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Fluorescent immunolabeling and imaging in free-floating thick (50-60 um) tissue sections is relatively simple in
practice and enables design-based non-biased stereology, or 3-D reconstruction and analysis. This method
is widely used for 3-D in situ quantitative biology in many areas of biological research. However, the labeling
quality and efficiency of standard protocols for fluorescent immunolabeling of these tissue sections are not
always satisfactory. Here, we systematically evaluate the effects of raising the conventional antibody incuba-
tion temperatures (4°C or 21°C) to mammalian body temperature (37°C) in these protocols. Our modification
significantly enhances the quality (labeling sensitivity, specificity, and homogeneity) and efficiency (antibody con-
centration and antibody incubation duration) of fluorescent immunolabeling of free-floating thick tissue sections.

Homeostasis, an essential feature of
mammalian biological systems, operates
at the level of the entire organism, within
tissues or organ compartments, and within
individual cells (1). Accurate quantification
of molecular dynamics, cell number, cell
shape, cell positioning and cell-cell inter-
actions in tissues and organs is critical for
quantitatively defining cellular and tissue
homeostasis and screening for disease-
specific stress or defense responses (1). This
complicated task relies on high-quality 3-D
in situ fluorescent immunolabeling and high-
contrast fluorescent imaging of thick tissue
sections or large tissue blocks (2—4), rather
than traditional 2-D in situ chromogenic or
fluorescent immunolabeling in thin tissue
sections (310 mm), with its well-known
biases (2—4) and low-contrast bright-field
MICroscopic imaging.

Because it does not involve tissue
sectioning, 3-D fluorescent immunola-
beling and imaging of whole-mount large
tissue blocks, including whole organs, is
ideal for 3-D in situ quantitative biology (3-7).
However, despite recent technical break-

throughs, methods for whole-mount 3-D
fluorescent immunolabeling and imaging
of large tissue blocks are complicated and
require specialized facilities (3—7). In contrast,
3-D in situ quantitative biology, based on
fluorescent immunolabeling and imaging of
free-floating thick tissue sections (60-60 mm
in thickness), is widely used in many areas of
biological research. Free-floating thick tissue
sections preserve 3-D structural information
(2). This allows for design-based, non-biased
stereology as well as 3-D reconstruction
and analysis using standard microscopy,
revealing molecular dynamics and allowing
cellular profiling of mammalian tissues (2,3).

Standard protocols for fluorescent
immunolabeling and imaging of free-
floating thick tissue sections rely on tissue
loosening using physical or chemical
pretreatment (8—10), cell permeabilization
using enhanced detergent treatment
(8—11), enhanced antibody incubation (high
concentrations or prolonged incubations for
primary or secondary antibodies) at lower
temperature (4°C) or at room temperature
(RT) (21°C) (2,8-11), and optical sectioning

microscopy such as confocal imaging
(2,11). Previous studies showed that optical
clearing-assisted, wide-field epifluorescent
imaging and 3-D blind deconvolution allows
high-quality 3-D visualization of thick tissue
samples comparable to confocal imaging,
making 3-D imaging of thick tissue sections
simpler and more scalable (10,12). However,
due to poor antibody penetration, standard
protocols for fluorescent immunolabeling
of free-floating thick tissue sections had an
unsatisfactory labeling quality (low sensi-
tivity for sparsely or moderately expressed
proteins; faint or negative immunolabeling in
the center of thick tissue sections and high
non-specific binding) and an inadequate
labeling efficiency (requiring high antibody
concentrations and long antibody incubation
times). These drawbacks render immunola-
beling far fromideal for 3-D in situ quantitative
biology applications (2,8,9,13).

