is significantly reduced. Neither cell
number nor lipid lateral diffusion is affected in steroid-resistant
CEM-C1 cells treated with pharmacological concentrations of
TA. As is the case for CEM-C7 cells, viability of BCL, cells is
reduced by high concentrations of TA. We are currently inves
tigating ways to examine connections between membrane flu
idity and cell lysis in normal and leukemic cells as a method
for evaluating glucocorticoid responsiveness.
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