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Abstract A scintillation proximity assay has been developed
to study the endosomal trafficking of radiolabeled choles-
terol in living cells. Mouse macrophages were cultured in
the presence of tritiated cholesterol and scintillant micro-
spheres. Microspheres were taken up by phagocytosis and
stored in phagolysosomes. Absorption of tritium 

 

�

 

 particles
by the scintillant produces light signals that can be measured
in standard scintillation counters. Because of the short range
of tritium 

 

�

 

 particles and for geometric reasons, scintillant
microspheres detect only that fraction of tritiated choles-
terol localized inside phagolysosomes or within a distance
of 

 

�

 

600 nm. By incubating cultures in a temperature-con-
trolled microplate reader, the kinetics of phagocytosis and
cholesterol transport could be analyzed in near-real time.
Scintillation signals were significantly increased in response
to inhibitors of lysosomal cholesterol export.  This method
should prove a useful new tool for the study of endosomal
trafficking of lipids and other molecules.
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Cholesterol is an essential component of cellular mem-
branes and must be maintained at appropriate concentra-
tions to meet the specific requirements of organelles, cells,
and tissues. A multitude of mechanisms conspire to main-
tain cholesterol homeostasis, including cholesterol syn-
thesis, uptake, storage, and export. Moreover, cholesterol
is distributed heterogeneously among the membranes of
different cellular organelles. Although the control of glo-
bal cholesterol homeostasis is reasonably well understood,
much less is known about the laws and mechanisms that
govern intracellular cholesterol transport and sorting.

Cholesterol is synthesized from acetate or enters cells as
a component of serum-derived lipoproteins by endocyto-
sis. Lipoprotein particles such as LDL carry cholesterol
predominantly as cholesteryl acyl ester that is hydrolyzed

 

by the endosomal/lysosomal enzyme acidic cholesteryl es-
ter hydrolase, liberating cholesterol and fatty acid (1).

In fibroblasts, two-thirds of endosomally derived choles-
terol are transported to the plasma membrane and the
other one-third is thought to be moved along an indepen-
dent pathway to the endoplasmic reticulum (ER) (2). For
both routes, the biochemical details of the transport pro-
cess are unknown. Release of cholesterol from endosomes
and lysosomes might involve the endosomal proteins NPC1
and NPC2, defects in which cause a lysosomal lipid storage
disorder called Niemann-Pick disease type C. NPC2 directly
binds cholesterol and NPC1 contains a sterol-sensing do-
main, a motif that confers cholesterol sensitivity to two
other proteins related to cholesterol metabolism, sterol
regulatory element binding protein cleavage-activating pro-
tein and 3-hydroxy-3-methylglutaryl-CoA reductase (3–5).
In addition to cholesterol, however, NPC1- and NPC2-defi-
cient cells also accumulate a number of other lipids, and it
is not yet clear whether the proteins play direct, indirect,
or regulatory roles in lysosomal cholesterol export.

Endosomal lipid transport in intact cells has been in-
vestigated extensively by fluorescence microscopy. These
studies have relied largely on synthetic lipid analogs con-
taining fluorescent side chains (6–11). An autofluorescent
sterol, dehydroergosterol, has also proven useful as a cho-
lesterol analog, as its movement in cells can be studied in
real time with sensitive microscopic equipment (12, 13).
Cholesterol and some sphingolipids have been visualized
with the help of cognate bacterial protein toxins (14, 15).
After cell fixation, cholesterol and other sterols can also
be visualized by staining with a fluorescent polyene antibi-
otic called filipin (16). Transport of cholesterol to the ER
has been inferred from the intracellular formation of cho-
lesteryl esters based on the rationale that the enzyme that
usually catalyzes this reaction, acyl CoA:cholesterol acyl-
transferase, is localized predominantly in the ER (17).
Cholesterol levels at the cell surface can be measured af-
ter cell fixation based on the sensitivity of plasma mem-
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brane cholesterol to exogenously added cholesterol oxidase
(18). The distribution of cholesterol and lipids between dif-
ferent cellular compartments has also been studied through
methods involving cell fractionations, mainly by density
gradient centrifugation.

