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Abstract
The masking of antigens by aldehyde-containing fixatives or by paraffin embedding procedures is a problem for immunohistochemical studies. Enzymatic digestion, formic acid treatment, microwave heating and autoclave heating have been used to deal
with this problem, with microwave heating-based antigen retrieval having become widely used as the method of choice.
Microwave heating, however, has the shortcoming that it is difficult to precisely control the heating temperature and it is difficult
to apply this method of heating to free-floating sections without damaging the sections. We describe here a simple, reliable and
sensitive antigen retrieval method that uses water-bath heating. By this method, the temperature can be precisely controlled to
yield effective antigen retrieval with minimal tissue damage in free-floating or paraffin-embedded slide-mounted sections. We
found that the best results were obtained with a 30 min incubation in a 10 – 50 mM sodium citrate solution (pH 8.5 – 9.0) preheated
to and maintained at 80°C in a water-bath, followed by 30 min incubation in 0.3 – 3% nonfat dry milk to reduce nonspecfic
staining. This method is highly effective for both 40 mm free floating sections, slide-mounted cryostat sections and paraffin-embedded slide-mounted sections, and it works well for tissue from diverse species (human, rat, mouse, pigeon, and zebra finch) and for
diverse antigens (e.g. enkephalin, substance P, huntingtin, GluR1, GFAP, and ubiquitin). This method was also found to enhance
immunolabeling in glutaraldehyde-fixed tissue that had been prepared for ultrastructural examination, without having a
deleterious effect on the ultrastructure. © 1999 Elsevier Science B.V. All rights reserved.
Keywords: Immunohistochemistry; Antigen retrieval; Free-floating sections; Paraffin-embedded sections; Water-bath heating

1. Introduction
The masking of antigens by aldehyde fixation is a
well-known problem in immunohistochemistry. Different antigen retrieval methods have been developed to
overcome this problem, including enzymatic predigestion of tissue (Battifora and Kopinski, 1986), formic
acid pretreatment of tissue (Kitamoto et al., 1987),
heat-induced epitope retrieval (Shi et al., 1991), and
ultra-sound treatment of tissue (Podkletnova and Alho,
1993). The mechanism underlying successful retrieval of
antigens presumably involves breaking formaldehydeinduced crosslinks between the target antigen and other
* Corresponding author. Tel.: +1-901-448-8298; fax: + 1-901-4487193.
E-mail address: areiner@utmem.edu (A. Reiner)

proteins, and/or renaturing the antigen to expose the
target epitopes of the antisera.
Among these different antigen retrieval methods,
heating is the most widely used approach. Various
methods have been used to heat tissue, including microwave oven heating (Shi et al., 1991; Cattoretti et al.,
1993), autoclave heating (Shin et al., 1991; Bankfalvi et
al., 1994; Navabi et al., 1994), pressure cooker heating
(Igarashi et al., 1994; Norton et al., 1994; Baiaton et al.,
1996; Eagle et al., 1997), and steamer heating (Suurmeijer and Boon, 1993). The microwave-heating antigen
retrieval approach has come to be widely accepted as
the most sensitive and reliable among the heating methods since first introduced by Shi et al. (1991). Slight
modifications in the original protocol have since been
suggested by various authors (Cattoretti et al., 1993;
Sherriff et al., 1994; Shi et al., 1996; Evers and Uylings,
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1997; Newman and Gentleman, 1997). The microwave
heating method is effective for formalin-fixed tissue and
for paraffin-embedded tissue. It also improves immunohistochemical labeling in frozen tissue (De Hart et al.,
1996). Typically the tissue is immersed in a sodium
citrate solution during the heating process.
The microwave heating method is not, however,
without its drawbacks. For instance, it is difficult to
produce a controlled and uniform heating temperature
with a microwave oven. Additionally, microwave heating does not work well for free-floating sections because
the high temperatures and vigorous bubbling that can
occur damage the sections, and even expel them from
the solution. For example, while some authors have
reported some success with immunolabeling of 40 mm
thick free floating vibratome sections that had been
microwave heated for antigen retrieval (Shiurba et al.,
1998), the sections did show wrinkling. To address such
problems, Evers and Uylings (1994a) recommended
that tissue first be cut into 0.5 cm thick slices, microwave heated to retrieve the antigens, and then sectioned into 95 mm or thinner sections prior to
immunostaining. This procedure, however, has the
drawback that it involves two sectioning steps.
The effectiveness of various heating methods for
antigen retrieval suggests that heating is the key variable in producing a successful immunolabeling outcome
(Suurmeijer and Boon, 1993; Bankfalvi et al., 1994;
Eagle et al., 1997). Other major factors that appear to
influence the effectiveness of antigen retrieval include
the pH of the solution in which the tissue is immersed
during antigen retrieval, the concentration of this solution, the heating temperature, and the duration of the
heating time (Evers and Uylings, 1994b; Shi et al.,
1995). With these points and the relative uncontrollability of the temperature with microwave heating in mind,
we examined the effectiveness of sub-boiling water-bath
heating for antigen retrieval in free floating and slidemounted sections. This approach, in principle, provides
considerably more precise and uniform temperature
control than does microwave heating. We also systematically explored different pH values, different temperatures, different heating times, and different sodium
citrate solution concentrations to determine the optimal
parameters for antigen retrieval with water-bath
heating.

2. Materials and methods

immersion in 10% formalin, while animal brain and eye
tissue was fixed by transcardial perfusion with 4%
paraformaldehyde. The human tissue was dehydrated
and embedded in paraffin, and slide-mounted sections
prepared with a rotary microtome. Slide-mounted eye
tissue was prepared using a cryostat. Animal brain
tissue was sectioned frozen on a sliding microtome. One
set of studies was carried out on rat midbrain tissue
that had been fixed for LM and EM examination using
3% paraformaldehyde and 0.1% glutaraldehyde. These
sections were cut using a vibratome. All animal procedures required in the present experiments were approved by the Animal Care and Use Committee at the
University of Tennessee — Memphis and were carried
out in accordance with NIH (NIH Publication No.
8023), Society for Neuroscience and ARVO guidelines
for the use of animals in research.

