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ABSTRACT

Immuno-Electron Microscopy (IEM) combines ultrastructural analysis with
immunocytochemistry to determine the distribution of proteins with nanometer
resolution. IEM can provide new understanding of molecular basis of cellular processes
by revealing spatial relationships of specific proteins and subcellular organelles. Such
detailed information about the location of proteins, both under normal conditions and
after a genetic, pharmacological or environmental perturbation, is of tremendous value in
understanding the functions and interactions of specific proteins.
Traditional immunocytochemistry and IEM methods utilize detergents to allow
antibodies to enter cells to label specific intracellular proteins. However, this process
destroys cellular membranes. While this damage in not problematic when imaging
samples by light microscopy, it produces a marked deterioration of cellular ultrastructure
as observed by high-resolution transmission electron microscopy.	
  
Our studies build on previous work to develop and optimize IEM methods for
analysis of subcellular protein distribution within the nervous system of the Drosophila
adult. This approach utilizes correlative light and electron microscopy to determine the
distribution of specific proteins in the context of the whole organism. In addition, these
methods eliminate the use of detergents for the immunocytochemistry aspect of IEM and
permit both superior preservation of ultrastructure and effective labeling of intracellular
proteins. My project is focused on further optimization and application of these methods
for analysis of subcellular protein distributions at synapses within the brain and thoracic
neural tissue of the Drosophila adult.
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Chapter 1
Introduction
The study of cellular processes is essential for our understanding of how organisms
function, respond to the environment, and develop diseases. Visualization of cells and their
subcellular structures allow us to grasp fundamental processes behind typical and atypical cellular
function. Therefore, developing methods to visualize structures at high magnification and
resolution would greatly enhance our ability to study cellular processes.
The nervous system is an attractive model for the study of cellular structure and function.
Neurons have distinct characteristics, such as a high degree of polarization, an elongated axon
and dendrite processes that are distinct from other cell types, and synaptic structures such as
vesicles, active zones, T-bars, and post-synaptic densities (Figure 1). Neural tissue can therefore
be utilized to develop sensitive methods that can resolve cellular ultrastructures. In the present
work, we built on reported methods to develop and optimize an immuno-electron microscopy
(IEM) procedure using the adult Drosophila nervous system which permits subcellular
localization of specific proteins on an organismal level while preserving neuronal ultrastructure.

Figure 1. Representation and TEM image of neural synapse. Cartoon representation of synapse modified
from Ordway (2004). TEM image by Annette Mattiuz.
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Immunocytochemistry (ICC)
Immunocytochemistry is widely used to determine the cellular distribution within cells
and tissues of a specific protein by using antibodies to label the antigen (Figure 2). Typically, a
primary monoclonal or polyclonal antibody is generated to detect a specific antigen. After
incubation with the primary antibody, the distribution of the primary antibody, and thus the
antigen, is detected by a secondary antibody that is conjugated to a label that can be visualized
(e.g. a fluorescent tag). When a fluorescent label is used, this method is referred to as
immunofluorescence microscopy (IF). ICC uses detergents or freeze thaw cycling to permeabilize
cell membranes and thus allow entrance of antibodies into the cell. In our studies, ICC was
utilized to detect the presence of both endogenous proteins as well as proteins expressed from
transgenes incorporated into the fly genome.

Figure 2. Principle of immunocytochemistry. Permeabilization or freeze thaw cycling of cell membrane
allows for primary and secondary antibodies to enter the cell to label the antigen. Primary antibody binds to
the antigen while the secondary antibody binds to the primary antibody and can be detected.

Electron Microscopy (EM)
Electron microscopy is used to visualize structures at much higher resolutions than are
possible by other microscopy methods. While we are able to view whole tissue samples and cells
using light microscopy, it is very difficult to assess subcellular structures smaller than the
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nucleus. Since electrons have a much shorter wavelength than light, electron microscopy can be
used to visualize samples at much higher resolution than is possible with light microscopes, and is
thus a powerful tool for studying subcellular organization. In our project, transmission electron
microscopy (TEM) is being used to examine the subcellular distribution of neuronal proteins.

