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Preface to the Series

Experimental life sciences have two basic foundations: concepts and tools. The
Neuromethods series focuses on the tools and techniques unique to the investigation of the
nervous system and excitable cells. It will not, however, shortchange the concept side of
things as care has been taken to integrate these tools within the context of the concepts and
questions under investigation. In this way, the series is unique in that it not only collects
protocols but also includes theoretical background information and critiques which led to
the methods and their development. Thus it gives the reader a better understanding of the
origin of the techniques and their potential future development. The Neuromethods pub-
lishing program strikes a balance between recent and exciting developments like those
concerning new animal models of disease, imaging, in vivo methods, and more established
techniques, including, for example, immunocytochemistry and electrophysiological tech-
nologies. New trainees in neurosciences still need a sound footing in these older methods in
order to apply a critical approach to their results.

Under the guidance of its founders, Alan Boulton and Glen Baker, the Neuromethods
series has been a success since its first volume published throughHumana Press in 1985. The
series continues to flourish through many changes over the years. It is now published under
the umbrella of Springer Protocols. While methods involving brain research have changed a
lot since the series started, the publishing environment and technology have changed even
more radically. Neuromethods has the distinct layout and style of the Springer Protocols
program, designed specifically for readability and ease of reference in a laboratory setting.

The careful application of methods is potentially the most important step in the process
of scientific inquiry. In the past, new methodologies led the way in developing new dis-
ciplines in the biological and medical sciences. For example, Physiology emerged out of
Anatomy in the nineteenth century by harnessing new methods based on the newly discov-
ered phenomenon of electricity. Nowadays, the relationships between disciplines and meth-
ods are more complex. Methods are now widely shared between disciplines and research
areas. New developments in electronic publishing make it possible for scientists that
encounter new methods to quickly find sources of information electronically. The design
of individual volumes and chapters in this series takes this new access technology into
account. Springer Protocols makes it possible to download single protocols separately. In
addition, Springer makes its print-on-demand technology available globally. A print copy
can therefore be acquired quickly and for a competitive price anywhere in the world.

Saskatoon, Canada Wolfgang Walz
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Preface

Transmission electron microscopy (TEM) provides a powerful approach for advancing the
understanding of the brain. Several books currently on the market focus on material science
or approaches that emphasize techniques related primarily to scanning electron microscopy.
The content of previously published books is often broad and applies to cell biologists at
large who work with multiple organ systems. To date, there are virtually no books on TEM
that specifically target neuroscientists. The goal of this NeuroMethods series is to provide
the readership with detailed protocols and techniques focused on applied aspects of TEM for
the study of neuroscience-based investigations.

The technique of TEM has evolved considerably over the past century. As summarized
by Zhang and colleagues, although the design of the equipment itself has remained funda-
mentally similar, it is the advent of technical advances in specimen preparation including
fixation, staining, embedding procedures, and availability of immunoreagents that has led to
significant progress in the modern application of the technique. The authors provide a
historical perspective on the evolution of the technology and review key developments
that have resulted in sustained innovations.

As the specialized junction through which neurotransmitters are conveyed from one
neuron to another, the synapse represents a key site for communication between brain cells.
Liu and Cheng describe a detailed immuno-electron microscopy protocol for simulta-
neously labeling a presynaptically distributed neurotransmitter and a postsynaptically
distributed one. Using a combination of pre-embedding immunoperoxidase labeling and
post-embedding immunogold labeling, this dual immuno-EM labeling approach allows for
reliable detection of differentially localized neurochemicals in closely related neural struc-
tures. The authors present key steps of the procedure where glutamate is labeled in the
presynaptic terminal using immunogold labeling and CaM Kinase or ionotropic glutamate
receptor subunits are labeled using immunoperoxidase detection in the postsynaptic struc-
ture. Taken with the resolution of the TEM that is capable of detecting even the smallest
synaptic contacts, this method allows for clear detection of juxtaposition of different
neurochemicals in brain circuits.

For the past several decades, TEM has been used to study neuronal architecture, from
the first study to classify synapses in the cerebral cortex to detailed serial section analyses on
large parts of identified neurons. However, it is the advent of serial section electron
microscopy that has enabled nanoscale analysis of neuronal cell biology and anatomical
connectivity. As described by Bourne, serial section EM provides the needed nanometer
resolution to localize and measure synaptic connections, and identifies ultrastructural sub-
strates of key cellular functions such as sites of local protein synthesis indicated by polyribo-
somes and local regulation of intracellular calcium and trafficking of membrane proteins by
the network of smooth endoplasmic reticulum that extends throughout the neuron. Meth-
ods and procedures are described for obtaining, imaging, and analyzing serial sections of
brain tissue. In addition, examples and descriptions are provided to help identify different
types of spines and synapses and subcellular structures such as polyribosomes and smooth
endoplasmic reticulum.

Experimental neuroanatomical tract tracing has elucidated the fine synaptic organiza-
tion of neural circuitry in the brain. Although light microscopic analysis of tract tracers can
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provide important insight into selected neuronal circuits, its limitation lies in its inability to
unequivocally demonstrate the presence of synapses between neurons in different regions.
Bajic provides a detailed protocol for combining immunoperoxidase labeling of the antero-
grade tracer biotinylated dextran amine with immunogold-silver enhancement detection of
a neuroactive substance present in the structures postsynaptic to the tracer-labeled axon
terminals. This technique is widely utilized to identify neuronal circuits as well as the
neurochemical content of neurons in complex neural circuits.

The process of neuronal plasticity has been strongly supported by experiments involving
TEM. As described by Villalba and colleagues, the use of computer-assisted 3D reconstruc-
tions of individual spines at the EM level has provided evidence that spines are highly plastic
entities that are capable of complex structural remodeling in response to physiological or
pathophysiological alterations. The authors describe protocols combining immuno-EM
methods (to identify specific populations of presynaptic terminals or dendritic spines), serial
ultrathin sectioning, and three-dimensional EM reconstruction to analyze ultrastructural
and morphometric changes of individual dendritic spines in rhesus monkey models of brain
disease. Using this approach, the authors have been able to quantify and compare various
structural parameters of striatal spine morphology and specific glutamatergic synapses
between normal monkeys and animal models of Parkinson’s disease. Thus, using striatal
projection neurons as a working model, the authors are able to conduct quantitative analyses
to determine ultrastructural changes in the morphology, synaptic connectivity, and perisy-
naptic glial coverage of axo-spinous cortical or thalamic synapses between normal and
MPTP-treated parkinsonian monkeys.

Understanding structural changes in the brain associated with neurodegenerative dis-
eases has also been informed by ultrastructural studies involving invertebrate models. Using
the fruit fly Drosophila, Ando and colleagues describe how this widely employed organism,
known for its ease of genetic manipulation, has emerged as a powerful tool for studying
human diseases. The authors describe the use of these transgenic models to recapitulate
pathological phenotypes. Specifically, the authors provide a detailed approach for expressing
Alzheimer’s disease (AD) associated β-amyloid peptides or microtubule associated protein
tau in the fly brain to gain an understanding of its pathological effects on the ultrastructure
of the brain and within subcellular organelles. These analyses reveal that several critical
pathologies observed in the brains of patients with AD are recapitulated in these fly models
of the disease.

As mentioned above, the brain undergoes remarkable plasticity. However, brain injury
causes a plethora of negative sequelae that can be revealed and better understood using
TEM. Simpson and Lin describe the use of immunofluorescence staining in combination
with ultrastructural analysis to reveal selective alteration of neurons and glial cells after early
exposure to antidepressants and neurotoxins. The authors discuss how, with the advent of
selective neurochemically, and/or receptor, specific antibodies as well as the refinement of
fluorescent microscopy and digitized electron microscopic images, neuroscience researchers
have an excellent opportunity to investigate maturation and plasticity of brain circuits as well
as the developmental changes during early life. With such combined technical advance-
ments, current knowledge on circuit function in the adult and dysfunction due to early
exposure to environmental insults can contribute new knowledge.

Dual labeling immunohistochemistry employing visually distinct immunoperoxidase and
immunogold markers has been an effective approach for elucidating complex receptor profiles
at the synapse and for definitively establishing the localization of individual receptors and
ligands to common cellular profiles. More recently, the combination of dual-immunogold-
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silver labeling of distinct antigens offers some unique benefits for resolving interactions
between G-protein-coupled receptors, their interacting proteins, or downstream effectors.
Reyes and colleagues describe an approach that provides superior subcellular localization of the
antigen of interest while preserving optimal ultrastructural morphology. A detailed method-
ology is provided on the use of different-sized immunogold particles to analyze the association
of the mu-opioid receptor with markers of early and late endosomes in neuronal intracellular
compartments following systemic agonist exposure.

Determining the input/output characteristics of neurons with peripheral organs is
fundamental to elucidating how the brain regulates physiological processes. Havton and
colleagues have developed protocols to allow for EM detection of retrogradely labeled spinal
cord neurons from the major pelvic ganglia or the rat external urethral sphincter muscle in
combination with post-embedding immunogold labeling. Using Lowicryl HM20 for slow
embedding of fixed brain tissues at low temperatures produces markedly improved antigen
preservation. The protocol is versatile and can be combined with immunogold detection of
neurotransmitters and membrane transporters so as to have broad applicability to ultrastruc-
tural studies of the central nervous system.

A number of experimental challenges previously existed with the detection of amino
acids associated with synaptic transmission, including glutamate, L-aspartate, gamma-ami-
nobutyric acid (GABA), and glycine. Barnerssoi and May present protocols for both retro-
grade and anterograde neuronal tracing that have been modified to facilitate electron
microscopic examination of neuronal connectivity. In addition, it includes protocols
for doing immunohistochemistry with antibodies to either glutaraldehyde-fixed GABA or
glycine on ultrathin sections.

The visualization of these macromolecular complexes and assembly intermediates by
TEM techniques can provide insights into their function in the cell as well as uncover their
molecular mechanisms and life cycle. Sander and Golas describe how to prepare and analyze
macromolecular assemblies by conventional negative staining EM, negative staining cryo-
EM, and unstained cryo-EM. In particular, they focus on methods that allow imaging
macromolecular assemblies that are near the size or concentration limits of the method or
that are only transiently formed. Such challenging macromolecular assemblies can be sub-
jected to the GraFix approach that cross-links the complexes under ultracentrifugation.
Moreover, they also discuss EM imaging techniques and image processing approaches suited
to compare macromolecular complexes captured at different conformational or composi-
tional states by using difference mapping. Together, this set of single-particle EM methods
provides an outline of how macromolecular complexes of the nervous system can be studied
by EM techniques.

TEM has been extremely useful for visualizing microglial, oligodendrocytic, astrocytic,
and neuronal subcellular compartments in the central nervous system at high spatial resolu-
tion. In some cases, neuronal damage is indirect. Louboutin and colleagues discuss method-
ological approaches directed at understanding HIV-1-Associated Neurocognitive Disorder
(HAND), a neurodegenerative disease resulting in various clinical manifestations, character-
ized by neuroinflammation, oxidative stress, and related events. Neuronal damage occurs
when microglial cells infected by HIV-1 increase the production of cytokines and release
HIV-1 proteins, the most likely neurotoxins, among which are the envelope proteins gp120
and gp41, and the nonstructural proteins Nef, Rev, Vpr, and Tat. The authors present
different methods used in the assessment of apoptosis and neuronal loss in different experi-
mental, acute and chronic, models of HAND and consider how these techniques help to
evaluate the effects of gene delivery of antioxidant enzymes in animal models of HAND.
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In summary, each chapter inNeuroMethods: Transmission Electron Microscopy for Under-
standing the Brain is designed to provide detailed information on experimental protocols so
that the novice can easily acquire the technique for their own objectives. The contributors
are experts in TEM analysis and have all published their original research in peer-reviewed
journals.

Philadelphia, Pennsylvania, USA Elisabeth J. Van Bockstaele
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Advances in Neuroscience Using Transmission Electron
Microscopy: A Historical Perspective

Jingyi Zhang, Beverly A.S. Reyes, Jennifer A. Ross, Victoria Trovillion,
and Elisabeth J. Van Bockstaele

Abstract

Unlike light and fluorescence microscopy techniques that may provide only limited resolution, transmission
electron microscopy (TEM) allows enhanced subcellular precision by enabling high resolution of varied
specimens. Although the first TEMwas invented in 1931, the widespread use of TEM for biological studies
did not start until the 1940’s. From that time onward, TEM has revolutionized our knowledge and
understanding of cellular processes. More importantly, the use of TEM has greatly advanced neuroscience
research by defining the presence of synaptic specializations, the organization of synaptic vesicles, the
identification of protein machinery in dendrites, and neural circuit organization. Combined with the use
of autoradiography, immunocytochemistry, tract-tracing among others, the neurochemical signature of
defined synaptic circuits have been characterized. Thus, with TEM’s enormous investigative power, it will
continue to serve as a major analytical tool in both physical and biological research. This Chapter describes
seminal events utilizing TEM that have provided tremendous advances in field of neuroscience.

Keywords: Transmission electron microscopy (TEM), Neuroscience, Immunocytochemistry (ICC),
Tract tracing, Cryo-electron microscopy (Cryo-EM), 3D reconstruction

1 Introduction

In 1931, Ernst Ruska and Max Knoll, two electrical engineers
working at the Technological University of Berlin in Germany,
developed the first transmission electron microscope (TEM). The
TEM exploited the ability of electrons, which have a much shorter
wavelength than photons, to provide greater resolution when com-
pared with the light microscope [1, 2, 3]. Superior resolution
capabilities enabled TEM users to analyze the fine details of any
specimen of interest. Thus, with its enormous investigative power,
the TEM continues to serve as a major analytical tool in both
physical and biological scientific research.

Two key discoveries laid the foundation for the development of
the TEM. Ernst Abbe described that the standard optical micro-
scope resolution was limited by the wavelength of the light [4, 5].
Following Abbe’s discovery, sustained efforts were made to
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overcome this limitation. German scientists August Köhler and
Moritz von Rohr in the early part of the twentieth century devel-
oped a microscope that operated with ultraviolet light [6].
Although the microscope provided only twofold greater resolution
when compared to traditional light microscopy and required
expensive quartz lenses, its development provided the impetus to
explore other illuminants in microscopy. Ultimately, this investiga-
tion led to the discovery of the electron beam as an illuminant
capable of providing superior resolution when compared to tradi-
tional light and fluorescence microscopes [6, 7]. The second critical
turning point in the development of the TEM occurred when
German physicist Julius Pl€ucker discovered that cathode rays (i.e.,
the electron beam) could be deflected by magnetic fields [8].
Utilizing this seminal observation, a research group led by Max
Knoll built a device with primitive magnetic lenses that is consid-
ered to be the very first TEM in the world. Soon after, aided by the
De Broglie hypothesis, which revealed the wave nature of electrons,
the same group built the first applied TEM with magnifications
exceeding those of the light microscope in 1933 [1, 9].

TEM essentially consists of an electron gun, a series of aper-
tures, and a set of magnetic lenses (Fig. 1). High-voltage electrons
are emitted by the electron gun and form a beam controlled by the
magnetic lenses. The electron beam is first adjusted by apertures
and then passed through the specimen. Subsequently, the electron
beam is focused onto a fluorescent screen or captured as an image,
originally on film and now by a light sensitive sensor, such as a
charge-coupled device camera. Hence, TEM, as the name implies,
forms images by capturing an electron beam transmitted through
the sample of interest [2, 3].

A significant challenge in refining the TEM and its technology
was the need for samples to be prepared sufficiently thin to allow for
the electrons to penetrate the specimen, yet be sufficiently strong so
as to resist the vacuum and radiation damage produced by the
electron beam. Thus, the evolution of TEM technology was accom-
panied by parallel advancements in sample preparation methods. At
the beginning, chemical fixation followed by metal or negative
staining was the standard methodology for TEM sample prepara-
tion for the analysis of biological specimens. The metal shadowing
technique was established in the very early days of biological TEM
study and was followed by the negative staining approach [10, 11].
During the early 1980s, the team of Jacques Dubochet developed
the plunge-freezing cryo-technique, which enabled researchers to
observe unstained biological specimens in their natural aqueous
state using TEM [12, 13].

Different image capturing techniques are used by different
types of electronmicroscopes. The TEM forms images by capturing
an electron beam transmitted through the samples. The scanning

2 Jingyi Zhang et al.



transmission electron microscope (STEM) is a type of TEM, but it
is distinguished from conventional TEM by scanning the sample
using a focused electron beam. Thus, it simultaneously collects the
information from electron beams transmitted through the sample
and various signals released from the sample surface. Using STEM,
high-contrast imaging of biological samples can be achieved with-
out staining. Unlike TEM, scanning electron microscopy (SEM)
produces images by collecting signals reflected from the sample
surface. Although SEM has a lower resolution compared to TEM,
it can provide an acceptable representation of the three-
dimensional shape of a sample. In addition, the environmental
SEM, which can be utilized for wet sample and operated under
lower vacuum conditions, enables researchers to analyze samples
vulnerable to high vacuum conditions at the EM level [3]. While
different types of electron microscopes offer varying advantages,
this chapter focuses primarily on the application of TEM to brain
tissue analysis.

Fig. 1 Components and organization of a transmission electron microscope (TEM)
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2 The Early Stage of TEM Application in Biological Samples

The widespread use of the TEM in biological studies did not start
until the 1940s. In the early periods of TEM use for biological
sample analysis, applications evolved from the simple observation of
rudimentary images of viruses to the examination of a single layer of
cells that had been chemically fixed and dried [14, 15]. In 1949, the
thin sectioning and plastic embedding of samples made it possible
to explore the cell’s internal structure [16, 17]. This progress led to
a surge in publications regarding the fine structure of cellular
organelles [18–20] as well as numerous reports showing details of
cell membrane systems [21–23]. These initial ultrastructural stud-
ies played a pivotal role in establishing the foundation for our basic
understanding of cellular organization and morphology. The
importance of TEM during this time period is reflected by the
study of Huxley and colleagues, whose TEM analysis revealed the
myofibril array of skeletal muscle cells and provided the first direct
evidence for the sliding filament theory of muscle contraction [24].

3 TEM Contributions to Neuroscience Research

Neuroscience research has greatly benefited from TEM studies
(Fig. 2) as reflected in the seminal work of Palay and Palade [25],
which was subsequently further solidified by the significant publi-
cation of The Fine Structure of the Nervous System in 1970 [26]. The
observation of synaptic specializations provided unequivocal proof
for the neuron doctrine that the nervous system is made up of
discrete individual cells rather than an anatomical continuum [25].

1930-1950 1951-1960 1961-1969 1970-1979 1980-1989 1990-1999 2000-2010 2011-2015

A

B

C

E

F&G

H

I J K M N

L

O

P

Q&R

S T

D

A 1931 Ruska & Knoll develop the first TEM (1-3)

B 1939 Ruska applies TEM analysis to biological samples (14-15)

C 1954 Palay & Palade describe the synapse (25)

D 1955 Peters describes two types of vesicles large dense core vesicles and small 
synaptic vesicles in axon terminals (26)

E 1958 Palay describes the postsynaptic density (27)

F 1959 Gray describes Type I and Type II synapses (29)

G 1959 Singer applies ferritin for TEM visualization (71)

H 1962 Feldherr & Marshall introduce colloidal gold as a tract tracer for TEM (72)

I 1965 Blackstad & Stell describe use of Golgi staining for TEM (46-47)

J 1971 Faulk & Tayer use gold as an immunolabel for TEM (73)

K 1979 Tarrant & Routtenberg identify protein synthetic machinery in dendrites 
using TEM (41)

L 1980 Von Baumgarten applies autoradiography to TEM (60)

M 1982 White & Hersch conduct the first 3D TEM reconstruction 
(126)

N 1984 Dubochet develops cryo EM (121)

O 1994 Connolly first develops HRP genetic tag for TEM (113)

P 1998 Lee uses immunogold to localize neurotransmitter 
receptors (39)

Q 2004 Al-Amoudi applies high pressure freezing in cryo EM (122)

R 2004 Denk invents serial block facing for TEM (122)

S 2011 Mirula, Binding & Denk describe the whole brain staining 
protocol for tracing myelinated axons in TEM (131`)

T 2015 Mirula & Denk report a new high resolution whole brain 
protocol for thin neurite observation in TEM (132)

Fig. 2 Timeline of key milestones in neuroscience research arising from the use of the transmission electron
microscope (TEM)
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TEM studies also confirmed the existence of dendritic spines which
had only been previously observed in Golgi-impregnated neurons
[27]. High-resolution TEM analysis of axonal terminals offered an
improved understanding of neurotransmitter storage and release.
Two types of vesicles were described in axon terminals, small synaptic
vesicles (SSV) later shown to accumulate fast-acting transmitters,
glutamate and gamma amino butyric acid (GABA), and large dense
core vesicle (LDCV), later shown to be the primary site for neuro-
peptide storage [26]. Quantitative immunogold studies further
revealed that mammalian central nervous system (CNS) axon term-
inals, which form asymmetric and symmetric junctions correspond to
excitatory and inhibitory synapses, respectively [26–28]. This gen-
eral rule of asymmetrical synapses being excitatory in nature, while
symmetrical synapses are inhibitory does not appear to hold for all
neurotransmitters, especially monoamines and acetylcholine [29,
30]. For instance, although acetylcholine has mainly excitatory
effects on the basolateral amygdala (BLa), almost all cholinergic
synapses in the BLa are of the symmetrical type [30–32]. Mono-
amine transmitters can be stored in either SSV or LDCV or both
[33]. Unlike SSV, which are primarily released from classical synaptic
junctions, TEM studies supplied a wealth of evidence for putative
extrasynaptic release of the contents of LDCVs [33, 34].

While one of the key contributions of TEM to neuroscience
research was to demonstrate the existence of synapses, TEM also
provided critical evidence for non-synaptic transmission or volume
transmission [35]. Studies of receptor distribution established the
existence of neuropeptide receptors at a distance from synaptic
junctions, raising the possibility of extrasynaptic binding and acti-
vation [28], and strongly supporting the theory of volume trans-
mission. For example, mu opioid receptor immunoreactivity has
been found at extrasynaptic sites on noradrenergic dendrites in
the rat locus coeruleus (LC) [36]. Likewise, monoamine neuro-
transmitters show the same tendency for volume transmission, as
evidenced by low synaptic incidence of their terminals and extra-
synaptic localization of their receptors [29, 37, 38].

Another important contribution to neuroscience made by
TEM studies was to provide the morphological basis for the con-
cept of synaptic plasticity. Identifying protein synthesis machinery
in dendrites provided evidence of dendritic protein synthesis, indi-
cating that dendrites are not only involved in signal transduction,
but also participate in the long-termmodulation of synaptic efficacy
[39–42].

4 Golgi-EM, Molecular Labeling, and TEM

In 1873, an Italian physician, Camillo Golgi, established a silver
staining method called “Golgi impregnation” for neuroanatomical
analysis, which allowed, for the first time, observation of all parts of
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an individual neuron including the cell body, axon, dendrites, and
dendritic spines [43]. Since then, this method has been continually
used for whole neuron visualization, dendritic arborization analysis
and spine quantification using light microscopy [44]. Although
TEM had been introduced into biological research as early as the
1940s, it was not until 1965 that the Golgi precipitate was found to
be an electron dense substance and became utilized as an electron
microscopic marker [45, 46]. Combining Golgi impregnation with
TEM promoted the advancement of the study of neuronal micro-
circuits. One of the major breakthroughs resulting from the use of
Golgi staining in TEM was the identification of the postsynaptic
neuronal profiles of severed axonal afferent projections [45].
The Golgi method was continually refined to better serve TEM
studies. Because the ultrastructure in Golgi stained samples was
often masked by the Golgi precipitate and hard to recognize, Black-
stad established a “de-impregnation” protocol to partially remove
Golgi precipitate by ultraviolet light illumination and thereby reveal
the underlying fine structure of cells [47]. Soon after, Fairén
invented the gold toning method for de-impregnating Golgi-
stained sections based on Blackstad’s work [44, 48]. Fairén and
Blackstad then worked together to optimize the gold toning
method by illuminating sections with strong white light before
gold toning [44].

In 1983, Freund and Somogyi contributed further advances to
the application of Golgi staining to TEM by applying silver impreg-
nation to tissue sections [49, 50]. Through technical refinements to
the histological procedure, Golgi impregnation can now be com-
bined with a variety of other techniques, such as tract tracing,
immunocytochemistry, and intracellular dyes [43, 44].

Today, intracellular injection of tracers or gene manipulation
provides a new way of visualizing neurons and their processes in
their entirety. Although Golgi-EM is less popular than when it was
first conceived, Golgi staining, as well as its numerous variants,
remains a widely used tool for neuroanatomical observations at
light microscope level [51–57].

5 Immunocytochemistry and TEM

The capricious nature of Golgi staining limited its application as a
reliable and consistent EM marker. This drove scientists to seek
more specific detection methods. The first milestone occurred at
the end of 1950s when Yalow and Berson introduced the radio
immuno-assay [58]. The application of autoradiography in TEM
provided the fundamental observations of the distribution of cer-
tain receptors, enzymes, or nucleic acids in brain sections prior to
the emergence of commercially available antibodies [59, 60]. How-
ever, long exposure times, restricted sensitivity, complexity of
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handling, and disposal of isotopes hampered the broad application
of the autoradiography procedure. With the emergence of the
antibody production industry, immunocytochemistry (ICC)
began to dominate the immunoassay field from the mid-1990s
onward.

Cell-specific ICC provided an easy way to recognize certain cell
types in the brain. For example, tyrosine hydroxylase could be used
as a marker for catecholaminergic neurons. Similarly, the neuro-
chemical signature of axon terminals could be defined by immuno-
cytochemical approaches. In conjunction with TEM, ICC could
reveal the subcellular localization of any molecule or structure of
interest, as long as an antibody against the antigen was available.

Experiments involving ICC utilize specific antibodies to probe
an antigen of interest in brain tissue. This antigen-antibody binding
is then visualized using a detectable ligand conjugated to the anti-
body. The ligand can be a detectablemarker such as a fluorochrome,
an electron-dense particle, or an enzyme that catalyzes a chemical
reaction converting a substrate into an observable product. Peroxi-
dase, especially horseradish peroxidase (HRP) is the most widely
used reporter enzyme for TEM studies [61]. Avidin-biotin complex
was added into the procedure for amplifying the signal in order to
visualize antigens in low abundance [62]. A variety of chromogenic
substrates for HRP have been developed and these chromogens are
able to produce precipitates of different colors [62]. Among them,
diaminobenzidine (DAB) is the most sensitive and its precipitate
exhibits pronounced osmiophilicity, rendering the chromogen
DAB as a popular choice in standard TEM protocols [63].

There are also some commercially available products with pro-
prietary licenses that produce different colored reaction products
compared to the common chromogenic substrates like DAB, for
example, Vector VIP which exhibits an intense purple color [62].
DAB and Vector VIP exhibit different characteristics under TEM.
DAB is diffuse in appearance within the labeled profiles, while the
Vector VIP reaction product is particulate, facilitating differentia-
tion of one from the other. Therefore, DAB and Vector VIP are
able to be used together for dual labeling TEM studies, such as when
examining the norepinephrine innervation of calmodulin-dependent
protein kinase-labeled pyramidal cells in the rat BLa [29].

Although the fluorescent method has a higher sensitivity com-
pared to chromogenic protocols, the fluorescent dyes exhibit poor
osmiophilicity and require a multiple-step process to enhance their
osmiophilicity for TEM investigation [64]. Maranto found that
Lucifer Yellow (LY) in the presence of DAB converts into a dark
product, which is visible in both light and electron microscope
[65]. Later on, this DAB photoconversion was found to be a
common phenomenon and could be apply to different fluorescent
dyes [66–68]. However, this extra process often reduces tissue
integrity at the ultrastructural level, and therefore limits the
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application of fluorescent labeling in TEM research [62]. Today,
this photo-oxidation has been utilized for developing genetic tags
and thus has become a powerful tool to provide precise spatial
information on the location of fluorescence-labeled molecules (see
Sect. 8).

Aside from catalytic reactions, antigen visualization can also be
achieved by directly conjugating electron dense labels to the anti-
body, such as iron-rich protein ferritin or colloidal gold. This was
first implemented in 1959 by Singer, who successfully conjugated
antibodies to ferritin [69]. Due to its restricted penetration and
nonspecific adsorption, ferritin is seldom used today. In contrast,
because of its high spatial resolution, colloidal gold has become a
very popular TEM marker. Colloidal gold was introduced into
TEM research as a tracer in the early 1960s [70], but it was not
applied as a label for antisera until 1971 [71]. With a highly visible
electron-dense product in the form of punctate particles, colloidal
gold can be easily detected using TEM and readily quantified.
Moreover, gold particles can be prepared in different sizes ranging
from 1 to 150 nm and therefore can be utilized for double labeling
or even triple labeling, if combined with DAB.

Immunogold combined with TEM is a powerful tool to local-
ize the distribution of neurotransmitter receptors and their
associated proteins. Different distribution patterns of different sub-
types of receptors imply their different functions. For instance, in
rat locus coeruleus, alpha 2C adrenergic receptors are predomi-
nantly localized postsynaptically, while alpha 2A adrenergic recep-
tors are localized to both presynaptic and postsynaptic structures
[38, 72]. Since immunogold can provide adequate spatial resolu-
tion to differentiate membrane versus intracellular location, it
became an ideal approach for G protein-coupled receptor traffick-
ing studies. For example, a series of TEM studies has revealed a
highly dynamic distribution of corticotrophin-releasing factor
receptors [73].

6 Tract Tracing and TEM

Immunolabeling combined with TEM offers a wealth of informa-
tion regarding the localization of specific molecules, neurochemical
features of pre and post synaptic profiles and morphological
changes in response to stress, injury and disease. Thus, it provides
an intricate anatomical view of a brain area at the subcellular level.
However, in order to fully understand the synaptic organization of
the brain, experimental approaches directed at examining connec-
tivity between brain regions were required. To this end, axonal
tracers became valuable tools for investigating neuronal circuitry.

In tract-tracing experiments, locally injected tracers are
absorbed endocytically, either by the soma or dendrites of neurons
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and then transported to their axon terminals (anterograde tracing),
or they are taken up by axon terminals and then transported back to
the soma (retrograde tracing). Their subcellular localization in the
target area can be visualized using TEM and detection methods
discussed above. Retrograde transport of HRP was introduced in
1970 [74] and its extension to the TEM level was described in
1984 [75]. Subsequently, Mesulam and colleagues in 1978 [76]
applied the tracer wheat germ agglutinin (WGA)-HRP (capable of
being transported both anterogradely and retrogradely) for TEM
[77, 78]. Fluorogold is another valuable retrograde tracer that has
been used for both light and TEM analysis [79–84]. Phaseolus
vulgaris leucoagglutinin (PHA-L), a kidney bean lectin, was first
described in 1978 [85] and subsequently used as a neuroanatomical
tool for tracing connections in the CNS based on its predominantly
anterograde axonal transport properties when delivered iontophor-
entically [86]. Biotinylated dextran amine was also developed as an
efficient anterograde tracer in tracing studies [87–90].

Recently, genetic constructs have also been used as effective
tract tracers. The most frequently used genetic tracers are recombi-
nant viruses, which travel across synapses and therefore are able to
define the simultaneous connectivity of multiple synapses [91–93].
Numerous pathways between brain regions have been identified
through tract tracing methods [94]. Tract tracing investigations
combined with immunocytochemistry have revealed that many
fiber tracts in these neural pathways are anatomically and neuro-
chemically heterogeneous [95, 96].

The source of presynaptic terminals to a given brain region can
be localized via tract tracing. For example, research utilizing double
labeling of GABA and retrograde tracer fluorogold revealed that
GABA-containing neurons in the ventral tegmental area project to
the nuclear accumbens in rat brain [97]. In addition to identifying
pre and post-synaptic structures, one of the most advantages of
using TEM has been the ability to unequivocally identify synaptic
specializations between neurons. With the help of immunolabeling
and tract tracing, the synaptology of defined brain circuits can be
clearly established using TEM analysis. For instance, triple labeling
ultrastructural studies showed that the prefrontal cortex selectively
projects to GABA-containing, nucleus accumbens projecting neu-
rons and to dopamine-containing, prefrontal cortex-projecting
neurons in the ventral tegmental area [98].

7 Intracellular Recording and TEM

Electrophysiological investigations combined with TEM studies
indicate that neurons are both physiologically and morphologically
heterogeneous. Combining the information provided by these two
distinct approaches has enabled a better understanding of the
dynamic properties of brain circuits [99]. Successful strategies
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utilized to ascribe function to selected neuronal populations
involved parallel studies of intracellular recording and TEM analysis
[100–102]. Several intracellular dyes are now available for this
strategy, such as HRP, biocytin, fluorescence dye Lucifer yellow,
and ethidium bromide [103]. Following the electrophysiological
recording of a neuron, an intracellular dye is injected into the
recorded neurons, enabling the analysis of how complex synaptic
responses relate to the neuron’s morphology and its neurochemical
signature [104–106]. By combining the anatomical and electro-
physiological approaches, detailed evidence of the functional cross
talk between different neurotransmitter systems can be revealed
[106]. Despite the power of the combined approach, it has had
limited use because the in vivo intracellular technique is quite
challenging [104, 107, 108]. Today, most intracellular staining is
done in vitro, using slice preparations. However, as preserving the
integrity of the subcellular milieu in a slice preparation is challeng-
ing, poor ultrastructural preservation has limited the usefulness of
this intracellular labeling approach for TEM.

8 Application of Genetic Tags in the TEM Studies

To obtain optimal ultrastructural preservation and penetration of
antibody in tissue sections for analysis, a balance of fixation and
immunocytochemistry conditions must be achieved. The ultimate
goal is to allow for the best penetration of antibodies, while main-
taining a high quality of the ultrastructure, which is the paramount
challenge for electron microscopists. Many procedures used during
light microscopy sample preparation will degrade the quality of the
tissue; thus fixation is a critical step during sample preparation.
Acrolein and glutaraldehyde have been used for TEM-level fixation
because of their outstanding ability for stabilizing cellular compo-
nents and proteins. However, fixations will degrade the antigenicity
and therefore interfere with optimal immunolabeling [109, 110].
To circumvent this dilemma,molecular approaches have been devel-
oped to produce genetically engineered tags. Using this method,
the target protein is specifically marked by genetic fusion and can be
detected using the TEM. A horseradish peroxidase tag was first
developed to investigate the morphological basis of exocytotic traf-
ficking, however the high-calcium condition required limited its
application [111]. Recently, a fluorescent protein tag “MiniSOG”
was engineered. Illumination of this tag will generate oxygen, which
can locally polymerize DAB into a reaction product resolvable by
TEM [112]. Another tag recently developed genetic tag is a peroxi-
dase called “APEX,” which does not need light to polymerize DAB
[113]. In addition, some fluorescentmarkers can be photo-oxidized
to generate electron contrast. In this way, fluorescence image taken
in living tissues could be correlatedwith themicrograph obtained by
TEM from thin sections of the same area [114].
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9 Unstained Cryo-Electron Microscopy (Cryo-EM)

As mentioned above, a primary disadvantage of using TEM is the
requirement for the specimen to be sufficiently thin in order to be
transparent to electron beam. Pursuant to multiple processing
steps, cellular structures can be altered during the preparation
process. In addition, the fixation and staining can introduce arti-
facts. In the early 1970s, a considerable amount of effort was
generated to minimize such occurrences. At that time, different
types of chambers for holding the sample were developed to
observe wet unstained samples under TEM. However, none of
them were ultimately useful because of poor resolution and sample
damage [115].

A major breakthrough occurred in the early 1980s when two
groups found that small water droplets could be vitrified by rapid
cooling [116–118]. Based on this phenomenon, Jacques Dubochet
and colleagues in 1984 developed the thin film vitrified technique
and cryo-EM became a reliable tool for structural molecular biol-
ogy. However, this method can only be applied to samples thin
enough to fit in the thin liquid film, such as virus suspension,
purified organelles and thin regions of whole cells [119]. Cryo-
EM of vitrified sections was not available until 2004 because of the
inevitable ice crystal formation in thicker samples [120]. The
advent of high-pressure freezers, provided an effective way of vitri-
fying samples of greater volumes by applying liquid nitrogen with
very high pressure to prevent ice crystal damage [121].

Compared with traditional TEM using chemical fixation, cryo-
EM can better preserve tissues and cells in their natural states
and therefore provide more reliable information about their ultra-
structure [122]. Studies comparing aldehyde perfusion with
cryo-fixation found that cryo-fixation preserves a physiological
extracellular space, reveals larger numbers of synaptic vesicles, less
intimate glia coverage, and smaller glial volume compared to chem-
ical fixation [122]. An elegant protocol for the cryo-EM technique
with detailed information has been published recently [123].

10 Three-Dimensional Reconstruction and EM

The advancement of information technology has largely expanded
the capability of TEM techniques by providing targeted software
capable of rapidly and accurately processing large amounts of data,
leading to the development of three-dimensional (3D) EM recon-
struction. 3D reconstruction of serial TEM sections was achieved
first through a painstaking manual approach, which provided valu-
able information about how neurons are interconnected [124].
However, this approach was not practical for larger samples. The
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invention of automated serial sectioning overcame this issue, allow-
ing for the collection of thousands of thin sections in series for
TEM imaging [125]. An alternative technique to acquire tomo-
graphic images via TEM involved the capture of images in different
orientations, whereby the sections are rotated around an axis per-
pendicular to the electron beam. The electron micrographs
acquired from different angles are adjusted for positioning and
focusing error before reconstruction [126]. The development of
serial block-face scanning electron microscopy provided a much
easier way to examine serial sections and complete reconstruction
[127]. A microtome is built into its recording chamber, allowing
for image acquisition after each cut [128]. The merit of this new
technique is to directly image the large tissue sample itself without
dividing it into smaller pieces, thereby avoiding damage caused by
cutting and making it easy to follow the neural processes during
reconstruction. A whole-brain staining method was developed to
meet the needs of this serial block-face scanning electron micro-
scope. Mirula et al. described a whole mouse brain staining and
embedding procedure in 2012, which could be used to trace mye-
linated axons with low error rates [129]. Recently, Mirula and
Denk reported a new high-resolution whole-brain procedure,
which provides a well preserved preparation to identify the synapses
and thin neurite such as spine necks [130]. All of the reconstruction
methods listed above need specially designed software to computa-
tionally merge the images into 3D reconstructions. Another
promising direction for 3D-EM is correlative microscopy, in
which light microscopy or confocal microscopic images are used
as a guide for analyzing reconstruction data.

Similar to TEM, Cryo-EM can also be adapted to 3D-EM. In
3D cryo-EM, cryo-fixed samples are directly visualized using the
TEM and generate 2D images corresponding to a projection of the
structure. The 3D images are then constructed by combining these
2D images in different perspectives [131]. Cryo-electron tomogra-
phy produces 3D imaging of molecular components in their native
status, which provides valuable information about the native archi-
tecture of the molecular machinery of the neuron [132]. Currently,
cryo-EM has only been successfully conducted in cultured neurons
[133, 134].

The emergence of 3D-EM reconstruction has allowed for the
in-depth spatial and morphological analysis of the brain microenvi-
ronment in pathological disease states that are complex and varied
in nature, e.g., in Alzheimer’s disease (AD). The pathophysiology
of AD is thought to arise, in part, from protein misfolding and
hindered clearance of aggregated proteins. Illustrative of this point
are the hallmark features of AD, including senile plaques, which are
composed of amyloid beta (Aβ) peptide aggregates, and of neurofi-
brillary tangles (NFT), composed of hyperphosphorylated tau
aggregates [135] (Fig. 3). Synaptic loss is a prominent feature of
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AD, and it is currently the best correlate of dementia severity [136].
Thus, the ability of 3D-EM reconstruction to estimate synaptic
density, and to depict, in great detail, the architecture of the synapse
distinguishes it as an invaluable tool in understanding the disease
state and its progression [137, 138]. AD is also known to have an
inflammatory component in which microglia and astrocytes sur-
rounding affected neurons and Aβ plaques are activated, engaging
the brain inflammatory response. These events are thought to
exacerbate cognitive deficits in AD patients. Thus, a critical com-
ponent in advancing our understanding of this disease state is to
better understand the organization and structure of the brain
milieu under normal and pathological conditions.

In this regard, 3D-EM reconstruction has shed light on
mechanisms of interaction between these primary components of
AD and the cellular and subcellular organization of neurons under
conditions of neurodegeneration [139]. Nuntagij and colleagues
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Fig. 3 Synaptic dysregulation in Alzheimer’s disease. Panel a shows an example of normal synaptic
organizations. In Panel b, Amyloid beta (Aβ) peptides and hyper-phosphorylated tau aggregate to form senile
plaques and neurofibrillary tangles, respectively. While the mechanisms of such interactions are still under
investigation, it is likely that alterations in synaptic structure and function induced by senile plaques and
neurofibrillary tangles ultimately lead to synapse loss
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utilized 3D reconstruction EM in both 3xTg mice and naturally
aged dogs to extensively describe the close spatial relationship
between Aβ deposits and the neutropil, revealing entangled and
branched plaques that engulf soma and apical dendrites [140]. The
ability of 3D-EM reconstruction to portray the complex disruptive
forces of Aβ plaques and NFT are evident in the work of Fiala and
colleagues, which describes the disruption of subcellular organiza-
tion and function of mitochondria in the aged monkey brain [141].
The study results and analysis describe swollen, dystrophic neurites
within late stage plaques. These neurites display pouches that are
impaled with microtubules to form loops that trap mitochondria
and other organelles, rendering them non-functional. Thus,
3D-EM analysis has been instrumental in defining the substrates
of Aβ and NFT interaction and the abnormal organization of
subcellular structures. Importantly, 3D-EM reconstruction has
played an integral role in establishing that intraneuronal Aβ aggre-
gation may disrupt intracellular transport, leading to the aberrant
accumulation and dysfunction of mitochondria, potentially result-
ing in autophagic degeneration [139].

11 Future Perspectives

Imaging and data analysis techniques have undergone significant
advancement since the TEM was invented 80 years ago. In the
future, development of detectors with higher sensitivity and better
signal/noise ratio would further reduce the beam intensity without
sacrificing the resolution. The duration of time required to acquire
images from large samples is an obstacle that needs to be resolved.
The emergence of the quick imaging camera may eventually solve
this problem. Another challenge that the current automatic recon-
struction technique is facing a high error rate, which now can only
be compensated for by time-consuming manual proofreading. Per-
haps the greatest hurdle facing modern 3D-EM reconstruction is
the time required for data analysis and the lack of appropriately
specialized programs to complete automated analysis.

While there is much progress to be made in the technical
aspects of TEM and 3D-EM reconstruction, the potential applica-
tion of this technology has tremendous utility for our under-
standing of complex mental illnesses such as AD and other
neuropathological conditions. The capacity to investigate synaptic
density, functional characteristics of the presynaptic terminal,
cleft, and post synaptic density, and the ability to provide crucial
morphological information uniquely positions TEM, and more
specifically 3D-EM reconstruction, for the intensive analysis of
brain states that define a plethora of neurological disorders with
various etiologies. Thus, innovation in this technology in parallel
with computer science programming advances will facilitate new
discoveries in the field of neuroscience.
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des quanta. In Électrons et Photons: Rapports
et Discussions du Cinquième Conseil de Phy-
sique, Solvay

10. Bradley DE (1958) Simultaneous evaporation
of platinum and carbon for possible use in
high-resolution shadow-casting for the elec-
tron microscope. Nature 181
(4613):875–877

11. Brenner S, Horne RW (1959) A negative
staining method for high resolution electron
microscopy of viruses. Biochim Biophys Acta
34:103–110

12. Adrian M et al (1984) Cryo-electron micros-
copy of viruses. Nature 308(5954):32–36

13. McDowall AW et al (1984) Cryo-electron
microscopy of vitrified insect flight muscle.
J Mol Biol 178(1):105–111

14. Baumeister W (2005) A voyage to the inner
space of cells. Protein Sci 14(1):257–269

15. Kruger DH, Schneck P, Gelderblom HR
(2000) Helmut Ruska and the visualisation
of viruses. Lancet 355(9216):1713–1717

16. Newman SB, Borysko E, Swerdlow M (1949)
New sectioning techniques for light and elec-
tron microscopy. Science 110(2846):66–68

17. Porter KR, Blum J (1953) A study in microt-
omy for electron microscopy. Anat Rec 117
(4):685–710

18. Palade GE (1952) The fine structure of mito-
chondria. Anat Rec 114(3):427–451

19. Palade GE, Porter KR (1954) Studies on the
endoplasmic reticulum. I. Its identification in
cells in situ. J Exp Med 100(6):641–656

20. Dalton AJ, Felix MD (1954) Cytologic and
cytochemical characteristics of the Golgi sub-
stance of epithelial cells of the epididymis in
situ, in homogenates and after isolation. Am J
Anat 94(2):171–207

21. Armstrong PB (1970) A fine structural study
of adhesive cell junctions in heterotypic cell
aggregates. J Cell Biol 47(1):197–210

22. Goel SC (1970) Electron microscopic studies
on developing cartilage. I. The membrane
system related to the synthesis and secretion
of extracellular materials. J Embryol ExpMor-
phol 23(1):169–184

23. Kirschner RH, Rusli M, Martin TE (1977)
Characterization of the nuclear envelope,
pore complexes, and dense lamina of mouse
liver nuclei by high resolution scanning elec-
tron microscopy. J Cell Biol 72(1):118–132

24. Huxley HE (1957) The double array of fila-
ments in cross-striated muscle. J Biophys Bio-
chem Cytol 3(5):631–648

25. Palay SL, Palade GE (1955) The fine structure
of neurons. J Biophys Biochem Cytol 1
(1):69–88

26. Peters A, Palay SL, Webster HD (1991) The
fine structure of the nervous system, 3rd edn.
Oxford University Press, New York

Transmission Electron Microscopy and Neuroscience Advances 15

http://www.britannica.com/technology/microscope/The-theory-of-image-formation
http://www.britannica.com/technology/microscope/The-theory-of-image-formation
http://www.britannica.com/technology/microscope/The-theory-of-image-formation


27. Gray EG (1959) Axo-somatic and axo-
dendritic synapses of the cerebral cortex: an
electron microscope study. J Anat
93:420–433

28. Torrealba F, Carrasco MA (2004) A review on
electron microscopy and neurotransmitter
systems. Brain Res Brain Res Rev 47
(1–3):5–17

29. Zhang J, Muller JF, McDonald AJ (2013)
Noradrenergic innervation of pyramidal cells
in the rat basolateral amygdala. Neuroscience
228:395–408

30. Muller JF, Mascagni F, McDonald AJ (2011)
Cholinergic innervation of pyramidal cells and
parvalbumin-immunoreactive interneurons in
the rat basolateral amygdala. J Comp Neurol
519(4):790–805

31. Nitecka L, Frotscher M (1989) Organization
and synaptic interconnections of GABAergic
and cholinergic elements in the rat
amygdaloid nuclei: single- and double-
immunolabeling studies. J Comp Neurol
279(3):470–488

32. Carlsen J, Heimer L (1986) A correlated light
and electron microscopic immunocytochemi-
cal study of cholinergic terminals and neurons
in the rat amygdaloid body with special
emphasis on the basolateral amygdaloid
nucleus. J Comp Neurol 244(1):121–136

33. Buma P, Roubos EW (1986) Ultrastructural
demonstration of nonsynaptic release sites in
the central nervous system of the snail Lym-
naea stagnalis, the insect Periplaneta ameri-
cana, and the rat. Neuroscience 17
(3):867–879

34. Zhu PC, Thureson-Klein A, Klein RL (1986)
Exocytosis from large dense cored vesicles
outside the active synaptic zones of terminals
within the trigeminal subnucleus caudalis: a
possible mechanism for neuropeptide release.
Neuroscience 19(1):43–54

35. Agnati LF et al (1986) A correlation analysis
of the regional distribution of central enkeph-
alin and beta-endorphin immunoreactive
terminals and of opiate receptors in adult
and old male rats. Evidence for the existence
of two main types of communication in the
central nervous system: the volume transmis-
sion and the wiring transmission. Acta Physiol
Scand 128(2):201–207

36. Van Bockstaele EJ et al (1996) Ultrastructural
evidence for prominent distribution of the
mu-opioid receptor at extrasynaptic sites on
noradrenergic dendrites in the rat nucleus
locus coeruleus. J Neurosci 16
(16):5037–5048

37. Fuxe K et al (2015) Volume transmission in
central dopamine and noradrenaline neurons
and its astroglial targets. Neurochem Res 40
(12):2600–2614

38. Lee A, Rosin DL, Van Bockstaele EJ (1998)
alpha2A-adrenergic receptors in the rat
nucleus locus coeruleus: subcellular localiza-
tion in catecholaminergic dendrites, astro-
cytes, and presynaptic axon terminals. Brain
Res 795(1–2):157–169

39. Steward O, Falk PM, Torre ER (1996) Ultra-
structural basis for gene expression at the
synapse: synapse-associated polyribosome
complexes. J Neurocytol 25(12):717–734

40. Tarrant SB, Routtenberg A (1979) Postsyn-
aptic membrane and spine apparatus: proxim-
ity in dendritic spines. Neurosci Lett 11
(3):289–294

41. Tiedge H, Brosius J (1996) Translational
machinery in dendrites of hippocampal
neurons in culture. J Neurosci 16
(22):7171–7181

42. Pierce JP, van Leyen K, McCarthy JB (2000)
Translocation machinery for synthesis of inte-
gral membrane and secretory proteins in den-
dritic spines. Nat Neurosci 3(4):311–313

43. Frotscher M (1992) Application of the
Golgi/electron microscopy technique for cell
identification in immunocytochemical, retro-
grade labeling, and developmental studies of
hippocampal neurons. Microsc Res Tech 23
(4):306–323

44. Fairen A (2005) Pioneering a golden age of
cerebral microcircuits: the births of the com-
bined Golgi-electron microscope methods.
Neuroscience 136(3):607–614

45. Blackstad TW (1965) Mapping of experimen-
tal axon degeneration by electron microscopy
of Golgi preparations. Z Zellforsch Mikrosk
Anat 67(6):819–834

46. Stell WK (1965) Correlation of retinal
cytoarchitecture and ultrastructure in Golgi
preparations. Anat Rec 153(4):389–397

47. Blackstad TW (1975) Electron microscopy of
experimental axonal degeneration in photo-
chemically modified Golgi preparations: a
procedure for precise mapping of nervous
connections. Brain Res 95(2–3):191–210

48. Fairen A, Peters A, Saldanha J (1977) A new
procedure for examining Golgi impregnated
neurons by light and electron microscopy.
J Neurocytol 6(3):311–337

49. Freund TF, Somogyi P (1983) The section-
Golgi impregnation procedure. 1. Descrip-
tion of the method and its combination with
histochemistry after intracellular

16 Jingyi Zhang et al.



iontophoresis or retrograde transport of
horseradish peroxidase. Neuroscience 9
(3):463–474

50. Somogyi P et al (1983) The section-Golgi
impregnation procedure. 2. Immunocyto-
chemical demonstration of glutamate decar-
boxylase in Golgi-impregnated neurons and
in their afferent synaptic boutons in the visual
cortex of the cat. Neuroscience 9(3):475–490

51. Diana M, Spiga S, Acquas E (2006) Persistent
and reversible morphine withdrawal-induced
morphological changes in the nucleus accum-
bens. Ann N Y Acad Sci 1074:446–457

52. Pilati N et al (2008) A rapid method combin-
ing Golgi and Nissl staining to study neuronal
morphology and cytoarchitecture.
J Histochem Cytochem 56(6):539–550

53. Pinto L et al (2012) Immuno-Golgi as a tool
for analyzing neuronal 3D-dendritic structure
in phenotypically characterized neurons.
PLoS One 7(3):e33114

54. Spiga S et al (2011) Simultaneous Golgi-Cox
and immunofluorescence using confocal
microscopy. Brain Struct Funct 216
(3):171–182

55. Robinson TE, Kolb B (1999) Alterations in
the morphology of dendrites and dendritic
spines in the nucleus accumbens and prefron-
tal cortex following repeated treatment with
amphetamine or cocaine. Eur J Neurosci 11
(5):1598–1604

56. Carvalho AF et al (2016) Repeated adminis-
tration of a synthetic cannabinoid receptor
agonist differentially affects cortical and
accumbal neuronal morphology in adolescent
and adult rats. Brain Struct Funct 221
(1):407–419

57. Falowski SM et al (2011) An evaluation of
neuroplasticity and behavior after deep brain
stimulation of the nucleus accumbens in an
animal model of depression. Neurosurgery
69(6):1281–1290

58. Yalow RS, Berson SA (1960) Immunoassay of
endogenous plasma insulin in man. J Clin
Invest 39:1157–1175

59. von Baumgarten F, BaumgartenHG, Schloss-
berger HG (1980) The disposition of intra-
ventricularly injected 14C-5,6-DHT-melanin
in, and possible routes of elimination from the
rat CNS. An autoradiographic study. Cell Tis-
sue Res 212(2):279–294

60. Ryals BM, Westbrook EW (1994) TEM anal-
ysis of neural terminals on autoradiographi-
cally identified regenerated hair cells. Hear
Res 72(1–2):81–88

61. Porstmann B et al (1985) Which of the com-
monly used marker enzymes gives the best

results in colorimetric and fluorimetric
enzyme immunoassays: horseradish peroxi-
dase, alkaline phosphatase or beta-
galactosidase? J Immunol Methods 79
(1):27–37

62. Krieg R, Halbhuber KJ (2010) Detection of
endogenous and immuno-bound
peroxidase—the status quo in histochemistry.
Prog Histochem Cytochem 45(2):81–139

63. Trojanowski JQ, Obrocka MA, Lee VM
(1983) A comparison of eight different chro-
mogen protocols for the demonstration of
immunoreactive neurofilaments or glial fila-
ments in rat cerebellum using the
peroxidase-antiperoxidase method and
monoclonal antibodies. J Histochem Cyto-
chem 31(10):1217–1223

64. Giepmans BN et al (2005) Correlated light
and electron microscopic imaging of multiple
endogenous proteins using Quantum dots.
Nat Methods 2(10):743–749

65. Maranto AR (1982) Neuronal mapping: a
photooxidation reaction makes Lucifer yellow
useful for electron microscopy. Science 217
(4563):953–955

66. Lubke J (1993) Photoconversion of diamino-
benzidine with different fluorescent neuronal
markers into a light and electron microscopic
dense reaction product. Microsc Res Tech 24
(1):2–14

67. von Bartheld CS, Cunningham DE, Rubel
EW (1990) Neuronal tracing with DiI: decal-
cification, cryosectioning, and photoconver-
sion for light and electron microscopic
analysis. J Histochem Cytochem 38
(5):725–733

68. Sandell JH, Masland RH (1988) Photocon-
version of some fluorescent markers to a dia-
minobenzidine product. J Histochem
Cytochem 36(5):555–559

69. Singer SJ (1959) Preparation of an electron-
dense antibody conjugate. Nature 183
(4674):1523–1524

70. Feldherr CM, Marshall JM Jr (1962) The use
of colloidal gold for studies of intracellular
exchanges in the ameba Chaos chaos. J Cell
Biol 12:640–645

71. Faulk WP, Taylor GM (1971) An immunocol-
loid method for the electron microscope.
Immunochemistry 8(11):1081–1083

72. Lee A, Rosin DL, Van Bockstaele EJ (1998)
Ultrastructural evidence for prominent post-
synaptic localization of alpha2C-adrenergic
receptors in catecholaminergic dendrites in
the rat nucleus locus coeruleus. J Comp
Neurol 394(2):218–229

Transmission Electron Microscopy and Neuroscience Advances 17



73. Reyes BA et al (2014) Using high resolution
imaging to determine trafficking of
corticotropin-releasing factor receptors in
noradrenergic neurons of the rat locus coer-
uleus. Life Sci 112(1–2):2–9

74. LaVail JH, LaVail MM (1972) Retrograde
axonal transport in the central nervous sys-
tem. Science 176(4042):1416–1417

75. Aldes LD, Boone TB (1984) A combined flat-
embedding, HRP histochemical method for
correlative light and electron microscopic
study of single neurons. J Neurosci Res 11
(1):27–34

76. Mesulam MM (1978) Tetramethyl benzidine
for horseradish peroxidase neurohistochemis-
try: a non-carcinogenic blue reaction product
with superior sensitivity for visualizing neural
afferents and efferents. J Histochem Cyto-
chem 26(2):106–117

77. Carson KA, Mesulam MM (1982) Electron
microscopic demonstration of neural connec-
tions using horseradish peroxidase: a compar-
ison of the tetramethylbenzidine procedure
with seven other histochemical methods.
J Histochem Cytochem 30(5):425–435

78. Carson KA, MesulamMM (1982) Ultrastruc-
tural evidence in mice that transganglionically
transported horseradish peroxidase-wheat
germ agglutinin conjugate reaches the
intraspinal terminations of sensory neurons.
Neurosci Lett 29(3):201–206