2.2. Outline of experimental plan
Our study involved three stages. In the first stage we
performed a parametric study, using free-floating fixed
sections of pigeon brain, to assess the effectiveness of
water-bath heating antigen retrieval (WBH-AR) and to
determine the optimal conditions for carrying out
WBH-AR. The parameters examined were the heating
temperature, the heating duration, the concentration of
the sodium citrate solution in which the sections were
heated, and the pH of the sodium citrate solution.
Additionally, we also compared water-bath heating to
microwave oven heating. In this parametric study we
sought to evaluate the effectiveness of the antigen retrieval in a standardized way. Thus, we focussed on
enkephalin immunolabeling in the basal ganglia of the
pigeon telencephalon. The distribution of enkephalin in
this region of the brain in birds has been well characterized in previous studies (Reiner et al., 1984; Anderson
and Reiner, 1990; Reiner and Anderson, 1990). After
having determined the optimal parameters, in the second stage of our study we evaluated the effectiveness of
these parameters for a variety of antigens in tissue from
various species for LM immunohistochemistry. Both
free-floating sections, slide-mounted cryostat sections
and paraffin-embedded slide-mounted sections were examined in this stage of our study. In the third stage, the
effectiveness of WBH-AR for enhancing immunolabeling in glutaraldehyde-fixed tissue without damaging
EM level ultrastructure was examined in rats. The next
section deals with the various studies that were carried
out in the first stage.

2.1. Species and tissues used
Paraformaldehyde-fixed brain and/or eye sections
from diverse species were used in the present study,
including humans, pigeons, rats, mice, and zebra finch.
Human brain tissue was fixed postmortem by 24 –48 h

2.3. Water-bath heating antigen retrie6al: a parametric
study
For the parametric studies, White Carneaux pigeons
(Columba li6ia) were deeply anesthetized with 0.5 ml
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35% chloral hydrate (i.p.) and perfused transcardially
with 50–80 ml 6% dextran in 0.1 M sodium phosphate
buffer (PB), pH 7.4, followed by 400 ml 4%
paraformaldehyde –0.01 M DL-lysine – 0.1 M sodium
periodate in 0.1 M PB, pH 7.4 (the PLP fixative)
(McLean and Nakane, 1974). The brains were postfixed
for 4 h in PLP and then cryoprotected by immersion in
20% sucrose–10% glycerol and 0.02% sodium azide
overnight at 4°C. Transverse sections were cut frozen
on a sliding microtome at 40 mm and collected in 612
separate series in plastic vials containing 0.1 M PB (pH
7.4) –0.02% sodium azide.
Telencephalic sections through the basal ganglia were
selected and rinsed several times in 0.1 M PB (pH 7.4)
prior to being transferred into a preheated sodium
citrate solution whose temperature was maintained by a
surrounding water-bath. The water-bath was heated in
a conventional oven and the temperature was monitored with a thermometer. For the study of the effect of
heating temperature on the effectiveness of antigen
retrieval, we used a 10 mM sodium citrate solution at
pH 9.0 and a 30 min heating duration, and examined
the efficacy of the following heating temperatures: 30,
40, 60, 80, 90, and 100°C. The sodium citrate was made
from powder obtained from Sigma (St. Louis, MO).
For comparison, we also evaluated the efficacy of heating sections for 30 min in distilled water preheated to
30, 40, 60, 80, 90, or 100°C. For the study of the effects
of heating duration, we heated tissue to 80°C in 10 mM
sodium citrate at pH 9.0 for 10, 20, 30, 50, or 60 min.
For testing the efficacy of different sodium citrate concentrations, we used 5, 10, 50, or 100 mM sodium
citrate at pH 9.0, heated to 80°C for 30 min. For testing
the effects of pH on antigen retrieval efficacy, we used
10 mM sodium citrate heated to 80°C for 30 min, and
examined the following pHs: 3.0, 4.0, 5.0, 6.0, 7.0, 8.0,
9.0 and 10.0. Solution pH was measured with a pH
meter (Cole-Parmer Instrument Company), and adjusted downward with 1 M hydrogen acid (MCI) or
upward with 5 M sodium hydroxide (NaOH), as
needed.
For microwave oven heating, a Panasonic model
NN-5453 microwave oven with an operating frequency
of 2450 MHz and 800 W power output was used. For
studies involving microwave heating, the sections were
immersed in a glass jar filled with 10 mM sodium
citrate buffer, pH 9.0, and heated at high or middle
power. This was repeated three times for 1 min each,
and the solution typically came to a boil during each
heating cycle at high power.
Following the heating session (irrespective of the
heating method or conditions), the sections were processed for immunohistochemistry as described below.
For all heated tissue we simultaneously prepared control sections that were not heated for antigen retrieval,
and were processed for immunohistochemistry in paral-
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lel with the heated tissue. Note that the above experiments were typically carried out three separate times,
with 5–10 sections used in each of the experimental
conditions.

