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Abstract

The emergence of electron tomography as a tool for three dimensional structure determination of
cells and tissues has brought its own challenges for the preparation of thick sections. High pressure
freezing in combination with freeze substitution provides the best method for obtaining the largest
volume of well-preserved tissue. However, for deeply embedded, heterogeneous, labile tissues
needing careful dissection, such as brain, the damage due to anoxia and excision before cryofixation
is significant. We previously demonstrated that chemical fixation prior to high pressure freezing
preserves fragile tissues and produces superior tomographic reconstructions compared to equivalent
tissue preserved by chemical fixation alone. Here, we provide further characterization of the
technique, comparing the ultrastructure of Flock House Virus infected DL1 insect cells that were 1)
high pressure frozen without fixation, 2) high pressure frozen following fixation, and 3)
conventionally prepared with aldehyde fixatives. Aldehyde fixation prior to freezing produces
ultrastructural preservation superior to that obtained through chemical fixation alone that is close to
that obtained when cells are fast frozen without fixation. We demonstrate using a variety of nervous
system tissues, including neurons that were injected with a fluorescent dye and then photooxidized,
that this technique provides excellent preservation compared to chemical fixation alone and can be
extended to selectively stained material where cryofixation is impractical.
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1. Introduction

High pressure freezing (HPF) is a method for freezing isolated organelles, cells and tissues up
to ~200-500 um in depth without significant ice crystal damage (Dahl and Staehelin, 1989;
McDonald, 1999; Moor, 1987; Shimoni and Muller, 1998). When cells are rapidly frozen, all
contents are immobilized almost immediately. These fast-freezing methods involve time scales
of milliseconds and are preferable to chemical fixation methods that have time scales of seconds
or minutes depending on the tissue. Two other fast freezing methods, plunge-impact freezing
and propane jet freezing, freeze specimens to only ~2-5 pm and ~20-50 pum in depth,
respectively. This limitation is due to the poor heat conductance of water that limits the effective
thickness of freezing in spite of dramatically increasing the freezing rate. While cryo-
protectants can increase the thickness of specimen preservation, these agents often give rise to
their own artifacts. HPF overcomes one of the significant limitations of freezing methods,
namely, the small sample of tissue that can typically be preserved. High pressures prevent the
expansion of water, lower the freezing point, increase the freezing rate and reduce the
crystallization rate of ice. Because the freezing is not limited by the conduction of heat from
the sample by a cold source, the overall effect results in obtaining a vitrified water state rather
than a damaging crystalline ice environment over a much larger area, compared to propane jet
freezing or plunge-impact freezing.

With HPF, one can obtain specimens in which the preservation is optimal deep into the tissue
and not restricted to surface layers or small isolated cells of limited surface-to-volume ratios.
HPF freezing when used in combination with freeze-substitution methods delivers plastic
embedded material that can then be examined in conventional electron microscopes without
the inherent technical challenges or dose-sensitivities associated with EM analysis of vitrified
specimens. HPF cryo-fixation is particularly advantageous for electron tomographic imaging
where sections of 0.25-1 um thicknesses are routinely used for creating reconstructions from
tissues or cells whose diameter exceeds 2-5 pum, the limit of penetrating power obtainable with
300-400 keV electron microscopes (McDonald and Auer, 2006). However, many published
studies using high pressure freezing use single cell organisms, easily accessible plant tissues,
tissue culture cells or accessible mammalian tissues such as skin. The technique is less
successful for large, internal tissue masses such as brain or nerve tissue that require careful
dissection prior to processing. Because there is a delay before fixation commences, tissues such
as brain that are acutely sensitive to anoxia require a tradeoff between artifacts that may be
induced due to aldehyde fixation and the tissue and cell damage occurring upon anoxia and
during dissection and removal of the tissue.

Chemical fixation has been a mainstay of electron microscopy for decades. Chemical fixation
is essential in order to stabilize tissue structure against damage during dissection, sectioning,
staining, photooxidation, processing, and embedding. Numerous studies over the years have
documented that chemical fixation does an outstanding job of preserving molecular
arrangements and tissue ultrastructure (see Hayat, 1982; Peters et al., 1991). However,
chemical fixatives are known to be relatively poor at preserving, or preventing the extraction
by later processing steps of some classes of molecules, e.g. sugars and lipids, and thus these
procedures may change the dimensions or arrangements of certain cellular components such
as the dimensions of the extracellular space (Chan et al., 1992; Chan et al., 1993; Zechmann
et al., 2007). Validation of chemical fixatives for well-studied tissues occurred over many
painstaking investigations comparing the ultrastructure of cells and tissues using different
preservation protocols.