As an alternative approach to studying transport in the
endosomal system, we have developed an in vivo scintilla-
tion proximity assay (SPA) that measures tritium levels in
phagolysosomes of living cells in near-real time. This method
was applied successfully to the analysis of [

 

3

 

H]cholesterol
levels in primary and immortalized mouse macrophages.
Live cell SPA sensitively detected lysosomal cholesterol ac-
cumulation induced by pharmacological inhibition of cho-
lesterol transport.

MATERIALS AND METHODS

 

General considerations

 

Katz and Penfold (19) have shown that the range of 

 

�

 

 radia-
tion can be related to particle energy according to the equation

 

(Eq. 1)

 

where 

 

R

 

 is range in g/cm

 

2

 

 and 

 

E

 

 is energy in MeV. 

 

R

 

 can be di-
vided by the density of a given material to yield the range in units
of distance. The maximum energy of tritium 

 

�

 

 particles is 18.5
keV, and the mean energy is 5.7 keV. In water, these values trans-
late to maximum and average ranges of 5.8 and 0.47 

 

�

 

m, respec-
tively. To obtain a more comprehensive view of the range/energy
relationship of tritium 

 

�

 

 particles, the experimentally obtained
energy spectrum of tritium (20) was converted to a cumulative
probability distribution. Data points were then individually sub-
tracted from unity to obtain the distribution that is represented
by the solid line in 

 

Fig. 1

 

. Using equation 1, the abscissas of this
plot were converted to the corresponding range in water, which
can be read off the upper 

 

x

 

 axis in Fig. 1.
Assuming linear particle propagation, the geometric contribu-

tion to the probability of an electron reaching a sphere can be
expressed as

 

(Eq. 2)

 

where 

 

d

 

 is the shortest distance between a radiation-emitting
molecule and a sphere of radius 

 

r

 

. The dashed line in Fig. 1
shows the results of this expression for the average diameter of
the yttrium silicate (YSi) beads that were used in this study (2.5 

 

�

 

m).
The contributions of distance and particle range were combined
by multiplication and graphed as the dotted line in Fig. 1. It has
to be emphasized that this distribution represents only the upper
limit of the actual probability distribution. Especially below 

 

d

 

 

 

�

 

 1

 

�

 

m, most particles that can reach a 2.5 

 

�

 

m sphere will travel sig-
nificantly farther than 

 

d

 

. Furthermore, at short distances, a large
fraction of electrons that can reach the scintillant sphere will do
so at relatively low angles, which reduces absorption efficiency.

 

Materials

 

We obtained egg yolk phosphatidylcholine (P-2772), dioleoyl
phosphatidylserine (P-1060), dicetyl phosphate, cytochalasin B
(C-6762), cytochalasin D (C-8273), latrunculin A (L-5163), and
progesterone (P-8783) from Sigma; [1,2-

 

3

 

H(N)]cholesterol (NET-
139) and [1,2,6,7-

 

3

 

H(N)]cholesteryl oleate ([

 

3

 

H]CO; NET-746) were

R 412E1.265 ln 0.0954E( )–=

p d,r( ) 1
2
--- d d 2r+( )

2 d r+( )
---------------------------–=

 

from Perkin-Elmer; YSi and polyvinyltoluene scintillating beads
were from Amersham; FBS was from Invitrogen; other cell cul-
ture reagents were from Mediatech. Cytochalasins and latruncu-
lin A were dissolved in DMSO and stored as 1,000

 

�

 

 stock solu-
tions at 

 

�

 

20

 

�

 

C. Progesterone was dissolved in ethanol and stored
at 4

 

�

 

C. Lipoprotein-deficient FBS and LDL were prepared as de-
scribed (21). Acetylated LDL (AcLDL) was prepared (22) and
reconstituted with [

 

3

 

H]CO (0.5 mg/ml, 120 

 

�

 

Ci/mg) (23) as de-
scribed in the indicated references. Anionic liposomes were pre-
pared as described (24) and contained 1 mM phosphatidylcholine,
1 mM phosphatidylserine, 0.2 mM dicetyl phosphate plus [

 

3

 

H]cho-
lesterol or [

 

3

 

H]CO as indicated in the figure legends.

 

Cell culture

 

J774 mouse macrophages were grown in monolayer culture at
37

 

�

 

C in an atmosphere of 8–9% CO

 

2

 

 in medium A (a 1:1 mixture
of Ham’s F-12 medium and Dulbecco’s modified Eagle medium
plus 100 U/ml penicillin, 100 

 

�

 

g/ml streptomycin sulfate, and
10% [v/v] FBS).