79. Kravets JL et al (2015) Direct targeting of
peptidergic amygdalar neurons by noradren-
ergic afferents: linking stress-integrative cir-
cuitry. Brain Struct Funct 220(1):541–558

80. Reyes BA et al (2011) Amygdalar peptidergic
circuits regulating noradrenergic locus coeru-
leus neurons: linking limbic and arousal cen-
ters. Exp Neurol 230(1):96–105

81. Van Bockstaele EJ et al (1991) Subregions of
the periaqueductal gray topographically
innervate the rostral ventral medulla in the
rat. J Comp Neurol 309(3):305–327

82. Schmued LC, Fallon JH (1986) Fluoro-Gold:
a new fluorescent retrograde axonal tracer
with numerous unique properties. Brain Res
377(1):147–154

83. Gonatas NK et al (1979) Superior sensitivity
of conjugates of horseradish peroxidase with
wheat germ agglutinin for studies of retro-
grade axonal transport. J Histochem Cyto-
chem 27(3):728–734

84. Schwab ME, Javoy-Agid F, Agid Y (1978)
Labeled wheat germ agglutinin (WGA) as a
new, highly sensitive retrograde tracer in the
rat brain hippocampal system. Brain Res 152
(1):145–150

85. Prujansky A, Ravid A, Sharon N (1978)
Cooperativity of lectin binding to lympho-
cytes, and its relevance to mitogenic stimula-
tion. Biochim Biophys Acta 508(1):137–146

86. Gerfen CR, Sawchenko PE (1984) An anter-
ograde neuroanatomical tracing method that
shows the detailed morphology of neurons,
their axons and terminals: immunohisto-
chemical localization of an axonally trans-
ported plant lectin, Phaseolus vulgaris
leucoagglutinin (PHA-L). Brain Res 290
(2):219–238

87. Reyes BA et al (2005) Hypothalamic projec-
tions to locus coeruleus neurons in rat brain.
Eur J Neurosci 22(1):93–106

88. Pickel VM et al (1996) GABAergic neurons in
rat nuclei of solitary tracts receive inhibitory-
type synapses from amygdaloid efferents
lacking detectable GABA-immunoreactivity.
J Neurosci Res 44(5):446–458

89. Wouterlood FG, Jorritsma-Byham B (1993)
The anterograde neuroanatomical tracer bio-
tinylated dextran-amine: comparison with the
tracer Phaseolus vulgaris-leucoagglutinin in
preparations for electron microscopy.
J Neurosci Methods 48(1–2):75–87

90. Veenman CL, Reiner A, Honig MG (1992)
Biotinylated dextran amine as an anterograde
tracer for single- and double-labeling studies.
J Neurosci Methods 41(3):239–254

91. McGovern AE et al (2012) Anterograde
neuronal circuit tracing using a genetically
modified herpes simplex virus expressing
EGFP. J Neurosci Methods 209(1):158–167

92. Kelly RM, Strick PL (2000) Rabies as a trans-
neuronal tracer of circuits in the central ner-
vous system. J Neurosci Methods 103
(1):63–71

93. Chamberlin NL et al (1998) Recombinant
adeno-associated virus vector: use for trans-
gene expression and anterograde tract tracing
in the CNS. Brain Res 793(1–2):169–175

94. Deller T, Naumann T, Frotscher M (2000)
Retrograde and anterograde tracing com-
bined with transmitter identification and elec-
tron microscopy. J Neurosci Methods 103
(1):117–126

95. Kohler C, Chan-Palay V, Wu JY (1984) Septal
neurons containing glutamic acid decarboxyl-
ase immunoreactivity project to the hippo-
campal region in the rat brain. Anat Embryol
(Berl) 169(1):41–44

96. Germroth P, Schwerdtfeger WK, Buhl EH
(1989) GABAergic neurons in the entorhinal
cortex project to the hippocampus. Brain Res
494(1):187–192

18 Jingyi Zhang et al.



97. Van Bockstaele EJ, Pickel VM (1995) GABA-
containing neurons in the ventral tegmental
area project to the nucleus accumbens in rat
brain. Brain Res 682(1–2):215–221

98. Carr DB, Sesack SR (2000) Projections from
the rat prefrontal cortex to the ventral teg-
mental area: target specificity in the synaptic
associations with mesoaccumbens and
mesocortical neurons. J Neurosci 20
(10):3864–3873

99. Lubin M, Leonard CS, Aoki C (1998) Preser-
vation of ultrastructure and antigenicity for
EM immunocytochemistry following intracel-
lular recording and labeling of single cortical
neurons in brain slices. J Neurosci Methods
81(1–2):91–102

100. Kaneko T et al (2000) Predominant informa-
tion transfer from layer III pyramidal neurons
to corticospinal neurons. J Comp Neurol 423
(1):52–65

101. Ralston HJ III et al (1984) Morphology and
synaptic relationships of physiologically iden-
tified low-threshold dorsal root axons stained
with intra-axonal horseradish peroxidase in
the cat and monkey. J Neurophysiol 51
(4):777–792

102. Wilson JR, Friedlander MJ, Sherman SM
(1984) Fine structural morphology of identi-
fied X- and Y-cells in the cat’s lateral genicu-
late nucleus. Proc R Soc Lond B Biol Sci 221
(1225):411–436

103. Tasker JG, Hoffman NW, Dudek FE (1991)
Comparison of three intracellular markers for
combined electrophysiological, morphologi-
cal and immunohistochemical analyses.
J Neurosci Methods 38(2–3):129–143

104. Branchereau P et al (1996) Pyramidal neu-
rons in rat prefrontal cortex show a complex
synaptic response to single electrical stimula-
tion of the locus coeruleus region: evidence
for antidromic activation and GABAergic
inhibition using in vivo intracellular recording
and electron microscopy. Synapse 22
(4):313–331

105. Hamos JE (1990) Synaptic circuitry identified
by intracellular labeling with horseradish per-
oxidase. J Electron Microsc Tech 15
(4):369–376

106. Pickel VM et al (2006) Dopamine D1 recep-
tors co-distribute with N-methyl-D-aspartic
acid type-1 subunits and modulate
synaptically-evoked N-methyl-D-aspartic
acid currents in rat basolateral amygdala.
Neuroscience 142(3):671–690

107. Branchereau P et al (1995) Ultrastructural
characterization of neurons recorded intracel-
lularly in vivo and injected with lucifer yellow:

advantages of immunogold-silver vs. immu-
noperoxidase labeling. Microsc Res Tech 30
(5):427–436

108. Cowan RL et al (1994) Analysis of synaptic
inputs and targets of physiologically charac-
terized neurons in rat frontal cortex: com-
bined in vivo intracellular recording and
immunolabeling. Synapse 17(2):101–114

109. Sabatini DD, Bensch K, Barrnett RJ (1963)
Cytochemistry and electron microscopy. The
preservation of cellular ultrastructure and
enzymatic activity by aldehyde fixation.
J Cell Biol 17:19–58

110. Saito T, Keino H (1976) Acrolein as a fixative
for enzyme cytochemistry. J Histochem Cyto-
chem 24(12):1258–1269

111. Connolly CN et al (1994) Transport into and
out of the Golgi complex studied by transfect-
ing cells with cDNAs encoding horseradish
peroxidase. J Cell Biol 127(3):641–652

112. Shu X et al (2011) A genetically encoded tag
for correlated light and electron microscopy
of intact cells, tissues, and organisms. PLoS
Biol 9(4):e1001041

113. Martell JD et al (2012) Engineered ascorbate
peroxidase as a genetically encoded reporter
for electron microscopy. Nat Biotechnol 30
(11):1143–1148

114. Bishop D et al (2011) Near-infrared branding
efficiently correlates light and electron
microscopy. Nat Methods 8(7):568–570

115. Parsons DF et al (1974) Electron microscopy
and diffraction of wet unstained and unfixed
biological objects. Adv Biol Med Phys
15:161–270

116. Dubochet J (2012) Cryo-EM—the first thirty
years. J Microsc 245(3):221–224

117. Mayer E, Br€uggeller P (1980) Complete vitri-
fication in pure liquid water and dilute aque-
ous solutions. Nature 288:569–571

118. Dubochet J, McDowall AW (1981) Vitrifica-
tion of pure water for electron microscopy.
J Microsc 124:RP3–RP4

119. Dubochet J et al (1988) Cryo-electron
microscopy of vitrified specimens. Q Rev Bio-
phys 21(2):129–228

120. Al-Amoudi A et al (2004) Cryo-electron
microscopy of vitreous sections. EMBO J 23
(18):3583–3588

121. McDonald KL, Auer M (2006) High-
pressure freezing, cellular tomography, and
structural cell biology. Biotechniques 41
(2):137, 139, 141 passim

122. Korogod N, Petersen C, Knott GW (2015)
Ultrastructural analysis of adult mouse

Transmission Electron Microscopy and Neuroscience Advances 19



neocortex comparing aldehyde perfusion
with cryo fixation. Elife 4

123. Studer D et al (2014) Capture of activity-
induced ultrastructural changes at synapses
by high-pressure freezing of brain tissue. Nat
Protoc 9(6):1480–1495

124. White EL, Hersch SM (1982) A quantitative
study of thalamocortical and other synapses
involving the apical dendrites of corticothala-
mic projection cells in mouse SmI cortex.
J Neurocytol 11(1):137–157

125. Hayworth KJ et al (2014) Imaging
ATUM ultrathin section libraries with Wafer-
Mapper: a multi-scale approach to EM recon-
struction of neural circuits. Front Neural
Circuits 8:68

126. Kevin LG (2006) Comment on “Effects of
short vs. prolonged mechanical ventilation
on antioxidant systems in piglet diaphragm”
by Jaber et al. Intensive Care Med 32
(9):1446, author reply 1447

127. Denk W, Horstmann H (2004) Serial block-
face scanning electron microscopy to recon-
struct three-dimensional tissue nanostruc-
ture. PLoS Biol 2(11):e329

128. Wanner AA, Kirschmann MA, Genoud C
(2015)Challenges ofmicrotome-based serial -
block-face scanning electron microscopy in
neuroscience. J Microsc 259(2):137–142

129. Mikula S, Binding J, Denk W (2012) Staining
and embedding the whole mouse brain for
electron microscopy. Nat Methods 9
(12):1198–1201

130. Mikula S, Denk W (2015) High-resolution
whole-brain staining for electron microscopic
circuit reconstruction. Nat Methods 12
(6):541–546

131. Nogales E, Scheres SH (2015) Cryo-EM: a
unique tool for the visualization of macromo-
lecular complexity. Mol Cell 58(4):677–689

132. Fernandez-Busnadiego R et al (2011)
Insights into the molecular organization of

the neuron by cryo-electron tomography.
J Electron Microsc (Tokyo) 60(Suppl 1):
S137–S148

133. Lucic V et al (2007) Multiscale imaging of
neurons grown in culture: from light micros-
copy to cryo-electron tomography. J Struct
Biol 160(2):146–156

134. Shahmoradian SH et al (2014) Preparation of
primary neurons for visualizing neurites in a
frozen-hydrated state using cryo-electron
tomography. J Vis Exp 84:e50783

135. Alzheimer’s Association (2015) 2015 Alzhei-
mer’s disease facts and figures. ALzheimers
Dement 11:332–384

136. Clare R et al (2010) Synapse loss in demen-
tias. J Neurosci Res 88(10):2083–2090

137. Harris KM et al (2015) A resource from 3D
electron microscopy of hippocampal neuropil
for user training and tool development. Sci
Data 2:150046

138. Alonso-Nanclares L et al (2013) Synaptic
changes in the dentate gyrus of APP/PS1 trans-
genic mice revealed by electron microscopy.
J Neuropathol Exp Neurol 72(5):386–395

139. Kuwajima M, Spacek J, Harris KM (2013)
Beyond counts and shapes: studying pathol-
ogy of dendritic spines in the context of the
surrounding neuropil through serial section
electron microscopy. Neuroscience
251:75–89

140. Nuntagij P et al (2009) Amyloid deposits
show complexity and intimate spatial relation-
ship with dendrosomatic plasma membranes:
an electron microscopic 3D reconstruction
analysis in 3xTg-AD mice and aged canines.
J Alzheimers Dis 16(2):315–323

141. Fiala JC et al (2007) Mitochondrial degener-
ation in dystrophic neurites of senile plaques
may lead to extracellular deposition of fine
filaments. Brain Struct Funct 212
(2):195–207

20 Jingyi Zhang et al.



Neuromethods (2016) 115: 21–33
DOI 10.1007/7657_2015_78
© Springer Science+Business Media New York 2015
Published online: 18 July 2015

Dual-Labeling Immuno-Electron Microscopic Method
for Identifying Pre- and Postsynaptic Profiles
in Mammalian Brain

Xiao-Bo Liu and Hwai-Jong Cheng

Abstract

Mammalian nervous system communicates mainly through chemical synapses with neurotransmitters in the
presynaptic axon terminal and their receptors on the postsynaptic dendritic targets. We describe here an
immuno-electron microscopic (immuno-EM) method to simultaneously label presynaptic neurotransmit-
ters with postembedding immunogold and postsynaptic components with preembedding immunoperox-
idase. This dual-immuno-EM labeling technique allows reliable distinction of the two types of EM signals in
closely related ultrastructures. The key steps of the procedure and the detailed protocol are provided.

Keywords Immuno-EM, Dual labeling, Excitatory neurotransmitter, Immunoperoxidase,
Gold particles, Postsynaptic density

1 Introduction

Neurons in the nervous system connect with each other through a
functional contact site called synapse [1, 2]. In a typical excitatory
synapse, the principal neurotransmitter glutamate is contained in
the synaptic vesicles inside the presynaptic axon terminal. When the
terminal is depolarized, the synaptic vesicles are fused to the mem-
brane and the glutamate molecules are released to the synaptic cleft.
The glutamate molecules then bind to glutamate receptors on the
membrane of postsynaptic spine or dendrite. For ionotropic gluta-
mate receptors, the binding of glutamate opens ion channels,
allowing positively charged ions (Na+ and Ca2+) to flow through,
which leads to depolarization of the membrane potential and
subsequent changes in the postsynaptic site [3, 4]. In addition,
the glutamate itself is an important metabolic component in the
axon terminals. It plays an essential role in intermediary metabolism
and is required for maintaining the basic function of a neuron [5, 6].

The physiological connection of glutamate-mediated excit-
atory synapse in the brain has been intensively studied in the past
several decades. How the release of glutamate or other related
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molecules regulates the physiological response in the postsynaptic
site has been well characterized. The biochemical pathways regulat-
ing the synthesis and transport of glutamate in the presynaptic axon
terminal have also been well documented [4]. However, the
subcellular distribution of glutamate in the neuron and its axon
terminal has been difficult to study due to a lack of specific tool
to identify the molecule. In addition, to understand the
ultrastructure-function relationship in a glutamate-mediated excit-
atory synapse, one needs to use not only a specific marker to locate
the subcellular location of glutamate in the presynaptic axon termi-
nal, but also another marker to identify the postsynaptic compo-
nents at the same time.

There have been several challenges to use electron microscopic
(EM) techniques to simultaneously detect the ultrastructural rela-
tionship of the pre- and postsynaptic components before. The main
reasons are the following: (a) The presynaptic component in the
axon terminal and the postsynaptic element in the spine or dendrite
have to be differentiated by two distinct signals under EM. (b) All
the pre- and postsynaptic ultrastructures have to bewell preserved in
the process of preparation for EM analysis. Thanks to the develop-
ment of new and highly specific antibodies for glutamate and other
pre- and postsynaptic proteins in the last two decades, numerous
studies have been carried out aiming at identifying the pre- and
postsynaptic elements using immuno-EM methods [5–13]. The
immuno-EM techniques have been improved significantly through-
out these years. Recently, double-labeling immuno-EM techniques
have been developed to simultaneously label presynaptic glutamate
and postsynaptic elements in excitatory synapses [13–17]. Here we
provide a detailed double-labeling immuno-EM protocol. Using
glutamatergic excitatory neurons in the cerebral cortex and thala-
mus as an example [15–17], we describe the EM preparation pro-
cedures for identifying the glutamate in the presynaptic terminal by
immunogold labeling and the postsynaptic CaMKinase-α and iono-
tropic glutamate receptor subunits by immunoperoxidase labeling.

2 Materials

2.1 Reagents

2.1.1 Fixation and Buffer

Solutions

4 % Paraformaldehyde and 0.5 % glutaraldehyde in 0.1 M phosphate
buffer (PB), pH 7.4: The fixative should be freshly prepared. Add
16 g of paraformaldehyde powder into preheated 100 ml distilled
deionized (d.d.) H2O at 65 �C in a beaker. Add two drops of 5 M
sodium hydroxide and a magnetic bar into the beaker, place it on a
heated stirrer, and stir until the solution clears (about 2 min.). Add
the cleared solution to 200 ml of cold 0.2 M PB and then add 8 ml
of freshly opened glutaraldehyde (25 % vol/vol aqueous solution).
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Adjust pH to 7.4 and then make the final volume to 400 ml with d.
d. H2O. Leave the solution to cool to 20 �C.
2 % Osmium tetroxide in 0.1 M PB: Add 4 ml of 4 % aqueous
osmium tetroxide solution to 4 ml d.d. H2O and then add 8 ml
0.2 M PB. The solution should be freshly made and stored in cool.
Uranyl acetate (1 % wt/vol in d.d. H2O): Add 0.5 g of uranyl acetate
powder to 50 ml of d.d. H2O. Agitate the solution gently until it is
completely dissolved.

Tris-buffered saline (0.05 M TBS, pH 7.6 or pH 8.2).

Phosphate buffer (PB, pH 7.4, 0.1 M or 0.2 M).

2.1.2 Immuno-

cytochemistry

Primary antibodies:

Anti-CaM Kinase-α (mouse monoclonal antibody, Chemicon,
MAB8699) (formerly Roche Catalog Number 1481703).

Anti-glutamate (polyclonal antibody raised in rabbit, Sigma, prod-
uct # G6642).

Anti-GABA (polyclonal antibody raised in rabbit, Sigma, product #
A2052).

Anti-GluR2/3 (anti-GluR2/3 polyclonal antibody raised in rabbit,
Chemicon, 07-598).

Secondary antibodies and other supplies:

Horse anti-mouse biotinylated antibody (Chemicon).

Goat anti-rabbit biotinylated antibody (Chemicon).

Gold particle-conjugated goat anti-rabbit antibody (10 or 15 nm
gold particles, British BioCell/Ted Pella).

Avidin-biotin complex (Vectastain, Vectorlabs, cat. No. PK-6100).

3,30-Diaminobenzidine tetrahydrochloridehydrate (DAB) (Sigma-
Aldrich, cat. No. D5637-1G).

2.1.3 EM Embedding Araldite 502 kit (EMS).

2.2 Equipments

2.2.1 EM Embedding Glass histology slides and cover slips.

Mold-separating agent (Sigmacote).

Oven (60 �C).

2.2.2 Sample Block

Preparation

Cyanoacrylate glue.

Sharp surgical blade.

Dissecting microscope.

Glass knife maker.

Light microscope.

Ultramicrotome (Leica UCT).
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2.2.3 Thin Sectioning

and Staining

Diamond knife (45�).

Grid storage box.

Single-slot grids with formvar support film and carbon coated; slot
dimensions, 2 mm � 1 mm.

Ultramicrotome (Leica UCT).

2.2.4 Imaging TEM with digital camera (EM: Philips CM120, Gatan 2 k � 2 k
CCD camera and digital micrograph software).

Computer.

Photoshop software.

3 Experimental Approach

The dual-labeling immuno-EM technique is developed to study the
relationship of two molecules in closely related ultrastructures. To
investigate the subcellular relationship of molecules in an excitatory
synapse at EM level, the ultrastructural features of the synapse have
to be well preserved and the dual-molecular EM signals need to be
simultaneously displayed and differentiated. We have previously
established a dual-labeling immuno-EM method to study the rela-
tionship between the excitatory presynaptic neurotransmitter and
the postsynaptic elements in the thalamus and cerebral cortex of cat
and rodent. Outlined here are the major steps for the method,
followed by the detailed procedures.

1. Animal brain tissues: The adult cat or rat is perfused with
fixatives under deep anesthesia. The brain is then removed,
vibratome-sectioned at 60–80 μm, and stored in 0.1 M PB.

2. Preembedding immunoperoxidase staining: This step is to visua-
lize the postsynaptic neuronal components. It is therefore
aimed to label the dendritic processes and cell bodies of neu-
rons that are targeted by excitatory axon terminals in the
thalamus or cerebral cortex. For immuno-EM, CaM Kinase-α
is an ideal marker for thalamic relay cells and cortical pyramidal
neurons. Other useful markers are ionotropic glutamate recep-
tor subunits (GluR2/3 subunits). The prepared vibratome
sections are processed for immunoperoxidase staining for the
markers. Since triton (or other similar detergents) is known to
compromise membrane ultrastructure, it is important to note
that triton should be avoided in all steps for EM immunoper-
oxidase staining. The intensity of the immunostaining signal
for immuno-EM is overall reduced compared to that of the
conventional immunostaining for light microscopy in which
triton is commonly used. After immunostaining, the wet sec-
tions are examined under light microscope and the sections
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containing immunolabeled neurons are selected for further
EM embedding.

3. Electron microscopy embedding and sectioning: The selected
immunolabeled vibratome sections are osmicated, dehydrated
in graded ethanol and acetone, and flat-embedded into Araldite.
After polymerization, embedded sections are further examined
under the lightmicroscope. These flat-embedded sections can be
permanently saved. For further EM analysis, these embedded
sections can be examined at much higher magnification to iden-
tify the labeled neurons and their fine dendritic processes. The
identified area can be dissected out for thin sectioning. The thin
sections can then be placed on grids for EM examination.

4. Electron microscopic examination of preembedding immuno-
peroxidase-labeled thin sections: The immunoperoxidase-labeled
neurons and their dendritic processes can now be visualized
under the EM. The quality of the ultrastructure and the intensity
of the immunoperoxidase staining on the section are evaluated
for postembedding immunogold labeling. In general, the
plasma membrane structure should be well preserved and the
postsynaptic markers should be moderately labeled with
electron-dense materials.

5. Postembedding immunogold labeling for glutamate transmitter:
The postembedding immunogold staining is applied to the
preembedding immunoperoxidase-labeled thin sections for
identifying the presynaptic inputs. At this step, the antibodies
against neurotransmitters such as glutamate (or GABA for
inhibitory synapse) can be used for immunogold staining.
The single slots or mesh grids containing preembedding
immunoperoxidase-labeled sections are incubated with solu-
tions containing anti-glutamate antibody for several hours.
After extensive wash, the grids are incubated in solutions con-
taining secondary antibody conjugated with either 10, 15, or
20 nm sized gold particles. After another extensive wash, the
grids are stained with uranyl acetate and lead citrate, and then
examined under the EM.

Examples of the dual-labeling immuno-EM are demonstrated
in Figs. 1 and 2. In these figures, either the excitatory neurotrans-
mitter glutamate (Fig. 1a, b and 2a) or the inhibitory neurotrans-
mitter GABA (Fig. 2b) is labeled with gold particles, which locate
within axon terminals. The postsynaptic CAMKII-α (arrows in
Fig. 1) or GluR2/3 (arrows in Fig. 2) markers for excitatory
synapses are labeled with electron-dense immunoperoxidase reac-
tion products in the postsynaptic densities. In Fig. 1, the dual
labeling is clearly confirmed in serial sections. In Fig. 2, the immu-
nogold staining for glutamate (Fig. 2a) or GABA (Fig. 2b) in the
dual labeling in serial sections demonstrates the association of
glutamatergic (t) axon terminal with immunoperoxidase-labeled
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GluR2/3 in the postsynaptic density (d), but not the neighboring
GABA-positive axon terminal (gt).

Figure 3 summarizes the major steps outlined above.

4 Detailed Procedures

1. Protocol I: Preembedding immunoperoxidase labeling

(a) Fixation and tissue preparation
Animal use should be carried out under the Institutional
and National Guidelines. The animal is maintained under
deep anesthesia with Nembutal, and perfused through its
left ventricle first with saline and then with cold 0.1 M PB
(pH 7.4) containing 4 % paraformaldehyde and 0.2–0.5 %
glutaraldehyde. The perfusion generally takes about 20 min
to complete. The rate of perfusion must not be too fast as
some of the small vessels in the vasculature may burst,
which would create a low-resistance flow and prevent the

Fig. 1 An example of dual-labeling immuno-EM method to study the ultrastructural relationship of the
presynaptic glutamate and postsynaptic CaMKII-α in the ventral posterior nucleus of rat thalamus. Serial
immuno-EM micrographs (a and b) show that the presynaptic glutamate-containing corticothalamic axon
terminals (t1 and t2; the glutamate is immunogold-labeled with 15 nm gold particles) are closely associated
with a postsynaptic dendrite (d), in which the strong CaMKII-α immunoperoxidase reaction products (arrow
heads) are observed at the postsynaptic sites. Note that the gold particles are consistently present in both
terminals in serial sections. Bar ¼ 0.5 μm
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delivery of fixatives to the brain. A good quality of perfusion
quickly turns the liver into light brown color within few
seconds after the perfusion starts. Remove the brain from
the skull and postfix it in 4 % paraformaldehyde (in 0.1 M
PB) for 3 h at room temperature or overnight at 4 �C.

(b) Vibratome sectioning
Glue the brain block to the vibratome stage with cyanoac-
rylate and cut the brain into sections at 60–80 μm in
thickness. The sections are collected in cold 0.1 M PB
and stored at 4 �C.

(c) Immunocytochemical staining

– Wash the sections in 0.1 M PB three times (3�) with
5 min each; incubate in 5–10 % normal serum in 0.1 M
PB for 1 h at room temperature (RT) on a rotator.

– Incubate in primary antibody with 5 % normal serum for
48 h at 4 �C.

– Wash in 0.1 M PB 3� with 5 min each at RT.

Fig. 2 Another example of dual-labeling immuno-EM method to study the ultrastructural relationship of the
presynaptic glutamate (immunogold with 15 nm gold particles) or GABA (immunogold with 10 nm gold
particles) and postsynaptic GluR2/3 subunit (immunoperoxidase labeling, arrows) in the ventral posterior
nucleus of rat thalamus. Serial immuno-EM sections were processed with different immunogold labeling for
glutamate (a) and GABA (b), respectively. The micrograph in (a) shows that the glutamate-containing
corticothalamic axon terminal (t, labeled with 15 nm gold particles) is closely associated with a postsynaptic
density (arrow) labeled with strong GluR2/3 subunit immunoperoxidase reaction products in a dendrite (d).
Note that an adjacent axon terminal (gt) is absent of glutamate-labeled gold particles. The serial micrograph in
(b) shows that this axon terminal (gt) is immunogold labeled with GABA (10 nm gold particles). Bar ¼ 0.5 μm
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– Incubate in secondary antibody (1:150 to 1:250) in
0.1 M PB for 1.5 h at RT.

– Wash in 0.1 M PB 3� with 5 min each at RT.

– Incubate in avidin–biotin complex solution (2 μl solution
A + 2 μl solution B in 10 ml 0.1 M PB) for 1.5 h at RT.

– Wash in 0.1 M PB 3� with 5 min each.

– Incubate in 0.001 % DAB/0.1 M PB solution for
10 min, add 0.015 % (vol/vol) H2O2 to the solution,
and incubate for 5–10 min. The immunoperoxidase
signals are carefully monitored under light microscope
to prevent overdevelopment of the signal in the
background.

– Wash sections in 0.1 M PB 3� with 5 min each.

(d) Section embedding for electron microscopy

Fig. 3 A flow chart shows key steps in preembbeding (Protocol I) and
postembedding (Protocol II) labeling procedures
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– The sections containing immunostained neurons or their
processes are selected for EM embedding. Wash the
selected sections in 0.1M PB 3� with 5 min each at RT.

– Postfix in 1–2 % OsO4 in 0.1 M PB (freshly made) for
20 min.

– Wash 3� in d.d. H2O.

– Dehydrate the sections in graded alcohol series (2� in
70 %, 2� in 90 %, 2� in 95 %, and 2� in 100 %, with
5 min each). Special care should be taken not to allow
the sections to air-dry at any time.

– Dehydrate in 100 % aqueous acetone 2� with 5 min
each.

– Place the sections in freshly made 1:1 acetone/Araldite
solution for 1 h on the rotator.

– Replace the sections with pure Araldite and leave them
at 4 �C overnight.

– Replace with fresh Araldite on the next day and rotate
for 4 h at RT.

– Carefully remove each section from the resin with
wooden cocktail sticks, place them on a glass micro-
scopic slide that has been coated with Sigmacote
(Sigma), and then cover them with a Sigmacote-
pretreated cover slip. There should be no air bubble.
Make sure that there is enough resin to fill the gap
between the slides. However, too much resin may also
cause the sections to drift out of the slides.

– Place the embedded sections in 60 �C oven for 48 h.
When the resin has hardened, the glass slides can be
separated from the resin with the embedded sections by
using a razor blade. The mold-separating agents (Sig-
macote) prevent the resin from bonding to the glass
slides.

(e) Preparation of embedded sections for EM examination

– Embedded sections are examined in the light micro-
scope; the immunolabeled neurons are identified and
photographed.

– Select properly immunostained regions for further elec-
tron microscopic examinations and dissect the regions
out with a razor blade under a dissecting microscope.

– Carefully place the sections that are dissected out on a
blank resin block and attach the sections with cyanoac-
rylate glue.
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– Trim the resin block with glass knife on an
ultramicrotome.

– Section the block serially with a clean diamond knife.
The thin sections are cut at 70 nm. Collect the sections
onto formvar-coated single-slot Nickel grids and store
them in a plastic grid box.

– Load grids onto a plastic grid supporting plate and then
place them into a petri dish.

– Flood the plate and grids with 1 % uranyl acetate, cover
the petri dish with a box to block the light, and stain for
10–15 min.

– Wash the grids with d.d. H2O, dry, and then replace
with lead citrate solution. At the same time, place some
sodium hydroxide pellets in the petri dish (to remove
any carbon dioxide) and cover for 10 min.

– Remove lead citrate and replace with d.d. H2O, wash
with d.d. H2O 3�, and dry for at least 1 h.

– Remove the grids from the grid-supporting plate and
store them in a grid box.

– During EM analysis, identify the immunolabeled pro-
files. Evaluate the ultrastructural quality and select
appropriate regions for further postembedding immu-
nogold staining.

2. Protocol II: Postembedding immunogold labeling

(a) Pretreatment of sections and the general considerations:
In most cases, ultrathin sections are cut and collected on the
grids made from inert metal such as nickel or gold. Copper
grids should be avoided because they may succumb during
the various treatments. The grids may or may not be sup-
ported with formvar film. For serial section analysis, thin
sections are usually collected on single-slot formvar-coated
nickel grids. The formvar film prevents penetration of anti-
bodies and allows staining of only one side of the thin
sections. For routine EM analysis, sections are collected
on fine mesh naked grids without formvar film coating.
This allows staining on both sides of the thin section by
immerging them in the solution.

Another consideration is the pretreatment of Epon- and
Araldite-embedded osmicated sections with periodic acid
(HIO4) and sodium metaperiodate (NaIO4) to remove
OsO4. However, it is not necessary to treat nonosmicated
blocks with these chemicals before immunostaining.
The same principle is applied to Lowicryl K4M sections.
The osmicated sections in the immunoperoxidase
labeling method generally need to be deosmicated
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prior to the immunogold staining as described in detail in
section b.

(b)Procedures of postembedding immunogold staining for EM

– Insert the grids containing thin sections vertically into
the slits of a grid support pad such that the sections are
covered by solution. Note that for the sections on
supporting film, only one side can be stained.

– Place the support pad on a platform in a moisture box
(wet paper towel can be used) and cover it with a lid. It
is very important to keep the sections moisturized.

– Apply freshly made 1 % NaIO4 solution to the grids for
10 min.

– Wash in d.d. H2O 2� with 3 min each.

– Apply freshly made 1 % HIO4 solution to the grids for
10 min.

– Wash in d.d. H2O 2� with 3 min each.

– Wash in 0.05 M Tris buffer saline (TBS) plus 0.1 %
triton (pH 7.6) with 3 min.

– Apply 5 % normal serum in 0.05 M TBS plus 0.1 %
triton solution (pH 7.6), 20 min.

– Apply primary antibody diluted in 5 % normal serum in
0.05 M TBS for 4 h at RT.

– Wash in 0.05 M TBS plus 0.1 % triton (pH 7.6),
2� with 3 min each.

– Wash in 0.05MTBS plus 0.1 % triton (pH 8.2) 2�with
3 min each.

– Apply secondary antibody conjugated to gold particles
(1:20 to 1:50 diluted in 1 % normal serum in 0.05 M
TBS plus 0.1 % triton, pH 8.2) for 1.5–2 h.

– Wash in 0.05 M TBS (pH 7.6) without triton 2� for
5 min each.

– Wash in d.d. H2O 2� for 5 min each.

– Dry the sections for EM staining.

– Examine the sections under EM.

5 Important Notes

1. Balance of ultrastructural quality and immunostaining:
The ultrastructural details of the tissue are essential for EM
analysis. The preservation of the subcellular ultrastructure is
often achieved by adding glutaraldehyde in the fixative solu-
tion. In this dual-labeling immuno-EM protocol, we use
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0.2–0.5 % glutaraldehyde in the preembedding immunoperox-
idase labeling. Although this level of glutaraldehyde might be
enough for preserving ultrastructures in non-neuronal tissues
[18], it is not ideal for preserving the plasma membranes of the
neuronal tissues in general. However, higher amount of glutar-
aldehyde might affect the affinity of antibody to the antigen,
compromising the quality of immuno-staining. As seen in
Figs. 1 and 2, the neuronal ultrastructures such as synaptic
vesicles and mitochondria might not be of the best quality,
but the immuno-staining signals are strong and clear. Keep in
mind that we add triton (one of the detergents) and sodium
metaperiodate (which has been shown to have bleaching effect
at high concentration) in the postembedding immunogold
labeling protocol. These reagents would further compromise
the quality of the ultrastructure. Thus, it is important to test
the best concentration of glutaraldehyde used in the dual-
labeling immuno-EM protocol. A small increase of glutaralde-
hyde concentration without compromising the immuno-
staining may significantly enhance the quality of the
ultrastructure.

2. Pretreatment of thin sections and preservation of ultrastructure:
Several other chemicals/reagents used in the dual-labeling
immuno-EM protocol might also compromise the quality of
the ultrastructure for analysis. In postembedding immunogold
labeling, thin sections are first treated with sodium metaperio-
date solution (NaIO4) to remove osmium tetroxide (OsO4)

from the tissue and to unmask the antigen (marker) sites for
immunogold labeling [18, 19]. The treatment of sodiummeta-
periodate might compromise the ultrastructure and decrease
the contrast of EM images. Some other chemicals are also used
to treat thin sections and enhance immunolabeling. It was
reported that sodium hydroxyl-ethanolic hydrogen peroxide
(NaOH/absolute ethyl alcohol) can be used to remove resins
from epoxy thin sections [20] and preserve the section quality,
but this chemical is too harsh when directly applied to the thin
sections. Diluted NaOH/absolute ethyl alcohol may help
detect the antibody in resin sections [21, 22]. We have found
that prolonged treatment of these two reagents (more than
10 min for NaIO4, or more than 2 min for NaOH/absolute
ethyl alcohol) can intensify immunogold labeling but signifi-
cantly affect the membrane ultrastructure. It is important to
optimize the duration of treatment to preserve the structural
integrity of the tissue.
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Analyzing Synaptic Ultrastructure with Serial
Section Electron Microscopy

Jennifer N. Bourne

Abstract

Electron microscopy is a powerful tool that has advanced our understanding of neuroanatomy exponentially
over the last several decades. In particular, serial section electron microscopy (ssEM) has provided a three-
dimensional context in which to examine neuronal cell biology, structural synaptic plasticity, and anatomical
connectivity across multiple brain regions. Here we provide methods and procedures for obtaining, imaging,
and analyzing serial sections of brain tissue. In addition, examples and descriptions are provided to help
identify different types of spines and synapses and subcellular structures such as polyribosomes and smooth
endoplasmic reticulum.

Keywords: Three-dimensional reconstructions, Dendritic spines, Synapses, Polyribosomes, Brain
slices

1 Background

In the 1950s, transmission electron microscopy (TEM) was first
used to reveal the structural diversity of the central nervous system
and unequivocally demonstrate that neurons communicate
through synaptic junctions [1, 2]. Since then, imaging and recon-
structions of neuronal structures through serial thin sections have
provided a 3-dimensional context in which to examine the anato-
mical connectivity of numerous brain regions [3–7] and evaluate
the morphological substrates of synaptic plasticity, learning, and
sensory input [8–25]. While serial section electron microscopy
(ssEM) is a labor-intensive and time-consuming process, the data
yielded can be used to address multiple scientific questions [7, 26].
ssEM provides the needed nanometer resolution to localize and
measure synaptic connections defined by the postsynaptic density
and presynaptic vesicles, and identify ultrastructural substrates of
key cellular functions such as sites of local protein synthesis indi-
cated by polyribosomes [9–11] and local regulation of intracellular
calcium and trafficking of membrane proteins by the network of
smooth endoplasmic reticulum (SER) that extends throughout the
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neuron [27, 28]. Thus, ssEM is an essential tool for nanoscale
analysis of neuronal cell biology and anatomical connectivity.

Recent advances in technology have automated many of the
steps associated with ssEM, including serial block-face scanning
electron microscopy, automated tape-collecting ultramicrotomes,
focused ion-beam scanning electron microscopy, and automated
transmission-mode scanning electron microscopy [29–32]. In
addition, computer-assisted image analysis to automate alignment
and segmentation of objects through ssEM sections are being
developed and hold promise for future application [32–34]. Ideally,
a block containing neuronal tissue of interest could be sectioned or
scanned, serial images collected, and everything within the imaged
neuropil completely reconstructed and quantified, all with minimal
human interference and bias. Unfortunately, with the exception of
transmission-mode scanning electron microscopy [31], many of
these techniques lack the nanometer resolution to unequivocally
identify smaller structures such as polyribosomes and may not be
financially feasible for those who could still benefit from the use of
ssEM. Selective reconstruction or analysis of neuronal elements of
interest imaged through ssEM can provide essential and unambig-
uous information even with relatively limited resources. Here we
describe methods optimized to preserve neuronal ultrastructure,
produce, collect, and image uniform serial sections, and identify
spines, synapses, and subcellular organelles.

2 Equipment, Materials, and Setup

2.1 Fixation While the gold standard for tissue preservation is rapid in vivo
perfusion of fixatives, many experimental setups involve prepara-
tions where perfusion is not an option. Here we focus on the
preparation of acute brain slices, either adhered onto a net from
an interface chamber or free-floating from a submersion chamber.
Perfusion-quality tissue preservation is routinely obtained by
microwave-enhanced rapid fixation followed by routine tissue pro-
cessing [8, 35, 36]. Optimal results were obtained with a fixative
composed of 6 % glutaraldehyde and 2 % paraformaldehyde in
0.1 M sodium cacodylate buffer. All of these chemicals are hazard-
ous and need to be handled in a fume hood with gloves.

1. Reagents: 6 % glutaraldehyde, 2 % paraformaldehyde in 0.1 M
sodium cacodylate buffer (100 mL total):

50 mL 0.2 M sodium cacodylate buffer

12.5 mL 16 % paraformaldehyde

8.6 mL 70 % glutaraldehyde

�28.9 mL ultrapure water (18.2 MΩ · cm) (Start with less and
then use to q.s. to final volume of 100 mL)
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2. Equipment:

Microwave—either in a fume hood or properly vented

Neon Bulb Array

Water load to absorb reflected irradiation (a load cooler or
beaker filled with water will work)

35 mm polystyrene petri dish with a 15 mm diameter glass
O-ring (for brain slices adhered to a net)

20 mL glass scintillation vial (for brain slices adhered to a net)

1.5 mL centrifuge tubes and tube rack (for brain slices not
adhered to a net)

2.2 Agar Embedding

and Vibraslicing

The thickness of most acute brain slices is between 300 and
500 μm. To increase the effectiveness of post-fixation, dehydration,
and infiltration, embed the fixed tissue in agarose and slice into
70–80 μm sections on a vibratome. The agarose will stabilize the
tissue and also keep it flat during later processing steps.

1. Reagents: 5 % agarose in 0.1 M phosphate buffer (20 mL total)

10 mL 0.2 M phosphate buffer (pH 7.4)

1 g agarose

�10 mL ultrapure water (18.2 MΩ · cm) (q.s. to final volume
of 20 mL)

2. Equipment (Fig. 1a):

Stirring hot plate

Small stir bar

50 mL beaker

20 mL glass scintillation vial

Plastic transfer pipettes

Fine-tipped paint brush

Slide with two broken slides glued to each end (depth of 2 mm)

Slide with two coverslips glued to each end (depth of
<400 μm)

Two or three plain glass slides

Crazy/super glue

24-well tissue culture plate

Vibratome (with tools for fixed tissue)

2.3 Processing Processing tissue for electron microscopy involves a few key stages
including post-fixation with osmium tetroxide, dehydration with
ethanol or acetone, and infiltration and embedding with an epoxy
resin. For optimal preservation and contrast of membranes for
ssEM we have included a reduced osmium step (osmium

Analyzing Synaptic Ultrastructure with Serial Section Electron Microscopy 37



tetroxide + potassium ferrocyanide) and added a 1 % uranyl acetate
(UA) solution to the dehydration steps. All of these chemicals are
extremely toxic and must be handled in a fume hood while wearing
gloves.

1. Reagents: For processing �10–12 vials of tissue

0.1 M Sodium cacodylate buffer

Ultrapure water (18.2 MΩ · cm)

100 % Ethanol (EM grade)

Propylene oxide (PO)

EMbed 812 (EMbed 812, NMA, DDSA, DMP-30)

Fig. 1 Agar embedding. (a) Setup for agar embedding requires a 5–7 % solution of agarose maintained at
60 �C, a labeled 24-well plate with filled with buffer, a scalpel or razor blade, a paint brush, and slides for
embedding. (b) Slides for agarose embedding can be made to accommodate different thicknesses of tissue.
Coverslips work well for embedding 70 μm thick sections of tissue prior to processing while broken pieces of
glass slides are useful for embedding larger pieces of tissue prior to vibratoming. (c) Keep the agarose in liquid
form by maintaining it in a water bath at 60 �C. Cut the tip off of the plastic transfer pipette to ensure that it
does not get clogged
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2 % Uranyl acetate (UA) in ethanol (1 g UA in 50 mL 100 %
ethanol)

8 mL Reduced osmium tetroxide (1.5 % Potassium Ferrocya-
nide (KFeCn) + 1 % Osmium Tetroxide (OsO4)) in 0.1 M
sodium cacodylate buffer (2 mL 4 % OsO4 + 4.8 mL
buffer + 1.2 mL 10 % KFeCn)—Prepare immediately
before use.

8 mL 1 % Osmium Tetroxide in 0.1 M sodium cacodylate
buffer (2 mL 4 % OsO4 + 6 mL buffer)

6 mL 50 % Ethanol (3 mL 100 % ethanol + 3 mL ultrapure
water)

6 mL 50 % Ethanol + 1 % UA (3 mL ultrapure water + 3 mL
2 % UA). Filter immediately before use.

6mL70%Ethanol + 1 %UA (1.8mLultrapure water + 1.2mL
ethanol + 3 mL 2 % UA). Filter immediately before use.

6mL90%Ethanol + 1 %UA (0.6mLultrapure water + 2.4mL
ethanol + 3 mL 2 % UA). Filter immediately before use.

6 mL 100 % Ethanol + 1 % UA (3 mL ethanol + 3 mL 2 %
UA). Filter immediately before use.

6 mL 1:1 EtOH:PO (3 mL ethanol + 3 mL PO)

9 mL 1:2 EtOH:PO (3 mL ethanol + 6 mL PO)

6mL 1:1 PO:Epon (3mL PO + 3mLEMbed 812 + DMP-30)

9mL 1:2 PO:Epon (3mL PO + 6mLEMbed 812 + DMP-30)

2. Equipment:

5–6 150 mL Tri-Pour beakers

18 20 mL Scintillation vials

2 50 mL Falcon tubes

�8 10 mL glass pipettes

Pipettor

4 20 mL Syringes

4 Disc syringe filter tips (0.2 μm pore size)

6–12 2 mL vials or 1.5 mL centrifuge tubes

Embedding molds

Stir plate

Shaker or rotator

60 �C Oven

2.4 Sectioning Cutting and collecting serial sections requires patience and practice,
but the amount of data that can be gleaned from a series will make it
worthwhile. The goal is to have uniform section thickness along
fold free ribbons and to pick them up on film-coated slot grids
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without losing any sections. Formvar and other film-coated slot
grids are commercially available. However, it is less expensive in the
long run to purchase uncoated slot grids and coat them yourself.
For an excellent tutorial on this process as well as videos on cutting
and collecting serial sections, please see the Supplemental Materials
of Harris et al., [36].

1. Reagents:

Filtered ultrapure water (18.2 MΩ · cm)

1 % Toluidine Blue (1 part 70 % ethanol to 1 part 1 % Toluidine
Blue)

2. Equipment:

Ultra-Microtome surrounded by a plastic/plexiglass shield

35� diamond knife—minimizes section compression

Coated slot grids—2 mm � 1 mm slot grids coated either with
formvar or pioloform

Eyelash

Curved fine-tip forceps—Numbered so that grids will be kept
in order

Rubber o-rings

Grid box

10 mL Syringe with a filter tip

Razor blades

Glass slides

2.5 Staining Once sections are dry, staining with uranyl acetate and lead citrate
can be done to enhance the contrast of membranes and organelles.
However, the use of reduced osmium and en block staining with
uranyl acetate during dehydration may provide sufficient contrast,
depending on your sample and the electron microscope.

1. Reagents: Saturated Aqueous Uranyl Acetate

6.25 g UA

100 mL Ultrapure water (18.2 MΩ · cm)

2. Reagents: Lead Citrate

1.33 g Lead nitrate

1.76 g Sodium citrate

8 mL 1 N sodium hydroxide

�42 mL boiled ultrapure water (18.2 MΩ · cm) (Start off with
�30 mL then q.s. to final volume of 50 mL)
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3. Equipment:

6 10 mL syringes

6 syringe filter tips

50 mm petri dish

Dental wax

Razor blade

Filter paper cut into small wedges

Fine-tip forceps

2.6 Imaging Imaging serial sections can be done on any type of transmission
electron microscope operating at a voltage between 80 and 120 kV
with a digital camera system. A TEM with a rotational specimen
holder helps keep all of the sections in the same orientation for
imaging, but a standard specimen holder such as those found in
most electron microscopy core facilities will also work because the
images can be rotated after the fact. Recent work using a scanning
electron microscope ran in transmission mode has opened up even
more possibilities for large volume reconstructions of brain tissue
due its capabilities of scanning large areas of each section (64 μm
� 64 μm � 10 μm or larger) at 2 nm resolution [31].

3 Procedures

3.1 Fixation 1. Before fixing any tissue, it is important to determine the micro-
wave settings that will yield a final temperature of 35–50 �C.
Place water loads in the microwave (three 500 mL plastic
bottles filled with water or a load cooler work well) and use a
small petri dish with�5 mL of water placed in the center of the
microwave to determine the wattage and time duration that
yields the appropriate temperature. We have found that 750 W
for 10–30 s are good parameters.

2. Prepare the fixative (6 % glutaraldehyde and 2 % paraformalde-
hyde in 0.1 M sodium cacodylate buffer) in advance and add
5 mL to the small petri dish with the glass o-ring (for brain
slices adhered to a net from an interface chamber) or �500 μL
to the centrifuge tubes in a tube rack (for brain tissue not
adhered to a net).

3. Run the microwave for �30 s with a neon bulb array in the
center to make sure there are no hot spots.

4. Once the experiment is complete, quickly transfer tissue to the
fixative and microwave it at the predetermined settings.

5. After the microwave is done, transfer brain slices to a 20 mL
scintillation vial with the same fixative or leave tissue in centri-
fuge tubes.
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6. If processing tissue the next day, leave it at room temperature
overnight. If not processing for a few days, keep the tissue at
4 �C.

3.2 Agarose

Embedding and

Vibraslicing

1. Use a paint brush to gently detach the brain slice from the net.

2. Rinse tissue 3 � 10 min in 0.1 M phosphate buffer

3. Prepare 5 % Agarose in 0.1 M phosphate buffer in a 20 mL
scintillation vial with a stir bar by immersing the vial in a small
50 mL beaker of water on a stirring hot plate. Heat the solution
to �100 �C while rapidly stirring to melt the agarose.

4. Once the agarose is melted, turn the temperature on the hot
plate down until the solution reaches �60 �C (Fig. 1c).

5. Transfer the tissue to the slide with the double slide spacers on
either end (depth �2 mm) (Fig. 1b) and remove any excess
buffer.

6. Add a drop of the agarose to the tissue using a plastic transfer
pipette with the tip cut off (to prevent clogging) and place a
plain slide on top to flatten the agarose.

7. Allow the agarose to cool and harden then add a few drops of
buffer to facilitate the removal of the top slide.

8. Trim the agarose around the tissue into a rectangle, flip the
tissue over with a paint brush, and repeat steps 5–7.

9. Trim the agarose around the tissue into a rectangle again and
then glue it to the vibratome platform. If the vibratome is also
used for fresh tissue, make sure to use a boat, platform, and
knife holder that are exclusively for fixed tissue. Ensure that the
tissue is oriented in the proper position to yield the desired
plane of section.

10. Once the glue is dry, secure the platform in the vibratome, fill
the boat with enough 0.1 M phosphate buffer to cover the
tissue and agarose, and position the blade so it will cut across
the entire surface of the tissue.

11. Cut the tissue at 70–80 μm and use a paint brush or transfer
pipette to transfer the sections to a 24 well plate filled with
0.1 M phosphate buffer.

12. Once the desired sections have been acquired, transfer those
sections one at a time to the slide with the double coverslip
spacers on either end (depth <400 μm) and repeat steps 5–7.

13. Trim the thin layer of agarose into a rectangle around the tissue
and return it to the 24 well plate. Embedding tissue in the thin
layer of agarose will keep it stable and flat during subsequent
processing and will not interfere with post-fixation, dehydra-
tion, or infiltration of the epoxy resin.
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3.3 Processing: All

Steps Are Done in a

Fume Hood!

1. Transfer tissue to 2 mL vials or 1.5 mL centrifuge tubes and
rinse with 0.1 M sodium cacodylate buffer 3 � 10 min.

2. Begin mixing Epon components as per kit instructions in Tri-
Pour beakers. Once DMP-30 has been added, allow Epon to
mix for �15 min before adding to 1:1 and 1:2 PO mixtures.

3. Label Tri-Pour beakers for uranyl acetate waste and osmium
waste. Remember to dispose of waste properly as instructed by
the institution’s environmental health and safety regulations.

4. Add 0.1 M sodium cacodylate buffer to one Tri-Pour beaker
and ultrapure water to another Tri-Pour beaker. These beakers
of solution can be used to prepare the other reagents as well as
for the rinsing steps.

5. Label 20 mL scintillation vials for all of the reagents that will be
used during processing.

6. Use 10 mL glass pipettes to measure out all components of the
reagents except for osmium, which typically comes in small
ampules. Use a small tipped transfer pipette to add osmium to
appropriate reagents. Prepare reduced osmium mixture (1 %
OsO4 + 1.5 % KFeCn) last.

7. For the uranyl acetate/ethanol dehydration steps, filter each
solution using the 20 mL syringe and disc syringe filter tip
(0.2 μm pore size) immediately before use.

8. All processing steps are carried out at room temperature. Use
fresh plastic transfer pipettes to remove and add solutions to the
tissue vials. A shaker or rotator can be used during each of the
steps, but is not necessary. All steps are carried out in the hood
and all waste must be disposed of according to the institution’s
environmental health and safety regulations.

9. Once all of the reagents are prepared, use a plastic transfer
pipette to suck out the cacodylate buffer in each vial of tissue
and replace it with the reduced osmium mixture (1 % OsO4 +
1.5 % KFeCn). Leave for 30 min.

10. Rinse with 0.1 M sodium cacodylate buffer five times.

11. 1 % OsO4 for 1 h.

12. Rinse with 0.1 M sodium cacodylate buffer 5 � 2 min.

13. Rinse with ultrapure water two times.

14. Rinse with 50 % EtOH.

15. 50 % EtOH/UA for 15 min.

16. 70 % EtOH/UA for 15 min.

17. 90 % EtOH/UA for 15 min.

18. 100 % EtOH/UA for 15 min.
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19. 100 % EtOH for 15 min.

20. 1:1 EtOH:PO for 10 min.

21. 1:2 EtOH:PO for 10 min.

22. PO for 2 � 15 min.

23. 1:1 PO:Epon for 1 h.

24. 1:2 PO:Epon for 1 h or overnight.

25. Prepare fresh Epon with DMP-30 according to kit instructions.

26. 100 % Epon for 3 � 1 h.

27. Prepare labels for embedding. Either use pencil or a laser
printer because ink pens will smear. Add labels to the embed-
ding mold.

28. Add some Epon to the embedding mold and embed tissue,
positioning it so that the desired plane of sectioning is perpen-
dicular to the end of the mold.

29. Top off Epon in the molds and place in a 60 �C oven for 48 h to
polymerize.

3.4 Sectioning 1. Secure the block of tissue in the ultramicrotome chuck and
place chuck in the trimming stand.

2. Place trimming stand onto the stage area of the ultramicrotome
and secure into place (Fig. 2a).

3. Looking at the block surface through the eyepieces of the
ultramicrotome, use a razor blade to trim excess Epon away
from the tissue, rotating chuck and ending with a trapezoid
shape (Fig. 2b).

4. Once the block is trimmed, transfer the chuck to the specimen
arm of the ultramicrotome and secure it tightly. Unless the
tissue is tilted, set the angle of the block/specimen arm at
0� and rotate the block so that the long edge of the trapezoid
will be parallel with the knife’s edge.

5. For trimming tissue to a specific depth, use a glass knife or an
older diamond knife that is nicked to dry section the block until
the area of interest is reached.

6. Secure the knife onto the ultramicrotome stage and adjust its
position until the tissue is over part of the knife edge. Slowly
advance the knife while rocking the specimen arm of the micro-
tome up and down and using the reflection on the block face to
determine how close the knife is to the tissue. Before getting
too close, set the cutting window and speed on the ultramicro-
tome so that the block begins and ends the slow phase of the
cutting well above and below the edge of the knife. Finally,
advance the knife until the reflection on the block face is almost
gone and switch to the automatic cutting. For this step, the
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Fig. 2 Sectioning and staining. (a) An ultramicrotome with the chuck holding the block secured in the stand for
trimming. (b) An epon block trimmed to form a trapezoid around the tissue. (c) Serial sections being cut on the
diamond knife. Note the slight unevenness in section color which can be decreased by enclosing the knife and
epon block in a plastic or plexiglass shield. (d) Three slot grids secured in curved fine-tip forceps labeled in
order of section pick-up. (e) Setup for staining includes a small petri dish with small slits cut into pink dental
wax where the slot grids can be gently placed. Make sure that the slot with the sections is above the lip of the
slit. The uranyl acetate (yellow solution) and lead citrate (clear solution) should be filtered before applied in
drops to the front of the grids containing the sections
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specimen can be cut quickly (50 mm/s) until the appropriate
depth is reached.

7. For semi-thin sections (�1 μm), use a glass knife with a boat, a
histo knife, or an older diamond knife. Using a syringe with
a filter tip, fill the boat with ultrapure water until it forms a
convex meniscus. Use the eyelash tool to swipe along the
knife’s edge and help adhere water to the edge of the blade.
Then use either a fresh syringe or the provided water siphon to
slowly lower the water level from the back of the boat until the
surface of the water takes on a smooth silvery surface.

8. Repeat step 6 but slow the cutting speed down to �1 mm/s
before switching to automatic cutting. Stop cutting once a few
sections have been cut and are floating on the water.

9. Add a drop of water to a glass slide and use the eyelash tool or a
loop tool to transfer the sections from the boat and to the drop
on the slide. Place slide on a hot plate and allow sections to dry.

10. Add a drop of toluidine blue to the sections, return to the hot
plate and wait �1 min. Rinse dye off the slide and check the
sections on an upright microscope.

11. For ultrathin sectioning, reset the ultramicrotome for
50–65 nm section thickness. Use a sharp diamond knife that
is reserved for cutting ultrathins and repeat step 7 to fill and
adjust the water level in the boat.

12. Repeat step 6 and once the sections are cutting, set the counter
on the microtome to track the number of sections. Sections
should have an even gray/silver appearance (Fig. 2c). For
uniform section thickness, shield the knife and cutting arm
with a plastic/plexiglass box.

