
UC Davis
UC Davis Previously Published Works

Title
Fixation strategies for retinal immunohistochemistry

Permalink
https://escholarship.org/uc/item/303734xg

Authors
Stradleigh, Tyler W
Ishida, Andrew T

Publication Date
2015-09-01

DOI
10.1016/j.preteyeres.2015.04.001
 
Peer reviewed

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/303734xg
https://escholarship.org
http://www.cdlib.org/


Fixation Strategies For Retinal Immunohistochemistry

Tyler W. Stradleigha and Andrew T. Ishidaa,b,*

aDepartment of Neurobiology, Physiology and Behavior, University of California, Davis, CA 95616

bDepartment of Ophthalmology and Vision Science, University of California, Sacramento, CA 
95817

Abstract

Immunohistochemical and ex vivo anatomical studies have provided many glimpses of the variety, 

distribution, and signaling components of vertebrate retinal neurons. The beauty of numerous 

images published to date, and the qualitative and quantitative information they provide, indicate 

that these approaches are fundamentally useful. However, obtaining these images entailed tissue 

handling and exposure to chemical solutions that differ from normal extracellular fluid in 

composition, temperature, and osmolarity. Because the differences are large enough to alter 

intercellular and intracellular signaling in neurons, and because retinae are susceptible to crush, 

shear, and fray, it is natural to wonder if immunohistochemical and anatomical methods disturb or 

damage the cells they are designed to examine. Tissue fixation is typically incorporated to guard 

against this damage and is therefore critically important to the quality and significance of the 

harvested data. Here, we describe mechanisms of fixation; advantages and disadvantages of using 

formaldehyde and glutaraldehyde as fixatives during immunohistochemistry; and modifications of 

widely used protocols that have recently been found to improve cell shape preservation and 

immunostaining patterns, especially in proximal retinal neurons.
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1. Introduction

Structural studies that began more than a century ago have shown that retinal cell types 

differ in shape, dimensions, distribution, connections, and protein expression (Marc, 2008; 

Marc et al., 2013; Masland, 2001; Polyak, 1941; Ramón y Cajal, 1893; Siegert et al., 2009; 

Stell, 1972; Walls, 1963; Wässle, 2004). These studies, like those of other tissues, have 

relied on procedures termed "fixation" to preserve phenotypic properties in morphologically 

and chemically life-like states (Hopwood, 1985). Ideally, fixation stops physiological 
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responses and metabolic processes within cells, and reduces tissue damage and distortion 

due to mechanical manipulation and osmotic stress during subsequent processing. Fixation 

is particularly helpful when examining fragile specimens, and it is necessary when the 

analytical methods are incompatible with live cells.

Successful fixation preserves tissue rapidly to capture its structure and state at the moment 

of exposure to the fixing medium, and for periods that permit post-hoc analysis. Although 

fixation should preserve both the natural shape of cells and the in vivo organization of tissue 

components (e.g., proteins), existing fixation protocols often strike compromises between 

morphological preservation and maintenance of the normal chemical environment (Eltoum 

et al., 2001). Moreover, although well-fixed preparations can be recognized on the basis of 

gross tissue dimensions and cell morphologies, it is less clear whether a given protocol 

accurately captures other properties of the same cells, whether the same protocol preserves 

the phenotypes of all cells, and whether a single protocol can clearly identify cells despite 

differences in species, age, and/or health.

Sections 2 and 3 describe mechanisms of fixation and immunohistochemistry. Sections 4 

and 5 then focus on protocols that use chemical fixatives to define the morphology, 

organization, and light responses of retinal neurons at the light microscopic level, discussing 

both positive and negative impacts of chemical fixation on results obtained by 

immunohistochemistry. Lastly, Section 6 describes alternative fixation strategies that have 

recently been found to improve the pattern and intensity of immunostaining in proximal 

neurons of adult mammalian retinae. Three conclusions are supported. Firstly, formaldehyde 

has enabled investigators to detect and localize a larger variety of molecules that contribute 

to light sensitivity, synapses, and signal generation in the retina than any other fixative. 

Secondly, formaldehyde alone is not the best chemical fixative in multiple respects for 

certain studies. Thirdly, protocols that use formaldehyde-based fixatives can be modified in 

various ways to improve the preservation of cell phenotypes. Although we are unaware of 

previous reviews of these topics, we refer readers to two particularly helpful websites 

(Fisher, 2013; Marc, 2014) and to comparisons of eyes and retinae after fixation by various 

protocols (Chidlow et al., 2011; Eldred et al., 1983; Hageman and Johnson, 1991; Izumi et 

al., 2000; Latendresse et al., 2002; Margo and Lee, 1995; Peichl, 1989; Rasmussen, 1974; 

Webster et al., 1969).

2. Mechanisms of Fixation

Chemical and physical methods of fixation have been developed over more than a century of 

histological work. The most widely used fixatives are chemical, and these are classified as 

either crosslinking or coagulant based on their mode of action and effects on soluble 

proteins.

Crosslinking, non-coagulating chemical fixatives confer structural support without directly 

changing the overall solubility of individual proteins, linking adjacent tissue structures 

instead through intermediate molecules. Crosslinks occur at specific target regions, 

depending on the crosslinking agent used, and the crosslinked macromolecular complexes 

may have altered water solubility. Crosslinking fixatives include aldehydes and 
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carbodiimides, with aldehydes preferentially crosslinking free amino groups on amino acid 

chains, and carbodiimides tending to crosslink adjacent carbonyl groups (Hopwood, 1985). 

Aldehydes are the most common crosslinking fixatives, with formaldehyde generally used 

for light microscopy and glutaraldehyde generally used for electron microscopy. They differ 

in their reaction speeds, rates of tissue penetration, avidity for non-protein molecules and, as 

discussed below, practical advantages and disadvantages. Carbodiimide has rarely been used 

in published retinal studies (Gastinger et al., 1999; Haverkamp and Wässle, 2000; Ivanova et 

al., 2013) and will not be considered further here.

Coagulant fixatives decrease protein solubility and initiate protein precipitation from 

solution, fixing precipitated proteins in place (Boon and Kok, 2008). Coagulant fixatives are 

fast-acting, so much so that when combined with formaldehyde, the coagulant components 

are thought to serve as the primary fixative while formaldehyde stabilizes the precipitated 

proteins into place (Wenk, 2006). Coagulant fixatives comprise two general types: 

dehydrating fixatives and acidic fixatives (Wenk, 2006).

Dehydrating coagulant fixatives remove the layer of water that normally separates adjacent 

amino acid chains in live tissue. This initiates intramolecular and intermolecular interactions 

that encourage spontaneous changes in protein structure and, in turn, water solubility (Boon 

and Kok, 2008). Ethanol, methanol, and acetone are commonly used dehydrating 

coagulants. Ethanol has been found to preserve structural features of human eyes at a gross 

level (Karma et al., 2007; Krauss, 1990). Acetone has been used as a retinal fixative and is 

compatible with a variety of antibodies (Terada et al., 2006; Terada et al., 2009). However, 

acetone and methanol are more commonly used as freeze-substitution media.

Acidic coagulating fixatives work differently, by breaking natural crosslinks between 

neighboring amino acid chains. This allows water to diffuse between adjacent regions, 

causing changes in protein structure and solubility (Wenk, 2006). Bouin’s fluid combines 

picric acid and acetic acid with formaldehyde. Its use as a retinal fixative predates modern 

immunohistochemical methods, although its use has waned due to fixation artifacts (French 

et al., 2008), the introduction of effective alternatives (Zamboni’s fixative: Stefanini et al., 

1967; Zafra et al., 1995; modified Davidson’s fluid: Latendresse et al., 2002), and safety 

concerns (NIOSH, 2011, 2014).

Coagulant fixatives vary in their ability to precipitate amino acids and nucleotides, and 

generally have poor lipid fixing characteristics. Some coagulants fix nucleic acids well, but 

suffer from poor protein stabilization (e.g., acetic acid), while others are much better suited 

to protein fixation (e.g., Bouin's fluid; Bonin et al., 2005). Some investigators use mixtures 

of both types of fixative agents to take advantage of the strengths of each. Davidson’s fluid - 

a blend of ethanol, acetic acid, and formaldehyde - has yielded improved structural 

preservation relative to Bouin’s fluid in rabbit, rat, and monkey retinae (French et al., 2008; 

Latendresse et al., 2002) and is compatible with immunohistochemistry in retina (Chidlow et 

al., 2011; Stradleigh et al., 2011). Clarke's acetic ethanol - a blend of ethanol and acetic acid 

- has been found to reliably stabilize tissue and cellular structure (Kiernan, 2009), and act on 

a wide range of target molecules (e.g., glycoproteins and gangliosides; Bee, 1982). Zenker's 
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fixative - a blend of mercuric chloride, potassium dichromate, and acetic acid - was used in 

early studies of human retinal degeneration (Verhoeff, 1931).

Physical methods of fixation change tissue without the primary action of an added chemical. 

The simplest such methods are heat and snap freezing. High heat causes protein chains to 

denature, resulting in altered structure and reduced solubility in water (Barnett et al., 1966; 

Pinheiro and Lockner, 1963). Microwave heating has been found useful for increasing the 

rate of heat fixation in ocular tissues (Izumi et al., 2000) and accelerating the action of 

chemical fixatives in retina (Contini and Raviola, 2003; Harahush et al., 2012; Wendt et al., 

2004). We found that microwave heating significantly improved our ability to immunostain 

amacrine cells across all retinal eccentricities in adult rat (Partida et al., 2004). Conversely, 

tissue can be fixed by immersion in cold organic solvent (freeze-substitution; Feder and 

Sidman, 1958; Meissner and Schwarz, 1990; Mobius et al., 2010; Terada et al., 2006; 

Terada et al., 2009), by snap freezing in liquid nitrogen followed by the removal of water 

from the tissue via low-temperature vacuum (freeze-drying; Laties, 1966; Liang et al., 2004; 

Masland and Mills, 1979), or by metal contact rapid freezing (Usukura, 1993). Physical 

fixation methods have not been widely used in immunohistochemical studies of retina (for 

examples, see Terada et al., 2009; Yoshiki et al., 1993) and will therefore not be discussed 

further.

3. Immunohistochemistry

Fixation is widely used to prepare retinae for immunohistochemistry. Antibodies directed 

against a wide variety of specific antigen molecules (e.g., cytoskeletal components, 

enzymes, glycoproteins, second messengers, and neurotransmitters) are available for these 

studies. When coupled with a method to localize the antibody-antigen complex, antibodies 

can be used to determine the distribution and relative concentration of an antigen in situ. 

Provided adequate fixation, the antigen is immobilized within the tissue in a distribution 

assumed to be similar to that found in vivo. Before discussing problems associated with 

fixation, we briefly describe what antibodies bind to and how bound complexes are typically 

visualized.