2.4. Light microscopic immunohistochemical procedures
After heating treatment the sections were cooled to
room temperature. The heat-treated sections and the
non-heated control sections were then rinsed in 0.1 M
PB three times for 5 min each, and then incubated in
primary antiserum at 4°C for 72 h under constant
gentle agitation. The antiserum used for the parametric
study carried out on pigeon brain tissue free floating
sections was an anti-leucine-enkephalin (LENK) antiserum raised in rabbits (obtained from INCSTAR,
Stillwater, MN), diluted 1:750 with 0.3% Triton X-100
(Bio-Rad Laboratories, Richmond, VA)–0.01% sodium
azide–0.1 M PB at pH 7.4 (PBX) and 5% normal horse
serum. The specificity of this antiserum has been established in our prior studies (Reiner, 1987; Anderson and
Reiner, 1990). Following the incubation in primary
antiserum, the sections were rinsed in PB (pH 7.4) and
incubated for 90 min in a donkey anti-rabbit IgG
secondary antiserum (from Jackson ImmunoResearch
Laboratories, West Grove, PA) 1:50 diluted with PBX–
5% normal horse serum, and following rinsing in PB
(pH 7.4) then incubated for 60 min in rabbit peroxide
antiperoxidase (PAP) (Sternberger Monoclonals, Baltimore, MD) diluted 1:100 with PBX. The secondary and
tertiary antisera incubations were carried out at room
temperature with gentle agitation. The sections were
then rinsed in 0.1 M PB three times for 5 min followed
by distilled water rinses. To visualize the labeling the
sections were then incubated in 50 ml 0.05 M imidazole/0.05 M cacodylate buffer (pH 7.2) containing 50
mg diaminobenzidine tetrahydrochloride (DAB, Sigma,
St. Louis, MO) for 10 min, followed by an additional
10 min incubation after adding 200 ml 3% hydrogen
peroxide, with continuous agitation throughout. The
PAP/DAB labeled sections were then washed in distilled water, placed in 0.1 M PB, mounted onto gelatincoated slides, dried, dehydrated and cover-slipped with
Permount® (Fisher Scientific, Fair Lawn, NJ). For purposes of assessing the antigen retrieval effectiveness, the
staining intensities observed microscopically were divided into five grades (indicated as + + + + , + +
+ , + + , +, or − for extremely intense, intense,
moderate, weak or negative, respectively). These judgements were made qualitatively via side-by-side comparisons of one section to another and the purpose was to
evaluate relative labeling intensity obtained under different conditions. The efficacy of the labeling outcome
after different treatments was also evaluated as to the
effect of the treatment on background labeling.
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Table 1
Summary of antigens and species examined using WBH-AR on
free-floating or slide-mounted sections that had been fixed using
paraformaldehyde
Animal

Antibodies

Host

Dilution

Company

Pigeon

Enkephalin

Rabbit

1:750

Pigeon

GluR1

Rabbit

1:30

Pigeon

GFAP

Mouse

1:4

Rat

Huntingtin

Mouse

1:500

Mouse

Ubiquitin

Mouse

1:500

Zebra finch

Enkephalin

Rabbit

1:750

Zebra finch

Substance P

Rabbit

1:2000

Incstar, Stillwater, MN
Chemicon,
Temecula,
CA
Lipshaw,
Pittsburgh,
PA
Chemicon,
Temecula,
CA
Fitzgerald,
Concord,
MA
Incstar, Stillwater, MN
Incstar, Stillwater, MN

2.5. Water-bath heating in free-floating or
slide-mounted sections-additional antigens
After determining the optimal antigen retrieval conditions with water-bath heating, we evaluated the efficacy of these conditions on free floating sections for
additional diverse antigens in diverse species at the LM
level, as listed in Table 1. The rat, mouse, pigeon, and
zebra finch brains and/or eyes used in these studies
were fixed by transcardial perfusion as described for the
pigeons used in the parametric study performed as
stage 1 of our research (described above), and treated
by WBH-AR (using 10 mM sodium citrate, pH 9.0 at
80°C for 30 min) and immunohistochemistry for ubiquitin, LENK, substance P, or the GluR1 AMPA type
glutamate receptor subunit carried out as described
above (Figueredo-Cardenas et al., 1994; Chen et al.,
1996; Davies et al., 1997). Tyramide signal amplification was used to detect huntingtin in rats, using the
fluorophore rhodamine, as described previously (Fusco
et al., 1999). The mice used were the R6/2 transgenic
line of mice expressing an N-terminal fragment of
mutated human huntingtin, which leads to the forma-

tion of ubiquitinated aggregates within cortical and
striatal neurons (Davies et al., 1997). In the zebra finch
we focussed on labeling in the basal ganglia, as we had
in pigeon (Bottjer and Alexander, 1995). For GluR1 in
pigeon, we focussed on the telencephalon (Chen et al.,
1996). Finally, we also examined the efficacy of WBHAR in enhancing immunolabeling for glial fibrillary
acidic protein (GFAP) of retinal glial cells in slidemounted cryostat sections of pigeon eye. On-the-slide
immunolabeling for GFAP was carried out as described
previously (Fitzgerald et al., 1990; Reiner et al., 1991).
To further evaluate the broad utility of the antigen
retrieval method that appeared to be effective for free
floating sections of pigeon basal ganglia that had been
perfusion fixed with a paraformaldehyde-based fixative,
we evaluated the efficacy of WBH-AR on paraffin-embedded human brain tissue sections that had been
immersion fixed in formalin for 24–48 h. The human
brain tissue was obtained from the Harvard Brain
Tissue Resource Center and the University of
Rochester Division of Neuropathology. The brain specimens had been immersion fixed in 10% formalin within
24 h postmortem, and tissue was processed for paraffin
embedding according to the procedures of the Brain
Tissue Resource Center at the McLean Hospital (Cambidge, MA). The sections were deparaffinized in xylene
and rehydrated in a descending alcohol series, and then
water-bath heated as described above (using 10 mM
sodium citrate, pH 8.5, at 80°C for 30 min). After
treating the sections with 0.3% nonfat dry milk for 30
min to block nonspecific staining, the sections were
then incubated at room temperature for 2 h in a humid
chamber with primary antiserum droplets placed over
the sections. The primary antibodies, their dilutions and
their sources used for these studies on human tissue are
listed in Table 2. Following rinses in PB, the sections
were incubated for 60 min in a humid chamber with
secondary antiserum droplets placed on the section.
After rinsing with PB, the sections were then incubated
for 60 min in a humid chamber with rabbit or mouse
PAP placed on the sections. Antisera were diluted with
PBX as noted above. After the PAP procedure, the
sections were rinsed and the peroxidase visualized with
DAB as described above. The sections were then rinsed,
dehydrated and coverslipped.