13. Once a ribbon of 100–200 serial sections has been cut, clean
the eyelash tool with 70 % ethanol and a Kimwipes, then gently
poke at the end of the ribbon to break off 10–20 sections
(depending on the size of the sections). Use the eyelash to
corral the small ribbon of sections to a different part of the
boat away from the main ribbon.

14. Use fine-tip forceps to grasp a formvar or pioloform coated slot
grid, being careful not to poke a hole in the film, and secure the
grid by sliding the rubber o-ring up the shaft of the forceps
until tips are held closed.

15. Insert the edge of the grid into the boat at an angle perpendic-
ular to the water’s surface and submerge the grid to just cover
the slot. Maneuver the grid near the ribbon being picked up
and gently wave the grid back and forth to draw the sections
closer. Once the sections are positioned over the slot, scoop the
grid and sections up out of the water and confirm under the
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binoculars of the ultramicrotome that the sections are in the
middle of the slot.

16. Place the forceps with the grid and sections in a clean, dry petri
dish and cover with the lid to allow the sections to dry without
collecting any dust (Fig. 2d).

17. Repeat steps 12–15 until all of the sections are collected. If
there are more grids than forceps available to hold them, the
dry grids can be placed in the slots of the staining dish (see
below) in order!

3.5 Staining 1. To prepare a staining dish, melt a small amount of pink dental
wax and pour it into a 50 mm petri dish, to a depth of �5 mm.

2. Once the wax has cooled, use the edge of a clean razor blade to
cut slits into the wax that are �5 mm long and �1 mm deep.

3. For the uranyl acetate and lead citrate stains, aliquot them into
10 mL syringes with filtered tips and keep them at 4 �C once
they have been prepared.

4. Gently slide the o-ring down the forceps holding the first grid
of the series, but keep the forceps pinched shut. Place the grid
in the first slot so that the grid is perpendicular to the surface of
the wax and the slot is above the edge of the slit (Fig. 2e). Gently
tap the grid to make sure it is in place and will not fall out.

5. Repeat step 4 with all of the grids until all of the slots in the
staining dish are filled.

6. Add a drop of uranyl acetate to the side of the grid with the
sections. Place the lid on the petri dish and wait for 5 min.

7. Rinse the uranyl acetate off the grids by holding the staining
dish at an angle and gently running a stream of ultrapure water
across the grids using a squeeze bottle for�30 s. Make sure the
run-off from the staining dish goes into an appropriate waste
container.

8. Use small wedges of filter paper to delicately wick away any
remaining water from the grids by holding the paper at the
edge of the grid (don’t touch the slot of the grid!).

9. Place a small piece of filter paper in the lid of the staining dish
and saturate it with 1 N NaOH.

10. Add a drop of lead citrate to the side of the grid with the
sections. Place the lid on the petri dish and wait for 5 min.

11. Rinse the lead citrate off by first running a few drops of 1 N
NaOH across the grids and then following up with a gentle
stream of ultrapure water for �30 s. Make sure the run-off
from the staining dish goes into an appropriate waste container.
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12. Repeat step 8 until the grids are completely dry. Depending on
when the grids are to be imaged, they can be left in the staining
dish. It helps to minimize their handling to prevent tearing or
damaging the film.

3.6 Imaging 1. Image a calibration grid at the magnification at which the series
will be imaged. A magnification around 5000� works well for
capturing a relatively large field with enough resolution to
unequivocally identifying synapses and subcellular structures.

2. Check all of the grids before starting to image the series to
make sure that all of the grids are intact and in order (see notes
for more details).

3. Begin with the first section on the first grid. Locate the area of
interest for imaging. Identify fiduciary markers (mitochondria,
cell bodies, etc.) to help locate the same area on subsequent
sections. Name images in a sequential manner.

4. Find the fiduciary markers on each section, updating them as
the series progresses, and image the same area of interest.

4 Typical/Anticipated Results

Once the images have been acquired, a variety of software can be
used for subsequent alignment and analysis, including IMOD
(http://bio3d.colorado.edu/imod/), FIJI (http://fiji.sc/Fiji),
and Reconstruct™ (available for free download at http://
synapses.clm.utexas.edu/tools). It is important that everything is
scaled and calibrated properly for accurate quantifications. In this
section some examples will be provided of the structures that can be
identified and analyzed through serial sections. All of the examples
were analyzed and reconstructed using Reconstruct™.

4.1 Dendritic Spines The size and shape of dendritic spines can vary greatly within the
same region (Fig. 3a). Tracking and quantifying the dimensions of
these structures through serial sections can provide both basic
anatomical data (Fig. 3f) and a measure of structural plasticity.
The majority of spines have a constricted neck and either a large,
mushroom-shaped head (>0.6 μm in diameter, Fig. 3b, f) [37–40]
or a smaller, thin head (Fig. 3c, f). Other types include stubby
spines that lack a constricted neck (Fig. 3d, f), branched spines
with two or more protrusions that can have distinct morphologies
(Fig. 3e), or multi-synaptic spines with multiple synaptic contacts
along the head and neck. These categories can have functional
implications and can only be accurately identified through serial
sections.
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Fig. 3 Variability in spine shape and size. (a) three-dimensional reconstruction of
a hippocampal dendrite (gray) illustrating different spine shapes including
mushroom (blue), thin (red), stubby (green), and branched (yellow). PSDs (red)
also vary in size and shape. Scale cube ¼ 0.125 μm3. (b) An example of a
mushroom spine (blue) with a head diameter exceeding 0.6 μm and a narrow
neck. (c) An example of a thin spine (red) with a small head and narrow neck. (d)
An example of a stubby spine (green) with an equal head and neck diameter and
an overall length that equals its width. (e) An example of a branched spine
(yellow) where both branches are thin spines. Scale bar ¼ 0.5 μm and arrows
indicate where the head and neck diameters were measured for each spine in
(b)–(e). (f) A graph plotting the ratio of head diameters to neck diameters for the
spines on the dendrite reconstructed in (a). Mushroom spines (blue diamonds),
stubby spines (green diamonds), and thin spines (red diamonds) segregated into
distinct groups. Both branches of the branched spine were of a thin shape and
are situated among the thin spine dimensions (yellow diamonds). Adapted from
Bourne and Harris, 2008 with permission from Annual Reviews
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4.2 Synapses Synapse size and shape are ultrastructural features that have a strong
correlation with synaptic strength [8–13, 15, 16, 18, 24, 25, 41, 42].
The two primary types of synapses are excitatory and inhibitory that
have distinctive morphological properties (Fig. 4Ai–Aiv). Excitatory
synapses are characterized by a fuzzy, electron-dense structure called
a postsynaptic density (PSD) that extends beneath the postsynaptic
membrane and is apposed to round, clear synaptic vesicles docked at
the presynaptic active zone. The PSD is usually thicker than the
active zone resulting in classification as an “asymmetric” synapse,
or Gray’s Type 1 synapse (Fig. 4Ai–Aiv, black arrow). In contrast,
inhibitory synapses have a thinner PSD apposed to a presynaptic
active zone and vesicles with a more flattened, pleiomorphic appear-
ance. The similar dimensions of the PSD and active zone led to the
categorization as “symmetric” synapses, or Gray’s Type 2 synapses
(Fig. 4Ai–Aiv, white arrow). However, there can be a broad spec-
trum of presynaptic and postsynaptic thickening in the same brain
region [43], further demonstrating the usefulness of analyzing
synapses with ssEM. Another aspect of synaptic morphology that
can be quantified with ssEM is whether the synapse has a continu-
ous, macular surface or has a noncontinuous, perforated appear-
ance (Fig. 4Bi–Biv), which may have functional implications
regarding synapse strength and receptor composition [41, 42].
For branched spines, ssEM can also be used to determine whether
the branches synapses on the same or different presynaptic axons
(Fig. 4Ci–Civ). In addition to synapses, other postsynaptic spe-
cializations such as cell adhesion junctions [44] and nascent
zones, areas of the PSD that lack apposing presynaptic vesicles,
can be identified [13].

On the presynaptic side, ssEM is useful for determining the
number of postsynaptic partners with which axonal boutons form
contact (Fig. 5a–c). Within individual boutons, docked vesicles,
where the vesicle membrane is in contact with the presynaptic
membrane, and non-docked vesicles can be counted (Fig. 5d, e).
The docked vesicle pool is thought to represent the “readily releas-
able” pool of vesicles and provides an ultrastructural measure of the
probability of release at a synapse. The non-docked vesicles form
part of the “reserve” pool that may be recruited under different
physiological conditions [12, 45–49]. ssEM also increases the
probability of identifying and quantifying relatively sparse presyn-
aptic structures such as dense core vesicles that may be functionally
important for expanding the active zone [12, 50].

4.3 Organelles Local protein synthesis is required for many types of synaptic plas-
ticity and is evidenced ultrastructurally by polyribosomes [9–11].
Polyribosomes consist of a group of three or more ribosomes and
can occur in various configurations including clusters, spirals, and
staggered lines. Ribosomes have opaque centers that are
�10–25 nm in diameter and surrounded by a fuzzy gray halo
(Fig. 6Aii, Aiii, Bii). Individual ribosomes typically do not occur
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Fig. 4 Characteristics of synapse types. (Ai–Aiv) Serial section images through most of the macular PSD
(black arrow) of a thin spine and through most of a symmetric synapse (white arrow). (Bi–Biv) Serial section
images through some of a mushroom spine illustrating a small perforation in the PSD (black arrow). (Ci–Civ)
Serial sections through the branch point (thick arrows) of a spine. Two thin spine heads (thin arrows) that form
macular synapses on two different presynaptic axons (ax1 and ax2). Scale bar ¼ 0.5 μm. Reproduced from
Bourne and Harris, 2011 with permission from Wiley-Liss, Inc.
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in more than one section because of their small size. Polyribosomes
occur every 1–2 μm along the length of immature and mature
hippocampal dendrites and can be found both in the shaft of the
dendrite (Fig. 6Ai–Aiv) or in the head or neck of dendritic spines
(Fig. 6Bi–Biv).

Smooth endoplasmic reticulum (SER) is a complex membra-
nous network within neurons involved in intracellular calcium reg-
ulation and trafficking of membrane-bound cargo. ssEM allows the
quantification and characterization of the complexity of SER within
the dendritic shaft (Fig. 7a) [28] and the frequency with which SER
enters dendritic spines [27]. In the dendritic shaft, SER can appear
as small circles of membrane on single sections (Fig. 7a, top left)

Fig. 5 3D analyses of axonal boutons and synaptic vesicles. (a) An EM and (Ai) reconstruction of a single
synaptic bouton (ax) filled with vesicles (green arrows) synapsing with the PSD (red arrow) on a dendritic
spine (sp). (b) An EM and (Bi) reconstruction of a multisynaptic bouton (MSB) and both postsynaptic spine
partners. (c) An EM and (Ci) reconstruction of a nonsynaptic bouton (NSB). Scale bar ¼ 0.5 μm. Scale
cube ¼ 0.125 μm3. (d) EM and (e) 3D reconstruction of a dendritic spine (sp) and presynaptic bouton (ax) with
the docked vesicles stamped in blue, the vesicle pool stamped in green, and PSD outlined in red. Scale
bar ¼ 0.25 μm. Scale cube ¼ 0.0156 μm3. Adapted from Bourne et al., 2013 with permission from Wiley
Periodicals, Inc.
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Fig. 6 Identification of polyribosomes by viewing through adjacent serial thin sections of (Ai–Aiv) a dendritic
shaft and (Bi–Biv) a dendritic spine. Two polyribosomes were identified in this segment of the dendritic shaft
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Fig. 6 (Continued) (Black arrows on sections Aii and Aiii). One polyribosome was identified in the head of the
dendritic spine (Black arrow on section Bii). White arrows indicate the location of PR on adjacent sections
where no structures are present that resemble PR, indicating their existence in only 1 or 2 sections, consistent
with the number of individual ribosomes in each cluster. Scale bar ¼ 0.5 μm. Reproduced from Bourne and
Harris, 2011 with permission from Wiley-Liss, Inc.

Fig. 7 Smooth endoplasmic reticulum (SER) in the dendritic shaft and spines. (a) Insets show example EMs
from the reconstructed dendrites (yellow) with simple and complex tubules of ER (green). Scale bar ¼ 0.5 μm.
Scale cube ¼ 500 nm on a side. (b) Spine apparatus in a mushroom spine. (Bi–Biii) Serial sections through a
mushroom spine containing a spine apparatus (arrows). Scale bar ¼ 0.5 μm. (Biv) Reconstruction of the
same spine (yellow) with its PSD (red) and spine apparatus (green). Scale cube ¼ 0.125 μm3. Adapted from
Cui-Wang et al., 2012 with permission from Elsevier Inc.
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that connect across serial sections to form tubules. SER can also
appear as larger, more amorphous blobs that form pools of mem-
brane (Fig. 7a, lower right). ssEM is often necessary to distinguish
SER from endosomes, structures that can look very similar on
single sections [51]. In areas of the brain where SER infrequently
enters dendritic spines, such as in stratum radiatum of area CA1 of
the hippocampus where fewer than 20 % of spines contain SER
[27], ssEM permits the quantification and characterization of these
relatively rare occurrences. SER in spines can either be in the form
of a simple tubule or in the more complex form of a spine apparatus
that contains stacks of membrane separated by dense plate material
(Fig. 7Bi–Biv).

5 Troubleshooting/Notes

5.1 Fixation 1. Leaving the glutamate out at room temperature for 3 days prior
to preparation of the fixative can decrease the occurrence of
“pepper” that appears as black specks on the final stained
sections.

2. Quickly transferring the tissue from the experimental chamber
to the fixative can help avoid ultrastructural artifacts caused by
hypoxia of the tissue.

3. If a microwave is not available, immersion fixation can also yield
good ultrastructure. It helps if the brain slices are on the
thinner side (<400 μm) and if they are left at room temperature
in the fixative overnight. The next day the tissue may be pro-
cessed or placed at 4 �C for long term storage.

5.2 Agarose

Embedding and

Vibraslicing

1. After the agarose has dissolved in the buffer, make sure the
temperature is �60 �C before dropping the agarose onto the
tissue. Agarose that is too hot can damage the tissue.

2. Depending on the size of the tissue, spacers of different thick-
nesses can be made to accommodate the agarose embedding.

3. When removing the top slide after the agarose has hardened
around the tissue, adding a little buffer can prevent the acci-
dental tearing of the tissue.

4. During processing, the osmium in the tissue will sometimes
leech out into the surrounding agar, making it difficult to see
the tissue. Making the agar fresh each time you do agar embed-
ding (as opposed to reheating a previously made batch) helps to
minimize this issue.

5.3 Processing 1. When preparing the epoxy resin, the bottles for the NMA and
DDSA often get stuck closed. Placing the bottles in a 60 �C
oven for a few minutes warms up the chemicals enough to
loosen the lids.
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2. It is not essential to have Tri-Pour beakers for waste if it is easier
to directly pour it into the appropriate containers. However,
having a wider spout to initially pour the waste into can mini-
mize spills.

3. For the solid waste including the 10 mL glass pipettes, 20 mL
scintillation vials, and plastic transfer pipettes, a large Ziploc
bag kept in the fume hood during processing is a convenient
way to consolidate all of the contaminated materials.

4. Use of reduced osmium tetroxide (osmium tetroxide + potas-
sium ferrocyanide) can significantly enhance the contrast of
membranes over osmium alone and is particularly useful for
serial section reconstructions.

5. Many of these steps can be carried out using a specialized
microwave (e.g., PELCO/Biowave/Ted Pella) to increase
and speed up the penetration of reagents (see http://
synapses.clm.utexas.edu for protocol). However, while proces-
sing without a microwave takes a bit longer, it yields tissue
samples that are of the same high quality.

6. Thickness of the tissue sample can have a profound impact on
the effectiveness of post-fixation with osmium and dehydration
with ethanol. Tissue more than 1 mm in thickness often has
poor secondary fixation and infiltration of Epon resulting in
bad ultrastructure and sections that do not cut well. At mini-
mum, trimming the tissue as small as possible can help, but
vibraslicing the fixed tissue to a thickness <100 μm is the best
way to ensure quality processing for EM.

7. When exchanging reagents, be sure to thoroughly remove the
previous solution. This is particularly important for dehydra-
tion steps to completely get rid of all water from the specimen.

5.4 Serial Sectioning 1. When trimming, if the agarose is too dark to easily see the
tissue, periodically take the block out of the chuck and check
it under a microscope to be sure the region of interest remains
intact.

2. If the tissue breaks off while trimming the trapezoid around the
tissue, it can be superglued back onto the block. However,
sometimes this will compromise the sectioning, making the
block “stutter” as it goes across the knife. The piece of tissue
can also be re-embedded into a new block with fresh Epon.

3. Trimming the trapezoid with three straight edges and one
slanted edge makes it easier to orient yourself when looking at
the section on the electron microscope and can help when
trying to break apart the ribbon (Fig. 8a).

4. When selecting a diamond knife, one with a 35� angle tends to
compress the tissue less than one with a 45� angle (Fig. 8b, c).
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5. Make sure to use filtered water in the boat of the diamond knife
and keep the eyelash tool clean with 70 % ethanol to prevent it
from introducing dirt and oil into the water. If more water
needs to be added to the boat, use the filtered syringe, not
the siphon used to adjust the water levels.

Fig. 8 Problems to overcome during ssEM. (a) Goal is a set of clean serial sections of uniform thickness. (b, c)
Section compression is minimized by using a 35� diamond knife. (d) Uneven section thickness. (e) Dirty grid
stain. (f) Poorly infiltrated tissue has cracks. (g) Folds in the Pioloform film. (h) Enclosure for the ultramicro-
tome usually solves most issues that cause uneven section thickness. Reproduced from Harris et al., 2006
with permission from Society for Neuroscience
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6. If water ends up on the block face, gently dab the block face
with a small piece of filter paper to dry it.

7. If serial sections are not hanging together, first try re-trimming
the block. Smooth, straight edges will facilitate sections sticking
together. Enclose the microtome with a plastic/plexiglass box
to minimize air flow that could make the sections not stick
(Fig. 8h). In some instances, a spritz of hairspray onto the
face of the block will help make the sections stickier.

8. Enclosing the knife and chuck in a plastic/plexiglass box will
also help to ensure that the serial sections are of an even
thickness (light silver/gray) (Fig. 8d, h).

9. If the ribbon of serial sections break apart during cutting, which
tends to happen if the ribbon curves and runs into the wall of
the boat, the sections can still be collected and their order
sorted out using the electron microscope. However, in this
instance it is of even more importance that all of the sections
are collected.

10. When breaking apart the ribbon, tap the sections at the seam
where they are joined with the eyelash. If the sections are
sticking to the eyelash, dip it in 70 % ethanol and wipe it with
a Kimwipes between taps.

11. The number of sections per ribbon collected on each grid will
depend on the size of the sections. If sections end up above or
below the slot, break the ribbon into smaller pieces.

12. Leave the grids pinched in the forceps until they are dry and
then transfer to the staining dish. Minimizing the number of
times the grids are handled will decrease the likelihood of
poking a hole in the film.

5.5 Staining 1. Make sure the staining dish is clean to minimize dirt and debris
from ending up on the sections.

2. When adding the drops of lead citrate to the grids, try not to
exhale directly on the grids. The carbon dioxide can cause the
lead to precipitate.

3. Thoroughly rinse the sections after the UA and lead citrate to
prevent precipitate from forming on the sections.

4. Use the filter paper to completely dry the grids after the rinses
to prevent residual stain from pooling around the grids.

5. If there is a lot of lead precipitate (Fig. 8e), the grids can be
soaked in double distilled water for an hour and that will help
reduce the precipitate. Grids can be soaked for longer periods if
the precipitate is really bad. In some cases they will need to be
re-stained, preferably with freshly made UA and lead citrate.
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6. Tissue that has been labeled with DAB or other electron dense
precipitates can be viewed on the electron microscope without
UA or lead citrate staining. This can help identify where the
labeled processes are without the potential confound of lead
precipitate.

7. Depending on the tissue, the combination of reduced osmium,
regular osmium, and en bloc uranyl acetate may provide suffi-
cient contrast, ameliorating the need for any post-staining.

5.6 Imaging 1. Doing a quick section check of all of the grids can prevent too
much time from being wasted on a series where one of the
middle grids has a hole or something that would prevent the
series from being completely imaged.

2. If it is suspected that the serial sections are out of order,
imaging the top corner (left or right) of the first and last section
on each grid as sections are checked for holes or precipitate can
help put the grids in the correct order before imaging the
series.

3. Aim to image near the middle of the sections to decrease the
probability of the region of interest migrating off of the section
before the series is completely imaged. Try to avoid imaging
areas where there are either cracks in the tissue arising from
poor infiltration of epon (Fig. 8f) or folds in film coating the
slot grid (Fig. 8g).

4. If sections tend to drift during imaging, switch the scope to a
lower magnification and allow the beam to “bake” the section
for a few minutes. This can help stabilize the film and decrease
drifting.

5.7 Analysis 1. For any structure of interest (polyribosome, SER, etc.), identify
for each series a best example of the organelle/structure to
which others can be compared.

2. Adjusting the contrast of the images can help to identify the
boundaries or connections of structures like synapses and SER.

6 Conclusions

Serial section electron microscopy is a powerful tool to examine
synaptic connectivity and the distribution of organelles. Recent
advances in computing technology are likely to facilitate the speed
with which these types of analyses can be done. However, so far,
humans are still much better at identifying the boundaries of cellu-
lar membranes and identifying ambiguous structures. Although the
initial collection of these types of data is time consuming, once the
data are acquired they can be revisited time and again for further
analysis.
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Combining Anterograde Tracing and Immunohistochemistry
to Define Neuronal Synaptic Circuits

Dusica Bajic

Abstract

Connectivity among different brain regions has been studied since the original neuronal descriptions by
Santiago Ramón y Cajal. Ultimately, only evidence of synapse proves actual connectivity between neurons
originating from different brain regions. This report focuses on technical aspects of anterograde neuroana-
tomical tract tracing combined with immunohistochemical methods specific for ultrastructural analysis of
neuronal contacts, synapses. Specifically, this technique combines peroxidase labeling of the anterograde
tracer, biotinylated dextran amine (BDA 10 kDa) with immunoperoxidase-silver enhancement detection of
a neuroactive substance present in the structures postsynaptic to tracer-labeled axon terminals. This
technique is widely utilized to identify neuronal circuits as well as the neurochemical content of neurons
that are implicated in incredibly complex and dynamic tasks. In this report we discuss technical steps in
detail, as well as the technique’s advantages and limitations.

Keywords: Anterograde tracer, Biotinylated dextran amine, BDA, Electron microscopy, Immunohis-
tochemistry, Synapse, Tyrosine hydroxylase, Ultrastructure

Abbreviations

ABC Avidin–biotin complex
BDA Biotinylated dextran amine
BSA Bovine serum albumin
DAB Diaminobenzidine
HRP Horseradish peroxidase
OsO4 Osmium tetroxide
PB Phosphate buffer
PBS Phosphate buffer saline
TBS Tris-buffered saline
TH Tyrosine hydroxylase
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1 Introduction

Anatomical connections among different brain regions have been
studied since the first decade of the twentieth century when
Santiago Ramón y Cajal proposed that neurons communicate
with each other [1]. As a result, a whole new subdiscipline emerged:
experimental neuroanatomical tract tracing. In fact, light micro-
scopic analysis is a first step in identifying the specific neuronal
circuitry for which numerous tract-tracing methods were imple-
mented in the past [2]. However, the limitation of light micro-
scopic technique lies in its inability to demonstrate the actual direct
contacts (synapses) between neurons of different regions. Specifi-
cally, at a synapse, the plasma membrane of the signal-passing
neuron (the presynaptic neuron) comes into a close apposition
with the membrane of the target (postsynaptic) neuronal compo-
nent (soma, dendrite, or axon). Therefore, in this chapter, we
describe a comprehensive technique to visualize synapses between
neurons comprising a specific circuit. The technique utilizes a
successful and widely applied neuroanatomical anterograde tracer,
biotinylated dextran amine (BDA) coupled with immunohisto-
chemistry. In other words, this combined technique identifies neu-
rons that project to a distant area and make synaptic contacts with
specific neurochemically identified neurons of interest. Only by
identifying synapses between neurons of two different regions can
their direct connectivity be unequivocally confirmed.

It was Veenman et al. [3] who initially reported excellent
quality of BDA (specifically, BDA 10 kDa) as an anterograde tracer.
From the site of injection in live animals, dextran molecules are
taken up by perikarya and dendrites by an unknownmechanism and
transported centrifugally, along their axons towards the synaptic
terminals in an anterograde fashion (Fig. 1a) [4, 5]. Its advanta-
geous properties are several and include the following [2]: (1)
tolerance to a variety of fixatives; (2) does not require antibodies
for identification; and (3) does not interact with immunohisto-
chemical treatment. As a result, this widely accepted anterograde
tracer, BDA, can be efficiently combined with immunohistochemi-
cal staining of interest for double-labeled light and electron micro-
scopic purposes. Light microscopic analysis gives valuable
information about the adequacy of anterograde tracer injection,
as well as the pattern of anterograde projections of neurons from
the injection site. Thus, light microscopic analysis is usually consid-
ered a prerequisite to embarking on electron microscopic tech-
nique. The latter involves several steps that are each sophisticated,
time-consuming, and technically challenging steps on their own.
Specifically, these include (1) anterograde tracer injections into the
particular brain area of interest; (2) double-labeling of BDA in
combination with specific neuronal immunohistochemistry to
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pinpoint a neurotransmitter of target neurons in a distant brain
region of interest; and (3) electron microscopic analysis to finally
demonstrate direct contacts (synapses) between anterogradely
labeled axons and neurons (either soma, dendrites, or axons) in a

Fig. 1 Schematic representation of tract-tracing neuroanatomical studies.
Biotinylated dextran amines (BDA) are organic compounds used as
ANTEROGRADE (panel a) and RETROGRADE (panel b) neuroanatomical tracers.
They can be used for labeling the source, as well as the point of termination of
neuronal connections and therefore to study neuronal pathways. Panel (a) illustrates
principles of anterograde tract tracing. A particular tracer, in this case BDA 10 kDa,
is injected into Area A, picked up by the neuronal cell bodies, and finally transported
down the axons all the way to its terminal field, Area B. Using electron microscopic
technique, one can demonstrate that this anterogradely labeled neuron that
originates from Area A forms a direct synaptic contact with another neuron
located in Area B, thus comprising a part of the specific neurofunctional circuit.
(b) In contrast, a retrograde tracer (e.g., BDA 3 kDa) from the area of injection, Area
A, is picked up by neuronal terminals, and transported in the opposite direction from
the neuronal terminal field all the way back to the neuronal cell body in a retrograde
fashion (Areas B–D). This type of tract tracing may give information as to which
areas have converging neurosynaptic input into the area of the tracer injection, Area
A. High-molecular-weight BDA (10 kDa) yields sensitive and detailed labeling of
axons and terminals (a), while low-molecular-weight BDA (3 kDa) yields sensitive
and detailed retrograde labeling of neuronal cell bodies (b) [4, 5]. Therefore, BDA
10 kDa and BDA 3 kDa should not be used interchangeably
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distant brain region of interest. Schematic illustrations of the
principles of double-labeling technique using BDA and immuno-
histochemistry are shown in Fig. 1. In summary, we describe
double-labeling technique to identify connectivity between two
different anatomical regions by utilizing anterograde tracer, BDA
(specifically, BDA 10 kDa) combined with tyrosine-hydroxylase
(TH) immunohistochemistry, a marker of catecholaminergic
neurons in specific regions of the brainstem.

2 Equipment, Materials, and Setup

The following section lists most of the important equipment and
materials that are required for successful completion of the
experiment.

2.1 Anterograde

Tracer Injections

1. Glass pipettes (1.2 mm outer diameter, with filament; World
Precision Instruments, Inc., Sarasota, FL) and a pipette puller
to allow for creation of micropipettes with a fine tip; inner tip
diameter of approximately 15–20 μm (no bigger than 40 μm to
allow for discrete tracer injections in the area of interest; Fig. 1).

2. Stereotaxic surgical frames (Harvard Apparatus, a Harvard
Bioscience company that makes many varieties for different
species) for selective injections of tracer of interest in discrete
anatomical regions.

3. Anterograde tracer BDA (BDA 10 kDa; 10,000 MW, D-1956;
Molecular Probes, Eugene, OR). Dextrans are hydrophilic
polysaccharides characterized by their moderate-to-high
molecular weight, good water solubility, and low toxicity.
They also generally exhibit low immunogenicity. Dextrans are
biologically inert due to their uncommon poly-(α-D-1,6-glu-
cose) linkages, which render them resistant to cleavage by most
endogenous cellular glycosidases. Tracer should be dissolved in
water, saline, or 10 mM phosphate buffer (PB), pH 7.25
(5–10 % rodents; 10 % primates).

2.2 Brain Tissue

Fixative Solution

BDA is compatible with a wide range of fixatives. Considering the
technique of BDA visualization is coupled with immunohistochem-
istry of a particular neuronal marker, fixatives that work well for
light microscopic analysis vary and may include buffered 4 % form-
aldehyde, 0.1 % glutaraldehyde, and 0.25 % saturated picric acid
solution [2]. However, for the purpose of ideal brain tissue fixation
that will lead to optimal tissue preservation for electronmicroscopic
analysis, we recommend the following solution to be prepared for
the transcardiac perfusion (see below): combination of 3.75 % acro-
lein (Electron Microscopy Sciences, Fort Washington, PA) and 2 %
paraformaldehyde in 0.1 M PB, pH 7.4.
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2.3 Vibratome This is an instrument similar to a microtome but uses a vibrating
razor blade to cut through fixed brain tissue embedded in low-
gelling-temperature agarose. For the purpose of the ultramicro-
scopic analysis, using a vibratome (instead of a cryostat) avoids
tissue exposure to freezing temperatures and avoids dehydration
and crystallization of water molecules in brain tissue prior to
embedding, thus decreasing loss of cell constituents. Its other
advantage is the lack of any harsh chemical treatments (e.g., paraffin
embedding) that may lead to antigen instability.

2.4 Tissue Double-

Labeling

1. BDA visualization requires the following materials: (1) Avi-
din–Biotin Complex (Elite Standard Vectastain ABC Kit, PK-
6100, Vector Laboratories); (2) 3,30-diaminobenzidine
(DAB; Aldrich, Milwaukee, WI), and (3) 30 % hydrogen
peroxide. Since the BDA label is taken up by the neurons
and fills the neuronal cytoplasm, the detection reporter mol-
ecule (streptavidin-horseradish peroxidase (HRP)) must
cross all cellular membranes to bind to its target, BDA. The
ABC Kit is widely accepted as one of the most sensitive,
economical, and reliable immunoperoxidase detection sys-
tems available. Although the visualization of BDA does not
require any antibodies, the penetration of streptavidin-HRP
conjugate from the ABC Kit takes some time to occur; incu-
bation time is 1.5–2 h. The addition of any detergents (e.g.
0.3–0.5 % Triton X-100) that might improve penetration is
not necessary for visualization of BDA, and should be abso-
lutely avoided for any tissue processing performed for elec-
tron microscopic analysis.

2. Immunohistochemical labeling of neurons of interest must
include (1) primary antisera1 that should be diluted in 0.1 %
bovine serum albumin (BSA) in 0.1 M Tris-buffered saline
(TBS) solution at a certain concentration; (2) blocking solution
(0.01 M phosphate-buffered saline with 0.2 % gelatin (Gelatin;
IGSS quality; Amersham Life Sciences, Piscataway, NH) and
0.8 % BSA); (3) appropriate secondary antibody2 that must be
conjugated to 1 nm gold particles diluted in the same blocking
solution; (4) rinsing solutions: 0.1 M TBS, 0.01 M phosphate-
buffered saline (PBS; pH 7.4), and 0.2 M sodium citrate buffer
solution (pH 7.4); as well as (5) silver enhancement kit (Intense
M Sliver Enhancement kit, RPN 491, Amersham Corp.).

1 In our previously published work [6–8], we used mouse primary antisera directed against tyrosine hydroxylase
(TH; Incstar Corp., Stillwater, MN) that was diluted 1:5000 with 0.1 M TBS and contained 0.1 % BSA.
2 The secondary antibody used in our experiments that visualized catecholamine neurons was goat anti-mouse
secondary antibody conjugated to 1 nm gold particle (Auro Probe One GAM; RPN 471; Amersham Corp.,
Arlington Heights, IL) diluted 1:50 with the blocking solution.
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2.5 Electron

Microscopy

Solutions and setups necessary for different steps leading to a tissue
embedding for electron microscopy include the following:

1. 2 % osmium tetroxide (OsO4) solution in 0.1 M PB is a staining
agent that is widely used for transmission electron microscopy
to provide contrast to the image [9]. It embeds a heavy metal,
creating a high electron-scattering rate. In the staining of the
cell membranes, osmium binds directly into cell membranes to
create contrast with the neighboring cytoplasm. It also stabi-
lizes many proteins by transforming them into gels without
destroying structural features while preventing protein coagu-
lation by alcohols during dehydration [10] (see next).

2. Series of diluted alcohol solutions to dehydrate the tissue: 50,
70, 95, 100 % alcohols.

3. After dehydration, the tissue needs to be embedded (hard-
ened), so it can be appropriately sectioned prior to viewing.
Both “transition solvent” such as propylene oxide and an epoxy
resin, Embed 812 (cat# EMS 14120; Electron Microscopy
Sciences, Hatfield, PA; also previously known as Epon 812)
are needed. The latter will be used for embedding/infiltration
of tissue. Finally, flat embedding should be done between two
sheets of plastic (Aclar, Ted Pella, Inc., Redding, CA) under a
higher temperature; the oven should be set at 65 �C.

4. Ultramicrotome (Leica Microsystems) provides easy prepara-
tion of extremely thin (ultrathin) tissue sections of samples
for electron microscopic analysis.

5. Electron microscope.

3 Procedures

3.1 Anterograde

Tracer Injection

The first step in obtaining successful results is to identify the exact
location of the brain area of interest whose projection one wants to
study as a part of a circuit. For example, in the hypothesis driven
experiment, one would want to show that brain Area A projects to
and forms synapses with neurons from the brainArea B, located at a
distance to Area A (Fig. 1a). How successful one is going to be in
showing the projection of interest is primarily determined by the
accuracy of stereotaxic coordinates for brain Area A, the tracer
injection site.

Once the coordinates are determined and the surgical stereo-
taxic apparatus set, animals should be deeply anesthetized with
pentobarbital (50 mg/kg). The incisor bar should be set at
�2.5 mm. The dorsal surface of the rat head should be shaved
and skin surgically prepared using aseptic techniques prior to using
a scalpel to cut it. Once the skull is exposed, stereotaxic coordinates
should be set and lowered to mark the approximate location of
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where a cannula should be placed. Once the burr hole is drilled,
making sure that no vascular structures are damaged, dura should
be cut open and gently pulled to the sides of a burr hole. A glass
micropipette (1.2 mm outer diameter) with a tip diameter of
15–20 μm should be already filled with a 10 % solution of the
anterograde tracer BDA (BDA 10 kDa) in saline, prior to lowering
it to the appropriate target site (Area A in Fig. 1). BDA is compati-
ble with a wide variety of delivery vehicles: distilled water, saline, or
phosphate buffer (see Section 2).

Both iontophoretic and mechanical injections were reported
for depositing BDA into the selected brain area [4]. BDA is typically
iontophoretically deposited using 5 μA positive current pulses of
500-ms duration at a rate of 0.5 Hz for 30 min (see also [11, 12]).
The pipette should remain in place for 60 s after the injection to
minimize diffusion of the tracer along the electrode track. Upon
pipette removal, skin should be cleaned and closed with sutures or
surgical clips. On average, a period of 12–18 days should be allowed
for anterograde tracer transport, from cell bodies and dendrites
down the axons towards the axonal terminals (Fig. 1a). Survival
time is in proportion to the length of the projection under study.
Specifically, anterograde transport is estimated to span 15–20 mm of
tract in 1 week [3, 4]. This anterograde tracer, BDA 10 kDa, remains
stable in for up to 4 weeks in a rodent brain, and was detected up to 7
weeks following injection in a primate brain [2].

3.2 Perfusion Following the period of survival, animals should be deeply anesthe-
tized and transcardially perfused. Anesthesia should be effectively
achieved by intraperitoneal injection of pentobarbital (70 mg/kg).
If necessary, one can supplement it with an inhalational anesthetic,
isoflurane. BDA tolerates a wide variety of fixatives. For optimal
tissue preservation for the electron microscopic analysis, we recom-
mend transcardiac perfusion with (1) 10 ml of heparinized saline
(1000 units/ml; Elkins-Sinn, Inc., Cherry Hill, NH) at a speed of
100 ml/min, followed by (2) 100 ml of 3.75 % acrolein and 2 %
paraformaldehyde in 0.1 M PB adjusted to pH 7.4 and perfused
at the same speed, and (3) 100 ml of 2 % paraformaldehyde
in 0.1 M PB adjusted to pH 7.4 and perfused at a speed of
100 ml/min, and an additional 100 ml of the paraformaldehyde
solution perfused at a slower speed of 60 ml/min. Following perfu-
sion, fixed brains should be removed, cut into tissue blocks of interest,
and post-fixed in 2 % paraformaldehyde overnight. Finally, brain
blocks should be immersed in cold 0.1 M PB and 40 μm transverse
sections should be cut on a vibratome. Freely floating sections are then
ready to be processed for double-labeling immunohistochemistry.

3.3 BDA

Histochemistry

A method for histochemical tissue processing for the visualization
of BDA was described in detail in our previous reports [6–8] and is
outlined in Fig. 2. Specifically, tissue sections should be rinsed for
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Fig. 2 Detection of the anterograde tracer, biotinylated dextran amine (BDA),
and tyrosine hydroxylase (TH) in the floating tissue sections for electron
microscopic analyses. Outline illustrates steps required for double labeling of
an anterograde tracer, BDA (brown) and noradrenergic neurons (black)
following peroxidase (H2O2) reaction and silver intensification
immunohistochemistry, respectively. Abbreviations for different washes and
solutions are found in the Abbreviation list and the text of the manuscript
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5 min in 0.1 M PB (pH 7.4), 30 min in 1.5 % sodium borohydride
in 0.1 M PB solution, 5 min in 2–3 washes with 0.1 M PB before a
final wash for 5 min in 0.1 M Tris-buffered saline (TBS, pH 7.6).
Then, sections should be incubated for 1.5–2 h in a solution con-
taining ABC Kit at room temperature, followed by two 10-min
rinses in 0.1 M TBS (pH 7.6). Brown peroxidase reaction product
of BDA is produced by incubation of sections for 4–5 min only, in a
solution containing 22 mg of 3,30-DAB and 20 μl of 30 % hydrogen
peroxide in 100 ml of 0.1 M TBS (pH 7.6).

Considering that BDA fills the neuronal cytoplasm, the brown
peroxidase staining product forms a homogeneous label inside
neurons against a perfectly clear background. This characteristic
makes the BDA easy to combine with other labels, either other
tract tracers or additional immunohistochemistry to detect neuro-
active substances (see below). In addition, the homogeneous dis-
tribution of BDA label along the entire axon allows for extremely
precise light microscopic mapping of fiber tracts, organization of
fascicles, as well as the study of terminal fields (Fig. 3; for an
example see our previous work [13, 14].

The electron microscopy technique is a gold standard for con-
firming synaptic contacts between anterogradely labeled axons and
neurons located in the terminal field (see Area B in Fig. 1a). Struc-
tural details, as seen by the electron microscope, are preserved so
well that the pre- and postsynaptic membrane densities of labeled
axon terminals can be clearly appreciated and distinguished from
surrounding neuropil [12]. At the ultrastructural level, the immu-
noperoxidase detection of an anterograde tracer, BDA, can be
combined with an immunoperoxidase-silver enhancement detec-
tion of a neuroactive substance present in the structures postsynap-
tic to tracer-labeled axon terminals (see next).

3.4 Tissue

Immunohisto-

chemistry

Immunogold labeling or immunogold staining is a staining tech-
nique used in electronmicroscopy. Gold is used for its high electron
density, which increases electron scatter to give high-contrast “dark
spots” or “black dots.” Colloidal gold particles are most often
attached to secondary antibodies, which are in turn attached to
primary antibodies designed to bind a specific protein or other cell
component. The electron-dense gold particle can then be seen
under an electron microscope as a black dot, indirectly labeling
the molecule of interest. The labeling technique can be adapted
to distinguish multiple objects by using differently sized gold par-
ticles. In addition, the small gold particles have also been visualized
more readily by electronmicroscopy after silver enhancing [15] that
is utilized in the technique described here.

Tissue processing for optimization of differential peroxidase
labeling and immunogold-silver immunohistochemistry with
maintenance of ultrastructure in brain sections before plastic
embedding was previously described in detail [16, 17]. These
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studies defined the conditions needed for optimal immunogold-
silver labeling of antigens while maintaining the ultrastructural
morphology of the brain sections. They also established the neces-
sity for controlled silver intensification for both light or electron
microscopic differentiation of immunogold-silver and peroxidase
reaction products leading to optimal subcellular resolution. In our
previous work [6–8], we combined BDA peroxidase labeling with
immunohistochemistry against the enzyme responsible for synthe-
sis of catecholamine neurons, TH. Specifically, after BDA staining
(brown peroxidase reaction as described above), sections should be
incubated overnight in a solution containing PRIMARY

Fig. 3 This figure illustrates the relationship between BDA-labeled axons and
tyrosine hydroxylase-immunoreactive, noradrenergic neurons comprising the
pontine A7 cell group. This camera lucida drawing of BDA-labeled axons (blue)
and noradrenergic profiles (neurons and dendrites shown in red) is representative
of a transverse pontine section throughout the A7 cell group. Anterogradely labeled
axons (blue) originate from the rostral ventrolateral periaqueductal gray where the
anterograde tracer (BDA 10 kDa) was injected. The open arrows indicate examples
of BDA-labeled axons closely apposed to noradrenergic somata or dendrites, while
solid arrows indicate examples of BDA-labeled axons not in close apposition to
noradrenergic profiles. Visualizing such detailed anatomical relationships between
blue and red profiles was accomplished by tracing selected markers (BDA and
tyrosine hydroxylase) following double-labeling immunohistochemistry. It was
done directly from the light microscope under 20� objection magnification by
using Neurolucida software (MBF Bioscience, Williston, VT). See also previously
published work by our group [6–8, 13]. The Neurolucida software allowed for
color-coding of selected profiles. Illustrated light microscopic analysis allows for
excellent identification of anterograde tracer terminal fields, but is limited in its
ability to visualize direct synaptic contacts. Scale bar ¼ 200 μm
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ANTISERA diluted with 0.1 M TBS and contained 0.1 % BSA.
After several rinses in 0.1 M TBS followed by 0.01 M phosphate
buffer saline (PBS, pH 7.4), sections should be placed in a blocking
solution containing 0.01 M PBS with 0.2 % gelatin (Gelatin, IGSS
quality, Amersham Life Sciences, Piscataway, NJ) and 0.8 % BSA for
10 min. Sections should then be incubated for 2 h in a solution
containing SECONDARY ANTISERA. The secondary antisera
should be an antibody conjugated to 1 nm gold particles diluted
with the blocking solution described above. Subsequently, sections
should be rinsed again for 10 min in the blocking solution, three
times for 10 min in 0.01 M PBS, and for 10 min in 2 % glutaralde-
hyde. After a 10-min rinse in 0.01 M PBS, sections should be
washed for an additional 10 min in 0.2 M sodium citrate buffer
(pH 7.4) to remove phosphate ions that could contribute to the
nonspecific precipitation of silver. The optimal time for silver
enhancement using the Intense M Silver Enhancement kit was
determined to be 15–20 min. Transferring tissue sections to a
0.2 M sodium citrate buffer stops the silver enhancement reaction.
This processing produces black staining of immunolabeled neu-
rons. All incubations and washes should be carried out at room
temperature with gentle agitation. For the summary of steps, see
Fig. 2.

3.5 Tissue

Embedding for

Electron Microscopic

Analysis

Following the silver intensification step, tissue sections should be
rinsed once for 5 min in 0.1 M PB and incubated for 1 h in 2 %
osmium tetroxide solution in 0.1M PB on flat porcelain plate wells.
After osmium processing, sections should be dehydrated through a
series of alcohol solutions (Fig. 2) prior to undergoing tissue
embedding, a final step prior to electron microscopic observation.
Specifically, sections should be placed in vials containing equal parts
of propylene oxide and Embed 812 mixture, and infiltrated overnight
with gentle rotation at room temperature. Finally, sections should
be infiltrated with Embed 812 mixture (without propylene oxide)
for 2 h with gentle rotation before flat embedding them between
two sheets of plastic. The resin should polymerize (harden) by
placing the sheets in an oven at 65 �C. Once hardened, plastic-
embedded tissue sections should be examined with a stereomicro-
scope, and small regions of interests should be trimmed out and
mounted on preformed resin blocks, followed by ultramicrotome
sectioning for electron microscopy.

3.6 Electron

Microscopic Analyses

One should examine at least two to three 40 μm thick tissue
sections per region of interest (Area B; Fig. 1a). Specifically,
about 5–10 ultrathin sections should be cut from each 40 μm
thick tissue sections with diamond knife on the ultramicrotome.
Those ultrathin section (80 nm thick) should be collected on grids
and counterstained with 4 % uranyl acetate and Reynold’s lead
citrate before being examined using a transmission electron
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microscope. Sections should be examined in detail and photomi-
crographs taken of each labeled profile (axons, dendrites, neuronal
cell bodies) using a magnification of 10,000�. Finally, all the
photomicrographs should be examined and all the labeled profiles
classified. For the definition of cellular elements and their proper
identification under electron microscope, please refer to previously
published work [18, 19] or textbooks [20, 21].

3.7 Ultrastructural

Characteristics of BDA

Labeling

The appearance of the peroxidase reaction product in BDA-labeled
profiles (axon terminals (Fig. 4), unmyelinated and myelinated
axons) is distinct and described as a dense, dark flocculent label.
However, its appearance can differ depending on the intensity of
labeling even in the same tissue sections. Light BDA labeling allows
for a clear identification of membrane profiles (e.g., asymmetric
synapse; Fig. 4) and the characteristics of the synaptic vesicles
(e.g., small round vs. large dense core vesicles). This is in contrast
to occasional intense BDA label that completely obscures visualiza-
tions of the fine ultrastructure.

3.8 Characteristics

of Silver-Intensified

Gold Labeling

Immunolabeling in single thin sections should be identified by the
presence of at least three gold particles within a specific cytoplasmic
compartment. Therefore, lightly labeled somatic and dendritic
profiles (containing less than three individual particles) should be
confirmed by the presence of gold particles in at least two serial
sections when possible (see Fig. 4). A profile that contains only
one or two individual gold particles and is unlabeled in adjacent
thin sections should be designated as lacking detectable
immunoreactivity.

3.9 Limitation of the

Technique Described

The main limitations of the present study are inherent to all anter-
ograde transport studies and these include the spread of the antero-
grade tracer from the injection site and uptake by neurons in
neighboring brain areas, as well as uptake by damaged fibers that
pass through the site of the tracer deposit. To minimize this, BDA
deposits should be confined to the area of interest only and not
spread to the surrounding regions. Glass micropipettes with small
tip diameters should be used to produce minimal neuronal damage
while injecting the tracer.

An additional potentially confounding factor is the retrograde
labeling of neurons with axons that project to the tracer injection
site, and subsequent anterograde transport in axon collaterals
[3, 12, 23]. Although a systematic study of this retrograde–anter-
ograde transport was not done, only a small number of retrogradely
labeled neurons are observed when using BDA 10 kDa. These are
usually randomly distributed are not concentrated in any particular
region. It is unlikely that these scattered retrogradely labeled neu-
rons provide a significant contribution to the labeling of axons and
terminals seen in the area of interest. In summary, one should pay
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Fig. 4 Ultrastructural illustration of a single anterogradely labeled terminal forming a synapse with a
noradrenergic dendrite (a–d). Specifically, these four serial electron micrographs illustrate an example of a
synaptic contact (large curved arrow) between a densely anterogradely labeled axon terminal (BDA),
originating from the neurons in the ventrolateral periaqueductal gray, and a noradrenergic dendrite labeled
by tyrosine hydroxylase (TH). Note the difference in labeling for electron microscopy between peroxidase label
of BDA and silver intensified immunogold label (particulate matter) of TH. This figure illustrates two additional
points. The first one is related to the importance of identifying double labeling in serial thin sections. A profile
containing only one (d) or two (c) immunogold particles could not be designated as noradrenergic unless the
adjacent thin sections identify more than two gold particles in the same profile (a and b). Furthermore,
characteristics of an asymmetric synapse are most clearly seen in Panel (a). Asymmetric synapses are
identified by the presence of thick postsynaptic densities (Gray’s Type I), while symmetric synapses have thin
densities (Gray’s Type II) located both pre- and postsynaptically [22]. Although panels (b) and (d) clearly show
the membrane structures between the two profiles, unequivocal characteristic of an asymmetric synapse
(postsynaptic density) is missing. Similarly, the densely labeled axon terminal (BDA) is closely apposed (small
open arrow) to an unlabeled dendrite (ud), but synaptic specializations are not readily apparent in any of the
four serial sections. Scale bars ¼ 1 μm. ma myelinated non-labeled axon. Panels (a) and (b) are used with
permission from Journal of Comparative Neurology
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attention to the extent of retrograde labeling, if any (e.g., BDA-
labeled neurons and dendrites in the area of ultrastructural analy-
sis). In addition, an anterograde tracer BDA 10 kDa (Fig. 1a)
should not be interchanged with another member of the dextran
amine tracers, BDA 3 kDa. The latter one is better suited for
retrograde tracing purposes [4]. This smaller molecule is trans-
ported in a retrograde fashion, from the neuronal terminals back
to the neuronal cell body. For schematic illustration of principle of
retrograde transport, refer to Fig. 1b. Future studies should con-
sider a novel anterograde tracing technique involving a GFP-
containing recombinant adeno-associated virus vector that virtually
has no retrograde tracing but has the same pattern of distribution as
biotinylated dextrans and another anterograde tracer, Phaseolus
vulgaris leucoagglutinin [24, 25].

4 Notes

4.1 Anterograde

Tracer Injection

1. During stereotaxic injections, the size/weight of the animal
should be taken into account. As the animal grows, the coor-
dinates might change, especially if one is trying to inject BDA
into a small brain nucleus. Thus, several attempts should be
made initially until ideal stereotaxic coordinates are set for an
animal of a particular size.

2. Micropipette tip diameter may play a significant role in the
amount of BDA deposited and thus the amount of tracing
that will be detected. If the tip is inadvertently broken, the
injection might be quite significant. One should examine the
tip of the micropipette upon the completion of injection to
confirm the tip was intact. Detection of a broken tip can
subsequently explain the larger than expected BDA injection
site.

3. If large volumes of BDA tracer are pressure injected, one
should be aware of the potential uptake of the BDA tracer by
the fibers of passage that can lead to erroneous tracing, includ-
ing a retrograde labeling (see below; Fig. 1b).

4.2 Perfusion and

Vibratome Sectioning

1. For the most successful transcardiac perfusion, one would
ideally want to place the perfusion cannula into the left heart
ventricle, and cut a hole in the right atria for the perfusate to
escape. Occasionally, the cannula is placed into the right ventri-
cle, instead of the left, leading to primary infusion of lungs.
Lungs then become inflated and filled with solution. One
should try to reposition the cannula into the left ventricle.
Irrespectively, perfusion should continue, as the brain will
eventually be fixed even if the perfusate is injected into the
pulmonary circulation first.
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2. Tissue blocks should be embedded into agar (6 %) dissolved in
water to create agar gel. Once firm, sides of the agar should be
trimmed and tissue block should be glued to the glass surface of
the vibratome platform using an Instant Krazy glue (Cam-
bridge, MA). It is nice to prepare ice-cubes out of the 0.1 M
PB to be used in case the vibratome well solution starts to warm
up. Vibratome sectioning at room temperature is imperative for
good tissue preservation prior to electron microscopic analysis.
Freezing the tissue will break the membranes and destroy the
fine-tissue morphology.

3. Each time a new tissue block is cut, one should use a new blade.

4. Finally, before starting the sectioning, one should notch the
CONTRALATERAL SIDE to the injection site of the tissue
block using an injecting needle. Nothing is more imperative for
electron microscopic study of tracers than knowing the side of a
tracer injection.

4.3 BDA

Histochemistry

1. One could use light microscopic visualization of only BDA to
confirm adequate location of BDA injection sites. This is espe-
cially convenient when the injection site (Area A, Fig. 1a) is far
from the area of analysis (Area B, Fig. 1a). Tissue sections
containing the injection site should be collected and processed
separately following the protocol described above. For the light
microscopic analysis, one could also add Tris/Triton-X 100
solution wash for 20 min, followed by Tris/saline wash prior
to starting the ABC reaction. Note that Triton-X 100 is not
necessary for BDA labeling and that any processing of tissue
with Triton-X 100 would be detrimental for electron micro-
scopic studies since all the protein structures would be
destroyed.

2. One should consider light microscopic analysis of an antero-
grade tracer double-labeled with a neurochemical marker as a
prerequisite for ultrastructural analyses. This is to actually show
that BDA-anterogradely labeled axons are indeed present in the
area of interest. Light microscopic analysis is quite limited in its
resolution; light microscopic results only imply close appositions
between anterogradely labeled axons (originating from the Area
A, Fig. 1a) and neurons of interest (Area B, Fig. 1b; e.g. norad-
renergic neurons of the pontine A7 cell group; Fig. 3).

4.4 Tissue

Immunohisto-

chemistry

1. When considering multiple immunostaining protocols, bioti-
nylated secondary antibodies might cross-react with the BDA
during the detection step for the additional markers. There-
fore, biotinylated secondary antibodies should be avoided
when double labeling also involves BDA. Note that for the
described protocol to work for electron microscopic analysis,
secondary antibodies must be conjugated to gold particles.
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2. For an overview and examples of peroxidase substrates cur-
rently available that could be combined for double tract tracing
paradigms, refer to a recent review [2]. Report by Anderson
et al. [26] described successful triple labeling using different
substrates (DAB as flocculent precipitate, silver-intensified
immunogold, and benzidine hydrochloride (crystalline
texture)).

3. For additional examples of double-labeling immunohisto-
chemistry for electron microscopic techniques, see studies that
combine pre-embedding peroxidase detection of anterograde
tracer with post-embedding GABA immunohistochemistry to
determine the GABA presence inside the tracer-containing
presynaptic axon terminals [27–29].

4.5 Tissue

Embedding for

Electron Microscopic

Analysis

1. Antibodies and gold particles cannot penetrate the resin used
to embed samples for imaging. Labeling prior to embedding
the sample (as described in previous sections) can reduce the
negative impact of this limitation.

4.6 Approach for

Electron Microscopy

1. Immunogold labeling can introduce artifacts, as the gold par-
ticles reside some distance from the labeled object. Very thin
sectioning is required during sample preparation; thus 80 nm
thick sections should be cut with ultramicrotome.

2. Electron microscopic photomicrographs should be exclusively
prepared from regions of tissue located only near the surface of
the sections. Remember that the tissue sections are 40 μm thick
and that immunolabeling penetrates and labels the profiles of
interest only on the surfaces of each section (see Fig. 4). Limi-
tation of this immunohistochemical method to detect trace
amounts of labeling may contribute to an underestimation of
the number of profiles detected by silver-intensified gold label-
ing. This potential limitation can therefore be minimized by
not only collecting tissue sections near the tissue surface but
also by ensuring that both labels were clearly present in fields of
analysis.

5 Conclusions

The significance of this technique, double labeling of anterograde
tracer (BDA 10 kDa) combined with silver-intensified gold labeling
immunohistochemistry, is several. Visualization of synapses
between the neurons of a particular neuronal circuit provides direct
ultrastructural evidence of neuronal circuit communication (axon-
to-dendrite communication; monosynaptic projection). Further-
more, visualization of synapses of anterograde tracer with other
axons in the area of interest (axo-axonic synapses) provides
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supportive evidence of indirect influence anterogradely labeled
axons exert on a synaptic transmission. Finally, establishing anato-
mical evidence of neuronal circuits is a prerequisite to subsequent
physiological studies.
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Abstract

Dendritic spines are the main sites of excitatory glutamatergic synapses in the central nervous system.
Morphological, ultrastructura l, and numerical changes in dendritic spines are associated with long-term
potentiation or depression of normal synaptic transmission, and with various brain diseases and pathological
conditions that affect glutamatergic transmission. Thus, a deep understanding of the structural changes that
affect dendritic spines in normal and pathological conditions is a key element of structure-function
relationships that regulate synaptic transmission in the mammalian brain. In this chapter, we describe the
procedure used in our laboratory that combines immuno-electron microscopy methods (to identify specific
populations of presynaptic terminals or dendritic spines), serial ultrathin sectioning, and three-dimensional
electron microscopy reconstruction to analyze ultrastructural and morphometric changes of individual
dendritic spines in rhesus monkey models of brain diseases, most specifically related to Parkinson’s disease.

