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ABSTRACT

Filipin was used as a cytochemical probe for membrane sterols in the
root storage tissue of the red beet Beta vulgaris L. and the chloroplasts of
Spinacia oleracea L. In unfixed beet tissue, filipin Iysed the cells. Freeze-
fracture replicas revealed that the filipin-sterol complexes were tightly
aggregated in the plasma membrane, while in thin section the complexes
corrugated the plasma membrane. If the cells were fixed with glutaralde-
hyde prior to the filipin treatment, the cell structure was preserved. Filipin-
induced lesions were dispersed or clustered loosely in the plasma mem-
brane. A few filipin-sterol complexes were observed in the tonoplast. In
spinach chloroplasts, filipin-sterol complexes were limited to the outer
membrane of the envelope and were not found in the inner membrane of
the envelope or in the lamellar membranes. If the fiHipin-sterol complexes
accurately mapped the distribution of membrane sterols, then sterol was
located predominantly in the plasma membrane of the red beet and in the
outer membrane of the chloroplast envelope. Furthermore, the sterol may
be heterogenously distributed laterally in both these membranes.

Sterols help to maintain membrane structure and function. It is
important therefore to define which cellular membranes contain
sterols and how the sterol is distributed within these membranes
(see 7, 12 for reviews and references therein). Biochemical tech-
niques have revealed that the sterols may be heterogeneously
distributed between and within cellular membranes (12). Unfor-
tunately, these methods are necessarily limited to those mem-
branes which can be isolated in sufficient purity and quantity so
that small differences in sterol composition are not obscured by
contaminants. Cytochemical methods can often circumvent these
limitations. Autoradiography with tritiated cholesterol (29) and
the localization of cholesterol osmate by transmission electron
microscope (16) have been tried, but the most effective and
popular cytochemical probe for membrane sterol has been the use
of filipin coupled with freeze-fracture electron microscopy. Filipin
complexes with sterols (see 31 for review) to form characteristic
lesions in the membrane which can be detected by freeze-fracture
electron microscopy (10, 18, 47, 48).

Filipin has been used frequently to localize sterols in animal
cell membranes (1, 2, 10, 11, 22-24, 30, 32-34, 39, 41-44). Al-
though little is known about the function of sterols in plants (see
13, 14 for reviews) and plant membranes are often difficult to
isolate for biochemical studies, filipin has rarely been used to map
sterols in plant membranes (21, 40). In the present study, we used
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filipin to localize sterols in the membranes of red beet roots and
spinach chloroplasts. The red beet was selected because the leak-
age of betacyanin, the red pigment confined to the beet vacuole,
from the tissue could be used to monitor the penetration of filipin
into the tissue (28). In addition, the storage tissue of red beet is
composed mainly of large parenchyma cells with large central
vacuoles and thin layers of cytoplasm sandwiched between the
tonoplast and plasma membrane. The uniformity of the tissue
simplified the ultrastructural work.
We also treated spinach chloroplasts with filipin to clarify the

localization of sterols in chloroplast membranes. Sterol is present
in chloroplasts in very small amounts with approximately two
molecules sterol to 100 molecules of Chl while phosphatidyletha-
nolamine, which may be a negative marker for chloroplasts (9), is
present in approximately three molecules to 100 molecules of Chl
(see 17 for review and references therein). The low analytical
values for sterol content raised the possibility that the sterol
present in chloroplast preparations was due to contamination.
Poincelot (36) found sterol in a chloroplast envelope fraction and
suggested that sterol was present only in the envelope and not in
the lamellar membranes of the chloroplast. Only recently (6) has
it been possible to separate the outer and inner membranes of the
chloroplast envelope, but the sterol distribution between these
membranes has not been determined.