3.1 Epitopes and visualizing antibody-antigen complexes

Antibodies bind to antigens to form an antibody-antigen complex through noncovalent 

interactions, and each individual antibody molecule recognizes a specific region on the 

antigen, known as an epitope. An antibody recognizes its particular epitope via the antigen’s 

spatial arrangement and the distribution of electronegative charges across its surfaces. Two 

types of epitopes are found in protein or polypeptide antigens. The simplest is linear, 

determined by the sequence of amino acid residues along the polypeptide chain. These linear 

epitopes are a minority population, discussed further in Section 4. Most epitopes - estimated 

to be 90% of known epitopes (Huang and Honda, 2006) - are conformational. These consist 

of discontinuous segments that form a protein's higher-order structure and, due to their 

chemical and structural complexity, pose several challenges in immunohistochemical 

methods.
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Antibody-antigen complexes can be visualized in various ways, and all methods use high 

contrast probes to localize the antibody-antigen complexes against immunonegative 

backgrounds. These methods differ in usefulness and visualization techniques. The earliest 

light microscopic immunohistochemical methods deposited chromogenic substances within 

tissues (Bubenik et al., 1974; Nakane and Pierce, 1966; Riepe and Norenburg, 1977). In 

chromogenic immunohistochemistry, the antibodies directed against the antigen of interest 

("primary antibodies") are visualized by binding with a “secondary antibody” covalently 

conjugated to an oxidizing enzyme (e.g., horseradish peroxidase), the antibody-enzyme 

complexes are incubated with the fixed tissue, and the tissue is exposed to a chromogenic 

reporter substrate (e.g., 3-3’-diaminobenzidine; DAB). The antibody-conjugated enzyme 

then oxidizes the reporter molecule, causing precipitation out of solution and deposition of 

reporter within the tissue near the antigen (Graham and Karnovsky, 1966). Deposited 

reporter appears brown or purple within the tissue, and is easily visualized on a light 

microscope. The amount of reporter substrate deposited increases with the amount of time 

the oxidation reaction proceeds, allowing for great amplification of low-concentration 

antigens. Chromogenic amplification is a powerful technique and is still used to study the 

distribution of various antigens in retina, e.g., HuC/D neuronal marker in fish (Rosillo et al., 

2013), Bex1 and Brn3b in rat and mouse (Bernstein et al., 2006), and photooxidized DAB in 

human (da Silva Filho et al., 2013). Non-specific deposition of reporter in the vicinity of the 

targeted antigen and over-amplification have been found to spread reporter beyond the area 

immediately around the antibody-antigen complex in some studies (Novikoff et al., 1972), 

but not others (W.D. Eldred, personal communication).

Immunofluorescence is a popular alternative method for visualizing antigens within fixed 

tissue, offering an increase in the number of antibody-antigen complexes visualized in a 

field of view, increasing the spatial resolution in imaged sections, and allowing for 

quantitative signal analysis. The simplest immunofluorescence methods rely on direct 

conjugation of fluorescent dyes, or fluorophores, to antibodies directed against antigens of 

interest (Riggs et al., 1958). Following excitation by suitable illumination, the emitted 

fluorescence is imaged to map the antigen within the tissue. Signal can be amplified by 

indirect immunofluorescence methods in which fluorophores are conjugated to secondary 

antibodies, which in turn bind to the primary antibody-antigen complex. Many such 

secondary antibodies can bind a single primary antibody-antigen complex, resulting in 

increased sensitivity to low-concentration antigens while preserving spatial resolution.

Retinal vertical sections and flat mounts are often immunostained for two or three antigens, 

especially if primary antibodies raised in different host species are available. Although 

technically more difficult, some studies have successfully visualized the binding of 

antibodies directed against as many as seven antigens (see Cuenca et al., 2014; Deerinck, 

2006; Fischer, 2008; Mills and Massey, 2014). Fluorescence intensities have been measured 

to assess levels (quantitatively or semi-quantitatively) of a wide variety of retinal antigens, 

including visual pigments, ion channels, and regulatory molecules (Galbinur et al., 2009; 

Goodyear et al., 2010; Rodger et al., 2005; Tanito et al., 2002; see also Sokolov et al., 2002). 

Quantitative measures are also possible in chromogenic methods (Tezel et al., 2003; Tezel 

and Wax, 2004), provided the activity of the antibodybound enzymes are strictly controlled. 

Fluorescence and chromogenic methods can be used interchangeably in both 
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immunohistochemistry (Smith et al., 1983) and in situ hybridization (Saez et al., 2006) with 

no significant differences in sensitivity or specificity (Garcia-Caballero et al., 2010). 

Optimal visualization technique may depend upon factors such as embedding medium and 

post-fixation treatments (Gallegos Ruiz et al., 2007).

3.2. Purpose of fixation and associated problems

Although antibodies can bind to cell membranes and extracellular matrices of unfixed tissue, 

antibodies are relatively large (15–20 nm diameter) proteins and consequently diffuse slowly 

through tissue (e.g., to reach the inner plexiform layer when applied to the vitread or sclerad 

side of a flat-mounted retina, or to reach the middle of a transretinal section when applied to 

the section face and edges). In solutions typically used to dilute antibodies (phosphate-

buffered saline supplemented with small amounts of detergent), unfixed tissue would 

degrade (Espina et al., 2009) during the relatively long incubation times that have been 

found to improve immunostaining (e.g., 5–10 days: Brecha et al., 1988; Massey and Mills, 

1996). Immunostaining protocols therefore immerse retinae in chemical fixatives prior to 

incubation in antibodies. Ideal fixatives would not reduce accessibility or affinity of epitopes 

for antibodies, distort cell shape, or alter the linear dimensions of tissue. Although not 

commonly reported, aldehyde fixatives can cause immunostaining intensity to fall, retinae to 

shrink, and bead-like varicosities to form in cell dendrites and axons. These problems arise 

from fixation that is, in part, either insufficient or excessive. Both are discussed in Section 4, 

along with protocols modified to minimize or block these artifacts.

4. Formaldehyde

Formaldehyde has been used as a preservative agent to study retinae of all vertebrate classes 

and in many applications (e.g., immunohistochemistry, dye injections, expressed markers, 

histology, and pathology). Fixative solutions can be formed by diluting stock solutions of 

formalin (typically 37% weight-to-volume (w/v) formaldehyde with methanol added as a 

stabilizer) or from the hydrolysis of solid polymerized formaldehyde (paraformaldehyde). 

Whereas paraformaldehyde is insoluble by definition (Manoonkitiwongsa and Schultz, 

2002), hydrolysis of the polymer results in a formaldehyde solution. The final product is 

commonly diluted to a concentration of 4% (w/v) in phosphate buffer or phosphate-buffered 

saline. Although some studies have used formaldehyde at concentrations as low as 1% 

(Brandon, 1987; Casini and Brecha, 1992; Kino et al., 2009; Klumpp et al., 1995; Macri et 

al., 2000; Margo and Lee, 1995; Tkatchenko, 2006; Wässle et al., 1993), we are unaware of 

any results demonstrating that 4% formaldehyde preserves the morphology or 

immunoreactivity of retinal neurons better than higher or lower concentrations. Use at 4% 

probably originated from the use of 10-fold dilutions of stock formalin (Fox et al., 1985).

4.1. Formaldehyde crosslinking

The formaldehyde molecule is composed of a single central carbon atom bound to an 

oxygen atom (via a double bond) and two hydrogen atoms. It is the simplest aldehyde, 

highly volatile and gaseous at room temperature. When dissolved in water, formaldehyde 

forms a methanediol that is reactive with a number of functional groups in solution. Its 

crosslinking activity results in the addition of a single carbon atom between two previously 
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independent amino acid functional groups. Binding these amino acids occurs via an 

immonium cation intermediate or by the Mannich reaction, depending on the functional 

groups present, reaction temperature, and pH (Hermanson, 2013).

The immonium cation mechanism relies on formaldehyde reacting with a primary amine to 

form a quaternary ammonium salt. Primary amines possess a central nitrogen atom attached 

to two hydrogen atoms and a carbon chain, and are found at the N-terminus of amino acid 

chains, as well as in the side chains of glycine, glutamine, asparagine, arginine, and lysine. 

The ammonium intermediate spontaneously reacts to create an active immonium cation 

which is highly reactive towards primary amines in other molecules, and capable of reacting 

less vigorously with sulfhydryls, phenolic groups, and imidazole nitrogen atoms. The 

reaction yields a methylene bridge between the linked groups, binding macromolecules with 

a one-carbon linker (Fraenkel-Conrat and Olcott, 1948).

During the Mannich reaction, formaldehyde condenses with a primary or secondary amine-

containing compound (and sometimes amide groups), and another compound containing an 

active hydrogen atom (as found on a phenol group). A common example of such a bond is 

found in crosslinks between arginine amino groups and tyrosine phenols (Sompuram et al., 

2006; Sompuram et al., 2004). The Mannich reaction is inefficient at room temperature, 

typically requiring elevated temperatures to completely crosslink (e.g., incubation at 37–

57°C for 2–24 hours; Hermanson, 2013).

Although the immonium ion mechanism and the Mannich reaction can occur simultaneously 

at room temperature, the majority of crosslinking in minimally fixed tissue probably occurs 

via the immonium ion pathway due to its faster reaction rate (Hermanson, 2013). Reducing 

the temperature of fixation below room temperature greatly favors the immonium ion 

reaction.

4.2. Rate of formaldehyde fixation

Saturation of small pieces of tissue and initial binding of formaldehyde to amino acids is 

complete in 24 hours (Helander, 1994), although complete methylene bridge formation in 

tissue requires 24–48 hours at room temperature (Werner et al., 2000). We know of no 

systematic tests of fixation time on structural preservation of retinal neurons. However, dye 

injection and immunohistochemical studies have routinely immersed retinae in 

formaldehyde-based fixatives for periods ranging from 5 min to overnight (Brandon, 1985b; 

Eldred et al., 1983; Morgans, 2001). Studies using brief fixations have reported that 

immunostaining intensity is reduced by longer fixations (Hack et al., 2001; Haverkamp and 

Wässle, 2000; Koulen et al., 1998). The rationale for immersing retinae in formaldehyde for 

several hours is that formaldehyde-stabilized antigens and structures are more resistant to 

unfixing and extraction during subsequent processing (Stradleigh et al., 2011).

The preferred duration of fixations can be limited by how tissues are exposed to fixatives. 

Immersion permits simple, fast, and thorough fixation provided the retina is directly exposed 

to fixative. Alternatively, tissue can be fixed by transcardial perfusion (Gage et al., 2012; 

Lamberts and Goldsmith, 1986). However, this requires large volumes of fixative and 

relatively long initial fixations (Kasukurthi et al., 2009).

