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Abstract

Immunohistochemistry (IHC) based on the specific binding between antibodies and target antigens is widely utilized to label and detect proteins
of interest within tissue sections. In neuroscience, it has been instrumental in mapping the spatial distribution of neurotransmitters, receptors, ion
channels, and signaling molecules across different brain regions. Specifically, IHC enables us to disclose the cellular localization and abundance
of these molecules thus to advance our understanding of neural circuitry, synaptic plasticity, and neurochemical signaling pathways. Additionally,
IHC allows us to identify and characterize neural cell types, aiding in the study of neurodevelopmental processes and neural pathologies such as
neurodegenerative diseases and brain tumors. Recent advancements in IHC including super-resolution imaging provide enhanced spatial resolution
and multiparametric analysis, thereby empowering more comprehensive investigations of complex neural networks. More importantly, integration
of IHC with other molecular and imaging approaches, such as transcriptomics, electron microscopy, and functional neuroimaging, unravels the
intricate molecular architecture and functional dynamics of the brain. This article provides a brief overview of the history, procedural principles
and troubleshooting, and the application of immunohistochemistry to advancing our understanding of neurobiology and highlights its potential in
driving discoveries to facilitate the development of novel therapeutic interventions for neurological disorders.
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Introduction

Immunohistochemistry (IHC) is a technique used clinically
and at the bench that capitalizes on the specificity of an antibody-
antigen binding to identify proteins and amino acids in tissue.
The antibodies are tagged with either an enzyme or a fluorescent
compound that allows the binding sites to be visualized under a
microscope [1]. When IHC is performed on a cellular level instead
of a histological level, it is called immunocytochemistry (ICC). IHC
and ICC are sometimes used interchangeably in literature [2]. Other
immunostaining techniques, such as the Western Blot, are useful
in the identification and quantification of proteins, but IHC has an
additional advantage because of its ability to localize proteins [3].
IHC has become useful in clinical practice because of its diagnostic
capabilities; pathologists frequently use the protein recognition
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capability of IHC to identify infections and cancerous tumors [4,5].
However, IHC is a powerful research technique that maps protein
expression within tissues and has been widely used in neurobiology
and other physiological fields [6].

Brief History

As the mainstay of IHC, the antibody-antigen relationship was
first discovered by Emil von Behring in the 1880s [7]. Von Behring
found that inoculating animals with inactivated diphtheria would
produce antibodies that could be used to treat diphtheria in patients,
although he did not understand the immunological mechanism that
allowed it to be successful. In 1897, Rudolf Kraus demonstrated the
reaction between antibodies and antigens [7]. In addition, the first
immunolabeling occurred in 1942 when Albert Coons was able
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to conjugate antibodies with fluorescein isocyanate and visualize
them with a fluorescence microscope [2]. IHC using enzymatic
labeling was developed in the 1960s, allowing immunotoxins to be
visualized on an electron microscopic level [7]. Immunostaining
was first applied to neurobiology in 1969 when Geffen et al. used
fluorescent microscopy to visualize chromogranin, an adrenergic
vesicle protein [8].

Principles of IHC

IHC consists of many steps that can be summarized as sample
preparation, addition of antibodies with enzymatic or fluorescent
labels, and imaging using microscopy.

Antibodies, usually of the Immunoglobin-C class that are
generated from the inoculation of a mammalian host, can be
monoclonal or polyclonal [9]. Monoclonal antibodies can only
bind to one binding site, called the epitope, on the antigen and,
therefore, have more specificity than their polyclonal counterparts.
In contrast, polyclonal antibodies consist of a heterogeneous
population of antibodies that can bind to multiple epitopes on one
antigen. Polyclonal antibodies are more tolerable to minor changes
within the antigen structure and are less expensive to produce than
monoclonal antibodies [4,9].