It has been suggested that an increased
antibody incubation temperature (such as
37°C, the mammalian body temperature), in
contrast to the conventionally used incubation
temperatures (4°C or 21°C), improves

METHOD SUMMARY

A standard fluorescent immunolabeling protocol is modified by increasing the antibody incubation temperature to mammalian body
temperature (37°C), improving both the quality and efficiency of fluorescent immunolabeling of free-floating thick tissue sections.



fluorescent immunolabeling of thick tissue
sections, possibly through enhancement of
the penetration (14) or specific binding (15) of
the antibody. Moreover, antibody incubation
at 37°C has been extensively adopted
in recently developed protocols for 3-D
fluorescent immunolabeling of large tissue
samples (such as iDISCO, ScaleS, Clarity,
CUBIC, and SWITCH) (3-7). However, due
to the lack of experimental validation, the
rationale for antibody incubation at 37°C in
fluorescent immunolabeling of large tissue
samples, including thick tissue sections,
remains controversial (8).

Here, we systematically validated the
potential benefits of modifying the conven-
tional antibody incubation temperature in
standard protocols to 37°C for fluorescent
immunolabeling of free-floating thick tissue
sections. Compared with standard protocols,
our modified protocol improves the quality
and efficiency of fluorescentimmunolabeling
of free-floating thick tissue sections. These
results suggest that antibody incubation
at 37°C results in high-quality and efficient
fluorescent immunolabeling for all types of
large tissue samples, ranging from thick
tissue sections to the whole organs. This
improved 3-D fluorescent immunolabeling
of large tissue samples will make 3-D in situ
quantitative biology easier to implement in
various areas of biological research.

Materials and methods

Animals

Twelve-week-old male adult Sprague-
Dawley (SD) rats weighing 300-350 g at the
beginning of the study were obtained from
the Laboratory Animal Center of Sichuan
University. The animals were housed with free
access to standard chow and water inaroom
with an ambient temperature of 22 + 1°C and
a 12:12 h light/dark cycle. All animal manipu-
lations were performed with the approval of
the Animal Care and Ethics Committee of
Sichuan University and in strict accordance
with the National Institutes of Health (NIH)
Guide for the Care and Use of Laboratory
Animals (publication no. 85-23, revised 1985).

Fluorescent immunolabeling in
free-floating thick tissue sections
After paraformaldehyde (PFA)-mediated
transcardial perfusion fixation, the glabrous
skins from both hindpaws and both sciatic
nerves, as well as L4 lumbar spinal cord
segments, were carefully removed. After
immersion postfixation, sucrose cryopro-
tection, and embedding in optimum cutting
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Figure 1. Effects of different antibody incubation temperatures on the quality and efficiency of fluorescent
immunolabeling in free-floating thick (50-mm) tissue sections. Fluorescent PGP 9.5 (A,C,D) or GFAP (B,E,F)
immunolabeling of adult rat hindpaw plantar skins or lumbar spinal cord with an antibody incubation tempera-
ture of 4°C, 21°C or 37°C were imaged with wide-field epifluorescence microscopes (3-D blind deconvolution
and extended focus of depth) (A,B) and quantified for image contrast of optical sections (a.u.: arbitrary unit)
(C,E); normalized length of intraepidermal nerve fiber (INEF) per field [ratio of INEF total length (INEFTL) to
upper dermis nerve fiber (UDNF) total length (UDNFTL) per field; length unit: pixel number]; Langerhans cell
(LC) number per field (D); and total length of processes per cell (unit: pixel number) (F). All experiments were
independently repeated three times. Skin: E—epidermis; UD—upper dermis; dashed line—the dermo-epidermal
junction; hollow arrow—INEF; solid arrow—UDNF; solid arrowhead—LC. Spinal cord: white box—100x snapshot
of 20x region of interest (ROI); outline arrowhead-astrocyte process; closed circle,—astrocyte soma. *P < 0.05;
compared with standard protocols with antibody incubation at 4°C. #P < 0.05; median (M) optical sections
compared with upper surface (US) optical sections relative to microscopic objectives. Lower surface (LS) optical
sections are not ideal controls of surface optical sections due to spherical aberration (Supplementary Figure S4).

temperature (OCT) medium (Sakura Finetek
TissueTek; Torrance, CA), free-floating thick
tissue sections (50 mm thick) were prepared
on a cryostat (Leica CM3050S; Leica Instru-
ments GmbH, Wetzlar, Germany). A detailed
description of animal perfusion and histo-
logical processing is provided in the Supple-
mentary Materials and Methods.