MATERIALS AND METHODS

Red beets (Beta vulgaris L.) were purchased from a local market.
Cores were cut from the roots with a cork borer (7 mm in
diameter), and the cores were sectioned into discs about 1 mm in
thickness (28). The discs were diced into cubes (approximately 1
mm3) and washed for 1 h with S0renson's phosphate buffer (20
m, pH 7.2). This wash and all subsequent treatments for both
the beet tissue and chloroplasts were done at room temperature.
For the filipin experiments, half of the cubes were treated with 2
ml of a buffered filipin solution (40 ,ug filipin/ml, 1% [v/v]
methanol), while the remaining cubes were placed in a buffered
control solution (1% [v/v] methanol). The filipin was kindly
provided by Dr. G. B. Whitfield, Jr., from the Upjohn Company,
Kalamazoo, MI. The beet cubes were incubated in the filipin and
control solutions for 0.5 to 2.5 h. After treatment, the filipin and
control solutions were removed and buffer added. Cubes for
freeze-fracture electron microscopy were quickly frozen and stored
in liquid N2 until used (25). For thin-section experiments, sample
cubes were fixed in buffered 2.5% (v/v) glutaraldehyde for 1 h,
post-fixed with buffered 1% (w/v) osmium tetroxide for 1 h,
dehydrated in a graded series of acetone, and embedded in Spurr's
resin (46). Thin sections were stained with aqueous uranyl acetate
and Reynold's lead (38). In some of the experiments, the beet
cubes were fixed prior to the filipin treatment with buffered 2.5%
(v/v) glutaraldehyde for 1 h. For freeze-fracture experiments, the
fixed cubes were also cryoprotected with buffered 20% (v/v)
glycerol after the filipin treatment.
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Chloroplasts from Spinacia oleracea L. were isolated from either
store-bought or hydroponically grown spinach (27). Intact chlo-
roplasts were removed from Percoll (Pharmacia) step gradients
(27) and mixed with enough resuspension buffer (0.33 M sorbitol;
0.5 mm Tris, pH 7.5) to give a Chl concentration of approximately
0.2 mg Chl/ml suspension. The Chl concentration was determined
by the method of Whatley and Arnon (49). Aliquots (0.9 ml) of
the chloroplast suspension were fixed with 0.1 ml of 25% (v/v)
glutaraldehyde added directly to the aliquot. The chloroplasts
were fixed for 0.5 h, recovered by centrifugation (1,900g for 5 min
or 2,200g for 20 s), and resuspended in 2 ml of either a filipin
solution (100 A,g filipin/ml, 1% [v/v] dimethyl sulfoxide in resus-
pension buffer) or a control solution (1% [v/v] dimethyl sulfoxide
in resuspension buffer). After 30 min, the chloroplasts were pel-
leted by centrifugation and portions of the pellet frozen for the
freeze-fracture microscopy.

Both spinach and red beet samples were freeze-fractured with
a Balzers freeze-etching machine (BAF 301) as described by Moor
and Muhlethaler (25). Replicas were cleaned with chromic acid or
by an alcoholic KOH technique (12% [w/v] KOH in 95% ethanol
followed by sulfuric and chromic acid washes [35]) and picked up
on Formvar-coated grids. Replicas and thin sections were exam-
ined using a Philips EM-400 microscope. Micrographs of replicas
are presented with the shadow direction from the bottom to the
top of the micrograph, and the nomenclature of Branton et al. (5)
has been used to designate the membrane fracture faces.

RESULTS

Filipin promoted the loss of betacyanin from red beet cubes as
shown by the increase in A at 530 nm (Fig. IA). Concurrently, the
absorbance of free filipin at 355 nm dropped as the filipin com-
plexed with sterol (28). Little or no change in the absorbance at
either wavelength was detected in the control. When the beet
cubes were examined visually after the experiment, some of the
larger cubes treated with filipin had clear margins and pink or red
centers, while smaller cubes had completely lost their pigment.
The control cubes were uniformly red. Evidently the filipin had
not penetrated into the interior of the larger cubes. Thin sections
of the cubes confirmed that not all of the cells may have been
exposed to the filipin because the ultrastructural changes described
below were confined to the margins of the cubes.