Table 2
Summary of antigens examined using WBH-AR on paraffin-embedded slide-mounted tissue sections
Tissue source

Antibodies

Host

Dilution

Company

Human
Human
Human

Enkephalin
Substance P
Tyrosine hydroxylase

Rabbit
Rabbit
Mouse

1:750
1:2000
1:500

Incstar, Stillwater, MN
Incstar, Stillwater, MN
Incstar, Stillwater, MN
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2.6. Electron microscopy
In the third stage of our study, six adult Long – Evans
rats were deeply anesthetized by i.p. injection of a
mixture of ketamine/xylazine (90 mg/kg ketamine, 12
mg/kg xylazine; Fort Dodge Laboratories, Fort Dodge,
IO), and perfused transcardially with 10 ml 0.01 M
sodium phosphate buffered saline (PBS, pH 7.4) followed by 500 ml 3% paraformaldehyde and 0.1% glutalaldehyde in 0.15 M PB (pH 7.4) at room temperature.
The brains were removed, blocks were made containing
the substantia nigra, and these were postfixed overnight
at 4°C with the same fixative as used for the perfusion.
The blocks were then agar-embedded, and cut into 50
mm thick coronal sections with a vibratome (Technical
Products International, St. Louis, MO). The sections
were washed with PBS and with saline containing 10
mM sodium citrate (SSC) (pH 8.5) at room temperature, and then water-bath heated in SSC for 30 min at
76 – 80°C. The sections were cooled in SSC to room
temperature for 10 min and washed with PBS. The
sections treated with WBH-AR were then incubated for
15 min with 1% sodium borohydride in PBS. After
thorough washing with PBS, the sections were incubated for 1 h with 4% normal goat serum (NGS) in
PBS. In the following procedures, each incubation was
followed by a PBS wash, unless otherwise stated. The
sections were incubated over 3 nights at 4°C with a
1:10 000 dilution of a rabbit anti-vesicular monoamine
transporter-2 (VMAT2) antiserum (Chemicon, Temecula, CA). The dilutant was PBS containing 2% NGS,
0.25% gum arabic (Sigma, St. Louis, MO). The sections
were next incubated overnight at 4°C with a biotinylated goat antirabbit antibody (1:200, Vector, Laboratories, Burlingame, CA). The sections were
subsequently incubated overnight at 4°C with avidin-biotinylated peroxidase complex (ABC; 1:100, Vector) in
PBS containing 0.25% gum arabic. The bound peroxidase was then visualized by reaction with a filtered
solution of 0.05% DAB (Sigma) and 0.0005% H2O2 in
PBS. After a wash with 0.15 M PB, the sections were
postfixed for 1 h with 0.25% osmium tetroxide (Ted
Pelia, Redding, CA) in 0.15 M PB and counterstained
with 1% uranyl acetate (Electron Microscopy Sciences,
Fort Washington, PA) in deionized water. The sections
were dehydrated and flat embedded in Epon (Fluke,
Buchs SG, Switzerland). To evaluate the impact of
WBH-AR, additional tissue from each case was processed in parallel without WBH-AR. In this no-WBHAR protocol, the heating process was omitted and the
incubation with the primary antibody was carried out
with PBS containing 2% NGS and 0.015% Triton X100. Otherwise all steps for the no-WBH-AR tissue
were the same as for the tissue treated with WBH-AR.
After polymerization, the sections were observed under a light microscope and representative DAB-labeled
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neurons and neuronal processes in the substantia nigra
were selected for EM examination. The sections were
trimmed with a razor blade into small pieces containing
the VMAT2 immunoreactive neurons. Ultrathin serial
sections were cut with a diamond knife and an ultramicrotome (Reichert Ultracut S; Leica, Vienna, Austria)
and observed using an electron microscope (JEM
2000EXII Electron Microscope, Tokyo, Japan).

3. Results

3.1. Parametric study of water-bath heating antigen
retrie6al
To evaluate the effectiveness of the various permutations of the WBH-AR method, we examined the immunohistochemical labeling for LENK in the pigeon
basal ganglia. The structures examined included the
avian globus pallidus (termed the dorsal pallidum, or
DP), the avian medial striatum (MSt), the lateral striatum (LSt), and the ventral pallidum (VP) (Reiner et al.,
1984; Reiner and Anderson, 1990; Medina and Reiner,
1995). In general, without antigen retrieval we saw only
light or moderate fiber labeling in the striatum and
pallidum (Fig. 1A). By contrast, with the more effective
of the water-bath heating antigen retrieval parameters,
we saw intense labeling of woolly fibers in DP and VP
and of processes and terminals in the striatum (Fig.
1B). The intense woolly fiber labeling distinguishes the
pallidum from the striatum and the labeling of processes and terminals distinguishes the striatum from the
overlying pallial areas (Reiner et al., 1998). A brief
description of the effects of varying the different heating or sodium citrate parameters on LENK labeling in
the pigeon basal ganglia is presented in the following
paragraphs.