Keywords: Non-human primates, Brain issue, Perfusion, Tissue processing, Immunocytochemistry,
Ultramicrotomy, Serial sections, Transmission electron microscopy, Dendritic spines, 3D reconstruc-
tion, Quantitative analysis

1 Introduction

In 1891, Ramon y Cajal provided the first detailed description of
dendritic spines as small protrusions on the surface of neurons [1].
Since then, studies of spine size, morphology, number, morpho-
genesis, and plasticity have been at the forefront of research in
various laboratories.

Although dendritic shafts and spines could be seen at the light
microscopic level, it wasn’t until the 1950s that transmission elec-
tron microscopy (TEM) allowed to demonstrate that dendritic
spines are the primary sites of excitatory synapses in the CNS [2, 3].
The use of three-dimensional (3D) reconstruction of individual
spines through serial ultrathin sections has since been produced,
initially by tracing the outline of the structures of interest from
illuminated EM images on a sheet of acetate [4]. Over the years, 3D
EM reconstruction methods and analyses have relied increasingly
on computers, digital cameras [5–7], and computerized software
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tools such as Reconstruct (http://synapes.bu.edu) [8–10] or Midas
(manual image alignment for MRC files; http://bio3d.colorado.
edu/imod/) [11] to register images taken from serial ultrathin
sections with TEM.

The use of computer-assisted 3D reconstructions of individual
spines at the electron microscopic level has been applied to the
analysis of individual dendritic spines from specific neuronal popu-
lations (i.e., hippocampal and cortical pyramidal neurons, cerebellar
Purkinje cells, striatal medium spiny neurons, etc.. . .) under physi-
ological and pathological conditions. Together, these studies
provided evidence that spines are highly plastic entities that are
capable of complex structural remodeling in response to physiolog-
ical or pathophysiological alterations, and that these structural
changes are correlated with altered synaptic transmission in normal
and diseased states [12–31].

In recent years, our laboratory has devoted significant interest
in characterizing the ultrastructural changes of dendritic spines and
related glutamatergic synapses on striatal neurons in the non-
human primate model of Parkinson’s disease. We have combined
immuno-electron microscopy procedures (to identify specific
populations of presynaptic terminals), serial ultrathin sectioning,
and 3D EM reconstruction to quantitatively assess and compare
various ultrastructural parameters known to be closely linked with
synaptic strength and efficacy of glutamatergic synapses in the
striatum of adult rhesus monkeys between normal and parkinsonian
states. More specifically, these approaches allowed us to quantify
and compare various structural parameters of striatal spine mor-
phology and specific glutamatergic synapses between normal
monkeys and animal models of Parkinson’s disease. Thus, using
striatal projection neurons as a working model, the following pro-
tocol will describe the technical procedures used in our laboratory
to generate series of high-quality EM images that can be used for
quantitative analysis to determine ultrastructural changes in the
morphology, synaptic connectivity, and perisynaptic glial coverage
of axo-spinous cortical or thalamic synapses between normal and 1-
methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)-treated par-
kinsonian monkeys [26–29].

2 Materials

2.1 General

Reagents, Equipment,

and Supplies

pH meter, hot plate stirrer, forceps, transfer pipettes, Eppendorf
pipettes®, pipette tips, beakers (glass and plastic), graduated cylin-
ders (glass and plastic), flasks, conical flasks, petri dishes (glass and
plastic), scintillation vials, Erlenmeyer flasks, culture plates (24- and
6-well plates), distilled water apparatus, gloves, small paint brushes,
filter paper, microscope slides, cover glasses, safety goggles, lab
coats, glass markers, spatulas, fume hood, dissector scope,
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microscope, watch glasses, magnetic stirring bars, digital scale bal-
ance, weight boats and dishes, funnels (glass and plastic), scissors,
safety razor blades, plastic syringes, syringe filters, Kimwipes®,
Parafilm®, aluminum foil, sharp safety containers, cyanoacrylate
glue.

2.2 Buffers and

Solutions

1. Phosphate buffer (PB) 0.2 M pH 7.4:

Solution A: 27.6 g sodium phosphate monobasic in 1 liter (1 l)
distilled water. NaH2PO4 · H2O. Store it in the fridge
(4 �C).

Solution B: 53.6 g sodium phosphate dibasic heptahydrate in 1 l
distilled water. Na2HPO4 · 7H2O

Mix 800 ml Solution B with 200 ml Solution A for a total
volume of 1 l or 5.52 g NaH2PO4 · H2O + 42.88 g
Na2HPO4 · 7H2O in 1 l. Adjust the pH to 7.4 with
NaOH or HCl. Store it in the fridge (4 �C).

2. PB (0.1 M pH 7.4): Mix 400 ml Solution B with 100 ml
Solution A in 500 ml distilled water, or 2.76 g NaH2PO4 ·
H2O + 21.44 g Na2HPO4 · 7H2O in 1 l. Adjust the pH to 7.4
with NaOH or HCl. Store it in the fridge (4 �C).

3. PBS (0.01 M pH 7.4): Use working solution from PBS in
fridge or use stock solution 1:10 in distilled water. Adjust the
pH to 7.4 with NaOH or HCl and store in the fridge (4 �C).
For a 10� recipe: Dissolve in 20 l of distilled water: 428.8 g of
sodium phosphate dibasic (Na2HPO4 · 7H2O), 55.2 g of
sodium phosphate monobasic (NaH2PO4 · H2O), 1800 g
of NaCl. Adjust pH and leave at room temperature (RT).

4. TRIS (0.05 M pH 7.6): Dissolve 6.05 g THAM (C4H11NO3)
in 1 l distilled water. Adjust the pH to 7.6 with NaOH or HCl.
Store in the fridge (4 �C).

5. Antifreeze solution: To prepare 1 l: 13.75 g sodium phosphate
monobasic (solution A) NaH2PO4 · H2O, 25.75 g sodium
phosphate dibasic heptahydrate (solution B) Na2HPO4 ·
7H2O; 400 ml distilled water, 300 ml ethylene glycol, and
300 ml glycerol.

6. Cryoprotectant solution: To prepare 1 l: Mix 200 ml PB
(0.2 M pH 7.4) with 520 ml distilled water, 80 ml glycerol,
and 200 g sucrose. This solution is used before freezing the
sections that are going to be processed for electron microscopy.

7. Pioloform solution: Under the hood, dilute 0.75 g of Piolo-
form in 100 ml of chloroform and stir vigorously (the final
volume of the solution must be 35ml). Mix 15ml of Pioloform
with 20ml of chloroform and filter it in a glass staining dish and
cover it. Store the solution in the fridge after use. This solution
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needs to be removed from the fridge 3 h before the beginning
of the technique.

2.3 Perfusion and

Tissue Fixation

1. Large fume hood or downdraft table: Perfusion procedures
must be performed under either a fume hood or on a down-
draft table to reduce exposure to aldehyde vapors.

2. Personal protective equipment: Eye protection, face shields,
masks, gloves (double), surgical gown with long sleeves and
elastic cuffs, shoe covers, head cover. Any contact with non-
human primate tissue or liquids must be done in accordance
with the Standing Operating Procedures in place at your
institution.

3. Perfusion/dissection aid tools: Dissecting scissors, bone cut-
ters, retractors, forceps, hemostats, scalpel and blades, spatulas,
bone rongeurs, bone saw, peristaltic perfusion pump.

4. Animals: Adult rhesus monkeys (Macaca mulatta).

5. Anesthetics: Pentobarbital (100 mg/kg i.v.).

6. Oxygenation system: O2/CO2 (95/5 %) gas tank with regula-
tor, assorted tubing, connectors, and clamps.

7. Ringer’s solution: In 1 l distilled water, dissolve the following
reagents: 0.60 g HEPES, 11.86 g NaCl, 0.223 g KCl, 0.353 g
CaCl, 2.18 g NaHCO3, 0.177 g KH2PO4, 0.32 g MgSO4,
1.8 g D-glucose (see Note 1).

8. Fixative: Whatever method of fixation is selected, it must serve
the dual purpose of retaining the essential structural and anti-
genic components of the tissue, without introducing any mate-
rial that may interfere with the overall quality of the
immunohistochemical labeling. In our case, we use 2 l of a
mix of paraformaldehyde (4 %) and glutaraldehyde (0.1 %) to
perfuse an adult rhesus monkey. To prepare 2 l of 4 % parafor-
maldehyde and 0.1 % glutaraldehyde fixative: Heat 1 l distilled
water until the temperature reaches 60 �C, then dissolve 80 g
of paraformaldehyde with strong stirring action for 20 min and
add NaOH drop by drop until the solution is almost clear. Let
the solution cool for 1 h, filter it in another beaker, and add 1 l
PB (0.2 M pH 7.4). For a 0.1 % concentration in 2 l of fixative,
substitute 8 ml of fixative with 8 ml of 25 % glutaraldehyde
solution (see Notes 2–6).

2.4 Tissue

Sectioning

1. Vibratome: See: http://physics.ucsd.edu/neurophysics/
Manuals/tpi/Vibratome1000.pdf

2. PBS or antifreeze solution.

3. 24-well plates.

4. Petri dishes.

5. Dissecting microscope.
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6. Safety razor blades.

2.5 Immunostaining 1. Primary and secondary antibodies.

2. VECTASTAIN® Elite® ABC System.

3. 3,30-diaminobenzidine tetrahydrochloride (DAB; Sigma, St.
Louis, MO) solution: Use a disposable polypropylene beaker
to prepare this solution: 50 ml of TRIS buffer (0.05 M pH
7.4); 0.5 ml of imidazole (from a 1.0 M solution), and
0.0125 g of DAB (see Note 7).

2.6 Electron

Microscopy (EM)

Tissue Processing

1. Osmium tetroxide (1 %): Dilute 5 ml osmium (sold in 4 %
solution) with 15 ml PB (0.1 M pH 7.4) (see Note 8).

2. Ethanol.

3. Uranyl acetate.

4. Durcupan ACM mixture (Fluka, Durcupan ACM; Fluka, Fort
Washington, PA): Prepare the resin as follows: 10 g Compo-
nent A, 10 g Component B, 0.3 g Component C, 0.2 g Com-
ponent D. Mix the resin with a wood stick in a polypropylene
beaker (see Note 9).

5. Aluminum dishes, glass slides and mineral oil.

6. Laboratory oven.

2.7 EM Grids 1. Grids: Single slot (oval hole).

2. Pioloform-coated copper grids:

Coating grids (seeNote 10): Fill the glass container with water
(you should put the glass container in a plastic tray). Before
spreading any membrane on the water, remove dust or residues
by passing a pipette on the surface. Dip a clean, uncoated slide
into the pioloform solution and let it dry a few seconds. Pass a
single edge razor blade along the slide with an angle of 45� and
on the higher and lower part of the slide. Repeat procedure for
both sides of the slide. Dip the slide very slowly in the water and
the membranes should come off. Verify the thickness here and
check for dust residues (see Note 11). Put the grids on the
membrane so that the polished side of the grids face the mem-
brane, and let the end of the membrane free of grids to facilitate
the recuperation.

3. Put a piece of parafilm on a clean slide and dip it in the water so
that the slide touches the empty end of the membrane first.
Remove the parafilm piece from the slide and put it down in a
Petri dish (see Note 12).

2.8 Serial Ultrathin

Sections and Staining

(Fig. 1)

1. Ultramicrotome: Ultracut T2; Leica Germany (Fig. 1a, d, e).

2. Diamond Knifes: (Fig. 1b)
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Trimming: DiATOME Cryotrim 45�

Sectioning: DiATOME Ultrathin 45�

3. Serial sections manipulation and storage:

EM Grid boxes:

– Grid storage boxes.

– Grid staining matrix system (cover and body) and vessels
(PELCO®): Reduces the chance of mechanical damage,
ensures equal staining, and rinses time.

Fig. 1 Ultramicrotome, diamond knives and tissue blocks. (a) Image on an ultramicrotome used to
prepare semithin (1–2 μm) and ultrathin (60–70 nm) sections. (b) Diamond knives used for trimming tissue
blocks with top and bottom parallel faces (cryotrim 45�), and to produce ultrathin sections (ultra 45�) with
smooth sample surfaces, good ultrastructure, and very regular thickness. Notice that in the ultrathin 45�

diamond knife, the diamond is mounted in a precision made metal holder called boat. (c) Light microscope
image of a tissue block trimmed and ready to be cut in ultrathin sections. (d) Lateral view of the diamond knife,
the diamond knife holder and the ultramicrotome arm holding the trimmed tissue block. (e) Top view of the
diamond knife and ultrathin serial sections forming a ribbon on the water surface in a diamond knife boat.
Scale Bar in (c) ¼125 μm
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Fine forceps, eyelash tool, plastic syringes, and filters.

4. Lead Citrate (see Note 13): Weigh 0.266 g of lead nitrate.
Dissolve it in a vial containing 9.6 ml of distilled water and
mix thoroughly until it is completely dissolved. Weigh 0.354 g
of sodium citrate and dissolve carefully. At this point, the
solution should have a milky look. Add 0.4 ml of NaOH
(5 N) and mix carefully. The milky look should disappear
immediately after NaOH addition. If kept in the fridge
(4 �C), this solution is good for 1 week.

2.9 Serial

Section Imaging

and Analysis

1. Zeiss EM-10C and Jeol electron microscopes with a CCD
camera (DualView 300 W).

2. Workstation running RECONSTRUCT™ for imaging analysis
and 3D reconstruction.

Available at: http://synapses.clm.utexas.edu/

3 Methods

3.1 Perfusion and

Tissue Fixation

All monkey perfusions are performed in the necropsy room in the
presence of an attending veterinarian and a pathologist or lab staff
member. The Emory SOP guidelines for monkey euthanasia are
followed during these procedures.

1. Monkeys prepared for perfusion are first sedated with ketamine
(10 mg/kg i.m.) in their home cage, transferred to the proce-
dure room, and undergo a tracheal intubation to allow bag
ventilation during perfusion. The animals are then brought to
the necropsy room, given an i.v. injection of heparin, and
deeply anesthetized with an overdose of pentobarbital
(100 mg/kg, i.v.). The level of anesthesia is assessed with a
toe pinch.

2. Oxygenate the Ringer’s solution (oxygenated, O2/CO2;
95 %/5 % if possible) for about 5 min prior to start of perfu-
sion. Then, flush it through the tubing connected to the peri-
staltic pump. To avoid formation of air bubbles, let the pump
work at a low rate (~20 ml/min). Use a 14-gauge � 1 ½00

needle to perfuse adult rhesus monkeys. The size of the needles
can be reduced if infants or smaller monkey species are used.

3. When the animal is deeply sedated, open the thoracic cage to
access the heart and start the perfusion. Before piercing the
heart, clamp the descending aorta, open the right atrium and
penetrate the left ventricle with perfusion needle, use a hemo-
stat to clamp the needle in the left ventricle.

4. Increase the speed of the pump to ~100 ml/min and rapidly
flush the vasculature with about 200–400 ml of Ringer’s
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solution for an adult (~5–10 kg) rhesus monkey. The volume
can be reduced for smaller animals. Make sure there is no air
bubble in the solution along the plastic tube.

5. Stop the pump, and switch the tube to the fixative solution.
Restart the pump to perfuse about 500–700 ml of the fixative
at ~100 ml/min flow rate. Then, lower the speed to
~50 ml/min and perfuse the rest of the solution over an
additional 30–40 min.

6. At the end of the perfusion, the head of the animal is removed
and the top of the skull opened using the bone cutters or the
saw blade. Once the brain is exposed, remove the dura mater,
fix the head in a stereotaxic frame, and cut the brain into
10-mm-thick blocks in the frontal plane. Gently remove blocks
of brain from the skull and post-fix them in 4 % paraformalde-
hyde (no glutaraldehyde) overnight. Then transfer the blocks
to PBS (0.01 M, pH 7.4), until they are sectioned with a
vibrating blade microtome (60 μm thick).

3.2 Pre-embedding

Immunocytochemistry

Protocol

1. Vibrating blade microtome: Prior to sectioning, it is important
to trim the top surface of the specimen with the sectioning
blade. When the specimen is flat and the mounting block is
clamped into the specimen vise in the desired orientation rela-
tive to the blade advance, the top surface of the specimen
should be kept approximately horizontal.

2. The specimen should be raised (or lowered) to a position just
below the blade edge. The speed and the amplitude settings
should be initially set to the “0” position. The advance speed
should be at low setting, while the amplitude should be at
medium to high setting. The section thickness should be incre-
mented at 60–70 μm intervals.

3. The 60-μm-thick serial sections are transferred using a small
brush from the specimen bath to 24-well plates filled with PBS
(0.01M, pH 7.4) or antifreeze solution (if sections are going to
be stored in �20 �C freezer) (see Note 14).

4. After completion of sectioning, the specimen bath, specimen
vise, and sectioning blade holder should be cleansed with dis-
tilled water. For a detailed info: http://physics.ucsd.edu/
neurophysics/Manuals/tpi/Vibratome1000.pdf

5. The Vibratome coronal sections (60 μm) containing the region
of interest (ROI) is then selected and processed for pre-
embedding immunohistochemical staining. The total number
of sections to be processed varies according to your needs and
goals of the study.
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6. Sections are placed in a net with PBS, and then in a sodium
borohydride solution (1 % in PBS) under the hood (for
20 min), and rinsed in PBS until no bubbles remain on the
tissue (usually 4–5 times) (see Note 15).

7. Sections are transferred to the cryoprotectant solution (100 %)
at RT (for 20 min). The net is then taken out of the solution
and put onto a paper towel to remove the excess cryoprotectant
before being placed in a �80 �C freezer (20 min). Finally, the
net with the tissue is transferred back in the 100 % cryoprotec-
tant for 10 min at RT followed by immersion in 70 and 50 %
cryoprotectant solution, and PBS (10 min in each at RT).

The following incubations are done in 6-well plates and with
agitation.

8. Sections must first be pre-incubated in a PBS solution contain-
ing 1 % normal serum (usually from the species that generates
the secondary antibody) and 1 % bovine serum albumin (BSA)
for 60 min at RT.

9. This is followed by incubations in the primary antibody solu-
tion prepared as follows: PBS containing 1 % normal serum, 1%
bovine serum albumin (BSA), and the needed quantities of
primary antibodies solution for optimal dilution. The incuba-
tion time is usually 48 h at 4 �C. Once completed, this incuba-
tion is followed by rinses in PBS (usually 3 � 10 min).

10. Sections are then incubated in the biotinylated secondary anti-
bodies solution (often diluted at ~1:200) with PBS containing
1 % normal serum and 1 % BSA. The incubation time of this
reaction is 90 min at RT. Once completed, sections are rinsed in
PBS for 30 min (3 � 10 min). Place sections in the avidin-
biotin-peroxidase complex (ABC) solution for 90 min at RT.
This solution needs to be prepared 30min in advance according
to the vendors’ instructions. The optimal dilution (~0.2–1 % in
PBS/BSA) must be adjusted for the different antibodies under
study. Sections are then washed in PBS (2 � 10 min), followed
by a TRIS buffer (0.05 M pH 7.6) rinse for 10 min before the
DAB reaction.

11. DAB reaction: Just before the reaction, add to 50 ml of DAB
solution (0.0125 g of DAB in 50 ml of TRIS), 1 ml of hydro-
gen peroxide (H2O2 0.3 %).

12. Sections are then transferred into a 6-well plate containing a
solution of 0.01 M imidazole, 0.005 % hydrogen peroxide, and
0.025 % DAB. After 10 min, this reaction is stopped by rinses
(5 � 1 min) in PBS (0.01 M, pH 7.4).

3.3 EM Tissue

Processing

1. Osmication (see Notes 16 and 17): Sections are washed
(3 � 5 min) in PB (0.1 M pH: 7.4) and then transferred with
a small brush to watch glasses (very important that sections do
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not fold over before contact with the osmium). Remove the
excess of PB (0.1M pH: 7.4) with a Pasteur pipet. Add osmium
(1 %) drop by drop and wait 20 min. Take out the osmium
and rinse (1 � 2 min + 1 � 5 min) with PB (0.1 M pH 7.4).
With a small brush, remove the osmicated sections out of the
watch glasses, place them back in the 6-well plate, rinse
(2 � 5 min) with PB (0.1 M pH 7.4).

2. Dehydration and uranyl acetate staining (see Note 18): Uranyl
acetate (1 %) needs to be prepared in 70 % alcohol, and stored
in a dark/opaque glass container (cover the container with
aluminum foil, if necessary). This solution takes 15 min to
dissolve and must be filtered before use. Once the uranyl
acetate solution is ready, the sections are dehydrated in ascend-
ing concentrations of ethanol solutions: 15 min in 50 % alco-
hol, 35 min in 1 % uranyl acetate solution (in 70 % alcohol in
the dark), 15 min in 90 % alcohol, 2 � 10 min in 100 %
alcohol, and 2 � 10 min in propylene oxide (see Note 19).

3. Embedding in Epoxy Resin (Durcupan ACM) (see Note 20):
After dehydration with ethyl alcohol and propylene oxide, the
tissue is ready for resin embedding. Once the resin components
have been mixed according to the vendor’s instructions (see
Materials), pour the solution in aluminum dishes, and use a fine
brush to put down the sections one at a time in the resin until
they are completely covered. Sections must be handled gently
during this process because they are very fragile. Leave sections
in the resin for at least 12 h at RT under the hood.

4. Mounting/Flat-embedding: Sections are then taken out of the
resin, mounted on glass slides, and coverslipped. The slides and
cover glasses used to mount the sections need to be rubbed
with a thin layer of mineral oil before they come in contact with
the resin. The aluminum dishes containing the sections are
placed one at a time on a hotplate set at 50 �C. Once the
resin has slightly liquefied, the sections are transferred from
the dish to the oily slides using a thin brush. Cover the sections
with an oily cover glass and spread the resin by pressing care-
fully on the cover glass; this will force the air bubbles to go out
and assure that sections are completely covered with a thin layer
of resin. The resin-embedded sections are then placed in the
oven at 60 �C for 48 h (see Notes 21 and 22).

5. Re-embedding (see Note 23): After the resin has polymerized,
the sections are taken out from the oven and the coverslips
removed using a single edge razor blade by slipping it between
the resin and cover glass. The ROI is localized using the ste-
reomicroscope, and then the slide is placed on the hotplate (set
it at 50 �C) for a few min. When the resin is soft, use a scalpel
(with blade #11) to cut a square (~4 � 4 mm) of brain tissue
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that contains the ROI. Remove the square with a wet tooth-
pick, and glue it on the top of a resin block (~7 mm in diame-
ter). Let the block dry at RT for 12 h and then cut the tissue on
the ultramicrotome.

3.4 Ultramicrotomy

(see Notes 26–31 and

Fig. 2)

Transmission electron microcopy (TEM) usually requires that sec-
tions through biological specimens be less than 100 nm thick to
allow electrons to pass. Thus, for 3D reconstruction and accurate
quantitative morphometric analysis of specific neural elements, we
must generate complete ribbons of serial ultrathin sections of per-
fectly uniform thickness. Because the morphometric data are often
collected from immunostained elements, the sampling of structures
to be reconstructed must be limited to the superficial part of the
tissue (i.e., with optimal immunolabeling). The procedure for serial
ultrathin sectioning is as follows:

Fig. 2 Low-magnification images of transmission electron microscope grids showing examples of
problems to overcome during ultramicrotomy and post-section staining. (a) Ribbon of serial uneven ultrathin
sections; this can be due to different reasons, i.e., airdrafts, vibrations, heat variations, knife angle not parallel
to block face, etc. . . . (b) Curved ribbon of sections is frequently the consequence of blocks trimmed with non-
parallel top and bottom. (c) Ultrathin sections with tissue tracks, frequently due to a poor resin infiltration in the
tissue. (d) Image of a thick and uneven pioloform membrane with a ribbon of uneven ultrathin sections. (e)
Example of a pioloform membrane with holes caused by moisture. (f) Ultrathin sections covered with lead
citrate precipitate; to avoid this problem keep lead citrate solution always in the fridge and do not use it if is
older than a week. Scale bars (a)–(f)¼100 μm. Images in this figure have been obtained from: http://synapses.
clm.utexas.edu/lab/howto/MeetExpert/MeetExpert.pdf
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Fig. 3 (a) Light microscope image of an electron microscope pioloform-coated grid. (b) Low-magnification
electron microscope image of a single slot grid with a ribbon of serial ultrathin (60–70 nm) sections. (c.1, c.5,
c.9) Samples of serial electron micrographs used to generate the three-dimensional (3D) reconstructed
images shown in (d). (d, e) 3D-reconstructed immunostained terminal (T) in contact with three different
spines (Sp1, Sp2, Sp3). Note that the 3D-reconstructed spines are partially transparent and the image in (e) is
rotated to better illustrate the postsynaptic densities. D dendrite, Sp spine, PSD postsynaptic density. Scale
Bars ¼ 200 μm in (a), 100 μm (b) and 1 μm in (c.1) (also applies to c.5, c.9). Some images in this figure have
been taken from: Villalba and Smith, 2011 JCN 519:989–1005
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1. Pioloform-coated slot grids are prepared as described in Sec-
tion 2.7 (Fig. 3a).

2. The tissue block is trimmed into a trapezoid shape pyramid
with top and bottom edges exactly parallel. It is critical that
these two edges are parallel to produce long ribbons of ultra-
thin sections. This can be done:

– Using the DiATOME cryotrim 45� knife. This knife allows
creating very small trapezoids with smooth and parallel top
and bottom edges, which facilitates serial thin sectioning.
To ensure optimal use of this knife, the block must be
tightly secured into the chuck of the ultramicrotome
(Fig. 1b).

– Placing the block in the trimmer stand. The trimmer stand
is hollow so that the bottom light source can shine through
the resin block. Using a new razor blade and looking down
the binoculars, trim away the excess of resin from each of
the four sides of the block in order to obtain a trapezoid-
shaped pyramid. The four sides of the blocks must be
carefully trimmed down again using another new razor
blade so as to obtain the smallest possible block face that
includes only the area of interest.

The large width to height ratio of the trapezoid facilitates
sections sticking together better as the ribbon is cut. A trape-
zoid, as small as 700–800 μm � 80–90 μm (Fig. 1c), can
produce one long continuous ribbon of tightly linked sections
(Fig. 1e).

3. When the block is ready, it has to be placed in the specimen
holder and mounted onto the arm of the microtome set into
the locked position.

4. The diamond knife DiATOMEUltrathin 45� is used to cut series
of serial ultrathin sections (60–70 nm thick) (see Note 24).

5. When a sufficient number of sections are cut, the ultramicro-
tome is stopped, and the ribbon of sections is broken into
shorter segments (small enough to fit onto Pioloform-coated
slot grids) by tapping it with a fine eyelash near the juncture of
two sections.

6. Usually, 15–25 serial sections, 60–70 nm thick (pale gold to
silver) per grid (see Note 25) (Fig. 3a). The ribbon is collected
by putting the grid under the liquid in the knife boat and then
coming up under the sections with the grid.

3.5 Post-section

Staining

1. After picking the sections, the grids need to be properly dried
before staining with lead citrate.

2. For lead staining, it is recommended to use the grid staining
matrix system (PELCO®) that is designed to handle from 1 up
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to 25 grids at once, and has an alphanumeric system for identi-
fication of the grids. After placing the grids in the matrix, slide
the cover over the body and place the matrix into an empty
staining vessel. Add the appropriate volume of lead citrate
(see Section 2.8). Stain grids for 5 min. Rinse the matrix with
ddH2O (rinsing of the grids can be done in a beaker or similar
container) (see Note 32).

3.6 Serial

Section Imaging

1. Two TEM are used in our laboratory: Zeiss EM-10C and Jeol
electron microscopes with a CCD camera (GATAN-DualView
300 W).

2. For each grid, a low-magnification picture is taken of the entire
grid to check the orientation of the sections and to count the
number of sections on the grid (Fig. 3b).

3. Before collecting data from specific elements, warm up the
pioloform coating and tissue at low magnification (50�)
(see Note 33).

4. The ROI in middle sections of a series is then selected for
imaging through serial sections (see Notes 34 and 35).

5. Once selected, the ROI is photographed at 16,000� magnifi-
cation with a CCD camera (DualView 300 W; DigitalMicro-
graph software, version 3.10.1; Gatan, Pleasanton, CA)
(Figs. 3c.1, c.5, c.9, and 4a, b).

3.7 Three-

Dimensional

Reconstruction

At this step, using ultrathin serial sections and images from the
TEM, a specific structure or neuronal complex can be recon-
structed (Fig. 3d, e).

1. Gatan EM images must be converted to new TIF files
(see Note 34).

2. For the next steps, the RECONSTRUCT software must be
downloaded from: http://synapses.clm.utexas.edu/ [6, 7, 15,
19, 22].

3. The series of images (TIFFs) are imported (see Note 36),
and the section thickness adjusted (in our case to 60 nm)
(see Note 37).

4. Alignment of the images: In this step, we align the whole field,
rather than just individual contours or objects, ensuring that
they are not artificially straightened or distorted (seeNote 38).

5. To evaluate the quality of alignment on screen, section images
are compared by blending and flickering. Blended images
become sharper as they align. When all sections are satisfacto-
rily aligned, the changes must be saved (“locked”).

6. Tracing, analysis, 3D reconstruction, and image rendering:
When the structures to be reconstructed are identified in all
sections, the contour of their boundaries is generated by

94 R.M. Villalba et al.

http://synapses.clm.utexas.edu/


manual tracing. By defining the contours of the objects on each
section, the shape of the selected objects is defined from which
the program generates a 3D representation and provides infor-
mation about their dimensions (i.e., volume, surface, length,
etc.. . .). Then, color and transparency can be added to the
reconstructed structures for final image production. This pro-
cedure results in final images of specific elements in 3D from
which the morphology and morphometric measurements (e.g.,
PSD and axon terminal, dendritic spines, and spine apparatus)
can be assessed (Fig. 4a.1, a.2, b.1, b.2, c)

3.8 Other Methods Because 3D reconstructions using TEM are extremely time con-
suming and technically demanding, several new EM imaging meth-
ods have emerged, and classical EM methods have been automated
to reduce the technical burden of serial ultrathin sectioning
[32, 33]. With these new methods, not discussed in this chapter,
serial images are obtained using scanning electron microscopy
(SEM) with the detection of back-scattered electrons from the
block face that is serially removed either by focused ion beams
(FIB-SEM) [34, 35], or by a diamond knife inside the SEM cham-
ber [36]. FIB-SEM combines the advantage of the SEM with the
ion beam’s ability to polish (mill) away a few nanometers at the time
from the block face. Repeating this cycle produces a stack of
sequential images representing 3D ultrastructures [37–40]. The
FIB-SEM is limited by the size of the field that can be milled and
imaged, usually less than 100mx100m [41]. Other method devel-
oped for imaging serial sections is using a scanning transmission
electron microscopy (STEM) based on a field emission SEM fitted
with a multi-mode transmitted electron detector [41, 42]. This
system allows to reconstruct a large-volume of brain tissue using
semi-automated acquisition of large-field images at high resolution
frommultiple grids (spanning an entire series of 200 serial sections)
[41, 42]. The images taken with this system have less optical and
physical distortions, and the resolution is comparable to those
taken with a conventional TEM [41, 42].

4 Notes

1. The Ringer’s solution can be prepared in advance, but needs to
be stored in the fridge (4 �C), and kept on ice during perfusion.

2. Use ddH2O to dissolve the paraformaldehyde and add later the
PB to complete 2 l of fixative. Paraformaldehyde is a purified
crystalline trimer of formaldehyde and under heat goes into
aqueous solution without formic acid formation and electron-
opaque artifacts [43].
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Fig. 4 Electron micrographs, three-dimensional (3D) reconstruction, and quantitative ultrastructural
analysis of axo-spinous synapses in the monkey striatum. (a, b) Electron micrographs of synapses between
the spine of a medium spiny neuron (MSN) and a vGluT1-positive terminal (T) in the striatum of a control (a)
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3. Formaldehyde and glutaraldehyde are the most commonly
used fixatives. The combination of formaldehyde with glutaral-
dehyde (Karnovsky’s fixative) as a fixative for electron micros-
copy takes advantage of the rapid penetration of small aldehyde
molecules, which initiate the structural stabilization of the
tissue. The relative concentrations of the aldehydes can be
adjusted based on the specific needs of the experiments.

4. Fixative solutions containing paraformaldehyde only must be
freshly prepared 1–5 days before perfusion and kept in the
fridge at 4 �C. Additional fixative, like glutaraldehyde or acro-
lein, must be added to the paraformaldehyde solution just prior
to the perfusion to avoid denaturation.

5. Always use EM grade glutaraldehyde, which is generally sup-
plied as 25 % aqueous solution from various EM material
suppliers. The glutaraldehyde solution to be used must contain
the monomer and low polymers (oligomers) with molecules
small enough to penetrate the tissue fairly quickly. Commer-
cially available non-EM grade glutaraldehyde solutions contain
large polymers which are too large to fit between the macro-
molecules of cells and other tissue components.

6. The glutaraldehyde solution must be added to the paraformal-
dehyde only at the time of perfusion to avoid denaturation. The
paraformaldehyde solution can be prepared in advance and
stored at 4 �C.

7. DAB is carcinogenic. Always wear gloves and appropriate pro-
tective clothing. All material used in the reaction must be put in
a bleach solution (1 part bleach in 9 parts of water) for at least
1 h to inactivate the DAB.

8. Special caution needs to be used when working with OsO4.
Because of the high toxicity of OsO4, all experimental steps
using this fixative must be done under the hood. Always wear
gloves. The osmium waste must be placed in a disposal bottle
that has to be kept always under the hood.

�

Fig. 4 (continued) and an MPTP-treated (b) monkey. (a.1, a.2, b.1, b.2) 3D-reconstructed images of the
corresponding glutamatergic axo-spinous synapses depicted in (a) and (b) from the striatum of control (a.1,
a.2) and MPTP-treated (b.1, b.2) monkeys. The head (H) and neck (N) of the spines are partially transparent to
better show and compare the ultrastructural complexity of the postsynaptic density (PSD) and spine apparatus
(SA). (c) Histograms comparing the morphometric measurements (spine volume, PSD area, terminal volume)
of structural elements at corticostriatal (vGluT1-positive) glutamatergic synapses using the 3D reconstruction
method of serial ultrathin sections collected from 30 axo-spinous synapses in normal and MPTP-treated
monkeys. The spine volumes, the PSD areas, and the volume of vGluT1-containing terminals are significantly
larger in MPTP-treated parkinsonian monkeys than in controls (*P < 0.001; t-test). Some of the images in this
figure have been taken from: Villalba and Smith, 2011 JCN 519:989–1005
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9. It is important to match resin and tissue hardness. Hard tissue
embedded in a soft resin would break out of the resin block.
Soft tissue in a hard resin would be distorted or disintegrate as it
is moved across the cutting edge. Hardness of epoxy resin can
be adjusted by changing the amounts of monomer compo-
nents. The right amounts and the details to use it for different
tissues are described in the manufacturer’s instructions.

10. Use a room with a dehumidifier to coat grids. High humidity
produces uneven and low quality Pioloform membranes.

11. The only way to determine if the thickness of the membrane is
correct is to spread it over a water bath, and look at their color.
When floating on the water surface, the membranes should
display a gray tint with yellow strips. If they are too yellow,
the solution is too concentrated.

12. Before using the grids to mount ultrathin sections, check the
quality of the Pioloform membrane under the EM. The quality
of this membrane has to be optimized in order to produce long
lasting films with virtually no drift once in the column and
stable under the electron beam. The membrane must have a
uniform thickness and be without holes.

13. Lead citrate: All glassware for lead citrate preparation must be
as clean as possible to prevent precipitation. Clean carefully
each piece before use with hot soapy water and then rinse
thoroughly. Lead citrate is toxic; always wear gloves to prepare
this solution.

14. Vibratome sections in antifreeze solution can be stored in the
freezer (�20 to �80 �C) for many years without alteration of
their ultrastructural details.

15. The free aldehyde groups introduced by glutaraldehyde fixa-
tion cause various problems, including nonspecific binding of
antibodies. These free aldehydes must be removed or blocked
by appropriate histochemical procedures (i.e., incubation in
sodium borohydride solution) before immunohistochemistry.

16. EM post-fixation mostly involves the use of osmium tetroxide
(OsO4). OsO4 stabilizes cellular proteins, which allows pre-
serving membrane components, and provides good image
contrast.

17. OsO4 penetrates tissue very slowly due to the low diffusion rate
of its large molecules. The optimal time for tissue fixation in
OsO4 is normally 30–90 min. If the tissue is not fixed long
enough, there may be inadequate stabilization of the specimen,
whereas fixation for prolonged periods can occasionally lead to
solubilization of some tissue components.

18. Uranyl acetate is a low level radioactive material. Caution must
be taken while manipulating it. Wear lab coat and double
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gloves. Use disposable plastic beakers to prepare the solution.
Place all the contaminated glassware into the appropriate liquid
waste container.

19. Most epoxy resins are immiscible with water and complete
dehydration must be carried out prior to the use of epoxy.
Any water in the tissue will result in a poor embedment. It’s
very important to use a transitional solvent, as propylene oxide,
to aid in the infiltration of epoxy resins into the tissue.

20. Take great care when working with Durcupan ACM. Do not
breathe in the vapor and avoid skin contact, because this may
cause skin irritation and allergic reactions. Splashes on the skin
must be washed off immediately with a 3 % boric acid solution.
Frequent washing of hands, arms, and face with lukewarm soap
water is advisable.

21. All the material that has been in contact with the resin (alumi-
num dishes, beakers, and dirty aluminum foil) must be put in
the 60 �C oven for 48 h before being discarded. Brushes and
forceps must be cleaned with propylene oxide.

22. The heat yields a strong 3D polymer which is resistant to
solvents and heat. The 3D polymerization provides excellent
mechanical strength for ultrathin sectioning.

23. It is very important to wear protective glasses during this
procedure to avoid eye injuries.

24. Before and after sectioning, clean carefully the diamond knife.
Bevel a styrofoam rod to an angle of approximately 60�; soak
the beveled tip of the rod in ethanol 50 % and shake off the
excess and then lightly draw it across the knife-edge without
applying lateral pressure. Place the knife-edge under running
distilled water to rinse any ethanol from it.

25. The section thickness is determined by the interference colors
of the sections as they reflect light. Gray-silver sections range
from 50 to 60 nm in thickness, and silver-gold sections range
from 60 to 90 nm. Sections showing interference colors such as
deep red, purple, pink, blue, green, brown, red, and violet are
too thick for electron microscopy.

26. Difficulty wetting the knife-edge: Fill the boat with liquid
(distilled water) until the water level is a little too high, and
after a few minutes carefully remove the excess water.

27. Wetting the block face: For epoxy resins, the main cause of this
problem is either overfilling the boat (causing the liquid to be
dragged over the knife-edge by capillary action) or electrostatic
charging. Solutions: Lower the water level slightly until there is
an even silver reflection over the whole liquid surface or at least
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around part of the knife-edge the sections are cut from. Dry the
block face with filter paper.

28. If thin gold to silver sections are difficult to cut, or if sections
are not being cut every stroke of the cutting cycle, stop the
automatic cycling control and check the following conditions:

(a) Cutting speed

(b) Section thickness control

(c) Proper illumination on microtome set to give white reflec-
tion on water surface

(d) Floatation fluid in contact with the cutting edge of the
knife

(e) Floatation fluid not leaking from reservoir

(f) Microtome controls sufficiently holding specimen and
knife firmly

29. Chatter: the most common reasons that cause chatter are:

(a) Screws are not full tightened (block, block holder, and
knife)

(b) Clearance angle is too small (may cause friction between
the block face and the diamond face)

(c) Cutting pressure too great

(d) External vibrations

(e) A faulty microtome

Solutions include:

(a) Make sure all screws are tightened.

(b) Increase the clearance angle by 1–2� (usually cut a clear-
ance angle 6�).

(c) Reduce the block size and/or re-cutting another
specimen.

(d) Change the location of the microtome.

30. Sections compression: This occurs normally due to the physical
process of section cutting and can be rectified by using chloro-
form or acetone. The main causes and possible solutions are:

(a) The block is too soft: Try putting it back in the oven for a
few days.

(b) The knife is dull: Time to change the knife.

(c) The clearance angle is too big and/or the cutting speed is
too high: Reduce the clearance angle by 1–2� and/or
reduce the cutting speed from 1 to 0.5 mm/s.

31. Nicks, tears, etc. to sections: Damage to the cutting edge of the
knife will cause damage ranging from very fine lines through to
tears in your sections.
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The causes of knife-edge damage include:

(a) Remnant particles in your block from trimming

(b) Hard particles in your block and specimen.

(c) Normal knife use will cause nicks: During normal use, the
knife-edge becomes less sharp.

Solutions: Use a new, clean razor blade for the final trimming
of the block. This will prevent small, hard bits from attaching to
the leading edge of the block and/or damaging the knife-edge.

32. During the lead staining, if air is trapped within a grid contain-
ing well it is easy to remove by moving the matrix to the front
of the staining vessel and then quickly to the back. This will pull
the trapped bubbles out of the wells. Be very careful not to spill
reagents during this process.

33. Ultrathin sections supported on Pioloform-coated slot grids
can be stabilized in the column of the TEM by exposing the
area of interest to irradiation using low or intermediate magni-
fications. With this procedure we minimize the risk of tearing
the Pioloform membrane in the vacuum of the TEM, the drift
or distortion of the specimens during subsequent photography.

34. ROI from the middle of section series is chosen to make sure
there are enough sections before and after the chosen sections
to completely reconstruct the neuronal complexes under study
(i.e., from a series of 24 sections/grid, the first sections to look
at for ROI would be sections numbered 12–13).

35. To be able to recognize easily ROI (usually axo-spinous or axo-
dendritic synaptic complexes) in all sections of a specific series,
it is important to identify them in relation to some structures of
reference (e.g., blood vessels, myelin tracts) that can easily be
followed through many serial sections. Thus, although small
elements in the vicinity of the ROI may disappear through
analysis of the series of sections, the identification of these
landmarks ensures that the same region is followed through
all sections.

36. It is very important to keep the numerical order for the series
during this conversion.

37. The section thickness is calibrated using the cylindrical
mitochondrial method. This method uses the ratio of the
maximum diameter of longitudinally sectioned mitochondria
(or other cylindrical objects) to the number of serial sections
they span [44].

38. Serial sectioning and imaging each section separately induces
misalignment between sections. Also, aligning the whole field
often allows several objects to be reconstructed and analyzed at
once. Alignment of images also facilitates identification and
tracing of objects. Difficulties in identifying a structure on a
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single section can be resolved by following the structure on
adjacent sections. This is much easier to do with aligned section
images.
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Abstract

The fruit fly Drosophila is widely used as a genetic model organism and recently emerged as a powerful
system in which to study human diseases. We established fly models of Alzheimer’s disease (AD) by
expressing AD-associated β-amyloid peptides or microtubule-associated protein tau in the fly brain.
Electron microscopy (EM) is an essential tool used to diagnose and categorize human diseases and to
evaluate whether transgenic models recapitulate pathological phenotypes. We employed EM analyses to
gain an understanding of the pathological effects of expressing Aβ or tau on the ultrastructure of the brain
and to localize β-amyloid within subcellular organelles. These analyses revealed that several critical pathol-
ogies observed in the brains of patients with AD are recapitulated in these fly models of the disease.

Keywords Drosophila, Neurodegeneration, Alzheimer’s disease, β-Amyloid, Tau, Electron micros-
copy, Immunogold labeling, Antigen retrieval, Osmium tetroxide, Mushroom body, Photoreceptor
neuron

1 Background

The fruit fly Drosophila has a long history as a model organism in
basic biology fields, including genetics, development, cell biology,
neuroscience, and aging. Genomic data revealed that important
biochemical and developmental pathways are conserved between
fruit flies and humans, and approximately 70 % of human disease-
related genes have homologs inDrosophila [1, 2].Drosophila is now
widely utilized in medical research fields to model human diseases
in order to investigate the molecular mechanisms underlying dis-
ease pathogenesis. Furthermore,Drosophila serves as a platform for
pharmacological screens designed to search for potential therapies.

The pathogenesis of many human diseases is complex because
multiple genetic and environmental factors are involved. Elucidat-
ing diseases occurring in the central nervous system, such as neu-
rodegenerative diseases, is especially challenging because the brain
has complex wiring with heterogeneous populations of cells and
because dysfunctions in and miscommunications between these
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different cell types contribute to disease pathogenesis. With its
controlled genetic background and accumulated genetic resources,
Drosophila provides advantages of genome-wide analyses for distin-
guishing causative factors and consequences in vivo in a cost- and
time-efficient manner. Moreover, although it is much simpler than
that in the human, Drosophila has well-organized brain wiring that
mediates higher order brain functions, such as learning and mem-
ory. During the past decade, many neurological and neurodegener-
ative diseases have been successfully modeled in Drosophila [3–5].

Alzheimer’s disease (AD) is a fatal disorder. The disease pro-
gression starts with short-term memory impairments presenting
along with other psychiatric problems, such as sleep disorders and
increased agitation. In the later stages, global cognitive functions
are disrupted, and the associated motor disabilities lead patients to
become bedridden [6, 7]. At the level of cellular pathology, exten-
sive neuronal loss and two characteristic hallmarks, senile plaques
(SPs) and neurofibrillary tangles (NFTs), are observed in the brains
of patients with AD [8]. SPs are extracellularly deposited protein
aggregates of which the major components are the 38–43 amino
acid amyloid-β (Aβ) peptides [9, 10]. Although a small number of
SPs are detected in normal-aged brains, this lesion is relatively
specific to AD. By contrast, NFTs, which are intracellular protein
inclusions composed of the hyperphosphorylated microtubule-
associated protein tau [11], are observed in a class of neurological
diseases called tauopathies that include AD. Mounting evidence
from biochemical and genetic studies as well as findings from
cellular and animal models suggest that the accumulation of Aβ in
the brain, which starts decades before the onset of disease, leads to a
number of pathologies, including tau abnormalities and neurode-
generation [12].

Transgenic Drosophila overexpressing human Aβ peptides or
tau in the central nervous system have been used in many labora-
tories to investigate mechanisms underlying the neurodegeneration
in AD [13, 14]. Fly models of Aβ toxicity have been established by
others and us by expressing human Aβ peptides in the secretory
pathways of neurons in the fly brain [13, 15]. The 42 amino acid Aβ
peptide (Aβ42) expressed in fly brain neurons accumulates during
aging and causes age-dependent deficits in learning, memory, and
locomotion, as well as neuronal loss and premature death [13]. Fly
models of human tau toxicity have been created by expressing the
human wild-type or mutant forms of tau that are related to fronto-
temporal dementia with parkinsonism linked to chromosome 17
(FTDP-17) [16, 17]. Expression of human wild-type or mutant tau
in neurons causes neuronal dysfunction, behavioral deficits, neuro-
nal death, and reduced life-span [16–20].

An animal model of a human disease is expected to recapitulate
at least one of the pathological hallmarks observed in human tis-
sues. Electronmicroscopy (EM) analysis is an essential tool not only
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to diagnose and categorize human diseases at an ultrastructural
level, but also to evaluate whether pathological phenotypes, such
as cellular damage or protein aggregation, are recapitulated in an
animal model to demonstrate the feasibility of using that animal
model to investigate human disease. Moreover, EM analysis pro-
vides critical information about how genetic and pharmacological
manipulations affect cellular phenotypes, which is critical for under-
standing mechanisms underlying the disease pathogenesis. In this
chapter, using Drosophilamodels of AD as an example, we describe
applications of two widely used EM techniques, namely transmis-
sion electron microscopy (TEM) and immunoelectron microscopy,
for the analysis of fly brains [13, 14, 18].

2 Analysis of Neurodegeneration Caused by Human Aβ or Tau in the Brains
of Transgenic Drosophila Using TEM

2.1 Introduction Drosophila has several features that are advantageous for TEM
analyses. First, its brain is small, less than 0.5 mm in length
(Fig. 1). Since the entire brain can fit in a single thin section for
TEM, it can be wholly examined to find the regions of interest.
Correlated light and electron microscopy (CLEM) can be applied
to the whole brain. The small brain size also simplifies fixation
processes; fly brains do not require perfusion but can be fixed by
immersion in a fixative solution. Second, comprehensive atlases and
databases of the Drosophila nervous system have been established

Fig. 1 Schematic representation of the fly brain. The mushroom body (red) and
the lamina (green) are indicated
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and are freely available [21]. These resources can be used to identify
the regions of interest in the thick sections for TEM sample blocks.

Several major differences between mammals and Drosophila at
cellular and tissue levels should be considered when using Drosoph-
ila as a model system for human disease. First, flies do not have a
cardiovascular system but a tracheal system that brings air directly
to the organs. Second, the locations of the neurons in the fly brain
are different from those in the mammal brain. Third, Drosophila
cells lack intermediate filaments.

A tissue-specific expression system, the GAL4-UAS system
[22], was used to express Aβ or tau in Drosophila models of AD.
Aβ was expressed in all neurons using a pan-neuronal driver, and
TEM analyses were conducted, focusing on the mushroom body, a
learning and memory center in the fly brain (Fig. 1). Tau was
expressed in the eyes of Drosophila using a pan-retinal driver, and
to observe photoreceptor axons, TEM analyses were focused on the
lamina (Fig. 1), the first synaptic neuropil of the optic lobe contain-
ing photoreceptor axons.

2.2 Materials

2.2.1 Materials

and Equipment

l Forceps No. 5 antiacid, antimagnetic type, one for dissection
and the other for handling grids.

l Razor blades.

l Silicon rubber plate or dental wax plate as a base plate for
dissection.

l 2 mL 100 % polypropylene microfuge tubes.

l 30–50 mL screw-capped 100 % polypropylene tube (PPT) with
a scale of 1 mL division.

l Rotator.

l Embedding mold for sample embedding and for sample
mounts.

l 50–70 �C incubator.

l Electric disc cutter or a jigsaw.

l Fast-drying glue.

l Ultramicrotome with a trimming stage.

l Glass knives and a diamond knife.

l Slide glasses.

l Glass rods for picking thick sections.

l Heating plate.

l Copper grids type 300HH or 300HS thin bar mesh.

l Eyelash cleaned with acetone thoroughly and mounted on a
thin stick.

l Petri dishes with 20–30 mm diameter.

l Filter paper #1.
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l Light microscope for checking thick sections.

l Transmission electron microscopes.

2.2.2 Solutions (see

Section 2.4, Note 1)

l Primary fixative; 2 % paraformaldehyde + 2.5 % glutaraldehyde
in 0.1 mol/L sodium cacodylate buffer (pH 7.3).

– 2 % paraformaldehyde is diluted from freshly made 20 %
paraformaldehyde.

– 20 % paraformaldehyde is made by heating the solution up
to 60 �C and addminimum amount of 1 N sodium hydrox-
ide to dissolve paraformaldehyde powder. This procedure
should be done in a draft chamber.

– 0.1 mol/L sodium cacodylate buffer is diluted from
0.2 mol/L stock solution.

– 2.5 % glutaraldehyde is diluted from 25 % EM-grade glu-
taraldehyde, which is commercially available.

l Secondary fixative: 1 % OsO4 in 0.1 mol/L sodium cacodylate
buffer (pH 7.3).

– Mix 1 volume of 4 % OsO4, 1 volume of H2O, and
2 volumes of 0.2 mol/L sodium cacodylate stock solution.
OsO4 is volatile and the vapor is toxic. This process should
be done in a draft chamber.

l 0.5 % uranyl acetate in H2O for block staining and 2 % uranyl
acetate in 70 % ethanol for section staining.

l 50 %, 70 %, 90 %, 100 % ethanol (EtOH).

l Propylene oxide.

l Resin: Mix 10 mL of Epon 812, 7 mL of MNA, and 3 mL of
DDSA for 3 min in a PPT, then add 0.4 volume of DMP-30,
and mix well again for 20 min. Rotate with hands for the first
3 min, and then further rotate on a rotator for 20 min at a slow
speed. After mixing, keep the tube still for 1 h to eliminate air
bubbles.

l 1 % toluidine blue O in 1 % sodium borate solution.

l Reynolds’ lead solution:

– Dissolve 2.66 g lead nitrate Pb(NO3)2 in 30 mL H2O.

– Dissolve 3.52 g trisodium citrate dehydrate Na3(C6H5O7)
2H2O in 30 mL H2O.

– Add above solutions and stir for 30 min. The mixture
becomes turbid white.

– Add 16 mL 1 N NaOH and mix again until the solution
becomes transparent.

– Transfer the solution to 100 mL measuring cylinder.

– Add H2O to make the solution 100 mL and mix.
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2.3 Methods

2.3.1 Fixation

and Embedding

1. Anesthetize flies with CO2 or with ether for 30 s to 1 min.

2. Decapitate the flies with a razor blade.

3. Transfer the heads into a drop of primary fixative on a wax or
silicon rubber plate.

4. Remove the probosces with a forceps making openings as large
as possible.

5. Transfer the heads into the primary fixative in a microfuge tube
and shake the tube for 10 s in order to make the fixative
penetrate into the heads through the opening (Section 2.4,
Note 2).

6. Fix for several hours at room temperature.

7. Wash in the buffer containing 3 % sucrose 3 � 5 min. The steps
hereafter are done by changing solution in microfuge tubes
(Section 2.4, Note 3).

8. Fix in 1 %OsO4 in 0.1mol/L cacodylate buffer, for 1–2 h on ice.

9. Wash in H2O 3 � 5 min on ice.

10. Stain in 0.5 % aqueous uranyl acetate for 1 h on ice.

11. Dehydrate through ethanol series: 5 min in 50, 70, 90 % EtOH
on ice; 100 % EtOH 3 � 5 min at room temperature;
2 � 5 min propylene oxide at room temperature.

12. Infiltrate with a mixture of propylene oxide and resin (1:1)
overnight at room temperature (Section 2.4, Note 4).

13. Open the tube containing samples and keep in a desiccator for
1–2 h to increase the concentration of resin by evaporation of
propylene oxide.

14. Pour fresh resin in embedding mold and put samples in it.

15. Keep at room temperature until the samples sink on the bottom
of the mold. This takes about 1 h.

16. Adjust the orientation of the samples so that the posterior side
faces the bottom, and the opening of the head cuticle is close to
the edge of the mold.

17. Fill in a mold for sample mounts with the remaining resin.

18. Cure the resin in an incubator at 70 �C for 3 days.

2.3.2 Sectioning and

Observation (Section 2.4,

Note 5)

Figure 1 shows schematic representation of the fly brain. For the
examination of the photoreceptor axons in laminas, horizontal
sectioning starting from the opening of the excised proboscis is
convenient. For the examination of mushroom body calyx and cell
bodies, frontal sectioning starting from the posterior side is
convenient.
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1. Trim the resin block using electric disc cutter or a jigsaw, and fix
the trimmed block on a sample mount with fast-drying glue so
that the convenient side of the sample faces toward the top
(Fig. 2).

2. Trim off the resin around the sample further with a clean razor
blade using a trimming stage. Cut away resin to form a trape-
zoid shape, so that the final form resembles a pyramid with its
top lopped (Fig. 2).

3. Cut thick sections of 1 μm thick with glass knives using an
ultramicrotome until the appropriate plane of the tissue is
exposed. Follow the manufacturer’s instruction for how to
make glass knives and cut sections.

4. Pick up the last thick section with a glass rod and transfer to a
drop of water placed on a slide glass.

5. Warm up the slide glass on a heating plate (about 80 �C) and
allow the water to evaporate.

6. After the water is completely dried, apply toluidine blue solu-
tion on the section and incubate for 30 s to 1 min.

Fig. 2 An illustration of a sample block mounted for frontal sectioning of the
mushroom body. (a) Top view (upper panel) and a side view (lower panel) of a
sample block on a mount. Note that the posterior side of the head faces up. (b)
Enlarged view of a re-trimmed sample block. A smaller trapezoid in the upper
panel is the area for thin sectioning
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7. Rinse the slide thoroughly with water, and dry up the water on
the heating plate.

8. Examine the slide under a light microscope to see whether the
section includes appropriate area.

9. Repeat sectioning and observation until the desired tissue area
is exposed.

10. Select the area in the thick section for thin sectioning smaller
than 0.5 � 0.5 mm2.

11. Trim the block face further to form a trapezoid just around the
selected area (Fig. 2b). Use a clean and sharp razor blade to
make the cut edges straight and smooth. Top and bottom lines
of the trapezoid should be at the right angle to the cutting
motion of the thick section, so that readjustment of the sample
block and the knife is minimized (Fig. 2b).

