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Multicolor bleach-rate imaging enlightens in vivo sterol transport
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lucidation of in vivo cholesterol

transport and its aberrations in car-
diovascular diseases requires suitable
model organisms and the development
of appropriate monitoring technology.
We recently presented a new approach
to visualize transport of the intrinsi-
cally fluorescent sterol, dehydroergos-
terol (DHE) in the genetically tractable
model organism Caenorhabditis elegans
(C. elegans). DHE is structurally very
similar to cholesterol and ergosterol,
two sterols used by the sterol-auxotroph
nematode. We developed a new compu-
tational method measuring fluorophore
bleaching kinetics at every pixel position;
which can be used as a fingerprint to dis-
tinguish rapidly bleaching DHE from
slowly bleaching autofluorescence in
the animals. Here, we introduce multi-
color bleach-rate sterol imaging. By this
method, we demonstrate that some DHE
is targeted to a population of basolateral
recycling endosomes (RE) labelled with
GFP-tagged RME-1 (GFP-RME-1) in
the intestine of both, wild-type nema-
todes
intestinal gut granules (glo/-mutants).

and mutant animals lacking

DHE-enriched intestinal organelles of
gloI-mutants were decorated with GFP-
rme8, a marker for early endosomes. No
co-localization was found with a lyso-
somal marker, GFP-LMP1. Our new
methods hold great promise for further
studies on endosomal sterol transport in
C. elegans.

Introduction

Atherosclerosis and related cardiovas-
cular diseases are the foremost causes

of death and disability in the western
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society. These diseases have a complex
etiology and involve many physiologi-
cal processes. One of the risk factors is
high blood cholesterol; specifically that
linked to low density lipoprotein (LDL).
Large research efforts has been made and
knowledge about inter-organ transport
of cholesterol in humans grew tremen-
dously over the last decade. However,
our-understanding of intracellular cho-
lesterol transport, its genetic regulation
and coordination between various tissues
is rather sparse. A classical approach for
investigation of intracellular cholesterol
transport -is-to choose first an appropri-
ate cell'model for typical sterol regulating
tissues, like hepatocytes, smooth muscle
cells, macrophages or adipocytes. Often
radioactive cholesterol precursors, the
cholesterol-binding filipin or suitable fluo-
rescent sterols are used to monitor inter-
compartment sterol trafficking in these
cell models.! A large body of data has been
collected and important insight has been
obtained by this approach. However, the
explanatory power of this line of research
is limited to the function of single cells,
and extrapolation to cholesterol transport
in complex 3D-tissues is difficult. Another
strategy is to study sterol transport on the
level of an animal with similar physiology
and genetic regulation as humans, tradi-
tionally in mice, for example to investigate
reverse cholesterol transport from periph-
eral cells to the liver.?

We decided to follow a middle course
between the cellular level and the mam-
malian animal model by investigating
transport of a fluorescent sterol in the
genetic model organism Caenorhabditis
elegans (C. elegans). C. elegans is auxo-
troph for sterols and has been proven to
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Dehydroergosterol (DHE)

backbone (red).

Figure 1. Chemical structure of dehydroergosterol. Differences to ergosterol and cholesterol
are indicated in red, while additional differences between DHE and cholesterol are indicated in
green. Accordingly, DHE differs from ergosterol just in one additional double bound in the steroid

be a great model for exploring the genet-
ics of fat storage and lipid metabolism.? It
is easy to handle in genetic experiments
using RNA interference (RNAI). C. ele-
gans has an additional, very interesting
property being of high importance for the
general understanding of the function of
cholesterol and related sterols in cell biol-
ogy: the nematodes need only spurious
amounts of sterols in-their food-and can
chemically modify the ingested sterols.
They synthesize 4co-methylated sterols
and steroid hormones, the latter to regu-
late the larval development of the worms.*
Thus, C. elegans does not need cholesterol
or ergosterol as structural component of
all cellular membranes, which is in stark
contrast to mammalian cells."* To deter-
mine the tissue distribution and trans-
port of sterols, Kurzchalia, Maxfield and
colleagues introduced UV-sensitive wide
field microscopy of the intrinsically fluo-
rescent sterol dehydroergosterol (DHE) in
C. elegans’ Their study provided impor-
tant new insight into the selective enrich-
ment of a sterol in selected tissues, but it
suffered from an unsatisfactory discrimi-
nation between probe fluorescence (DHE)
and cellular autofluorescence. DHE is
structurally closely related to the two ste-
rols used by the nematodes, cholesterol
and ergosterol (see Fig. 1).