Previously, we developed a protocol that combined glutaraldehyde fixation with HPF and
freeze substitution cocktails that both optimally preserves and stains the structures in the tissue.
We examined glutaraldehyde-fixed and high pressure frozen-peripheral nerves and performed
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a serial section electron tomographic reconstruction of the Node of Ranvier complex (Sosinsky
et al., 2005). The aldehyde fixation was necessary in order to minimize structural damage
during the time the spinal root nerves were surgically removed from the mice and transferred
to the closest HPF machine, which at that time was at another institution ~480 miles away.
Even with chemical fixation prior to high pressure freezing and overnight shipping of the
sample, we found that the structural preservation was vastly improved compared to chemical
fixation alone. We hypothesized that the improved preservation was the result of minimizing
extraction and distortions induced during osmification and dehydration of the tissue.

Here we provide further characterization of the hybrid fixation technique using a variety of
samples and an improved protocol from our previous publication (Sosinsky et al., 2005) that
provides greatly improved results for preservation of brain tissue. As a control for assessing
the quality of combining fixation with high pressure freezing, we used late-stage Flock House
Virus (FHV) infected DL1 insect cells, which can be easily fast frozen without fixation and
thus used as a basis for comparison of different fixation methods. We found that the quality of
aldehyde fixed/HPF is close to that of HPF without fixation and is superior to conventional
glutaraldehyde fixation methods. In addition, we extend this technique to photoconverted
material where filled hippocampal and cerebellar neurons have been selectively stained in fixed
brain slices, showing that preservation is improved even in samples that are processed for
selective staining prior to freezing.

2. MATERIALS AND METHODS
2.1. Tissue preparation and HPF of FHV infected DL1 cells

2.1.1. Preparation of cells—Descriptions of media and DL1 cell maintenance follow
published procedures (Friesen and Rueckert, 1981). Drosophila DL1 cells in suspension media
were infected with FHV at a multiplicity of infection of 5 for about 20 hours. Cells were pelleted
at a speed of 500 relative centrifugal force (rcf) for 5 min.

Cell pellets were prepared three ways: (1) conventionally prepared (CAF), (2) fixed and then
HPF (CAF-HPF) and (3) high pressure frozen immediately after removing from the centrifuge
tube (HPF). (1) CAF: Cell pellets were conventionally prepared for electron microscopy by
incubation in 2% glutaraldehyde in 100 mM cacodylate buffer initially at room temperature
(~5 min) and then on ice for 30 minutes, followed by 1% osmium tetroxide in double distilled
water for 1 hour and 2% UA in water overnight.

(2) CAF-HPF: The media was removed and saved. Then, cell pellets were fixed in 2%
glutaraldehyde in 100 mM cacodylate buffer for 30 minutes on ice. The fixed pellet was
resuspended in media and centrifuged again. Cells were loaded into the 100 um well of a type
A brass planchette (Ted Pella, Inc. Redding, CA) and fast frozen in the Bal-Tec HPMO010 (Bal-
Tec, Liechtenstein).

(3) HPF: Cell pellets were directly placed into brass planchettes that then were loaded in to
the HPM 010 high pressure freezer and fast frozen.

2.1.2. Freeze substitution—After freezing, samples (2) and (3) were placed into a Leica
EM AFS Freeze substitution (FS) machine (Leica Microsystems, Bannockburn, I1L) and
incubated at —90°C for 24 hours in 0.1% tannic acid in acetone. Samples were washed three
times with cold acetone (cooled to —90°C) over 5 minutes, and placed in 1% OsO4 and 0.1%
UA in cold acetone for 72 hours and held at —90°C. After slowly warming to room temperature
at 5°C per hour, the specimens were rinsed in pure acetone three times (10 min. at room
temperature). Infiltration and embedding in Durcupan resin was subsequently performed at
room temperature.

J Struct Biol. Author manuscript; available in PMC 2009 March 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Page 4

2.2. Tissue preparation and HPF of nervous tissue

2.2.1. Fixation of brain and nerve tissue—A 21 day old rat was perfused with a solution
of 2% of paraformaldehyde/2.5% of glutaraldehyde in 0.15 M cacodylate buffer according to
the protocol described in (Giepmans et al., 2005). Brain and spinal roots were taken out and
post-fixed in same fixative for 2 hrs at 4°C. For brain tissue, 100um thick sections are kept in
the fixative solution until HPF.