Stradleigh and Ishida Page 7

Prog Retin Eye Res. Author manuscript; available in PMC 2016 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Given access differences between antibodies and epitopes (e.g., those near the retinal surface 

as opposed to those buried within a given piece of retina; those facing extracellular space as 

opposed to those facing cytoplasm), it is difficult to state a priori a period of time that would 

be universally optimal for immersion fixation. Nevertheless, in the hope of avoiding 

excessive and insufficient fixation (e.g., De Marzo et al., 2002), problems attributable to 

each are discussed in Section 4.4.

4.3. Advantages of formaldehyde fixation

Fixatives containing 4% formaldehyde have been so widely used in retinal light microscopic 

immunohistochemistry that their usefulness is rarely questioned. Two primary attractions of 

using formaldehyde are that it is commonly available at reliably high purities and that 

formaldehyde-fixed retinae have been immunostained with antibodies directed against a 

wide range of functionally important proteins. The latter include light-sensitive pigments, 

cGMP-gated ion channels, and associated modulators (Hattar et al., 2002; Haverkamp et al., 

2005; Molday et al., 1991; Philp et al., 1987; Seydewitz et al., 2004; Sokolov et al., 2002; 

Wikler and Rakic, 1990); neurotransmitters, neuromodulators, receptors, synthesizing 

enzymes, inactivating enzymes, and release-related proteins (Brandon, 1987; Brandstätter et 

al., 1999; Brecha et al., 1979; Famiglietti and Tumosa, 1987; Guo et al., 2010; Haverkamp 

et al., 2000; Hendrickson et al., 1985; Keyser et al., 1988; Wagner et al., 1993; Yamada et 

al., 1980); voltage-gated ion channels, auxiliary subunits, and connexins (Janssen-Bienhold 

et al., 1998; Klumpp et al., 1995; Morgans, 2001; Müller et al., 2003; Reyes et al., 2000; 

Stradleigh et al., 2011; Taylor and Morgans, 1998; Van Wart et al., 2007; Wollner and 

Catterall, 1986); transporters, cytoskeletal elements, anchoring proteins, and signaling 

cascade components (Grunert and Wässle, 1993; Haase et al., 1990; Haverkamp and Wässle, 

2000; Hu and Wensel, 2004; Krizaj and Copenhagen, 1998; Morgans et al., 1998; Ogata et 

al., 2012; Partida et al., 2004; Röhrenbeck et al., 1989; Ryskamp et al., 2011; Stahl and 

Baskin, 1984; Volgyi et al., 2005; Zucker, 1998); and markers that have been transported, 

gene-gunned, or transiently expressed (Coombs et al., 2006; Dacey et al., 2003; Morgan et 

al., 2006; Rockhill et al., 2002; Siegert et al., 2009; Stradleigh et al., 2015; Stradleigh et al., 

2011).

Downsides notwithstanding, formaldehyde has enabled investigators to detect and localize a 

larger variety of molecules that contribute to light sensitivity, synapses, and signal 

generation in the retina than any other fixative. This approach is powerful because it can (1) 

demonstrate the presence of proteins independently from other methods (e.g., 

electrophysiology); (2) detect protein isoforms that are difficult to distinguish by other 

methods (e.g., pharmacology); (3) do so in more cells than can be examined by single-cell 

methods; and (4) do so regardless of cell size, cell type, population density, or location (viz., 

retinal eccentricity, quadrant, and/or transretinal/vertical level). It has been possible to 

immunostain formaldehyde-fixed preparations with multiple primary antibodies (i.e., 

antibodies directed against more than one epitope) and thus test for colocalization of 

different antigens (Brandstätter et al., 2004; Li et al., 1986; Mills et al., 2001; Röhlich et al., 

1994; Sassoe-Pognetto et al., 1995; Stradleigh et al., 2011), cell-specific expression (Hoshi 

et al., 2009; Lin and Masland, 2005; O'Brien et al., 2006; Rodriguez et al., 2014; Wässle et 

al., 2009), expression in identifiable subcellular compartments (Boiko et al., 2003; 
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Greenberg et al., 2011; Jakobs et al., 2008; Rasband et al., 1999; Van Wart et al., 2007; Wu 

et al., 2013; Xu et al., 2008), and changes in the presence or localization of one antigen with 

opposite or no changes in another antigen (Elias et al., 2004; Ogata et al., 2012). Briefly 

stated, some of the most informative and aesthetically impressive images of immunostained 

retinae have been obtained with formaldehyde-fixed preparations that highlight specific 

populations of rods, cones (Bumsted and Hendrickson, 1999; Cuenca et al., 2014; Elias et 

al., 2004; Haverkamp et al., 2000; Haverkamp et al., 2005; Hornstein et al., 2004; Li and 

DeVries, 2004; O'Brien et al., 2012), bipolar cells (DeVries, 2000; Keeley and Reese, 2010; 

Kouyama and Marshak, 1992; Wässle et al., 2009; Young and Vaney, 1991), horizontal 

cells (Mills and Massey, 1994; O'Brien et al., 2006; Piccolino et al., 1984; Wässle et al., 

2000), amacrine cells (Badea et al., 2009; Dacey, 1990; Lin and Masland, 2006; Lindstrom 

et al., 2009; Mills et al., 2001; Petrides and Trexler, 2008; Tauchi and Masland, 1984; 

Trexler et al., 2001; Voigt and Wässle, 1987), and ganglion cells (Coombs et al., 2006; 

Hattar et al., 2002; Jakobs et al., 2008; Kim et al., 2008; Nelson et al., 1978; O'Brien et al., 

2002; Ogata et al., 2012; Rockhill et al., 2002; Van Wart et al., 2007; Vaney, 1991; Volgyi 

et al., 2005; Volgyi et al., 2009; Xu et al., 2008), as well as flat mounts and vertical sections 

stained to show multiple cell types (Cuenca, 2008; Deerinck, 2006; Fischer, 2008; Hoshi et 

al., 2009; Light et al., 2012; Majumdar et al., 2008; Mills and Massey, 2014; Morgan et al., 

2006; Siegert et al., 2009; Zhang et al., 2005).

While these images highlight how vivid immunostaining can be in formaldehyde-fixed 

retinae, it is difficult to predict whether signal intensity will be high, or not, based on the 

information typically provided about immunogens. As illustrated in Fig. 1 by the images of 

adult rat retina incubated in mouse monoclonal antibodies against parvalbumin (clone 

PARV19; cat# P3088; Sigma-Aldrich) and tyrosine hydroxylase (clone LNC1; cat# 

MAB318; Millipore) and in polyclonal antibodies against Brn3a (clone sc-31984; Santa 

Cruz Biotechnology), we find that soluble and some hydrophilic antigens can immunostain 

well after fixation in 4% formaldehyde. Likewise, we have found that a mouse monoclonal 

antibody against D1 dopamine receptors (clone SG2-D1a; cat# NB110-60017; Novus 

Biologicals) also stains rat retinal ganglion cell somata (Fig. 2M–P; see also Hayashida et 

al., 2009) and a subsequent study (Van Hook et al., 2012) found similar binding of a 

polyclonal anti-D1a receptor antibody in rat retina. The monoclonal antibody bound to a 

protein band of the estimated molecular weight expected of D1a receptors (e.g., Huang et 

al., 1992) in western blots of whole retinal homogenate. By contrast, several polyclonal 

antibodies (cat#'s AB1765P and AB1784P; Millipore) and a rat monoclonal antibody (clone 

1-1-F11 s.E6; cat# D187; Sigma-Aldrich) against the D1 dopamine receptor stained adult rat 

retina unreliably and were prone to negative immunostaining in tissue fixed for more than 2 

hours at room temperature (Fig. 2A–L). The immunostaining pattern discrepancy between 

these antibodies is noteworthy because they each stain a protein band of 50–55 kDa in 

western blots (Hayashida et al., 2009; Free et al., 2007; Luedtke et al., 1999; Partida and 

Ishida, unpublished observations). It is not known why these antibodies yield such different 

staining patterns in tissue, but the similarity of their staining patterns on western blots 

indicates that formaldehdye fixation alters each epitope differentially.

The significance of unexpected immunostaining patterns like these can be checked in 

several ways. One is to run controls for non-specific binding of both primary and secondary 
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antibodies (preferably processed side-by-side with tissue from which result images are 

collected). Negative controls for primary antibody binding may be obtained by pre-

adsorption of primary antibodies with immunizing peptide before application to tissue, or by 

staining tissue from knock-out animals in which the antigen in nominally absent (Saper and 

Sawchenko, 2003). However, using knock-out organisms does not guarantee a reliable 

negative control, as the knock-out process is not always complete (Saper, 2009) and may 

change the distribution of other proteins that potentially cause false-positive staining 

(Lorincz and Nusser, 2008). Secondly, the ability of antibodies to selectively and 

specifically bind to protein of appropriate molecular weights can be checked by western 

blots prepared from the tissue being studied. A third approach would be to test for binding of 

antibodies directed against different epitopes of a given protein (Rhodes and Trimmer, 

2006). A fourth approach is to functionally (e.g., electrophysiologically) test for the 

presence of proteins of interest (Hattar et al., 2002; Hayashida et al., 2009; Hornstein et al., 

2004; Partida et al., 2012; Ryskamp et al., 2011; Stradleigh et al., 2011; Taylor and 

Morgans, 1998).

Lastly, antibodies can be optimized for compatibility with formaldehyde fixation. 

Antibodies are generally raised against amino acid sequences that are conjugated to carrier 

proteins through a crosslinking molecule. Glutaraldehyde was used classically as a 

crosslinker for antibody production (Avrameas and Ternynck, 1969), although antibodies 

can be directed against antigens crosslinked through carbodiimides or maleimides (Thermo, 

2015). The crosslinking molecule becomes a part of an antibody’s epitope and, as might be 

expected, some antigens are modified by the activity of crosslinking fixatives (Pow, 1997). 

To circumvent formaldehyde-induced losses in immunoreactivity, primary antibodies have 

been raised against formaldehyde-bound antigens (Blom et al., 2012; de Vente et al., 1987; 

Harrach and Robenek, 1990), including neurotransmitters (Pow, 1997). Similarly, antibodies 

against acrolein-bound cyclic nucleotides have been developed for use in acrolein-fixed 

retinae (Wiemelt et al., 1997). Unfortunately, vendors of commercially available antibodies 

do not always identify the crosslinking molecules used in antibody production.

4.4. Drawbacks of formaldehyde fixation

At least three factors can limit formaldehyde's usefulness as a fixative. First, formaldehyde 

can interfere with specific antibody binding and increase non-specific signal, especially 

when attempting to fix antigens that crosslink with low efficiency. Secondly, fixation may 

be too slow to preserve dynamic and state-dependent processes, or it may be incomplete and 

not protect tissue from damage during subsequent processing. Thirdly, formaldehyde-based 

fixatives can induce artifactual physiological and anatomical changes. As described in 

Sections 4.4.1–4.4.6 (and as illustrated by results cited therein), these are largely due to 

either underfixation or overfixation.