3.1.1. Effect of different temperatures
Sections were treated by water-bath heating in 10
mM sodium citrate at pH 9.0 for 30 min at different
temperatures (see Table 3). With temperatures above
80°C, we obtained considerably more intense immunolabeling than observed with lower temperatures. While
equally good immunolabeling was obtained at all temperatures between 80 and 100°C, the sections were
significantly wrinkled at 90°C and irredeemably wrinkled at temperatures above 90°C (Fig. 2). Thus, the
optimal temperature range with sodium citrate buffer
appeared to be 80–85°C. While immunolabeling was
also enhanced by water-bath heating in distilled water,
tissue quality was poor at those temperatures that
yielded the greatest enhancements in labeling. For example, wrinkling became evident at 80°C, severe at
90°C, and destructive at 100°C for tissue heated in
distilled water. At the latter temperature, distilled water
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Fig. 1. The efficacy of WBH-AR for free-floating tissue. Images are shown to compare immunolabeling in free floating tissue that was processed
using an optimal sodium citrate buffer concentration (10 mM) and pH (9.0), at an optimal temperature (80°C), and for the optimal heating time
(30 min) (B, D) to that in tissue that had not been antigen retrieved (A, C). The sections are paraformaldehyde-fixed transverse sections through
the pigeon telencephalon at the level of the basal ganglia, and they had been immunolabeled using an antiserum against LENK. Light but
discernible immunolabeling is evident in the basal ganglia of the section immunolabeled without WBH-AR in both the low power (A) and high
power (C) views. So-called woolly fiber labeling is evident in the DP and VP, and finer labeling is evident in the MSt and LSt. The labeling is
approximately twice as intense in all of these structures after the WBH-AR, as shown in the low power (B) and high power (D) views of the tissue
treated with WBH-AR.
Table 3
Effect of temperature on the efficacy of antigen retrieval for enkephalin with water bath heating for 30 min in 10 mM sodium citrate at pH 9.0
or distilled water
Parameter

Control

Temperature (°C)
30

40

60

80

90

100

Sodium citrate
MSt labeling
DP labeling
Tissue condition

++
+
Good

++
+
Good

++
+
Good

++
+
Good

++++
++++
Good

++++
++++
Wrinkled

+++
+++
Damaged

Distilled water
MSt labeling
DP labeling
Tissue condition

++
+
Good

++
+
Good

++
+
Good

+++
++
Good

++++
++++
Wrinkled

++++
++++
Damaged

Not assessable
Not assessable
Destroyed

heated sections were entirely destroyed. Thus, while
sodium citrate is not absolutely necessary for effective
antigen retrieval, it is necessary for optimal histological
quality and integrity of the sections.

3.1.2. Effect of heating duration
The effects of heating duration with a heating temperature of 80°C and a 10 mM sodium citrate concen-

tration at pH 9.0 are shown in Table 4. Heating for 10
min yielded only a minor difference in labeling between
the heated and control tissue. By contrast, a 30 min
heating time yielded greatly increased staining intensity
over the control condition and good retention of histological integrity. Heating beyond 30 min, however, was
disadvantageous, since the labeling intensity was actually less and the section quality and/or integrity much
poorer than with 30 min heating.
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3.1.3. Effect of sodium citrate concentration
The effects of sodium citrate concentration (at pH
9.0) with a heating temperature of 80°C and a duration
of 30 min are shown in Table 5. The 10 and 50 mM
sodium citrate concentrations worked equally well as
buffers for antigen retrieval. The 5 and 100 mM concentrations also worked well, but labeling intensity was
slightly less with these sodium citrate concentrations.
While heating in distilled water also yielded good antigen retrieval, as noted above, the tissue was somewhat
wrinkled by heating in distilled water, thus suggesting
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that use of sodium citrate buffer benefits histological
quality.

3.1.4. Effect of pH of the sodium citrate solution
The effects of the pH of the 10 mM sodium citrate
solution, at a heating temperature of 80°C and a duration of 30 min, are shown in Table 6. Heating in
sodium citrate at pH 3.0, 4.0, or 5.0 yielded only poorly
and faintly labeled fibers in LPO and PP. The labeling
was poorer than in the nonheated control tissue and
much poorer than in the tissue heated in distilled water.

Fig. 2. The effects of unduly high temperature on tissue quality using WBH-AR for free-floating tissue. Images are shown to compare
immunolabeling in a free floating tissue section that was processed using an optimal sodium citrate buffer concentration (10 mM) and pH (9.0),
at an optimal temperature (80°C), and for the optimal heating time (30 min) (A) to that in two sections that had been antigen retrieved with the
same buffer concentration and pH, but had been heated for 30 min at 100°C (B, C). All three sections are paraformaldehyde-fixed transverse
sections through the pigeon telencephalon at the level of the basal ganglia, and all had been immunolabeled using an antiserum against LENK.
Distinct immunolabeling is evident in the basal ganglia of the section treated with the optimal WBH-AR procedure (A). So-called woolly fiber
labeling is evident in the DP and VP, and finer labeling is evident in the MSt and LSt, but labeling in the pallium is low. While basal ganglia
immunolabeling is also evident in the two sections heated to 100°C (B, C), the labeling is less than in the section heated to 80°C (A), and the
histological quality is marred by moderate (B) or severe (C) wrinkling. Arrows indicate some of the wrinkles in B.
Table 4
Effect of heating duration on the efficacy of antigen retrieval for enkephalin with water bath heating at 80°C in 10 mM sodium citrate solution
at pH 9.0
Parameter

MSt labeling
DP labeling
Tissue condition

Control

++
+
Good

Duration (min)
10

20

30

50

60

+++
+++
Good

+++
++++
Good

++++
++++
Good

+++
+++
Wrinkled

+++
+++
Fragmented

Table 5
Effect of sodium citrate concentration on the efficacy of antigen retrieval for enkephalin with water bath heating at 80°C for 30 min in sodium
citrate at pH 9.0
Parameter