For intergroup comparison in individual
experiments, three cohorts of animals with
similar age and body weight (the numbers
of animals per cohort depended on the
numbers of experimental groups) were used
for the preparation of free-floating thick tissue
sections. For each cohort, three sections
per animal were selected by a consistent

program of systematic random sampling to
achieve approximately the same anatomical
locations for all of the sections used for inter-
group comparison. Equal labeling among all
experimental groups was insured by parallel
processing from animal perfusion to tissue
immunostaining. A detailed description
of the fluorescent immunolabeling of free-
floating thick tissue sections (including control
settings) is provided in the Supplementary
Materials and Methods and in Supplementary
Figures S1 and S2.

In brief, after extensive washing with
PBS-G (0.3 M glycine in 0.01 M PBS, pH
7.4) at RT, free-floating thick tissue sections
were preconditioned for tissue loosening:
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Figure 2. Improvement in quality and efficiency of fluorescent immunolabeling of free-floating thick (50 mm)
tissue sections with an antibody incubation temperature of 37°C, based on orthogonal screening. (A) Represen-
tative post-deconvoluted 3-D view and extended focus of depth (EFD) images for fluorescent PGP 9.5 and GFAP
immunolabeling of hindpaw plantar skins and lumbar spinal cords of adult rats, using standard protocol (antibody
incubation at 4°C) and our modified protocals (antibody incubation at 37°C: original, orthogonal screening start-
er, orthogonal screened). The homogeneous immunolabeling (mean fluorescence intensities or image contrasts
across the section depth) can be qualitatively visualized in 3-D view images. E-epidermis; UD—upper dermis;
dashed line—the dermo-epidermal junction; outline arrow—intraepidermal nerve fiber (INEF); solid arrow—upper
dermis nerve fiber (UDNF); solid arrowhead—Langerhans cell (LC). (B,C,D,E) Image contrasts (a.u.: arbitrary unit)
of median optical sections (MOSs) for fluorescent PGP 9.5 (B) or GFAP (D) immunolabeling of hindpaw plantar
skins or lumbar spinal cords of adult rats, total length of INEF per field (unit: pixel number) from fluorescent PGP
9.5 immunolabeling for adult rat hindpaw plantar skins (C), and total length of processes per cell (unit: pixel num-
ber) from fluorescent GFAP immunolabeling for adult rat lumbar spinal cords (E), using standard protocols (anti-
body incubation at 4°C) and our modified protocols (antibody incubation at 37°C: original, orthogonal screening
starter, orthogonal screened). All experiments were independently repeated three times. *P < 0.05, **P <
0.01, and ***P < 0.001; compared with standard protocols. PAb: primary antibody; SAb: secondary antibody.

(i) skin: neat DMSO for 15 min to loosen
collagen structures in the upper dermis (UD)
and dense cellular networks in the epidermis
(10); (i) spinal cord: antigen retrieval with
sodium citrate solution (0.01 M sodium citrate,
0.05% Tween-20, pH 6.0) at 80°C for 45 min
to improve antigenic reactivity and antibody
penetration (9,11); and (i) sciatic nerve:
thermally-assisted delipidation with 0.2 M
sodium dodecyl sulfate (SDS) (in PBS, pH 9.0)

at 37°C for 3 h (7). After extensive washing
with PBST (0.2% Tween-20 in 0.01 M PBS,
pH 7.4) at RT, thick tissue sections were then
permeabilized with PBS-Tx (0.3% Triton X-100
in0.01 MPBS, pH 7.4): 4 x 15 min for skinand
spinal cords, and 6 x 15 min for sciatic nerves.