The Procedure
By combining immunocytochemistry with EM, we are able to study the distribution of
proteins at much higher resolution than previously possible. By visualizing subcellular structures
and the spacial distributions of specific proteins, we expect to gain a better understanding of
cellular processes in the nervous system. However, traditional ICC utilizes detergents or freeze
thaw cycling (Cheville and Stasko, 2013) to permeabilize cell membranes and facilitate the
movement of antibodies into cells. While cell permeabilization does not pose a problem for
lower-resolution light microscopy and confocal microscopy, it is detrimental in performing
ultrastructural analysis at a higher resolution. Therefore, methods which eliminate the use of
detergents and still provide antibody access to intracellular antigens may be advantageous in IEM
studies. The Shupliakov lab at the Karolinska Institute in Stockholm has developed a method in
Drosophila larvae that replaces the detergents with pre-sectioning (Figure 3) in order to enable
the antibodies to enter the cell (Jiao, Shupliakov A., and Shupliakov O., 2010). This method
allows for the preservation of the cellular ultrastructure everywhere other than the cut itself, and
has been successful in both preserving cellular ultrastructure and permits effective labeling of
intracellular antigens. In the previous studies, this method was applied to Drosophila larval tissue
removed from the larvae, thus this did not preserve spacial information in the context of native
tissues within the organism. Our study has developed and optimized this approach for Drosophila
adults, using methods which retain the native tissue organization. Using this method, we hope to
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study the subcellular distribution of neuronal proteins in the context of the whole tissue and
organism.
Optimization of the IEM process and its application to Drosophila adults will provide us
with superior high resolution images of the nervous system and a better understanding of
molecular interactions involved in neuronal processes. Previous work in the lab has used
electrophysiology, ICC, and confocal microscopy to develop models of synaptic protein
interactions implicated in synaptic vesicle fusion (Kawasaki and Ordway, 2009) and active zone
clearing (Kawasaki et al, 2011). Optimized IEM procedures can be used to follow up on these
experiments and determine the subcellular localization and interactions of these proteins in a
more precise manner. This approach may also be more generally applied to study other
experimental systems and help us gain better understanding of cellular processes.

Figure 3. Traditional ICC vs. IEM. IEM process eliminates the use of detergents by slicing the cell to allow
antibodies to enter the cell. Correlative IF and IEM can be performed by using secondary antibodies that can
be detected by both confocal microscopy and TEM.
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Chapter 2
Materials and Methods
Samples were obtained from four day old Drosophila adults of two different genotypes.
Canton S (CS; wild-type) was used for studies of endogenous proteins, while wApplGal4/w;UAS-EGPF-CLC/+ (EGFP-CLC) was used to analyze the trangenically-expressed
protein CLC-EGFP. The CLC-EGFP line expresses a fusion protein in which GFP is targeted to
the N-terminus of the clathrin light chain (CLC) where clathrin is expressed (Figure 4). To
generate the wAppl-Gal4/w;UAS-EGPF-CLC/+ flies, wAppl-Gal4; +/+; +/+ virgin females were
crossed to w;UAS-EGFP-CLC males (Figure 5). Flies were maintained at room temperature on
normal food.

Figure 4. UAS-driver system. Cell type-specific expressions of both Gal-4 driver and upstream activating
sequence (UAS) allows for selective expression of transgenes in specified cell types.

Figure 5. Generating crosses. Adults from F1 were dissected at 4 days old.
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Primary antibodies used were mono-clonal mouse α-SYT (8C3, 1:2500 dilution, from
DSHB), which labels an endogenous membrane trafficking protein, and mono-clonal mouse αFUTSCH (supernatant, 22C10, 1:10 dilution, from DSHB). The primary antibody used for CLCEGFP was mono-clonal mouse α-GFP (N80/38, 1:10 dilution, from UC Davis/NIH NeuroMab).
A second antibody used for immunofluorescence detection was poly-clonal goat α-HRP directly
conjugated with Alexa647 (1:200 dilution, from Jackson Laboratory), which labels neuronal
membranes.
The secondary antibodies for IEM were labeled with both a fluorescent tag for
visualization by IF and a gold particle for visualization by IEM. Alexa Fluor® 594
Fluoronanogold™ -α-rabbit Fab’ (1.4nm, 1:100 dilution) and HQ Silver™ were obtained from
Nanoprobes, Inc.

Dissection
Fly dissections with chemical fixation were performed prior to the generation of tissue
slices for experiments. Adult Drosophila were dissected at four days old to generate head or
thorax preparations. For all preparations the wings and legs were removed. Dissections were
performed in a Sylgard® silicone elastomer chamber filled with saline solution.