4.4.1. Osmotic shock—The osmolarity of extracellular fluid in retina differs between 

species - e.g., rabbit (283 mOsm; Ames et al., 1965), rat (318 mOsm; Moran et al., 1991); 

and human (270 mOsm; Villegas, 1964). Although the osmolarity of buffers commonly used 

to dilute fixative agents and antibodies in retinal studies (300 mOsm) roughly matches 

extracellular fluid osmolarity, the osmolarity of 4% (w/v) formaldehyde solution (or 10% 
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formalin) in water is 1300 mOsm (Fox et al., 1985). Consequently, the addition of 

formaldehyde to buffers significantly increases solution osmolarity. The slow rate of 

fixation by formaldehyde (especially at the neutral pH used in most studies) leaves the 

structure and functional state of cells vulnerable to disruption by hyperosmotic shock.

Not surprisingly, immersion of retina in hyper- or hypo-osmotic media has been found to 

cause cell and tissue shrinkage and swelling, respectively (Ames et al., 1965; Webster et al., 

1969). Additional structural distortions include separation of the retina from the retinal 

pigment epithelium (Margo and Lee, 1995), shrinkage of retinal flatmounts (reportedly as 

high as 25%; Adams et al., 1974; Ammermüller and Weiler, 1988; Kino et al., 2009), 

shriveling of corneal endothelial cells (Doughty et al., 1997), swelling of inner nuclear layer 

somata (Izumi et al., 2000), and disruption of rod outer segments (Jones, 1974).

Retinae are less prone to detach from the RPE if the fixative osmolarity is reduced (Margo 

and Lee, 1995) or if the eye is immersed in a more rapidly acting chemical fixative 

(Latendresse et al., 2002). Lowering the formaldehyde concentration from 4% to 1% has 

been found to reduce linear shrinkage of whole eye volume (Margo and Lee, 1995). 

Whether other artifacts observed following exposure to 4% formaldehyde can be avoided by 

changes in the fixative osmolarity remains to be studied. In a recent test of this possibility, 

we found that immersion of freshly isolated retinae in 4% formaldehyde induces formation 

of bead-like varicosities in retinal ganglion cell dendrites and axons, and thinning of the 

neuritic segments connecting these varicosities; that this is not relieved by decreasing the 

formaldehyde concentration to as low as 0.8%; and that beading is not observed if 50% of 

the diluting buffer is replaced by isosmotic sucrose (Stradleigh et al., 2015). In some cells, 

the neurites connecting varicosities like these are almost undetectably thin (e.g., Huxlin and 

Goodchild, 1997). Moreover, exocitotoxicity-induced cell swelling following formaldehyde 

immersion can be avoided by infusing the eye with a glutamate receptor antagonist (DNQX; 

6,7-dinitroquinoxaline-2,3-dione) or by microwaveassisted formaldehyde fixation (Izumi et 

al., 2000).

4.4.2. Uneven fixation—Immersion in formaldehyde leads to simultaneous crosslinking 

and tissue penetration. Although formaldehyde molecules are relatively small (FW = 30.03), 

crosslinking impedes their diffusion into and through tissue (Eldred et al., 1983). 

Consequently, immersion fixation of tissue will result in a gradient of fixation, with a 

relatively well-fixed outer shell and a relatively underfixed center (cf., Blankenship et al., 

2007). This can, in turn, produce localized differences in immunoreactivity and structural 

preservation. This can be minimized by trimming tissue to blocks no greater than 2 mm in 

thickness before immersion fixation (Helander, 1994; Kiernan, 2000). The rate of 

formaldehyde diffusion can also be improved by altering the fixative pH (Berod et al., 1981; 

Eldred et al., 1983), as described in Section 6.2.

4.4.3. Slow fixation—The slow rate at which formaldehyde fixes tissue will not adversely 

affect the outcome of experiments examining static structural properties of cells, or the 

presence and location of epitopes that do not change over time. It has also been possible to 

monitor changes in the detectability, intracellular distribution, and phosphorylation of some 

proteins. Striking examples include the light-induced translocation of transducin and arrestin 
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in rod and cone photoreceptors (Elias et al., 2004; Philp et al., 1987; Sokolov et al., 2002; 

Zhu et al., 2002), circadian changes in calcium-binding protein immunoreactivity in 

amacrine cells (Gabriel et al., 2004), light-induced changes in rod bipolar cell protein kinase 

C levels (Gabriel et al., 2001; see also Vaquero et al., 1996), light-induced changes in cAMP 

levels of goldfish photoreceptor and ganglion cell layer somata (Vaquero et al., 2001), 

carbon monoxide and nitric oxide-induced elevation of cGMP levels in turtle and mouse 

bipolar, amacrine, and ganglion cells (Blom et al., 2012; Blute et al., 1998), and activity-

dependent phosphorylation of amacrine cell tyrosine hydroxylase (Witkovsky et al., 2004). 

The time between stimulus onset and the appearance of visualized signals (and the rate at 

which tissues return to pre-stimulus appearance after stimulus offset) has not been studied in 

detail by immunohistochemistry. The shortest times in figures published to date have been a 

few minutes (Blom et al., 2012; Elias et al., 2004; Witkovsky et al., 2004).

Other physiologically or experimentally driven changes in epitopes have been refractory to 

fixation by formaldehyde alone. For example, we did not find repeatable light-induced 

changes in the cAMP immunoreactivity of photoreceptor layer somata and ganglion cell 

somata in rat retinae fixed by formaldehyde (Stradleigh, Partida, and Ishida, unpublished 

observations). Because previous biochemical studies found light-induced decreases in 

mammalian photoreceptor cAMP levels (Farber et al., 1981) and marked losses of cAMP in 

unfixed tissue (Ortez et al., 1980), we tested the possibility that insufficient fixation by 

formaldehyde hampered immunohistochemical detection of changes in rat retinal cAMP. 

This is consistent with findings that formaldehyde crosslinking of nucleotides and 

nucleosides is reversible in aqueous media, with permanent crosslinking requiring several 

weeks in formaldehyde solution (Chaw et al., 1980; Hamazaki et al., 1993). As discussed in 

more detail in Section 6.1, we found repeatable differences in immunostaining of dark- and 

light-adapted adult rat retina with anti-cAMP antibodies following fixation in a mixture of 

4% formaldehyde and 0.1% glutaraldehyde. Although we have not investigated why these 

light-induced cAMP changes were captured by formaldehyde in goldfish but not rat, these 

results are consistent with the possibility that signaling cascade component levels can 

change during fixation before settling at levels visualized subsequently. Previous studies 

have found that cAMP levels vary with fixation methods and attributed the differences to 

residual phosphodiesterase activity (Schmidt et al., 1971). Some studies have tested this 

notion with rapid freezing and with microwave irradiation, and found substantial signal loss 

after freezing and nearly total signal retention by microwave irradiation (e.g., Barsony and 

Marx, 1990). The latter has been used to study cAMP levels and DARPP-32 

phosphorylation in brain (Mani et al., 2000) and DARPP-32 phosphorylation in rodent retina 

(Witkovsky et al., 2007).

4.4.4. Loss of immunoreactivity—Fixation can reduce antibody binding in various 

ways. For example, chemical crosslinking can physically alter antigen proteins and, in turn, 

disrupt formation of the antibody-antigen complex (Sternberger, 1979). These changes 

might occur within a single antigen molecule or between the antigen and adjacent molecules 

due to the formation of crosslinks between amino acids within the antibody’s epitope and 

other functional groups (Hua et al., 1985; Huebner, 2004; Kuby, 1994). Antigens enriched 

with lysine residues [e.g., the MHC class I molecule (H-2Kb; Hua et al., 1985) in visual 
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cortex (Huh et al., 2000; Lee et al., 2014)] are particularly sensitive to formaldehyde 

crosslinking (Vani et al., 2006). Destruction of lysine-enriched epitopes renders some 

antibodies incompatible with formaldehyde fixation, necessitating the use of antibodies 

directed against different epitopes on the antigen of interest (Hua et al., 1985) and/or use of 

another fixative. Fixation can also alter the physical space separating the antigen from 

nearby tissue components. Such a change would sterically reduce access of the antibody to 

the antigen, resulting in a secondary reduction in immunoreactivity (e.g., loss of GFAP 

antigenicity; Vaughan et al., 1990).

Immunoreactivity losses can be tissue- and fixative-dependent. Staining with antiglial 

fibrillary acidic protein (GFAP) antibodies illustrate this for a protein considered to 

specifically mark retinal glial cells (Erickson et al., 1987; Schnitzer, 1985). For example, 

several different anti-GFAP antibodies bind to glial cells in grey matter after formaldehyde 

fixation but not white matter in the same preparations, and yet immunoreactivity is lost in 

grey matter fixed in acid-alcohol (Shehab et al., 1990). This differential effect suggests that 

loss of immunoreactivity at least partly depends on crosslinking to nearby molecules in a 

tissue-dependent manner. For other antigens, fixation-induced immunoreactivity losses are 

correlated with formaldehyde concentration or fixation time in a dose-dependent manner 

(Hoffman et al., 2010).

Three different approaches have been developed to improve signal-to-noise ratio (SNR). 

Because some antibodies might fail to recognize conjugated forms of lysine, one is to use a 

different antibody - viz., a different clone of a monoclonal antibody, or a polyclonal 

antibody raised against a different epitope on a macromolecular antigen. SNR should also 

increase with primary antibody titer, although the gain in signal is limited by steric 

hindrance, and by increases in non-specific antibody binding to the tissue. Post-fixation 

epitope retrieval methods have been developed to reverse immunoreactivity losses, e.g., by 

the application of proteolytic enzymes (Battifora and Kopinski, 1986; Huang et al., 1976) or 

sustained heating in a buffered solution (Shi et al., 1991). Heat-induced epitope retrieval 

(HIER) methods are most popular, and the methods may be optimized for a specific antigen 

by altering the reaction buffer pH (Koopal et al., 1998; Shi et al., 1994), adding metal 

cations (Evers and Uylings, 1994; Shi et al., 1991; Takahashi et al., 1993), adding calcium 

ion chelators (Balaton et al., 1995; Pileri et al., 1997), and/or altering the reaction 

temperature (Bankfalvi et al., 1996; Gown and Willingham, 2002; Man and Tavassoli, 

1996). HIER may work through several mechanisms, such as disruption of a calcium ion 

shell surrounding epitopes (i.e., epitope unmasking; Jasani and Schmid, 1997; Shi et al., 

1999) or by formaldehyde crosslink hydrolysis (Yamashita and Okada, 2005). The reaction 

temperatures employed in HIER must be controlled, as high temperatures can cause false-

positive antibody staining and increase nonspecific background fluorescence (Ezaki, 2000). 