After extensive washing with PBST,
sections were inactivated with PBST-G
(0.3 M glycine in PBST, pH 7.4) for 15 min
at RT, and blocked with the blocking buffer

[0% normal goat serum (NGS) and 1% BSA
in 0.01 M PBS, pH 7.4, containing 0.05%
Tween-20 and 0.01% sodium azide] for 2 h
at RT. Then, sections were incubated with
primary antibodies diluted in blocking buffer
with gentle agitation for 3 days at 4°C, 12 h
at RT or 3-72 h at 37°C (dilution ratios and
incubation durations indicated in Supple-
mentary Figure S2). The following primary
antibodies were used for skin or sciatic
nerve sections: rabbit polyclonal anti-PGP
9.5 (14730-1-AP; Proteintech, Wuhan, Hubei,
China), mouse monoclonal anti-NF200
(NO124, clone N52; Sigma-Aldrich, St. Louis,
MO), rabbit polyclonal anti-peripherin (17399—
1-AP; Proteintech), and goat polyclonal
anti-CGRP (36001; Abcam, Cambridge, UK).
For spinal cord sections, the following primary
antibodies were used: mouse monoclonal
anti-GFAP (60190-1-Ig; Proteintech), mouse
monoclonal anti-NeuN (104224; Abcam),
rabbit polyclonal anti-lbal (10904—1-AP;
Proteintech), and rabbit polyclonal anti-Olig2
(13999-1-AP; Proteintech). After washing 6
x 15 min each in PBST at RT, the sections
were incubated with highly cross-adsorbed
goat anti-rabbit or mouse IgG secondary
antibodies conjugated to Alexa Fluor 594
(@b150080 or 150116; Abcam) or highly cross-
adsorbed donkey anti-goat IgG secondary
antibodies conjugated to Cy3 (ab6949;
Abcam) with gentle agitation for 36 h at 4°C,
3 h at RT, or 3-36 h at 37°C (dilution ratios
and incubation durations indicated in Supple-
mentary Figure S2).

After extensive washing with PBST,
tissue sections were processed for optical
clearing with gradient glycerol solutions
(diluted in 0.01 M PBS, pH 8.0, 2.5% DABCO,
0.05% Tween-20) as previously described
(10,16). Sections were mounted on poly-L-
lysine (PLL)-coated slides with the anti-fade
mounting medium (2.5% DABCO, 0.05%
Tween-20 in 90% glycerol diluted with 0.01
M PBS, pH 8.0) overnight at 4°C. Optionally,
before optical clearing, all the skin sections
were re-fixed with histological fixatives (4%
PFAIN 0.1 M PB, pH 7.4) for 1 hat 4°C, inacti-
vated with PBSG for 1 h at 4°C, and washed
with PBST 3 x 15 min at RT.

Image acquisition and processing

For imaging convenience and scalability,
we utilized optical clearing-assisted, wide-
field epifluorescent imaging and 3-D blind
deconvolution, which were shown in previous
studies by our group and others to enable
high-contrast 3-D visualization of thick tissue
samples comparable to confocal imaging
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Figure 3. The benefits, independent of antibody or antigen characteristics, of antibody incubation at
37°C for fluorescent immunolabeling of free-floating thick (50 mm) tissue sections. (A,B,C) Representa-
tive post-deconvoluted, extended focus of depth (EFD) images for fluorescent immunolabeling of thick
tissue sections from adult rat hindpaw plantar skins with antibodies against NF200 (A), peripherin (B),
and CGRP (C), using a standard protocol [antibody incubation at 4°C] and our modified protocol [antibody
incubation at 37°C, based on orthogonal screening of primary antibody incubation parameters (Sup-
plementary Figure S2C)]. E—epidermis; UD—upper dermis; dashed line-the dermo-epidermal junction;
outline arrow—intraepidermal nerve fiber (INEF); solid arrow—upper dermis nerve fiber (UDNF). (D,E,F)
Representative post-deconvoluted, EFD images for fluorescent immunolabeling of thick tissue sections
from adult rat lumbar spinal cords with antibodies against NeuN (D), Ibal (E), and Olig2 (F), using a stan-
dard protocol (antibody incubation at 4°C) and our modified protocol [antibody incubation at 37°C, based
on orthogonal screening of primary antibody incubation parameters (Supplementary Figure S2D)]. All
experiments were independently repeated three times. PAb: primary antibody; SAb: secondary antibody.