12. Cut thin sections of 50–70 nm thick using a diamond knife. If
the top and bottom lines of the trapezoid are smooth enough
to make the sections stick each other, they form a long ribbon
on the water surface filled in the trough of the diamond knife.

13. Separate the section ribbon to ~2 mm long by gently tapping
the side of a ribbon using an eyelash mounted on a thin stick.

14. Pick up the separated ribbons onto a grid. Hold a grid with No.
5 forceps at 45� against the water surface, go into the water
underneath the ribbons to be picked up, and slowly lift the grid
out of the water, while keep the ribbons on the grid using the
eyelash.

15. Remove water on grids with a small piece of filter paper by
gently touching the tip of holding forceps.

16. Dry the grids with sections on filter paper in a petri dish.
Sections are made adhered to grid bars firmly by warming in a
50 �C incubator about 1 h to overnight.

17. Stain sections with 2 % uranyl acetate in 70 % ethanol for 5 min.
The following steps are done in petri dishes. Transfer the grids
from the staining dish to the first washing dish and so on.

18. Wash in H2O three times.

19. Stain with Reynolds’ lead solution for 5 min.

20. Wash in H2O three times.

21. Remove water on grids with filter paper.

22. Dry grids with sections on filter paper in a petri dish.

23. Examine the sections in a transmission electron microscope at
the acceleration voltage of 80 kV (Section 2.4, Note 6).
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2.4 Notes 1. Most of the chemicals used for the fixation and staining of
samples are toxic, so follow the manufacturer’s safety guides
when you use these materials.

2. Primary fixation is crucial for the preservation of tissue ultra-
structure. The fly heads should be transferred into the fixative
immediately after decapitation.

3. During fixation and embedding procedure, tissue should not
be dried, so upon changing the solution, leave the top surface
of previous solution above the samples, add the next solution,
and mix.

4. Infiltration time of resin can be extended to several days.

5. Tools for sectioning should be clean. The forceps, eyelash, and
grids should be cleaned with acetone to eliminate oily contam-
ination. Copper grids should be cleaned in 1 N HCl for several
seconds to remove CuO before acetone cleaning.

6. Upon examination of sections in an electron microscope, qual-
ity of fixation should be checked. Successful fixation and
embedding give good preservation of membranous structures
such as plasma membranes and intracellular organelles. Lipid
bilayers of intracellular membranes sectioned at the right angle
against the plane of the membrane appear as two parallel lines at
high magnification. As for the neuropiles in the brain, neurites
and synapses should be clearly identified by their ultrastruc-
tures, e.g., microtubules in axons and dendrites, and synaptic
vesicles in synapses.

2.5 Typical Results We used TEM to investigate how the cellular pathology observed in
the brains of patients with AD is recapitulated in fly models of AD.
AD brains are characterized by an extensive loss of neurons. At the
ultrastructural level, degenerating neurons in an AD brain contain
abnormal neurites filled with lysosomes and other laminated vesi-
cles, granulovacuolar degeneration consisting of vacuoles with large
granules of varying densities, paracrystalline structures called Hir-
ano bodies, intranuclear rods, dystrophic axons, amyloid fibrils, and
paired helical filaments [23].

Flies that express Aβ42 or tau recapitulate some of the degen-
erative features observed in AD brains [13, 14, 18]. Neurodegen-
eration is observed in the fly brain as a vacuolar appearance at light
microscopy levels ([14], Fig. 3a, closed arrowheads). TEM analyses
reveal that the majority of dying neurons in the brains of flies
expressing Aβ42 show features typical of necrotic type cell death
(Fig. 3b), that is, digested cytoplasm (electron-lucent) with swollen
mitochondria (arrow) but relatively intact nuclei (indicated by N).
Granulovacuolar degeneration is also observed (open arrowhead).
Expression of human tau in the photoreceptor neurons causes age-
dependent neurodegeneration, which is seen as vacuoles in the
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Fig. 3 TEM analyses of the brains of fly models of AD. (a) Paraffin sections of fly brains were stained with
hematoxylin and eosin and observed at light microscopy levels. Closed arrowheads indicate neurodegenera-
tion in flies expressing Aβ42 in the brain (top). Neurodegeneration was not observed in control brains (bottom).
(b) Ultrastructural analysis of degenerating neurons in Aβ42 fly brain. Digested cytoplasm (electron lucent),
swollen mitochondria (arrows), and vacuole containing a large granule of varying density (granulovacuolar
degeneration, open arrowheads). N nucleus. (c) Left: Neurodegeneration (closed arrowheads) in the lamina in
the flies expressing human tau. Right: The lamina of control flies. (d) Electron micrograph of the lamina area in a
fly expressing human tau shows abnormal neurites containing circular profiles that were filled with laminated
bodies (open arrowheads) and vacuole (asterisk)
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lamina area in the brain at light microscopy levels (Fig. 3c, closed
arrowheads). Electron micrographs of photoreceptor axons in flies
expressing tau show swollen axons and vacuoles (Fig. 3d, asterisk).
Abnormal neurites, consisting of circular profiles filled with lyso-
somes and other laminated bodies, are frequently observed
(Fig. 3d, open arrowheads).

Extracellular deposits of amyloid plaques composed of Aβ and
intracellular NFTs of the tau protein are the neuropathological
hallmarks of AD in the human brain [8]. Despite extensive neuro-
degeneration, these structures are not observed in the brains of flies
expressing Aβ or tau [13, 16]. These results suggest that neurode-
generation occurs without formation of fibrils, which is consistent
with recent reports that prefibrillar forms of aggregation-prone
proteins are major sources of neurotoxicity [24, 25].

3 Ultrastructural Localization of Human Aβ42 in Transgenic Drosophila Using
a Post-embedding Immunogold Method on Samples Fixed with Osmium Tetroxide
and Embedded in Plastic Resin

3.1 Introduction Osmium tetroxide fixation of tissues prior to resin embedding was
introduced by Georges Palade in 1952 to stain membranes in cells
and tissues for examination under the electron microscope [26].
That protocol and its subsequent iterations were quickly adopted
by neuroscientists, and its simplicity and wide use have made it the
recognized gold standard protocol for ultrastructural imaging of
neural tissues [27]. Osmicated and resin-embedded tissues were
subsequently shown to be useful for post-embedding immunogold
labeling after sections were treated with chemicals or heat to
retrieve antigens [28–30]. This method was further extended for
use on reduced osmium tetroxide-fixed samples embedded in the
acrylic resin LR White, and surprisingly good results were achieved
with membrane antigens, even where osmium was present. Neu-
roscientists interested in localizing Aβ42 infrequently use post-
embedding gold labeling techniques on osmicated human brain
tissues because osmium reportedly causes the loss of most antigenic
epitopes, and with postmortem human brain tissue, autolysis is a
further discouraging factor [31, 32]. Rapid cryofixation and freeze
substitution without osmium have been used in resin-embedded
tissues from animal models of Aβ42 to localize both extracellular
and intracellular Aβ42 [33, 34]. Aβ antigenicity is preserved in
extracellular amyloid fibril deposits of osmicated tissues [35]. In
one report, Aβ could be localized to autophagic vacuoles in human
brain tissue after osmication and resin embedding [36].

We developed transgenic fly lines that expressed human Aβ at
robust levels as determined by light microscopic immunocyto-
chemistry [13, 14]. We initially embedded these in LR
White resin and Lowicryl K4M resin without osmium tetroxide
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post-fixation and found labeling consistent with that from the light
microscope results; however, the absence of membranes limited the
value of these EM results. Thus, post-osmicated brains were
embedded in LR White resin, and thin sections received a brief
treatment in hydrogen peroxide prior to immunogold labeling,
giving strong and specific labeling for Aβ.

3.2 Materials

3.2.1 Reagents

l Phosphate-buffered saline (Difco FA buffer Becton,Dickinson,MA).

l 8 % glutaraldehyde (Electron Microscopy Sciences EMS, Hat-
field, PA).

l Paraformaldehyde in Prills (Sigma Aldrich, St. Louis, MO).

l Bovine serum albumin (BSA-e Aurion EMS).

l Rabbit antibody to Abeta 1-42 AP5078P (Millipore, Teme-
cula, CA).

l Goat anti-rabbit antibody conjugated to 10 nm colloidal gold
(Aurion EMS).

l 10 % hydrogen peroxide, molecular biology-grade water
(Sigma-Aldrich) (see Section 3.4, Note 1).

l 2 % uranyl acetate (EMS).

l 3 % potassium ferrocyanide K4FeCN6·3H2O (Sigma Aldrich)
in distilled water.

l 2 % osmium tetroxide in distilled water.

l Absolute ethanol.

l LR White resin medium-grade catalyst included (EMS).

3.2.2 Equipment l Shaking rotator (Labline, Melrose Park, Il).

l Vented oven 60 �C.
l Transparent gelatin capsules 00 size, parafilm “M” laboratory

film (Neenah WI), 100 mm square petri dish with grid
(Thermo Scientific).

l 20 mL capacity clear glass scintillation vials with plastic lids
(Thermo Scientific).

l Disposable transfer pipettes 1 mL capacity 100 mesh nickel
grids (Veco EMS).

l Negative action anti-capillary antimagnetic Dumoxel with
super thin tips Dumont N5AC forceps (EMS).

l Whatman #5 filter paper (VWR Scientific).

l Glass scintillation bottles 20 ml (VWR Scientific).

l BEEM capsule holder 00 size transparent (Ted Pella,
Redding, CA).
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3.3 Methods

3.3.1 Fixation

1. Probosces are removed from decapitated heads and primary
fixation done overnight at room temperature by immersion in
freshly prepared 4 % glutaraldehyde and 2 % paraformaldehyde
in 0.1 mol/L PBS (see Section 3.4, Note 2).

2. Heads are transferred to 20 mL clear glass scintillation vials with
plastic lids (Thermo Fisher Scientific), rinsed once in distilled
water, and postfixed for 1 h in 1 % osmium tetroxide in 1.5 %
potassium ferrocyanide in distilledwater (see Section3.4,Note3).

3.3.2 Resin Embedding 1. Take LR White resin from the 4 �C refrigerator and add to an
equal volume of 100 % ethanol and let it warm to room temp.

2. Osmium tetroxide fixative is removed from each vial and the
brains rinsed in distilled water for 5 min and then dehydrated in
a graded series of ethanol (30, 50, 100 %) with 5 min for each
step. Infiltrate heads in 50 % resin for 1 h and then infiltrate
overnight in 100 % resin. The samples are transferred to gelatin
capsules filled with pure resin and polymerized overnight at
60 �C (see Section 3.4, Note 4).

3.3.3 Thin Sectioning 100 nm thick sections of mushroom body region are collected on
100 mesh nickel grids with each grid held in self-locking forceps
and dried thoroughly at 37 �C for 10 min or longer by placing the
forceps in an oven (see Section 3.4, Note 5).

3.3.4 Immunogold

Labeling and

Counterstaining

1. Prepare a primary incubation chamber and two rinse chambers
frompetri disheswith a square of hydrophobic parafilm attached
to the bottom of the dish and a water-soaked filter paper to
prevent evaporation of reagents (Fig. 4a). Dispense drops of
each solution in vertical rows starting from left with 10 % hydro-
gen peroxide, 1 % BSA in PBS, primary antibody diluted 1:10 in
PBS, and secondary antibody diluted 1:10 in PBS.

2. Make a rinse incubation chamber with rows of five drops of
PBS. Make a second rinse incubation chamber with rows of ten
drops of water.

3. Incubate grids with attached sections in H2O2 for 2 min for
antigen retrieval, and jet rinse the section with water (ten drops
from transfer pipette) (see Section 3.4, Note 6).

4. Place grids in BSA for 5 min.

5. Transfer grids intodropsof primary antibody for2h at roomtemp.

6. Remove excess unbound primary from the grids by moving
them through five drops of PBS (5 s each drop).

7. Place grids in secondary antibody-gold conjugate and incubate
for 30 min. Rinse off unbound secondary antibody by rinsing
in drops of water and allow sections to dry thoroughly.

8. Counterstain for 5 min with 3 % uranyl acetate dissolved in
30 % ethanol and rinse in distilled water.
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Fig. 4 Immersion of thin sections for improved immunogold labeling. (a)
Incubation chamber with nickel grids bearing sections is immersed in drops of
immune solutions dispensed on sheet of parafilm in petri dish with strip of
moistened filter paper to prevent evaporation. (b) Thin section of human tumor
(medullary carcinoma of the thyroid) viewed in the usual orientation with the grid
at 90� to the electron beam showing positive labeling for calcitonin over
neuroendocrine granules. (c and d) Side on view of thin section from sample
shown in (b) after re-embedding and thin sectioning that indicates the labeling
occurs only on the surface of resin sections and demonstrates the value of section
immersion for maximizing the efficiency of labeling. All scale bars equal 100 nm
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3.3.5 Immunogold

Labeling Controls

1. For an ideal positive control obtain fixed human tissue from a
brain bank from an AD patient (Fig. 5).

2. For negative controls incubate sections in drops containing
either no primary antibody or an irrelevant antibody and con-
tinue with incubation steps in secondary antibody gold. Anti-
gen retrieval results in a noticeable reduction in the density of
membrane contrast due to the partial removal of osmium stain
and the duration of time in which sections are exposed to
antigen retrieval may need to be reduced to get ideal results.

3.4 Notes 1. All aqueous solutions for critical steps are made with molecular
biology-grade water—especially those involving thin section-
ing (i.e., the knife water bath solution), immunogold labeling,
and heavy metal staining. This grade of water dramatically
reduces the contamination of sections with precipitates of vari-
ous kinds.

2. Primary fixative solution is used at room temperature to
preserve microtubules and the fixation is done in 1.5 mL
microcentrifuge tubes.

3. Solution changes are done quickly, using disposable pipettes
being careful not to allow the brains to dry out, also being

Fig. 5 Positive control for Aβ immuno-EM is a section of postmortem human
brain from the frontal lobe region of the brain of an AD patient. Specific labeling
is present over amyloid fibrils (AF) while nearby microtubules (MT) are negative.
Autolysis is evident in this sample. Scale bar equals 500 nm
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careful not to dispose of the heads accidentally inwaste solution.
This and subsequent steps prior to embedding were done with
agitation on a shaking rotator placed inside a chemical fume
hood. Scintillation vials make it easy to see the heads, and
manipulate them with pipettes, and they will not tip over with
the rocking agitation. Potassium ferrocyanide-reduced osmium
turns the brains a light brown color and specifically stains mem-
branes and glycogen particles—always handle in fume hood.

4. Each head was transferred to the large half of a gelatin capsule
containing a paper label curled to the top of the capsule with
the sample ID done with a lead pencil. The capsule halves were
placed on a BEEM capsule support rack which has holes that
will support the capsules and keep them in an upright position.
Resin was added to each capsule and the brains positioned with
the eyes facing up the top half applied to make an airtight seal as
oxygen prevents polymerization.

5. Drying prevents the sections from falling off. Generally in a
single run about eight grids are a reasonable number to collect.
100 mesh grids give a nice large viewing area but one needs to
have the largest possible section to have multiple attachment
points to minimize section falloff. Knife quality is important.

6. Hydrogen peroxide is highly caustic and wear gloves and pro-
tective eyewear to guard against splashes. It is important to
immerse the grids in each immune reagent to get labeling on
both sides (Fig. 4b, c). Use of anti-capillary forceps prevents
carryover of reagents.

3.5 Typical Results Transgenic fly models of human ADmake it possible to understand
the pathological effects of expressing human Aβ42 peptides on the
ultrastructure of the brain. Immunoelectron microscopy enables
correlation of the subcellular distribution of Aβ42 peptides with
cellular damage at the ultrastructural level, which provides insights
into the mechanisms of Aβ42 toxicity in vivo. Specifically localizing
Aβ42 peptides using the electron microscope with post-embedding
immunogold labeling is best performed on samples treated with
osmium tetroxide so that cell membranes can be visualized. The
protocol presented above uses relatively simple methods of sample
preparation and allows strong and specific labeling on thin sections
for Aβ42 in both neuronal and glial cells.

Figure 6 shows the distribution of human Aβ42 expressed in
the transgenic fly brain [13, 14]. Immunoelectron microscopy-
detected Aβ42 is observed in the endoplasmic reticulum, Golgi,
and lysosomes (Fig. 6a, b). The Aβ42 accumulation is also occa-
sionally detected in glial cells, suggesting that Aβ42 peptides are
secreted from neurons and then taken up by glial cells (Fig. 6c).
Gold particles are absent in the control section, which is a fly brain
that does not express Aβ42 (Fig. 6d).
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4 Conclusion

EM analyses are powerful methods that are used to identify cellu-
lar phenotypes and localize proteins to subcellular organelles at
the ultrastructural level, which can be critical for validating animal
models of diseases. Indeed, application of EM to the brains of flies
modeling AD revealed that the cellular phenotypes reported in
patients with AD, such as necrosis, neurite degeneration, and

Fig. 6 Examples of immuno-EM analyses of Aβ in the fly brain. (a) ImmunoEM detection of Aβ in the
endoplasmic reticulum (ER) and Golgi, as well as (b) a lysosome (L) in the neurons in Kenyon cell region of
Aβ fly brains. (c) Immunogold labeling for Aβ over a lysosome in a glial cell (arrowhead). (d) Gold particles are
absent in section labeled for Aβ in the brain of a control fly that does not express Aβ. Scale bars all equal 1 μm.
N nucleus
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abnormalities in mitochondria and lysosomes, are recapitulated.
Furthermore, EM analyses in fly models of AD suggest that neu-
rodegeneration can occur in the absence of fibrillar forms of Aβ
or tau [13, 16]. Thus, the use of EM analyses in animal models of
disease can provide not only a description of the morphological
changes but also insight into the mechanisms underlying
the disease, which may then be directly tested in these animal
models.
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A Multifaceted Approach with Light and Electron
Microscopy to Study Abnormal Circuit Maturation
in Rodent Models

Kimberly L. Simpson, Yi Pang, and Rick C.S. Lin

Abstract

In order to better understand circuit function and dysfunction during early brain formation, multiple
approaches at the light and electron microscopic levels have been utilized to greatly enhance our knowledge
regarding the manner in which neurons and members of the glial cell family develop and respond to insult.
Here, we document the use of immunofluorescent staining methods in addition to ultrastructural analysis
to reveal selective alteration of chemoarchitectural substrates in both neurons and glial cells after early
exposure to an antidepressant, a neurotoxin, as well as genetic manipulation. Our novel findings have vast
implications for numerous research fields including studies related to neurological disease, mental dis-
orders, as well as pervasive developmental disorders, such as autism.

Keywords: Serotonin, Norepinephrine, Dopamine, Development, Dendrites, Axons, Oligodendro-
cytes, Microglia, Injury

1 Introduction

The development of a normal functioning brain not only requires a
structure-specific framework of local and long-range connections
but also depends upon specific neurochemicals and the precise
timing of their release.

It is now well recognized that as the brain reconciles new
internal and external environments or challenging conditions, it
has the capacity to undergo remarkable architectural changes and
learns to adjust to new environments or conditions.

With the generation of rather selective targeting techniques and
enhanced methodologies for the visualization of cellular and subcel-
lular profiles (via improvements in the applicability of receptor-
specific antibodies and refinement of microscopic technology for
the capture of high-resolution digitized fluorescent and electron
images), neuroscientists now have the ability to probe early events
in brain formation and evaluate mechanisms that perturb the normal
trajectory of pathway establishment. Combined utilization of these
improved methodologies has, indeed, permitted us the opportunity
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to assess aberrant brain development in response to genetic
manipulations and early exposure to environmental factors.

At present, most discussions relating abnormal anatomical
constructs to stunted brain development have cited alterations in
the configuration and operation of excitatory glutamatergic and
inhibitory GABAergic circuits. In contrast, relatively little is
known about the contributions of other neurotransmitter
families, particularly substances considered to act as neuromodu-
lators. Interestingly, biogenic amine neurotransmitters including
dopamine, serotonin (5-hydroxytryptamine; 5-HT), and norepi-
nephrine (NE) have been shown to exert an important role in
early development through the regulation of neurogenesis, migra-
tion, differentiation, and plasticity [1–4]. In fact, manipulation of
5-HT during early development has been demonstrated to inter-
fere with whisker barrel formation in the rodent primary somato-
sensory cortex, produce over-reaction to sensory stimulation, as
well as lead to aggressive and/or anxiety-related behaviors
[5–11]. Furthermore, 5-HT can be transiently expressed in
numerous nonserotonergic neurons such as primary sensory tha-
lamic neurons, dopaminergic substantia nigra (SN) neurons, and
even noradrenergic locus coeruleus (LC) neurons during the first
few weeks of life in the rodent brain [12, 13], thereby suggesting a
potential diversity of dysfunction after initial, early disruption of
the serotonin system. Clinical studies which support this view
document serotonin dysregulation to be linked to a variety of
mental disorders such as depression, anxiety, aggression, obsessive
compulsive disorder, and even autism [14, 15]. These findings
correlate well with animal investigations which demonstrate early
exposure to SSRI antidepressants can lead to extensive cortical
mis-wiring and abnormal behavior in the rodent, reminiscent of
pathophysiology noted in autism [16]. Likewise, circumstances
which promote perinatal infection/inflammation increase the risk
for developing disorders related to dopaminergic neurons, such as
Parkinson disease, as well as schizophrenia, autism, and cerebral
palsy [17–20].

In brief, this new knowledge indicates that neuromodulators
may play a critical role in early development. In the following
section, we will describe outcomes in terms of neuronal and glial
structural changes. Several rodent animal models are considered,
including a model which leverages the use of antidepressants to
selectively inhibit the uptake of serotonin (SSRIs) early in brain
formation. In addition, models which employ early administration
of neurotoxins such as lipopolysaccharide (LPS) as well as manipu-
lation of monoamine oxidase A through gene knockout are also
discussed.
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2 Materials and Methods

2.1 Perinatal

Exposure to

Antidepressants

Male and female offspring of timed-pregnant Long Evans rats were
used in these experiments. On postnatal days 6–7 (PN6-7), pups
were tattooed and sexed for identification. Beginning on PN8, rat
pups were injected subcutaneously with citalopram (CTM) (Tocris,
Ellisville, MO) at a dose ranging from 2.5 to 10 mg/kg twice daily
throughout the PN8-21 time frame. Investigations to examine
pathology were conducted when animals reached adulthood
(>PN90). For immunohistochemical studies, animals were deeply
anesthetized with sodium pentobarbital (60–80 mg/kg; IP) and
perfused through the heart with saline followed by 3.5 % parafor-
maldehyde in 0.1 M phosphate-buffered saline (PBS) at pH 7.4.
Free floating sections were collected at 40–80 μm thickness with an
AO freezing microtome. Standard immunofluorescent methods
were conducted as described previously [21, 22]. For example,
tryptophan hydroxylase (TPH) affinity purified antiserum against
sheep (1:1,000–3,000; Millipore Co.) was used to identify seroto-
nergic neurons in the raphe nuclear complex, and linked to either
streptavidin-conjugated Cy2 or Cy3. The immunostained tissues
were then examined for their distribution pattern and intensity
utilizing a Nikon E800 microscope equipped with appropriate
filters and Photometric Coolsnap ES CCD camera (Roper Scien-
tific Co.), as well as Metamorph imaging software (Universal
imaging systems) for quantification. This newly developed quanti-
fication system allows an investigator to not only measure the
intensity of staining but also detect the spatial arrangement of
cellular profiles [23].

Brain samples for electron microscopic (EM) investigation
were also prepared with a standard ABC/DAB immunohistochem-
ical ultrastructural procedure. Typically, animals were perfused with
saline followed by 3.5 % paraformaldehyde plus 0.5 % glutaralde-
hyde in 0.1 M PBS. Brains were post-fixed in the same fixative
overnight at 4 �C. Brains were cut either in the coronal (for raphe
neurons and Nodes of Ranvier) or sagittal (for corpus callosum
studies) plane. A Lancer vibratome was used to slice sections to
50–100 μm. A small region (~1 � 1 mm) of interest was dissected
with a #10 blade. Typically, 2–3 blocks were dissected from each
case and processed with standard EM osmication with en bloc
staining procedures. They were flat embedded in epon, attached
to beam capsules, trimmed and cut into ultrathin sections. Tissues
were collected onto grids coated with formvar, and further stained
with lead citrate and uranyl acetate. Materials were examined,
randomly selected, and photographed with a Leo Biological trans-
mission electron microscope equipped with a digitized imaging
system. A Jeol JEM 1400 Plus EM scope was also used for these
studies.
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2.2 Monoamine

Oxidase A Knockout

(MAO A KO)

Experiments

MAO A KO mice were generated as described previously [24, 25].
Briefly, MAO A KO mice were engineered from the 129S6 (WT)
strain. This breed harbors a spontaneous point nonsense mutation
in exon 8, position 863, of theMaoa gene. These MAO A KOmice
lack MAO A enzyme activity and have a high level of 5-HT
throughout the brain [24].

With regard to immunofluorescent light microscopic and ultra-
structural analysis, similar procedures were conducted as described
in section 2.1.

2.3 Perinatal

Exposure to

Neurotoxin

To investigate neurotoxin effects during early development, timed-
pregnant Sprague–Dawley rats were used. Intraperitoneal injection
of LPS (from Escherichia coli, serotype 055:B5 at a dose of
0–3.0 μg/g or 0–9,000 EU/g body weight) was administered at
PN5. Rat pups were then weaned at PN21 and were housed in 3–4
per cage thereafter. To further assess toxic effects, rotenone
(a pesticide) was administered via subcutaneous osmotic mini-
pump infusion for 14 days (from PN70 to PN84; 1.25 mg/kg/
day) as described previously [26]. These animals were then further
studied for degenerative processes at >PN98.

For immunohistochemical and ultrastructural investigation,
methods were conducted as described in the previous section.
With regard to the usage of antibodies, tyrosine hydroxylase pri-
mary antiserum (TH; dilution 1:1,000; Millipore Co.) was used to
identify dopaminergic neurons in the substantia nigra (SN), and
OX42 (CD11b; dilution 1:100; Serotec Co.) or ionized calcium-
binding adapter molecule 1 (Iba1; dilution 1:200; Wako Co.)
antiserum was used to identify microglia, and Contactin-associated
protein (Caspr: dilution 1:200; Chemicon Inc.) antiserumwas used
to identify nodal subdomain of the myelination. Furthermore,
dendritic morphological changes as well as microglia pathology
were studied through the use of electron microscopy.

2.4 In Vitro Cell

Culture Experiments

To further verify and understand mechanisms of degeneration in
specific populations of neurons and glia, in vitro cell culture, includ-
ing the co-culture method, was conducted and cellular profiles were
examined at both the light and electron microscopic levels. Oligo-
dendrocyte progenitor cells were isolated from neonatal rat optic
nerves as described previously [27]. Co-culture material derived
from embryonic rat spinal cord and cerebral cortex was harvested to
further study neuron-glia interaction. Rat E16 spinal cord was
dissected from six embryos and collected in a petri dish containing
1 ml of 1�HBSS (without Ca++ and Mg++). Additional procedures
have been described recently [28].

Ultrastructural organization in these neuron-glia co-cultures
was characterized by a new method which serves to evaluate the
extent and patterns of myelination [28]. Briefly, the dissociated cells
in the plating medium were seeded into Matrigel Matrix Cell
Culture inserts (BD Biosciences, Bedford, MA) at the same density
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as that on the cover slips. At DIV 40, cells were fixed with 0.5 %
glutaraldehyde for 30 min at room temperature, washed and stored
in PBS at 4 �C, and then processed utilizing standard EM osmication
with en bloc staining of 2 % uranyl acetate for 5min. The tissues were
embedded in Durcupan and ultrathin sections were cut and exam-
ined with a Leo Biological transmission electron microscope.

3 Results

3.1 Alterations in

Dendritic Morphology

Following Early

Exposure to

Antidepressant Drugs,

Inflammatory Agents,

or Genetic

Manipulations

A typical neuron is composed of a cell body or soma, dendrites, an
axon, and associated terminal synapses. In responding to an exter-
nal insult such as ischemia, degradation of a dendritic structural
protein has been reported. Matesic and Lin [29] observed that
hippocampal dendrites exhibit beading very early after five minute
carotid artery occlusion. Namely, a change in the integrity of
microtubule-associated protein 2 was detected as early as 24 h
post-insult and occurred in advance of neuronal death. With suble-
thal insult, however, such structural alterations of dendrites were
found to be reversible [30]. To explore the possibility of similar
permutations of dendritic structure within monoaminergic systems
following early exposure to antidepressant drugs, inflammation, or
genetic manipulation, three different experimental models were
analyzed. The first model utilized intracerebroventricular or intra-
peritoneal injection of LPS at PN5. Irrespective of the route of
delivery, by the time subjects reached adulthood, substantia nigra
cells labeled immunohistochemically for TH demonstrated short-
ened or beaded dendrites in comparison to the smooth dendritic
profiles exhibited by controls. At the ultrastructural level, SN den-
drites of LPS-treated subjects demonstrated areas that were vacant
of content, and contained numerous vacuoles. In many instances,
internalized myelinated axons were observed (Fig. 1a–c). Such
alterations appear much more severe following a second sublethal
insult with rotenone (Fig. 1d). Secondly, in models examining the
expression of TPH after early exposure to the SSRI antidepressant,
citalopram, midline raphe neurons tended to express very weak or
no immunoreactivity. Interestingly, some of the TPH immunore-
active neurons of dorsal raphe (DR) neurons from CTM-exposed
animals exhibited a beaded appearance that contrasted with the
rather smooth dendrites of controls (Fig. 1e). Such morphological
changes were reinforced by data at the EM level. Again, inclusions
and vacuoles were noted in TPH immunoreactive DR dendrites
after perinatal CTM exposure (Fig. 1f from normal and G from
CTM treated). Lastly, to explore consequences following genetic
manipulation, immunofluorescent data from MAO A KO mice
revealed an altered expression of TH in the dendrites of locus
coeruleus (LC) noradrenergic neurons. Processes exhibited a
beaded appearance in a time-dependent fashion such that dendritic
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branches demonstrated discontinuous arborization at (P30), but
returned to normal by (P150) (Fig. 1h–m). In brief, these new lines
of evidence provide further support to demonstrate a link between
altered dendritic morphology and a general process that has the
potential to disrupt neuronal outflow and lead to degeneration.
At present, the precise cellular mechanism responsible for these
changes remains to be elucidated, as does a means for limiting the
occurrence of this phenomenon.

Fig. 1 Dendritic pathology following perinatal drug exposure. Representative example of the normal
appearance of a dendrite following saline treatment (P5 treated and examined at adult) (a: arrow head
indicates normal mitochondria). In contrast, dendrites of LPS treated at P5 animals were found to be largely
vacant of content, but contain numerous vacuoles and even internalized myelinated axons (examined at adult)
(b and c: arrows). Further treatment with rotenone appears to worsen dendritic pathology (d: arrow head
points to a rather empty vacuole). Dendritic abnormalities related to beading of TPH immunostained dendrites
were observed in the dorsal raphe nuclear complex (e), with alterations also appearing at the ultrastructural
level (f: normal); and (g) following perinatal exposure to CTM. Dendritic labeling in the LC is shown in h–j
(white arrows point to TH immunoreactive processes). LC neurons exhibited rather smooth dendrites in normal
controls (normal adult: h), but the dendrites of MAO KO mice demonstrated a beaded appearance at PN 30 (i).
Such discontinuity in the integrity of dendritic branches appeared to improve in part by PN 150 (j). The staining
intensity and spatial distribution of the TH immunoreactive profiles shown in h–j are shown high power in k–m
(white indicates TH labeled areas with high signal intensity and blue denotes TH labeled areas with low signal
intensity). Yellow arrows (i–j and l–m, respectively) point to individual beads along the extent of the dendrite
and relative levels of intensity associated with that beaded profile. Scale bar: (a) 1 μm, also applies to (b–d);
(e) 25 um; (f) 2 μm also applies to (g)
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3.2 Morphological

Changes in the

Myelination of Corpus

Callosum Axons

Following Early Drug

Exposure and Genetic

Manipulation

As was stated earlier, serotonin is known to play a key role in axon
guidance and cortical barrel formation during early development.
Given clinical reports of decreased corpus callosum volume in autis-
tic patients [31], we speculated that early manipulation of serotonin
would lead to aberrant axon myelination and further evidence of
misguidance during the establishment of neuronal pathways. To
illustrate myelin malformation at the ultrastructural level, we stud-
ied rat pups that had received early CTM treatment as well as rat
pups with altered expression of MAO A. Under the first condition,
where subjects received early exposure to the SSRI either pre- or
postnatally, data revealed that a portion (2–6 %) of callosal axon
myelin sheaths was often rather loosely packed (21–60 abnormal
axons from a sample of 1,000 vs. 5–9 abnormal axons from the same
sample size from the controls) [16]. On occasion, hypermyelination
was also noted as compared to the nicely organized and tightly
packed lamellae of controls (Fig. 2a–c). When callosal axon myelin
formation was investigated in MAO A KOmice, abnormal patterns
of sheathing were quite often noted (Fig. 2d–f). In some instances,
multiple axons with abnormally organized lamellae were found
wrapped together by another giant myelin sheath that was also
anatomically distorted. These new lines of evidence not only
support the view that early environment or genetic manipulation
can re-program pathway formation during development but also

Fig. 2 Callosal axons at the ultrastructural level. Early CTM exposure leads to the abnormal appearance of
callosal axons (b and c) compared to the normal myelinated axons of saline-treated animals (a). The red
arrows point to several representative examples of loosely packed myelin sheaths. Similar findings were also
observed in MAO A KO mice (e and f: the asterisk marks the abnormal appearance of callosal axons). Scale
bar: (d) 2 μm, also applied to (e and f)
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further suggest that alterations in serotonin availability can interfere
with the assembly of neuronal machinery responsible for reliable
signal transmission.

3.3 Altered Node

of Ranvier

Since callosal axons did not demonstrate organized patterns of
myelination in experimentalmodels of altered serotonin homeostasis,
steps were taken to explore subdomains of the Node of Ranvier.
Coronal sections of the corpus callosum were collected to maximize
the view of the Node of Ranvier, and architectural changes were
investigated with the use of both immunofluorescent and electron
microscopic techniques. The Caspr antibody was used to immuno-
histochemically identify the paranodal area and evaluate paranodal
integrity. In control experiments, the typical space separating two
Caspr immunostained profiles was quite narrow (range of
~1–2 μm). In contrast the perinatal CTM-exposed animals exhibited
a rather large gap (3–10 μm) between Caspr immunostained struc-
tures (Fig. 3a, b), suggesting an additional dimension of malforma-
tion relating to axon myelination. To further substantiate such
structural changes, investigation at the electron microscopic level
revealed numerous incidences of an extensive naked zone
(~5–10 μm) without any of the obvious end-feet subdomains that
were noted in normal controls (Fig. 3c–f).

3.4 Oligodendrocyte

Pathology

Since the myelin sheath is formed by oligodendrocytes (OL), and
abnormal myelin sheath formations were detected in animals
followingmanipulation of serotonin levels during early development,

Fig. 3 Node of Ranvier pathology following perinatal exposure to CTM. Paranodal Caspr immunostained
profiles reveal a rather regular and close spacing between two stained paranodes in saline-treated controls
(a). In contrast, CTM-treated subjects demonstrated larger distances and inconsistent spacing between Caspr
stained profiles (b: white arrows point to representative examples). Samples examined at the ultrastructural
level show normal nodal spacing following saline treatment (c) and disfigured nodal domains following CTM
administration (d–f); the rows indicate the length of the node (N) region. P paranodal region. Scale bar: (a)
10 μm applies also to (b); (c) 2 μm applies also to (d, e, and f)
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anobvious next stepwas to use EM to examine the dispositionofOLs
in experimental subjects. After perinatal exposure to CTM, OL cell
bodies in the corpus callosum were found to contain numerous
vacuoles and lysosome inclusions. The existence of such inclusions
was not noted in controls (Fig. 4a–c). Furthermore, myelinated
axonal profiles and multinucleated OLs were also noted in the soma
from our samples. Interestingly, the pathological appearance of OLs
in CTM-treated material was similarly observed inMAOAKOmice.
This information suggests that OLs may sustain damage during
developmental periods when serotonin is abnormally regulated.

3.5 Microglial

Reaction to Early Insult

It has been well documented that microglia play a critical role in
responding to insult in the central nervous system. In particular,
both neurological and psychiatric disorders in children and adults
have been linked to prenatal infection/inflammation [32–34]. Ani-
mal studies which have sought to characterize the putative impact
of microglial activation in response to perinatal LPS exposure have
shown degeneration of dopaminergic neurons in the substantia
nigra (SN) and activated microglia in the same region [17, 35, 36].
Interestingly, sequential exposure to a sublethal dose of another
neurotoxin can promote further damage in this same population of
neurons, even when the secondary treatment is administered in adult
subjects [35, 36], suggesting a unique vulnerability present in dopa-
minergic circuitry. Reactive microglia immunostained with Iba1,
under these conditions, exhibited lysosome inclusions, enlarged
mitochondria, and extended cytoplasmic processes (Fig. 5a–c).
Since early SSRI exposure appears to lead to abnormal circuit wiring
and malformation of the myelin sheath, future investigations will
address whether microglia are also activated in response to serotonin
dysregulation. Our immunofluorescent data suggest that perinatal
exposure to CTM induces extension of microglia cytoplasmic

Fig. 4 Ultrastructural analysis of oligodendrocyte pathology. Representative examples of normal saline-treated
controls are shown in (a) while (b and c) illustrate oligodendrocyte somata from CTM perinatally treated
animals. Notice inclusion bodies such as myelinated axons (b) and evidence of multinucleation (c: indicated by
asterisks). Scale bar: (a) 5 μm, also applies to (b) and (c)
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processes and enhances soma size. Some of these observations at the
light microscopic level have been further identified utilizing electron
microscopy (Fig. 5d–f).

3.6 Myelination and

Synaptic Organization

Utilizing the Co-culture

Method

The conventional pure OL culture has been well established for
decades. However, the co-culture model which utilizes both OL
and neurons to investigate myelin formation and synaptic profiles
has not been widely available. Dorsal root ganglion material was
most often used in the absence of constituents liberated from the
CNS [37, 38]. To develop an approach which incorporated mate-
rial originating from the CNS, Yang et al. [39] and Chen et al. [40]
introduced the brain slice and explant culture, respectively. Limita-
tions which were associated with such CNS-based models, how-
ever, were well recognized [41]. With the advent of a newly
developed co-culture method [28], we have been able to determine
the process of OL maturation and myelination by immunohisto-
chemistry using OL, myelin, or nodal domain markers (Fig. 6a–d).
In particular, ultrastructural evidence of myelin formation as well as
synaptic specializations was observed (Fig. 6e–h). Furthermore,
pre- and postsynaptic features as well as dense-cored vesicles were
noted in the newly developed co-culture system (Fig. 6f–h),
thereby suggesting the feasibility of using EM analysis to study
co-culture systems in response to a variety of experimental
manipulations.

Fig. 5 Microglia pathology following early life exposure to an inflammatory drug or SSRI. Iba immunostained
microglia in the hippocampus from saline-treated controls (a) and perinatal LPS-exposed subjects (b and c).
Notice the lysosomal inclusions and extensive numbers of mitochondria in the drug-treated group. There were
many instances in CTM-treated subjects in the corpus callosum where microglia exhibited abnormalities such
as multinucleation (e: designated by red asterisks) and inclusion bodies/vacuoles (f: marked by green
asterisks). Scale bar: (a) 2 μm, applies also to (b–f)
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Fig. 6 Myelination and synaptic organization in mixed neuron-glia co-culture derived from E16 spinal cord.
Representative micrographs show neurons (a: red, NeuN staining; nuclei were counterstained blue, DAPI) and
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4 Notes and Discussion

4.1 Technical

Considerations

The major focus of the present set studies was to emphasize the
importance of applying multiple approaches to not only advance
understanding of degenerative processes but also appreciate how
seemingly subtle changes in the architecture of monoamine systems
(traditionally viewed as neuromodulatory systems) can alter the
trajectory of brain development. The current collection of studies
has also been presented to reinforce the notion that the glial cell
family, especially oligodendrocytes and microglia, may also play a
prominent role in impacting dysfunction associated with altered
levels of serotonin, dopamine, and potentially, norepinephrine.
The combined use of immunohistochemistry at the light micro-
scopic level with translation at the ultrastructural level offers
researchers an in-depth view of synaptic relationships and an oppor-
tunity to categorize domains of anatomic deficiency.

4.2 Functional

Implications

The importance of investigating dendritic integrity is underscored
by a need to better understand frameworks for functional circuit
connections. Given that the majority of synaptic interactions are
built upon axonal contacts with dendrites and dendritic spines, it
stands to reason that a breakdown in the dendritic construct could
have a pronounced detrimental effect on neuronal activity and
survival. As was stated earlier, dendritic beading of microtubule-
associated protein 2 was observed in hippocampal neurons
following ischemic insult [29]. This damage was shown to predict
degeneration with longer durations of carotid artery occlusion. The
cellular mechanism mediating this phenomenon was found to
involve reduced voltage-dependent Ca++ signaling [42]. A focus
for the future will be to establish whether dendritic beading noted in
monoamine neurons following early exposure to antidepressants
and inflammatory agents, as well as genetic manipulation, is also
mediated through similar cellular mechanisms (i.e., calcium depri-
vation prior to cell death).

�

Fig. 6 (continued) immature OLs (b: green, O4 immunostaining; neuronal processes were immunostained red
with Tuj1) at early stages of the culture (DIV10). (c–d) Myelinated axons at later stages (DIV40) were revealed
via double-immunolabeling with myelin basic protein (MBP) and phosphorylated neurofilament H (c: green and
red fluorescence, respectively), which was mostly detected at late stage (DIV40 as shown in c). Double
immunolabeling of MBP and the protein Caspr in the nodal domain (d: red and green fluorescence,
respectively) revealed that the cytoarchitecture of myelinated axons in cell culture is similar to that found
in vivo. (e–h) Ultrastructural demonstration of myelin and synaptic organization in mixed neuron-glia culture.
A representative EM image shows that compact myelin sheaths form around axons under normal culture
condition (e). A variety of synaptic specializations, such as synaptic membranes with electron dense (indicated
by opposing arrows) and dense-cored vesicles (denoted by thick white arrows), were noted in the culture
(f, g, h). Scale bars: (a–c) 25 μm; (d) 10 μm; (e–f) 100 nm
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4.3 Future Directions There are several directions that can be followed from the present
data. For instance, based on the newly developed co-culture model,
there is an option to evaluate whether hypomyelination and/or de-
myelination can be induced following exposure to pro-
inflammatory cytokines, such as IL-1β or TNFα. Also demyelinat-
ing agents such as lysophosphatidylcholine (LPC) as well as a
combination of normal guinea pig serum with anti-MOG (myelin
oligodendrocyte glycoprotein) antibody [28] can also be explored.
At present, such investigations are moving forward at the light
microscopic level using fluorescence immunohistochemistry.
Future advances along this front are anticipated in upcoming EM
studies.
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Using Sequential Dual-Immunogold-Silver Labeling
and Electron Microscopy to Determine the Fate
of Internalized G-Protein-Coupled Receptors
Following Agonist Treatment

Elisabeth J. Van Bockstaele, Janet L. Kravets, Xin-Mei Wen,
and Beverly A.S. Reyes

Abstract

Internalization of ligand-receptor complexes is a consequence of receptor signaling resulting in receptors being
recycled to the cell surface or transported to lysosomes for eventual degradation. Resolving the fate of
internalized receptors allows predictions to be made regarding changes in cellular sensitivity and the ability
to test specific synaptic models of interaction between related receptor systems. Dual-labeling immunohisto-
chemistry employing visually distinct immunoperoxidase and immunogold markers has been an effective
approach for elucidating complex receptor profiles at the synapse and to definitively establish the localization
of individual receptors and ligands to common cellular profiles. However, the combination of dual-immuno-
gold-silver labeling of distinct antigens offers some unique benefits for resolving interactions between
G-protein-coupled receptors (GPCR), their interacting proteins, or downstream effectors. This approach
provides superior subcellular localization of the antigen of interest while preserving optimal ultrastructural
morphology. Pre-embedding methods are also more appropriate than post-embedding methods for localiza-
tion of immunoreactivity at extrasynaptic sites making quantification of GPCR distribution more suitable.
Here, we provide detailed methodologies of the use of different sized immunogold particles to analyze the
association of the mu-opioid receptor (MOR) with lysosome-associated membrane protein (LAMP), an
integral membrane protein that is associated with lysosomes or early endosome antigen (EEA), a protein
associated with early endosomes, following intracerebroventricular (icv) administration of saline or the opiate
agonist [D-Ala2,N-Me-Phe4, Gly-ol5]-enkephalin (DAMGO) in the striatum of male Sprague-Dawley rats.

Keywords Receptor internalization, Trafficking, Ultrastructure, Interacting proteins, Endosomes

1 Introduction and Background

G-protein-coupled receptors (GPCRs) [1, 2], also called seven-
transmembrane receptors, are a large family of cell-surface proteins
capable of binding a diverse array of molecules that mediate a
myriad of physiological responses to hormones, neurotransmitters,
and environmental stimulants [3]. The importance of GPCR
signaling in dictating cellular sensitivity has been extensively char-
acterized [4–10]. Dysregulation of GPCRs has been associated
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with a host of pathophysiological conditions [10]. Given the
diverse modulatory functions attributed to GPCRs, this family of
cell surface proteins has been an important target in the develop-
ment of therapeutic tools for the treatment of various disease
conditions [11].

Neuroanatomical techniques used to discern the cellular distri-
bution of GPCRs have revealed important sites of action that can
inform experimental approaches using pharmacological manipula-
tion to target these systems under different experimental con-
ditions [12–16]. However, even under carefully controlled
conditions, light and fluorescence microscopy techniques provide
only limited resolution. Electron microscopy provides enhanced
subcellular precision. The pre-embedding immunocytochemical
approach combined with electron microscopy has several advan-
tages. This approach maintains morphological preservation while
preserving discrete subcellular localization of the antigen of interest
[17]. Furthermore, pre-embedding immunolabeling can be more
appropriate than post-embedding labeling for localizing immuno-
reactivity at extra-synaptic sites and, therefore, is particularly useful
for determining the regional distribution of GPCRs [18]. Post-
embedding labeling, although useful for some antigens, can yield a
high degree of nonspecific adhesion and, therefore, specificity of
the reaction deposit is difficult to discern. The combination of
peroxidase labeling, which appears as a dense homogeneous precip-
itate within cellular compartments, with silver-enhanced immuno-
gold labeling can unequivocally establish coexistence of distinct
receptor proteins in common cellular elements. Although the pre-
embedding immunogold-silver approach may produce lower esti-
mates of receptor number than immunoperoxidase labeling due to
differences in reagent penetration [17], limitations of the experi-
mental approach are lessened by only examining sections from the
outer surface of the tissue for data analysis. Furthermore, whenever
penetration is considered more important than preservation of fine
structure of the neuropil, enhancement methods (such as increased
detergents, i.e., Triton X-100) can be considered [17].

The immunoelectron microscopy approach can also be useful
for examining trafficking of GPCRs following agonist administra-
tion [12–14, 16]. This approach offers the potential for determin-
ing cell surface versus intracellular localization, as well as the
association with various identifiable cellular organelles. Most stud-
ies of receptor trafficking examine these adaptations in modified cell
culture preparations rather than in vivo models. Importantly, the
development of enhanced detection methods using sequential
immunogold-silver labeling [19–21] allows for testing novel
hypotheses regarding putative interactions of different receptor
subtypes, their interacting proteins, or downstream effectors. Anal-
ysis of brain tissue sections that are dually labeled with
immunogold-silver processed sequentially, such that two different
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sized immunogold-silver particles are produced, allows for greater
spatial resolution when compared to traditional electron-dense
markers such as immunoperoxidase. Obtaining different sized
immunogold-silver particles is achieved by incubating with one
ultrasmall gold conjugate, followed by silver enhancement, and
then incubating with the second ultrasmall gold conjugate, fol-
lowed by additional silver enhancement [22]. This results in two
groups of silver-enhanced particles: smaller particles that are
enhanced once and larger particles that are enhanced twice
[19, 22, 23]. In summary, triple-labeling immunohistochemistry
employing visually distinct immunoperoxidase and dual-
immunogold markers can be used to elucidate complex receptor
profiles at the synapse and to definitively establish the localization
of individual receptors and neuromodulators to common cellular
profiles.

1.1 Trafficking of

GPCRs: Using MOR

as a Model System

Trafficking of receptors by agonist stimulation plays a significant
role in modulating effects on cellular activity [6, 24–26]. Agonist
stimulation of GPCRs can result in internalization of the receptor
protein into intracellular vesicles. Subsequently receptors are either
recycled back to the cell surface or further transported to lysosomes
for eventual degradation [27–29]. Receptor internalization path-
ways have been shown to include clathrin-coated vesicles and non-
coated vesicles [6, 30–33]. Some MOR agonists induce a rapid and
dramatic shift in receptor distribution that is readily detectable with
electron microscopic analysis. Indeed, etorphine produces a deple-
tion of plasma membrane receptors from both parasynaptic sites
adjacent to axon terminals as well as receptors at extrasynaptic
plasma membrane sites that are ensheathed by astrocytic processes
[34]. However, neither acute nor chronic morphine treatment is
associated with a significant change in receptor density or distribu-
tion [35–37]. These results lend weight to previous data using low-
resolution receptor autoradiography that the neural adaptations
associated with the development of opioid tolerance and depen-
dence are not mediated by changes in the availability of receptors,
but rather support the notion that these changes likely involve
adaptations within receptor signaling cascades.

MORs show a ligand-dependent mechanism of desensitization
and internalization [38, 39] that has been extensively described
[39, 40]. Specifically, MORs internalize in response to some ago-
nists such as the endogenous opioid peptides, methionine5 and
leucine5-enkephalin (ENK), and etorphine [41] but not the partial
agonist, morphine [42–45]. Studies examining the pathway of
internalization of GPCRs involving β-arrestins have supported a
role for clathrin-coated pit-mediated endocytosis in the internaliza-
tion of receptors [46]. The idea that β-arrestins target GPCRs for
endocytosis via clathrin-coated vesicles has been corroborated by
studies showing that β-arrestins interact directly with components
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of the endocytotic machinery involved in the formation of
clathrin-coated pits [47, 48]. Evidently, the association of MOR
with clathrin-coated vesicles is rapid as gold-silver labeling for
MOR was predominantly localized to early endosomes with
clathrin-coated vesicles nearby. Whereas other GPCRs, such as
the A1 adenosine receptor [49, 50], internalize at slower rates
(11/2 ¼ 90 min), the rate at which etorphine causes internaliza-
tion of MORs is quite rapid (15 min). These kinetic differences
suggest that GPCR internalization may be mediated by multiple
endocytotic mechanisms and/or that structural heterogeneity
between receptor subtypes modulates their relative affinities to
bind endocytotic adaptor proteins [6].

DAMGO treatment results in arrestin-2 translocation to the
plasma membrane, which leads to MOR desensitization and signif-
icant internalization [39, 40, 51–53]. Finally, different agonists can
activate distinct MOR signaling pathways beyond differences in
internalization [54, 55].

1.2 Using

ImmunoEM to Localize

MOR-Interacting

Proteins

We have recently identified Wntless (WLS) as a MOR-interacting
protein that may possibly serve as a substrate underlying the altera-
tions in neuronal structure, synaptic organization, and molecular
adaptations characteristic of opioid dependence [19–21, 56].
MOR/WLS interaction may play a role in agonist-induced redistri-
bution of WLS which is differentially influenced by opiate agonists.
As binding partners, interactions between MOR and WLS may
occur in the cytosolic compartment or the plasma membrane of
cells [19]. Such associations have implications for receptor func-
tion. Johnson and colleagues reported that morphine-desensitized
receptors are not internalized but are retained on the plasma mem-
brane in the desensitized form as a result of different conforma-
tional changes of MORs being stabilized by different agonists that
recruit different regulatory elements to the receptor [39]. Specifi-
cally, it was suggested that desensitization and tolerance to mor-
phine are mediated largely by protein kinase C while desensitization
by DAMGO is mediated by a G-protein-coupled receptor kinase
[39, 57]. We hypothesize that when morphine binds with MOR,
the morphine-enhanced interaction between MOR and WLS
causes entrapment of WLS at the cell surface and WLS is ineffi-
ciently internalized. As a result, a larger proportion of MOR and
WLS is present at the plasma membrane enabling more MOR to be
available for activation by morphine. This event effectively seques-
ters WLS, thereby inhibiting WLS function in mediating Wnt
secretion since a significant inhibition of Wnt secretion was
observed in morphine-treated 293-MOR cells [19]. While WLS is
inefficiently internalized after morphine, WLS is efficiently inter-
nalized in the presence of DAMGO [19].

An interaction between WLS and Wnt proteins has been
demonstrated in the Golgi complex and these two proteins shuttle
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together to the plasma membrane where Wnt proteins are then
released [58]. It is via a clathrin-mediated endocytosis that WLS is
internalized, while it is via the retromer complex that WLS is
recycled back to the Golgi. WLS binds with MOR and their associ-
ation occurs both in the cytoplasmic compartment and on the
plasma membrane [19]. Following morphine treatment, the level
of MOR/WLS complexes significantly increased using immuno-
precipitation and immunohistochemistry [19]. In striatal neurons,
we reported that following morphine treatment, WLS is redistrib-
uted from the cytoplasmic compartment to the plasma membrane
[19, 21]. It is likely that following morphine treatment, MORs are
inefficiently internalized as we [34] and others [43] have previ-
ously reported. Furthermore, using locus coeruleus neurons we
recently reported that morphine treatment caused a significant
redistribution of WLS to the plasma membrane in addition to
an increase in the proximity of gold-silver labels for MOR and
WLS [56]. This event then leads to an increase in the associa-
tion between WLS and MOR that may potentially cause WLS to
be translocated to the plasma membrane and effectively seques-
tered there. In turn, WLS recycling is reduced, thereby inhibit-
ing Wnt secretion. We have also demonstrated that MOR and
WLS are co-localized in tyrosine hydroxylase-containing neu-
rons [56].

The goal of this chapter is to provide a detailed methodological
protocol for pre-embedding immunocytochemistry using sequen-
tial silver-enhanced dual-gold labeling of antigens of interest com-
bined with electron microscopy. At the outset, the experimenter
must clearly define the question to be answered so as to best fit the
experimental design to the hypothesis being tested. Here, using a
similar experimental design, two questions will be answered: (1)
Following administration of DAMGO, does MOR internalize
(e.g., shift its distribution from the plasma membrane to the cyto-
plasm) and associate with EEA or LAMP in the striatum when
compared to control? (2) Following administration of morphine
does MOR associate with EEA or LAMP in the striatum when
compared to control?

2 Equipment, Materials, and Setup

Immunoelectron microscopy using sequential silver-enhanced
dual-gold labeling entails a multiple-step process. The first step
involves transcardial perfusion of the animal for brain extraction.
The second step involves postfixation and sectioning of the brain.
Pre-embedding dual-immunogold labeling is then initiated fol-
lowed by embedding, ultrathin sectioning, and counterstaining.
Samples are then ready for analysis using a transmission electron
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microscope. All essential equipment and materials necessary to
conduct pre-embedding sequential silver-enhanced dual-gold
labeling of antigens of interest combined with electron microscopy
are listed as follows:

Personal protective and safety equipment

Gloves (BioExpress) Biohazard bags (Fisher Scientific)

Masks (Fisher Scientific) Chemical waste containers

Lab coat Eye wash station

Transcardial perfusion of the animal is a crucial step in achiev-
ing optimal preservation of ultrastructural morphology with clearly

Fig. 1 A schematic showing perfusion fixation setup for rats
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apparent immunocytochemical labeling. Figure 1 shows a sche-
matic illustration of a perfusion fixation setup.

Materials and solutions for perfusion fixation

Equipment Balance (Ohaus Adventurer)

Glass beakers (Fisher Scientific) Silicon tubing (Cole-Parmer
Instrument Co.)

Graduated cylinder (Nalgene) Spatula (VWR)

Magnetic stir bar (Fisher Scientific) Erlenmeyer 500 mL filtration flask
(VWR)

Hot plate (Fisher Scientific) Buchner funnel (Coors)

Thermometer (Fisher Scientific) Solutions

Tray (New Pig) Sodium phosphate monobasic
(Sigma)

Enclosed pan (New Pig) Sodium phosphate dibasic (Sigma)

Syringe needle (BD Falcon) Paraformaldehyde (Electron
Microscopy Services)

Parafilm (American National Can) Deionized water

Scissors (FST) Sodium hydroxide (Fisher Scientific)

Scalpel (FST) Isoflurane (Southmedic Inc)

20 mL glass vial (Fisher Scientific) Sodium pentobarbital (Sigma)

Whatman #3 Filter paper (Sigma) Acrolein (Polysciences)

Masterflex perfusion pump
(Cole-Parmer Instrument Co.)