We do not use HIER in our studies of mammalian retinae because we find that it increases 

photoreceptor outer segment and blood vessel autofluorescence (Fig. 3B; cf., Stradleigh et 

al., 2011).

4.4.5. Non-specific staining—Following exposure to formaldehyde-containing 

solutions, tissues are typically immersed in fixative-free solutions. Although this is intended 

to remove formaldehyde and stop crosslinking, the removal (i.e., efflux) is severely 
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hampered by the crosslinking that has advanced since the fixation began. Prolonged washing 

might seem like a simple fix, except that this can reverse crosslinking (Helander, 1994). 

Partially crosslinked formaldehyde forms a reactive product that can bind to other amine 

groups in later steps. Notably, residual aldehyde activity can crosslink to reactive functional 

groups of antibody proteins, yielding false-positive immunoreactivity. Such non-specific 

staining is typically diffuse and increases the background signal. This reduces contrast 

between fluorescence due to the desired antibody-antigen complex and fluorescence due to 

non-specific antibody binding.

Residual aldehyde activity can be reduced by "quenching", i.e., by applying a substance 

enriched in free amino groups, binding the free ends of the partially-reacted aldehydes and 

forming a complete crosslink between tissue-bound molecules and the quenching agent. 

This neutralizes residual aldehyde reactivity and, in turn, can increase SNR achieved by 

subsequent antibody application. Common quenching agents include solutions containing 

the amino acids glycine or lysine, as well as the protein "blocking" solutions of normal 

animal sera or albumin. An alternative quenching protocol involves the use of sodium 

borohydride solution to neutralize free aldehydes; this reaction reduces free aldehydes to 

less reactive hydroxyl groups (Beisker et al., 1987). In Section 6.4, we show that alkaline 

Tris buffers are effective as quenching agents, too.

4.4.6. Autofluorescence—Catecholamines (e.g., epinephrine and dopamine), and some 

cellular proteins to a lesser extent, form autofluorescent products when exposed to 

formaldehyde (Eranko, 1955a, b; Falck and Torp, 1961). The Falck-Hillarp method for 

localizing catecholamines takes advantage of this phenomenon (Falck et al., 1962) and saw 

widespread use in retinal studies (Dowling and Ehinger, 1975; Häggendal and Malmfors, 

1965; Negishi et al., 1979) before immunohistochemical methods became commonplace. 

This otherwise helpful autofluorescence is a liability in immunofluorescence studies, 

effectively increasing background fluorescence and decreasing SNR. This effect may be 

more pronounced in tissues that contain high levels of catecholamines (e.g., retinal 

dopamine). Moreover, the level of fixative-induced autofluorescence correlates with fixation 

time: excessively long fixation times will lead to unsuitably high autofluorescence intensity 

(Stewart et al., 2007).

Chemical and physical methods for reducing aldehyde-induced autofluorescence have been 

reported. Autofluorescence can be bleached by illuminating the fixed tissue before 

application of fluorophore-conjugated antibodies (Duong and Han, 2013; Neumann and 

Gabel, 2002). Alternatively, autofluorescence has been masked by use of dyes (e.g., trypan 

blue and Evan's Blue) or heavy metals (e.g., osmium), quenching the emission from the 

fluorescent aldehyde conjugate without affecting specific staining (Mosiman et al., 1997; 

Wan et al., 1993). However, trypan blue fluoresces at long visible wavelengths and may be 

incompatible with multi-label experiments, while heavy metals can pose health risks.

5. Glutaraldehyde

Some of the drawbacks of formaldehyde use can be circumvented by use of glutaraldehyde. 

Chief among the advantages are increased fixation rate and enhanced fixation strength, 
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allowing for better tissue preservation and more reliable staining of some state-dependent 

antigens. At the same time, some drawbacks of formaldehyde use are seen with 

glutaraldehyde too, but at increased severity.

Glutaraldehyde was first synthesized by Harries and Tank (1908) and used in a histological 

study (Sabatini et al., 1963) to compare the fixation characteristics of several aldehydes in 

various tissues (including retina). The improved tissue morphology and preservation of 

microstructure (relative to formaldehyde) quickly led to widespread use of glutaraldehyde 

(Hopwood, 1972). Early methods of glutaraldehyde production resulted in multiple 

impurities (Anderson, 1967), leading to incorporation of steps (e.g., distillation) to purify 

glutaraldehyde solutions (Fahimi and Drochman, 1968). Some previously common 

contaminating compounds, such as acrolein, have crosslinking activities of their own and 

have been used as primary fixatives (Wiemelt et al., 1997). New methods of industrial 

synthesis and purification in the late 1970s resulted in nearly pure EM-grade reagents and 

eliminated a significant source of variability between production lots of glutaraldehyde.

5.1. Mechanisms of glutaraldehyde crosslinking

Glutaraldehyde is composed of 5 carbon atoms arranged in a trans-chain, with an aldehyde 

group on each terminus. Its dialdehyde structure allows for direct conjugation to biological 

molecules with fewer intermediate steps than a monoaldehyde molecule, while its 5-carbon 

backbone enables it to react with molecules across a wider distance than the single-carbon 

formaldehyde. These properties significantly increase the reaction rate of glutaraldehyde 

relative to formaldehyde. Glutaraldehyde also offers increased reactivity to lipids, 

carbohydrates, and nucleic acids.

Like formaldehyde, glutaraldehyde crosslinks well in basic and neutral solutions, and not in 

acidic solutions. Commercially available glutaraldehyde stock solutions are maintained at 

low pH to prevent homologous crosslinking and polymerization (Hopwood, 1972). 

Although storage at pH 8 encourages rapid polymerization and formation of a white 

precipitate (Hardy et al., 1969), low concentrations of soluble polymers form even at neutral 

and acidic pH. These polymers prove to have unique fixation properties, leading some 

histologists to "age" their glutaraldehyde solutions to encourage polymerization (Robertson 

and Schultz, 1970). Methods for accelerated glutaraldehyde polymerization have been 

devised for specialized fixation protocols (Nakagawa et al., 1989).

The exact form taken by glutaraldehyde in solution is unknown. Glutaraldehyde generally 

exists as a mixture of its linear monomer and its cyclic hemiacetal under acidic or neutral 

conditions, and becomes an unsaturated oligomer in basic conditions (Walt and Agayn, 

1994). Binding of monomeric and linear polymeric forms of glutaraldehyde to proteins 

generally occurs via interaction with amino groups, and was initially hypothesized to 

proceed via Schiff base (Monsan et al., 1975) and Michael-type (Richards and Knowles, 

1968) reactions. Others have suggested that the crosslinking reaction between two amine 

groups is due to glutaraldehyde dimerization and formation of a quaternary pyridinium 

compound (Hardy et al., 1976; Luftig and McMillan, 1981).
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In free amino acid experiments, glutaraldehyde readily crosslinks lysine, especially near the 

amino acid's isoelectric point. This favors the use of a slightly basic solution for lysine 

crosslinking (Bowes and Cater, 1965; Quiocho and Richards, 1966), although reaction with 

lysine readily occurs at neutral pH. Glutaraldehdye also binds to tyrosine, tryptophan, 

phenylalanine (Bowes and Cater, 1965; Hopwood, 1970), histidine, proline, serine, glycine, 

and arginine (Chirita and Chisalita, 1971), although all at lower affinities than to lysine. 

Crosslinking experiments performed on whole proteins reveal that only lysine is crosslinked 

to a significant degree in neutral or slightly basic buffers, and that these bonds are generally 

irreversible (Ottesen and Svensson, 1971; Tomimatsu et al., 1971; Wang and Tu, 1969). 

Most proteins contain many lysine residues; these are generally on the exterior hydrophilic 

surface and are thus readily exposed to the fixative medium (Migneault et al., 2004).

5.2. Advantages of glutaraldehyde use

Given its increased reaction rate (Hopwood, 1969) and excellent retention of tissue-bound 

antigens, glutaraldehyde is well suited for experiments that require fast fixation of small, 

labile antigens. For example, glutaraldehyde is an excellent fixative for immobilization of 

neurotransmitters in retina (glutamate: Kageyama and Meyer, 1989; dopamine: Yanez and 

Anadon, 1994; glutamate, glycine, GABA: Marc and Jones, 2002). Its ability to crosslink 

epinephrine, norepinephrine, serotonin, and insulin in non-retinal tissues (Coupland and 

Hopwood, 1966; Grillo et al., 1971; Hopwood, 1967a) also raises the possibility that 

glutaraldehyde may be useful for localizing a broad range of neuroactive substances in 

retinae. Studies of other tissues have also shown that epitopes are retained better after 

fixation by glutaraldehyde than by formaldehyde (Hopwood, 1968; Vanha-Perttula and 

Grimley, 1970).

The molar masses of glutaraldehyde and formaldehyde are 100.12 and 30.03 g/mol, 

respectively. Correspondingly, a 4% (w/v) solution of glutaraldehyde in water is 455 mOsm 

(Rasmussen, 1974), while a 4% (w/v) solution of formaldehyde is 1300 mOsm (Fox et al., 

1985). It is therefore easier to maintain iso-osmotic conditions when fixing in a lower 

concentration glutaraldehyde solution by using hypo-osmotic buffers (Doughty et al., 1997; 

Jones, 1974), and the addition of dilute glutaraldehyde will not significantly increase the 

osmolarity of solutions that contain other fixative agents (Margo and Lee, 1995).

5.3. Drawbacks of glutaraldehyde use

Glutaraldehyde shares many drawbacks with formaldehyde, and these are even more 

apparent due to glutaraldehyde's rapid reaction rate. For example, at the concentrations used 

to date, retinae shrink in glutaraldehyde (Famiglietti, 1985; Steinberg et al., 1973) as much 

as other studies reported for formaldehyde (Section 4.4.1). Also, glutaraldehyde is 

commonly thought to increase background immunofluorescence (Pow et al., 1995) and 

thereby reduce SNR and the resolution of specific immunofluorescent markers. Moreover, 

reactions between glutaraldehyde and catecholamines create autofluorescent compounds 

(Rost and Ewen, 1971), much like formaldehyde.

Some antigens are at greater risk of denaturation and reduced immunoreactivity when fixed 

in glutaraldehyde (instead of formaldehyde). One reason is that, for a given duration of 

Stradleigh and Ishida Page 16

Prog Retin Eye Res. Author manuscript; available in PMC 2016 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



fixation, glutaraldehyde is more likely to overfix tissue-bound antigens than formaldehyde. 

For example, mouse monoclonal antibodies directed against HCN channel proteins (HCN4, 

clone N114/10; cat# 73-150, NeuroMab) resisted formaldehyde fixation (Fig. 4A; see also 

Stradleigh et al., 2011) and yielded false-negative staining when tissue was treated with 

fixatives containing glutaraldehyde (Fig. 4B). We also noted decreased binding efficiency 

when using anti-Brn3a (cat# sc-31984; Santa Cruz) antibodies on glutaraldehyde-fixed 

tissue (Fig. 4D).