Large intact parenchyma cells were observed in the thin sections
of the control cubes (Fig. 2A). Most of the cell volume was
occupied by the large central vacuole which compressed the
cytoplasm into a thin layer against the cell wall. The most prom-
inent cellular membranes were the plasma membrane and tono-
plast, and these were the membranes we studied. When treated
with filipin, the cells lysed (Fig. 2B). The plasma membrane no
longer pressed against the cell wall and contained numerous
filipin-sterol complexes which gave it a characteristic 'corrugated'
morphology when seen in thin section (Fig. 2B; Ref. 41). The
tonoplast ruptured and was no longer identifiable, although the
membranous vesicles within the lumen of the lysed cells may be
derived from the tonoplast and perhaps other intracellular mem-
branes. The loss of the tonoplast integrity may have helped lyse
the cells. Mudd and Kleinschmidt (28) demonstrated that protein
and nucleotides as well as betacyanin leaked from the beet tissue
discs treated with filipin and suggested that membrane sterols may
have been involved. Our results confirmed the action of filipin on
membrane sterols and showed that the leakage of cellular constit-
uents was coupled with cell lysis. We could not determine if the
filipin-induced lesion which initiated the cell lysis was in the
plasma membrane or in the tonoplast.

Freeze-fracture studies corroborated the thin section work. In
control tissue, the plasma membrane and tonoplast were seen as
smooth sheets of membrane close to the cell wall (Fig. 3A). When
the tissue was treated with filipin, the cell compartmentation was

lost. The plasma membrane pulled away from the cell wall (Fig.
3B) and contained numerous filipin-sterol complexes (Fig. 3, B
and C). The filipin-induced lesions were similar in size and shape
to those described previously in the literature (10). The filipin-
sterol complexes were most frequently aggregated into tight clus-
ters (Fig. 3, B and C). In some cases, membranes were found
completely covered with complexes or infrequently with just a few
small clusters of complexes. The tonoplast ruptured and could not
be identified. Vesicles ofunknown origin, some ofwhich contained
fillipin-sterol complexes, were found in the cell lumen.
Red beet cubes were also fixed prior to filipin treatment to

preserve the cell ultrastructure and to block the possible artefactual
aggregation of filipin-sterol complexes (41). Fixation with glutar-
aldehyde disrupted the permeability properties of the red beet
membranes and allowed betacyanin to leak out of both filipin-
treated and untreated cubes (Fig. 1B). However, the filipin still
complexed with sterol (drop in A at 355 nm) and accelerated the
efflux of betacyanin (increase in A at 530 nm). Visual inspection
of the cubes revealed that the cubes treated with filipin had larger
margins cleared of the red pigment than did the control cubes.

Fixation of the cells prior to filipin treatment preserved the cell
ultrastructure and few differences were found between the control
(Fig. 2C) and filipin-treated (Fig. 2D) samples in thin section. The
dramatic corrugated plasma membrane seen in unfixed tissue (Fig.
2B) was not observed, although there were some indications of
filipin-sterol complexes in the plasma membrane (circled area in
Fig. 2D) and possibly the tonoplast of filipin-treated cells. In
freeze-fracture, filipin-sterol complexes formed pits in the exo-
plasmic fracture face and bumps in the protoplasmic fracture face
of the plasma membrane (Fig. 4B). The tightly aggregated clusters
of filipin-sterol complexes observed in unfixed tissue (Fig. 3, B
and C) were not formed in the fixed tissue. Instead, the complexes
were dispersed (Fig. 4A) or aggregated into loose clusters (Fig.
4B). Some fractures of the plasma membrane contained more
filipin-sterol complexes than others (compare Fig. 4B and 4D).
Membrane fracture faces which could be unambiguously identi-
fied as tonoplast were uncommon, but when detected, they con-
tained filipin-sterol complexes although at a much lower density
than the plasma membrane (Fig. 4D).