 

Mouse peritoneal macrophages

 

Balb/c mice were housed in colony cages, maintained on a 12 h
light/12 h dark cycle, and fed a regular chow diet. Peritoneal
macrophages were elicited by injection with Biogel P-100 (Bio-
Rad) of 40 day old mice as described (25). Four days later, mice
were killed and 3 ml of PBS was injected into the peritoneal cav-
ity, withdrawn, and collected. PBS injection was repeated twice
and the fluids pooled. Cells were pelleted at 1,000 

 

g

 

 for 5 min

Fig. 1. Theoretical probability distributions of the range of trit-
ium � particles. Distributions were determined as described in Ma-
terials and Methods. The upper x axis represents distance in micro-
meters and the axis below represents energy in kiloelectron volts.
The distance scale is related to the energy scale according to equa-
tion 1. All scales are decimal logarithmic. The solid line ordinates
indicate the probability of tritium � particles having a kinetic en-
ergy greater than the corresponding abscissas on the keV scale as
well as the probability of tritium � particles traveling farther in wa-
ter than the corresponding abscissas on the �m scale. The dashed
line was generated with equation 1 for a radius of 1.25 �m and indi-
cates the probability of a linearly propagating particle reaching a
sphere with a diameter of 2.5 �m as a function of the shortest dis-
tance between the particle’s origin and the sphere. The dotted line
was generated by multiplication of discrete probability values from
the preceding two data sets and gives an estimate for the probability
of tritium � particles reaching a 2.5 �m sphere as a function of dis-
tance.
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and resuspended in 3 ml of red blood cell lysis buffer (10 mM
potassium bicarbonate, 155 mM ammonium chloride, and 0.1 mM
EDTA, pH 7.4). After 3 min at room temperature, cells were washed
once in PBS and resuspended in medium B (phenol red-free
Dulbecco’s modified Eagle medium, 50 mM Hepes, 2 mM 

 

l

 

-glu-
tamine, 100 U/ml penicillin, 100 

 

�

 

g/ml streptomycin sulfate,
and 10% FBS). Cells were counted and plated as detailed in the
figure legends.

 

In vivo SPA

 

Cells were set up in opaque 24-well plates (Packard) at the indi-
cated densities in 0.5 ml of medium B per well. Plates were sealed
with transparent plastic foil. In vivo readings were performed in a
Topcount-NXT microplate scintillation counter (Packard) equipped
with two 24-well format photomultiplier tubes. Nuclide settings
in the instrument control software were as follows: scintillator,
glass; energy range, low; efficiency mode, high sensitivity; region
A, 0–50; region B, 0–256. Wells were read for 30 s at a time. The
instrument was connected to a circulating-water bath to keep the
temperature in the counting chamber constant at 33

 

�

 

C.

 

RESULTS

We initially tested whether scintillant beads could be used
to study [

 

3

 

H]cholesterol levels in intracellular membranes
of living macrophages. The approach is based on the prin-
ciples of SPA, which has been used extensively for studies
on receptor/ligand-type interactions (26, 27). SPA is based
in part on the fact that low-energy 

 

�

 

 particles have a high
propensity to interact with matter and thus propagate only
short distances. One isotope that is often used for SPA is
tritium, which emits 

 

�

 

 particles with maximum and average
ranges in water of 5.7 and 0.47 

 

�

 

m, respectively. If decay-
ing atoms are localized in sufficient proximity to a scintil-
lating microsphere, electron absorption by the scintillant
may lead to photon emission, which can be detected by a
scintillation counter. In addition to the energy spectrum
of the isotope, geometric constraints also limit the effec-
tive radius that can be sampled by scintillant microspheres.
For example, a 

 

�

 

 particle produced on the surface of a
scintillant microsphere has only a 50% chance of causing
excitation. For a 2.5 

 

�

 

m sphere, this probability is re-
duced to 

 

�

 

10% at a distance of 0.85 

 

�

 

m. If 2.5 

 

�

 

m scintil-
lant spheres are immersed in a homogenously distributed
solution of a tritium-containing compound and energetic
and geometric considerations are combined, it can be es-
timated that more than 95% of the resulting fluorescence
will derive from tritium atoms within a radius of 600 nm
(Fig. 1; see Materials and Methods for details).