Secondly, glutaraldehyde has been found to decrease antibody penetration into fixed tissue, 

and thereby decrease antibody binding (Pow, 1997). This effect is exacerbated when fixing 

thick tissue pieces because glutaraldehyde diffuses into tissue more slowly than 

formaldehyde (Reale and Luciano, 1970; Thiessen et al., 1970). This results in a shell of 

over-fixed tissue on the exterior of the tissue block, and a core of poorly fixed tissue at the 

center (much like formaldehyde), although various methods for improving antibody 

penetration after fixation are available (e.g., whole mount electroimmunofluorescence (Liu 

and Kao, 2009); buffered-ethanol extraction; cryoprotection and subsequent freeze-thaw 

(Eldred et al., 1983; Voigt and Wässle, 1987).

The biggest drawbacks of glutaraldehyde - increased background fluorescence and loss of 

immunogenicity - can be avoided by use of lower concentrations. In combination with 4% 

formaldehyde, we find that 0.1% (v/v) glutaraldehdye suffices to accelerate fixation without 

noticeable deleterious effects. We have not experienced significant autofluorescence in our 

experiments at this concentration of glutaraldehyde. At the same time, free aldehyde groups 

added to tissue by glutaraldehyde (due to its dialdehyde structure) can increase the risk of 

non-specific binding of primary or secondary antibodies (i.e., non-specific 

immunofluorescence) and reduced SNR. We find that this can be minimized by quenching 

residual aldehyde activity with ample amounts of free amino groups prior to immersion in 

antibody-containing solutions (see Section 6.4).

Glutaraldehyde has also been found to distort the cytoskeleton, causing more tissue 

shrinkage than formaldehyde (Hopwood, 1967b). It is widely known that glutaraldehyde 

alters F-actin conformation (Lehrer, 1972; Prochniewicz-Nakayama and Yanagida, 1982) 

and destroys its phalloidin binding site (Borovikov, 1984). Although actin can not be stained 

by phalloidin in glutaraldehyde-fixed tissue, phalloidin has been used to study 

formaldehyde-fixed photoreceptors and retinal pigment epithelium (Daniele et al., 2007; 

Nagle et al., 1986), bipolar and horizontal cells (Job and Lagnado, 1998; Vaughan and 

Lasater, 1990), and retinal ganglion cells (Cristofanilli and Akopian, 2006).

6. Alternative Fixation/Processing Strategies

The vast majority of retinal immunohistochemistry studies have used formaldehyde, diluted 

to 4% in a phosphate-containing buffer at neutral pH, as the sole fixative. The major 

difference, if any, between these studies has been the duration of the exposure to the 

fixative. The results summarized above indicate that other fixatives can improve the quality 

(i.e., SNR) of immunostaining and of tissue preservation at the light microscopic level. We 
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have found several modifications of formaldehyde-based fixatives, and at least one 

alternative fixative, to be particularly helpful.

6.1. Adding glutaraldehyde to formaldehyde

Many of glutaraldehyde's drawbacks can be avoided by diluting it in a mixture of other 

fixing agents. As mentioned above, the mixture of formaldehyde and glutaraldehyde 

combine the best qualities of each fixative: formaldehyde quickly penetrates tissues to 

stabilize molecules, while the slowly diffusing glutaraldehyde eventually catches up and 

strongly fixes molecules into place (Hopwood, 1972). The subsequent glutaraldehyde 

reaction is irreversible (Hopwood, 1970). Formaldehyde and glutaraldehyde may form a 

compound at alkaline pH (1,3-cyclo-hexanedione) which possesses its own crosslinking 

activity (Bloem, 1968). Others have found that adding the unsaturated aldehyde acrolein to 

this mixture accelerates fixative penetration, further increasing reaction rate (Mollenhauer 

and Totten, 1971).

Karnovsky's fixative (Karnovsky, 1965) and its more popular modified form (Ito and 

Karnovsky, 1968) combine glutaraldehyde with formaldehyde. Although glutaraldehyde has 

been used extensively in electron microscopic retinal studies, few retinal 

immunofluorescence studies have been published using Karnovsky's fixative or 

modifications of it (Castellarin et al., 1998; Cleary et al., 1980; Jan and Revel, 1974) and 

some light microscopic studies have used other combinations of glutaraldehyde and 

formaldehyde (Eldred et al., 1983; Marc, 1999; Margo and Lee, 1995; Ogata et al., 2012). 

Consistent with glutaraldehyde’s rapid crosslinking rate and wide range of functional group 

reactivity, and with a report that supplementing formaldehyde with glutaraldehyde improves 

cAMP retention (Ortez, 1980), we recently found repeatable differences in immunostaining 

of dark- and light-adapted adult rat retina with anti-cAMP antibodies following fixation in a 

mixture of 4% formaldehyde and 0.1% glutaraldehyde (Ogata et al., 2012). These retinae 

confirmed that light adaptation decreases outer retinal cAMP levels (Farber et al., 1981; Nir 

and Hall, 1974; Orr et al., 1976; Vaquero et al., 2001). Moreover, labeling of single sections 

with multiple primary antibodies showed that light adaptation concomitantly (1) decreased 

photoreceptor layer cAMP levels, (2) translocated arrestin from photoreceptor inner 

segments to the outer segment layer, (3) reduced transducin-like immunoreactivity in 

photoreceptor outer segments, (4) increased retinal ganglion cell cAMP levels, and (5) 

activated CaMKII in retinal ganglion cells, relative to tissue maintained in darkness (see Fig. 

4 of Ogata et al., 2012). The compatibility of glutaraldehyde-containing fixatives with 

multiple state-dependent antigens was of critical importance, as this provided independent 

evidence that tissue was dark- vs light-adapted, and because identical experiments using 

formaldehyde alone were inconclusive.

We have also found glutaraldehyde to be a useful fixative component when immunostaining 

for Thy1, a glycosylphosphatidylinositol (GPI)-anchored outer leaflet membrane 

glycoprotein. In formaldehyde-fixed adult rat retina, anti-Thy1 antibodies (clone OX-7; cat# 

MAB1406; Millipore) bound to retinal ganglion cell membranes, as evidenced by 

colocalization with staining by antibodies against a known membrane protein (HCN4) in 

somata whose nuclei bound antibodies against Brn3a (cf., Nadal-Nicolás et al., 2009). The 
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Thy1 staining pattern circumscribed ganglion cell somata in single optical sections (Partida 

et al., 2012), consistent with a previous description of Thy1 distribution in rat retina 

(Barnstable and Dräger, 1984) and unlike the cytoplasmic staining found in subsequent 

studies. Fixation of dark-adapted retinae in formaldehyde yields a staining pattern identical 

to that found in Partida et al. (2012), provided the tissue is not permeabilized with detergents 

(Fig. 5A). However, most immunostaining protocols include the addition of detergents (e.g., 

Triton-X 100) to improve antibody penetration and reduce non-specific interactions (Juhl et 

al., 1984). Formaldehyde-fixed tissue exposed to detergent and immunostained for Thy1 

expresses an altered punctate staining pattern (Fig. 5B). Addition of glutaraldehyde to the 

fixative solution confers resistance to the detergent-induced change in Thy1 staining pattern, 

even in tissue exposed to high concentrations of detergent (0.5% v/v Triton-X 100; Fig. 5C). 

Because Thy1 mRNA levels vary in a diurnal rhythm (Kamphuis et al., 2005), we tested 

whether Thy1 immunostaining differed in darkand light-adapted retinae. Curiously, we 

found no difference in formaldehyde-fixed tissue. By contrast, Thy1 immunostaining 

displayed at least two differences in tissue that was fixed in formaldehyde and 

glutaraldehyde, and characterized as dark- vs light-adapted by the cAMP-immunopositivity 

of their retinal ganglion cell layer somata (cf., Ogata et al., 2012). Dark-adapted retinae 

displayed Thy1-like immunofluorescence in thin, continuous bands around the perimeter of 

cells in the ganglion cell layer (GCL) and faint punctate fluorescence in the inner plexiform 

layer (IPL; Fig. 6B,C). Light-adapted retinal ganglion cells exhibited discontinuous punctate 

membrane staining (Fig. 6F,G). A similar effect also appeared in the IPL, where the size of 

puncta and overall signal intensity was increased in the light-adapted tissue. We interpret 

these differences as evidence of Thy1 antigen capping (Heneberg et al., 2006) in 

glutaraldehyde-fixed retinae after light adaptation, but not in darkness, even after exposure 

to detergent and divalent antibody. It remains to be seen whether the glutaraldehyde-

dependent light-dark difference is due to crosslinking of the glycosylated portion of Thy1, or 

interactions elsewhere in its structure via glutaraldehyde-mediated stabilization of the 

plasma membrane, through direct binding to phospholipids or via the stabilization of 

cytoskeletal proteins that may conformationally change in a state-dependent manner (Chen 

et al., 2009; Ruppelt et al., 2007).

6.2. pH shifts

As mentioned in Section 4.4.2, the rate of formaldehyde crosslinking is influenced by pH 

(Highberger and Retzsch, 1939). Methylene bridge formation proceeds at a rate inversely 

proportional to hydrogen concentration; maximum crosslink formation rate is achieved at 

pH 11 while crosslinking is slowed dramatically at pH 6.5 (Berod et al., 1981). If tissue is 

first immersed in a relatively acidic primary fixative solution, followed by immersion in a 

more basic secondary fixative solution, the low pH in the primary fixative allows for 

uniform formaldehyde penetration before the basic secondary fixative initiates rapid 

crosslinking. This sequence (or a variant of brief initial fixation at pH 7.4 followed by 

overnight fixation at elevated pH) has been found to be effective in immunohistochemical 

studies of various retinae (Brandon, 1985a; Eldred et al., 1983; Kolb et al., 1987; Massey 

and Mills, 1999; Ogata et al., 2012; Stradleigh et al., 2011).
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6.3. Sucrose supplementation

Structural characterization of retinal neurons relies on preservation of the cardinal features 

they display in vivo. Although the diameter, shape, and contour of dendrites and axons have 

been widely used to distinguish subtypes of retinal amacrine and ganglion cells, we have 

found that immersion in formaldehyde-based fixatives induces the formation of structural 

artifacts in ganglion cells in a process independent of fixation temperature, salinity, pH, and 

excitatory neurotransmitters. Regularly spaced bead-like swellings appear throughout the 

dendritic trees and along the proximal axons of ganglion cells within minutes of immersion 

in fixative, even in the absence of extracellular sodium or in the presence of glutamate 

receptor antagonists (Stradleigh et al., 2015). We found that addition of sucrose to fixation 

buffers prevents fixation-induced bead formation (Stradleigh et al., 2015). Previous studies 

have added sucrose to formaldehyde- and glutaraldehydebased fixatives (e.g., Blute et al., 

1998; Marc and Liu, 1985; Stell and Lightfoot, 1975). However, we find that beading is 

prevented only if a minimum fraction of the diluent buffer osmolarity is due to sucrose. 