2.2.2. Fixation and photoconversion of Lucifer Yellow injected Purkinje neurons
—This procedure follows that described in Bushong et al. (2002). A 21 day old rat was perfused
with 4% paraformaformaldehyde/0.1% glutaraldehyde in PBS. The initial fixation is weaker
than described above because stronger fixation makes it difficult to impale cells for dye
injection and compromises membrane integrity (Belichenko and Dahlstrom, 1995; Buhl,
1993). Sections of the cerebellum and hippocampus of 100 um in thickness were obtained by
dissection and Vibratome microtomy (Vibratome, St. Louis, MO). Neurons were injected with
5% aqueous dilithium Lucifer yellow CH (LY (Calbiochem, La Jolla, CA) and then post-fixed
in 2% glutaraldehyde-PBS for 30 min at 4°C. A neuron was impaled and the dye was injected
into the cell by applying a 0.5 sec negative current pulse (1 Hz) until the cell was completely
filled. Several neurons were injected in each slice. These dye-injected slices were then
photooxidized according to procedures described in (Deerinck et al., 1994) and recently
updated in (Gaietta et al., 2006).

2.2.3. HPF of fixed brain tissue—Brain sections were cut with 1.8 mm tissue puncher.
This step ensures that the proper size of brain tissue will fit into the shallow side of a 100 pm-
deep well in the type A HPF brass planchette. For peripheral nerve tissue, the nerves were
carefully trimmed to a proper length in order to fit into the type A freezing hats. Trimmed brain
or nerve tissue was loaded into the planchettes and the well was filled with 1-hexadecene. The
planchette was then covered with the flat side of brass type B planchette, quickly loaded into
a freezing holder and frozen with the Bal-Tec HPM 010.

2.2.4. Freeze-substitution procedure—After freezing, the planchette sandwiches were
separated under liquid nitrogen and the specimen/type A hats were placed into cryo-vials and
stored under liquid nitrogen or subsequently placed into the freeze substitution device. The
first substitution media was a solution of filled with freshly made 0.1% tannic acid (EM grade,
from Polysciences Inc., Warrington, Pennsylvania) in acetone (EM grade from Fullam Inc.,
Latham, New York). After 24 hours, samples were then washed three times in cold acetone
over a 2 hour period. The solution was changed to 2% osmium tetroxide in acetone for 48 hrs.
The temperature was slowly raised to 20 °C. The specimens were rinsed three times at room
temperature for 10 minutes in acetone. Tissues were removed from the planchettes after the
last wash step. The total time for this procedure is 113 hrs.

2.2.5. Infiltration and embedding—Infiltration was conducted over 3 days followed by
embedding in Durcupan ACM resin (Electron Microscopy Science Inc., Hatfield, PA). Samples
were infiltrated in 30% Durcupan in acetone for 4 hours and 50% Durcupan overnight. The
next day, the specimens were placed into 70% Durcupan for 4 hours, 90% over 2 hours and
were placed in 100% Durcupan for overnight incubation. After two incubations in fresh 100%
Durcupan, the sample was then polymerized at 60°C for 2 days.

2.2.6. Preparation of conventionally fixed and embedded samples—Vibratome
sections cut at 100 pm and spinal roots were incubated in 1% osmium tetroxide in 0.15M
Cacodylate buffer for 1hr on ice. After washing in the same buffer, tissue was dehydrated in a
graded series of ethanol, followed by embedding in Durcupan and polymerization following
our usual procedures (as in Giepmans, 2004).
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2.3. Electron microscopy and tomographic reconstruction

2.3.1. Sectioning for electron microscopy—Thin (80-100 nm) sections and thick (0.5—
2 um) sections were cut using a diamond knife (Diatome) and an Ultracut E ultramicrotome
(Leica Microsystems, Bannockburn, IL) and mounted on uncoated copper grids. Thin sections
were imaged at 80 keV using a JEOL 1200 electron microscope (JEOL, Peabody, MA) and
thick sections were imaged at 300-400 KeV using a JEOL 4000EX intermediate voltage
electron microscope.

2.3.2. Electron tomography data acquisition—Gold beads were applied to the top and
bottom of section prior to image acquisition. For tilt series recorded at 30,000x magnification
or higher, both 5 and 10 nm gold beads were used. The 5 nm gold was applied to the bottom
of the section while top was coated with 10 nm beads. Stereo pairs were collected prior to
tomographic data collection to check that the tissue did not have any freezing damage. Images
were collected at 400 keV using a JEOL 4000EX electron microscope at 2° increments from
—60 to +60° for both single and double tilt tomographic reconstruction following standard
protocols (Mastronarde, 1997).

