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Abstract

Transmission electron microscopy (TEM) provides details of the cellular organization and ultrastructure. However, TEM analysis of rare cell
populations, especially cells in suspension such as hematopoietic stem cells (HSCs), remains limited due to the requirement of a high cell
number during sample preparation. There are a few cytospin or monolayer approaches for TEM analysis from scarce samples, but these
approaches fail to get significant quantitative data from the limited number of cells. Here, an alternative and novel approach for sample
preparation in TEM studies is described for rare cell populations that enables quantitative analysis.

A relatively low cell number, i.e., 10,000 HSCs, was successfully used for TEM analysis compared to the millions of cells typically used for TEM
studies. In particular, Evans blue staining was performed after paraformaldehyde-glutaraldehyde (PFA-GA) fixation to visualize the tiny cell
pellet, which facilitated embedding in agarose. Clusters of numerous cells were observed in ultra-thin sections. The cells had a well preserved
morphology, and the ultra-structural details of the Golgi complex and several mitochondria were visible. This efficient, easy and reproducible
protocol allows sample preparation from a low cell number and can be used for qualitative and quantitative TEM analysis on rare cell populations
from limited biological samples.

Video Link

The video component of this article can be found at http://www.jove.com/video/54724/

Introduction

Ultra-structural and sub-organelle details of cells have been mainly revealed by transmission electron microscopy (TEM) studies from tissues
or cell pellets1,2. Solid pieces of tissues can be easily utilized for electron microscopy studies. However, TEM analyses1,3 on cells in suspension
remain challenging and necessitate high cell numbers, i.e., millions of cells. Because of this, ultra-structural analyses of rare cell populations
in suspension, e.g., hematopoietic stem cells (HSCs), are not easily assessed. Multiple attempts for TEM analysis from scarce samples using
cytospin or monolayer approaches fail to get significant quantitative data from the limited number of cells. Thus, the requirement of a high cell
number limits the use of this powerful tool to understand the subcellular ultrastructural details of rare cell populations.

A key limitation for TEM studies with a limited number of cells in suspension is the localization of the cells for processing and thus, TEM studies
from limited cells with particularly small sizes remain challenging. Several alternative approaches have been adopted to counter this limitation:
the BSA/bisacrylamide (BSA-BA) mediated polymerization of cell suspension, the staining of cells with a dye to make them visible on a thin
film support including coverslips, and TEM analyses from cytospin preparations4-6. However, very limited success was achieved, as very few
cells were found in the sections after ultra-sectioning. The key challenge of identifying sparse cells persists because the cell monolayer remains
mostly invisible in the solidified gel for sectioning. Furthermore, cytospin preparation of cells may alter their cellular organization due to cell
spreading and the fragility of the cell structure. Hence, these inherent drawbacks warrant a novel approach to perform TEM studies from rare cell
populations with more consistency. To overcome this problem, we have described a novel and alternative sample preparation method for TEM
studies from rare cell populations7.

Here, we report an efficient sample preparation protocol to perform TEM from scarce biological samples with consistent qualitative and
quantitative results. Evans blue staining was performed after fixation to localize a tiny cell pellet from low number cells, i.e., 10,000 bone marrow
hematopoietic stem and progenitor cells that would otherwise have remained invisible, and the pellet was embedded into agarose before
dehydration and resin embedding processes. This method clusters the cells together and enables the efficient analysis of the ultrastructure and
subcellular organization of hematopoietic stem cells (identified as Lin- Sca-1+ c-Kit+ Flt3- CD34-; HSC), a rare 0.2 - 0.5% cell population in the
bone marrow. This experimental protocol can be useful to perform ultra-structural studies and obtain quantitative results on many rare but highly
important populations.
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Protocol

All experimental procedures were approved by the institutional animal committee at the Cincinnati Children's Research Foundation. For this
study, hematopoietic stem cells were isolated from the bone marrow of C57Bl/6 inbred mice aged 2 - 4 months. Cell sorting using FACS after
staining of BM with different surface makers including Lineage, c-Kit, Sca-1, Flt3 and CD34 was used for purification of HSC based on Lin-
Sca-1+ c-Kit+ Flt3- CD34- gating strategy as standard protocol described before8.