Standard Protocol and Troubleshooting
Tissue Retrieval and Fixation

The first step in any immunohistochemical procedure is the
retrieval of tissue specimens for analysis. Afterward, the tissue is
fixed to preserve antigenicity. The tissue is submerged in a fixative
for enough time to penetrate the sample fully. After the specimen
is excised, the tissue will begin to degrade quickly, so rapid fixation
is necessary to prevent the loss of antigens [10]. In neuroscience,
cardiac perfusion of the whole animal with a fixative is often
employed to prevent this degradation. Aldehyde fixatives, such as
formaldehyde and glutaraldehyde, are used the most commonly.
Paraformaldehyde, a formaldehyde polymer, can be used to create a
working solution of formaldehyde [1]. During the fixation process,
aldehyde groups join with proteins to form methylene cross-bridge
links, creating a network that effectively preserves the in vivo state
of the tissue.

It is crucial to ensure that the fixative and the antigen are
compatible. If the incorrect fixative is used, test and control
samples can show little to no staining. If the sample is submerged in
fixative for too long or not enough time, the sample might not show
staining. For this reason, it is essential to strictly follow protocol
when administering fixatives. Physical damage to tissues before
fixation can lead to non-specific staining patterns, so great care
must be taken to protect tissue samples [10].

Tissue Sectioning

Tissue sections can take one of three formats: frozen, free-
floating, or paraffin-embedded. Paraffin-embedded tissues are
processed in paraffin wax and can be sliced to a single-cell thickness
using a microtome. Frozen samples are best for fragile tissues that
cannot withstand paraffin processing or aldehyde fixation [1]

Citation: Sarah Brunson and Shaolin Liu*. Immunohistochemistry and its Applications in Neuroscience. Anat & Physiol Open Access J. 1(5):

2024. APOAJ.MS.ID.000521.

However, frozen sections tend to produce fewer clear images than
their paraffin-embedded counterparts [10]. Paraffin-embedded
and frozen formats are preferred when there are few samples to
process, as in a clinical pathology setting [3]. The ‘free-floating’
method is preferred for neurological antigens. Tissue sections
are about ten times thicker than paraffin-embedded tissues, but
the sections are stained while floating in a buffer solution, which
improves antibody penetration [1]. Additionally, the thickness of
free-floating sections allows for the reconstruction of axonal and
dendritic pathways, making it a powerful tool in neurobiology [3].
Free-floating tissue is cut using a vibratome [1]. The tissue samples
can be damaged if the blade used in sectioning is not sharp enough.
Cutting samples as thinly as possible is important to prevent
reagents from getting trapped inside the sample and causing false
positive staining [10].

Permeabilization, Antigen Retrieval, and Non-specific
Antibody Blocking

Permeabilization and antigen retrieval are processes that
improve the accessibility of the antibody to the antigen. Although
fixation works to preserve the tissues, it also effectively blocks the
antigen-antibody binding sites and results in weak staining [4].
Permeabilization alters the cell membrane to allow antibodies to
enter the cell using a commercially available detergent, such as
Triton X-100. Typically, antibodies are too large to penetrate the
membrane, so this step is critical. Heat or enzymes are applied to
the sections during antigen retrieval to break the methylene bridges
formed during fixation, exposing the epitope to the antibody [1].
This process should not disrupt the morphology of the tissue [10].

Blocking, the final step required to prepare the tissue for
the addition of antibodies, involves the addition of normal sera,
protein-blocking reagent (such as bovine serum albumin, BSA),
or both to prevent non-specific antibody binding. Normal serum
must originate from the same species as the secondary antibody
because it prevents the secondary antibody from reacting with
immunoglobulins within the tissue. Horseradish peroxidase is a
frequently used enzymatic label. Since endogenous peroxidase
can interfere with the results of the IHC, blocking with hydrogen
peroxidase is necessary to prevent background staining [1]. If the
target antigen is found within DNA, HCI is added after blocking to
denature the DNA and allow accessibility to the antibody [11].

Immunolabeling

Immunolabeling is considered either direct or indirect. With
direct immunolabeling, the primary antibody against the antigen
is labeled. This approach is best if there is an excess of primary
antibody available, and the user can add a label without damaging
the antibody [7]. In an indirect approach, the label is attached to
a secondary antibody that binds to the primary antibody. This
approach is used more commonly. Since multiple primary antibodies
can bind to each antigen, and multiple secondary antibodies can
bind to each primary antibody, the indirect approach has a signal-
amplifying effect [1,4].

