. HOKKAIDO UNIVERSITY

Title Advanced fixation techniques for high-sensitivity molecular imaging : effectiveness of glyoxal
fixation for immunostaining
Author (s) Konno, Kohtarou; Yamasaki, Miwako; Watanabe, Masahiko
Citation Anatomical science international, 100(4), 562-567
https://doi.org/10.1007/s12565-025-00848-z
Issue Date 2025-05-26
Doc URL https://hdl. handle. net/2115/97862
This version of the article has been accepted for publication, after peer review (when
Rights applicable) and is subject to Springer Nature’ s AM terms of use, but is not the Version of
g Record and does not reflect post-acceptance improvements, or any corrections. The Version of
Record is available online at: http://dx.doi.org/10.1007/s12565-025-00848-z
Type journal article
File Information Konno, Yamasaki, Watanabe final. pdf

kaido
wo¥ Uo%

Hokkaido University Collection of Scholarly and Academic Papers : HUSCAP




Advanced fixation techniques for high-sensitivity molecular imaging

-Effectiveness of glyoxal fixation for immunostaining-

Kohtarou Konno, Miwako Yamasaki, Masahiko Watanabe

Department of Anatomy, Faculty of Medicine, Hokkaido University, Sapporo 060-8638, Japan.

15 Text pages, 3 Figures
Key words

116 words in Abstract, 2546 words in the full text

Correspondence to:
Dr. Kohtarou Konno, Department of Anatomy, Hokkaido University School of Medicine,
Sapporo 060-8638, Japan. Tel. + 81 11 706 5030; FAX. + 81 11 706 5031. E-mail:

kotoro@med.hokudai.ac.jp



Abstract

Cemical fixation is essential in immunohistochemistry for detecting molecular

localization. The gold standard fixative for immunohistochemistry is 4%

paraformaldehyde (PFA); however, its properties—such as tissue shrinkage and protein

cross-linking through methylene bridges—often restrict antibody access, posing

challenges to achieving specific binding reactions. This is particularly true for receptors

and ion channels condensed in the synaptic cleft, postsynaptic density, or trigger zone of

action potentials. To overcome this problem, several laboratories have attempted antigen-

exposure techniques. Recently, we demonstrated that fixation by glyoxal, a dialdehyde

with two carbon atoms, enables specific detection of molecular groups that are difficult

to be detected in PFA-fixed tissues. Here, we summarize the advantages and precautions

in use of glyoxal fixative.



Introduction

In immunohistochemical analyses, tissues and cells must be fixed by appropriate

fixatives to preserve the structure and antigenicity. Formaldehyde is a one-carbon atom

mono-aldehyde, and 4% formaldehyde has long been the gold standard fixative for

immunohistochemistry. Glutaraldehyde, a five-carbon atom di-aldehyde, is further added

for ultrastructural preservation for immunoelectron microscopy, but the antigenicity of

most proteins is greatly reduced by the addition of this aldehyde. These aldehyde-based

fixatives achieve fixation by forming methylene cross-links between molecules. However,

this cross-linking often modifies the higher-order structure of molecules, and can lead to

tissue shrinkage, and antigen masking. These events often lower the sensitivity and

specificity of immunohistochemical detection, notably, for receptors, ion channels, and

their interacting molecules that are condensed in the synaptic cleft, postsynaptic density,

or trigger zone of action potentials.

To overcome this problem, we and others have modified formaldehyde-based

immunohistochemistry by developing antigen-exposing techniques, such as pepsin

digestion prior to immunohistochemical incubation (Watanabe et al. 1993) and

microwave irradiation during fixation (Fritschy et al. 1998). Similarly, lowering

formaldehyde concentrations and pH in tissue fixation improved detection (Lorincz &



Nusser 2010). However, the effective utilization of these techniques requires more

experience, time, and effort compared to conventional immunohistochemistry, limiting

their widespread adoption in the field of neuroscience.

Glyoxal, a two-carbon atom dialdehyde, has traditionally been used as a denaturant

for nucleic acids in Southern and Northern blotting and has rarely been employed as a

fixative for immunohistochemistry (McMaster & Carmichael 1977). In 2018, Richter and

colleagues demonstrated that glyoxal-based fixatives could be used as a substitute for

PFA (Richter et al. 2018). The study highlighted glyoxal's outstanding cell fixation

capability, superior structural preservation, and improved staining intensity in vitro.