2.3.3. Electron tomographic reconstruction—Tilt series were aligned using IMOD
(Kremer et al., 1996) for fiducial alignment and data manipulations prior to back projection.
Back projection was performed using the TxBr package (Lawrence et al., 2006). Surface
renderings were visualized in Amira (Mercury/TGS, San Diego, CA).

2.2.4. Data deposition—Tomographic data and reconstructions as well as animations of
the volumes are available upon publication in the Cell Centered Database (CCDB) (Martone
et al., 2002; Martone et al., 2003). The accession numbers for these data sets are: 3649
(tomogram displayed in Fig. 4A-B) and 3684 (tomogram displayed in Fig. 4C-F). Fig. 1, Fig.
2, Fig. 3 and Fig. 5 are available in the CCDB as survey sections at high resolution quality
enabling panning and zooming viewing.

3. RESULTS

While HPF has been shown to be effective in cryo-fixation of samples and there is a great body
of literature on aldehyde fixation techniques, combination approaches of HPF and aldehyde
fixation have not been tested as rigorously with the exception of (Murk et al., 2003) and
(Potrebic et al., 2003). Here, we used both a test specimen and nervous tissue to explore how
glutaraldehyde fixation can be used prior to cryo-fixation with HPF.

3.1. Comparison of cryo-fixed and glutaraldehyde-fixed HPF specimens

FHV late stage infected DL1 cells represents an excellent test specimen to see if ultrastructure
can be preserved with glutaraldehyde fixation as well as with cryo-fixation (“freezing from
life”). In late stages of infection where the FHV has succeeded in filling the cell cytoplasm
with viruses prior to release, viruses often aggregate and fill cytoplasmic areas. Whether these
viruses pack into microcrystals is dependent on the specimen preparation technique used for
EM (Lanman et al., 2007, submitted this issue). In addition, FHV replication takes over the
cellular machinery, in particular the mitochondria and re-fashion it into a distinct morphology
(Miller et al., 2001). Therefore, late stage FHV infected DL1 cells represent a good test
specimen for our hybrid aldehyde fixation/HPF methods.

We prepared three specimens for this comparison. The first was conventionally prepared with
aldehyde fixation (CAF: conventional aldehyde fixation) followed by osmium and uranyl

staining at 4°C and dehydration in ethanol and embedding in Durcupan resin. The second and
third specimens were done in parallel and only differed in that one sample was fixed with 2%
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glutaraldehyde prior to HPF (CAF-HPF) while the other was frozen directly (HPF). Both
samples were freeze substituted. There were three hallmarks that indicated optimal
preservation: paracrystalline virus arrays, preservation of uniformity in the “lollipop”
structures (“spherules”) in the co-opted mitochondria and in viruses attached to the plasma
membrane. Our data in Fig. 1 indicates that cryo-fixation is best, but that CAF-HPF does a
very good job of preserving ultrastructural details (Fig. 1A-C), such as the paracrystals (Fig.
1D-F and Fig. 1G-I) and the unique architecture of the mitochondria (Fig. 1J-L). In CAF
samples, the viruses appear to pack in close packed aggregates, however, in HPF and CAF-
HPF specimens, we find that these arrays are more paracrystalline, often appearing in rows.
Spherules in these optimally preserved cells also appear uniform and filled as opposed to those
seen in the conventionally prepared material, which also appear larger and more swollen. In
addition, viruses can be seen attached to the plasma membrane in HPF or CAF-HPF samples,
but not in CAF prepared material (Lanman et al., submitted this issue) and the plasma
membrane often appears ruffled in CAF samples which are usually associated with as a fixation
artifact. This result implies that the majority of the degradation in ultrastructure occurs in the
subsequent steps of washing and preparation of tissue for embedding rather than from fixation
alone as originally suggested by Small (1981).

3.2. Protocols for optimally preserving nervous tissue

The protocol presented in the Materials and Methods section represents a refinement of initial
protocols from that first presented in Sosinsky et al., (2005). It should be pointed out that there
is no one HPF/FS protocol for every tissue and HPF/FS protocols must be tailored to the
individual tissue in a trial and error manner. For nervous tissue, animals were perfused with
2% paraformaldehyde and 2.5% glutaraldehyde in order to maintain the tissue from anoxic
deterioration. The tissue was then dissected and put into hexadecene and fast frozen in the HPF.
We initially tried a combination of osmium tetroxide and uranyl acetate in pure, fresh acetone
but we found precipitates within the sample due to the interaction of the uranyl acetate and the
buffer used for preparation of the tissue. In addition, the contrast of structures within the tissue
was sub-optimal. A freeze substitution cocktail containing 2% osmium only in acetone
preserved the tissue but did not provide good enough contrast for detection of the cellular
membranes in thin section electron micrographs (data not shown).