MSt labeling
DP labeling
Tissue condition

Control

++
+
Good

Distilled H2O

++++
+++
Wrinkled

Sodium citrate concentration (mM)
5

10

50

100

+++
++
Good

++++
++++
Good

++++
++++
Good

+++
+++
Good
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Table 6
Effect of pH on the efficacy of antigen retrieval for enkephalin with water bath heating at 80°C for 30 min in 10 mM sodium citrate
Parameter

MSt labeling
LSt labeling
Background labeling
Tissue condition

Control

++
+
−
Good

Distilled H2O

+++
+++
+
Wrinkled

pH
3.0

4.0

5.0

6.0

7.0

8.0

9.0

10.0

+
−
−
Poor

+
−
−
Poor

++
−
−
Poor

+++
++
+
Good

+++
++
++
Good

+++
++
++
Good

++++
++++
++
Good

+++
++++
+++
Poor

Table 7
Parametric assessment of the efficacy of microwave heating antigen retrieval for enkephalin on free floating tissue sections
Parameter

Control

High 3 min

Medium 3 min

Medium 2 min

Medium 1 min

MSt labeling
LSt labeling
Tissue condition

++
+
Good

Not assessable
Not assessable
Tissue damaged

Not assessable
Not assessable
Tissue damaged

+++
+++
Wrinkled

+++
+++
Wrinkled

Additionally, the tissue heated at these acidic pHs
tended to be wrinkled, as did the tissue heated in
distilled water (but not the nonheated control tissue).
Good immunolabeling was observed in the tissue
heated in buffer at pH 6.0, 7.0, 8.0, 9.0, or 10.0. The
most intense immunolabeling was observed at pH 9.0
and 10. The sections tended, however, to be wrinkled
and torn and have a high level of background labeling
with pH 10. In additional sections we found that pH
8.5 yielded results highly similar to those at pH 9.0,
suggesting 8.5–9.0 as within the optimal pH range.

3.1.5. Effect of heating in microwa6e o6en 6ersus water
bath
We evaluated the efficacy of heating with a microwave oven in 10 mM sodium citrate at pH 9.0, using
enkephalin immunolabeling of 40 mm free floating sections of pigeon forebrain (Table 7, Fig. 3). With heating
at full power for 3 min the tissues were invariably
damaged or destroyed. We presume this destruction
occurred due to mechanical tissue disruption from the
steaming and boiling, or due to tissues being expelled
from the solution by the boiling. Microwave oven
heating at a medium setting with three 1 min heating
cycles yielded the same result. Heating at a medium
setting through one or two cycles of 1 min yielded
heating with no boiling (1 cycle) or minimal boiling (2
cycles). In both cases the sections were wrinkled but
could be processed immunohistochemically. While immunolabeling was more intense than in no-heating controls, the labeling was not as intense nor the sections as
intact as had been observed with water-bath heating for
30 min at 80°C (Fig. 3).
3.1.6. Pretreating sections in nonfat dry milk
We found during the course of our studies that
heating-based antigen retrieval can increase the back-

ground of immunostained tissue, as had previous authors (Shi et al., 1991). We found that treating the
tissue in a 30–60 min rinse in 0.3–3% nonfat dry milk
prior to beginning incubation in the primary antiserum
greatly reduces this nonspecific staining.

3.1.7. Conclusions as to optimal conditions
Based on the above parametric analysis we found
that the following series of steps was the optimal heating method for free-floating sections for antigen retrieval: (1) rinse sections three times for 5 min each in
0.1 M PB (pH 7.4); (2) transfer the sections to 10–50
mM sodium citrate (pH 8.5–9.0) preheated to 80°C; (3)
maintain this temperature and keep sections in this
solution for 30 min; (4) retain the sections in this
solution while allowing the solution to cool to room
temperature; (5) rinse the sections three times for 5 min
each in 0.1 M PB (pH 7.4); (6) immerse the sections in
0.3–3% nonfat dry milk in 0.1 M PB (pH 7.4) containing 0.3% Triton X-100–0.01% sodium azide for 30–60
min (omit the Triton X-100 for EM processing or
antigens damaged by detergent treatment); and (7) incubate in the primary antibody and complete immunohistochemical staining steps as desired.
3.2. Efficacy of optimal procedure for other antigens
and for paraffin-embedded tissue
We found that the optimal procedure described
above effectively retrieved a wide variety of antigens in
free floating paraformaldehyde-fixed sections from a
wide variety of species (Table 1, Fig. 4). The method
also proved effective for LENK, substance P and tyrosine hydroxylase labeling of immersion-fixed paraffinembedded slide-mounted sections from human brain
(Fig. 5), as well as for GFAP labeling of Muller cells
and astrocytes in paraformaldehyde-fixed slide-
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mounted cryostat sections of pigeon retina. Nishino et
al. (1998) have reported that the WBH-AR method
reported here also effectively enhances immunolabeling
for HSP72 in free floating paraformaldehyde-fixed sections of ischemic brain tissue.
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dopaminergic neurons in the SNc and in their terminals
in the striatum, among other nigral targets (Nirenberg
et al., 1996). Our antigen retrieval method enhanced
immunolabeling of SNc perikarya and their dendrites
for VMAT2. The microstructure was not harmed by
heating or immunolabeling.