Since autofluorescence of gut granules
and other structures in C. elegans spec-
trally overlap largely with emission of
DHE,® intensity-based methods will not
be able to sufficiently discriminate the ste-
rol from autofluorescence. We developed
a new computational imaging method to
overcome this problem’” Pixel-wise analy-
sis of photobleaching of all fluorescence
of the nematodes in the UV region of
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the spectrum (between 370-420 nm)
revealed that DHE bleaches at least five-
fold faster than autofluorescence in all
tissues of the worms. By fitting a mono-
exponential decay function to the fading
intensity, we were able to use the esti-
mated bleach time constant as fingerprint
to detect DHE in the presence of high
autofluorescence (Fig. 2). Our software
‘PixBleach’ is freely available as.plugin
to the popular image analysis program,
Image] (rsbweb.nih.gov/ij/) at bigwww.
epfl.ch/algorithms/pixbleach.” It provides
spatial maps of bleach time constants,
amplitude of the bleaching fraction and
background image, in cdse of ‘a mono=
exponential model; but it is programmed
to allow for ease extension to other bleach-
ing models, for example a stretched expo-
nential function (Fig. 2). In addition,
PixBleach calculates the root mean square
error between data and model and the
Chi-square values.” A recent extension of
PixBleach allows even for a pixel-wise cor-
rection of the photobleaching process and
shows that the fitcted amplitude image is of
significantly higher quality than the raw
data.® Using bleach-rate-based image seg-
mentation, we compared sterol traffick-
ing in wild-type nematodes and in worms
lacking intestinal lysosomal-like granules
(gut granule loss, glo-phenotype).”” Glo-
mutant animals lack birefringent and
autofluorescent gut granules and expel
the lysosomal content into the intestinal
lumen.’ We found a similar distribution
of DHE in wild-type and glo-animals, but
with strongly increased sterol enrichment
in the intestine of the latter. Other tissues
containing significant amounts of DHE
were the reproductive organs and neurons

in the head region.” The fact, that we find
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DHE enriched in certain tissues indicates,
that in some cell types sterols might be
of relevance for maintenance of integrity
and function of cellular membranes in the
nematodes, for example in intestinal epi-
thelial cells and in neurons.

To characterize sterol containing tissue
and organelles further requires co-staining
with suitable markers. Recently, a screen
for endocytic mutants in C. elegans has
revealed several key molecules involved in
receptor-mediated enodcytosis (RME)."
It was shown that RME-1 is a protein
involved in endocytic recycling of recep-
tors like the transferrin receptor (Tf-R) in
the intestine and in oocytes."" Subsequent
studies in mammalian cells expressing
RME-1 demonstrated that this EHD pro-
tein regulates receptor recycling from the
endocytic recycling compartment (ERC),
a type of recycling endosome (RE)."> The
ERC was found to be a major sterol pool
in mammalian cells, and recycling of
DHE from the ERC to the cell surface
was found to require functional RME-1 in
Chinese hamster ovarian cells."? Similarly,
REs of polarized epithelial mammalian
cells were found to contain significant
amounts of-cholesterol,' or—after pulse-
labeling of “the plasma membrane—to
receive large amounts of DHE.>!¢