Our most successful protocol for preserving brain tissue (cerebellum, hippocampus, spinal
roots) uses a freeze substitution cocktail containing 0.1% tannic acid in pure 100% acetone
and incubating the tissue for 24 hours at —90°C, followed by an incubation in 2% osmium
tetroxide in fresh 100% acetone for 48 hours at —90°C. The temperature was allowed to rise
to 20°C at a rate of 5°C/hour. This slow warming is critical to producing specimens with little
or no freezing or freeze substitution damage. The tissue is then processed for electron
microscopy followed by slow infiltration and embedding, taking 3 days for infiltration of
increasing concentrations of Durcupan resin prior to embedding in 100% Durcupan. This slow
infiltration procedure is very important since it appears that embedding epoxy takes a much
longer time to infiltrate into the biological specimen after high pressure freezing and the freeze
substitution procedure.

3.3 Examples of well-preserved nervous tissue

We used three nervous system regions as test specimens for our fixation/HPF protocols:
cerebellum, hippocampus and nodes of Ranvier from spinal roots. In particular, nodes of
Ranvier from peripheral nerves (sciatic, saphenous and dorsal roots) are highly prone to
structural damage due to freezing, mechanical instabilities, or errors that occur during the freeze
substitution, more so than cerebellum or hippocampus. As shown in Fig. 2, we get improved
structural preservation of cerebellar tissue with CAF-HPF (Fig. 2B) compared to CAF
conventional preparation (Fig. 2A). Other benchmarks of improved specimen preparation are
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the uniformity and increased density in the cytoplasm and synaptic vesicles as well as smooth
cell membranes. Examples of hippocampus (Fig. 3A-D) and spinal root nodes of Ranvier (Fig.
3E and F) show exquisite detail. In particular, macromolecular complexes such as the post-
synaptic densities (PSDs) (Fig. 3C), ribosomes and mitochondria (Fig. 3D), paranodal loops
(Fig. 3E, and at higher magnification in Fig. 3F) show complex morphologies. The membranes
and axonal-glial junctions (AGJ) are extremely well delineated (Fig. 3F) and the compact
myelin contains no bubbles or distortions.

3.4 EM tomography of well-preserved nervous tissue

The advantage of using HPF over other fast freezing techniques is that it can provide well-
preserved thick sections for electron tomography (McDonald and Auer, 2006). Here we show
two examples of tomograms from well-preserved cerebellum. Fig. 4A is a representative slice
from a lower magnification tomogram showing the overall architecture of this cerebellar area.
The white arrow points to an example of a PSD surrounded by synaptic vesicles. Mitochondria
and synaptic vesicles are visible as well. This tomogram was volume rendered with a maximum
intensity projection algorithm in the Amira package. In a second higher magnification
tomogram from a different area, a synapse with a PSD and synaptic vesicles has been
reconstructed. Fig. 4C and D are two slices from the volume and show the different appearance
of the PSD “fuzz” on the post-synaptic side of the synapse. The PSD was threshold segmented
using Amira and then, surface rendered. The 3D surface view is shown both superimposed on
avolume slice (Fig. 4E) and alone (Fig. 4F). The arrow inFig. 4F points to hair-like projections
that correspond to the fuzz seen in Fig. 4C.

3.5 Extending these protocols to fluorescently labeled photoconverted samples

Fluorescence photo-oxidation is a powerful and versatile technique for LM and EM whereby
the oxygen radicals generated by a fluorescent compound under illumination are used to drive
the oxidation of diaminobenzidine. Oxidized DAB can be then be made electron dense through
osmification. In principle, application of cryofixation methods to these labeled specimens
would be highly advantageous in order to optimally preserved ultrastructure. In practice,
however, cells or tissues being photo-converted cannot be fast frozen and then photo-oxidized
because of two factors: first, DAB would be difficult to diffuse into the frozen tissue which
would have to be maintained at low temperature to maintain the cryo-fixation and second, the
ligand-fluorophore complexes need to be “locked into place” to maintain the resolution of
staining. Nonetheless, we have demonstrated that aldehyde fixation used prior to rapid freezing
provides very good ultrastructural preservation and we extend these protocols to
photoconverted specimens.