CAUTION: Several highly toxic chemicals are used during this procedure. These are toxic by inhalation and skin contact. Please wear gloves
and protective clothing. Work in fume hood while working with these chemicals.

1. Cells, Fixation, Staining and Pre-embedding

1. Sort 10,000 hematopoietic stem cells (using Lin- Sca-1+ c-Kit+ Flt3- CD34- gating strategy; LT-HSC population) in a 1.5 ml microcentrifuge
tube containing 600 µl Iscove's Modified Dulbecco's Medium (IMDM) with 10% fetal bovine serum using FACS.

2. Spin down sorted HSCs at 1,000 x g for 10 min in a 1.5 ml microcentrifuge tube using a centrifuge with swing-out buckets. Remove medium
by gentle aspiration and leave 200 µl medium in the tubes at each step. At this stage, the cell pellet remains invisible in the tube.

3. Fix the cells by adding 0.2 ml of 2x fixative solution at room temperature (RT) for 1 hr1,9.
1. Make the fixative solution fresh before use. At 1x, the solution is comprised of 3% paraformaldehyde and 2.5% glutaraldehyde in 0.1 M

cacodylate buffer.

4. Centrifuge the cells at 1,000 x g for 10 min at 30 °C using a centrifuge with swing-out buckets.
5. Wash cells with 600 µl of 0.1 M cacodylate buffer using centrifugation and leave 200 µl buffer in the tube after centrifugation.
6. Stain the fixed cells by adding 200 µl of 2 mg/ml solution of Evans Blue in cacodylate buffer and incubate for 20 min at RT. The cells will be

colored blue.
7. Wash cells 3 times with 600 µl of 0.1 M cacodylate buffer using centrifugation and leave 200 µl buffer in the tube each time.
8. Re-suspend the cells in 200 µl buffer and transfer the cell suspension to a 0.5 ml tube. Centrifuge at 1,000 x g for 10 min using a table top

centrifuge. Remove buffer gently without disturbing the now visible tiny cell pellet, and leave 50 µl buffer in the tube.
9. Add 200 mg low melting agarose to 5 ml of 0.1 M cacodylate buffer in the 15 ml tube for a 4% agarose solution. Melt the agarose by

transferring the tube to boiling water in a 100 ml glass bottle and keep lukewarm until used.
10. Add 200 µl of 4% low melting agarose dissolved in 0.1 M cacodylate buffer to the cell suspension in 0.5 ml tube and immediately centrifuge at

1,000 x g for 10 min at 30 °C using a table top centrifuge.
11. After confirming that cells pelleted at bottom of the 0.5 ml tube into the semi-solid agarose after centrifugation, immediately transfer the tube

to 4 °C or ice for 20 min to solidify the agarose. This step is a very critical, as a small visible cell pellet at this step results in a good cluster of
cells under the electron microscope.

12. Carefully transfer the solidified agarose containing the cell pellet from the tube to a 35 mm plastic Petri dish containing buffer using a 27 G
needle3,10.

13. Trim the solidified agarose containing the cell pellet into one piece of about 1 - 2 mm with a scalpel. Transfer the agarose piece containing the
cell pellet to a new 1.5 ml tube.

14. Wash 2 - 3 times using 600 µl of 0.1 M cacodylate buffer by adding and removing buffer using pipette without centrifugation. Use this agarose
piece containing the cell pellet for the next step. At this step, the sample can be stored at 4 °C overnight before moving to next step.

2. Osmification, Dehydration, Embedding

1. Remove the cacodylate buffer from the 1.5 ml tube with the cell pellet containing agarose using a pipette. Add 1.0 ml of 1% osmium
tetraoxide (OsO4) solution in a fume hood, and incubate for 1 hr at 4 °C.