Normal saline with heparin
(Henry Schein)

18 gauge stainless steel tubing
(Small Parts Inc.)

Following the transcardial perfusion, the brain is collected and
sectioned with a vibrating microtome (Fig. 2) prior to processing
for sequential dual-immunogold histochemistry.

Materials and solutions for vibratome sectioning the brain

Equipment Fine forceps (Electron
Microscopy Services)

Vibrating microtome (Leica
Microsystems)

Specimen block (Leica
Microsystems)

Brain blocking mold (Ted Pella Inc) Solutions

Parafilm (American National Can) Ethylene glycol (Sigma)

Razor blades (Personna American
Safety Razor Co.)

Sucrose (Fisher Scientific)

12-Well tissue culture dishes (VWR) Agar (Sigma)

(continued)
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(continued)

Materials and solutions for vibratome sectioning the brain

Camel and sable hairbrushes (Ted
Pella Inc)

Super Glue (Electron
Microscopy Services)

Microwave (Sanyo) Sodium phosphate monobasic
(Sigma)

Glass beaker (Fisher Scientific) Sodium phosphate dibasic
(Sigma)

The sequential dual-immunogold labeling generates two dif-
ferent groups of silver-enhanced particles: smaller particles that are
enhanced once and larger particles that are enhanced twice (Fig. 2).

Materials and solutions for sequential dual-immunogold labeling

Equipment 0.1 M Phosphate buffer

Glass petri dishes (Corning
Life Sciences)

0.1 M Tris-buffered saline (TBS)

Camel and sable hairbrushes
(Ted Pella Inc)

0.5 % Bovine serum albumin
(Sigma)

Pipettes (Eppendorf) Washing incubation buffer

Glass petri dishes (VWR) 0.2 M Citrate buffer

6-Well tissue culture dishes
(VWR)

0.01 M Phosphate-buffered
saline (PBS)

Coors dishes (Coors) Primary antibodies

Aclar fluorhalocarbon film
(ElectronMicroscopy Services)

Ultrasmall gold-conjugated IgG
(ElectronMicroscopy Services)

Rotator (Lab-Line) Enhancement condition solution
(Aurion)

Thermolyne, Roto-mix (Sigma) R-Gent Se-EM enhancement
mixture (Electron Microscopy
Services)

Accument Basic AB15 pH meter
(Fisher Scientific)

2 % Glutaraldehyde (Electron
Microscopy Services)

Oven (Fisher Scientific) 2 % osmium tetroxide (Electron
Microscopy Services)

20 mL glass vials (Fisher
Scientific)

100 % Ethanol (Decon Labs Inc)

Wooden applicator sticks (VWR) Propylene oxide (Electron
Microscopy Services)

Pasteur pipettes (VWR) Epon

Fume hood (Flow sciences) EM-bed 812 (Electron
Microscopy Services)

(continued)
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(continued)

Materials and solutions for sequential dual-immunogold labeling

Solutions Dodecenyl succinate anhydride
(ElectronMicroscopy Services)

Sodium borohydride (Sigma) NADICR methyl anhydride
(ElectronMicroscopy Services)

Sodium phosphate monobasic
(Sigma)

2,4,6-(Tri(dimethylamino ethyl
phenol)) (Electron Microscopy
Services)

Sodium phosphate dibasic
(Sigma)

Coldwater fish gelatin (Electron
Microscopy Services)

Once the tissue sections are processed for sequential dual-
immunogold labeling, they are flat embedded on a film of aclar
fluorhalocarbon and mounted on a polymerized block using glue
and the block face is trimmed (ensuring that the block contains the
region of interest) in the shape of a trapezoid. Trimming the block
face is critical for obtaining ribbons of tissue during the
ultramicrotome-sectioning process (Fig. 3).

Fig. 2 Sectioning the brain on the vibrating slicer, sequential-immunogold labeling, and silver enhancement
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Materials for ultramicrotome tissue sectioning and electron microscopy

Ultramicrotome (Leica
Microsystems)

Fine forceps (Electron Microscopy
Services)

Diamond knife (DiATOME) Electron microscope (Morgagni, Fei
Company)

Copper mesh grids (Electron
Microscopy Services)

AMT advantage HR/HR-B CCD camera
system (Advanced Microscopy
Techniques Corp.)

Hair curl (Electron
Microscopy Services)

Adobe Photoshop CS4 software (Adobe
Systems Inc)

Tissue sections mounted onto the copper grids are counter-
stained prior to examination using the electron microscope. This
step enhances contrast in the tissue by exposure to electron-dense,
heavy metal stains.

Fig. 3 A schematic diagram showing procedures involved in electron microscopy starting from silver
enhancement up to visualizing an ultrathin section using a transmission electron microscope
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Materials for counterstaining the tissue sections

Fine forceps (Electron Microscopy
Services)

Dental wax (Electron Microscopy
Services)

5 mL syringe (BD Syringe) Uranyl acetate (Electron Microscopy
Services)

Leur lock filter tip (BD Syringe) Deionized water

Glass petri dish (Corning Life
Sciences)

Lead nitrate (Electron Microscopy
Services)

Sodium hydroxide pellets (Fisher
Scientific)

Sodium hydroxide pellets (Fisher
Scientific)

10 mL glass beakers (Fisher
Scientific)

Lead citrate (Electron Microscopy
Services)

Aluminum foil (Fisher Scientific)

Listed below are the solutions that are needed to conduct the
sequential dual-immunogold labeling:

Solutions:

TBS pH 7.6 Washing incubation buffer

4 L Deionized water 500 mL 0.01 M PBS

48.4 g Trizma base 2.5 mL Gelatin stock

36 g Sodium chloride 1.0 g BSA

0.5 % Bovine serum albumin (BSA) 0.2 M Citrate buffer

100 mL 0.1 M TBS 500 mL Deionized water

0.5 g BSA 29.45 g Sodium citrate

Antibody incubation buffer Epon

0.1 g BSA 24 mL EM-bed 812

100 mL 0.1 M TBS 15 mL DDSA

0.01 M Phosphate-buffered saline (PBS)
pH 7.40

13.5 mL NMA

1 L Deionized water 525 μL DMP-30

1.09 g Sodium phosphate dibasic

0.32 g Sodium phosphate monobasic

9.0 g Sodium chloride

Trafficking of GPCRs using Immunogold-silver labeling 149



3 Procedures

3.1 General

Comments

A significant consideration in any immunocytochemical approach
involves ensuring specificity of the antisera used in the experiment.
An antiserum is a preparation containing the immune globulins
from the serum of an animal that has been immunized with a
specific antigen. Only a small portion of the immune globulins in
that serum will be directed against the antigen used for immuniza-
tion, hence the need for conducting sufficient control experiments
to determine that the epitope that is recognized in the tissue
belongs to the original antigen. A useful resource for outlining
important and stringent control experiments (as well as discussion
of monocolonal, polyclonal, and affinity-purified antisera) can be
found in an editorial by Saper and Sawchenko [59]. Briefly, to
authenticate a staining pattern, an adsorption control is required.
This involves mixing the antiserum with an excess of the immuniz-
ing peptide, exposing this cocktail to fixed brain tissue, and con-
firming that no staining is achieved. A Western blot of the tissue of
interest (as well as a negative control) should be conducted to
demonstrate that the antibody recognizes the protein of the appro-
priate molecular weight. Another important control experiment is
to conduct staining for the antigen of interest in a genetically
engineered mouse where the antigen has been eliminated and
compare the staining pattern to a wild-type mouse. Finally, control
experiments should involve omission of the primary antisera to test
the specificity of secondary antibodies. In general, although some
antibodies may have been extensively characterized in other labora-
tories, best practices include erring on the side of using more
controls than necessary to unequivocally establish the specificity
of antisera used in immunocytochemical experiments.

The following is an example of a narrative used to describe the
specificity of a MOR-interacting protein, defined as WLS, whose
characterization and specificity were previously described [19, 60].
The WLS antibody was raised in chicken against a peptide antigen
corresponding to the C-terminal 18 amino acids
(HVDGPTEIYKLTRKEAQE) of human WLS (Gene-Tel Labora-
tories, Madison, WI), which is identical to the rat and mouse
peptide sequence. A polyclonal antibody, WLS of IgY subtype was
harvested from yolk and affinity-purified prior to use [19, 60]. The
specificity of WLS was ascertained by transfecting a FLAG/6x His-
taggedWLS cDNA into HEK293 cells. UsingWestern blot analysis
WLS immunoreactivity was expressed in lysates prepared from
transfected cells, which were first probed with an anti-FLAG anti-
body, then stripped, and reprobed with anti-WLS antibody. A band
migrating with the identical molecular mass was detected with anti-
FLAG and anti-WLS antibodies indicating that WLS antibody was
specific for the WLS protein. In transfected cells, anti-WLS anti-
body recognized a single-protein species with an approximate
molecular weight of about 50 kDa [60]. Furthermore,
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preabsorption of WLS with its antigenic peptide did not reveal any
staining for WLS immunoreactivity in the rat frontal cortex. Due to
the fact that WLS knockouts are embryologically lethal, staining in
WLS-knockout mice is not possible.

3.2 Transcardial

Perfusion, Tissue

Sectioning

Rats or mice should be housed three to a cage (20 �C, 12-h light/
dark cycle, lights on 7:00 a.m.) with food and water freely available.
All care and use of animal procedures should be approved by an
Institutional Animal Care and Use Committee and follow the
revised Guide for the Care and Use of Laboratory Animals (1996),
the Health Research Extension Act (1985), and the PHS Policy on
Humane Care and Use of Laboratory Animals (1986). Rats and
mice should be anesthetized to the point of insensitivity to physical
or emotional distress, as determined by tail pinch and loud noise.
Once the experimenter confirms insensitivity to pain, transcardial
perfusion should proceed. Kravets and colleagues [61] and Milner
and colleagues [62] recently published detailed perfusion fixation
procedures for rats and mice, respectively, that are recommended
for the experimental approach provided here. These references
supply helpful illustrations of the perfusion setup and the required
steps to achieve a successful perfusion fixation. Briefly, rats were
deeply anesthetized with sodium pentobarbital (70 mg/kg; [14])
and perfused transcardially through the ascending aorta with
50 mL of 3.8 % acrolein and 200 mL of 2 % paraformaldehyde in
0.1 M phosphate buffer (PB; pH 7.4). Immediately following
perfusion–fixation, the brains were removed, cut into 1–3 mm
coronal slices, and placed in the same fixative for an additional
30 min. Forty-micrometer-thick sections were cut through the
rostrocaudal extent of the striatum using a Vibratome and collected
into 0.1 M PB.

The immunoelectron microscopy procedures from the first day
through the fifth day are step by step described as follows:

Day 1
(Approximately 2.5 h)

1. 1 % Sodium borohydride for 30 min.

– 1 g Sodium borohydride in 100 mL 0.1 M PB
(pH 7.3–7.4).

*Note: In preparing 0.1 M PB, do not use HCl acid to adjust
the pH; rather weigh appropriate amount of sodium monoba-
sic and dibasic to arrive at 7.3–7.4 pH. The appearance of holes
in tissues happens when a buffer contacting saline/chloride in
the solution comes in contact with intensified silver.

2. Wash 3� in 0.1 M PB.

3. Wash in 0.1 M TBS (pH 7.6).

2� at 5 min each wash.
4. 0.5 % BSA in 0.1 M TBS.

30 min.
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0.5 % BSA 0.1 M TBS

0.5 g 100 mL

0.1 g 20 mL

5. Wash in 0.1 M TBS.

2� at 5 min each wash.
6. Primary antibody incubation.

0.1 % BSA 0.1 M TBS

0.1 g 100 mL

0.02 g 20 mL

Incubate the primary antibody overnight at room temperature
(1 mL/tube).
*Note: Triton X should not be added in the incubation solu-
tion for tissues intended for electron microscopy.
**Primary antibody dilutions
MOR (rabbit ) 1:2,500 dilution and LAMP (mouse) 1:500
dilution.
MOR (rabbit ) 1:2,500 dilution and EEA (mouse) 1:500
dilution.

Prepare the following solutions for the next day’s processing:

(A) 0.01 M PBS.

Deionized
water (L)

Dibasic
PO4 (g)

Monobasic
PO4 (g)

NaCl
(g)

4 4.36 1.28 36.0

2 2.18 0.64 18.0

1 1.09 0.32 9.0

0.5 0.545 0.16 4.5

pH 7.4.
(B) Washing incubation buffer.

0.01 M
PBS (mL)

Gelatin stock
(0.1 %) (mL)

BSA
(0.2 %) (g)

500 2.5 1.0

250 1.25 0.5

125 0.625 0.25

100 0.50 0.2

pH 7.4.
*Note: If blocking with fish gelatin start thawing/melting it
right away; can use water bath.
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(C) 0.2 M Citrate buffer.

Deionized water (mL) Sodium citrate (g)

500 29.45

250 14.73

200 11.78

100 5.89

pH 7.4 (use citric acid to adjust the pH).
Washes—Takes between 50 and 120 mL per 6-well dish.
Number of washes using each solution after day 1:
PB 0.1 M—16.
Tris—3.
PBS 0.01 M—8.
Washing buffer—8.
Citrate buffer—1.
PB 0.2 M—1.

Day 2
(Approximately 10–11 h)

1. Wash in 0.1 M Tris.

3� 10 min each wash.
2. 2� Wash in 0.1 M PB.

3. Wash in 0.01 M PBS once.

4. Block in washing incubation buffer for 10 min.

5. Prepare the first ultrasmall gold-conjugated IgG (1:50) in
washing incubation buffer.

Incubate the tissues for 8 h at room temperature.
*Note: Whichever goat anti- (rabbit or mouse, etc.) is used to
match primary antibody will now be the larger particle at the
end. For this experiment, we used goat anti-rabbit because we
label MOR as large immunogold-silver particles.

6. Wash in washing incubation buffer for 5 min.

7. Wash in 0.01 M PBS 6� at 5 min each.

8. Wash in 0.1 M PB 2� at 5 min each (store overnight at 0.1 M
PB at 4 �C).

(D) Additional materials needed for day 4:

1. Aurion ECS (enhancement condition solution) (10� solu-
tion) stored at room temperature.

2. R-Gent Se-EM enhancement mixture stored at 4 �C.
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Day 3
(Approximately 12 h)

1. Wash in 0.1 M PB 2� at 5 min each.

2. Pre-enhancement washing: ECS, 4� at 5 min each.

– Dilute 10� ECS solution to 1� with diH2O; add ~500 μL
per mini well in the 4 � 6 plates. (ECS for 12 wells: need
6 mL ~>7 mL/wash x 4 ¼ 28 mL, therefore 2.8 mL of
concentrated ECS into 25.2 mL of diH2O.)

*Note for steps 2 and 3: You may fill all the needed 4 � 6 mini
wells with the respective wash solution first (rows 1–4 with 1�
ECS solution and row 5 silver enhancement solution) and just
move the tissues to each of the five rows below it for each wash
step instead of pipetting out solution and adding new.

3. First silver enhancement: Use R-Gent SE-EM enhancement
mixture for 90 min.

– How to prepare the developer: Put 40 drops of activator (kept
in the refrigerator) and 1 drop of initiator (kept in the
freezer) into the developer bottle. Mix the developer well
on a vortex.

– To prepare the enhancement mixture: Put 20 drops enhancer
and 1 drop developer in a well and mix in the shaker. Put
0.3–0.5 mL in each well (~5 tissues).

*Note: Use approximately 300–500 μL per mini well (EX:
Since each drop is about 50 uL then each combo of 20 drops
enhancer + 1 drop of developer ¼ 1,050 μL. For 12 wells you
need between 4 and 6� this 21 drop combo depending on how
many tissues you have per well (realizing you cannot really get
half drops easily without pipetting) [12 � 300 μL ¼ 3,600
μL/1,050 μL ¼ 3.4� drop combo AND 12 � 500 μL

¼ 6,000 μL/1,050 μL ¼ 5.7� drop combo]. If you choose
5� the drop combo: Mix 100 drops of enhancer with 5 drops
of developer to get 5,250 μL enhancement solution or
437.5 μL theoretically for each of the 12 wells, then you can
actually pipette ~420 μL into each well safely given drop varia-
tion, etc.
**Note: Use wood sticks to transport tissues from this stage
because the paintbrushes react/affect/get clogged up with the
silver enhancement.

4. Wash in citrate buffer.

5. Wash in 0.1 M PB 2� at 5 min each.

6. Wash in 0.01 M PBS once.

7. Prepare the second ultrasmall gold-conjugated IgG (1:50) in
washing incubation buffer.

Incubate the tissues for 8 h.
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*Note: Antibody here ultimately corresponds to the smaller
particle on EM. For this experiment we used mouse because we
labeled EEA or LAMP as small immunogold-silver particles.

8. Wash in washing incubation buffer 6� at 5 min each.

9. Wash in 0.1 M PB 2� at 5 min each (store overnight at 0.1 M
PB at 4 �C).

Day 4
(Approximately 5–5.5 h)

1. Wash in 0.1 M PB 2� at 5 min each.

2. Incubate tissue sections at 2 % glutaraldehyde (EM grade),
10 min in hood.

– To prepare 2 % glutaraldehyde: Mix 10 mL of 25 % glutar-
aldehyde in 40 mL 0.01 M PBS.

3. Wash in 0.1 M PB 2� at 5 min each.

4. Wash in distilled water 4� at 5 min each.

*Note: Can set up 4 � 6 dish the same way (as day 3) for
diH2O (four rows) and one row for silver enhancement.

5. Second silver enhancement: Use R-Gent SE-EM enhancement
mixture for 60 min.

How to prepare the developer: Put 40 drops of activator (kept in
the refrigerator) and 1 drop of initiator (kept in the freezer)
into the developer bottle. Mix the developer well on a vortex.
To prepare the enhancement mixture: Put 20 drops enhancer and
1 drop developer in a well and mix in the shaker. Put
0.3–0.5 mL in each well (~5 tissues).
*Note: See day 3 suggestions for calculating total number of
20:1 drops for your # of wells.

6. Place the tissue sections in Coors dishes containing 0.1 M PB.

Take one tissue section and mount on glass slide (optional).
7. Remove 0.1 M PB and replace with 2 % osmium tetroxide.

Incubate for 1 h.

– To prepare 2 % osmium tetroxide: 10 mL 4 % osmium
tetroxide + 10 mL 0.2 M PB.

8. Remove the 2 % osmium tetroxide and be sure to place it in a
biohazard bottle container. Replace with 0.1 M PB.

9. Dehydration steps: Dehydrate in ascending concentration of
alcohol at 30, 50, 70, and 95 % for 5 min; 100 % for 10 min
each (2�).

Propylene oxide for 10 min each (2�).

*Note: Take care not to let tissues fold at this stage because
they become more brittle and are harder to unfold later with-
out breaking.
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10. Replace propylene oxide with a 1:1 solution of Epon and
propylene oxide and incubate overnight.

Day 5
(Approximately 3 h)

To prepare 100 % Epon

Total
volume (mL)

EM-bed 812
(mL)

DDSA
(mL)

NMA
(mL)

DMP-30
(μL)

52.5 24 15 13.5 525

39.38 18 11.25 10.13 393

26.25 12 7.5 6.75 262

13.13 6.0 3.75 3.38 131

1. Rotate the tissue sections in 100 % Epon for 2 h.

*Note: When moving tissues from overnight into weigh boats
into 100 % Epon if tissues stick to bottom/side of jar keep
rotating it in your hands to gently resuspend tissues DO NOT
scrape them off the sides with the wood stick.

2. Flat embed between two sheets of aclar fluorhalocarbon film.

*Note: Make one sheet of aclar smaller than the other to easily
pull apart later. Unfold tissues in weigh boats where that Epon-
containing tube is dumped. Place all desired tissues on bottom
aclar, dab/blot excess Epon around tissues off (with Kim wipe
or cotton swab), and then lay smaller aclar on top pushing all air
bubbles off and away from your tissues.

3. Bake the aclar in the oven (55–60 �C) overnight.

Control sections for each experiment were run in parallel in
which the primary antisera were omitted but the rest of the proces-
sing procedure was identical. Sections processed in the absence of
primary antibodies did not exhibit any immunoreactivity. Some
sections were also processed without the secondary antibodies but
the rest of the processing procedure was identical. Sections pro-
cessed in the absence of the secondary antibodies did not exhibit
any immunoreactivity. In some sections one of the primary antisera
was omitted but the rest of the processing procedure was identical.
The specific primary antiserum omitted did not show any immu-
noreactivity on tissue sections examined. Sections were collected on
copper mesh grids and examined using an electron microscope
(Morgagni, Fei Company, Hillsboro, OR, USA). Digital images
were viewed and captured using the AMT advantage HR/HR-B
CCD camera system (Advance Microscopy Techniques Corp.,
Danvers, MA, USA). Figures were assembled and adjusted for
brightness and contrast using Adobe Photoshop.
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3.3 Data Analysis To determine whether levels of spurious silver grains could contrib-
ute to false positives, blood vessels andmyelinated axons (structures
that should not contain MOR immunolabeling) were counted in
random ultrathin sections. Minimal spurious labeling was identi-
fied. Therefore, the criteria for defining a process as immunolabeled
was by using detection of at least 2–3 silver grains in a cellular
profile. For quantification of MOR and EEA or LAMP, tissue
sections from three rats of each group (saline, morphine, and
DAMGO) with optimal preservation of ultrastructural morphology
were used. Only tissue sections that showed dual labeling for MOR
and LAMP or MOR and EEA were used for the electron micro-
scopic analysis. Using bright-field microscopy (Fig. 4) and electron
microscopy (Fig. 5), the distribution of EEA and LAMP immunor-
eactivities is shown in the locus coeruleus. The identification of
cellular elements was based on the standard morphological criteria
[63, 64]. Dendrites usually contained endoplasmic reticulum and
were postsynaptic to axon terminals. Axon terminals contained
synaptic vesicles and were at least 0.3 mm in diameter. A varicosity

Fig. 4 Bright-field photomicrographs showing peroxidase labeling for LAMP (Panels a and b) and EEA (Panels c
and d) in the locus coeruleus. Panels b and d show higher magnification images of LAMP (Panel b) and EEA
(Panel d). LAMP and EEA immunolabeling (arrows) is visible in the core of the locus coeruleus. Arrows indicate
dorsal (D) and medial (M) orientation of the tissue section. IV fourth ventricle. Scale bars, 25 μm

Trafficking of GPCRs using Immunogold-silver labeling 157



was considered as synaptic when it showed a junctional complex, a
restricted zone of apposed parallel membranes with slight enlarge-
ment of the intercellular space, and/or associated postsynaptic
thickening.

Fig. 5 Electron micrographs showing immunogold-silver labeling of antibodies directed against early endo-
some antigen 1 (EEA1) in panels a and b, and lysosome-associated membrane protein (LAMP) in panels c and
d. (a) Double-headed arrows indicate endosome-like vesicles that are associated with gold-silver deposits for
EEA-1 in a dendrite in the locus coeruleus (LC). The dendrite is apposed by an axon terminal (t) and an
astrocytic process (asterisks). (b) Gold-silver deposits indicative of EEA1 are present adjacent to a multi-
vesicular body (mvb) that contains several distinguishable spherical vesicles in an LC dendrite. Several
mitochondria (m) can be discerned within the dendrite that is apposed by an astrocytic process (asterisks). (c)
An LC perikarya (identified by the presence of a nucleus, nu) contains gold-silver labeling indicative of LAMP
that is associated with endosome-like vesicles and an organelle that resembles a multivesicular body (arrow).
(d) An LC dendrite contains gold-silver labeling for LAMP that surrounds a multivesicular body. The dendrite is
enveloped by an astrocytic process (asterisks) and is targeted by an excitatory-type axon terminal
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Dendrites were sampled from at least ten grids per animal
containing 5–8 thin sections each that were collected from at least
two plastic-embedded sections of the striatum from each animal.
The quantification of MOR and LAMP or EEA-immunolabeled
profiles was carried out at the plastic-tissue interface to ensure that
immunolabeling was detectable in all sections used for analysis
[65]. Localization of MOR, LAMP, or EEA was identified in
dendritic profiles analyzed. If the immunogold-silver were asso-
ciated with the plasma membrane they were classified as plasma-
lemmal and if the immunogold-silver were not in contact with the
plasma membrane they were classified as cytoplasmic. MOR immu-
nolabeling was identified either cytoplasmic or plasmalemmal as
previously reported [34, 56, 66]. EEA and LAMP were also iden-
tified along the plasma membrane and within the cytoplasmic
compartment. Semiquantitative analysis was carried out by ran-
domly obtaining the ratio of cytoplasmic to total immunogold-
silver particles for MOR and LAMP or EEA in a dendritic profile
exhibiting bothMORandLAMPor EEA immunoreactivities. Label-
ing for each protein of interest was differentiated by electron-dense
particle size and this resulted in two groups of silver-enhanced parti-
cles: smaller particles thatwere enhancedonce and larger particles that
were enhanced twice [19–22, 56, 61]. When the distribution of
randomly selected gold-silver particleswas plotted, a clear segregation
in differently sized gold particles was revealed in a very small overlap.
Dual-immunogold-silver particles were readily discernible from one
another with MOR as large (cross-sectional diameter 4–44 nm) and
LAMP or EEA as small (52–122 nm) gold-silver particles. Consider-
ing the importanceof homogeneity in particle size for our analysis, we
sought to apply certain criteria in our analysis so that the larger the size
difference between the two groups of particles, the lower the likeli-
hood of cross-reactivity. Therefore, immunogold-silver particles with
a diameter ranging between 45 and 51 nm were excluded from the
analysis as this represented a range where the confidence level was not
high for discriminating one label from the other.

The data on the ratio of cytoplasmic to total immunogold-
silver particles were quantified and analyzed. In addition, as with
previous studies from our group [13, 14, 21, 34, 56, 67, 68], care
was taken to ensure that control and experimental groups
contained similarly sized profiles. All data were expressed as mean
� SEM. Statistical analysis was done with GraphPad Prism 5 statis-
tical software (GraphPad Software, Inc. 2012; La Jolla, CA, USA).

Statistical analysis of the number of profiles obtained showed
no significant difference in the number of dendritic profiles exam-
ined between groups. Dual-immunogold-silver labeling (large and
small gold-silver particles, for MOR and EEA, respectively) that
was localized in the same tissue section was readily distinguishable
from each other (Fig. 6). Following morphine, large black punctate
silver-enhanced gold particles, indicative of MOR, appeared on the
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plasma membrane (Fig. 6) (0.38 � 0.03) similar to the MOR
distribution in saline-treated rats (0.36 � 0.03). Following
DAMGO, MOR shifted from the plasma membrane to the cyto-
plasm (0.80 � 0.04) compared to saline and morphine (P < 0.05;
Fig. 7). In addition, the ratio of cytoplasmic to total EEA-
immunogold silver particles was significantly higher (P < 0.05;
Fig. 7) compared to saline and morphine. Similar to dual-MOR
and -EEA immunolabeled profiles, dual-immunogold-silver label-
ings (large and small gold-silver particles, for MOR and LAMP,
respectively) were localized in the same tissue section and they were
readily distinguishable from each other (Fig. 7). Consistently,
MOR appeared on the plasma membrane (Fig. 8) following mor-
phine (0.35 � 0.05; Fig. 7) similar to the MOR distribution in
saline-treated rats (0.37 � 0.04; Fig. 6). Interestingly, the ratio of
cytoplasmic to total LAMP immunogold-silver particles was signif-
icantly different between groups (P < 0.05).

Fig. 6 Electron microscopic evidence for interactions between MOR and EEA using dual-immunogold electron
microscopy. Saline-morphine. Sections from saline- and morphine-treated rats show small gold-silver grains
for MOR (arrows) and large gold-silver grains for EEA (arrowheads) in a common striatal dendrite. MOR and
EEA immunolabeling is localized along the plasma membrane and within the cytoplasm of the striatal dendrite.
m mitochondria. Scale bars, 0.5 μm. Electron photomicrographs showing sections from rats following DAMGO
treatment. DAMGO. Following DAMGO treatment, MOR immunolabeling (arrows) and EEA (arrowheads) show a
shift in distribution from the plasma membrane to the cytoplasm. m mitochondria. Scale bar ¼ 0.5 μm
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Fig. 7 Top panel: Ratio of cytoplasmic to total immunogold-silver labeling for MOR and EEA following opiate
agonist treatment. Differential trafficking of MOR is observed in rat striatal dendrites from vehicle-treated ,
morphine-treated, and DAMGO-treated rats using dual-immunogold-silver for MOR (large gold-silver grains)
and EEA (small gold-silver grains). DAMGO treatment caused a significant (P < 0.05) shift in MOR from the
plasma membrane to the cytoplasmic compartment compared to saline- and morphine-treated rats. MOR
remains on the plasma membrane in morphine-treated rats similar to control. DAMGO treatment significantly
increased (P < 0.05) the ratio of cytoplasmic to total EEA immunogold-silver labeling compared to control and
morphine treatment. Values are mean � SEM of three rats per group. Values with asterisks are significantly
different (*P < 0.05) from each other. Values with different letters are significantly different from each other.
Tukey’s multiple comparison tests after ANOVA. Bottom panel: Ratio of cytoplasmic to total immunogold-silver
labeling for MOR and LAMP following opiate agonist treatment. Differential trafficking of MOR is observed in
rat striatal dendrites from vehicle-treated, morphine-treated, and DAMGO-treated rats using dual-immuno-
gold-silver for MOR (large gold-silver grains) and LAMP (small gold-silver grains). DAMGO treatment caused a
significant (P < 0.05) shift in MOR from the plasma membrane to the cytoplasmic compartment compared to
saline- and morphine-treated rats. MOR remains on the plasma membrane in morphine-treated rats similar to
control. Morphine and DAMGO treatment significantly shifted (P < 0.05) the ratio of cytoplasmic to total LAMP
immunogold-silver labeling compared to control. Values are mean � SEM of three rats per group. Values with
asterisks are significantly different (*P < 0.05) from each other. Values with different letters are significantly
different from each other. Tukey’s multiple comparison tests after ANOVA



3.4 Methodological

Considerations

All antisera that will be used in every research study should be well
characterized and are specific to the antigen of interest. The guide-
lines and standards that are necessary in describing an antibody for
use in neuroscience are clearly articulated in multiple publications
[69–71]. Briefly, (1) a precise and complete information of the
antibody (host species, nature of the antigen, and its preparation)
should be provided; (2) provenance and characterization of the
antibodies: often this is included in the technical information
provided by the manufacturer and can also be found in previous
published reports. However, Saper [71] highlighted that simply
stating that the antibody has been previously characterized is not
sufficient rather a reasonably critical reviewer with information on
what characterization was done and what it showed. (3) Necessary
controls for immunostaining: provide highest level of control that

Fig. 8 Dual-immunogold-silver labeling combined with electron microscopy reveals sites for interactions
between MOR and LAMP. Saline-morphine. Sections from saline- and morphine-treated rats indicate small
gold-silver deposits for MOR (arrows) and large gold-silver grains for LAMP (arrowheads) in a common striatal
dendrite. MOR and LAMP immunolabeling is localized along the plasma membrane and within the cytoplasm
of a striatal dendrite. m: mitochondria. Scale bars, 0.5 μm. Electron photomicrographs showing sections from
rats following DAMGO treatment. DAMGO. When compared to vehicle, immunogold-silver labeling (arrows) for
MOR shows a redistribution from the plasma membrane to the cytoplasm following DAMGO administration,
while immunogold-silver labeling (arrowheads) for EEA shows a homogeneous distribution within the
cytoplasm. Scale bar ¼ 0.5 μm
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can give an assurance that the antibody is staining what it is
intended to stain. This standard can be achieved by using knockout
mouse or other animal, preadsorption of the antibody against the
peptide. In addition, it is important that description of the control
experiments performed to test the specificity of the staining pattern
observed. For this purpose, (1) tissue section that does not contain
the antigen of interest should be tested in parallel conditions with
the tissue sections being studied; (2) another primary antibody
directed against a different epitope should also be processed. As
Saper and Fritschy [69, 71] emphasized controls by omission of
primary antibodies provide no definitive information regarding the
specificity of a primary antibody.

A potential limitation in all ultrastructural studies associated
with the pre-embedding immunolabeling technique is the penetra-
tion of primary and secondary immunoreagents in thick Vibratome
sections [17]. To minimize this shortcoming, analysis of ultrathin
sections is carried out exclusively at the tissue/plastic interface
where penetration is maximal. Second, immunolabeling of antigens
is routinely reversed to ensure that patterns of immunolabeling are
not attributed to differences in the detection methods of reaction
products. Finally, EM data is most informative when included as
part of a larger series of studies such as investigation of GPCR
association with its G-protein through co-immunoprecipitation
assays, cAMP assays, or GTP gamma autoradiography assays.
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Identification of Select Autonomic and Motor Neurons
in the Rat Spinal Cord Using Retrograde Labeling
Techniques and Post-embedding Immunogold
Detection of Fluorogold in the Electron Microscope
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Abstract

It is of interest to combine intracellular neuronal labeling techniques with immunohistochemistry for
ultrastructural studies, but experimental options for investigators have been limited. Recently, protocols
have been developed to allow for electron microscopic detection of retrogradely labeled spinal cord neurons
in combination with post-embedding immunogold studies. Retrogradely labeled preganglionic sympa-
thetic and parasympathetic neurons are identified in the rat spinal cord after injection of fluorogold (FG)
into the major pelvic ganglia. Similarly, injection of FG into the rat external urethral sphincter muscle
retrogradely labels motoneurons in the dorsolateral (DL) nucleus of the L6 spinal cord segment. Tissues are
next preserved by intravascular perfusion with a fixative solution containing 2 % paraformaldehyde and
1–2 % glutaraldehyde. Vibratome sectioning of the spinal cord tissue is followed by cryo-protection, snap
freezing, and dehydration in methanol containing 1–2 % uranyl acetate using a freeze substitution protocol.
Finally, the sections are embedded in the Lowicryl HM20 resin at low temperatures. Post-embedding
immunogold detection of FG localizes the tracer in the lysosomes of labeled neurons. The protocol is
versatile and can be combined with immunogold detection of, e.g., neurotransmitters and membrane
transporters and therefore may have broad applicability to ultrastructural studies on the central nervous
system.

Keywords: Ultrastructure, Major pelvic ganglion, External urethral sphincter, Anatomical tracer

1 Introduction

Significant progress has been demonstrated in electron microscopy
over the past three decades with regard to the development and
refinement of sensitive post-embedding immuno-gold methods.
These protocols have allowed for the ultrastructural detection of
amino acids, peptides, and proteins. Early studies provided meth-
ods for the detection of amino acids associated with synaptic trans-
mission, including glutamate, L-aspartate, gamma-aminobutyric
acid (GABA), and glycine [1–4]. Next, the introduction of the
freeze substitution technique with use of Lowicryl HM20 for
slow embedding of fixed brain tissues at low temperatures resulted
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in markedly improved antigen preservation [5]. In addition to the
detection of amino acid transmitters, the freeze substitution
approach and tissue embedding using Lowicryl HM20 also
allow for post-embedding immunogold detection of neuropeptides
and proteins, as has been shown in ultrastructural studies of a
variety of neurotransmitters and their transporters as well as pro-
teins associated with postsynaptic receptors in the brain and spinal
cord [6–9].

In spite of the above significant advancements in the area of
tissue preparation and processing for electron microscopy, a
remaining methodological challenge has been to identify or
develop a neuronal labeling protocol, which may be combined
with post-embedding immunogold investigations. Many of the
most commonly used anterogradely and retrogradely transported
anatomical tracers include pre-embedding steps, which are not
compatible with post-embedding immunogold studies. For
instance, horseradish peroxidase (HRP) and HRP conjugated to
wheat-germ agglutinin (WGA-HRP) or the B fragment of the
cholera toxin (B-HRP) commonly use diaminobenzidine (DAB)
or tetramethyl benzidine (TMB) as chromogen as well as osmium
tetroxide to enhance contrast and detection of the reaction product
[10–15]. Unfortunately, these pre-embedding histochemical steps
markedly compromise antigen detection.

Here, we present a detailed description of a method that allows
for post-embedding immunogold detection of retrogradely trans-
ported fluorogold (FG) in select motor and autonomic neurons in
the rat spinal cord [16–19]. Themethod is based on the injection of
FG into the major pelvic ganglion or external urethral sphincter
muscle in rats (Figs. 1 and 2) and subsequent ultrastructural studies
to identify retrogradely labeled autonomic and motor neurons after
immunogold labeling of FG (Figs. 3 and 4).

2 Materials

The following list includes information regarding animals, surgical
supplies, anatomical tracer, freeze substitution and embedding
equipment, accessories, and supplies for immunogold studies.

1. Female Sprague-Dawley rats (180–220 g body weight; Charles
River Laboratories, Raleigh, NC).

2. Isoflurane.

3. Betadine® surgical scrub solution (povidone-iodine, 7.5 %).

4. Sterile wipes saturated with 70 % isopropyl alcohol.

5. Sterile cotton swaps.

6. Standard scalpel blade holder (#3).

168 Leif A. Havton et al.



7. Scalpel blade #10.

8. Retractor.

9. 10 μL Hamilton glass syringe with 32-gauge needle (Hamilton
Company, Reno, NV).

10. 1.0 μl of a 5 % FG solution in sterile water (Fluorochrome,
Denver, CO).

11. Surgical sutures.

12. Syringes.

13. Plastic pipettes.

14. Leica EM AFS2 (Leica Microsystems, Vienna, Austria).

15. Leica EM CPC (Leica Microsystems, Vienna, Austria).

16. Cryotransfer container with cover (Leica code 16701889).

17. Chamber for gelatin capsules (Leica code 16702790).

18. Chamber for Leica capsules (Leica code 16702789) with vol-
ume displacement body (Leica code 16702788).

19. Spider cover with eight positions (Leica code 16702743).

20. Stem holder for spider cover (Leica code 16702744).

Fig. 1 Schematic representation of the innervation of the lower urinary tract in rats. Note that the major pelvic
ganglion (MPG) is innervated by sympathetic preganglionic neurons (SPN) in the T13–L2 segments and
parasympathetic preganglionic neurons (PPN) in the L6–S1 segment. Motoneurons (MN) in the L6–S1
segments innervate skeletal muscle fibers of the external urethral sphincter (reprinted from ref. [18] with
permission from Elsevier)
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21. Plastic capsules, D5XH15 mm, 200 pcs (Leica code
16702738).

22. Gelatin capsules size 1, 1,000 pcs (Leica code 16702745).

23. Special forceps with insulation coating (Leica code 16701955).

24. Universal containers (Leica code 16702735).

25. Cryotool with M4 thread (Leica code 16701958).

Fig. 2 Appearance of the major pelvic ganglion (MPG) in a female rat after the ganglion has been injected with a
5 % fluorogold solution (a). Note close relationship between the MPG and adjacent urethra, ureter, and pelvic
nerve. Retrogradely labeled sympathetic preganglionic neurons are detected in the dorsal commissural nucleus
(b1) and intermediolateral nucleus (b2) of the L2 segment, and retrogradely labeled preganglionic parasympa-
thetic neurons (c) are present in the intermediolateral nucleus of the S1 segment. In addition, retrogradely
labeled motoneurons (d) can be encountered in the dorsolateral nucleus of the L6 segment after a direct tracer
injection into the external urethral sphincter muscle (reprinted from ref. [17] with permission from Elsevier)
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26. Special Allen key with handle 3 mm (Leica code 16870070).

27. Lowicryl HM20 (Electron Microscopy Sciences, Fort
Washington, PA).

28. Powertome X Ultramicrotome (RMC Products, Boeckeler
Instruments, Tucson, AZ).

29. Formvar.

30. Nickel grids for collection of ultrathin sections.

31. Uranyl acetate.

32. Methanol.

33. Ethanol.

34. Sodium borohydride.

35. Glycine.

36. Tris-buffered saline.

37. Triton X-100.

38. Fluorogold (Fluorochrome, Denver, CO).

39. Polyclonal antibody to fluorogold raised in rabbit
(Fluorochrome).

40. Secondary goat anti-rabbit antibody conjugated to 15 nm col-
loidal gold particles.

41. Lead citrate.

42. Humid chambers.

43. Transmission electron microscope.

Fig. 3 Accumulation of FG in lysosome-like organelles in retrogradely labeled
sympathetic preganglionic neuron (SPN) is detected by post-embedding
immunogold studies and indicated by arrows in the cytoplasm of the SPN in
near proximity of its nucleus (nuc). Scale bar ¼ 1 μm (reprinted from ref. [19] with
permission from Elsevier)
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Fig. 4 Retrogradely labeled sympathetic preganglionic neuron after FG injection into the major pelvic ganglion.
The FG is detected by post-embedding immunogold techniques. Note that the embedding procedures using
freeze substitution techniques and immunogold labeling allow for ultrastructural preservation of the neurons,
neuropil, and synaptic contacts for classification of presynaptic boutons containing spherical vesicles (S), flat
vesicles (F), or dense core vesicles (DCV). Scale bar ¼ 5 μm for composite image of whole SPN. Scale
bar ¼ 1 μm for bouton images (reprinted from ref. [19] with permission from Elsevier)
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3 Methods

3.1 Surgical

Procedures and Tracer

Injections

1. Adult female rats are anesthetized for surgery using gas anes-
thesia (2–2.5 % isoflurane with oxygen) (seeNote 1). The lower
abdomen is shaved and prepped for surgery using three alter-
nating applications of Betadine® surgical scrub and sterile wipes
saturated with 70 % isopropyl alcohol.

2. A midline incision is made over the lower abdomen using a #3
scalpel equipped with a #10 scalpel blade. A retractor is placed
in the surgical site to retract the abdominal wall muscles and
expose the pelvic organs.

3. The bladder, urethra, and left ureter are dissected free and
identified by using cotton swabs for blunt dissections (see
Note 2). The left pelvic nerve is identified using a combination
of anatomical landmarks, including the ureter and urethra. The
MPG is then identified at the distal portion of the pelvic nerve
(see Note 3).

4. A 32-gauge needle is attached to a 10 μl Hamilton syringe. The
syringe is next filled with 1.0 μl of a 5 % solution of FG
(Fluorochrome, Denver, CO) in sterile water, and the solution
is injected into the MPG. Following the tracer injection, the
needle is held in place for 1 min before being withdrawn. The
injection site was next rinsed with saline (see Notes 4 and 5).

5. For retrograde labeling of motoneurons innervating the exter-
nal urethral sphincter muscle, a total of 1.5 μl of the 5 % FG
solution is injected into three sites of the muscle (see Notes 6).

6. The animals are allowed to recover from the surgical procedure
and postoperative care is according to institutional guidelines
and includes postoperative pain control, prophylactic antibiotic
treatment, and monitoring for urinary retention.

3.2 Tissue

Preservation, Cryo-

Protection, and

Embedding in Lowicryl

HM20 Using a Freeze

Substitution Protocol

1. At 5 days after the tracer injection, an over 1-week-long process
of tissue preservation and embedding of spinal cord sections in
a plastic resin takes place to allow for subsequent post-
embedding immunogold labeling and ultrastructural studies
(see Note 7). The beginning of this process takes place on day
0 and consists of the intravascular perfusion of the rats using an
initial rinse of 50 ml of phosphate-buffered saline (PBS, pH
7.4) followed by 250 ml of a fixative solution containing 2 %
paraformaldehyde + 1–2 % glutaraldehyde in phosphate buffer
at room temperature (see Note 8). The spine is next removed
and the thoracolumbar or lumbosacral portion of the spinal
cord is dissected out. An oscillating tissue slicer (Electron
Microscopy Sciences, Fort Washington, PA) is used for cutting
transverse spinal cord sections at a thickness of 250 μm in ice-
cold PBS (see Note 9). Next, trim each section to include the
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area of interest (see Note 10). The sections subsequently
undergo freeze protection in a graded series of glycerol using
10, 20, and 30 % glycerol in PBS for 30 min each, followed
by fresh 30 % glycerol in PBS overnight. Also on day 0,
mix 1 % uranyl acetate in 100 % methanol and set aside for
the following day.

2. At the beginning of day 1, fill the Leica EM CPC cryoprepara-
tion chamber and Leica EM AFS2 dewars with liquid nitrogen
(see Notes 11 and 12). Next, program the Leica EM AFS2
according to the instructions in Table 1.

When the programming is completed, initiate cooling to
�90 �C and press PAUSE when the target temperature has
been reached. Next, place the clean and dry cryo-chamber in
the Leica EMCPC using the cryotool and push the chamber all
the way down. Switch ON the Leica EM CPC. Set the temper-
ature to �180 �C and start the liquid nitrogen pump.

3. Place the chamber for Leica capsules with the volume displace-
ment body and eight plastic capsules inside the Leica EM AFS2
to chill. Place a universal chamber with 1 % uranyl acetate inside
the Leica EM AFS2 and fill the capsules to the volume displace-
ment body with uranyl acetate using a disposable plastic
pipette.

When the Leica CPC is chilled to about �180 �C, connect
the propane cylinder to the propane hose and begin filling the
propane chamber. Fill the propane chamber up to the groove
by opening the pressure reduction valve slowly. When it is filled,
press the Transfer Key (TF) and the CFP control panel to flood
the CPC with liquid nitrogen to maintain the low temperature
and carefully lift the propane chamber until it “clicks” in place.

4. For plunge freezing of tissue sections, mount a single section
onto the pin on the injector rod. Next, place the rod in the
ejector and “fire.” Lift the pin with the section carefully, eject it
into the cryotransfer container, and repeat the plunge freeze
procedure for additional sections until the plunge freezing

Table 1
Leica EM AFS2 settings for freeze substitution

1. �90 �C for 35 h.

2. Raise 5 �C per hour for 9 h.

3. �45 �C for 51 h.

4. �45 �C for 27 h.

5. Raise 5 �C per hour for 9 h.

6. +/�0 �C for 40 h (24 h may be added here).
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series is completed. Remove each section from its pin by using a
chilled spatula and set of tweezers to drop each section into a
capsule containing a solution of 1 % uranyl acetate in methanol.

5. Close the lid of the cold chamber of the Leica EM AFS2 and
press START to activate the program (see Note 13).

6. Remove the propane chamber from the Leica EM CPC and
place it in the base cylinder of the propane torch to begin
procedure for propane elimination (see Note 14).

7. Begin defrosting the Leica EM CPC by setting the temperature
to �150 �C. When initial defrosting is completed, press the
Heat (H) key of the Leica EM CPC to heat it up to room
temperature.

8. Dispose of used and residual solutions containing uranyl ace-
tate in proper waste containment according to institutional
guidelines and soak exposed containers in ethanol. This marks
the end of day 1.

9. There are no activities on day 2, as the sections are undergoing
dehydration by the Leica EM AFS2.

10. At the beginning of day 3, fill a universal chamber with 100 %
methanol and let it chill in the Leica EM AFS2.

11. Mix Lowicryl HM20 in fume hood using the recipe in Table 2
(see Note 15).

12. Remove the uranyl acetate-containing methanol solution from
the capsules in the chamber for plastic capsules. Next, rinse the
sections in capsules with methanol for 10 min at least three
times.

13. Remove the last rinse of methanol from the plastic capsules and
proceed with the infiltration steps according to the schedule in
Table 3.

Table 2
Lowicryl HM20 recipe

Cross-linker D 2.98 g

Monomer E 17.02 g

Initiator C 0.10 g

Table 3
Lowicryl HM20:methanol ratios for tissue infiltration

1:1 1–2 h

2:1 1–2 h

Pure Lowicryl HM20 1–2 h

Pure Lowicryl HM20 Overnight
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14. At the beginning of day 4, fill the chamber for gelatin capsules
with the long portion of gelatin capsules and put into the Leica
EM AFS2 to chill. The chamber holds a total of eight gelatin
capsules. Next, fill the gelatin capsules with fresh, chilled Low-
icryl HM20. Transfer the sections from the Leica capsules to
the gelatin capsules and position each section at the bottom of
the gelatin capsule. Drop in labels for each capsule with label
positioned against the capsule wall (see Note 16).

15. Place stem holder for spider cover into universal container filled
with chilled ethanol. Next, press spider cover onto the opening
of the gelatin capsules in the chamber for gelatin capsule using
specialized tool. Transfer the spider cover with attached gelatin
capsule from the chamber for gelatin capsules to the ethanol-
containing universal container and place the spider cover onto
the stem holder for spider cover (see Note 17).

16. Attach the ultraviolet (UV) light to the Leica EM AFS2 and
turn on the light to polymerize the plastic for 30 h at �45 �C
followed by an increase in the temperature by 5 �C per hour for
9 h. Next, allow continued polymerization in the presence of
UV light for 40 h.

17. There are no activities on day 5 or 6, as the Leica EM AFS
automatically performs the polymerization process at low tem-
peratures and in the presence of UV light.

18. On day 7 or 8, shut down the Leica EM AFS2 and remove the
polymerized capsules.

3.3 Ultrathin

Sectioning, Post-

embedding

Immunogold Labeling,

and Ultrastructural

Studies

1. Choose embedded tissue blocks containing the area of interest.
If needed, trim the bottom portion of the tissue block contain-
ing the tissue to a smaller size, so that subsequent sections of
the primary area of interest can comfortably can fit within the
size of a one-hole nickel grid. Use an ultramicrotome to
perform ultrathin sectioning of the area of interest and collect
the sections on formvar-coated nickel grids (see Note 18).

2. For immunogold detection of FG, incubate the section-
containing grids in drops containing the reagents and with
the drops placed inside a humid chamber.

3. First, place the grids into drops containing 0.1 % sodium
borohydride + 50 mM glycine in Tris-buffered saline (pH:
7.4) with 0.1 % Triton X-100 (TBST) for 25min (seeNote 19).

4. Rinse the grids three times in TBST and next incubate the
sections in TBST containing normal goat serum (NGS, 1:20)
for 10 min.

5. Next, incubate the grids with a polyclonal anti-rabbit primary
FG antibody (1:20, Fluorochrome) in Tris buffer with 0.1 %
Triton X-100 at 4 �C for 48 h.
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6. Rinse the grids again in TBST and incubate the sections in
TBST with NGS (1:20) for 10 min.

7. Incubate the grids at room temperature for 4 h with a second-
ary goat anti-rabbit antibody, which has been conjugated to
15 nm colloidal gold particles (1:10 GE Healthcare, Buckin-
ghamshire, UK).

8. Rinse the grids in ddH2O. Let the grids air-dry and next
contrast the sections with 8 % uranyl acetate and lead citrate.

9. Finally, examine the immuno-stained and contrasted ultrathin
sections in a transmission electron microscope for detection of
immunogold labeling of FG in preganglionic autonomic and
motor neurons (see Note 20).

4 Notes

1. A surgical plane of anesthesia can be confirmed by applying a
toe pinch with a pair of forceps to make sure that no limb
withdrawal takes place in response to a noxious stimulus.

2. The use of cotton swabs allows for gentle removal of connective
and fat tissues, which may obscure the urethra and nervous
structures.

3. MPG is located near the area where the ureter enters the
bladder, and at the lateral side of urethra.

4. Although a 33-gauge needle is in some ways nearly perfect with
its smaller tip for MPG injection, the needle is too soft to insert
into MPG. Instead, use a 32-gauge needle, and the bevel
should be totally inserted into the MPG to prevent leakage.

5. A bump is formed by injecting the solution to the MPG. After
withdrawing the needle, the bump stays. It is a sign that the
MPG injection was successful.

6. The urethra is identified below the bladder and the bladder
neck. The external urethral sphincter muscle can be visualized
as it surrounds the urethra. The middle portion of the urethra is
ideal for the tracer injection into the external urethral sphincter
muscle because of the thicker muscle layer here.

7. Many tissue preservation protocols are harsh on cellular pro-
teins and epitopes detectable by immunohistochemistry. The
present freeze substitution protocol allows for preservation of
protein integrity and plastic embedding of tissues using slow
tissue infiltration of the plastic resin at low temperatures in the
absence of osmium exposure.
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8. FG can be detected using post-embedding immunogold stud-
ies using a relatively wide range of aldehyde fixatives. For
immunogold studies using other primary antibodies, explor-
atory studies are suggested to determine the degree of aldehyde
fixation that is compatible with epitope detection.

9. For light microscopy and detection of the fluorescent marker
(FG) in labeled neurons, thinner sections of 100 μm thickness
are suggested. After injection of FG into the major pelvic
ganglion, tissues are collected from the L1–L3 and L6–S1
spinal cord segments to include autonomic preganglionic neu-
rons. After injection of FG into the external urethral sphincter,
tissues are collected from the L6–S1 segments to include the
dorsolateral nucleus, which primarily is located within the L6
segment.

10. The trimmed sections need to be small enough to fit at the
bottom of the gelatin capsules used in later steps during the
plastic infiltration steps.

11. The Leica EM CPC is a cryopreparation chamber that allows
for plunge freezing of biological tissues. The Leica EM AFS2
performs freeze substitution and is used for progressive lower-
ing of temperature techniques to allow for tissue embedding
and polymerization of resins at low temperatures.

12. The following is a good resource for accessories available for the
Leica EM CPC and Leica EM AFS2: http://www.leica-micro
systems.com/products/em-sample-prep/biological-specimens/
low-temperature-techniques/tissue-processing/details/product/
leica-em-afs2/catalog/

13. The purpose of this step is to replace the water in the tissues
with methanol in the presence of uranyl acetate. The Leica EM
AFS2 allows this process to be performed slowly at low tem-
peratures. The dehydration will initially take place at �90 �C
for 35 h. Next the temperature is raised by 5 �C per hour for 9 h
to �45 �C.

14. We recommend that each research laboratory contacts its insti-
tution’s Office for Environmental Health and Safety to learn
about specific and local regulations for the safe use and elimi-
nation of propane. The propane torch may be used to burn the
remaining propane, but consultation with institutional guide-
lines and officials are again recommended to assure of adher-
ence to institutional safety regulations.

15. Lowicryl HM20 is an odorous organic solvent used for plastic
embedding of tissues. It should be mixed in a fume hood to
minimize vapor exposures. Lowicryl HM20 is sensitive to oxy-
gen, so avoid creating air bubbles when mixing the solution.
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16. The printed labels are a convenient way of establishing a per-
manent identification of each section. Arial font at size 9 is
suggested for the labels.

17. When placing the spider cover with gelatin capsules into the
ethanol-containing chamber, make sure that the ethanol does
not come into direct contact with the Lowicryl HM20. The
ethanol will compromise polymerization of the plastic.

18. One-hole nickel grids coated with formvar will allow for unob-
structed view of the tissue section in the electron microscope.

19. This initial incubation step aims at blocking free aldehyde
residues in the tissues.

20. The immunogold labeling of FG is detected within lysosome-
like structures in the cytoplasm of retrogradely labeled neurons.
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Postembedding Immunohistochemistry for Inhibitory
Neurotransmitters in Conjunction with Neuroanatomical
Tracers

Miriam Barnerssoi and Paul J. May

Abstract

This chapter is aimed at providing the reader with detailed instructions for combining postembedding
immunohistochemistry for inhibitory transmitters with methods for characterizing neuronal connections at
the ultrastructural level. Thus, it includes protocols for both retrograde and anterograde neuronal tracing
that have been modified to facilitate electron microscopic examination of neuronal connectivity. In addi-
tion, it includes protocols for doing immunohistochemistry with antibodies to either glutaraldehyde-fixed
gamma amino butyric acid or glycine on ultrathin sections. By employing these procedures together one
can identify both the input/output characteristics of a neuronal structure and identify whether these
synaptic connections utilize one of these inhibitory transmitters.

Keywords Ultrastructure, GABA, Glycine, Synapse, Terminal, Neuronal circuits

1 Introduction

It has long been clear that the nervous system employs different
subsystems for activation of neurons and for inhibiting this activity.
In almost every system, the realization that activity is critically
shaped by inhibitory processes has motivated examination of the
inhibitory circuits crucial to the functioning of the connections
being examined. The role of inhibition has been further empha-
sized by the realization that activity in circuits can be modulated
both by local circuit inhibitory neurons and long axon pathways
that also employ inhibition. In this context, it is not surprising that
from early on those studying the ultrastructure of the central ner-
vous system wished to be able to differentiate excitatory from
inhibitory synapses. It was for this purpose that Gray [1] divided
synaptic terminals into Type 1 and Type 2 terminals. The former,
which were presumed to be excitatory, contained spherical vesicles
and made clearly asymmetric synaptic contacts with prominent
postsynaptic densities. The latter, which were presumed to be
inhibitory, contained flattened vesicles and made symmetric
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synaptic contacts with modest postsynaptic densities. As useful as
this classification scheme is, the fact remains that many terminals are
not filled with patently flattened vesicles or homogeneously spheri-
cal vesicles. Instead, they contain variable numbers of pleomorphic
vesicles making them difficult to peg as either inhibitory or excit-
atory. In addition, the degree of asymmetry in synaptic densities
varies widely, and their classification is also affected by issues of
plane of section [2, 3]. Thus, it has been very helpful that another
approach to identifying inhibitory synapses, in the form of immu-
nohistochemistry, has become available to resolve these issues at the
ultrastructural level.