As a proof of principle, brain slices containing either hippocampal neurons or cerebellar cortex
Purkinje neurons were injected with Lucifer Yellow and then photoconverted. Purkinje neurons
are some of the largest neurons in the mammalian brain, containing an elaborate dendritic arbor
with a large number of dendritic spines. Slices of the hippocampus are often imaged because
of its simpler and distinctive morphology. The Lucifer Yellow-DAB-osmium precipitate
provides selective staining of the filled neuron with its all spiny dendrites (Fig. 5). A weaker
paraformaldehyde/glutaraldehyde fixation is first performed because it is difficult to pierce a
needle into strongly glutaraldehyde fixed cells. However, after dye injection a second
glutaraldehyde fixation is performed prior to photoconversion. The improvement between CAF
(Fig. 5A) and CAF-HPF (Fig. 5B) is not as dramatic as before, however, the preservation and
delineation of the cell membranes is improved in the latter (see the 2x magnification insets of
the boxed area in Fig. 5A and B). This is mostly likely due to the fact that these weaker fixed
samples were not frozen directly after chemical fixation and some leaching or degradation may
have occurred during the photoconversion step. Fig. 5C shows a filled and photoconverted
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cerebellar Purkinje neuron in which the surrounding tissue is nicely preserved. A higher
magnification view of the boxed area is shown in the inset.

4. DISCUSSION

Many cells and tissues have been optimally preserved using high pressure freezing, however,
in mammals, these specimens are usually limited to fairly homogeneous tissues that are easily
extracted without anoxia being a significant factor. Examples of tissue that fall into this
category that have been successfully cryo-fixed with HPF include rodent skin (Al-Amoudi et
al., 2005; Reipert et al., 2004), cartilage (Al-Amoudi et al., 2005; Studer et al., 1995), cultured
pancreatic islet cells (Marsh et al., 2004), kidney (Vanhecke et al., 2006), Xenopus laevis
pituitary gland (Wang et al., 2004) and liver (Hsieh et al., 2006).

Brain tissue represents a challenging test specimen for ultrastructural preservation because the
brain is a highly specialized organ with differing morphologies across its entirety. If fixatives
are not used, in the time it takes to dissect and prepare tissue, tissue integrity is degraded due
to anoxia and is nearly impossible to excise native brain tissue for HPF without creating
structural damage during the excision. Well preserved neuronal structure has been obtained
from organotypic hippocampal slice cultures that have been allowed to partially recover from
excision (Frotscher et al., 2007), however, tissue cells in culture may not be the exactly same
as in native tissue. Adding to the challenge of preserving brain tissue is its high water content
(Schwab et al., 1997) and increased lability compared to other tissues such as heart, skin or
pancreas. Epperlein et al., (2000) proposed that the high water content found in the
subepidermal extracellular matrix of axolotl neural crest cells was the reason that preservation
of hyaluronan networks and binding hyaluronan binding protein of was sub-optimal and
problematic using HPF as compared to the sub-epidermal layer (Epperlein et al., 1997).

While aldehyde fixation has been shown to produce variable results even in conjunction with
HPF (Murk et al., 2003), we demonstrate here with a test specimen of cells in suspension for
which anoxia is not a consideration that the morphology with fixation followed by HPF is very
similar to one that has been cryo-fixed with HPF alone. In a classic paper by Small (1981),
actin networks in the leading edge of cultured fibroblasts were shown to be preserved with
glutaraldehyde fixation, but were compromised or destroyed by the post-processing steps
typically used for conventional electron microscopy. Other examples of hybrid fixation
techniques use aldehyde fixation and cold-metal freezing for preserving anterior pituitary cells
(Senda et al., 2005) or aldehyde fixation and plunge freezing for maintaining the structural
integrity of reconstituted mitotic chromosomes (Konig et al., 2005). In contrast, Murk et al.
(2003) demonstrated that systematic assessment by tomographic reconstruction of CAF
samples versus HPF alone resulted in some shrinkage and deformation of early and late
endosomes, but did not alter lysosomes even in CAF-HPF cells as compared with HPF cells.
However, it should be noted that optimization of the freeze-substitution protocol is critical in
obtaining superior specimens even with optimal freezing methods (Hawes et al., 2007) and
that we have striven here not only to optimize the fixation methods but also the freeze
substitution protocol. We show using two areas of brain, cerebellum and hippocampus, and
peripheral nerves that CAF-HPF in combination with a tailored freeze substitution protocol
provides very well preserved specimens for electron tomography.