The YSi scintillant particles that were used in this study
are on average 2.5 

 

�

 

m in diameter and are thus of a con-
venient size to be phagocytosed by macrophages. If mac-
rophage membranes also contained tritium-labeled cho-
lesterol, we reasoned, scintillation measurements should
reflect the amount of [

 

3

 

H]cholesterol in the immediate vi-
cinity of intracellular beads. In such a system, the specific-
ity of the signal should be enhanced by the fact that cellu-
lar cholesterol, as a result of its virtual insolubility in water,
is found almost exclusively in membranes. We initially chose
to work with mouse J774 cells, a macrophage cell line that

has been widely used as a model of atherosclerotic foam
cells and in studies on phagocytosis. Tritium-labeled cho-
lesterol or cholesteryl esters can be delivered to J774 cells
and other macrophages by packaging the lipids in lipo-
protein particles such as oxidized LDL or AcLDL or in
liposomes (23, 24). Both AcLDL and anionic liposomes
are efficiently internalized via macrophage scavenger re-
ceptors (28, 29).

For the experiment in 

 

Fig. 2A

 

, J774 cells were incu-
bated with AcLDL as a source of [

 

3

 

H]CO plus increasing
amounts of YSi beads. The cultures were then placed in a
microplate reader at 33

 

�

 

C to record the scintillation sig-
nal. Scintillation gradually increased over time, reflecting
the uptake of AcLDL, the phagocytosis of beads, and the
movement of tritium-labeled lipids into the vicinity of the
scintillant. At 20 h, the scintillation signal was linearly
proportional to the amount of beads (

 

r

 

2 

 

�

 

 0.999) (Fig. 2A,
inset).

Next, we sought to determine how the in vivo scintilla-
tion signal responds to varying concentrations of [

 

3

 

H]cho-
lesterol. J774 macrophages were incubated with YSi beads
plus increasing amounts of [

 

3

 

H]CO-containing AcLDL,
and the scintillation signal was recorded over a period of
20 h (Fig. 2B). A plot of the scintillation signal at 20 h versus
the AcLDL concentration resulted in a straight line (

 

r

 

2 

 

�

 

0.999), indicating that the readout at steady state is di-
rectly proportional to the amount of radioactive lipids
present (Fig. 2C). The AcLDL concentrations used in this
experiment are well within the range typically used to study
cholesterol metabolism in macrophages (e.g., Ref. 30).

All time-resolved traces shown in this study were derived
by averaging the readings from multiple, identically treated
wells. To illustrate the degree of variation associated with
the assay in Fig. 2B, coefficients of variation are plotted as
a function of the standard deviation for two representative
curves (Fig. 2D). Average coefficients of variation for all
traces in Fig. 2B varied between 

 

�

 

3% and 15% but showed
no significant correlation with AcLDL concentration, in-
dicating that the assay-associated error scales with the scin-
tillation signal (Fig. 2D, inset).

An added advantage of using phagocytes to study lipid
transport in the endosomal system is the possibility of har-
vesting macrophages from the peritoneum or bone mar-
row of mice (25). Because a growing number of mouse
models for lysosomal storage diseases are becoming avail-
able (31), live cell SPA can thus be combined with genetics
to study the mechanisms of endosomal lipid transport and
sorting. To test the feasibility of this approach, peritoneal
macrophages from Balb/c mice were cultured for 24 h in
the presence of [

 

3

 

H]CO-containing AcLDL to allow the
[

 

3

 

H]cholesterol content of the cells to reach steady state.
The AcLDL was then removed, YSi beads were added, and
the scintillation signal was recorded. As shown in 

 

Fig. 3A

 

(control trace), the signal rapidly increased over time and
reached steady state at eight times the initial value after

 

�

 

2.5 h. Mouse peritoneal macrophages thus represent an
excellent cell system for live cell SPA. Results similar to
those shown in Fig. 3A were obtained with J774 cells (data
not shown).
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In the experiments shown in Fig. 3 (A and B), we also
asked whether the scintillation signal observed with living
macrophages was in fact dependent on phagocytosis. To
address this question, phagocytosis inhibitors were added
to cultures soon before the addition of scintillant beads.
In the presence of cytochalasin D (32), the scintillation sig-
nal did not significantly increase above background and
remained at 

 

�

 

20% of control values at steady state (Fig.
3A). Similar results were obtained with two other phagocy-
tosis inhibitors, cytochalasin B and latrunculin A (Fig. 3B)
(33, 34). Scintillation was reduced to almost zero when
detergent was added to the cultures (data not shown).
These results indicate that maximally 20% of the scintilla-
tion signal derives from external beads in proximity with
the cell surface.