Head dissections:
For head preparations, the proboscis was removed in its entirety. The cuticle was cut
along the thoracic midline and scutellum and most of the abdomen was removed. Special care
was taken not to damage the eye during the dissection process.
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Thorax dissections:
There were two methods of dissection used for the thorax preparations. For simple thorax
dissections, the thoracic midline was cut, and the head, scutellum, and most of the abdomen were
removed. A more complex dissection involved removal of the lateral thoracic cuticle and the
superficial muscles to expose the lateral side of the dorsal longitudinal muscles (DLMs). The
head, scutellum, and most of the abdomen were removed. The latter preparation further exposed
the muscle and was used to accelerate chemical fixation of the muscle surface.

Fixation
Samples were fixed in 4.0% paraformaldehyde and 0.2% glutaraldehyde in saline
solution. Thorax and head preparations were fixed for 30 minutes or 1 hour, respectively.
Samples were rinsed in saline solution once and phosphate buffered saline solution (PBS) twice
for ten minutes each. Samples were kept in PBS until further processing.

Embedding in low gelling temperature agar
A 5% low gelling temperature agarose (Sigma-Aldrich) solution was created by carefully
dissolving the agar in PBS in a hot water bath. Agar was kept in a 48°C water bath for same-day
use. Agar was poured into cylindrical molds, and the samples were quickly embedded in the agar
and oriented vertically before the agar solidified (Figure 7). Agar blocks were around 5.5mm in
height and 5 mm in diameter. Embedded samples were placed in 4°C for at least 20 minutes to
allow the agar to solidify completely before vibratome slicing.
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Figure 6. Orientation of sample in agar block. (A) Top-view (B) Side-view

Vibratome slicing
For head samples, the blade was slowly advanced toward the sample in 50 µm increments
until a first slice containing head sample was obtained. The next two slices are taken at 150 µm,
with half of the head contained in each slice (Figure 6C). All slices were 150 µm in thickness. A
maximum of 4 slices were obtained from each thorax dissection. Slices were kept in PBS until
further processing.

Figure 7. Drosophila preparations
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Antibody Staining and Confocal Imaging
Slices were incubated with blocking solution (5% normal goat serum in PBS) for 1 hour.
Primary and secondary antibodies were applied according to the ICC procedure. The secondary
antibody used was Alexa 594 fluoronanogold α-mouse Fab’ (1:100 dilution). Slices were imaged
by confocal microscopy to determine the presence and location of fluorescent signals. Images
were captured as reference for comparison with EM sections and correlative IF-IEM analysis
(Figure 7C).

Pre-embedding Processing for TEM
Slices were fixed overnight in 3% glutaraldehyde in PBS. Silver enhancement was
performed according to the HQ Silver Enhancement Kit protocol, with a 5 minute development
time. In a dark container, slices were washed with deionized water 3 times for 5 minutes and
stained with 0.2% osmium tetroxide in H2O for 30 minutes. The slices were then washed again in
double distilled water 3 times for 5 minutes, then stained with filtered 2% uranyl acetate in
aqueous solution. The slices were then taken out of the dark container for dehydration using a
series of ethanol/water (50%, 70%, 90%, 3 x 100%, 3 x EM grade100%) and acetone (3 x 100%
acetone) for 5 minutes each. Infiltration of the Spurs resin was accomplished by submerging the
slices in a series of resin/acetone mixtures (50% overnight, 75% six hours or more, 100%
overnight, 100% six hours or more) with continuous agitation. Fresh Spurs resin (less than 2
weeks old) was used during both infiltration and embedding.
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Embedding
Slices were embedded in one drop of Spurs resin and polymerized in between two sheets
of Aclar film. The sample was visualized under a light microscope to determine the orientation of
the slice and the desired sectioning surface. A rectangular window slightly larger than the face of
a resin block was cut into the film and polymerized resin, and the exposed resin was glued to a
flat-top resin block to facilitate ultrathin sectioning (Figure 8). The surface to be sectioned was
facing away from the block. The glue was allowed to dry overnight before the block and sample
were removed from the film.

Figure 8. Attachment of sample onto resin block. After the desired sectioning side is determined, a
window is cut into the film and resin from the opposite side. The film from the cut side is removed, and the
block is glued onto the resin. After drying overnight, the block and embedded sample can be removed from
the film.