In our studies, we focus on nervous tissue which does not fall into the category of being easily
accessible, uniform and fairly stable. Early studies by VVan Harreveld and co-workers
(Vanharreveld and Crowell, 1964; Vanharreveld et al., 1965) using a cold metal mirror freezing
device demonstrated that brain tissue needed to be fast frozen in 30 sec after excision from a
mouse and before the onset of cardiac arrest (an ~8 minute times scale). After this time,
morphological deterioration was observed and it was reported that the tissue resembled
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chemically fixed specimens. One of first descriptions of an HPF device was its application of
cryofixation for freeze fracture electron microscopy of dissected rat cerebellar cortex and
subfornical organs (Moor et al., 1980). Recent tomographic studies have shown the HPF of rat
CAZ1 hippocampal slices produces 3D structures of synapses that were larger, had less densely
packed synaptic vesicles and contained small filamentous linkers to groups of vesicles
(Rostaing et al., 2006) with a network of synaptic vesicles linked together and forming a
scaffold for the active zone (Siksou et al., 2007). In the latter case, the authors report that it
took ~7 minutes from removal of the brain to HPF of dissected hippocampal slices. Zuber et
al., (2005) used organotypic rat hippocampal slices in cryo-protectant to study synapse
structure in vitreous ice sections examined at low temperature without any fixation, staining
or embedding. The method provides a more near-to-native ultrastructure and produces images
sometimes containing new features but the technique is difficult, requires the use of an
expensive cryo-electron microscope as well as a HPF machine and is presently limited to thin
sections of 70-100 nm thick. Applications to tomographic imaging of thick specimens have
provided some interesting but variable results (Hsieh et al., 2006; Masich et al., 2006).

Previous successful attempts at preserving brain tissue with HPF have relied on using a
commercial biopsy needle system (Vanhecke et al., 2006; Vanhecke et al., 2003) or a
homemade one (Hohenberg et al., 1996; Shimoni and Muller, 1998) to quickly extract tissue
without the use of chemical fixatives. This system works well primarily with the Leica unit
(Vanhecke et al., 2003), but has also been used with a Bal-Tec HPF HPM 010 (Hohenberg et
al., 1996). The main disadvantage with this method is that the area being extracted is hard to
correlate with brain anatomy. It is important to emphasize again that correlated LM and EM
provides a powerful approach for understanding functional neuroanatomy. The chemical
fixation we use not only facilitates to hold tissue components in place, but also helps to mitigate
any deleterious effects from anaesthetics given to animals prior to dissection (Vanhecke et al.,
2003). We show using FHV infected DL1 cells that are easily cryo-fixed that a parallel sample
chemically fixed and HPF has similar morphology. Therefore, we propose that chemical
fixation with aldehydes is not necessarily the step where severe morphological degradation
occurs, but it is during post-processing steps as shown by Small over 26 years ago.

HPF has been previously combined with immunolabeling (Donohoe et al., 2007; McDonald,
1999; Mobius et al., 2002; Monaghan et al., 1998; Nicolas et al., 1997) and in particular has
been applied to brain tissue focusing on myelin glycolipids (Kirschning et al., 1998),
cytoskeletal tethers in rat hippocampal PSDs (Rostaing et al., 2006; Siksou et al., 2007), kainate
receptors in the monkey striatum (Kieval et al., 2001), GABA receptors in the monkey
subthalamic nucleus (Galvan et al., 2004) and neurohormonal/secretory activity in
neuroendocrine melanotrope cells (Calle et al., 2005; Wang et al., 2004). In several of these
studies (e.g. Galvan et al., 2004; Kieval et al., 2001), cryoprotection methods were used prior
to HPF for better structural preservation and to better retain antigenicity. Another study labeling
serotonin 5-HT1p receptors in trigeminal and dorsal root ganglia used a similar protocol to our
CAF-HPF for post-embedding immunolabel synaptic terminals in spinal cord (Potrebic et al.,
2003). Immunolabeling for brain tissue is very important because it is the only way to dissect
tissue complexity. For example, some types of cells are quite rare and the only way to find
theminthe EM is to be able to localize them at the LM, usually using a pre-embedding protocol.
In these cases, correlated LM and EM analysis is critical for localizing or identifying structures
in the neuropil (Martone et al., 1992).