Intact chloroplasts treated with filipin contained filipin-sterol
complexes only in the outer membrane of the chloroplast envelope
(Fig. 5). In some but not all experiments with filipin, the outer
membrane of the envelope detached from the chloroplast and
could be identified easily in both cross fracture and face view (Fig.
5A). The detachment of the outer membrane along with the fact
that the outer membrane contained far fewer intramembranous
particles than either the inner membrane of the envelope or the
thylakoid membrane system (45) allowed the outer membrane to
be identified unambiguously by freeze-fracture. Clusters of filipin-
sterol complexes (in one experiment, the complexes were dis-
persed) were found in the outer membrane (Fig. 5). Filipin-sterol
complexes were never detected in the inner membrane of the
envelope or in the thylakoid system. The lack of complexes in
these membranes was not due to a problem of penetration of the
filipin into the chloroplast. The outer membrane of the chloroplast
envelope is freely permeable to molecules smaller than 10,000 D
(see 8, 15 for reviews) and the outer membrane in some of the
experiments may have been disrupted (Fig. 5A). Filipin should
have been able to penetrate into the intermembrane space and
interact with the inner membrane of the envelope. Broken chlo-
roplasts, which contained only the thylakoid membrane system,
were recovered from the Percoll gradient and treated with filipin,
but no filipin-sterol complexes were found in these membranes.
Unfixed chloroplasts contained clustered filipin-sterol complexes
only in the outer membrane of the envelope. The temperature at
which the chloroplasts were fixed and treated did not have a
consistent effect on the distribution of the intramembrane particles
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FIG. 1. Effects of filipin on the leakage of betacyanin from fixed and unfixed red beet cubes. A, Cubes from red beets (approximately 2/3 of 4 discs)

were prepared as described in "Materials and Methods." Both filipin-treated (40 ,ug/ml) and untreated (O ,ig/ml) cubes were incubated in a water bath
at 26°C on a shaker. Periodic readings were taken at 355 and 530 nm to measure filipin-sterol complex formation and betacyanin leakage respectively.
B, In a separate experiment, cubes were treated as in A, except that the cubes were fixed for 0.5 h with buffered 2.5% (v/v) glutaraldehyde and then
rinsed with buffer for 15 min prior to treatment with the filipin and control solutions.
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FIG. 2. Thin sections of filipin-treated and untreated red beet cubes.
A, Red beet tissue incubated in buffered 1% (v/v) methanol prior to
fixation for thin sections. B, Beet cubes treated with 40 fig/ml filipin in
buffered 1% methanol prior to fixation. Circled area shows region
'corrugated' with filipin-sterol complexes. C, Red beet tissue fixed with
glutaraldehyde prior to incubation in buffered 1% methanol. D, Red beet
cube fixed with glutaraldehyde and then treated with 40 jig/ml filipin in
buffered 1% methanol. Circled area in D shows possible filipin-sterol
complex. A-D, x 70,000; W, cell wall; PM, plasma membrane; T, tono-
plast; V, vacuole.

or filipin-sterol complexes (Fig. 5, A and B fixed and treated at
room temperature; Fig. 5C, at 0WC).

DISCUSSION

At present, it is often difficult if not impossible to isolate some
plant cell membranes in sufficient quantity or purity to perform
reliable assays for membrane sterol. Filipin provides a cytochem-
ical approach to determine which cellular membranes contain
sterol. The bulk of the membrane sterol in animal cells is located
in the plasma membrane (see 12 for review and references therein)
and this appears also to be true of plant cells (see 20 for review
and references therein). Filipin-sterol complexes were most nu-

merous in the plasma membrane of red beet cells and much
scarcer in the tonoplast of the same cells. The distribution of the
complexes agreed with the expected distribution of sterol between
these two membranes and confirmed the presence of sterol in the
tonoplast detected by biochemical methods (19). Some of the beet
plasma membranes contained greater numbers of the filipin-sterol
complexes than others, and this may reflect differences in the
sterol content of plasma membranes of cells of the same or
different tissue type. A similar heterogenity exists in animals