2. Wash three times with 600 µl of 0.1 M cacodylate buffer and transfer the sample to a 20 ml glass scintillation vial with a cap.
3. Process the sample for dehydration, infiltration and embedding into resin (e.g., LX-112) with serial changes of the following solutions in a 6

well plate. Move the cell-pellet agarose piece using forceps.
1. Immerse the sample in 25% ethanol at RT for 15 min.
2. Immerse the sample in 50% ethanol at RT for 15 min.
3. Immerse the sample in 75% ethanol at RT for 15 min.
4. Immerse the sample in 95% ethanol at RT for 15 min.
5. Immerse the sample in 100% ethanol at RT for 15 min, twice.
6. Immerse the sample in ethanol: resin (3:1) at RT for 30 min.
7. Immerse the sample in ethanol: resin (1:1) at RT for 30 min.
8. Immerse the sample in ethanol: resin (1:3) at RT for 30 min.
9. Immerse the sample in pure resin at RT for 60 min, twice.

4. Transfer the sample to the bottom of pyramid tip shaped rubber mold using forceps carefully and add more pure resin on top of the sample to
fill the mold. Incubate the sample at 60 °C for 72 hr for resin polymerization.

5. Remove the polymerized resin pyramid from the molds by twisting the rubber mold. A small black cluster of cells should be visible in the
polymerized resin pyramid, as described earlier7. Attach the polymerized resin pyramid on the mounting cylinder using cyanoacrylate.
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3. Sectioning and Transmission Electron Microscopy

1. Trim the pyramid block with a razor blade and a diamond knife after mounting the block on an ultra-microtome. Make a short wide trapezoidal
shape with the top and the bottom of block parallel to each other, and with evenly angled sides. This shape of the pyramid helps for serial
sectioning.

2. Further, trim the block around the cell pellet with the diamond knife and remove the plastic sections around the cell pellet agarose piece.
3. Cut 1 µm sections using an ultra-microtome. Move the 1 µm sections from the water boat to a glass slide using an eyelash tool and a metal

loop tool as previously reported7. Transfer sections on slides and transfer slides to the hot plate (37 °C) for drying.
4. Add a drop of toluidine blue solution to the sections using a syringe equipped with 0.22 µm filter and incubate for 3 min. Rinse the slides with

distilled water and let the sections dry. Check with a light microscope to identify the position of the cells.
5. Cut ultra-thin sections (70 - 100 nm) using a diamond knife. Move 2 - 3 sections on 200-mesh grids from the water boat to a glass Petri dish

using an eyelash tool.
6. Transfer the glass Petri dish containing grids with sections to a hot plate at 30 °C to dry sections for 30 min.
7. Stain the grids with drops of 1% uranyl acetate at RT for 10 min and then rinse in distilled water 6 - 8 times. Stain with Reynolds lead citrate,

at RT for 5 min and rinse in distilled water 6 - 8 times. Transfer the glass Petri dish containing the grids to a hot plate at 37 °C to dry sections.
8. Analyze the sections with an electron microscope, at 80 kV7.

Representative Results

An efficient and consistent protocol for sample preparation to perform TEM analysis from low number of cells is described. Post-fixation
staining with Evans blue and the transfer of cells to a 0.5 ml microcentrifuge tube helped visualize the tiny cell pellet7. Osmification with osmium
tetraoxide in agarose led to an easy detection of the dark cell pellet during the dehydration and embedding.

Semi-thin sections from the blocks containing a tiny cell pellet confirmed a cluster of numerous cells together (Figure 1A and 1B). Ultra-thin
sections were cut from the cell-clustered area and analyzed under electron microscopy (Figure 1C). The morphology and ultra-structure of these
cells were well preserved (Figure 1D). The electron micrograph of individual cell showed high details on the intracellular ultra-structures (Figure
1E). Furthermore, the high magnification (50,000X) images showed a well-preserved structure and the integrity of sub-cellular organelles, such
as mitochondria (Figure 1F).
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Figure 1: Image Analysis Under Light and Electron Microscope. (A) Low magnification image of a representative field of a toluidine blue
stained section of 1 µm thickness under light microscope. (B) Light microscope image showing the intact morphology of cells in cluster after
toluidine blue staining of 1 µm thickness section. (C) An overview field of the cell cluster observed under electron microscope after staining with
uranyl acetate and lead citrate. (D) A single LT-HSC under electron microscope. (E) Higher magnification image of HSC showing subcellular
structures. (F) Higher magnification image of mitochondria from HSPC. Scale bar: A/B, 100 µm; C, 10 µm; D, 2 µm; E/F, 500 nm.  Please click
here to view a larger version of this figure.