(10,12). All of the fluorescently immunola-
beled free-floating thick tissue sections were
imaged using a fully motorized, Olympus
IX-83 widefield (WF) epifluorescence micro-
scope with a DP80 CCD camera under the
monochromatic mode controlled by Olympus
cellSens Dimension software (Olympus;
Tokyo, Japan) (10). For PGP 9.5 immunola-
beling of sciatic nerve thick sections, Z-stack
images of the same sections were further
captured on an Olympus FV1000 confocal
microscope for better evaluation of antibody
diffusion in sciatic nerve thick sections.
Details for Z-stack image acquisition of WF
or confocal epifluorescence optical sections
across the section depth are provided in the
Supplementary Materials and Methods.

All of the WF original Z-stack images were
quantified using Fiji software (NIH, Bethesda,
Maryland) forimage contrasts (17) and mean
intensities (8) of optical sections along the
imaging depth normalized to the original tissue
section thickness (Supplementary Figures S3
and S4). All of the corresponding extended
focus of depth (EFD) images by the extended
focus toolin the cellSens Dimension software

were quantified using Fiji software for mean
pixel intensities (MPIs) of the foreground
(object) and the background (Supplementary
Figure S3). For PGP 9.5 immunolabeling of
skin thick sections or GFAP immunolabeling
of spinal cord thick sections, those EFD
images were further quantified using Fiji
software for the signals of the detailed objects
in tissue sections (Supplementary Materials
and Methods, Supplementary Figure S3).
Those quantitative data were used for the
evaluation of the quality (sensitivity, specificity,
and homogeneity) of fluorescent immunola-
beling in free-floating thick tissue sections.

Representative WF original image stacks
were selected for 3-D blind deconvolution
by AutoQuant X3 (Media Cybernetics;
Rockville, MD). The WF deconvoluted image
stacks were used to create EFD images with
Image Pro Plus7.0 software (Media Cyber-
netics), individual images for upper surface
(US), median (M) and lower surface (LS)
optical sections with Fiji software, and 3-D
view images with Imaris 7.4.2 (64-bit version)
(Bitplane; Belfast, UK). All of those images
were exported in the 8-bit TIFF format for
the assembly of figures for this publication
with Adobe lllustrator CC 2014 (Adobe, San
Jose, CA).

Statistical analysis

All of the quantitative data for the quality of
fluorescent immunolabeling in free-floating
thick tissue sections are presented as mean
+ SEM (due to their normal distribution pattern)
and statistically analyzed with IBM SPSS
Statistics 22.0 (IBM; Armonk, NY). Details of
statistical comparisons for individual experi-
ments are provided in the Supplementary
Materials and Methods. For all of the data
analyses, a P value <0.05 was considered
statistically significant. All of the statistical
graphs were plotted using GraphPad Prism
6.01 (GraphPad Software, Inc.; Northampton,
MA) and assembled into the figures of this
publication with Adobe lllustrator CC 2014.

Results and discussion

Thick skin sections of plantar surfaces
from adult rat hindpaws were initially used
1o validate the benefits of optimal antibody
incubation temperature for fluorescent
immunolabeling in free-floating thick
tissue sections. The conventional antibody
incubation temperature (4°C or 21°C) in
standard protocols was modified to 37°C,
and we used a primary antibody against
PGP 9.5 (an intra-axonal cytosolic protein)
as an example. The very high densities of
extracellular matrix (ECM) components in
the dermis and cellular components in the
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Figure 4. Benefits of antibody incubation at 37°C for fluorescentimmunolabeling of free-floating thick (50 mm)
sections of adult rat sciatic nerves. Representative post-deconvoluted, extended focus of depth (EFD) images
and individual images for upper surface (US), median (M), and lower surface (LS) optical sections for fluores-
cent immunolabeling of thick tissue sections from adult rat sciatic nerves using antibodies against PGP 9.5
(A,B,C), peripherin (D,E,F), and CGRP (G,H, 1), using a standard protocol (antibody incubation at 4°C) (A,D,G),
our initial modified protocol (antibody incubation at 37°C with the same primary antibody incubation parame-
ters as antibody incubation at 4°C) (B,E,H), and our final modified protocol [antibody incubation at 37°C, based
on orthogonal screening of primary antibody incubation parameters (Supplementary Figure S2E)] (C,F,1). All
experiments were independently repeated three times. PAb: primary antibody; SAb: secondary antibody.