Immunohistochemical approaches originated from light
microscopic studies that have used antibodies to elucidate the
neurotransmitter specific architecture of the brain. Numerous
investigators then took tissue in which the antibody was tagged
with diaminobenzidine (DAB), and examined it at the electron
microscopic level. If the goal is to simply identify the neurotrans-
mitter in terminals in a sample, this approach is useful. However,
most procedures for light microscopic immunohistochemistry uti-
lize paraformaldehyde or formalin-fixed tissue. In addition, they
employ detergents, usually 0.3 % Triton X-100, to partially solubi-
lize cell membranes so that the large antibody complexes can gain
access to the depths of the tissue. These two technical elements
usually degrade the ultrastructure of the specimen, making it diffi-
cult to correlate the ultrastructure of labeled terminals and their
postsynaptic targets with elements found in the normal ultrastruc-
ture of the region. The fixation problems can be ameliorated by
including small amounts of glutaraldehyde in the perfusate
(<0.2 %), or by postfixing in glutaraldehyde after the immunohis-
tochemical steps. The detergent problem can be approached by
using little or no Triton X-100, and then concentrating the ultra-
structural examination on the outer few microns of the specimen.

A more direct approach to dealing with these shortcomings was
taken by Somogyi and colleagues [4, 5]. They developed a post-
embedding immunohistochemical technique to provide transmitter
identification with superior ultrastructural preservation. The first
key element was to develop antibodies to antigens that have been
fixed with glutaraldehyde. Thus, the tissue can be fixed to provide
superior ultrastructural detail, but the antibody still recognizes
the neurotransmitter even after its conformation has been changed
by the fixation process. The second key element was to develop
an approach that allows a small portion of the embedding resin to
be stripped away from the surface of the ultrathin section using
hydrogen peroxide, so that the antigen is made available for attach-
ment by the antibody. Somogyi and colleagues used DAB as
an electron-dense tag for the antibody. While easy to visualize, this
approach is more technically challenging to employ and it somewhat
obscures the ultrastructure. More recently, many labs have begun
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to use a secondary antibody with a gold particle attached to it.
This approach is somewhat simpler, and has the added advantage
that it can be used in conjunction with neuroanatomical techniques
that employ DAB as the electron-dense tag for neurons or terminals
whose connectivity has been specified with tracers. Postembedding
immunohistochemistry has beenmost widely used to identify inhib-
itory synapses and cells that contain either gamma amino butyric
acid (GABA) or glycine as a transmitter. This is no doubt primarily
due to the fact that antibodies to glutaraldehyde-fixed GABA and
glycine are commercially available. However, it is also motivated by
the chemical characteristics of these neurotransmitters. As small
molecules, they are not well fixed by paraformaldehyde. Conse-
quently, they tend to diffuse out of the tissue and thus present a
difficult experimental target for conventional immuohistochemical
techniques. Fixation with a perfusate containing between 1.5 and
2.0 % glutaraldehyde, in addition to 1.0 % paraformaldehyde, stabi-
lizes these smallmolecules so that they can be found by the antibody.
This approach has been used successfully in a wide variety of struc-
tures and systems [6–15].

Development of immunohistochemical techniques has pro-
ceeded in parallel with development of retrograde and anterograde
neuronal tracer techniques. It has been particularly useful to com-
bine these techniques in order to specify whether a particular cell
population with a particular target utilizes a particular neurotrans-
mitter [16–22]. Neuroanatomical tracers have been used at the
electron microscopic level to allow the identification of both term-
inals via anterograde tracers and cells via retrograde tracers. More
recently these techniques have been combined to specify monosyn-
aptic input/output linkages between anterogradely identified term-
inals and retrogradely identified cell populations. Obviously it
would be advantageous to further specify whether these linkages
are inhibitory or excitatory. To do this, one can combine single or
dual tracer neuroanatomical techniques and postembedding immu-
nohistochemistry in order to allow terminals to be characterized at
the electron microscopic level. We have had considerable success
with this approach, and we offer here our procedures for its
employment. Note, that this approach has also been used for
glutamate. Since we have not used anti-glutamate antibodies, we
will not discuss this further here, but the basic idea is the same.

Since individuals reading this chapter will come to it with
different skill sets, we have organized the Materials and the Meth-
ods sections in a modular fashion, thus allowing the reader to pick
and choose which elements they would like to attend to (seeNote 1).
An outline of these modules is provided here:

1. Perfusion and sectioning

2. Retrograde tracing

3. Anterograde tracing
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4. Sampling, processing, and EM ultrathin cutting

5. Postembedding immunohistochemistry

6. Heavy metal staining

7. Analysis

2 Materials

2.1 Perfusion and

Sectioning

1. Perfusion rinse: 0.1M, pH7.2 phosphate-buffered saline (PBS).
Stock buffer concentrate, 0.4M, pH7.2 phosphate buffer (PB),
contains 10.6 g of monobasic, monohydrate sodium phosphate
[NaH2PO4·H2O], and 56.0 g of dibasic potassium phosphate
[K2HPO4] per 1.0 l of deionized water (dH2O). Store refriger-
ated. This stock is diluted 1:3 with dH2O to make 0.1 M
working solution PB. PBS for the perfusion rinse is made by
adding 0.85 g of NaCl per 100 ml of the working solution PB.

2. Mixed aldehyde fixative: 1.0 % paraformaldehyde and 1.5–2.0 %
glutaraldehyde in 0.1 M, pH 7.2 PB (see Note 2). For each
1,000 ml of a 1.0 %/1.5 % mixture of fixative solution needed,
place 10 g of paraformaldehyde [(CH2O)n] (Fisher T-353) into
100 ml of dH2O in a flask. Then heat to 60 �C while stirring
under a hood. Next, add 1.0 N NaOH, dropwise, until the
solution clears (see Note 3). Cool below 30 �C and filter. For
1,000 ml of fixative, add 500ml of dH2O and 250ml of 0.4M,
pH 7.2 PB to solution, and store at 4 �C. Before perfusion add
60 ml of 25 % glutaraldehyde [OHC(CH2)3CHO] (Fisher,
02957) and then 90 ml dH2Omeasured in the same graduated
cylinder for the 1.5 % glutaraldehyde fixative (see Note 4).

2.2 Retrograde

Tracing

1. Retrograde tracers: 1.0–2.0 % Wheatgerm Agglutinin Conju-
gated to Horseradish Peroxidase (Sigma-Aldrich, L3892)
(WGA-HRP) or 1.0–2.0 % Choleratoxin B-subunit conjugated
to horseradish peroxidase (Sigma-Aldrich, C3741) (ChTB-
HRP). Dissolved in dH2O for both pressure and iontophoretic
injections (see Note 5). Dissolve 0.005 g of tracer into 25 μl
of dH2O to make a 2.0 % solution.

2. Stock 0.4 M, pH 6.0 PB. This buffer contains 48.45 g of
monobasic, monohydrate sodium phosphate [NaH2PO4·
H2O], and 8.56 g of dibasic potassium phosphate [K2HPO4]
in 1.0 l of dH2O. Store refrigerated. This is diluted 1:3 with
dH2O to make 0.1 M working solution (see Note 6).

3. Molybdate-TMB reaction solution A: This solution contains
1.95 g ammonium molybdate 4-hydrate, crystal
[NH4Mo7O24·4H2O] in 780.0 ml of 0.1 M, pH 6.0 PB.
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4. Molybdate-TMB reaction solution B: This solution contains
0.04 g of tetramethylbenzidine free base (TMB)
[C6H2(CH3)2·4NH2]2 (Sigma-Aldrich, T2885) in 20 ml of
100 % ethanol (see Note 7). Dissolve in covered beaker by
stirring. Do NOT heat. This takes some time to go into solu-
tion. N.B. TMB may be carcinogenic. All steps employing this
chemical should be done using gloves and with the solutions sealed,
for example, by placing plastic wrap over the reaction tray. Store
used solution for proper disposal.

5. 0.3 % Hydrogen peroxide: Dilute 0.3 ml of 30 % stock hydro-
gen peroxide [H2O2] (Fisher, H325-100) in 45.5 ml of dH2O.
Use gloves; do NOT mouth pipette.

6. Stabilizer solution: 5.0 % Ammonium molybdate. Dissolve
30.0 g of ammonium molybdate 4 hydrate [NH4Mo7O24·
4H2O] into 600 ml of 0.1 M, pH 6.0 PB.

7. 0.1 M, pH 7.2 PB. See above.

8. Diaminobenzidine (DAB) protection solution: Dissolve 0.06 g
of 3,3´-diaminobenzidine tetrahydrochloride [C12H14N4·
4HCl] (Sigma-Aldrich, D5637) (see Note 8) in 450 ml of
dH2O. Then mix with 150 ml of 0.1 M, pH 7.2 PB. N.B.
DAB is known to be carcinogenic. All steps employing this chemi-
cal should be done using gloves in a hood. Store used solution for
proper disposal.

2.3 Anterograde

Tracing

1. Anterograde tracer: 10.0 % Biotinylated Dextran Amine,
10,000 MW (Invitrogen-Molecular Probes, D1956) (BDA).
Dissolve BDA in dH2O for both pressure and iontophoretic
injections (see Note 5). Dissolve 0.005 g of tracer into 50 μl of
dH2O.

2. 0.1 M, pH 7.2 PB. See above.

3. Buffered 0.05 % Triton X-100: Stock solution of 0.3 % Triton
X-100 is made by adding 0.3 ml of Triton X-100 [t-
octylphenoxypolyethoxyethanol] (Sigma-Aldrich, A-100) into
99.7 ml of 0.1 M, pH 7.2 PB with a micropipette (seeNote 9).
The working concentration of 0.05 % is produced by diluting
15 ml of 0.3 % stock per 90 ml of 0.1 M, pH 7.2 PB.

4. 1:500 Avidin D-conjugated horseradish peroxidase solution
(avidin-HRP): This is made by diluting 40 μl of avidin-HRP
(Vector Labs, A2004) (see Note 10) into 20 ml of 0.05 %
buffered Triton X-100.

5. Nickel cobalt diaminobenzidine solution: Dissolve 0.06 g of
3,3´-diaminobenzidine tetrahydrochloride [C12H14N4·4HCl]
(Sigma-Aldrich, D5637) (see Note 8) in 450 ml of dH2O.
Then, mix with 150 ml of 0.1 M, pH 7.2 PB. Immediately
before using, stir in 6.0 ml of 1.0 % nickel ammonium sulfate
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and 2.0–6.0 ml of 1.0 % cobalt chloride. These two 1.0 % stock
solutions are made by dissolving 1 g of nickel ammonium
sulfate [NiSO4(NH4)2SO4·6H2O] into 100 ml of dH2O,
and 1 g of cobalt chloride [CoCl3] into 100 ml of dH2O.
Both stock solutions are stored at 4 �C. N.B. DAB is known
to be carcinogenic. All steps employing this chemical should be
done using gloves in a hood. Store used solution for proper disposal.

2.4 Sampling,

Processing, and EM

Ultrathin Cutting

1. 0.2 M, pH 7.0 EM Phosphate buffer (EM PB): For 100 ml add
1.229 g of monobasic, dihydrate sodium phosphate
[NaH2PO4·2H2O] (Fisher Scientific, S-381), and 1.739 g
of dibasic sodium phosphate [Na2HPO4] (Fisher Scientific,
S-374) to 97 ml of dH2O.

2. 1.0 % Osmium tetroxide in 0.1, pH 7.0 M PB: Stock 2.0 %
osmium tetroxide solution is made up by dissolving 1 g of
osmium tetroxide [OsO4] (EM Sciences, 19100) in 50 ml of
dH2O. The working solution is produced by mixing 1 part of
the 2.0 % solution with 1 part 0.2 M, pH 7.0 EM phosphate
buffer. (Filter before use.) Osmium tetroxide is extremely reac-
tive. It should only be used in the hood while wearing gloves and
other protective gear. Store used solution and vials in a sealed glass
container for proper disposal.

3. Durcupan ACM Epoxy (EM Sciences, 14040)

2.5 Postembedding

Immunohisto-

chemistry

The TBS, TBS+BSA, and TBS+BSA+Tween 20 described in solu-
tions 2–4 below should be made up fresh every time tissue is
processed for postembedding. The staining process takes 2 days.
Keep solutions refrigerated between days 1 and 2. The glutaralde-
hyde solution described in step 7 can bemade up in bulk and stored
(see Note 14).

1. 0.1 M, pH 7.0 EM Phosphate buffer: Dilute 0.2 M EMPB
(see above) 1:1 with dH2O.

2. 0.1 M, pH 7.4 Tris-buffered saline (TBS). Add 0.76 g of
Trizma (Sigma, T7693) and 0.85 g of NaCl to 100 ml of
dH2O in order to produce 100 ml of TBS.

3. TBS+bovine serum albumin (BSA): Take 50 ml of freshly
made TBS and add 0.5 g of BSA (Sigma, A7906). Do not
shake, but sonicate to put into solution.

4. TBS+BSA+Tween 20 (polyoxyethylenesorbitanmonolaurate):
Take 40 ml of freshly made TBS+BSA and add 0.2 μl of Tween
20 (Sigma, P-137). Do not shake. Instead, sonicate to put into
solution.

5. Primary antibody. For anti-GABA, use antibody to
glutaraldehyde-fixed GABA raised in rabbits (Sigma, A2052).
Dilute antibody 1: 250 in TBS+BSA+Tween 20 by adding
10 μl of antibody to 2.5 ml of TBS+BSA+Tween 20 (see
Note 11).
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For anti-glycine, use antibody to glutaraldehyde-fixed gly-
cine raised in rabbits (Millipore, AB5020). Dilute antibody,
1:10, in TBS+BSA+Tween 20 by adding 100 μl of antibody
to 1.0 ml of TBS+BSA+Tween 20 (see Note 12).

6. Secondary antibody: Goat anti-rabbit IgG conjugated to
15 nm gold particles (EM Sciences, 25113 (Aurion immuno-
gold reagents)) in TBS+BSA+Tween 20. Dilute antibody 1:
75 by placing 20 μl of it into 1.5 ml of TBS+BSA+Tween 20
(see Note 13).

7. 2.0 % Glutaraldehyde in 0.1 M, pH 7.0 EM PB: For 25.0 ml,
use 12.5 ml of previously made PB. Add 10.5 ml of dH2O and
2.0 ml of 25 % glutaraldehyde (Fisher Scientific, 02957-1). We
use conventional glutaraldehyde instead of glutaraldehyde
exclusively produced for EM, as we could not detect a signifi-
cant difference in ultrastructural preservation in the past.

2.6 Heavy Metal

Staining

1. Uranyl acetate solution: Make a 2.0 % solution by placing 0.2 g
of uranyl acetate [(UO2(Ch3COO)2)] (Ted Pella, 19481) in
10 ml of distilled (dH2O) water. Filter before use.

2. Lead citrate solution: Add 0.40 g of lead citrate 3-hydrate
[Pb3(C6H5O7)2·3H2O] (Electron Microscopic Sciences 512-
26-5), 0.30 g of lead nitrate [Pb(NO3)2] (Mallinckrodt,
5744), 0.30 g of lead acetate [Pb(C2H3O2)2·3H2O] (Mal-
linckrodt, 5688), and 2.00 g of sodium citrate [Na3C6H5O7·
2H2O] (Mallinckrodt, 0754) to 82 ml of boiled, cooled
dH2O. Reagents are sonicated to place them into solution.
The solution will remain cloudy until the sodium citrate is
added. Add 18 ml of 1 N sodium hydroxide [NaOH]. Filter
before use.

3 Methods

3.1 Perfusion

and Sectioning

1. Animals are deeply anesthetized with sodium pentobarbital
(50 mg/kg) only after the perfusion setup is entirely in place
with all solutions loaded, and the surgeon has on protective
eyewear, clothing (we prefer a plastic apron), mask, and gloves.

2. The perfusion rinse, 0.1 M, pH 7.2 PBS, is pumped through
the vasculature by use of a peristaltic pump (Master Flex LS,
Cole Palmer). To accomplish this, a blunt 13 G, 2¾ inch,
stainless steel LNR needle (BD) attached to Tygon tubing
with a Luer-Lock hub is advanced through the wall of the left
ventricle, and threaded through the aortic valve until it lies in
the base of the aorta. The needle is stabilized by clamping the
ventricle around it with an Allis hemostatic forceps. The right
atrium is opened with a fine scissors. The descending aorta is
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clamped with a hemostat at the level just above the diaphragm,
if one is studying the brain and not spinal cord.

3. Once the fluid leaving the atrium has cleared of blood, the
fixative, 1.0 % paraformaldehyde/1.5–2.0 % glutaraldehyde in
0.1 M, pH 7.2 PB, is then pumped through the vasculature
using the same apparatus (seeNotes 15 and 16). The rinse and
the first half of the fixative are run through the animal at a brisk
pace to ensure that all the red blood cells are cleared. The
remaining fix is then pumped through very slowly to maximize
diffusion time and ensure complete tissue fixation. N.B. Fixa-
tives are toxic substances by definition. The perfusion should take
place in a hood or on a down-draft table, and the fumes vented to
the outdoors. Proper gloving, eye protection, and protective attire
are a necessity.

4. The head is removed from the body and placed in a stereotaxic
head holder (Kopf). The dorsal skull is removed and the brain is
blocked in the frontal plane using a micromanipulator armed
with a # 22 blade attached to a pole on the micromanipulator
arm. For best results when sectioning on a Vibratome, blocks
should be kept at or below 1 cm in height.

5. A fiducial mark is placed in each block by driving a syringe
needle through an unimportant area and leaving it there during
the postfixation step [6].

6. The blocks are postfixed in the same fixative for 1–2 h at 4 �C
and then stored overnight at 4 �C in 0.1 M, pH 7.2 PB.

7. Blocks are superglued to a glass plate attached to the Vibra-
tome chuck. Then, sections are cut at 100 μm on a Vibratome
(Leica VT 100S). They are collected serially and stored at 4 �C
in 0.1 M, pH 7.2 PB.

3.2 Retrograde

Tracing [23–26]

1. Retrograde tracer (1.0–2.0 % WGA-HRP or 1.0–2.0 % ChTB-
HRP) is most conveniently injected by use of a 1.0 μl Hamilton
syringe (seeNote 17). For small injections, a glass micropipette
can be attached to the syringe needle. Alternatively, a glass
micropipette can be used to iontophoretically apply the tracer.
The amount injected and the number of injections are deter-
mined by the size and shape of the target. Note that in dual
tracer experiments this injection is actually made second, after
the anterograde tracer injection, in a separate surgery.

2. Survival for transport of these tracers is usually 1 or 2 days, as
WGA-HRP and ChTB-HRP travel by fast axoplasmic trans-
port. The perfusion and cutting steps are described above.

3. Place sections in 0.1 M, pH 6.0 PB in a reaction tray in serial
order (see Note 18). Rinse one time in 0.1 M, pH 6.0 PB is
10 min.
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4. Combine molybdate-TMB reaction solutions A and B together
in the dish and preincubate sections in this solution for 20 min
at room temperature (~22 �C) with gentle agitation on a rotat-
ing table. Cover the reaction dish with plastic wrap to keep the
alcohol from evaporating during the reaction steps.

5. Add 10 ml of 0.3 % H2O2 to the solution in the dish, and react
for 20 min at ~22 �C with gentle agitation.

6. Repeat step 5 two times.

7. Continue reaction overnight with gentle agitation at 4 �C in a
sealed reaction dish (see Note 19).

8. Place sections in stabilizer solution, 5 % ammonium molybdate
in 0.1 M, pH 6.0 PB, for 15 min with gentle agitation at
~22 �C.

9. Rinse twice in 0.1 M, pH 7.2 PB with gentle agitation at
~22 �C for 5 min (see Note 20).

10. Place in DAB protection solution for preincubation with gentle
agitation at ~22 �C for 10 min. [DAB is a carcinogen. Steps
10–12 should be carried out in a hood.]

11. React tissue by adding 6 ml of 0.3 % H2O2 to the DAB
protection solution. Reaction is continued for 10–20 min
with gentle agitation at ~22 �C (see Note 21). DAB protection
solution is carcinogenic and it should be properly disposed of
(see Note 22).

12. Rinse in 0.1 M, pH 7.2 PB, four times for 5 min each, with
gentle agitation at ~22 �C. EM samples can be taken at this
point, or the tissue can then be reacted to visualize biotinylated
tracers (see below). Once EM samples have been taken, the
tissue is mounted, counterstained, dehydrated, cleared, and
coverslipped as a record of the areas sampled.

3.3 Anterograde

Tracing [27–29]

1. Anterograde tracer (10.0 % BDA) is most conveniently injected
by use of a 1.0 μl Hamilton syringe (see Note 17). For smaller
injections, a glass micropipette can be attached to the syringe
needle. Alternatively, a glass micropipette may be used to ion-
tophoretically apply the tracer. The amount injected and the
number of injections are determined by the size and shape of
the target. Note that in dual tracer experiments this injection is
made first, and the retrograde tracer injection is made in a
separate surgery 1–2 days before sacrifice.

2. Survival for transport of BDA requires 7–21 days, depending
on the length of the pathway being examined, as this tracer uses
slow axoplasmic transport. The perfusion and cutting steps are
described above.

3. Fill 12-well depression plates with 0.05 % Triton X-100 solu-
tion (500 μl per well) (see Note 23). For dual tracer studies,
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transfer sections from the reaction tray into the wells. Gently
agitate for 10 min at ~22 �C. Repeat two more times for a total
of 30-min incubation.

4. Replace well solution with avidin-HRP solution. Gently agitate
for up to 1 h at ~22 �C.

5. Continue gently agitation at 4 �C overnight in a sealed enclo-
sure to avoid evaporation (see Note 24).

6. Transfer sections back into reaction tray and rinse in 0.1 M, pH
7.2 PB, three times for 10 min each, with gentle agitation at
~22 �C.

7. Preincubate in nickel-cobalt DAB solution for 10 min with
gentle agitation at ~22 �C. DAB is a carcinogen. Steps 7–9
should be carried out in a hood with gloves on. This solution is
carcinogenic and it should be properly disposed of (see Note 22).

8. React sections by adding 10 ml of 0.3 % H2O2. Reaction
proceeds at ~22 �C with gentle agitation for at least 10 min,
and possibly up to 30 min. The presence of cobalt chloride can
produce strong background labeling (see Note 25). Some
background staining is to be expected, but if the sections turn
more than a light blue-gray tone, stop the reaction by proceed-
ing to the rinse steps.

9. Rinse three times in 0.1 M, pH 7.2 PB. EM samples can be
taken at this point. Once EM samples have been taken, the
tissue is mounted, counterstained, dehydrated, cleared, and
coverslipped as a record of the areas sampled.

3.4 Sampling,

Processing, and EM

Ultrathin Cutting

Tissue used for electron microscopy needs to be cut into rather
small pieces to allow osmium to penetrate it. For example, we
normally cut a macaque ciliary ganglion into 2–3 pieces. Cutting
the brain into 100 μm sections accomplishes the same purpose. In
addition, only a small sample can be cut with a diamond knife, so
the area of interest is cut out with a razor blade or # 11 scalpel
blade. The size of the sample is approximately 1–2 mm2.Remember
to only work with osmium tetroxide vials in a hood. Use proper eye and
hand protection. Store any solution containing any osmium tetroxide
in a sealed glass container for proper disposal.

1. Samples are collected into small glass vials filled with 0.1 M PB
(pH 7.0). The following steps [2–8] include slow agitation on a
rotator (EM Sciences, 65100-10).

2. Treat for 2 h with 1.0 % osmium tetroxide (OsO4) in 0.1 M PB
(pH 7.0) at ~22 �C.

3. Wash three times in dH2O at ~22 �C.

4. Dehydrate with increasing concentrations of acetone for
10 min each (70, 90, 95 %) at ~22 �C.
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5. Complete dehydration by rinsing three times in 100 % acetone
at ~22 �C for 15 min each.

In the next steps the samples are embedded in epoxy resin
(see Note 26).

6. Place tissue in a 1:3 mixture of Durcupan and acetone over-
night at ~22 �C.

7. Place in 3:1 mixture of Durcupan and acetone for 3 h at
~22 �C.

8. Place in 100 % Durcupan for 1 h at ~22 �C.

9. Embed in fresh Durcupan (100 %) and polymerize at 60 �C
overnight.

For the actual embedding, we use either (a) conventional
plastic flat-embedding molds (EM Sciences) for small pieces of
tissue like ganglia or (b) plugs of resin polymerized in Beem
capsules for samples taken from 100 μm thick sections. Any
leftover resin should be polymerized before disposal.

(a) Fill molds with fresh Durcupan until they are about half
full. Place samples at the front edge of the mold and com-
plete filling the molds with Durcupan. Try to avoid or
remove bubbles. Polymerize at 60 �C overnight.

(b) Cut lids and bottom off the Beem capsules (retain lid).
Place the remaining plastic tube without bottom onto the
lid and fill with 100 % Durcupan. Polymerize at 60 �C
overnight. Remove and retain lid. Remove the plug from
the capsule. Make sure to create your plug at least one day
before embedding.

Place a small drop of fresh, fluid 100 % Durcupan onto
the cutoff lid of a Beem capsule. Position sample in that
drop. Press plug into the lid, sandwiching the sample
between the lid and plug. Do not squeeze the sample, as
this may cause mechanical damage to the tissue. Polymer-
ize at 60 �C. Remove and discard lid.

10. Trim blocks using a single-edged razor blade.

11. For orientation purposes, take 1.0 μm thick semithin sections
of already trimmed blocks on a microtome with a glass knife.
Mount them on glass slides, dry on a heating plate, and stain
them for 20 s with toluidine blue. Examine sections under a
light microscope to determine the area of interest. Retrim
blocks to include only the area of interest.

12. Cut ultrathin silver/gold sections (~90 nm thick) with a
diamond knife on an ultramicrotome (Reichert Ultracut E)
and mount them onto Formvar-coated nickel slot grids (EM
Sciences, G2010-Ni).
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3.5 Postembedding

Immunohisto-

chemistry

All immunohistochemical procedures are performed on Parafilm to
create a clean bench space. Attach a piece of film onto the lab bench
by running the dull end of a forceps over the edges of the Parafilm.
Drops (~40–50 μl) of the respective staining or washing solution
for the steps described below are placed onto the Parafilm with a
Pasteur pipette (seeNote 27). Float the grids on the drops with the
sample side down, contacting the fluid. We recommend that one
not try to process more than four grids at the same time. All steps
are done at room temperature (~22 �C).

1. Rinse grids briefly with dH2O.

2. Etch with 3.0 % H2O2 in dH2O for 1 min.

3. Wash grids with dH2O three times for 3 min each.

4. Treat the sections with 0.1 M, pH 7.4 TBS two times for 5 and
10 min each.

5. Pretreat in TBS+1.0 % BSA for 30 min.

6. Incubate in a solution of the primary antibody (e.g. rabbit anti-
GABA IgG) in TBS+BSA+0.05 % Tween 20 overnight. Put a
glass cuvette over your floating sections and seal with Parafilm,
so that the drops do not evaporate overnight.

7. Rinse sections the next day with TBS+BSA+Tween 20 three
times at 10 min each.

8. Incubate in secondary antibody (goat-anti-rabbit IgG conju-
gated to gold particles) in TBS+BSA+Tween 20 for 2 h (see
Note 28).

9. Rinse grids again with TBS+BSA+Tween 20 three times for
10 min each.

10. Rinse with dH2O three times for 3 min each.

11. Fix using a solution of 2.0 % glutaraldehyde in 0.1 M, pH 7.0
EM PB for 3 min.

12. Rinse tissue with dH2O three times for 3 min each.

3.6 Heavy Metal

Staining [30]

Prepare small, clean glass vials filled with ultraclean dH2O before
starting with these steps. For four grids, you will need six vials for
each washing step between and after staining with uranyl acetate
and lead citrate solutions. Wash by using a forceps to move each
grid gently up and down within the solution contained in a vial at
least ten times per step, before advancing the grid to the next vial
(see Note 29). The two staining steps are again done on drops of
the respective solution placed on Parafilm. All steps are done at
room temperature (~22 �C).

1. Stain by floating grids, section down, on a drop of 2.0 % uranyl
acetate for 3 min.

2. Wash in three vials and dry as described above.
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3. Stain with calcinated lead citrate solution for 30 s. Put drops of
the solution next to some sodium hydroxide pellets on the
Parafilm to create a dry environment. Float grids on the solu-
tion and cover with a Petri dish. Do not breathe on the sections
during the staining process. The exhaled carbon dioxide will
result in lead precipitation.

4. Wash in vials and dry as described above.

5. Store in grid boxes.

3.7 Analysis The gold particles attached to the secondary antibody appear as
tiny, spherical dots or freckles over the labeled elements (Fig. 1,
small arrows). The uniform size and appearance of the gold parti-
cles allow them to be distinguished from ribosomes and glycogen
granules. Of course, not all GABA and glycine present in cells are
necessarily involved in inhibitory synaptic transmission, as these
molecules have other biochemical uses. In addition, as with all
immunohistochemical processes, the antibodies can attach nonspe-
cifically. Thus, it is necessary to determine which labeling actually
corresponds to inhibitory elements. One particularly effective way
of confirming that a profile is positively labeled is to find the same

Fig. 1 Semiserial sections through a synaptic terminal in a macaque ciliary ganglion that have been labeled
using postembedding immunohistochemistry for GABA. In both plates (a) and (b), numerous gold particles
(arrows) are apparent over the terminal, indicating that it is GABA positive (At+). Synaptic density indicated by
arrowhead. Den¼dendrite. Scale in (b)¼ (a)
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profile in semiserial sections. Background labeling should be fairly
random, but if there are numerous gold particles lying over the
profile in both sections, there is a high likelihood that it is labeled.
Figure 1 shows such a pair, with numerous gold particles present
over a GABA-positive terminal (At+) in the ciliary ganglion, but
very few over other elements, such as the dendrite. Alternatively,
one can quantitatively determine the background level of labeling
and then establish a threshold for immunopositivity. For example,
in recent studies [19, 21], we defined terminals exhibiting labeling
at or below background as GABA negative and those with three
times this threshold as GABA positive. Terminals with particle
numbers lying between these values were placed in a non-
characterized category. In this same tissue, we found that labeling
in somata and dendrites was distinctly less prominent, and so we set
the threshold at two times background. There are of course highly
sophisticated image analysis systems for measuring particle density.
However, we have found that a manual method is quite easy to use.
We cut a square out of a piece of cardboard that is about the size of a
typical axon terminal in our area of interest. We then slide it over
the image making counts over areas that are clearly not heavily
labeled. Counts from ten such areas are then averaged to define
background level. Background is independently determined in this
way for all the images from a single grid (see Note 30). This same
square can then be placed over terminals, dendrites, or somata to
allow them to be classified as positive or negative relative to this
background level.

It is often useful to employ the postembedding immunohisto-
chemical method to analyze the terminal populations contacting an
identified output population. An example of this is shown in Fig. 2.
The retrogradely transported tracer appears as electron dense, floc-
culent, crystals within the cytoplasm of the labeled cells, and den-
drites. In some cases, it will nearly fill the cytoplasm of the labeled
cell, as demonstrated in the labeled dendrite (Den*) in Fig. 2a and
the somata (Soma*) in Fig. 2d. In other cases, there are just small
patches of electron-dense material, as shown in the somata of
Fig. 2b and the dendrite of Fig. 2e. The latter is preferable when
identifying synaptic contacts (arrowhead) (see Note 31). In Fig. 2
the GABA-positive (At+) and GABA-negative (At) terminals are
easily recognized along the membranes of somatic (Fig. 2b, d) and
dendritic (Fig. 2a, e) profiles. Note the association of the gold
particles with mitochondria. This association is often found in
GABA-stained material. Even over non-labeled profiles, gold par-
ticles are generally more common over mitochondria.

Postembedding immunohistochemistry is also useful for iden-
tifying whether terminals from a defined source are inhibitory.
Figure 3 shows examples of terminals labeled with biotinylated
dextran amine (BDA). The BDA-labeled terminals (At*) contain
granular electron-dense reaction product and are easily
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discriminated from unlabeled terminals (At). In densely labeled
examples (Fig. 3a, bottom and c) this product can fill the cytoplasm
between the vesicles. In more lightly labeled examples (Fig. 3a, top
and b) it surrounds the vesicles with an electron-dense fuzz. Those
BDA-labeled terminals that are GABA positive have numerous gold
particles over them (At*+) while those that are GABA negative
(At*) do not (see Note 32).

Combining the anterograde and retrograde tracer techniques
allow the investigator to make very forceful arguments about the
input/output relationships within a nucleus. As shown in the lower
magnification (a) and higher magnification (b) views in Fig. 4, both
types of reaction product are present. Flocculent electron-dense
crystals (arrows) are observed within this soma (Soma*) (Fig. 4a).
The BDA-labeled terminal shown (At*) is completely filled with

Fig. 2 Examples of combining retrograde labeling with postembedding immunohistochemistry. GABA-positive
synaptic profiles (At+) are seen contacting (arrowhead) retrogradely labeled (ChTB-HRP) somata (Soma*) (c, d)
and dendrites (Den*) (a, e). Low-magnification view in (b) shows sample areas for (a) and (c). Note electron-
dense reaction crystals in postsynaptic elements and gold particles lying over GABA-positive terminals. At¼
unlabeled axon terminal. Ax¼axon. Scale in (a)¼ (c)
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Fig. 3 Examples (a–c) of combining anterograde labeling with postembedding immunohistochemistry. Some
GABA-positive profiles also are labeled with the anterograde tracer BDA (At*+), while others are not (At+). In
addition, some BDA-labeled profiles are not GABA positive (At*). In each case, these terminals synapse
(arrowhead) on unlabeled dendrites (Den). At¼unlabeled axon terminal. Ax¼axon. Scale in (c)¼ (a) and (b)



reaction product. Nevertheless, it is still possible to visualize the gold
particles indicating that this is a GABA-positive terminal (At*+),
although identifying GABA-positive terminals that are not BDA
labeled (At+) is considerably easier.

4 Notes

1. The solution amounts described below are for techniques
developed for large feline and monkey brains. They can often
be adapted for rodent work by moving the decimal points one
place to the left for all of the volumes and weights.

2. Higher levels of glutaraldehyde will facilitate capture of the
GABA or glycine molecules by the fix, but decrease the activity
of horseradish peroxidase (HRP). Optimum fixation for HRP is
with 1.25 % glutaraldehyde. So, lower levels, in the 1.5–2.0 %
range, are used when doing retrograde tracing in conjunction
with the postembedding immunohistochemistry. We have
commonly used 1.5 % glutaraldehyde for anti-GABA experi-
ments that are combined with retrograde tracers that employ
horseradish peroxidase (HRP). We use 3.0 l of fixative for a
macaque monkey perfusion and 2.0 l for a cat perfusion.

3. Do not allow the paraformaldehyde solution to heat above
60 �C. To do this, it is best to turn off the heater element

Fig. 4 Dual-tracer labeling in conjunction with postembedding immunohistochemistry. Low (a) and high (b)
magnification views of a labeled synaptic contact (Box in a¼b). A BDA-labeled synaptic terminal is seen
contacting (arrowhead) a retrogradely labeled (ChTB-HRP) soma (Soma*). The densely labeled terminal also
has gold particles over it, indicating that it is also GABA positive (At*+). At¼unlabeled axon terminal, At+¼
GABA-positive axon terminal, Den¼dendrite
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when the temperature reaches the vicinity of 50 �C, as the
solution will continue absorbing heat from the hot plate. We
use an Urbanti spiral ribbed funnel (Bell Art, F14648-000) and
coarse #4 filter paper to speed the filtration process.

4. Since the glutaraldehyde is viscous, it tends to stick to the
cylinder. This approach washes it into the fix. It is best to
order the granular form of paraformaldehyde as the powder
tends to become airborne and is breathed in.

5. We aliquot tracers into 0.5 ml microcentrifuge tubes (Fisher,
02-681-333) when we receive them and store them at 0 �C to
maximize storage life. Once in solution, they are still fairly
stable for up to a month, if refrigerated. We have described
here the tracers we use most commonly, WGA-HRP, ChTB-
HRP, and BDA. However, others also can be employed. Pha-
seolus vulgaris leucoagglutinin has also been successfully used
as an anterograde tracer [21]. For short pathways, biocytin can
be used instead of BDA [28, 29]. However, it should only be
used with 24-h survival periods and should be injected in the
same surgery as the retrograde tracer as it is quickly
metabolized.

6. Of the various TMB protocols we reviewed when developing
the approach, this one uses a pH closest to neutral, and it
consequently is less damaging to the ultrastructure of the tis-
sue. It also produces very little background staining and
stunning signal.

7. Store TMB powder at 0 �C. Do not store solution B for more
than overnight.

8. Store DAB powder at 0 �C. DAB dissolves much easier in
water, than buffer, so the DAB solution is not buffered until
after the DAB dissolves.

9. Triton X-100 takes a while to mix into solution even with rapid
stirring. It can then be stored at 4 �C for long periods of time.

10. When received, avidin D-HRP should be stored at 4 �C.

11. The effective concentrations vary by lot. 1:250 is a good start-
ing place, but it is likely that you will need to play with the
concentration to maximize the signal-to-noise ratio for any
individual antibody lot and for your tissue.

12. We have only limited experience with anti-glycine. This anti-
body provided us with usable data, but only at high concentra-
tions. In the future, we plan to search for new sources and
experiment with using higher glutaraldehyde concentrations in
the fix.

13. Again, this is a suggested starting point for dilution. The
investigator may need to play with this concentration to maxi-
mize the signal-to-noise ratio. We have also tried using 20 nm
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gold particles. This makes finding the labeled terminals easier,
but seems to lessen the number of gold particles present.

14. Make sure to use Millipore-filtered dH2O for all solutions used
for electron microscopy.

15. The tubing running through the pump is connected to two
separate reservoirs (one for rinse and one for fix) through a
Y-coupling. The tubes leading from the Y to the two reservoirs
are each fitted with a quick-release hose clamp. This allows
quick changeover from the rinse to the fix. The longer hose
descending from the Y-connector is fitted with a stainless steel
Luer-Lock hub at the open end. This is held in place with a
screw-type hose clamp available from a local hardware store.
One should carefully remove bubbles from the line before
starting the perfusion. Murphy’s First Law of Perfusions states:
“Bubbles will inevitably lodge in the vessels leading to the area
of interest, denying it fixative.” The fixative is caught in a
plexiglass tray. The animal lies on a perforated plexiglass plat-
form that fits into this tray.

16. Different labs use different fixative temperatures. We are not
convinced that this is a critical variable. We use room tempera-
ture wash followed by a cool fix, but this is due to the fact that
the fix will cross-react if stored at room temperature. Similarly,
there are many variations on the approach to the perfusion. We
have come to believe that perfusions, because they have variable
outcomes, engender superstitious behavior. The important
variables are the animal, the skill of the experimenter, and the
time before the fix hits the tissue. The latter two are obviously
linked. Thus, we have directed our approach to simplifying the
procedure, eliminating injections of cardiovascular agents, etc.,
and developing a clocklike precision to the process. We set out
the instruments in order of use so that they are easy to pick up.
The surgical procedure proceeds as follows:

(a) The abdomen is opened with a scalpel.

(b) The skin over the sternum is incised to meet the first
incision.

(c) The sternum is split using heavy scissors.

(d) Then the diaphragm is cut with these heavy scissors.

(e) Rib spreaders are used to stabilize the ribcage.

(f) Delicate scissors are used to open the pericardium so that
the heart can be slipped out.

(g) The same scissors are used to stab a small hole in the wall of
the left ventricle near the apex through which the needle of
the perfusion tube is then inserted.
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Even with the best technique, Murphy’s Second Law of
Perfusions will come into play. It states: “The quality of the
perfusion is inversely proportional to the accuracy of the tracer
injection.”

17. We use a blunt-tippedHamilton syringe and sharpen the needle
tip with a sharpening stone, just enough that it can penetrate
the brain, but with the ejection hole near the needle tip to
maintain stereotaxic accuracy. For central injections of WGA-
HRP or ChTB-HRP, we use volumes on the order of
0.01–0.03 μl for central injections. Ten times this amount
(0.1–0.3 μl) is used for BDA injections. ChTB-HRP is reputed
to give better dendritic filling, but we do not always see this.

18. We use a plastic tackle box with a hole drilled in the base of each
section and nylon mesh screening (Small Parts, CMN-2000)
adhered to the bottom with fiber glass resin (Bondo) for the
reaction tray. The solutions are placed in a Pyrex reaction dish
that holds the tackle box. Between steps, the tackle box is
blotted on squares of bench coat paper. However, for smaller
sections many individuals use a piece of plexiglass that has wells
drilled in it as a reaction tray and place the solutions into a
staining dish.

19. Sections will be yellow at the end of the reaction step, but this
does not indicate a background problem.

20. For light microscopy, the sections can be mounted out of this
buffer and counterstained with cresyl violet. The reaction prod-
uct is a bright blue color that can be further enhanced by using
crossed polarizers.

21. Reaction product can be seen to turn from blue to brown
during this period. Once this transformation has occurred the
sections can be moved into the rinse.

22. Soak reaction tray and glassware in 70 % ethanol with a little
Chlorox to clean reaction product from them. Rinse thor-
oughly with tap water followed by dH2O.

23. Probably most labs will use plastic multiwell culture plates for
this step.

24. Depression plates are placed on a wet piece of bench coat in a
closed plastic box to limit evaporation. If using multiwell cul-
ture plates, employ the cover.

25. The background staining is correlated with fixation quality: the
poorer the fix, the worse the background. We divide sections
into three series, so if the first series stains too darkly and the
background is too high, we can lower the cobalt chloride levels
in a subsequent series. We usually divide sections into three
series, and reserve one series for light microscopic analysis.
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26. For postembedding immunohistochemical staining, the tissue
needs to be embedded in a resin that allows the antibody to
penetrate the tissue in order to bind to the antigen one wants to
detect, but at the same time results in good ultrastructural
preservation.

27. Pick up and move the grids with a nonmagnetic Dumont
forceps by grabbing them along the edge. It should be noted
that other labs have successfully omitted some of the steps
described below. Some labs omit the etching step when they
can process the tissue immediately after sectioning. The glutar-
aldehyde fixation step seems to help increase signal in our
hands, but other labs successfully omit this step.

28. If the grid sinks into the drop, it is no longer useable since
immunogold has a high affinity for the Formvar film and so will
produce a high level of background staining on the back of the
film, obscuring positive label on the section.

29. To make sure that the last washing step of a grid is always
performed in clean, not contaminated water, start with the
first grid in vial 1, proceed to vial 2, and then vial 3. Dry grid
and take off the remaining fluid by touching the edge of a piece
of filter paper to it. Do not touch Formvar and sections. Next
rinse the second grid as previously done with grid 1, but start in
vial 2, and proceed to vial 4. The third grid will begin in vial 3
and proceed to vial 5, etc. Make sure that the grid remains
vertical while moving through the rinse, so that the Formvar
film is not ruptured. Do not break the surface of the water
except to enter and exit the vial; the surface tension of the water
adds stress to the rinse steps and can rupture the Formvar film.

30. We do not make background counts over the Formvar outside
the specimen, because its attractiveness to the antibody and
secondary is not the same as the tissue.

31. Of course, the extent of dendritic labeling will vary with the
degree of retrograde labeling overall. However, it is our impres-
sion that one can often find patches of label in small, presum-
ably distal, dendrites at the EM level, even when these distal
dendrites do not appear to be labeled at the light microscopic
level. We believe that small, lightly labeled dendrites do not
have enough optical density to be visualized, but this is not the
case at the EM level.

32. While the gold particles are relatively easy to see when working
at the EM or on a monitor, they can be difficult to demonstrate
in poster or publication pictures, due to the electron-dense
background of the BDA. We find that using Photoshop to
lighten the image and slightly decrease the contrast can
improve their visibility.
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Molecular Electron Microscopy in Neuroscience:
An Approach to Study Macromolecular Assemblies

Bjoern Sander and Monika M. Golas

Abstract

Macromolecular assemblies play a critical role in the function of the nervous system. They contribute to a
multitude of cellular processes such as cell type-specific gene expression, intracellular trafficking, and
synaptic transmission. Macromolecular assemblies are composed of a number of proteins and can likewise
comprise additional molecules such as DNA or RNA. However, these complexes are typically dynamic
entities that can change their conformation and composition dependent on their functional state. The
visualization of these macromolecular complexes and assembly intermediates by transmission electron
microscopy (EM) techniques can provide insights into their function in the cell as well as uncover their
molecular mechanisms and life cycle. In this chapter, we describe how to prepare and analyze macromolec-
ular assemblies by conventional negative staining EM, negative staining cryo-EM, and unstained cryo-EM.
In particular, we focus on methods that allow imaging macromolecular assemblies that are near the size or
concentration limits of the method or that are only transiently formed. Such challenging macromolecular
assemblies can be subjected to the GraFix approach that cross-links the complexes under ultracentrifuga-
tion. Moreover, we also discuss EM imaging techniques and image processing approaches suited to
compare macromolecular complexes captured at different conformational or compositional states by
using difference mapping. Together, this set of single-particle EM methods provides an outline of how
macromolecular complexes of the nervous system can be studied by EM techniques.

Keywords Electron cryomicroscopy (cryo-EM), Macromolecular assembly, GraFix, Negative
staining, Neuroscience, Single-particle electron microscopy, Image processing, Difference mapping,
3D structure

1 Introduction

Cellular processes essential for the function of the nervous system
are carried out by a multitude of macromolecular assemblies that
amongst others contribute to cell type-specific gene expression,
intracellular trafficking, and synaptic transmission [1–4]. These
macromolecular assemblies are composed of multiple factors such
as proteins and nucleic acids. Typically, the complexes undergo
conformational or compositional changes essential for the func-
tional activity of the assemblies [5]. In particular, factors can be
recruited or destabilized, and the complexes can adopt different
conformations.
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Transmission electron microscopy (EM) is the method of
choice to visualize complex assemblies [6, 7]. EM methods can be
subdivided into cellular and molecular EM approaches. Cellular
EM aims at describing the ultrastructure of tissues and cultured
cells using ultrathin sections of the specimen [8]. Sections can be
immuno-gold labeled or labeled with streptavidin-gold or similar
systems in order to localize a factor of interest [9]. In neuroscience,
cellular EM has amongst others contributed to the description of
synapses [9, 10]. Molecular EM comes in three different flavors [6]:
(1) electron tomography, (2) electron crystallography, and (3)
single-particle EM. All of these methods aim at describing the
structural organization of macromolecules. Of note, molecular
EM can not only describe the overall structural organization of
the assemblies, but can also provide insights into their dynamical
changes when complexes captured at different functional states are
compared [11].

Electron tomography is used to study isolated macromolecules,
organelles, cells, or sections thereof, thus being at the interface
between cellular and molecular EM. Objects are imaged under
different tilt angles, and a three-dimensional reconstruction is
determined from the tilt series. In contrast to the two other types
of molecular EM methods, electron tomography can also be per-
formed on objects with a unique structure, and it has, e.g., been
used to study synaptic vesicles [12] as well as the rod sensory
cilium [13]. In case a macromolecule can be crystallized as two-
dimensional (2D) sheets or helical tubes, electron crystallography
can be used to study the structure of the macromolecule. Amongst
others, electron crystallography has been used to determine the
structure of the acetylcholine receptor [14]. Finally, in single-
particle EM, purified macromolecules are imaged under different
projection directions without the need to crystallize the particles.
This approach has been used to study, e.g., the gamma-secretase
[15]. The projection images taken in the electron microscope are
used to determine the 2D and three-dimensional (3D) structure of
a given macromolecule. In its original design, the approach requires
that the images represent particles with the same conformation and
composition, although it more and more becomes possible to deal
with increasing levels of computational complexity due to hetero-
geneity [16, 17].

Here, we describe approaches used to visualize and analyze
macromolecular assemblies by single-particle EM. In particular,
we describe the GraFix protocol [18] which offers advantages
when dealing with particles at a low concentration (<50 μg/ml),
small particles (<250 kDa), or fragile particles that tend to disinte-
grate during sample preparation. Moreover, we discuss the
sandwich negative staining method, which can be used at room
temperature and under cryogenic conditions [19] as well as
unstained cryo-EM by freeze-plunging into liquid ethane [20].
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Finally, we describe how difference mapping can be used to identify
changes of the particle’s architecture induced by, e.g., the binding
or dissociation of protein factors [11, 21].

In this chapter, we focus on the survival of motor neuron
(SMN) complex that represents a prototype of a dynamic macro-
molecular complex. Mutations of the SMN1 gene can result in
spinal muscular atrophy, a severe disorder that results in a progres-
sive degeneration of spinal motor neurons [3, 22]. A role of SMN
in regulating the localization of poly(A) mRNA in motor neurons
has been described [23]. Moreover, the SMN complex assists in the
assembly of spliceosomal small nuclear ribonucleoproteins
(snRNPs) [24] restricting the deposition of the hetero-heptameric,
ring-forming Sm core on correct target RNA only [25]. To this
end, the SMN complex collaborates with pICln that acts as a
molecular chaperone preventing the premature binding of RNA
[11]. The SMN complex ejects pICln from the partially preassem-
bled Sm core complex, thus enabling the binding of the correct
RNA target [11].

2 Materials

2.1 GraFix Sample

Preparation

1. Purified macromolecular complex in the buffer of choice
(see Note 1).

2. Primary amine-free gradient buffer, e.g., 5 % gradient buffer
(20 mM HEPES pH 7.5, 150 mM NaCl, 5 % (v/v) glycerol),
20 % gradient buffer (20 mM HEPES pH 7.5, 150 mM NaCl,
20 % (v/v) glycerol, 0.1 % (v/v) glutaraldehyde). Use
EM-grade glutaraldehyde (25 % w/v solution) and prepare
buffer freshly before use. (CAUTION: Glutaraldehyde is
toxic and requires appropriate handling.) See Note 2.

3. Gradient Master gradient forming device (Biocomp, Frederic-
ton, NB, Canada).

4. Swing-out ultracentrifugation rotor TH-660 (SORVALL®) or
SW60Ti (Beckman®) or similar with suitable centrifugation
tubes. See Note 3.

5. SORVALL®, Beckman®, or similar ultracentrifuge.

6. Fractionation device: Tube/needle system connected to a peri-
staltic pump (P1, GE Healthcare®) or tube-piercing device
(Brandel Isco tube piercer, Isco, Lincoln, USA).

2.2 Sandwich

Carbon Negative

Staining and Cryo

Negative Staining

1. 2 % (w/v) uranyl formate: Prepare freshly, protect from light,
and keep at 4 �C during specimen preparation. (CAUTION:
Follow strictly the safety instructions valid in your country.)

2. Copper EM grids covered with a holey carbon film, either
homemade or commercial (Quantifoil®, Quantifoil Micro
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Tools, Jena, Germany, or C-flat, Protochips, Raleigh,
NC, USA).

3. Homemade continuous carbon film prepared by evaporation of
carbon on freshly cleaved mica (indirect coating).

4. Workshop-made black Teflon® or black plastic block with holes
of about 25 and 150 μl. See Note 4.

5. Cryo negative staining only: Liquid nitrogen and liquid nitro-
gen container for storage of EM grids. (CAUTION: Use
appropriate safety precautions when handling liquid nitrogen.
Liquid nitrogen can cause severe burns and asphyxia).

2.3 Unstained

Cryo-EM on

Carbon Film

1. For buffer exchange only: Zeba spin columns (Pierce, Rock-
ford, IL, USA).

2. Copper EM grids covered with a holey carbon film.

3. Homemade continuous carbon film on mica.

4. Workshop-made black Teflon or black plastic block.
See Note 4.

5. Liquid nitrogen, liquid nitrogen container for storage of EM
grids, and ethane gas. (CAUTION: Liquid nitrogen and eth-
ane can cause severe burns and asphyxia. Ethane is extremely
flammable and forms explosive mixtures with air. Follow appro-
priate safety precautions.)

6. Vitrobot (FEI®, Eindhoven, The Netherlands), EM CPC
(Leica®, Wetzlar, Germany), or similar freeze-plunging device.

7. Glow-discharging device (e.g., CTA 005, Bal-TEC, Liechten-
stein or similar).

2.4 Imaging

of the EM Specimens

1. Electron microscope (e.g. FEI® or Jeol®, Tokyo, Japan, or
similar) equipped with a side-entry specimen holder (Gatan®,
Pleasanton, CA, USA) or autoloader system (FEI®) and an
imaging system (photographic film, CCD, direct electron
detector). Cryo-shields, cryobox, or similar required for cryo-
EM work.

2. For imaging on photographic film only: High-resolution slide
scanner.

2.5 Difference

Mapping

1. Image processing software for single-particle EM, e.g.,
IMAGIC (https://www.imagescience.de/imagic.html),
SPIDER (http://spider.wadsworth.org/spider_doc/spider/
docs/spider.html), EMAN (http://ncmi.bcm.edu/ncmi/
software/software_details?selected_software¼counter_222),
FREALIGN (http://grigoriefflab.janelia.org/frealign), or
XMIPP (http://xmipp.cnb.csic.es/twiki/bin/view/Xmipp/
WebHome).

2. R Statistical Computing package (http://www.r-project.org/).
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3 Methods

3.1 GraFix Sample

Preparation

1. Purify the macromolecular assembly of interest according to
your established protocol and check by appropriate biochemi-
cal methods such as SDS-PAGE, Western blotting, mass spec-
trometry, and functional assays (see, e.g., [11] for the
purification and characterization of the SMN-related
complexes).

2. Prepare the gradient in the centrifugation tubes (see Fig. 1a, b):
Mark the required filling height for the high-percentage gradi-
ent buffer using the tube height labeling tool of the Gradient
Master. Fill the centrifugation tube with precooled low-
percentage gradient buffer (i.e., the 5 % gradient buffer for
the SMN subcomplexes) to a level slightly above the mark.
Thereafter, fill the high-percentage gradient buffer (i.e., the
20 % gradient buffer for the SMN subcomplexes) to the bot-
tom part of the centrifugation tube using a syringe and a long
needle. Fill up to the mark. Cap and run gradient forming
program. Keep gradients at 4 �C for about 1 h before loading
the sample. See Note 5.

3. Load the sample either directly on the gradient (if no primary
amines are present in the buffer) or pipet a cushion of a primary
amine-free buffer (200 μl in case of a TH-660 gradient) on top
of the gradient followed by the sample (see Fig. 1c). Be careful
not to disturb the gradient during loading (seeNote 5). Load at
least 10–20 μg of sample (preferably: 50–500 μg; see Note 6).

Fig. 1 Preparation of the GraFix gradient. (a) The lower percentage gradient
solution is filled into the centrifuge tube, and thereafter, the high-percentage
gradient solution is filled using a syringe/needle. GA glutaraldehyde. (b) After
tilting and rotating, a gradient is formed which can directly be used to load the
sample in case no primary amines are used in the sample buffer. (c) In case of
primary amines in the sample buffer (e.g., elution peptides), a cushion compris-
ing a primary amine-free buffer can be pipetted on the gradient before sample
loading
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4. Run the gradient in the ultracentrifuge at 4 �C. For the SMN
subcomplexes, we recommend the following conditions:
TH-660, 5–20 % glycerol gradient, 35,000–40,000 rpm at
18 h and 4 �C (see Note 7).

5. Fractionate the gradient from the bottom using a tube/needle
system connected to peristaltic pump or a tube-piercing system
(see Note 8).

6. Identify peak fractions by measuring the absorbance at
280 nm (see Note 9).

3.2 Sandwich

Carbon Negative

Staining and Cryo

Negative Staining

1. Fill the sample (GraFix fraction or eluate) into the small
sample wells (ca. 25 μl) as well as the staining solution into
the larger wells (ca. 150 μl) of the sample block. See Note 10.
Optionally, a washing buffer can also be filled into one of the
large wells. Cool the preparation block with ice.

2. Cut a ca. 3 � 3 mm piece of continuous carbon film on mica
and place it carefully into the sample solution (see Note 11).
The carbon film should float on the particle solution, but not
completely detach from the mica.

3. Incubate the carbon film floating on the sample for a defined
period. A wide range from 15 s to 48 h can be used dependent
on the concentration and adsorption properties of the sample.
For the SMN-related complexes, we typically used an incuba-
tion time of 15–90 s. Do not interrupt the cooling chain during
incubation.

4. Optional washing step (seeNote 12): Take out the carbon film
with the mica support from the sample solution, blot carefully
with filter paper, and transfer to the well filled with washing
buffer so that the carbon film floats on top of the washing
buffer. Incubate for 15–30 s. This step can be repeated, if
needed.