Hypertonic buffers in which more than 45% of buffer osmolarity is due to sucrose (i.e., 

sucrose fraction) provide protection from beading (Table 1). This holds true in buffers that 

are sodium-free (HEPESHIGH + SucroseHIGH; sucrose fraction = 46%), low in sodium (Low 

Na+ phosphate buffer (PB) + SucroseLOW; sucrose fraction = 58%), and at in vivo sodium 

concentrations (PBS + SucroseHIGH; sucrose fraction = 57%). Sodium-free buffers with sub-

threshold sucrose fractions (HEPESHIGH + SucroseLOW; HEPESLOW; HEPESHIGH) do not 

confer protection against artifactual bead formation.

How sucrose protects ganglion cells against beading is unknown, and it is unclear whether 

other additives would grant similar protection. Osmotically induced water influx 

(Greenwood and Connolly, 2007) seems unlikely to explain bead formation in retinal 

neurons because images collected before and during exposure to fixatives show that the 

diameter of neurites connecting beads decrease during fixation (Stradleigh et al., 2015). 

However, organ transplant studies reveal that sucrose is more effective than the same 

concentrations of glucose or mannitol at preventing nephron necrosis in 48-hour cold 

storage of rat kidney (Andrews and Coffey, 1982). This may be attributable to osmotic 

effects on nephrons, as sucrose (423.30 g/mol) is significantly larger than glucose (180.16 g/

mol) and mannitol (182.172 g/mol).

6.4. Tris as a quenching agent

Non-specific background staining caused by antibody binding to aldehydes not washed out 

after fixation can be visibly reduced by quenching crosslinker activity (Sutherland et al., 

2008). Previous studies have used glycine and lysine to saturate unbound aldehydes prior to 

incubation in solutions containing primary antibodies (Sullivan et al., 1984). Alternatively, 

immersion of fixed tissue in a solution of sodium borohydride may reduce fixation-induced 

autofluorescence (Clancy and Cauller, 1998) and even restore some of the antigenicity lost 

following aldehyde fixation (Eldred et al., 1983; Fujiwara and Masuyama, 1995).

We found that sodium borohydride exposure disrupted morphology in lightly fixed, 

vibratome-sectioned retinae, and that glycine and lysine were ineffective at reducing 

nonspecific staining. However, we have found that slightly alkaline (pH 8) Tris buffer (2-
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amino- 2-hydroxymethyl-propane-1,3-diol) quenches efficaciously (Ogata et al., 2012). This 

is consistent with the presence, in each Tris molecule, of an amino group capable of binding 

free aldehydes and with previous reports that Tris is a stronger nucleophile than glycine, and 

quenches aldehyde activity to a significantly greater degree than glycine (Sutherland et al., 

2008). We therefore use Tris in all buffer solutions to minimize residual aldehyde activity 

within fixed retinal tissue. Moreover, to facilitate Tris penetration into both flatmounted 

pieces of retina and 50-µm-thick vibratome sections, we supplement the Tris with Triton 

X-100, forming a Triton-Tris quenching and rinse solution that contains 100 mM Tris- HCl, 

0.1% v/v Triton X-100, pH 8. We also include Tris-Triton in the solutions used to dilute 

primary and secondary antibodies.

6.5. Davidson's fluid

Davidson’s fluid and its modifications are gaining popularity as alternatives to aldehyde 

fixatives in retina research, having been used in rat (Latendresse et al., 2002; Stradleigh et 

al., 2011), rabbit (French et al., 2008; Pfeffer et al., 2009; Saenz-de-Viteri et al., 2014), and 

cat studies (Villalobos et al., 2013). Davidson’s fluid is primarily a fastacting coagulant 

fixative due to its acetic acid and ethanol content, and the inclusion of formaldehyde grants 

it a secondary crosslinking activity. It rapidly imparts structural rigidity and opacity to 

isolated retinae during fixation, improving the preservation of free-floating wholemount 

preparations (personal observations; Stradleigh et al., 2011). Davidson’s fluid and its 

modifications improve on the morphological preservation of formaldehyde (Chidlow et al., 

2011) and Bouin’s fluid (French et al., 2008; Latendresse et al., 2002). But like other 

coagulant fixatives, Davidson’s fluid hardens retinae to the point that vibratome sectioning 

becomes difficult (personal observation). Tissue fixed in Davidson’s fluid is more 

commonly sectioned following embedding in paraffin (Latendresse et al., 2002).

Davidson’s fluid is compatible with a wide range of antibodies commonly used in rat retina: 

Thy1 (Kwong et al., 2003), HCN pacemaker channels (Stradleigh et al., 2011), rhodopsin, 

GFAP, cleaved caspase-3, glutamine synthetase (McKay et al., 2009), Brn3a, tyrosine 

hydroxylase, parvalbumin, calbindin, choline acetyltransferase, and others (Chidlow et al., 

2011). However, some small antigens (e.g., GABA, heat shock proteins) do not readily stain 

after fixation in Davidson’s fluid (Chidlow et al., 2011). Also, fixation in Davidson’s fluid 

may alter the staining pattern of some antibodies. Whole mounted rat retinae fixed in either 

modified Davidson’s fluid (Latendresse et al., 2002) or formaldehyde and stained with an 

antibody against the HCN4 pacemaker channel (clone N114/10; NeuroMab) stain the same 

number of cells in each field (Fig. 7). Whereas immunopositive cells show fluorescence 

around the cell membranes in both fixatives, and the formaldehyde-fixed cells also have a 

noticeable amount of HCN4 signal throughout the cytosol (Fig. 7A), the cells fixed in 

Davidson’s fluid have little cytosolic stain (Fig. 7B).

7. Future Directions

Aldehyde fixatives have proven to be popular and reliable, and each particular aldehyde has 

its strengths and weaknesses. Formaldehyde, the most popular aldehyde fixative agent for 

immunohistochemistry, offers mostly satisfactory tissue preservation and immobilization of 

non-labile antigens in a wide range of applications. Its performance and reactivity can be 
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fine-tuned by manipulating the conditions of fixation, such as solution pH and temperature. 

Formaldehyde remains a popular fixative despite drawbacks associated with its use; 

formaldehyde-fixed antigens may become overfixed, losing immunoreactivity in a dose-

dependent manner. This dose-dependence also applies to background fluorescence and 

autofluorescence, which increase as fixation time increases. Formaldehyde's slow fixation 

and cytotoxic effects lead to morphological disruption, hindering anatomical analysis in 

thick tissue specimens. Formaldehyde has also proven incompatible with specific types of 

antigens, especially small state-dependent molecules.

As an alternative to formaldehyde, glutaraldehyde allows for faster fixation of 

statedependent antigens as well as improved preservation of tissue morphology. 

Glutaraldehyde use at high concentrations has drawbacks, most notably a significantly 

reduced antigen immunoreactivity with a corresponding increase in background 

autofluorescence. These effects are more severe, and proceed much more rapidly, than those 

seen in formaldehyde fixation. The addition of dilute glutaraldehyde to formaldehyde 

fixative solutions allows for faster and more complete fixation, and better preservation of 

labile state-dependent antigens, than formaldehyde alone. This highly efficient fixative 

works while avoiding the drawbacks of concentrated glutaraldehyde solutions.

Lastly, several modifications of routinely used protocols have been found to improve the 

intensity, subcellular distribution, and repeatability of immunostaining patterns obtained 

with at least some antibodies. No single protocol that we are aware of is optimal for use with 

all antibodies and preparations, and in agreement with studies of other tissues (Lorincz and 

Nusser, 2008), our experience has been that protocols yielding the best results must be 

empirically determined for each application. To date, few studies have provided systematic 

comparisons and detailed descriptions of the intensity and distribution of immunostaining 

obtained with antibodies in retinae fixed by different methods. Future studies may provide 

the information needed to list proteins that can be immunolabeled using each fixative, and 

fixation steps that facilitate immunostaining retinal wholemounts sections, selected cell 

types, and subcellular loci for specific proteins. For now, we can list protocols that permitted 

us to stain for three types of antigens (intracellularly expressed fluorescent label; integral 

membrane protein; and state-dependent signaling components; see Tables 2–4). Lists of 

antibodies, possible applications, and compatible tissues and species can also be found on 

the web (Marx, 2013). The development of protocols and methods that help identify the 

molecular phenotypes of cells, detect their lightresponsiveness, and test their cross-species 

relevance, clearly remains of keen interest.
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Abbreviations

cAMP 3’-5’-cyclic adenosine monophosphate

GPI glycosylphosphatidylinositol

HCN hyperpolarization-activated cyclic nucleotide-gated

HEPES 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid

SNR signal-to-noise ratio
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Figure 1. 
Immunoreactivity in formaldehyde-fixed rat retina. Transretinal vibratome sections 

incubated in (A) anti-tyrosine hydroxylase primary antibody and Alexa Fluor 488- 

conjugated anti-mouse secondary antibody, (C) anti-parvalbumin primary antibody and 

Alexa Fluor 488-conjugated anti-mouse secondary antibody, or (E) anti-Brn3a primary 

antibody and DyLight 549-conjugated anti-goat secondary antibody. Paired panels show 

single optical sections (A,C,E) of fields imaged under epifluorescence illumination on a 

laser scanning confocal microscope, and after merging these with the same fields under 
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differential interference contrast optics (B,D,F). Acronyms positioned at the inner segment 

(IS), outer nuclear (ONL), inner nuclear (INL), inner plexiform (IPL), and ganglion cell 

(GCL) layers. Scale bar in (A) is 20 µm and applies to (A–F).
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Figure 2. 
Antibody-specific immunoreactivity effects of formaldehyde fixation on antidopamine D1 

receptor antibodies in rat retina. Transretinal vibratome sections from a single retina 

incubated in (A) rabbit polyclonal AB1784P, (E) rabbit polyclonal AB1765P, (I) rat 

monoclonal 1-1-F11 s.E6, or (M) mouse monoclonal SG2-D1a. All preparations are 

visualized with Alexa Fluor 488-conjugated species-specific secondary antibodies. Paired 

panels show single optical sections (A,E,I,M) of fields imaged under epifluorescence 

illumination, the same fields under under differential interference optics (B, F, J, N), and 
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merges of these in (C,G,K,O). High magnification details (D,H,L,P) of the ganglion cells 

layer, inner plexiform layer, and proximal inner nuclear layer are shown, and correspond to 

the red square regions of (C,G,K,O), respectively. Acronyms positioned at retinal layer 

levels as in Fig. 1. Scale bar in (M) is 20 µm and applies to (A–C, E–G, I–K, M–O). Scale 

bar in (P) is 20 µm and applies to (D,H,L,P). Lack of detectable GCL immunopositivity in 

A–L contrasts with GCL immunopositivity in M–P and with ganglion cell dopamine-

sensitivity (Hayashida et al., 2009; Ogata et al., 2012).
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Figure 3. 
Artifactual autofluorescence after heat induced epitope retrieval (HIER). Transretinal 

vibratome sections incubated in anti-HCN4 primary antibody and Alexa Fluor 488-

conjugated anti-mouse secondary antibody. Paired panels show z-stacks of 5 optical sections 

under epifluorescence illumination. The fluorescence pattern in untreated retina (A) differs 

from HIER-treated tissue (B) in that HIER introduces extraneous staining in the 

photoreceptor inner and outer segments (arrows) as well as blood vessels (arrowheads). 