Thick/Thin sectioning
Standard EM procedure was followed for taking thick and thin sections. However,
antibody stain is not expected to penetrate deeply beyond the surface of the slice. Thus,
importantly, no surface trimming was performed in order to preserve the antibody-stained surface
of the slice. Alternating series of thick (250nm) and thin (70nm) sections were taken to obtain
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thin sections from various positions in the block. Fewer than 12 thick sections were taken in
between each set of thin sections. Thin sections were taken very close to the surface of the block
to obtain tissue that has optimal antibody staining.

Grid Staining and Imaging
Grids were stained with uranyl acetate for 18 minutes and lead citrate for 12 minutes, and
allowed to dry completely before imaging. Grids were imaged on either FEI Tecnai Spirit
BioTWIN TEM or on JEOL 1200 EX II TEM. Areas in which antibody staining occurred as
determined by confocal images were imaged and analyzed for the presence of signal. Images of
active zones and other neuronal structures containing gold labeling were taken.
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Chapter 3
Results
Progress in our work has led to (I) development of a new approach for IEM analysis of
tissues in their native organismal context and (II) initial application of this approach to generate
the first experimental results demonstrating IEM in tissue sections without conventional cell
permeabilization procedures.

I. Development of the experimental approach
As discussed in the introduction, previous studies have pioneered the use of tissue sectioning to
permit access of antibodies to intracellular antigens in the absence of conventional cell
permeabilization (Jiao, Shupliakov A., and Shupliakov O., 2010). These studies utilized tissues
that have been removed from their native context in the Drosophila larva and thus did not retain
critical information regarding the specific cell types studied and their spatial orientation within
the organism. A primary objective of our work was to adapt similar methods for use in tissue
sections such that specific cell-type and positional information is retained. In addition, our studies
first apply these approaches to the study of adult tissues. Development of the experimental
approach involved innovating and optimizing a series of procedures comprising the IEM process.
At each step, variations of the procedure were tested to achieve optimum image quality while
maintaining sufficient fixation and antibody staining (Figure 9).
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Figure 9. IEM optimization procedure

Fixative
The amount of post-dissection fixative used was manipulated in order to allow for both
optimal preservation of ultrastructure as well as penetration of the antibodies into the tissue.
Higher concentration of fixative allows for the better preservation of the ultrastructure at the cost
of diminished labeling by the antibodies. We compared the labeling of proteins of samples fixed
with 4% paraformaldehyde/0.2% glutaraldehyde with samples fixed with 3%
paraformaldehyde/1% glutaraldehyde. Since glutaraldehyde is a harsher fixative and results in
more cross-linking of proteins, samples fixed with 1% glutaraldehyde were predicted to have
better ultrastructure but less labeling. It was determined that the 4%paraformaldehyde/0.2%
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glutaraldehyde fixative mixture was sufficient for preserving ultrastructure while maintaining
efficient labeling.

Vibratome slices
The thickness of the vibratome slices affected how well the slices were preserved in
subsequent procedures without significant damage. The Shupliakov lab used 100 µm slices of
tissue from their larval samples, which provided us with a reference for the approximate thickness
of slices. However, 100 µm slices were determined to be of insufficient thickness for obtaining
quality head and thorax slices as the samples easily disintegrated or separated from the agar
during slicing. 150 µm slices were determined to be of suitable thickness as they tolerated
subsequent washing and pre-embedding procedures while being thin enough to permit the
generation of multiple slices from one dissected sample.
The vibratome settings were also manipulated to obtain the maximum number of quality
slices. It was determined that the lowest speed (speed 1 on the Vibratome Series 1500, TED
PELLA) produces the best slices without crushing the sample or pulling the sample out of the
agar. A low- to medium-level amplitude (speed 4 on the Vibratome Series 1500, TED PELLA) is
optimal for preventing disintegration of the sample during slicing.

Osmium fixation
0.2% Osmium Tetroxide (OsO4) was determined to provide sufficient contrast during
TEM imaging without interfering with silver enhancement of gold particles. A higher
concentration of OsO4 was shown to interfere with labeling and produced unclear results.
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Silver enhancement
The gold particles conjugated to the secondary antibody are too small (1.4nm) to be
useful as labels in TEM. However, their small size allows penetration of the secondary antibody
into the tissue. Following the secondary antibody incubation, silver enhancement of gold particles
is used to increase particle size. Development time of the HQ Silver was manipulated for
optimum particle size during IEM imaging. It was determined that 5 minutes of silver
development provides easy detection of the resulting particles without producing excessive silver
deposition.