3.3. EM results
We found that WBH-AR also improved immunohistochemical labeling in tissue that had been fixed with a
solution containing paraformaldehyde and glutaraldehyde. This was the case at both the LM and EM levels
(Fig. 6), and at the EM level it was noteworthy that
WBH-AR did not harm the ultrastructural integrity of
the tissue (Fig. 7). The region examined was rat substantia nigra pars compacta (SNc) and immunolabeling
was carried out by the ABC method to reveal immunoreactivity for VMAT2. VMAT2 is enriched in
intracellular monamine storage sites, and is present in

4. Discussion
In the present study we have characterized the
parameters by which water-bath heating can be used to
effectively retrieve antigens and thereby significantly
enhance immunohistochemical labeling. This method is
effective for free-floating fixed sections and slidemounted fixed cryostat sections, it is effective for
paraffin-embedded material, and it enhances immunolabeling in tissue fixed in a solution containing glutaraldehyde without damaging the ultrastructural

Fig. 3. Comparison of microwave heating antigen retrieval (MWH-AR) and WBH-AR. Images are shown to compare immunolabeling in a free
floating tissue section that was microwave heated for 3 min in 10 mM sodium citrate (pH 9.0) (A, C) to immunolabeling in a free floating tissue
section that was processed using water bath heating for 30 min in sodium citrate buffer (pH 9.0) at 80°C (B, D). Both sections are
paraformaldehyde-fixed transverse sections through the pigeon telencephalon at the level of the basal ganglia, and both had been immunolabeled
using an antiserum against LENK. Light but discernible immunolabeling is evident in the basal ganglia of the section immunolabeled after
MWH-AR in both the low power (A) and high power (C) views. So-called woolly fiber labeling is evident in the DP and VP, and finer labeling
is evident in the MSt and LSt. The labeling is clearly more intense in all of these structures after the WBH-AR, as shown in the low power (B)
and high power (D) views of the tissue treated with WBH-AR. The tissue that had been microwave heated also was damaged and wrinkled by
this method of heating. LFB, lateral forebrain bundle.
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and Dill, 1991; Dill and Shortle, 1991; Shi et al., 1991;
Suurmeijer and Boon, 1993). Heating may alter protein
secondary and tertiary structures, as do these agents,
and thereby render antigenic epitopes accessible and
recognizable to the antibodies directed against them.
Paradoxically, the crosslinking produced by aldehydefixation may help maintain tissue integrity in the face of
what might otherwise be the disruptive effects of heating. Aldehyde fixation may also reduce antigenicity by
the formation of calcium ion-based complexing of hydroxymethyl groups of neighboring proteins. Antigen
retrieval at high temperature in citrate buffer may
chelate this calcium and eliminate such complexing
(Morgan et al., 1994, 1997).

4.1. pH and antigen retrie6al

Fig. 4. The efficacy of WBH-AR for detection of huntingtin by
immunofluorescence in rat cortex. The images shown compare immunolabeling in a free floating tissue section that was processed using
an optimal sodium citrate buffer concentration (10 mM) and pH
(9.0), at an optimal temperature (80°C), and for the optimal heating
time (30 min) (B) to that in a section that had not been antigen
retrieved (A). Both sections are paraformaldehyde-fixed transverse
sections through rat cerebral cortex, and both had been fluorescently
immunolabeled using a monoclonal antibody against huntingtin by
the tyramide signal amplification method. Very light perikaryal immunolabeling of cortical neurons is evident in the section immunolabeled without WBH-AR (A). The perikaryal labeling is considerably
more intense after the WBH-AR, as shown in (B), and the apical
dendrites of these neurons are evident.

integrity of the tissue. While the mechanism underlying
antigen retrieval is uncertain, it seems likely that antigen retrieval acts to reverse the protein crosslinking and
protein denaturation that occurs with aldehyde-based
fixation. Such crosslinking or denaturation produces
changes in secondary and tertiary structure of the
proteins, which may render the antigenic epitopes
against which the antisera are directed inaccessible or
unrecognizable (Fox et al., 1985; Mason and O’Leary,
1991; Dapson, 1993). This notion is supported by the
antigen retrieving effects of such agents as high concentration urea, 0.1% SDS, and heavy metal salts (Alonso

Previous studies have reported an important influence of buffer pH on antigen retrieval. Shi et al. (1995)
concluded that either Tris–HCl or acetate buffer at pH
8.0–9.0 is suitable for antigen retrieval in paraffin-embedded sections. Evers and Uylings (1997) reported that
microwave pretreatment of a fixed block of tissue in
TBS buffer at a pH 9.0–9.5 yielded good immunostaining in vibratome sections subsequently cut from this
block. Any calcium-related benefits of antigen retrieval
are optimal at high pH, but poor at low pH (Morgan et
al., 1997). In our study we found that that heating in
10–50 mM sodium citrate at pH 8.5–9.0 produced the
best immunostaining. Some studies have reported that
heating in a mildly acidic citrate buffer (pH 6.0) yielded
enhanced immunostaining, but these studies did not
systematically explore the efficacy of different pHs
(Cattoretti et al., 1993; Swanson, 1994; Resnick et al.,
1995). We too found that pH 6.0 was effective for
antigen retrieval and nondisruptive for tissue histology.
Nonetheless, we found that pH 8.5–9.0 was clearly
superior. By contrast, another report claimed the optimal pH of the citrate buffer for heating-based antigen
retrieval was 2.5–4.5, and further claimed that mildly
acidic citrate buffer (pH 6.0) yielded poorer immunolabeling than a more acidic one (Evers and Uylings,
1994b). We have no explanation for this discrepancy
with our own results, but these authors themselves later
reported that microwave pretreatment of a fixed block
of tissue in TBS buffer at pH 9.0–9.5 yielded good
immunostaining (Evers and Uylings, 1997). Under the
conditions described in our study water-bath heating in
sodium citrate solution at pH 8.5–9.0 was clearly the
best condition, and the results with an acidic pH were
clearly less satisfactory. Note that while we found this
to be the case for a variety of antigens, the optimal pH
for antigen retrieval has been found to differ for some
antigens (Shi et al., 1995). Thus, we cannot know that
pH 8.5–9.0 will be optimal for all antigens.
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Fig. 5. The efficacy of WBH-AR for paraffin-embedded tissue. The images shown compare immunolabeling in a slide mounted deparaffinized
section that was processed using an optimal sodium citrate buffer concentration (10 mM) and pH (8.5), at an optimal temperature (80°C), and
for the optimal heating time (30 min) (B, D) to that in a section that had not been antigen retrieved (A, C). Both sections are formalin-fixed
transverse sections through a human basal ganglia, and both had been immunolabeled using an antiserum against substance P (SP). Only very
light and indistinct woolly fiber-type immunolabeling is evident in the internal segment of the globus pallidus (GPi) of the section immunolabeled
without WBH-AR in both the low power (A) and high power (C) views. The labeling is much more intense in GPi after the WBH-AR, as shown
in the low power (B) and high power (D) views of the tissue treated with WBH-AR. Cd, caudate; GPe, external segment of globus pallidus; IC,
internal capsule; and Pt, putamen.