FIG. 3. Freeze-fracture replicas of unfixed red beet cubes. A, Control
tissue incubated in buffered 1% methanol. Protoplasmic fracture face of
the plasma membrane (PM) with the underlying exoplasmic fracture face
of the tonoplast (T) is shown along with overlying wall material (W). B,
Exoplasmic fracture face of the plasma membrane (PM). Note the clus-
tered filipin-sterol complexes and separation of the PM from the cell wall
(W). C, Enlargement of protoplasmic fracture face of the plasma mem-

brane showing aggregation of filipin-sterol clusters. A and B, x 26,000; C,
x 70,000.

because apical plasma membranes from adjacent cells of the toad
bladder contained different numbers of filipin-sterol complexes
(33). This type of sterol heterogeneity is missed by biochemical
techniques.
We found filipin-sterol complexes only in the outer membrane

of the chloroplast envelope and not in the inner membrane of the
envelope or in the lamellar membranes. These results confirmed
that the small amounts of sterol found in chloroplast preparations
(17) were not due only to contaminants and that the sterol present
was in the envelope (36). The absence of filipin-sterol complexes
from the inner membrane of the chloroplast envelope and the
thylakoids does not exclude the possibility that small amounts of
sterol may be present in these membranes. Studies of liposomes
prepared with different cholesterol:phosphatidylcholine ratios
showed that filipin-sterol complexes were detected by freeze-frac-
ture at a mole ratio of 1:20, sometimes at a ratio of 1:50, but not
at a ratio of 1:100 (10). From Poincelot's data (36) for the
chloroplast envelope, the ratio of sterol:polar lipid in the envelope
can be calculated to be about 1:24. This ratio would be even
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FIG. 4. Freeze-fracture replicas of fixed and cryoprotected red beet tissue. A, Portion of protoplasmic fracture face of plasma membrane with

dispersed filipin-sterol complexes (arrows). B. Exoplasmic (EF) and protoplasmic (PF) fracture faces of the plasma membranes of two adjacent cells

along with the intervening wall (W). The filipin-sterol complexes are loosely clustered (circled areas) and appear mainly as pits in the EF face and as

bumps in the PF face. C, Cross-fracture of control cell showing close juxtaposition of wall (W), exoplasmic fracture face of plasma membrane (PM),
cytoplasm (Cy), protoplasmic fracture face of the tonoplast (T), and vacuole (V). D, This fracture presents face views of the membranes shown in cross-

fracture in D and has been treated with filipin to localize sterols. The protoplasmic fracture face of the plasma membrane (PM) is shown with the
underlying exoplasmic fracture face of the tonoplast (T). Sandwiched between these membrane leaflets is the cytoplasm (Cy). Filipin-sterol complexes
are denoted by arrows and are more abundant in the plasma membrane than in the tonoplast. A, x 42,500; B-D, x 26,000.

greater if the sterol was found only in the outer membrane. Filipin
detected the sterol in the outer membrane of the envelope but may
have missed small amounts present in the other chloroplast mem-
branes. While our work on the spinach chloroplast was in progress,
Melkonian et al. (21) reported that they found filipin-sterol com-
plexes in the chloroplast envelopes of Euglena and Ochromonas
but not in the envelopes of isolated pea and spinach chloroplasts.
We do not know the reason for the discrepancy between their

results and ours for the spinach chloroplast.
The role of the chloroplast sterol is not understood. Filipin at

a high concentration will inhibit the photochemical activity (3, 4),
but this inhibition may be the result of a detergent action of the
filipin rather than a specific interaction of filipin with sterol (26).
Our results showed that sterol is probably confined to the outer
membrane of the chloroplast envelope, and lower concentrations
of the filipin may be needed to define the function of the envelope
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FIG. 5. Freeze-fracture replicas of spinach chloroplasts exposed to filipin. A, The chloroplast in the lower portion of the micrograph has been cross-