Grid staining
EM sections on grids are stained to produce adequate contrast. Grid staining was
manipulated in order to determine the preservation of contrast in IEM images in the presence or
absence of lead citrate. It was determined that both uranyl acetate and lead citrate staining are
necessary to acquire the desirable level of contrast in the images. It was also determined that any
residual lead particles on the grid are easily distinguished from the silver enhanced gold particles.

II. Initial results
Initial results show that IEM images obtained through this new method exhibited
excellent preservation of ultrastructure. Protein labeling was also preserved as indicated by gold
particle distribution expected for specific labeling. Thin sections taken from near the surface of
the slice were expected to show more signal than in those from deeper in the slice. Because the
sample cannot be perfectly flat after the embedding process, thin sections from various depths
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into the block were generated to assess and compensate for warping of the samples and the depth
to which the antibodies penetrated into the slice.
Initial results produced specific IEM labeling. In CS (wild-type) samples, the endogenous
microtubule associated protein, FUTSCH, was examined in the brain as well as photoreceptor
(PR) neurons in the eye. In transgenic flies expressing the EGFP-CLC fusion protein, an α-GFP
antibody was used to examine the distribution of clathrin within presynaptic terminals in the
brain.

Endogenous FUTSCH
Sections including wild-type (CS) brain and eye tissue were studied by IEM using an αFUTSCH antibody to label microtubule-associated proteins. Specific labeling was confirmed by
IF (Figure 6E), and slices were subsequently processed for IEM. As seen in Figure 10D, specific
labeling of microtubules was observed in cross sectioned axons (upper left) as well as within noncross sectioned axon bundles (lower half of the image). In Figure 10E, IEM image shows the
seven PR cells which are organized into one ommatidium (a single unit of the fly eye; Figure
10F). Each PR cell contains a rhabdomere structure which contains photoreceptors and projects
centrally to the ommatidium. Gold particles are observed in microtubule-containing cytoplasmic
domains but not within mitochondria or rhabdomeres, indicating specific FUTSCH labeling.

Transgenically expressed EGFP-CLC
Sections containing brain and eye tissue from transgenic flies expressing GFP-CLC in the
nervous system were studied by IEM using an α-GFP antibody. Slices were first examined by IF
to confirm specific labeling (Figure 7C) and then processed for IEM. Because of our interest in
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synaptic endocytosis, IEM studies of GFP-CLC were focused on presynaptic terminals within the
brain. Example IEM images (Figure 10B, C) show the presynaptic distribution of clathrin. These
initial results indicate that clathrin tend to associate with the lateral edges of the active zone as
well as adjacent regions of the presynaptic plasma membrane separated from the active zone.
These results indicate that our new method will provide specific information about the
distribution of presynaptic protein relative to clearly defined ultrastructural features of the
synapse. Furthermore, optimization of IEM using the α-GFP antibody will permit IEM analysis
of many neuronal proteins for which transgenic lines expressing GFP fusion proteins have been
generated.
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Figure 10. Initial IEM results
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Chapter 4
Discussion and Conclusion
Our studies have developed new IEM methods for examination of subcellular protein
distribution in native tissue slices. Through extensive optimization, we have established optimal
procedures for this purpose. Initial results obtained using this protocol are highly promising. By
eliminating conventional cell permeabilization during ICC and optimizing the method for tissue
slices from the Drosophila adult, we obtained IEM images showing excellent preservation of
ultrastructure as well as specific protein labeling.
The procedure we have developed for adult Drosophila builds on and differs from the
one previously established in the Shupilakov lab. Rather than taking slices of a ball of muscles
that had been scraped out of the native tissue, we retained the native tissue organization in order
to study the distribution of proteins in the context of the whole organism. This provides us with
cell type information as well as tissue in the original context in which to understand the protein
distributions. On the basis of our promising initial results, we anticipate that further optimization
of this approach will produce better quality IEM images by approaching an optimum balance of
ultrastructure preservation and antibody labeling.
This method can be applied to future studies in Drosophila and other models to help us
gain a better understanding of intricate cellular processes. Although examining the entire
organism may not be feasible in larger animal models, this approach can be used to assess protein
distributions within a specific native tissue sample.
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