5. Take out the carbon film/mica support, blot carefully with
filter paper, and transfer to the staining solution. The carbon
film should now completely detach from the mica support.

6. Lift the carbon film out of the staining solution by placing an
EM grid on top of the carbon film. Blot carefully from the side
without damaging the carbon film.

7. Float another piece of carbon film on the surface of the second
well filled with staining solution. The mica should completely
detach from the carbon film. Submerge the EM grid under-
neath the floating carbon film and form the sandwich by lifting
the grid out of the staining solution. Blot carefully using
filter paper.
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8. For room-temperature negative staining, let the EM grid
air-dry and store it at a dry, dark place at ambient temperature.
For cryo negative staining, freeze grid in liquid nitrogen and
store in liquid nitrogen.

3.3 Unstained

Cryo-EM on Carbon

Film

1. Optional step: Exchange the buffer to a cryo-EM compatible
buffer using a spin column. See Note 13.

2. Fill the sample into the ca. 25 μl sample wells of the precooled,
black preparation block and cool the block with ice.

3. Adsorb the particles on a small piece of mica (ca. 3 � 3 mm) by
floating the carbon film on the surface of the particle solution.
The mica should completely detach from the carbon film.

4. Incubate the carbon film floating on the sample for a defined
period of time depending on properties of the sample. Do not
interrupt the cooling chain during incubation.

5. Lift the carbon film out of the particle solution by placing an
EM grid on top of the carbon film.

6. Mount quickly in the freeze-plunging device and pipet 4–5 μl
of buffer on the grid (seeNote 14). Do not let the EM grid dry.

7. Blot and plunge into liquid ethane.

8. Transfer into liquid nitrogen and keep in liquid nitrogen.

3.4 Imaging

of the EM Specimens

1. Mount the sample in an appropriate specimen holder and
transfer into the electron microscope. Keep the specimen
under cryogenic conditions in case of cryo-EM specimens.

2. Image the sample in the electron microscope. For the SMN-
related subcomplexes, we use a magnification of
343,000–380,000 and 4� binning in an electron microscope
equipped with a charge-coupled device (CCD) camera with
15 μm pixel size [26]. On other imaging devices, magnifica-
tions of about 50,000–100,000� will lead to comparable
results [27]. Example raw EM images showing the 6S pICln/
SmD1/SmD2/SmE/SmF/SmG complex and the 8S pICln/
SMNΔC/Gemin2/SmD1/SmD2/SmE/SmF/SmG transfer
intermediate complex are shown in Fig. 2.

3.5 Difference

Mapping

1. Pick individual macromolecules from the digital EM images.
Use manual selection protocols or (semi-) automated particle
selection software as included in all major single-particle image
processing packages.

2. Correct for the contrast-transfer function (CTF) using CTF
correction software (e.g., [28–32]).
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3. Filter particle images and align the individual particle images
either against the sum of all images or some selected individual
particle images using one of the abovementioned image pro-
cessing tools or individual programs [29–33]. Classify using an
unsupervised clustering algorithm and generate “class average”
images by averaging each class of images (see Note 15).

4. Use selected class averages as references for a new round of
alignment. Repeat classification and alignment until the result
is stable.

5. For difference mapping, band-pass filter the class averages to
the same resolution, normalize (if not included in the filtering
algorithm), and align the images of one data set using the class
averages of the second data set as references.

6. Identify class averages imaged under a similar projection angle
and subtract class averages from each other. Visualize the dif-
ference map by color-coding according to the standard devia-
tion. To indicate the position of the class average in the
difference maps, a contour line can be manually drawn around
the smaller of the two particles and transferred to the same
position in the difference map using a standard vector graphics
program (see Fig. 3).

Fig. 2 Raw EM images of SMN-related complexes. Purified complexes were subjected to sandwich negative
staining and imaged in an electron microscope. Scale bar, 10 nm. (a) Raw EM image of the 6S pICln/SmD1/
SmD2/SmE/SmF/SmG complex. (b) Raw EM image of the 8S pICln/SMNΔC/Gemin2/SmD1/SmD2/SmE/SmF/
SmG transfer intermediate
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4 Notes

1. If glycerol, sucrose, or similar carbohydrates are used during
purification, the concentration of these substances must be at
least 2–3 % lower (better at least 5 %) than their concentration in
the low-percentage gradient buffer; for example, use max. 2–3 %
glycerol in the sample in case of a 5–20 % gradient. This is
essential to prevent that the sample sinks into the gradient during
sample loading. If in doubt, the sinking behavior can be checked
by pipetting a few ml of the lower percentage gradient buffer
into a 15 ml centrifuge tube onto which a small aliquot of
the sample is slowly pipetted. If the sample sinks, dilute the
sample with carbohydrate-free buffer and repeat sinking test
until the sample stays on top of the gradient buffer.

2. In case the sample buffer contains a primary amine (e.g., elution
peptide), a primary amine-free cushion should be pipetted on the
gradient before loading the sample. This cushion prevents the
direct contact of low-molecular-weight substances in the sample
with the cross-linker and is usually superior to, e.g., buffer
exchange or dialysis procedures. Note that the latter procedures
may lead to unwanted loss or degradation of fragile samples.

3. For macromolecular assemblies where subcomplexes or
contaminants are co-purified with the complex of interest, the
usage of a longer centrifugation tube (volume ca. 13.2 ml) is

Fig. 3 Difference mapping of SMN-related complexes. Shown are the selected, filtered class averages (left
andmiddle) as well as their difference map (right; see color scale ranging from�4σ to 4σ) including a contour
line for the smaller of the two complexes [11]. (a) Comparison of the 8S pICln/SMNΔC/Gemin2/SmD1/SmD2/
SmE/SmF/SmG transfer intermediate complex and the 6S pICln/SmD1/SmD2/SmE/SmF/SmG complex. (b)
Comparison the 8S pICln/SMNΔC/Gemin2/SmD1/SmD2/SmE/SmF/SmG transfer intermediate complex and
the 7S SMNΔC/Gemin2/SmD1/SmD2/SmE/SmF/SmG complex
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recommended (e.g., SORVALL® TH-641 rotor or Beckman®

SW41Ti rotor). For highly pure samples, we recommend a
shorter centrifugation tube (volume ca. 4.2 ml; e.g., SOR-
VALL® TH-660 or Beckman® SW60Ti).

4. We recommend a black block as the black color is favorable in
order to see the floating carbon film. Use preferentially material
for the preparation block with low affinity for proteins in order
to minimize sample loss.

5. Gradients have to be prepared and transportedwith care to avoid
unwanted mixing. Observe the phase boundary during filling
of the high-percentage buffer. Do not introduce air bubbles.

6. The optimum loading amount is about 100–200 μg of sample
dependent on the sample properties. Lower sample amounts
can be used; however, a prolonged adsorption period will be
required to increase particle numbers on the carbon film.We do
not recommend to use sample amounts >500 μg as this can
lead to inter-particle cross-linking. The sample volume loaded
should not exceed 10 % of the gradient volume to ensure a
good separation during centrifugation.

7. Centrifugation conditions should be optimized so that the
macromolecular assembly of interest runs to about 50–85 %
of the gradient length. This ensures that low-molecular-weight
substances that can decrease the image contrast are well sepa-
rated from the sample.

8. Avoid perturbing of the gradient during fractionation. Take
special care when introducing the needle into the gradient,
and make sure that the needle is placed at the very bottom of
the gradient tube. Alternatively, fractionation devices (see
above) that perforate the bottom of the tube may be used.

9. An optional parallel non-GraFix gradient can be used for bio-
chemical analysis of the fractions by SDS-PAGE, Western blot-
ting, mass spectrometry, and/or functional assays to confirm
the identity of the particle. It should be noted, however, that
some fragile assemblies are disassociated during ultracentrifu-
gation in non-GraFix gradients resulting in a different migra-
tion behavior in the gradients or lower yield [19, 21].
Therefore, the gradient profiles of the GraFix and the non-
GraFix fractions should be checked. Note that the constituents
of assemblies treated by GraFix cannot be separated by SDS-
PAGE due to the cross-linking; however, fractions can none-
theless be analyzed by mass spectrometry [34].

10. We recommend freshly prepared uranyl formate solutions (2 %
in water). Other solutions such as uranyl acetate, phospho-
tungstic acid (PTA), or ammonium molybdate are used for
staining of single particles as well. It can be advantageous to
compare different stains and select the one that results in the
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highest contrast and no/least artifacts (e.g., pH-induced
aggregation of sample).

11. We recommend preparing continuous carbon film of different
thickness and testing for each sample which carbon film works
best. Carbon films should be stored at a clean, dry, and dark place.

12. The washing step is recommended in case the contrast of the
sample in the electron microscope is low or in case staining
artifacts such as a phenomenon commonly called “champagn-
ing” is observed.

13. Buffer exchange is required in case the sample contains a higher
concentration of glycerol, sucrose, or another substance reduc-
ing the image contrast of cryo-EM images or interfering with
the vitrification process. This applies, e.g., for GraFix gradient
fractions.

14. In case of a low sample concentration, sample solution can be
used instead of buffer.

15. We typically use class sizes of ca. 10–40 individual particle
images in average per class.
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Abstract

HIV-1-associated neurocognitive disorder (HAND) is a neurodegenerative disease resulting in various
clinical manifestations, characterized by neuroinflammation, oxidative stress, and related events. Neuronal
damage in HAND is felt to be mainly indirect: microglial cells infected by HIV-1 increase the production of
cytokines and release HIV-1 proteins, the most likely neurotoxins, among which are the envelope proteins
gp120 and gp41 and the nonstructural proteins Nef, Rev, Vpr, and Tat. We review and discuss here different
methods used in the assessment of apoptosis and neuronal loss in different experimental, acute and chronic,
models of HAND. We also briefly consider how these techniques help to evaluate the effects of gene
delivery of antioxidant enzymes in animal models of HAND.

Keywords: Immunohistochemistry, HIV-1, Apoptosis, Neuronal loss, Caspase, Gene therapy, Oxi-
dative stress, gp120, Tat, HIV-1-associated neurocognitive disorder, Transmission electron micros-
copy, Morphometry, Cell culture

1 Background and Historical Review

1.1 General

Considerations

We describe here the application of a number of methods to char-
acterize apoptosis and neuronal death in experimental models of
HIV-1-associated neurocognitive disorder (HAND).

HIV-1 enters the central nervous system (CNS) soon after
it enters the body. Advances in the treatment of HIV-1 have dra-
matically improved survival rates over the past 10 years, but
HIV-associated neurocognitive disorders (HAND) remain highly
prevalent and continue to represent a significant public health
problem, partly because highly active antiretroviral therapeutic
drugs (HAART) penetrate the CNS poorly. In the early 1990s,
the neurologic complications of HIV-1 infection were classified
into two levels of disturbance: (1) HIV-associated dementia
(HAD) and (2) minor cognitive motor disorder (MCMD) [1, 2].
HAD was considered as the most common cause of dementia in
adults under 40 (associating subcortical dementia, with basal
ganglia involvement, manifesting as psychomotor slowing,
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parkinsonism, behavioral abnormalities, and cognitive difficulties)
[1–3], but HAD has become less common since HAART was
introduced [2]. This reduction probably reflects better control of
HIV in the periphery, since antiretroviral drugs penetrate the CNS
poorly. MCMD described a less severe presentation of HIV-
associated neurocognitive impairment that did not meet criteria
for HAD.

More recently, in light of the changing epidemiology of HIV
infection, particularly the increase in risk factors and comorbid
associations not previously described, including substance abuse
disorders (e.g., methamphetamine dependence), medical condi-
tions associated with HAART treatment (e.g., hyperlipidemia),
and comorbid infectious diseases (e.g., hepatitis C virus), the diag-
nostic criteria for HAND have been updated [4, 5].

Thus, the newly redefined criteria allow for three possible
research diagnoses: (1) asymptomatic neurocognitive impairment
(ANI); (2) HIV-associated mild neurocognitive disorder (MND);
and (3) HAD. However, if there are currently less cases of HAD as
survival with chronic HIV-1 infection improves, the number of
people harboring the virus in their CNS increases, leading to new
HIV-1-related neurological manifestations. The prevalence of
HAND therefore continues to rise, and less fulminant forms of
HAND have become more common than their more severe pre-
decessors [4, 5]. Incident cases of HAND are accelerating fastest
among drug users, ethnic minorities, and women [6–9]. Moreover,
it is becoming clear that the brain is an important reservoir for the
virus, and that neurodegenerative and neuroinflammatory changes
may continue despite HAART [8].

The principal manifestations of CNS in HIV infection result
from neuronal injury and loss and from extensive damage to the
dendritic and synaptic structures in the absence of neuronal loss.
Neurons themselves are rarely infected by HIV-1, and neuronal
damage is felt to be mainly indirect. In fact, the pathogenesis of
HAND largely reflects the neurotoxicity of HIV-1 proteins [10].

HIV-1 infects resident microglia, periventricular macrophages,
and some astrocytes [11], leading to increased production of cyto-
kines and to release of HIV-1 proteins, the most likely neurotoxins,
among which are the envelope (Env) proteins gp120 and gp41 and
the nonstructural proteins Nef, Rev, Vpr, and Tat [9, 12, 13].
Soluble gp120 can induce apoptosis in a wide variety of cells includ-
ing lymphocytes, cardiomyocytes, and neurons [14, 15]. HIV-1
gp120 may be directly neurotoxic at high concentrations [16].
Gp120-induced apoptosis has been demonstrated in studies in cor-
tical cell cultures, in rat hippocampal slices, and by intracerebral
injections in vivo [16]. Gp120 binds neuron cell membrane
co-receptors (CCR3, CCR5, and CXCR4) and elicits apoptosis,
apparently via G-protein-coupled pathways [17]. The HIV-1
trans-acting protein Tat, an essential protein for viral replication, is
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a key mediator of neurotoxicity. Tat is internalized by neurons
primarily through lipoprotein-related protein receptor (LRP), by
activation of NMDA receptor [18], and by interaction. It also
interacts with integrins, VEGF receptor in endothelial cells, and
possibly CXCR4 [19].

Tat can directly depolarize neuron membranes, independently
of Na+ flux [20] and may potentiate glutamate- and NMDA-
triggered calcium fluxes and neurotoxicity [20]. It promotes
excitotoxic neuron apoptosis [21, 22] by activating endoplasmic
reticulum pathways to release intracellular calcium ([Ca2+]i).
Consequent dysregulation of calcium homeostasis [21, 23, 24]
leads to mitochondrial calcium uptake, caspase activation, and,
finally, neuronal death. Tat also increases levels of lipid peroxidation
[22] by generating the reactive oxygen species (ROS) superoxide
(O2

�) and hydrogen peroxide (H2O2).
There are no perfect models for HAND. Several animal systems

have been used to study the pathogenesis of HAND.Many of them
are based on other lentiviruses [25–27]. However, only small per-
centages of animals develop neurological manifestations in these
models and the costs for using these species may be high. Trans-
genic expression of gp120 in mice has been studied [28], but the
gp120 in that model is mainly expressed in astrocytes, whereas in
humans HIV-1 chiefly infects microglial cells. Some models of
ongoing exposure to Tat have been developed. For example,
GFAP-driven, doxycycline-inducible Tat transgenic mice have
been useful for mechanistic studies of Tat contribution to
HAND. However, the reported data concerning neuronal
TUNEL positivity are still debated [29]. We [30–33] and others
[34] have used model systems in which recombinant gp120, or Tat,
proteins are directly injected into the striatum, in order to induce
neuronal apoptosis. The neurotoxicity of such recombinant pro-
teins is highly reproducible and can be used as an interesting tool
for testing novel therapeutic interventions. Administration of
recombinant proteins is useful in understanding the effects of
HIV-1 gene products, and so their individual contribution to the
pathogenesis of HAND, not only in term of apoptosis but also the
deleterious effects related to gp120 or Tat [35–40]. However,
HIV-1 infection of the brain is a chronic process, and its study
would benefit from a model system allowing longer term exposure
to HIV-1 gene product. This is in part the reason why we devel-
oped experimental models of chronic HIV-1 neurotoxicity based
on recombinant SV40 (rSV40) vector-modified expression of
gp120 [41] or Tat [42, 43] in the brain.

1.2 Apoptosis Apoptosis is a process of programmed cell death (PCD) regulated
by several genes and characterized by cell changes such as cell
shrinkage, condensation of the cytoplasm with organelles appear-
ing tightly packed, chromatin condensation, nuclear envelope
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discontinuous, DNA and nuclear fragmentation, and blebbing.
Unlike necrosis, apoptosis produces cell fragments called apoptotic
bodies that phagocytic cells are able to engulf and quickly remove
before the contents of the cell can cause damage by spilling out
onto surrounding cells. Enzymes are activated in a coordinated
manner by cells destined to die, leading to an efficient degradation
of their DNA, nuclear and cytoskeletal proteins, and all cellular
components [44].

Apoptosis occurs in both physiological and pathological situa-
tions, in order to remove cells which are no longer useful or have
been damaged. For example, the separation of fingers and toes in a
developing human embryo occurs because cells of tissues located
between the digits undergo apoptosis. Apoptosis is closely related
to the immune system. It is related to the removal of cells recog-
nized as nonself by cytotoxic T lymphocytes, as well as to the
elimination of the same T lymphocytes, as well as B lymphocytes
at the end of an immune response to avoid a harmful reaction to the
body. Naturally occurring neuronal apoptosis peaks in the first
postnatal week in rats and is negligible by postnatal day 21 [44].
Apoptosis is triggered through three signaling pathways: intrinsic
and extrinsic (both caspase dependent), and the caspase-
independent pathway.

The caspases family of proteases is conserved from nematodes
through mammals. They are central to apoptotic death and are
expressed as inactive zymogens that become cleaved during apo-
ptosis [45]. Initiator caspases autoactivate and self-process upon
recruitment to adaptor proteins. Then, they proceed to cleave and
thereby activate the executioner/effector caspases. Activated exe-
cutioner/effector caspases proceed to process key structural and
nuclear proteins and thereby cause the disassembly and death of the
cell [46]. Two major caspases pathways have been described: the
intrinsic pathway is initiated by cytochrome c release from the
mitochondrion while the extrinsic pathway is initiated by the bind-
ing of ligands to plasma-membrane death receptors [47].

Intrinsic apoptosis pathway is required for fetal and postnatal
brain development, but is downregulated through the suppression
of the expression of one of its key mediator, caspase-3 [46]. During
stroke and neurodegenerative diseases, some caspases are upregu-
lated in the brain [45]. Cerebral ischemia triggers both the intrinsic
and extrinsic pathways of apoptosis [47, 48]. Mounting evidence
suggests the involvement of caspases in the disease process asso-
ciated with neurodegenerative diseases such as Alzheimer’s disease
(AD) [49] and amyotrophic lateral sclerosis (ALS) [46]. Caspase
activation has also been documented in the brains of patients with
HIV-1-associated dementia [12, 50]. The cysteine protease family
of caspases is activated in immature neurons and contributes to
apoptotic death [51]. Thus, a link between oxidative stress and
activation of some caspases seems highly probable.
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Apoptosis can be studied by transmission electron microscopy
(TEM), as attested by numerous data in the literature. However,
immunohistochemical methods, through the use of specific mar-
kers, provide ample information concerning the different patterns
of activation during the apoptotic process [52].

Necrosis is a form of traumatic cell death that results from acute
cellular injury, in contrast to apoptosis which is a highly regulated
and controlled process that confers advantages during an organ-
ism’s lifecycle [51]. In acute neuronal injury in the adult rat brain,
irreversibly damaged neurons are morphologically necrotic and
undergo a caspase-independent programmed cell death. This
caspase-independent programmed pathway is associated with acti-
vation of the Ca2+-dependent cysteine protease calpain. There are
intracellular enzymes that also contribute to necrotic neuronal
death [51, 52].

We examine here the different methods used for assessing
apoptosis, neuronal loss, and expression of caspases in acute and
chronic models of HAND.

2 Equipment, Materials, and Setup

2.1 Differentiation of

COS-7 Cell Line into

NT2-Neurons

l Cell culture hood

l COS-7 cell line [American Type Culture Collection (ATCC)]

l Dulbecco’s modified eagle’s medium (DMEM)

l 10 % calf serum (Hyclone, Logan, UT,USA), 2mML-glutamine
and containing 1.5 g/l sodium bicarbonate, 4.5 g/l glucose,
1.0 mM sodium pyruvate, penicillin (200 U/ml), and strepto-
mycin (100 μg/ml)

l Human N-tera2/cloneD1 (NT-2) [Stratagene (La Jolla, CA,
USA)] induced to differentiate into NT2-Neurons (NT2-N)

l (DMEM/F-12) supplemented with glutamine and 10 % (v/v)
calf serum

l Retinoic acid (Sigma Chemicals, MO, USA)

l Cytosine b-D-arabinofuranoside (ara C) (1 mM), uridine (1-b-
D-ribofuranosyluracil) (Urd) (10 mM), and 5-fluoro-20-deox-
yuridine (FUDR)

l Poly-D-lysine coated 24-well plates (Sigma Chemicals) and
matrigel coated (BD Sciences, Bedford, MA) 4-chamber slides

2.2 Cell Culture of

Primary Human Fetal

Neuronal Cells

l Cell culture hood

l Hanks Balanced Salt Solution (HBSS) Ca2+ and Mg2+ free
containing 0.05 % Trypsin and 100 U of DNAse

l Poly-D-lysine coated 24-well plates or 4-chamber slides

l DMEM/F-12 (Invitrogen, Carlsbad, CA, USA); cytosine
arabinoside (ara C—1 mM)
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2.3 Vector

Production

l Cell culture hood

l COS7 cells

l SV40 derived vectors

l pT7[RSVLTR], in which transgene expression is controlled by
the Rous Sarcoma Virus long terminal repeat (RSV-LTR) as a
promoter

l SOD1 and GPx1 transgenes; gp120 and Tat as transgenes

l PCR

2.4 Stereotaxic

Injection of gp12, Tat,

and Vectors

l Stereotaxic apparatus (Stoelting Corp., Wood Dale, IL)

l Feedback-controlled heater (Harvard Apparatus, Boston, MA)

l Glass micropipettes puller (World Precisions Instruments, Inc.,
Sarasota, FL)

l Picospritzer II (General Valve Corp., Fairfield, NJ)

2.5 Microscopy l Transmitted light microscope

l Fluorescence microscope equipped with appropriate filter sets

l Personal computer

l Image-Pro Plus software (MediaCybernetics, Bethesda, MD)

l Adobe Photoshop 6.0 software (Adobe Systems, San Jose, CA)

l Transmission electron microscope

2.6 General

Equipment and

Reagents for Tissue

Preparation

l Phosphate-buffered saline (PBS) 0.1 M pH 7.4

l Fixatives. see Note 1

l Slide oven

l OCT medium

l General histology slides and coverslips. see Note 2

l Cryostat

l Ultramicrotome

2.7 TUNEL Assay l TdT-mediated dUTP nick end labeling kit (Roche Diagnostics,
Indianapolis, IN)

l Permeabilization solution: 0.1 % Triton X-100, 0.1 sodium
citrate in PBS

2.8 Immuno-

fluorescence (IMF)

l 10 % normal goat serum (NGS) or 10 % normal donkey serum
(according to host species of primary antibodies)

l Primary antibodies. see Tables 1 and 2

l Fluorochrome-conjugated secondary antibodies. see Tables 1
and 2. see Note 3

l Vectashield mounting medium hard set with 40,6-diamidino-2-
phenylindole (DAPI) (Vector Laboratories, Burlingame, CA)
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2.8.1 IMF on Cell

Cultures

l Triton X-100

l Paraformaldehyde

l PBS; Normal goat serum

2.8.2 IMF on Cryostat

Sections

l PBS; Normal goat serum

l Cryoprotecting solution (30 % sucrose in PBS)

l OCT medium

l Cryostat

2.9 Morphometry l Personal computer

l Image-Pro Plus software (MediaCybernetics, Bethesda, MD)

l Adobe Photoshop 6.0 software (Adobe Systems, San Jose, CA)

Table 1
Primary and secondary antibodies

Primary antibodies

Type of marker Antigen Type of antibody Suggested supplier

Apoptosis Active caspase 3 Rabbit polyclonal Santa Cruz, Santa Cruz, CA
Active caspase 6 Goat polyclonal Santa Cruz, Santa Cruz, CA
Active caspase 8 Rabbit polyclonal Santa Cruz, Santa Cruz, CA
Active caspase 9 Mouse monoclonal Santa Cruz, Santa Cruz, CA

Cell type NeuN Mouse monoclonal Chemicon International, Temecula, CA
MAP-2 Mouse monoclonal InVitrogen, Carlsbad, CA
DAT Rabbit polyclonal Santa Cruz, Santa Cruz, CA
TH Mouse monoclonal Immunostar, Hudson, WI
CD68 Mouse monoclonal Serotec, Oxford, UK
Iba-1 Rabbit polyclonal Waco Chemicals, Osaka, Japan
CD11b Mouse monoclonal Accurate Chemicals, Westbury, NY

Other markers SOD1 Rabbit polyclonal Stressgen, Victoria, BC, Canada

Secondary antibodies

Host species Specificity Fluorescence Suggested supplier

Goat Mouse FITC Sigma, Saint-Louis, MO
Mouse TRITC Sigma, Saint-Louis, MO
Rabbit TRITC Sigma, Saint-Louis, MO
Sheep FITC Sigma, Saint-Louis, MO

Rabbit Goat Cy3 Sigma, Saint-Louis, MO

Donkey Mouse FITC Jackson Immunoresearch Laboratories,
West Grove, PA

Mouse TRITC Jackson Immunoresearch Laboratories,
West Grove, PA

Rabbit Cy3 Jackson Immunoresearch Laboratories,
West Grove, PA

Goat Cy3 Jackson Immunoresearch Laboratories,
West Grove, PA
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2.10 Neurotrace l Neurotrace (NT; Molecular Probes, Inc., Eugene, OR)

3 Procedures

3.1 Differentiation of

COS-7 Cell Line into

NT2-Neurons and

Exposure to HIV-1

Neurotoxin

COS-7 cell line was obtained from American Type Culture Collec-
tion (ATCC) and was maintained in Dulbecco’s modified eagle’s
medium (DMEM) supplemented with 10 % calf serum (Hyclone,
Logan, UT, USA), 2 mM L-glutamine and containing 1.5 g/l
sodium bicarbonate, 4.5 g/l glucose, 1.0 mM sodium pyruvate,

Table 2
Immunofluorescence parameters

Type of
marker Primary antibody Dilution–incubation Secondary antibody Dilution–incubation

Apoptosis Active caspase 3 1:100 (60 min) TRITC goat anti-rabbit 1:100 (60 min)
FITC sheep anti-rabbit
Cy3 donkey anti-rabbit

Active caspase 6 1:100 (60 min) Cy3 rabbit anti-goat 1:100 (60 min)
Cy3 donkey anti-goat

Active caspase 8 1:100 (60 min) TRITC goat anti-rabbit 1:100 (60 min)
FITC sheep anti-rabbit
Cy3 donkey anti-rabbit

Active caspase 9 1:100 (60 min) FITC and TRITC goat
anti-mouse

1:100 (60 min)

FITC and TRITC donkey
anti-mouse

Cell type NeuN 1:100 (60 min) FITC and TRITC goat
anti-mouse

1:100 (60 min)

FITC and TRITC donkey
anti-mouse

MAP-2 1:100 (60 min) FITC and TRITC goat
anti-mouse

1:100 (60 min)

DAT 1:50 (60 min) TRITC goat anti-rabbit 1:100 (60 min)
FITC sheep anti-rabbit

TH 1:100 (60 min) FITC and TRITC goat
anti-mouse

1:100 (60 min)

FITC and TRITC goat
anti-mouse

CD68 1:100 (60 min) FITC and TRITC goat
anti-mouse

1:100 (60 min)

Iba-1 1:100 (60 min) TRITC goat anti-rabbit 1:100 (60 min)
FITC sheep anti-rabbit

CD11b 1:100 (60 min) FITC and TRITC goat
anti-mouse

1:100 (60 min)

Other
markers

SOD1 1:100 (60 min) TRITC goat anti-rabbit 1:100 (60 min)

FITC sheep anti-rabbit
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penicillin (200 U/ml), and streptomycin (100 μg/ml). Human
N-tera2/cloneD1 (NT-2), derived from a teratocarcinoma was
obtained from Stratagene (La Jolla, CA, USA) and induced to
differentiate into NT2-Neurons (NT2-N) according to manufac-
turer’s instructions. The cells were propagated in DMEM with
nutrient mixture F-12 (DMEM/F-12) supplemented with gluta-
mine and 10 % (v/v) calf serum. Differentiation to neurons was
induced by adding 10 mM retinoic acid (Sigma Chemicals, MO,
USA). After the first replating, the cells were treated with mitotic
inhibitors: cytosine b-D-arabinofuranoside (ara C) (1 mM), uridine
(1-b-D-ribofuranosyluracil) (Urd) (10 mM), and 5-fluoro-20-
deoxyuridine (FUDR) (10 mM) for 3 weeks. After further enrich-
ment, and selective trypsinization, highly enriched neurons were
harvested 2–3 weeks later. The neuron cultures obtained were
>95 % pure neurons and were placed on poly-D-lysine (Sigma
Chemicals) and matrigel coated (BD Sciences, Bedford, MA)
4-chamber slides or 24-well tissue culture plates. The neurons
were characterized by immunocytochemistry using MAP-2 and
NeuN antibodies (Chemicon International Inc., Temecula, CA).
Apoptosis was induced in NT2-neurons by incubation of the cells
during 2 days with different concentrations of recombinant HIV-1-
gp120-Ba-L (0.1–100 ng/ml). Cells were washed and cultured for
another 3 days before TUNEL assay. see Note 4.

3.2 Cell Cultures of

Primary Human Fetal

Neurons and Induction

of Apoptosis

Fetal brain (obtained from the Human Fetal Tissue Bank, Albert
Einstein College of Medicine, Bronx, NY, USA) was homogenized
in Hanks Balanced Salt Solution (HBSS) Ca2+ and Mg2+ free con-
taining 0.05 % Trypsin and 100 U of DNAse. Mixed brain cultures
were passed through 170 mm Nylon mesh, then plated in poly-D-
lysine coated 24-well plates or 4-chamber slides. Nonadherent cells
were removed by washing with DMEM/F-12 (Invitrogen, Carls-
bad, CA, USA). Adherent neuronal cultures were treated with
cytosine arabinoside (ara C—1 mM) for 2 weeks. Human primary
neurons were exposed to gp120 according to the same protocol
used for NT2-neurons. The human primary neurons were subse-
quently immunostained with MAP-2 and NeuN antibodies.

3.3 Vector

Production

The general principles for making recombinant, Tag-deleted,
replication-defective SV40 viral vectors have been previously
reported [53]. SOD1 and GPx1 transgenes were subcloned into
pT7[RSVLTR], in which transgene expression is controlled by the
Rous Sarcoma Virus long terminal repeat (RSV-LTR) as a pro-
moter. Tat and gp120 expression in SV(Tat) and SV(gp120)
respectively is driven by RSV-LTR [41–43]. The cloned rSV40
genome was excised from its carrier plasmid, gel-purified, and
recircularized, then transfected into COS-7 cells. These cells supply
in trans large T-antigen (Tag) and SV40 capsid proteins, which are
needed to produce recombinant replication-defective SV40 viral
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vectors. Crude virus stocks were prepared as cell lysates, then band-
purified by discontinuous sucrose density gradient ultracentrifuga-
tion and titered by Q-PCR. SV(BUGT), which was used here as
negative control vector, has been reported. We reported successful
transgene expression using rSV40-derived vectors in various animal
systems using different protocols [54–56].

3.4 Experimental

Design for In Vivo

Experiments

Protocols for injecting and euthanizing animals were approved by
the Thomas Jefferson University (Philadelphia, PA, USA) IACUC
and are consistent with AAALAC standards. To test gp120-induced
apoptosis and neuronal loss, different doses of gp120 (100, 250,
500 ng) were injected unilaterally into the CP of the rat brain
stereotaxically. For the different doses considered and for all fol-
lowing experiments of the study, gp120 was injected in 1 μl saline.
Recombinant HIV-1 BaL gp120 was obtained through the NIH
AIDS Research & Reference Reagent Program, Division of AIDS,
NIAID, NIH, Germantown, MD. Saline was used as the negative
control, as was the contralateral side of the unilaterally injected
brains. Brains were harvested at 6 h and on 1, 2, 4, 7, and
14 days after the injection and were processed for histological
staining (H&E); TUNEL assay for apoptosis; and immunocyto-
chemistry of markers of apoptosis (caspases 3, 6, 8, 9). Neuronal
loss was assessed by using histological staining of Neurotrace (NT),
a marker of neurons, and immunocytochemistry of neuN, a marker
of mature neuronal neurons, and DAT, the dopamine transporter.
The SN of the brains harvested 1, 4, and 7 days after injection of
500 ng gp120 into the CP was immunostained for TH, as were SN
sections of brains 7 days after injection with the three different
gp120 doses. SN sections were also tested by TUNEL assay
(Roche, Indianapolis, IN) for assessing the presence of putative
apoptotic cells in the SN after injection of 500 ng gp120 into the
CP. Five rats were used for each dose of gp120 for a particular time
point, and four control rats were injected with saline for each time
point. see Note 5.

3.5 Stereotaxic

Injection of gp12, Tat,

and Vectors

Rats were anesthetized with isoflurane UPS (Baxter Healthcare
Corp., Deerfield, IL) (1.0 U isoflurane/1.5 l O2 per min) and
placed in a stereotaxic apparatus (Stoelting Corp., Wood Dale,
IL) for cranial surgery. Body temperature was maintained at
37 �C by using a feedback-controlled heater (Harvard Apparatus,
Boston, MA). Glass micropipettes (1.2 mm outer diameter; World
Precisions Instruments, Inc., Sarasota, FL) with tip diameters of
15 μm were backfilled with 1 μl saline containing gp120. The
gp120-filled micropipettes were placed in the CP using coordinates
obtained from the rat brain atlas of Paxinos and Watson [57]. For
injection into the CP, a burr hole was placed +0.48 mm anterior to
bregma and �3.0 mm lateral to the sagittal suture. Once centered,
the micropipette was placed 6.0 mm ventral from the top of the
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brain. Injection of Tat was performed in a similar way. The vector
was given by a Picospritzer II (General Valve Corp., Fairfield, NJ)
pulse of compressed N2 duration 10 ms at 20 psi until the fluid was
completely ejected from the pipette. Following surgery, animals
were housed individually with free access to water and food
[31, 32]. see Note 5.

3.6 Preparation of

Sections

After a variable survival period, rats were anesthetized via intraperi-
toneal injection of sodium pentobarbital (Abbott Laboratories,
North Chicago, IL) at 60 mg/kg and perfused transcardially
though the ascending aorta with 10 ml heparinized saline followed
by 500 ml ice-cold 4 % paraformaldehyde (Electron Microscopy
Sciences, Fort Washington, PA) in 0.1 M phosphate buffer (pH
7.4). Immediately following perfusion fixation, the rat brains were
dissected out, placed in 4 % paraformaldehyde for 24 h, then in a
30 % sucrose solution for 24 h, and finally frozen in methyl butane
cooled in liquid nitrogen. The brains were cut transversally on a
cryostat (10 μm sections). The area of the SN pars compacta was
determined using the atlas of Paxinos and Watson [57]. All sections
cut in this area were harvested on slides. Some of these slides were
tested for TH immunoreactivity to confirm that the sections were
part of the SN pars compacta [31, 32].

3.7 TUNEL Assay TUNEL (terminal deoxynucleotidyl transferase dUTP nick end
labeling) assay was performed using a commercial kit and according
to the protocol recommended by the manufacturer (Roche Diag-
nostics, Indianapolis, IN). TUNEL assays are a valuable method for
detecting DNA fragmentation, which is a hallmark of apoptosis, or
programmed cell death. In TUNEL assay, an enzyme known as
terminal deoxynucleotidyl transferase (TdT) identifies nicks, or
points of fragmentation, in the sample DNA. TdT catalyzes the
addition of dUTP nucleotides that have been labeled previously, for
subsequent detection. Permeabilization of cells or tissues with
0.1 % Triton X-100 was the first step of the procedure. see Notes
6 and 7.

3.8 Immunocyto-

chemistry/

Histochemistry

3.8.1 Immunocyto-

chemistry of Cell Cultures

Cells were grown on either 24-well plates or four-chamber slides
treated with poly-D-lysine and matrigel. Cells were fixed with 1 %
paraformaldehyde for 30 min on ice and permeabilized with 0.1 %
Triton X-100 in sodium citrate buffer. Nonspecific binding was
blocked by treating cells with normal serum from the animal species
in which the secondary antibody was raised, then immunostained
with either anti-MAP-2 (1:100) or anti-Neu-N(1:100) (Molecular
Probes Invitrogen, Carlsbad, CA, USA) for 1 h on ice. After
extensive washes in PBS containing 1 % BSA, secondaries antibo-
dies conjugated with Alexa Fluor 488 (Molecular Probes, Oregon,
CA, USA) or TRITC (Sigma Chemicals) were added. The cells
were washed and analyzed on fluorescence microscope [30, 39].
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3.8.2 Immunohisto-

chemistry on Cryostat

Sections

Coronal cryostat sections (10 μm thick) are cut after cryoprotection
and processed for indirect immunohistochemistry. Sections are first
incubated for 60 min with 10 % normal goat serum, or 10 % normal
donkey serum in PBS to block nonspecific binding. They are then
incubated with antibodies diluted according to manufacturers’
recommendations: 1 h with primary antibody, then 1 h with sec-
ondary antibody diluted 1:100. Double histochemistry is per-
formed according to standard protocols [55]. Mounting media
contain DAPI to stain nuclei. Negative controls are performed
each time immunostaining was done and consisted of preincuba-
tion with PBS, substitution of non-immune isotype-matched con-
trol antibodies for the primary antibody, and/or omission of the
primary antibody. Further details can be found in [54, 55, 58].

3.9 Staining of

Neurons Using

NeuroTrace

After rehydration in 0.1 M PBS, pH 7.2, sections were treated with
PBS plus 0.1 % Triton X-100 10 min, washed twice for 5 min in
PBS, then stained by NeuroTrace (NT) (Molecular Probes, Inc.,
Eugene, OR) (1:100), a fluorescent Nissl stain, for 20 min at room
temperature. Sections were washed in PBS plus 0.1 % Triton X-100,
then twice with PBS, then let stand for 2 h at room temperature in
PBS before being counterstained with DAPI. Combination NT +
antibody staining was performed using primary and secondary
antibodies staining first (see above), followed by staining with the
NT fluorescent Nissl stain. For antibody, TUNEL, and NT stain-
ing, immunohistochemistry was the first step, followed by TUNEL
assay, then by NT staining. All experiments were repeated three
times and test and control slides were stained the same day. Experi-
ments were repeated three times and were done the same day for
the different sections considered [54, 55].

3.10 General

Morphology

Microscopic morphology of the brain was assessed by neutral red
(NR), and H&E staining of cryostat sections [35].

3.11 Transmission

Electron Microscopy

(TEM)

Adult Sprague–Dawley rats were used for this study, with or with-
out injection of gp120 in the CP. One day after injection of gp120,
the rats were deeply anesthetized with sodium pentobarbital
(60 mg/kg) and perfused transcardially through the ascending
aorta with (1) 10ml heparinized saline, (2) 50 ml of 3.75 % acrolein
(Electron Microscopy Sciences, Fort Washington, PA, USA), and
200 ml of 2 % formaldehyde in 0.1 M PB, pH 7.4. Immediately
after perfusion fixation, brains were removed, sectioned coronally,
and postfixed in the same fixative overnight at 4 �C. Alternate 40-μ
m thick sections through the CP were processed for electron
microscopy. Sections containing the CP were placed for 30 min in
1 % sodium borohydride in 0.1 M PB and collected into 0.1 M PB
to remove reactive aldehydes. Then sections were rinsed extensively
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in 0.1 M PB. Subsequently, sections were rinsed three times with
0.1 M TBS, followed by rinses with 0.1 M PB and 0.01 M
phosphate-buffered saline (PBS; pH 7.4). Sections were then incu-
bated in 2 % glutaraldehyde (Electron Microscopy Sciences) in
0.01 M PBS for 10 min followed by washes in 0.01 M PBS and
0.2 M sodium citrate buffer (pH 7.4). Following washes, tissues
were rinsed in 0.2 M citrate buffer and 0.1 M PB, and incubated in
2 % osmium tetroxide (Electron Microscopy Sciences) in 0.1 M PB
for 1 h, washed in 0.1 M PB, dehydrated in an ascending series of
ethanol followed by propylene oxide and flat embedded in Epon
812 (Electron Microscopy Sciences). Thin sections of approxi-
mately 50–100 nm in thickness were cut with a diamond knife
(Diatome-US, Fort Washington, PA, USA) using a Leica Ultracut
(Leica Microsystems, Wetzlar, Germany). Sections were collected
on copper mesh grids, examined with an electron microscope
(Morgagni, Fei Company, Hillsboro, OR, USA), and digital images
were captured using the AMT advantage HR/HR-B CCD camera
system (Advance Microscopy Techniques Corp., Danvers, MA,
USA). Figures were assembled and adjusted for brightness and
contrast in Adobe Photoshop [32].

3.12 Morphometry

3.12.1 Morphometry

of Apoptotic Cells

Caspases- and TUNEL-positive cells were enumerated manually on
the injected and uninjected sides in the whole CP of animals
injected with gp120, or saline, in at least five consecutive sections
using a computerized imaging system (Image-Pro Plus, MediaCy-
bernetics, Bethesda, MD). In all cases, the final number was an
average of results measured in the different sections. This proce-
dure allows quantitative and relative comparisons among different
time point. The results were expressed as percentages of NT-
positive cells.

There were no TUNEL-positive cells when the CP was injected
with saline (negative control). For a positive control, we injected
intraperitoneally (IP) kainic acid, a drug known for inducing apo-
ptosis in hippocampus, and assayed neurons of the dentate gyrus
(DG). At all doses of gp120, TUNEL-positive cells peaked 1 day
after the injection, and apoptotic nuclei were confirmed by trans-
mission electron microscopy [31, 32].

3.12.2 Morphometry

of Neuronal Loss

A computerized imaging system (Image-Pro Plus, MediaCyber-
netics, Bethesda, MD) was used to quantify the area of striatal tissue
loss. The area of tissue loss was determined using NR-stained
sections using the imaging system. Computer-assisted tracing of
the perimeter of the striatal tissue loss surrounding the injection site
as well as the whole CP was conducted to determine area measures.
A ratio of the area of tissue loss compared to the whole CP area was
determined for each section that was considered. A total of 20
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sections (one section every 300 μm; ten sections rostral and ten
sections caudal to the injection site) per animal were used. This
procedure was similar to the one previously described [34]. The
length of the extent of tissue damage was determined on serial
sections of the whole brain stained by NR [35].

We assessed the volume of the lesion on NR-stained sections
according to the Cavalieri estimate of volume by overlaying a grid
of known spacing over the image of the section on the monitor and
by counting the number of points which fall upon the region of
interest, and finally by calculating the overall volume. The region of
interest corresponded to Plate 10 through Plate 31 of the Paxinos
and Watson rat brain atlas [57]. Approximately 12 sections per
brain were analyzed. Using this method, our estimation of the CP
volume in control uninjected rats was 56.1 � 4.8 mm3, which is
close to previous published value of 50.1 � 3.7 mm3. A ratio of the
volume of tissue loss compared to the whole CP volume was also
determined and expressed as percentage [35].

Neuronal loss in the CP was assessed by identifying NT-positive
cells and DAT-positive structures on the whole CP in a section and
by counting them using the Image-Pro Plus computerized imaging
system. A total of 20 sections (one section every 100 μm; ten
sections rostral and ten sections caudal to the injection site) per
animal were used. A ratio of the number of NT-positive cells and
DAT-positive structures on the injected side compared to the num-
ber of NT-positive cells and DAT-positive structures on the contra-
lateral uninjected side was calculated [35].

TH-positive cells were enumerated on ten sections of the SN
(30 μm apart) on the ipsilateral and contralateral side of the injec-
tion site, and a ratio of the number of TH-positive cells on the
ipsilateral side compared to the number of TH-positive cells on the
contralateral side was calculated [35].

4 Typical/Anticipated Results

The following figures show the methods that can be useful in the
evaluation of apoptosis and neuronal loss in animal models of
HAND.

4.1 Demonstration of

Apoptosis Induced by

gp120 in NT2-Neurons

and Primary Neurons

Exposure of NT2-neurons and primary neurons to HIV-1 envelope
glycoprotein gp120 resulted in apoptosis assessed by TUNEL assay.
Apoptosis was induced in NT2-neurons by incubation of the cells
during 2 days with different concentrations of recombinant HIV-1-
gp120-Ba-L (0.1–100 ng/ml). Cells were washed and cultured for
another 3 days before TUNEL assay. NT2-neurons were immu-
nostained using antibodies against MAP-2 (Fig. 1a). There was a
relationship between the concentration of gp120 and the number
of apoptotic NT-neurons (Fig. 1a). Human primary neurons were
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Fig. 1 Apoptosis of NT2-neurons and human primary neurons following exposure to HIV-1 envelope
glycoprotein gp120. (a) NT2-neurons were incubated during 2 days with different concentrations of
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immunostained for MAP-2 and were exposed to gp120 according
to the same protocol used for NT2-neurons. Primary neurons
underwent apoptosis, as described for NT2-neurons.

4.2 Evaluation of

Apoptosis in Caudate-

Putamen Injected with

gp120

We used TUNEL assay and TEM to show apoptotic cells following
gp120 injection into the CP. Stereotaxic injection of gp120 into the
rat caudate-putamen (CP) (Fig. 2a) induced apoptosis evaluated by
TUNEL assay (Fig. 2b) and TEM (Fig. 2d). Morphometric analysis
shows a peak of apoptotic cells 24 h after intra-CP gp120 injection
(Fig. 2c).

4.3 Gp120-Induced

Apoptotic Cells Are

Mostly Neurons

We performed immunohistochemistry to determine the nature of
apoptotic cells. Figure 3 shows that TUNEL-positive cells seen
after intra-CP injection of gp120 were mainly neurons (either
Neurotrace-NT- or neuN-positive cells), and rarely macrophages
(CD68-positive cells). The number of apoptotic cells was related to
the concentration of gp120.

4.4 Expression of

Caspases in Apoptotic

Cells Following Intra-

CP Injection of gp120

Caspases are expressed in apoptotic cells. We showed caspase
expression by immunohistochemistry. Most of caspase-expressing
cells were TUNEL positive following injection of gp120 into the
CP (Fig. 4a). Caspases were mainly colocalizing with neuronal
markers (NT or neuN) (Fig. 4b). Whatever the caspase considered,
morphometric analysis showed that the number of caspase-positive
cells peaked 24 h after injection of gp120 into the CP (Fig. 4c),
with most caspase-positive cells being TUNEL positive (Fig. 4d).

4.5 Intra-CP

Injection of gp120

Induces Local and at

Distance Neuronal

Loss

Besides apoptosis, neuronal loss was also observed and evaluated
by morphometry following intra-CP gp120 injection. Figure 5a
shows an area of the CP devoid of cells following injection of
gp120 in the same structure. A loss of neurons (neuN-positive
cells) was observed after injection of gp120 into the CP (Fig. 5b).
This neuronal loss not only involves DAT-positive, CP neurons
(Fig. 5c) but also includes dopaminergic neurons probably by
retrograde degeneration (Fig. 5d, f). There was a relationship
between the extent of loss of dopaminergic neurons and the
concentrations of gp120 on one hand, and the time after intra-
CP gp120 on the other hand. Similarly, there was a relationship
between the volume of the lesion and the concentrations of
gp120.

�

Fig. 1 (continued) recombinant HIV-1-gp120-Ba-L (0.1–100 ng/ml). Cells were washed and cultured for
another 3 days before TUNEL assay. NT2-neurons were immunostained using antibodies against MAP-2.
Apoptosis was assessed by TUNEL assay. There was a relationship between the concentration of gp120 and
the number of TUNEL-positive NT-neurons. Bar: 40 μm. (b) Human primary neurons were exposed to gp120
according to the same protocol used for NT2-neurons. Primary neurons underwent apoptosis, as described for
NT2-neurons. Human primary neurons were immunostained for MAP-2 and counterstained with DAPI. Bar:
40 μm. Modified from [30] with permission from Nature Publishing Group. MacMillan Publishers Limited
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Fig. 2 Injection of gp120 into the caudate-putamen induces apoptosis. (a) HIV-1 envelope glycoprotein gp120
was injected stereotaxically into the rat caudate-putamen (CP). (b) TUNEL assay demonstrated numerous
apoptotic cells following the injection of gp120. The number of TUNEL-positive cells was related to the
concentration of gp120 injected into the CP. Negative controls included injection of saline instead of gp120,
and section of brain injected with gp120 incubated with TUNEL assay, but without the enzyme TdT. Positive
control for TUNEL assay consisted of a section of brain (focused on the dentate gyrus—DG—of the
hippocampus) of rat injected with kainic acid, a molecule known to be excitotoxic. Bar: 80 μm. (c)
Morphometric analysis showed a peak of apoptotic cells 24 h after intra-CP gp120 injection. (d) TEM
demonstrated apoptotic nuclei. Modified from [32] with permission from Nature Publishing Group. MacMillan
Publishers Limited
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Fig. 3 Gp120-induced TUNEL-positive cells are mainly neurons. (a) Numerous TUNEL-positive cells were
stained by Neurotrace (NT), a neuronal marker. Note that more numerous apoptotic cells were seen with 250 ng
gp120 than with 100 ng gp120. Bar: 100 μm. (b) Similarly, apoptotic nuclei were identified in neurons
immunostained for neuN, another neuronal marker. Bar: 80 μm. (c) TUNEL-positive cells were rarely macro-
phages (CD68-positive cells). The number of apoptotic cells was related to the concentration of gp120. Bar:
80 μm. Modified from [32] with permission from Nature Publishing Group. MacMillan Publishers Limited



Fig. 4 Intra-CP injection of gp120 induces expression of caspases. (a) Injection of gp120 into the CP caused
overexpression of caspases 3, 6, 8, and 9. Most caspase 3-expressing cells were apoptotic, TUNEL positive.
Bar: 80 μm. (b) Caspase 3 was mainly expressed in neurons, stained for neuN or NT. Bar: 60 μm. (c) Whatever
the nature of the caspase overexpressed, morphometric analysis showed that the number of caspase-positive
cells peaked 24 h after injection of gp120 into the CP. (d) Most caspase-positive cells were TUNEL positive.
Modified from [33] with permission from Elsevier
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Fig. 5 Neuronal loss after intra-CP injection of gp120. (a) An area of the CP was characterized by a loss of cells
following injection of gp120 in the same structure. (b) A loss of neurons (neuN-positive cells) was observed
after injection of gp120 into the CP. Bar: 150 μm. (c) Reduction in number of DAT-positive cells in the CP after
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4.6 Reduction of

Oxidative Stress Limits

gp120-Induced

Apoptosis

Oxidative stress is involved in numerous neurodegenerative dis-
orders, including HAND. We first demonstrated by immunofluo-
rescence that gene delivery of antioxidant enzymes SOD1 and
GPx1 in the CP resulted in strong expression of the transgene
in neurons (Fig. 6a). Prior gene delivery of antioxidant enzymes
to the CP by rSV40 vectors [respectively SV(SOD1) and SV
(GPx1)] mitigated gp120-induced apoptosis (Fig. 6b, c). SV
(BUGT) was used as a control vector. SV40-derived vectors
were administered in the CP, and gp120 was injected at different
times (either 4, 8, or 24 weeks) after inoculation of the vector.
TUNEL assay was performed 1 day after injection of gp120 to
assess the extent of apoptosis.

4.7 Tat Injection

Causes Apoptosis

By contrast with the situation observed with gp120, apoptosis
peaked 2 days after injection of Tat in the CP (Fig. 7a). Apoptotic
cells were mostly neurons (neuN-positive cells), and more rarely
macrophages (CD11b and Iba-1-positive cells) (Fig. 7b). This
result shows that determining the time course of apoptosis is differ-
ent between gp120- and Tat-induced insults.

4.8 SV40-Based

Protracted Exposure

to gp120 and Tat

Injection of gp120 and Tat in the CP provides interesting animal
models for testing novel therapeutic approaches. However, the
lesions are acute in these models. This is why we developed models
where exposure to gp120 or Tat is protracted, by inserting the
corresponding genes into rSV40 vectors. Injection of SV(gp120)
and SV(tat) in the rat CP induced apoptosis (Fig. 8a, c), observed as
long as 12 weeks (Fig. 8b). TUNEL-positive cells were mainly
neurons, and more rarely macrophages (CD11b positive cells)
(Fig. 8a–d).

5 Notes and Troubleshootings

1. The choice of fixative depends on the material to be studied:
studies in experimental animal models are usually carried out
on 4 % paraformaldehyde (PFA) fixed samples after perfusion.
Fixation for in vitro studies can be done with different concen-
trations of PFA. The fixative has a profound influence on the
antigenicity of the various molecular components and thus
experiments must be planned carefully according to the type/
s of molecules under study.

�

Fig. 5 (continued) gp120 injection into the CP. Bar: 45 μm. (d) Loss of dopaminergic neurons in the Substantia
Nigra was observed and probably explained by retrograde degeneration. Bar: 80 μm. (e) Relationship between
the volume of the lesion and the concentrations of gp120. (f) Relationship between the extent of loss of
dopaminergic neurons and the concentrations of gp120 on one hand (not shown), and the time after intra-CP
injection of 500 ng gp120 on the other hand. Modified from [35] with permission from Elsevier

Methods for Apoptosis in HAND 237



Fig. 6 Gene delivery of antioxidant enzymes mitigates gp120-induced apoptosis. (a) Gene delivery of
antioxidant enzymes SOD1 and GPx1 in the CP results in strong expression of the transgene in neurons. (b)
Prior gene delivery of antioxidant enzymes to the CP by rSV40 vector [SV(SOD1)] mitigates gp120-induced
apoptosis. SV(BUGT) was used as a control vector. SV40-derived vectors were administered in the CP, and
gp120 was injected at different times (either 4, 8, or 24 weeks) after inoculation of the vector. TUNEL assay
was performed 1 day after injection of gp120. Bar: 30 μm. (c) Morphometric analysis showed that over-
expression of antioxidant enzymes reduced the number of TUNEL-positive cells. Bar: 80 μm. Modified from
[31, 32] with permission from Nature Publishing Group, MacMillan Publishers Limited
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Fig. 7 Tat injection causes apoptosis. (a) As attested by TUNEL assay and confirmed by morphometry (not
shown), apoptosis peaked 2 days after injection of Tat in the CP. Bar: 60 μm. (b) Apoptotic cells were mostly
neurons (neuN-positive cells), and more rarely macrophages (CD11b and Iba-1-positive cells). Bar: 100 μm
(upper row), 60 μm (middle and lower rows). Modified from [43] with permission from Elsevier
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Fig. 8 SV40-based protracted exposure to gp120 and Tat. We developed models where exposure to gp120 or
Tat is protracted, by inserting the corresponding genes into rSV40 vectors. (a, c) Injection of SV(gp120) and SV
(tat) in the rat CP induced apoptosis. TUNEL-positive cells were mainly neurons. Bar: 60 μm in (a) and (b). (b)
TUNEL-positive cells were observed as long as 12 weeks post-intra-CP injection. (d) Apoptotic cells were
more rarely macrophages (CD11b positive cells). Bar: 30 μm. Modified from [41] and [43] with permission
respectively from Elsevier and Lippincott Wolters Kluwer



2. Adhesion to slides can be improved by using commercially
available slides with increased adhesiveness, e.g., Superfrost™
Plus and ColorFrost™ Plus Microscope Slides, Thermo Scien-
tific Inc., Waltham, MA, or by immersing slides with poly-L-
lysine, gelatin, or collagen.

3. Fluorochrome-conjugated secondary antibodies can be
selected according to the specific needs of the study.

4. As a negative control for NT2-neurons and human primary
neurons, immunostaining was performed with an isotype-
matched immunoglobulin. Western analysis was also per-
formed for MAP-2 and Neu-N using GAPDH as an internal
loading control (not shown).

5. Anesthetics must be chosen according to the species used for
experiments and the national and institutional regulations/
guidelines for experimental animal care. Euthanasia must follow
the guidelines issue by relevant veterinary authority, e.g., https://
www.avma.org/kb/policies/documents/euthanasia.pdf

6. For TUNEL assay, the optimal temperature of incubation was
37 �C.

7. Positive control for TUNEL assay involved brains of rats
injected with kainic acid (20 mg/kg, Sigma), a molecule
known for inducing apoptosis in the hippocampus. Negative
controls consisted of brains injected with saline instead of
gp120, and brain injected with gp120, but incubated with
the TUNEL solution without enzyme.
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