Sections in A and B were cut from opposite eyes of same animal (rat) and processed in 

parallel (aside from the HIER steps). Acronyms positioned at retinal layers as in Fig. 1. 

Scale bar in (B) is 20 µm and applies to (A,B).
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Figure 4. 
Immunoreactivity loss in rat retinae in glutaraldehyde-containing fixative. Panels show 

single optical sections through the ganglion cell layer of the retinae of a single rat, one fixed 

in formaldehyde (A, C) and the other fixed in a mixture of formaldehyde and glutaraldehyde 

(B, D). Whole-mounted retinae were incubated in (A–B) mouse monoclonal anti-HCN4 

antibody and DyLight 488-conjugated anti-mouse secondary antibody (green), or (C–D) 

goat anti-Brn3a antibody and DyLight 549-conjugated anti-goat secondary antibody (red), 
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followed by NeuroTrace deep-red fluorescent Nissl stain (blue). Scale bar in (B) is 20 µm 

and applies to (A–D).
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Figure 5. 
Glutaraldehyde fixation protects against detergent-induced aggregation of Thy1 in dark-

adapted rat retinae. Whole-mounted retinae incubated in anti-Thy1 primary antibody and 

Alexa Fluor 488-conjugated anti-mouse secondary antibody (green), and imaged on a laser 

scanning confocal microscope. Nuclei counsterstained with Qnuclear Deep Red Stain 

(magenta). Panels show single optical sections through the ganglion cell layer of retina fixed 

in formaldehyde (A, B) or a mixture of formaldehyde and glutaraldehyde (C). Retinae in A–

C from same animal (A, B from one eye; C from the opposite eye) and processed in parallel. 

Staining pattern in formaldehyde-fixed tissue circumscribes cell profiles (A). Treatment of 

formaldehyde-fixed tissue with Triton-X 100 results in a discontinuous punctate staining 

pattern (B). Addition of glutaraldehyde to fixative prevents the detergent-induced change in 

Thy1 staining (C). Scale bar in (B) is 10 µm and applies to (A–C).
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Figure 6. 
Light exposure and detergent treatment induce a change in Thy1 staining pattern and an 

elevation in cAMP levels in rat retina. Transretinal vibratome sections of dark- (AD) and 

light- (E–H) adapted retinae collected, fixed in a mixture of formaldehyde and 

glutaraldehyde, and processed side-by-side, as in Ogata et al., (2012); incubated in (B,F) 

anti-Thy1 primary antibody and Alexa Fluor 488-conjugated anti-mouse secondary antibody 

(green), or (D,H) anti-cAMP primary antibody and DyLight 549-conjugated antimouse 

secondary antibody (cyan). All staining buffers contained Triton-X 100 detergent. Panels 

show single optical sections (B,D,F,H) of fields under epifluorescence illumination imaged 

at the same settings (laser intensity, photomultiplier gain, pinhole diameter) on a laser 

scanning confocal microscope, or fields imaged under differential interference contrast 

optics (A,E). Thy1 data from (B,F) visualized with a pseudocolor table in which saturated 

pixels are assigned a red color (C, G). Acronyms positioned at retinal layers as in Fig. 1. 

Scale bar in (B) is 20 µm and applies to (A–C). Scale bar in F is 20 µm and applies to (E–G).
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Figure 7. 
Fixative type gives a differential staining pattern of HCN4 antibody in rat retina. Whole-

mounted retinae (from opposite eyes of same animal) fixed in (A) 4% formaldehyde or (B) 

modified Davidson’s fluid, processed in parallel, and stained with anti-HCN4 primary 

antibody and Alexa Fluor 488-conjugated anti-mouse secondary antibody (green). Each 

panel shows a single optical section through the ganglion cell layer, collected on a laser 

scanning confocal microscope. Scale bar in (B) is 10 µm and applies to both panels.
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Table 1

Protection from artifactual beading depends on sucrose fraction.

Buffer Protective?
Buffer

Osmolarity
Sucrose

Osmolarity
Sucrose
Fraction

PB + SucroseLOW Yes 347 200 58%

PBS + SucroseHIGH Yes 700 400 57%

HEPESLOW + SucroseLOW Yes 403 200 50%

HEPESHIGH + SucroseHIGH Yes 879 400 46%

PBS + SucroseLOW No 500 200 40%

HEPESHIGH + SucroseLOW No 679 200 29%

PBS No 300 0 0%

HEPESLOW No 203 0 0%

HEPESHIGH No 479 0 0%

PB No 147 0 0%

PBS: phosphate buffered saline; PB: low Na+ phosphate buffer
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Table 2

Visualization of induced green fluorescent protein (GFP) and preservation of in vivo cell structure in ganglion 

cells of organotypically cultured rat and rabbit retina (Stradleigh et al., 2015)

Antigen green fluorescent protein

Primary Antibody Alexa Fluor 488-conjugated rabbit polyclonal anti-GFP (#A21311, Life Technologies)

Fixative PB + SucroseLOW (pH 7.4; Table 1) protectant (pH 7.4; Stradleigh et al., 2015)

Buffer Recipe (10×, 100 mL)

sodium phosphate, monobasic, monohydrate (33.5 mM) 4.62 g

sodium phosphate, dibasic, anhydrous (33.5 mM) 4.76 g

sucrose (200 mM) 68.46 g

water bring to volume (100 mL)

Fixative Recipe (10 mL)

10× buffer stock 1 mL

formalin (#F-1635, Sigma-Aldrich) 1 mL

water 8 mL

1
. Culture retina and induce GFP expression (Koizumi et al, 2007; Greenberg et al., 2011; Stradleigh et al., 2015).

2
. Immerse membrane-bound retina in 10 mL formalin-free buffer, 30 min on ice.

3
. Immerse membrane-bound retina in 10 mL fixative, 18 hr at 4°C.

4
. Rinse and quench in Tris-buffered saline, 30 min at 4°C.

5
. Permeabilize in PBS (supplemented with 0.5% bovine serum albumin, 0.05% Triton X-100, 5% normal donkey serum), 18 hr at 4°C.

6
. Apply primary antibody in PBS, 18 hr at 4°C. Rin se in PBS.

7
. Apply secondary antibody in PBS, 18 hr at 4°C.

8
. Rinse in PBS and mount to slide.

Prog Retin Eye Res. Author manuscript; available in PMC 2016 September 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Stradleigh and Ishida Page 52

Table 3

Preservation of state-dependent antigens in vibratome sections of light- and dark adapted rat retina (Ogata et 

al., 2012).

Antigens cyclic adenosine monophosphate (cAMP)
calcium/calmodulin-dependent protein kinase II, phosphorylated T286 (P-CaMKII)

Primary Antibodies mouse monoclonal anti-cAMP (clone M486, Abcam)
rabbit polyclonal anti-P-CaMKII (#3361, Cell Signaling)

Secondary Antibodies Alexa Fluor 488-conjugated donkey anti-mouse (#715-545-151, Jackson ImmunoResearch)
Cy3-conjugated donkey anti-rabbit (#711-166-152, Jackson ImmunoResearch)

Counterstain Qnuclear Deep Red Stain (#Q10363, Life Technologies)

Fixative 4% formaldehyde, 0.1% glutaraldehyde, 200 mM sucrose, 1 mM EGTA in sodium borate (pH 10; 33.5 mM)

Buffer Recipe (10×, 100 mL)

sodium tetraborate, decahydrate 12.78 g

sucrose 68.46 g

EGTA 0.38 g

water bring to volume (100 mL)

Fixative Recipe (10 mL)

10× buffer stock 1 mL

formalin (#F-1635, Sigma-Aldrich) 1 mL

glutaraldehyde (50% solution; #18431, Ted Pella) 20 µL

water bring to volume (10 mL)

1
. Light- or dark-adapt rat and collect eyes as in Ogata et al. (2012).

2
. Nick eye at limbus with a scalpel blade and immerse in fixative, 18 hr at 4°C.

3
. Dissect eye in Tris-buffered saline and isolate retina.

4
. Embed retina in 5% (w/v) low gelling temperature agarose (#32829, Affymetrix) diluted in Tris-buffered saline.

5
. Section retina on sagittal plane at 50 µm thickness with a vibrating microtome.

6
. Permeabilize and block sections in Tris-Triton solution (100 mM Tris-HCl, 0.1% Triton X-100, pH 8) supplemented with 5% normal donkey 

serum, 24 hr at 4°C.

7
. Apply primary antibody in Tris-Triton, 48 hr at 4°C. Rinse in Tris-Triton.

8
. Apply secondary antibody in Tris-Triton, 18 hr at 4°C. Rinse in Tris-Triton.

9
. Apply Qnuclear counterstain, 30 min at room temperature.

10
. Rinse in Tris-Triton and mount to slide.
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Table 4

Visualization of ion channel subunits in flat-mounted rat retina (Stradleigh et al., 2011)

Antigen HCN4

Primary Antibody mouse monoclonal anti-HCN4 (clone N114/10, NeuroMab)

Secondary Antibody Alexa Fluor 488-conjugated donkey anti-mouse (#715-545-151, Jackson ImmunoResearch)

Fixative modified Davidson’s Fluid (mDF; Latendresse et al., 2002)

Fixative Recipe (10 mL)

formalin (#F-1635, Sigma-Aldrich) 3 mL

ethanol (100%) 1.5 mL

glacial acetic acid 0.5 mL

water 5 mL

1
. Dissect whole retina in ice cold PBS, place vitreous side up on black nitrocellulose membrane filter (#HABG01300, Millipore), and flatten by 

applying suction.

2
. While applying suction, add 0.5 mL ice cold mDF dropwise to membrane-attached retina.

3
Immerse flat mount in 10 mL room temperature mDF, 30 min.

4
. Rinse and quench in Tris-buffered saline, 30 min at 4°C.

5
. Permeabilize in PBS (supplemented with 0.5% bovine serum albumin, 0.05% Triton X-100, 5% normal donkey serum), 18 hr at 4°C.

6
. Apply primary antibody in PBS, 18 hr at 4°C. Rin se in PBS.

7
. Apply secondary antibody in PBS, 18 hr at 4°C.

8
. Rinse in PBS and mount to slide.
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