Fig. 6. LM images of rat SNc immunostained to reveal that immunoreactivity for VMAT2 is enhanced following WBH-AR protocol in tissue that
had been fixed with an EM grade 3% paraformaldehyde–0.1% glutaraldehyde fixative. The sections were immunostained with either a standard
ABC protocol that was preceded by the optimal WBH-AR protocol (B) or one that was not preceded by WBH-AR (A). Note that neuronal
perikarya and dendrites immunoreactive for VMAT2 in the SNc in (A) are only very lightly labeled. In contrast, following WBH-AR (B),
VMAT2+ perikarya and dendrites are abundant in SNc and much more intensely labeled than after being immunolabeled without WBH-AR.
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structures of proteins, with the midpoint of thermal
denaturation being 85°C for globular proteins (Dill and
Shortle, 1991). In light of this, our finding and that of
others (Ezaki, 1996) that 80°C was ideal for antigen
retrieval suggest that such temperatures may promote
antigen retrieval by re-exposing antigens that had been
masked by aldehyde fixation-based crosslinking. Similarly, our finding and those of others (Igarashi et al.,
1994) that higher temperatures were less effective suggest that excessive denaturing produced by boiling or
near boiling temperatures might further denature
proteins and render antigens further inaccessible. The
tissue wrinkling attending temperatures of 90°C and
above might also stem from such excessive protein
denaturation. We have also found that such high temperatures yield an undesirable increase in background
labeling, as also reported previously by others (Shi et
al., 1991; Taylor et al., 1996). Nonetheless, some authors have reported effective antigen retrieval at 100°C
(Shi et al., 1995; Evers and Uylings, 1997). Finally, it
may be the case that heating temperature and duration
are inversely correlated and that heating for longer than
30 min at temperatures below 80°C may yield a result
similar to that obtained for 30 min at 80°C. We did not,
however, explore this possibility.

4.3. Microwa6e o6en 6ersus water-bath heating for
antigen retrie6al
Microwave oven heating for antigen retrieval for
immunohistochemistry has been widely used in clinical
(e.g. pathological assessments) and research settings
(Takes et al., 1989; Kok and Boon, 1992; Sherriff et al.,
1994; McQuaid et al., 1995; Wolf et al., 1996; Evers and
Uylings, 1997; Newman and Gentleman, 1997). Most
of the microwave heating methods that have been
described are intended for use with formalin-fixed,
paraffin-embedded, slide mounted sections. Only a few

Fig. 7.

4.2. Heating temperature and antigen retrie6al
High temperatures disrupt the secondary and tertiary

Fig. 7. EM images of the SNc showing that the ultrastructure is
preserved following WBH-AR of tissue fixed with 3% paraformaldehyde – 0.1% glutaraldehyde. The images compare ultrastructure in
tissue prepared by standard EM processing without immunostaining
(A), prepared by WBH-AR without immunostaining and with standard EM processing (B), and prepared by WBH-AR followed by
ABC immunostaining for VMAT2 and with standard EM processing
(C). The ultrastructural preservation of the tissue is not affected by
WBH-AR, as can be seen in comparing A and B. The arrows in (A)
and (B) indicate sites of synaptic contact between a terminal and
dendrite. Note that the terminals in the tissue treated with WBH-AR
without immunostaining (B), the synaptic contact identified by the
arrow, and the pre- and postsynaptic structures forming the synaptic
contact are clear and distinct. In addition, robust VMAT2 + labeling
is seen in tissue that had been immunostained after WBH-AR, as can
be seen in the case of the labeled proximal dendrite (D) shown in (C).
This dendrite receives a synaptic contact (arrow) from an unlabeled
terminal (UA).
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studies have reported on antigen retrieval in free-floating tissue sections (Evers and Uylings, 1994a,b; Shiurba
et al., 1998). There are several shortcomings to the use
of microwave ovens as the means for heating tissue.
First, it is difficult to control (and therefore difficult to
standardize) the heating temperature. Microwave ovens
can, in fact, unintentionally produce very high heating
of sections, which can damage histological detail (Hunt
et al., 1996). Secondly, microwave oven heating invariably yields wrinkling or destruction of tissue when
free-floating sections are heated. Water-bath heating is
an alternative in which precise temperature control, and
therefore repeatable antigen retrieval and tissue quality,
can be achieved.

5. Summary
We have found that water-bath heating for 30 min at
80°C in 10–50 mM sodium citrate at pH of 8.5–9.0
considerably enhances the immunolabeling that can be
obtained in fixed sections without any evident deleterious effect of the treatment on tissue integrity at the LM
or EM level. This method is effective for both tissue
fixed with a formaldehyde- or glutaraldehyde-containing solution, for paraffin-embedded tissue, and for freefloating and slide-mounted sections.
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