Based on these findings, we optimized the composition of glyoxal fixative for in vivo

perfusion fixation. To our surprise, specific antigen-exposing techniques are no longer

required for immunohistochemical detection of various molecules in glyoxal-fixed brain

tissues. Furthermore, we highlighted its versatility in deep imaging, immunoelectron

microscopy, and paraffin-embedded sections, and further in the brains of both rodents

and primates (Konno et al. 2023). This article presents detailed protocols for glyoxal

fixation and key factors essential for achieving optimal immunofluorescence results, with

particular emphasis on the critical role of Triton X-100 in enhancing staining quality.



Protocol

We used adult male C57BL/6 mice (Sankyo Lab Service, Tokyo, Japan) at 2—3 months

of age. In each experiment, we used three male mice. All experiments were performed

according to the guidelines laid down by the animal welfare committees of Hokkaido

University (Protocol #19-0111, #23-0033).

Materials

1.1. Fixation

1. 0.2 M sodium phosphate buffer (PB, pH 7.4). One hundred and sixteen grams of

Na;HPO4-12H>0 (193-02845, Fujifilm Wako, Japan), and 11.8 g NaH2PO4-2H>O

(192-02815, Fujifilm Wako, Japan) are dissolved in distilled water to make 2 L of

0.2 M PB.

2. 10 x Phosphate-buffered saline (80 mM PB, 1.5 M NaCl, pH 7.4). 435 g of NaCl

(191-01665, Fujifilm Wako, Japan), 116 g of NaHPO4-12H20, and 11.8 g of

NaH>PO4-2H>0 are dissolved in distilled water to make 5 L of 10 x PBS stock

solution. 1 x PBS is prepared by 1:9 dilution of 10 x PBS stock solution with

distilled water.



3. PBS containing 0.1% Triton X-100 (PBST). PBST is prepared by adding 1/200

volume of 20% Triton X-100 stock solution (168-11805, Fujifilm Wako, Japan) to

PBS.

4. Paraformaldehyde (PFA) fixative. To prepare 1 L of 4% PFA in 0.1 M PB (pH 7.4),

40 g of PFA powder (818715, Merck, Germany) is dissolved in 500 mL of distilled

water warmed to 60 °C, with a few drops of SN NaOH. After filtration of PFA

solution by filter paper, 500 mL of 0.2 M PB is added. For safety reasons, all these

steps should be carried out wearing protective clothing and gloves and in a fume

hood.

5. Glyoxal fixative. Glyoxal fixative is prepared as 9% (v/v) glyoxal (128465, Merck,

Germany) / 8% (v/v) acetic acid (017-00256, Fujifilm Wako, Japan) in distilled

water. The pH of glyoxal-based fixatives is typically adjusted to 4.0 by the addition

of 5 N NaOH. This is consistent with the report by Richter et al. (2018), who

demonstrated that an acidic pH in the range of 4-5 is critical for improving staining

quality. Without the addition of acetic acid, the tissue sections become more fragile

(Konno et al., 2023).

6. Anesthesia. Thiopental sodium (150 mg/mL, i.p., Nipro, Japan).

7. Peristaltic pump (SJ-121111-H, ATTO, Japan).



8. Scissors and tweezers.

1.2. Preparation of cryosections

1. Cryoprotection. Cryoprotection is performed using a 30% sucrose solution [w/v] in

0.1 M PB.

2. Optimal Cutting Temperature Compound (4583, SAKURA, Japan).

2. Disposable Vinyl Tissue-Tek Cryomold (4557, SAKURA, Japan).

3. Cryostat (Leica CM 1860, Germany).

4. Glass slides (5146, Muto Chemical, Japan).

5. Coverslips (Matsunami Glass, Japan).

6. Antifade mountant (ProLong Glass antifade mountant, P36984, Invitrogen, USA)

Methods

1.1. Fixation and section preparation

Under deep thiopental sodium anesthesia (150 mg/kg body weight, i.p.), experimental

animals were perfused transcardially two volumes of body weight (e.g., 60 ml for mice

weighing 30 g) of PFA or glyoxal fixative. Before glyoxal fixative persusion, a few

milliliters of the physiological saline is perfused to remove blood. Brains excised from the



skull were further postfixed 2 h in the same fixatives at 4 °C. After immersion in 30%

sucrose in 0.1 M PB, cryosections (50 um thick) were prepared on a cryostat.

