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Figure 3. Correlative light and electron microscopy of the needle-like structures. COS-1 cells transfected with GFP-tagged MTM1 and
plated onto collagen coated pre-patterned aclar grids were treated with hypo-osmotic shock, imaged by time-lapse confocal microscopy then fixed
by high pressure freezing. (A-C) The reference coordinates are used to record the position of the selected cell with fluorescence (A), bright field
microscopy (B) or both (C). (D) Representative images of the time-lapse video (Supplementary video 4, online), the image at 235 s was the last image
before high pressure freezing. (E-F) Examples of a needle structure in immuno-EM labeling using anti-GFP antibody. Arrows in (D-F) point to the
same structure. Needles are found associated with the plasma membrane. The cell position, its global shape, the position of the nucleus (N) and of a
large vacuole (star) were used to confirm the identity of the cell and to perform the correlation. (G) Micrographs of consecutive sections from the
same region as in F showing the distribution of the gold labeling (anti-GFP) at the plasma membrane.

doi:10.1371/journal.pone.0009014.g003

Overall, this protocol allows easy culture and treatment offluorescence imaging, cells were chemically fixed and processed
adherent cells on a substrate compatible with CLEM and isfor conventional scanning electron microscopy (SEM). The GFP-

applicable to the study of dynamic phenomena. positive signal acquired before fixation was fitted with the
scanning-EM picture and corresponds mainly to contrasted
Correlative Light-Scanning Microscopy structures on top of the ceFig. 4). Some distortions were noted

As the reference grid is also visible by scanning-EM, weén the SEM images compared to the fluorescence, and are
performed correlative microscopy on GFP-MTML1 positive cellsprobably due to shrinking of the cell during dehydration. Needles
after 10 min of hypo-osmotic treatment. Immediately after do not extensively fit with filopodia extending onto the substratum
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Figure 4. Correlative light and scanning electron microscopy. COS-1 cells transfected with GFP-tagged MTM1 were treated with a hypo-
osmotic shock for 10 min, imaged with confocal microscopy and processed for scanning-EM. (A) Confocal fluorescence, (B) bright field and (C)
scanning-EM images of a GFP-positive cell on top of the reference grid. (D) Enlargement of (C). (E) The superposition of confocal (z-stack of 3.52 nm)
and scanning-EM images shows that the needles do not fit with filopodia but correspond to dorsal ruffles.
doi:10.1371/journal.pone.0009014.g004

but likely represent cytosolic structures beneath the plasmaerial sections not only allowed the identification of the labeled
membrane, that appear contrasted due to the dehydration processrganelles at the subcellular level but also their position relative to
These structures were estimated to range from 1.5 tan5in other unlabeled structures such as the plasma membrane, the
length. nucleus, the Golgi complex, endosomal vesicles and mitochondria

Combining immuno-EM and scanning-EM allowed us to (Fig. 5C; Video S5). The model built from the serial immuno-
discriminate between filopodia-like structures extending outsid&M allowed a clear fitting of the immunogold labeling with the
the cell and cytosolic structures beneath the plasma membran&FP signal previously acquired on living celig( 5D-F).
Correlation with scanning-EM should more generally be applica-Furthermore, the model based on the gold labeled structures fits
ble to the study of plasma membrane and cell shape remodelinthe 3D model reconstructed from the confocal acquisition
during cell migration, upon desired treatment and time period. (Fig. 5G—J; Video S6 and S7) Plasma membrane invaginations

were also enriched with GFP-BINFig. 5K-M, Fig. $6 online),
3D Reconstruction with Correlative Light-Electron showing that membrane tubules emanate from the plasma
Tomography and Serial Immuno-EM membrane and direct towards the perinuclear region.

To further assess the accuracy of our CLEM protocols, we EM tomography and segmentation from 200 nm thick sections
wanted to correlate the 3D information collected from confocalWere applied to better define the relationship between these
acquisitions, with both serial immuno-EM and EM tomography. membrane tubules and their environmerFig. 6). Volume
For this purpose, we selected a model where an intracellular GFFeconstruction showed that a given membrane tubule can vary in
signal could be associated with the labeling of an identifiegvidth. Although confocal microscopy shows a single tubular GFP
intracellular structure, such as compartments or organelles. Asignal Fig. 6A), the corresponding area studied by EM
MTM1 needles were found to be associated to the plasmdomography reveals a bundle of several tubuig.(6B-E;
membrane and not to intracellular structures, this model was noVideo $8).
suitable for such approaches. We therefore focused on another In conclusion, our correlative approach is versatile and can be
protein of the membrane remodeling pathway that is similarlyused to assess membrane tubules localization and conformation
mutated in centronuclear myopathy, BIN1 (also called amphiphy4n three dimensions both through serial immuno-EM and
sin 2,NM_004305) [32]. BIN1 is also a potential tumor suppressortomography.
implicated in endocytosis [33] and induces membrane tubulation
upon overexpression in cultured cel§g. 5A) [:_32,34]._ - Discussion

Immuno-EM correlated to the fluorescence image identified the
BIN1-positive structures as membrane tubules with a variable Our interest in CLEM was to link dynamic cell imaging, i.e.
width ranging from 40 to 90 nm. These membrane tubules appeaffluorescence time-lapse microscopy, with 3D imaging at the
to radiate from perinuclear regiorBig. 5A,B). The analysis of 30 ultrastructural level (with scanning-EM, serial immuno-EM and
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Figure 5. CLEM and serial immuno-EM. COS-1 cells transfected with GFP-tagged BIN1 were imaged by confocal microscopy, fixed by high pressure
freezing and processed for 60 nm thick serial sections. Sections were then labeled with anti-GFP antibody and gold particles. (A) Representative image (z
projection of 3 confocal sections of 0.28 nm in depth) of the fluorescent BIN1 tubules radiating from/to the perinuclear region. (B) One over 30 serial thin
sections showing the transmission-EM image of the same cell as in (A). (C) At higher magnification, the immunostaining is visible over various perinuclear
structures highlighted in yellow. Other organelles such as mitochondria, Golgi complex, endosomal vesicles, that were unstained, are modeled in white.
(D) When rendering the whole stack of serial sections, the immunogold labeling can be projected onto the representative transmission-EM picture,
showing a good correlation with the dense perinuclear GFP signal recorded on living cells. (E and F) The model displays the distribution of the anti GFP
immunogold staining in the volume of the perinuclear region, (G-J) The full z stack recording was processed with Imaris to reconstruct a 3D model
(green) of the GFP fluorescence. The region analyzed by EM has been color-coded in yellow, showing a good correlation with the gold labeling displayed
in D-F. (K-M) Correlation analysis of other z planes showed localization of GFP-BIN1 at plasma membrane invaginations. The confocal image shown in K
corresponds to the Z projection of the five stacks shown in the Figure S6 (online). The EM micrograph of the corresponding thin sections as well as
additional BIN1-positive membrane tubules and structures are shown in Figure S6 (online).

doi:10.1371/journal.pone.0009014.g005
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