Comparison of the traces in Fig. 2A and Fig. 3A illus-

trates that the initial slope of the traces are higher and that
the scintillation signal reaches equilibrium significantly ear-
lier when cells are loaded with [

 

3

 

H]CO first and then sup-
plied with beads at a later stage. Under the latter conditions,
[

 

3

 

H]cholesterol will have equilibrated among cellular mem-
branes before phagocytosis is started, the majority being
in the plasma membrane (2). In such an experimental
setup, scintillation initiates with patches of plasma mem-
brane wrapping around the beads during the earliest
phases of particle uptake. The early time points in Fig. 3A
can thus be considered to represent the kinetics of the
phagocytosis process, whereas the scintillation signal at later
stages reflects the steady-state distribution of [

 

3

 

H]choles-
terol in intracellular membranes.

To confirm that [

 

3

 

H]cholesterol in phagosomal mem-
branes contributes to the scintillation signal, we performed

Fig. 2. Live cell scintillation proximity assay. A: J774 macrophages were set up at 2 � 106 cells per well in
medium B and supplemented with 6.5 �g/ml acetylated LDL {AcLDL; reconstituted with [1,2,6,7-
3H(N)]cholesteryl oleate ([3H]CO); 160 �Ci/mg protein} plus the indicated amount of yttrium silicate (YSi)
beads per well. Proximity scintillation was recorded at 33�C over a period of 20 h. Each time point represents
the average of two wells. Average coefficients of variation were 15% (7 �g/ml), 22% (20 �g/ml), 11% (70
�g/ml), and 3% (200 �g/ml). The inset shows the average proximity scintillation of the last five time points
of each curve in A plotted as a function of the amount of beads per well (r2 � 0.9986). SD values ranged
from 3 to 34 cpm and are smaller than the symbols. B: J774 macrophages were set up at 2 � 106 cells/well in
medium B and supplemented with 100 �g of YSi beads plus the indicated concentrations of AcLDL (recon-
stituted with [3H]CO; 120 �Ci/mg protein). Each time point represents the average of four wells. C: The av-
erage proximity scintillation of the last five time points of each curve in B is plotted as a function of the
AcLDL concentration (r2 � 0.9993). SD values varied from 14 to 50 cpm and are smaller than the symbols.
D: For the 10 and 30 �g/ml AcLDL traces in B, the coefficients of variation are plotted as a function of the
SD of each data point. The inset shows the average coefficient of variation (CV) for each curve in A.
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the experiment shown in Fig. 3C. First, J774 cells were
equilibrated with [3H]cholesterol overnight. Subsequently,
cells received scintillant latex beads for 4 h and were then
subjected to density gradient centrifugation. As a control,
some radiolabeled cells received an equivalent amount of
beads immediately before centrifugation. Individual gra-
dient fractions were analyzed for the presence of beads,
for proximity scintillation, and for the amount of total ra-

dioactivity. Both in control samples and in lysates from
cells that had internalized the scintillant by phagocytosis,
most of the beads were found as a sharp band in fraction
13 (data not shown). In this fraction, however, apprecia-
ble amounts of radioactivity (Fig. 3C, main panel) and
proximity scintillation (Fig. 3C, inset) were only detected
in samples that had internalized the beads by phagocyto-
sis. These data indicate that [3H]cholesterol is present in