Discussion

This method enables TEM analysis on low cell numbers, by using Evans blue staining and agarose embedding to localize a tiny cell pellet during
the dehydration, resin embedding and sectioning processes. Importantly, it maintains cell clusters together and preserves the cell ultra-structure,
which is desirable to examine multiple cells for quantification of data.

In TEM studies, a cell pellet containing millions of cells is often required for efficient embedment into an agarose/gelatin matrix and for washes,
dehydration and infiltration to obtain data from numerous cells. Researchers have adopted immobilization of the cell suspension in a BSA-
bisacrylamide polymerized resin, staining of monolayers on a thin support, or cytospins for TEM analysis on low cell numbers/scarce samples4-6.
However, it remains a tedious job to localize and cut cells under the TEM because of the sparse distribution of the cells within the matrix and
possible alterations of the cell morphology, due to spreading and a cleavage between the cells during cytospin preparation that often required re-
embedding before sectioning. Furthermore, the monolayer remains challenging to localize for sectioning11. Thus, a cell pellet even from scarce
biological samples of low cell number is much easier for TEM analysis1.
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This method represents a significant advantage to previous published methods4,5 in terms of qualitative and quantitative ultra-structural analysis
from limited samples. Together, this protocol describes an efficient way to localize the cell pellets for TEM using Evans blue, which makes the
sample processing from low cell numbers easy for TEM to enable qualitative and quantitative data analysis. Typically, the sample preparation for
TEM requires a larger number of cells than what is usually required for light microscopy, because of the multiple steps in sample processing for
TEM and proper orientation of the cell block for cutting at the right position1,10.

It is known that post-fixation osmification provides a better contrast in images, particularly those of membranes and glycogen particles under
an electron microscope9, and further support staining with uranyl acetate, a relatively non-specific stain for proteins, and lead citrate that stains
membranes, nucleic acids and glycogen. However, osmification is almost impossible to perform with scarce biological samples in suspension
after pre-embedding in BSA-BA due to the high likelihood of sample loss during sectioning and matrix darkening. Thus the quality of the electron
micrographs was compromised in previous studies4,9. Osmification here led to darkening of the cell pellet with minimal change in the color of the
agarose. Thus, the present protocol allows osmification after pre-embedding in agarose in order to provide good contrast in TEM images.

Cell clusters were quite easy to analyze with electron microscopy using this method. The pre-staining with Evans blue helped to localize tiny cell
pellets during sample preparation without affecting sub-organelle cell details. This method offers an alternative approach for sample preparation
to successfully perform TEM analysis from low cell numbers. In this method, TEM analysis was effectively performed using cells of a small
size (5 - 8 µm). Thus, this approach can easily be adopted with even lower cell number (~ 1,000 cells) of larger cells such as fibroblasts and
endothelial cells. Although Evans blue did not affect sub-organelle cell details in the present study, the use of Evans blue for immuno-gold
electron microscopy with low cell numbers has not been tested.

Together, an efficient method for sample preparation to perform TEM studies from a low cell number is described. TEM studies are required
to reveal critical information on the morphology and the ultra-structures of cells. Hence, ultra-structural information is often missing on various
scarce cell populations. This alternative and novel approach for sample preparation will be helpful to perform TEM studies from any rare cell
population. Furthermore, this method allows qualitative and quantitative data from the analysis of cell clusters. As electron microscopy offers
unsurpassed details of the cell ultra-structure and organization, this method will be quite useful to understand many biological processes on key,
but rare, cell populations.
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