For fluorescence photooxidation, chemical fixation prior to photoconversion is essential.
Labeled or tagged molecules are dynamic within cells (Deerinck et al., 1994) and it is extremely
difficult to deliver reagents into the cells since this is a diffusion-based process. In addition,
heat is generated during the photooxidation process and warming and subsequent re-freezing
of the tissue would likely cause ice crystal damage. Current protocols use 2—-3% of
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glutaraldehyde as either a primary fixation, as in the case of genetically tagged fluorescent
proteins, (Gaietta et al., 2002) or as a secondary fixation after immunolabeling (Deerinck et
al., 1994) or small molecule labeling (Capani et al., 2001). Since specimens cannot be
maintained with current light microscope stages at the low temperatures required for frozen
samples and temperature dependent diffusion processes will limit DAB infiltration, cryo-
fixation of photoconverted material is impractical. In this study, we present data showing that
glutaraldehyde fixation in combination with HPF also improves the ultrastructure of
photooxidized Lucifer Yellow injected neurons. Future improvements on our protocols will
include implementation for ReAsH labeled and photoconverted cells and organelles whereby
these probes allow for selective staining of proteins for correlated light and electron microscopy
(Gaietta et al., 2002; Gaietta et al., 2006; Sosinsky et al., 2007). We can then place these
highlighted proteins into macromolecular complexes in their cellular environments in order to
fully understand their functional interactions.
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Abbreviations

CAF
conventional aldehyde fixation
HPF
high pressure freezing or high pressure frozen
CAF-HPF
conventional aldehyde fixation followed by high pressure freezing
FS
freeze substituted or freeze substitution
UA
uranyl acetate
0OsOq4
osmium tetraoxide
FHV

flock house virus
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Figure 1. Comparison of preparation methods for preserving ultrastructure in FHV infected DL1
cells

Late stage FHV infected DL1 cells prepared by conventional aldehyde fixation and embedding
methods (CAF) (A, D, G, J), fixed and HPF (CAF-HPF) (B, E, H, K) and HPF alone (C, F,
I, L) were examined by thin section EM. A higher magnification view of the aggregates of
FHV in each DL1 cell in A (3x), B (3.5x) and C (3.5x) are shown in D, E and F respectively.
The diameter of an individual FHV is 30 nm. A plot of the positions of the viruses centers in
the boxed areas in D, E, and F are displayed in G, H and I, respectively and illustrating a more
crystalline arrangement in H and | as compared with G. (J-L) Morphology of an appropriated
mitochondrion in each preparation method. An arrow in each micrograph points to a spherule.
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Note how similar the mitochondrial morphologies are in the insets in K and L as compared to
that in J, which appears empty and swollen.
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Figure 2. Comparison of conventionally aldehyde fixed versus conventionally aldehyde fixed and
high pressure frozen brain tissue

(A) Conventionally prepared cerebellar tissue. (B) Cerebellum slices that had been chemically
fixed prior to HPF. The black arrows point to a postsynaptic density (PSD) that appears thicker
in (B) than in (A).
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Figure 3. Examples of nervous tissue prepared by a combined chemical fixation and HPF

(A, B) Hippocampal slices that have been chemically fixed prior to HPF. (C) Cerebellar slices
showing good preservation of synaptic vesicles and PSD and (D) mitochondria with attached
smooth and rough endoplasmic reticulum. Note the ribosomes in the background of (D). (E)
Spinal root prepared by combined chemical fixation and HPF. Note the smoothness of the
membranes and the level of detail in the paranodal loops and axonal-glial junctions. A 3x
magnification is shown in (F).
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Figure 4. Tomograms of CAF-HPF cerebellar tissue

Examples of a slice (A) and a volume rendering (B) of a 0.5 um volume of cerebellum. The
yellow arrow points to a postsynaptic density (PSD) surrounded by synaptic vesicles. Slices
from a higher magnification tomogram of a well-preserved PSD are shown in (C) and (D).
Arrows point to the fuzzy coat of the PSD in these two slices. The PSD was semi-automatically
segmented and is displayed as a surface rendering both upon a slice of the volume (E) as well
as by itself (F). The arrow in (F) points to the hair-like projections that corresponds to the fuzzy
coat in the slices. These datasets may be viewed in the Cell Centered Database on-line.
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Figure 5. Thin section EM images of chemically fixed neurons that have been filled with Lucifer
Yellow, photooxidized and HPF

Conventionally prepared (A) and aldehyde fixed/HPF (B) hippocampal neurons. The Lucifer
Yellow-DAB-osmium precipitate provides selective staining of the filled neuron with its
dendrites. Note that while the ultrastructure of (A) and (B) are comparable, the delineation and
preservation of the cell membranes is better in (B). (C) A photoconverted cerebellar Purkinje
neuron also shows good ultrastructural preservation with chemical fixation/HPF. All scale bars
correspond to 500 nm. The inset shown in each image is the boxed area shown at twice the
magnification.
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