fractured and reveals the stroma (S) and the thylakoid (T) system of the chloroplast as well as the chloroplast envelope which is composed of an inner
(IM) and outer (OM) membrane with the enclosed intermembrane space (IS). The outer membrane (OM) detached from the chloroplast and may have
broken (arrows). The chloroplast in the upper portion of the micrograph contains filipin-sterol complexes (circled areas) in the exoplasmic fracture face
of the outer membrane (OM) of the chloroplast envelope. B, Exoplasmic fracture face of the outer membrane of the chloroplast envelope which shows
the filipin-sterol complexes as a cluster of pits. The intramembranous particles are also aggregated. C, Protoplasmic fracture face of the outer membrane
of the chloroplast envelope. Once again the filipin-sterol complexes are clustered, but in this fracture face they appear as clusters of protuberances.
Filipin-sterol complexes also formed pits in the protoplasmic fracture face and bumps in the exoplasmic fracture face of the outer membrane of the
chloroplast envelope. A, x 15,000; B and C, x 42,500.

sterol in the chloroplast. The presence of sterol only in the outer which purportedly are derived from the ancestral eukaryote (21,
membrane of the chloroplast and the large amounts of phospha- 50). We can not explain the distribution of the sterol in the
tidylcholine present in this membrane (6) are consistent with the chloroplast because presumably cellular sterol can come into
endosymbiont model for the origin of the chloroplast. Both these contact with all the chloroplast membranes but is found only in
lipids are much more prevalent in eukaryotes than in prokaryotes the outer membrane of the envelope.
and would be expected to be more abundant in those membranes Filipin can be used to probe the lateral distribution of sterols in
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membranes, and it has shown that the sterol may not be scattered
homogenously in the plane of the animal plasma membrane.
Filipin-sterol complexes may be excluded from certain regions
(coated pits [1 1, 23, 24]; particle aggregates induced by vasopressin
[33]; neuromuscular junctions [30]; desmosomes, gap junctions,
and tight junctions [10, 43]; areas of smooth muscle [221; plaques
in the plasma membrane of the rat urothelium-however, the
plaques may contain sterol since they react with digitonin [44]),
clustered in other areas (rod disc membranes [2]; areas of the
plasma membrane overlying secretory granules [33]), or homoge-
nously distributed in the plasma membrane (41). In addition, lipid
phase separations changed the distribution of filipin-sterol com-

plexes (42). Intracellular organelles such as the Golgi apparatus
(34) and nucleus (1, 39) also contained areas enriched in filipin-
sterol complexes. Filipin-sterol complexes may also be aggregated
in the plasma membrane of red beets and the chloroplast envelope
(see "Results"). The presence of sterol-enriched and depleted
regions in the plasma membrane of single cells coupled with the
possibility of varied sterol compositions between the plasma mem-
brane of the same cell type could interfere with the 'digitonin
shift' experiments proposed by Quail (37) to separate and identify
the plasma membrane from plants.
Whether filipin-sterol complexes form pits or bumps in the

membrane may indicate the transbilayer distribution of the mem-
brane sterol (32). Both the plasma membrane of the beet tissue
and the outer membrane of the chloroplast envelope often con-

tained predominant bumps in one fracture face and pits in the
other fracture face, and this may reflect an asymmetrical distrin
bution of sterol between the two leaflets of the bilayer (Figs. 4B;
5, B and C). However, much more work is needed with membranes
of known sterol asymmetry before a definitive correlation between
transbilayer asymmetry and the morphology of the filipin-sterol
complex can be made.

Filipin has proved useful as a cytochemical probe for membrane
sterols. Hopefully, the combined use of filipin as a cytochemical
and biochemical probe for sterol will better define the role of
sterols in plant membranes.
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