1.2. Antibodies

In the present study, we used affinity-purified antibodies against the following mouse

molecules: AMPA receptor subunits GluA1-4 (guinea pig, RRID, AB 2571610) (Fukaya

et al. 2006), NMDA receptor subunit GluN1 (rabbit, AB 2571604) (Abe et al. 2004),

PSG-95 (Goat, AB 2920798) (Fukaya & Watanabe 2000), and vesicular glutamate

transporters VGIuT1 (guinea pig, AB 2571618) (Miyazaki et al. 2003) and VGIuT2

(guinea pig, AB 2571621) (Miyazaki et al. 2003).

1.3. Immunofluorescence

All immunohistochemical incubations were performed at room temperature. Unless

otherwise noted, PBST (PBS containing 0.1% Triton X-100) was used as incubation and

washing buffers. Sections were incubated successively with 10% normal donkey serum

for 20 min, a mixture of primary antibodies (1 pg/ml) overnight, and a mixture of Alexa

488-, Cy3-, and Alexa647-labeled species-specific secondary antibodies (1:200 dilution;

Invitrogen, USA; Jackson ImmunoResearch, USA) for 2 h. High resolution images of



brain regions of interest were taken with a confocal laser-scanning microscope (FV1200;

Evident, Japan) equipped with 473, 559, and 647 diode laser lines, and UPlanSApo

(10%/0.40), UPlanSApo (20%/0.75) and PlanApoN (60%/1.4, oil immersion) objective

lenses (Evident, Japan). Whole brain images were constructed by stitching individual

images taken with a light microscope (BZ-X710; Keyence, Japan) with PlanApo

(4%/0.20) objective lenses (Nikon, Japan).

Results

For immunohistochemistry with PFA-fixed brain tissues, synaptic molecules and their

scaffold proteins very often require antigen-exposing techniques, such as pepsin

treatments. Without pepsin pretreatment, signals for NMDA receptor GluN1 and AMPA

receptor GluA1-4 were virtually invisible in PFA-fixed sections (Fig. 1a, e). In glyoxal-

fixed sections, these proteins were strongly detectable all over the brain, with higher

levels in the cerebral cortex, hippocampus, striatum, and cerebellum (Fig. 1b, f). These

labeling patterns are consistent with those obtained by in sifu hybridization, and similar to

those obtained after pepsin digestion of PFA-fixed sections (Abe et al. 2004, Yamasaki et al.

2011). In the cerebral cortex, GluN1 and GluA1-4 were detected as a punctate pattern in the

neuropil with glyoxal fixation (Fig. 1d, h), whereas they were undetectable with PFA fixation



(Fig. 1c, g). Next, we examined the synaptic localization of GluN1 in glyoxal-fixed

cerebral cortex through multiplex fluorescent staining. Triple immunofluorescence for

postsynaptic density protein PSD-95, vesicular glutamate transporter VGIuT1/2, and

GIuN1 showed GluNI1 clusters were tightly overlapped in PSD-95-positive glutamtertic

postsynapse, and apposed to side by side to VGIuT1/2-positive glutamatergic terminals

(Fig. 2, arrows). These results indicate that GluN1 is localized to the postsynaptic sites of

excitatory synapses contacted by glutamatergic nerve terminals. Furthermore, the addition of

0.1% Triton X-100 to the incubation and washing buffer was essential to elicit these improved

effects by glyoxal fixation (Fig. 3). A clear GluN1 signal was observed when using PBST

(Fig. 3b, d), whereas no distinct GluN1 signal was detected with PBS without Triton X-100

(Fig. 3a, c¢). In the hippocampus, punctate GluN1 clusters were visible only when PBST (Fig.

3d), but not PBS (Fig. 3c), was used as an incubation and washing buffer. Thus, in

immunostaining using glyoxal-fixed sections, the addition of Triton X-100 to the

incubation buffer is essential to detect synaptic molecules in glyoxal-fixed tissues.

Notes

Since blood vessels are prone to clogging, saline perfusion prior to glyoxal fixation is

essential for removing blood beforehand. Glyoxal-fixed sections are fragile and prone to



breakage, so handle them with care during use. In particular, the white matter, such as the

corpus callosum, tends to become fragile. The use of Tween 20 instead of Triton X-100

as a surfactant may reduce staining intensity.

Discussion

To overcome the challenges of immunohistochemical detection of molecules located

within specialized neuronal compartments, we applied glyoxal fixation to adult mouse

brains, optimized the immunohistochemistry protocol using glyoxal fixation, and

reported a comparison of the resulting immunosignals with those obtained using 4% PFA

fixation (Konno et al. 2023). Here, we reviewed the effectiveness of the staining

properties of glyoxal fixation and the key points to be noted.