Fig. 3. Phagocytosis dependence of in vivo proximity scintillation. A and B: On day 0, mouse peritoneal
macrophages were set up at 106 cells per well in medium A. On day 1, cells were switched to medium A plus
10 �g/ml AcLDL (reconstituted with [3H]CO; 120 nCi/mg protein) and incubated at 37�C for 24 h. On day
2, cells were switched to medium B plus 0.1% DMSO and 100 �M cytochalasin B (Cyto. B), 20 �M cytochala-
sin D (Cyto. D), or 0.5 �M latrunculin A (Lat. A) as indicated. After 30 min at 37�C, 150 �g of YSi beads was
added to each well, and cells were incubated on ice for 30 min to allow the beads to settle. Subsequently, the
dish was moved to a microplate scintillation counter at 33�C to initiate proximity scintillation readings. A: Time-
resolved proximity scintillation of cells incubated in the absence or presence of cytochalasin D. Data points
represent the average of four identically treated wells. Average coefficients of variation were 11% (control)
and 16% (cytochalasin D). B: Proximity scintillation after 5 h in the presence of the indicated inhibitors. Er-
ror bars indicate SD (n � 5). C and D: On day 0, two dishes of J774 cells were set up at 25% confluence in
medium A. On day 1, cells were switched to medium A plus [3H]CO-containing liposomes (1 nCi/ml me-
dium) and incubated overnight. On day 2, 25 mg of scintillant polyvinyltoluene (PVT) beads were added to
one dish and cells were allowed to phagocytose for 4 h. Then, cells were washed and harvested. Cells from the
control dish were mixed with 25 mg of PVT beads after harvest. Cells were overlaid with a continuous 0–30%
sucrose gradient and centrifuged for 2 h at 40,000 rpm. One milliliter fractions were collected, and total ra-
dioactivity and bead concentration were determined. C: Total radioactivity in individual fractions as deter-
mined by liquid scintillation counting. Dashed line, control; solid line, beads internalized by phagocytosis.
The inset shows proximity scintillation in fraction 13 corrected for bead concentration (cpm/mg PVT). D:
J774 cells were set up as in C and incubated with [3H]CO in the absence (Control) or presence (Prog.) of 10
�g/ml of progesterone as indicated. The cells were then incubated with PVT beads (6 mg/dish) for 4 h.
Proximity scintillation and total radioactivity were determined before and after cell fractionation. Data repre-
sent the ratio of proximity scintillation in the peak bead-containing fraction versus proximity scintillation in
intact cells before fractionation. Error bars indicate SD (n � 2).
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the phagosomal membrane and that it is detected by scin-
tillation proximity measurements.

To estimate what fraction of the live-cell proximity scin-
tillation signal is derived from [3H]cholesterol in the pha-
gosomal membrane versus [3H]cholesterol in other cellu-
lar compartments, we measured proximity scintillation in
intact cells and then again after fractionation of the same
samples by density gradient centrifugation. Approximately
60% of the scintillation signal was recovered from phago-
somes (Fig. 3D). The bead-containing fraction contained
3.3% and 3.5% of total cellular �-hexosaminidase and
acidic �-galactosidase activity, respectively, confirming that
these vesicles had matured into phagolysosomes. The
phagolysosomal fraction contained only 1% of the total
cytosolic lactate dehydrogenase activity and no detectable
activity of the plasma membrane enzyme 5	-nucleotidase,
indicating that it contained very few intact cells (data not
shown). Taken together, the results in Fig. 3 (A–C) can be

summarized to indicate that 20% of the proximity scintil-
lation signal obtained with living cells at steady state is de-
rived from extracellular beads, 60% of the signal reflects
tritiated lipids in phagosomes, and 20% represents radio-
activity in nonphagosomal vesicles. Because the signal in
the presence of phagocytosis inhibitors did not signifi-
cantly increase beyond the value at time zero, values ad-
justed by subtraction of the background specifically reflect
intracellular material. Based on these considerations, it
can be estimated that at steady state, 75% of background-
corrected data reflect phagosomal radiolipids.

Several small molecules, including progesterone and
U18666A, have been shown to cause accumulation of cho-
lesterol in lysosomes (2). To determine whether this effect
could be quantified by live-cell SPA, J774 cells were cul-
tured for 16 h with [3H]CO-containing AcLDL and YSi
beads plus or minus progesterone. The cells were then
harvested to determine bead-derived scintillation, total cel-