Sometimes, an additional third step is added to this process
for signal amplification. In this system, the secondary antibody
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is conjugated with biotin, and then a third compound, an
immunolabeled avidin-biotin complex (ABC), is added. Many ABCs
can bind with each secondary antibody, so they help increase the
sensitivity and signal intensity of an immunoassay [1]. Endogenous
biotin can interfere with results, particularly if tissue has a high
biotin concentration, such as the liver tissue, so it may be necessary
to add another biotin-blocking step prior to using the ABC complex
[1,12].

The label may be enzymatic or fluorescent. With the addition of
a substrate, an enzymatic reporter label will produce a colored or
electron-dense precipitate that can be visualized with a microscope.
This method is unfavorable for use in highly enzymatic tissues,
such as gastric tissue [1]. Fluorescent labels, called fluorochromes,
are more sensitive than enzymatic labels and allow the use of
multiple labels within a single sample [13]. Fluorochromes become
excited by a specific wavelength of light and then emit a longer
wavelength that can be seen under a microscope [14]. However,
many tissues are auto fluorescent, which can mask the signal and
make interpretation difficult. Sometimes, a counterstain is added to
create color contrast within the section. Many counterstains, such
as DAPI (4’-6-diamidino-2-phenylindole), stain deoxyribonucleic
acid (DNA), which allows the nucleus to be distinguishable from
the rest of the cell.

Mounting, Imaging, and Interpretation of Results

Mounting involves the placement of tissue sections onto clear
slides so thatthey can be visualized using microscopy [1]. Depending
on which sectioning method is chosen, mounting might occur before
or after the addition of antibodies. For example, paraffin-embedded
sections and frozen are mounted prior to immunostaining. Free-
floating sections are mounted after immunostaining. Tu et al.
published a standardized protocol for the immunostaining of free-
floating mouse brain samples in 2021, outlining the recommended
method for mounting and imaging such sections. After slicing, the
sections should be kept in a buffer solution prior to the addition
of antibodies. Slices are then placed on a slide and covered with
a glass coverslip. Tu et al. recommend imaging within 1-3 days to
preserve fluorescence if fluorescent labeling is used. Immunotoxins
are then imaged using confocal microscopy, which is preferred
over other microscopy techniques because it can remove out-of-
focus light to create a higher resolution image and better visualize
epitopes [6,15].

Images are qualitatively evaluated based on the presence
of fluorescence or colored precipitant (in the case of enzymatic
reporter labels), indicating the presence of antigens at a
specific location within the sample [1]. Quantitative analysis of
immunotoxins is much more complicated and not yet standardized,
making cross-study comparison difficult. Inmunotoxins are often
analyzed ‘semi-quantitatively’ by manually counting stains per unit
area. However, this process depends on human judgment and is
therefore prone to error.

Measures of Quality Control

It is essential to run control samples with every IHC assay to
confirm the validity of the results [4]. A positive antigen control is a
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sample of tissue that is confirmed to have antigenicity and should,
therefore, produce a positive staining pattern. It is used to verify
protocol and reagent efficacy in detecting a specific antigen. On
the contrary, a negative antigen control is a tissue sample lacking
antigens that should not have any staining pattern. Staining on a
negative control is indicative of non-specific antibody binding.
An additional control, called a reagent control, is run to prove the
relationship between the antibody and antigen. A reagent control is
used to ensure that staining is produced from the primary antibody
interacting with the target antigen and not with the detection
system or the specimen. This can be achieved by using a detection
system with diluent alone but no primary antibody [1].

The Future of IHC

[HC has been constantly evolving since its advent nearly a
century ago. Each advancement in IHC technology aims to overcome
its limitations. One such limitation is the inability to apply more
than one antibody to a tissue sample at a time. In the near future,
it will likely be possible to assess dozens of protein biomarkers
simultaneously through a process known as multiplex staining
(MIHC). MIHC emerged as a diagnostic tool in clinical pathology,
but it can potentially be a valuable research tool for understanding
the pathogenesis of complex diseases [16].