By feeding nematodes expressing a
green fluorescent protein-tagged RME-1
(GFP-RME-1) with DHE, we observed
in both, the wild-type and glo/-mutant
animals co-localization of the sterol with
GFP-RME-1 in REs close to the basolat-
eral membrane of intestinal cells (Fig. 3A
and B, arrows). More apical located GFP-
RMEIl-positive endosomes in the intes-
tine were not labeled with DHE. In glo-1
mutant animals lacking a functional rab
GTPase and thereby gut granules, DHE
staining was additionally observed in large
and round storage compartments lacking
GFP-RME-1 (Fig. 3B arrowheads). The
sterol storage compartments in the glo-1
mutant were also different from rab/-
positive late endosomes (not shown).
These results extend our previous study
by combining sterol bleach rate imaging
with multicolour fluorescence microscopy.
To unequivocally assess co-localization
of DHE with the endosomal markers,
we had to take into account a chromatic
aberration (i.e., a focus shift between
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Figure 2. Bleach-rate-based image segmentation to visualize DHE in C. elegans. The figure illustrates the method of pixel-wise bleach-rate fitting used
to distinguish probe fluorescence from autofluorescence in living nematodes. Various mathematical decay models, like a mono-exponential decay

[m, ()] or stretched exponential decay [m_(t)] were fitted to the bleaching kinetics of the fluorescent sterol dehydroergosterol (DHE) in the nematode
Caenorhabditis elegans in a pixel-wise manner. Images of DHE-stained worms were repeatedly acquired on a UV-sensitive wide field microscope to
generate an input sequence. In every pixel position the intensity decay caused either by bleaching of DHE or of autofluorescence was fitted to the re-
spective model, as exemplified for one pixel (white circle) in the diagram. Our software generates an amplitude map (upper green image) and a bleach

UV and green light in the microscope),
as described previously for mammalian
cells.”” This allows us for the first time to
identify sterol-containing organelles in
a particular tissue of a whole animal. To
identify the nature of the sterol-rich com-
partments in glol-mutant animals, we per-
formed additional co-localization studies:
GFP-LMP1, a lysosomal marker, did not
co-localize with DHE in these organelles
(Fig. 3D). The high sterol content of these
organelles could be unequivocally veri-
fied from the corresponding bleach rate
image calculated with PixBleach from
the acquired bleach stacks (see above and
ref. 7). Regions being rich in sterol showed
the highest bleach rate constants, which
can be used as a fingerprint to detect
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DHE. GFP-RMES is widely expressed
endosomal marker in C. elegans, typically
found on endosomes likely resembling
sorting endosomes (SE) or multivesicu-
lar bodies (MVB) of mammalian cells.'®
Close inspection of double-labled adult
glo-worms demonstrates that, at least some
of the round sterol-containing organelles
in the intestine of these animals have
GFP-RMES in their limiting membrane
(Fig. 3C). Similar observations were made
with GFP-rab5, another marker for early
endosomes (not shown). Together, these
results show that in glo-mutant animals
lacking intestinal gut granules fluorescent
sterols become enriched in enlarged early
endosomes being different from recycling
endosomes and lysosomes.
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Figure 3. Co-localization of DHE with GFP-tagged markers of the endosomal pathway. N2 nematodes (A) or glo1-mutant worms (B-D) expressing
either GFP-RME1 (A and B); GFP-RMES8 (C) or GFP-LMP1 (D) were labeled with DHE by feeding a DHE-cyclodextrin solution as described.” DHE was
visualized by repeated imaging on a UV-sensitive wide field microscope and calculation of the bleaching kinetics of the sterol versus autofluorescence.
The calculated amplitude image of the rapidly bleaching fraction resembled DHE and is shown in the most left panels of (C and D). Alternatively, in
case of specimen movement, the DHE distribution was inferred from subtracting the last from the first frame of the stack (left in A and B), as described
previously (ref. 7). Both methods gave identical results on sterol distribution. DHE was found in GFP-RME-1-positive basolateral recycling endosomes
(arrows in A and B) and additional in large round storage organelles lacking this endosomal marker. These organelles also lacked GFP-LMP1 (arrow-
heads in D), but were surrounded by GFP-RMES8 (arrows in C, and inset). Sterol-containing tissue could be identified from the rapid bleaching of DHE
being represented by a high bleach rate constant (exemplified for worms expressing GFP-LMP1; most right in D). High and low rate constants are given
in blue/violet and orange/yellow, respectively. Bar, 20 um.
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