Fig. 4. Effect of progesterone (Prog.) on proximity scintillation. A–C: J774 macrophages were set up at 107

cells in 10 cm dishes in medium A. After 16 h, each dish received 1 mg of YSi beads, 10 �g/ml AcLDL (re-
constituted with [3H]CO; 120 �Ci/mg protein), and 0.1% ethanol with or without 10 �g/ml progesterone
as indicated. After 16 h, cells were washed three times with PBS, scraped into 1 ml of PBS, and transferred to
20 ml scintillation vials. A: Proximity scintillation corrected for cellular protein concentration. B: After prox-
imity scintillation readings, vials received liquid scintillation cocktail to determine total cellular radioactivity.
C: Values represent the ratio of bead-derived scintillation in A divided by the total cellular radioactivity in B.
Error bars indicate SD (n � 2). D: On day 0, two dishes of J774 cells were set up at 25% confluence in me-
dium A. On day 1, cells were switched to medium A with [3H]CO-containing liposomes (1 nCi/ml medium)
in the absence or presence of 10 �g/ml progesterone and incubated overnight. Cells then received 25 mg of
PVT beads for 2 h. Subsequently, samples were subjected to 0–30% sucrose gradient centrifugation. Data in-
dicate bead concentrations in individual gradient fractions. The inset shows total radioactivity normalized for
bead concentration in fraction 9.
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lular radioactivity (by liquid scintillation counting), and
protein concentration. The specific bead-derived scintilla-
tion signal emanating from intact cells was �2-fold higher
in progesterone-treated samples compared with controls
(Fig. 4A). Total cellular amounts of tritiated lipids were
slightly lower in progesterone-treated samples (Fig. 4B),
such that the ratio of the bead-derived scintillation signal
over total cellular radioactivity was �2.8-fold higher in
progesterone-treated versus nontreated samples (Fig. 4C).
Treatment of primary mouse peritoneal macrophages with
either progesterone or U18666A also led to an increase of
the scintillation signal (data not shown).

To verify whether the increased scintillation signal in re-
sponse to progesterone in fact reflected higher concentra-
tions of [3H]cholesterol in phagosomes, cells were loaded
with [3H]CO and scintillant beads and then fractionated
by density gradient centrifugation. As shown in Fig. 4D
(main panel), a large fraction of the beads concentrated
in a single peak near the top of the gradient in fraction 9.
In this fraction, the total amount of radioactivity (as deter-
mined by liquid scintillation counting) corrected for the
amount of beads was 2.5-fold higher in progesterone-
treated samples compared with controls (Fig. 4D, inset).
These results demonstrate that SPA can be used to detect
drug-induced cholesterol accumulation in phagosomes of
living cells.

DISCUSSION

We have demonstrated the usefulness of scintillant mi-
crospheres to measure [3H]cholesterol levels in cellular
membranes of living cells. YSi microspheres enter macro-
phages by phagocytosis and are stored in phagolysosomes.
Absorption of [3H]cholesterol-derived � particles by the
scintillant leads to photon emission that can be measured
with photomultiplier tubes.

Macrophages can be kept in common glass scintillation
vials and then analyzed in a standard scintillation counter.
Alternatively, cells can be grown on multiple-well plates
that require appropriately equipped scintillation readers
with horizontally adjustable photomultiplier tubes. The
latter setup, in combination with a temperature-controlled
counting chamber, offers the opportunity of continuous data
collection with actively metabolizing cells. The method thus
offers an alternative approach to kinetic analyses of phago-
cytosis and of lipid flux through the endosomal system.

As a consequence of the low energy of tritium � parti-
cles and because of geometric constraints, scintillant
microspheres can effectively detect only that fraction of
[3H]cholesterol that is localized within a distance of �600
nm. Through the use of phagocytosis inhibitors and cell
fractionation, we were able to estimate that �75% of the
scintillation signal at steady state derives from [3H]choles-
terol within the confines of phagosomal membranes (Fig. 3).

Detailed studies of the protein composition of latex bead-
containing phagosomes have confirmed the notion that the
composition of mature phagolysosomes is very similar to
that of lysosomes (35). Here, we show that phagolysosomes,

like lysosomes, accumulate excess amounts of [3H]choles-
terol after incubation of cells with the cholesterol trans-
port inhibitor progesterone (Fig. 4). Similar results were
obtained with U18666A, a hydrophobic amine that is also
known to cause cholesterol buildup in lysosomal vesicles
(data not shown). Accumulation of [3H]cholesterol in
phagolysosomes was indicated by an increase of proximity
scintillation readings and confirmed by cell fractionation
studies (Fig. 4). Measurement of tritiated molecules by live-
cell SPA thus offers a viable new method to study lysoso-
mal trafficking, especially in cases in which the use of
authentic and unmodified analytes is essential. This tech-
nique might prove particularly useful in studies of lysosomal
storage disorders and for kinetic modeling approaches.
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