An additional drawback of IHC is its lack of a precise antigen
quantification method. A new technique called mass spectrometry
immunohistochemistry (MSIHC) improve antigen
quantification. In MSIHC, primary antibodies are labeled with an
isotope with a known molecular mass, allowing the researcher
to determine the amount of protein expression within a sample
[17]. Another possible solution to the quantification problem is
computer-automated image analysis. This approach would employ
a computer algorithm to standardize the interpretation of IHC
assays and circumvent human subjectivity [18].

aims to

The size of a tissue sample can limit the capabilities of IHC.
Large samples may have incomplete antibody penetration,
which can reduce the quality of the immunotoxin. Deep IHC is
a three-dimensional histology method that aims to improve the
homogeneity of staining in large samples by enhancing antibody
diffusion through the tissue. Deep IHC also can be used to produce
three-dimensional reconstructions of microscopic structures
within tissue [19].

Applications in Neuroscience

[HC has proven invaluable in neuroscience because of the many
applications of protein localization within the brain [20]. Neurons
and glial cells can be identified using IHC, allowing for stereological
and morphological analysis of cells in different disease states [21].
Protein markers can also be used to identify dying and progenitor
cells. Markers of neurotransmitter synthesizing enzymes are used
to identify transmitter specificity within neurons [22]. Antibodies
can be developed for most peptides, making IHC a valuable tool [23].
In addition to characterization of cell morphologies and transmitter
specificity of neurons, IHC has significantly contributed to our
current understanding of neurogenesis and neurodegenerative
disease [24,25].
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[HC is also useful for localizing non-neuronal glial cells, such as
astrocytes. Glial fibrillary acidic protein (GFAP) is one of the most
commonly used markers of astrocytes. Astrocytes contribute to
synaptic plasticity and respond to brain injury through a process
known as reactive astrogliosis [22,26]. When undergoing reactive
astrogliosis, astrocytes have elevated levels of GFAP that are
detectable using IHC methods. It remains unclear whether astrocytic
activation is causative or causal in neurodegeneration [26], and IHC
of GFAP is a promising technique to further the understanding of
the role of astrocytes in neurodegenerative disease.

[HC using bromodeoxyuridine (BrdU) is the most commonly
used technique in the study of adult neurogenesis. BrdU is a
thymidine analog that can be incorporated into the DNA molecule
during the S-phase and functions as a marker of DNA synthesis
[25]. This makes BrdU an effective way to monitor neuronal cell
proliferation, particularly when combined with a secondary IHC
stain to mark cell type and stage of development [25,11]. Despite
this, BrdU does have certain drawbacks. For instance, BrdU can
also be incorporated into DNA during other processes involving
DNA synthesis, such as cell cycle reentry and DNA duplication,
so it cannot technically be considered an exclusive marker of
cell proliferation [25]. However, most neuronal cells will not go
through these processes, so staining due to cell cycle reentry or
DNA duplication would likely make up a small portion of stained
cells. Still, these factors must be accounted for when monitoring
neurogenesis using BrdU [27].

[HC has been instrumental in the understanding of
how neurodegenerative diseases impact the brain because
neurodegeneration often corresponds with an abnormal protein
composition. For example, in an Alzheimer’s disease state, amyloid
plaques, which are peptide deposits of amyloid beta protein,
aggregate within the brain and are thought to be a possible cause
of the neurological degeneration associated with Alzheimer’s
disease [28]. IHC can be used to quantify and localize these plaques
[3]. Multiple studies have reported a correlation between the
number of amyloid plaques and age in mouse models through

immunohistochemical techniques [28-30].
Conclusion

[HC has been evolving since the discovery of antibody-antigen
specificity over a century ago. Although the process of IHC is long
and precise, the current tissue preparation and analysis methods
provide substantial information about protein expression. This
makes [HC an indispensable tool in clinical pathology and laboratory
research, particularly in neurobiology, in which great strides have
been made in understanding neurogenesis and neurodegenerative
disease through IHC. Although the future of IHC is still being
determined, it will, without a doubt, continue to improve and
become a more valuable tool in the clinic and at the bench.
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