epidermis pose great challenges for specific
binding and penetration of antibodies
(4,10,18). A previous study showed that
tissue loosening by DMSO pretreatment
significantly improves fluorescent immuno-
labeling of free-floating thick skin sections (10).
In the present study, our results show that,
compared with antibody incubation at 4°C or
21°C, antibody incubation at 37°C substan-
tially improved the fluorescent visualization of
upper dermis nerve fibers (UDNFs) (data not
shown), intraepidermal nerve fibers (IENFs),
and Langerhans cells (LCs), with contrasts
or intensities comparable to and even

higher than those for antibody incubation
at conventional temperatures (Figure 1, A,
C, and D; Supplementary Figures S5 and
S6). Moreover, antibody incubation at 37°C
drastically shortened the incubation durations
necessary for achieving complete and even
antibody penetration along the axial depth
(Figure 1C; Supplementary Figures S5
and S6), and reduced patchy non-specific
antibody binding and uniform background
signal (especially at the surfaces of thick skin
sections) (Supplementary Figure S5).

We next employed GFAP (astrocyte
marker, cytoskeleton protein) immuno-

labeling in free-floating thick sections of
adult rat spinal cords (7) to characterize the
potential benefits of antibody incubation at
37°C. It has been suggested that specific
and non-specific entrapment at the surfaces
of thick tissue sections of antibodies against
highly abundant and widely expressed
proteins (such as GFAP in adult spinal cord)
is the main contributor to the difficulty of
antibody penetration into the central areas
(3,7,19). We found that antibody incubation
at 37°C significantly increased antibody
penetration along the depth of the section,
enhanced specific immunolabeling to make
even detailed objects (such as astrocyte
processes) robustly visible, and reduced the
uniform background signal (Figure 1, B, E,
and F; Supplementary Figure S7). Therefore,
antibody incubation at 37°C for fluorescent
immunolabeling of free-floating thick tissue
sections could simultaneously reduce
antibody incubation durations for homoge-
neous immunolabeling along the section
depth and improve immunolabeling quality.

To identify any additional benefits
of antibody incubation at 37°C during
fluorescent immunolabeling of free-floating
thick tissue sections, we screened for optimal
incubation durations and optimal concentra-
tions for primary antibodies and secondary
antibodies at 37°C by an orthogonal experi-
mental design (Supplementary Figure S2, A
and B). Incubation durations for secondary
antibodies (1:500, 37°C) during parameter
screening for primary antibodies were set to
be the same as those for primary antibodies
to exclude the negative impact of insuffi-
cient secondary antibody incubation on
the quality of primary antibody immunola-
beling (Supplementary Figure S2A) (3,20).
For fluorescent PGP 9.5 immunolabeling in
thick skin sections, in contrast to antibody
incubation at 4°C (primary antibody: 3
days, 1:750; secondary antibody: 36 h,
1:500), primary antibody incubation param-
eters (12 h, 1:2000) and secondary antibody
incubation parameters (12 h, 1:500) at 37°C
stably achieved the highest sensitivity and
specificity of homogeneous immunola-
beling along the section depth, manifested
as relatively robust visualization of the
detailed objects (such as IENFs and LCs) and
substantial reductions of the patchy signals
for non-specific antibody binding or uniform
background signals (Figure 2, A, B, and C;
Supplementary Figures S8 and S9). Similarly,
for fluorescent GFAP immunolabeling in thick
spinal cord sections, in contrast to antibody
incubation at 4°C (primary antibody: 3 days,



1:2000; secondary antibody: 36 h, 1:500),
primary antibody incubation parameters
(24 h, 1:10000) and secondary antibody
incubation parameters (24 h, 1:500) at 37°C
were found to mostly improve the quality
of homogeneous immunolabeling along
the section depth (Figure 2, A, D, and E;
Supplementary Figures S10 and S11). Thus,
antibody incubation at 37°C has the ability
to improve the quality (sensitivity, specificity,
and homogeneity) and efficiency (antibody
incubation duration and concentration) of
fluorescent immunolabeling of free-floating
thick tissue sections.