Ion channels are highly concentrated and embedded within specialized neuronal

compartments (e.g., the postsynapse, synaptic cleft, axon initial segment, and nodes of

Ranvier), making their detection challenging in PFA-fixed brain tissues by conventional

immunohistochemistry. These molecules often require antigen-retrieval techniques to

expose epitopes effectively. Methods, such as pepsin pretreatment for light microscopy

(Watanabe et al. 1993) and post-embedding immunogold labeling for electron

microscopy (Baude et al. 1994, Baude et al. 1995), have been traditional instruments to



reveal their molecular localization. Notably, these molecules, which were difficult to be

detected in PFA-fixed tissues, can be easily visualized in glyoxal-fixed tissues using

standard immunohistochemistry protocols. This qualitative improvement suggests that

glyoxal fixation substantially enhances antibody accessibility to target molecules.

In conventional immunohistochemistry using PFA-fixed sections, Triton X-100

is often included in the incubation buffer to improve antibody penetration, though it is not

always necessary. On the other hand, the use of Triton X-100 is essential for

immunohistochemistry with glyoxal-fixed sections (Konno et al. 2023). In the present

study, GluN1 staining using PBS without Triton X-100 was noticeably weaker compared

to staining with PBST (Fig. 3).

The mechanisms underlying the signal enhancing effects by glyoxal fixation

remain unclear. It is also unknown whether the effect depends on molecular species or

varies by epitope within the same molecule. Although glyoxal fixation is effective for

various molecular targets, including ionotropic receptors and ion channels, it does not

enhance immunoreactivity for certain targets such as the microglial marker Ibal or some

metabotropic receptors (Konno et al. 2023). It should also be noted that PFA fixation is

superior to glyoxal fixation in electron microscopic images (Konno et al. 2023). Therefore,



we strongly recommend the parallel use of both fixation methods in

immunohistochemistry, particularly when evaluating primary antibodies for the first time.

In human pathology, tissue specimens are typically fixed by immersion in 10%

formalin and preserved as paraffin-embedded blocks and slides. We demonstrated that

glyoxal fixation yielded stronger GluD2 immunosignals in paraffin sections compared to

PFA fixation (Konno et al. 2023). Given that glyoxal is rapid in tissue penetration and

fixation (Richter et al. 2018), its application to autopsied human samples could enhance

pathological diagnosis and medical research by improving the sensitivity and specificity

of immunostaining. Furthermore, if glyoxal fixation proves effective for non-neural

tissues and organs, it could have broad implications for life sciences research, offering a

versatile alternative to conventional fixation methods.
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Figure 1. Improved immunostaining for NMDA receptor GluN1 and AMPA

receptor GluA1-4 by glyoxal fixation of mouse brains.

(a-d) Immunofluorescence for GluN1 in PFA- (a, ¢) and glyoxal-fixed (b, d) brain (a, b)

and cortex region (¢, d). (e-h) Immunofluorescence for GluA1-4 in PFA- (e, g) or glyoxal-

fixed (f, h) brain (e, f) and cortex (g, h). Cb, cerebellum; Cx, cortex; Hi, hippocampus;

LI/, layer 2/3 of the cortex; Mb, midbrain; MO, medulla oblongata; Mo, molecular

layer; OB, olfactory bulb; St, striatum; Th, thalamus.
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Figure 2. Postsynaptic localization of NMDA receptor GluN1 in the cortex.
(a) Triple immunofluorescence for GluN1 (a1, a2, magenta; a4, white), PSD-95 (green),
and VGIuT1/2 (blue) in glyoxal-fixed cortex region. Arrows indicate that GluNI is

localized to the postsynaptic sites of excitatory synapses contacted by glutamatergic nerve

terminals.



glyoxal/ PEST

Figure 3. Marked improvement of immunolabeling in glyoxal-fixed sections by
adding 0.1% Triton X-100 to PBS.

(a-d) Immunofluorescence for GluN1 with the use of PBS (a, ¢) or adding 0.1% Triton
X-100 (PBST; b, d). In glyoxal-fixed sections, the use of PBST dramatically intensifies
GluN1 signals. CA1, CAl region of Ammon’s horn; Py, pyramidal cell layer; Ra, stratum

radiatum. For other abbreviations, see Fig. 1.