To further validate the ability of antibody
incubation at 37°C to improve the quality
and efficiency of fluorescent immunola-
pbeling in free-floating thick tissue sections,
we employed more primary antibodies from
different animal species, either monoclonal
or polyclonal, targeting antigens of different
subcellular localizations (membrane-
localized, cytoskeletal, cytosolic and nucleus,
neuronal, and non-neuronal antigens). Our
orthogonal screening results showed that,
in contrast to antibody incubation at 4°C,
antibody incubation at 37°C improved the
quality and efficiency of fluorescent immuno-
labeling of NF200, peripherin, and CGRP
in thick skin sections (Figure 3, A, B, and
C; Supplementary Figure S12, A, B, and
C) or NeuN, Ibat, and Olig2 in thick spinal
cord sections (Figure 3, D, E, and F; Supple-
mentary Figure $12, D, E, and F).

Adult rat peripheral nerves should be
one of the most challenging structures
for diffusion-based penetration of primary
antibodies against axonal proteins since
there are very dense cellular and ECM
networks in their endoneurium, a large
amount of sphingolipids around myelinated
axons, and highly abundant axonal proteins.
This notion was supported by our results,
showing that prolonged antibody incubation
at 4°C, even after thermally-assisted SDS
delipidation, still resulted in faint or negative
immunolabeling against PGP 9.5, peripherin,
and CGRP in the center of thick sciatic nerve
sections (Figure 4, A, D, and G; Supple-
mentary Figure S13A). In contrast, antibody
incubation at 37°C with the same param-
eters for antibody incubation concentra-
tions and durations showed significant
improvement of antibody penetration and
immunolabeling along the section depth
(Figure 4, B, E, and H; Supplementary Figure
S13). Moreover, our orthogonal screening
results showed that antibody incubation at

fluorescent immunolabeling in thick nerve
sections (Figure 4, C, F, and ).

Compared with standard protocols for
immunofluorescent staining of free-floating
thick tissue sections using conventional
antibody incubation temperatures (4°C or
21°C), our modified protocol with antibody
incubation at 37°C demonstrated improved
quality (sensitivity, specificity, and homoge-
neity) and efficiency (antibody incubation
duration and concentration) of fluorescent
immunolabeling, independent of antibody,
antigen, and tissue characteristics. One

possible mechanism for this effect could be
that the higher mobility of antibody during
incubation at 37°C promotes antibody
penetration across the section depth (14),
and enhancement of interactions between
flexible antigen epitopes and highly mobile
antibodies at 37°C improves immunolabeling
sensitivity (15) and specificity. However,
our preliminary results (data not shown)
suggest that the enhancement of antibody
penetration into thick tissue sections by
antibody incubation at 37°C were dependent
onintense chemical or physical pretreatment
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to loosen tissue structures. This could explain the controversial
results of previous studies (8,14,15) in which antibody incubation at
37°C without tissue loosening were shown to have little or no ability
to increase antibody diffusion.

Most antibodies used in biological research are produced in
mammalian biological systems with physiological body temperatures
of ~37°C. Consequently, these antibodies should be evolved so that
37°C is the optimal temperature for their specific and efficient inter-
action with the corresponding antigens residing deep within tissues
and organs. Therefore, it is likely that the improvement in fluorescent
immunolabeling of free-floating thick tissue sections with antibody
incubation at 37°C should be generalizable. This suggests antibody
incubation at 37°C is necessary for the efficient 3-D fluorescent
immunolabeling of other large tissue samples, such as whole organs.
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