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A hybridizationchain-reaction-based
method for amplifying
immunosignals
Rui Lin1–3, Qiru Feng2,4, Peng Li2, Ping Zhou2,
Ruiyu Wang2, Zhe Liu2, Zhiqiang Wang2, Xiangbing Qi2,
Nan Tang2, Feng Shao2 & Minmin Luo2,4
Immunosignal hybridization chain reaction (isHCR) combines
antibody–antigen interactions with hybridization chain
reaction (HCR) technology, which results in amplification of
immunofluorescence signals by up to two to three orders of
magnitude with low background. isHCR’s highly modular and
easily adaptable design enables the technique to be applied
broadly, and we further optimized its use in multiplexed
imaging and in state-of-the-art tissue expansion and clearing
techniques.

Antibody-based immunoassays remain the most popular methods
for detecting and identifying the location of proteins and other
biomolecules in biological samples. A major limitation of immunoassays is that the low abundance of a given target molecule in a
sample often necessitates signal amplification to make detection
possible. Amplification can be achieved with conjugated enzymes1,
but current amplification methods have several drawbacks such as
high background, reduced spatial resolution, and lack of multiplexity2; in addition, they are not suitable for use with large-volume
samples in newer tissue-expansion and clearing techniques3–5.
To overcome many of these limitations, we developed isHCR, an
adaptation of HCR technology for immunosignal amplification6.
isHCR uses label-free streptavidin, which allows the attachment
of synthesized 5′-biotinylated DNA HCR initiators to biotinylated
antibodies (Fig. 1a). These initiators can then be paired with
any of several types of DNA HCR amplifiers (Supplementary
Table 1; detailed information about the antibodies used is
presented in Supplementary Table 2).
We first used isHCR with typical western blotting methods and
confirmed that isHCR can produce a 100-fold increase in proteindetection sensitivity (Supplementary Fig. 1a). Compared with
an enzyme-based chemiluminescent detection method, isHCR
showed similar detection sensitivity but a broader dynamic range
(Supplementary Fig. 1b,c).

We next examined isHCR’s performance in cells. We used
antibodies to GFP to immunostain cultured HEK293T cells
expressing membrane-bound GFP (mGFP). The isHCR-amplified fluorescence signal for the target was dramatically stronger
than the signal obtained with a traditional immunohistochemistry (IHC) method (Supplementary Fig. 2a). Additional control
experiments and analyses confirmed that isHCR amplified the
true mGFP signal and did not affect the spatial resolution of diffraction-limited confocal imaging (Supplementary Fig. 2b–d).
We then used isHCR to enhance IHC staining signals in tissues.
We immunostained mouse brain sections with antibodies to tyrosine hydroxylase (TH). Compared with a traditional IHC method,
our isHCR analysis revealed a more widespread distribution of
TH-positive signals in neuronal processes throughout the brain
(Fig. 1b and Supplementary Fig. 3a,b). Additional control THimmunostaining experiments confirmed the specificity of isHCR
amplification (Supplementary Fig. 3c) and showed that isHCR
amplification did not affect the spatial resolution of diffractionlimited confocal imaging (Supplementary Fig. 3d,e).
We noted that in brain sections isHCR produced higher background than the traditional fluorescence IHC. Brain sections
incubated with DNA-fluorophore HCR amplifiers alone showed
high background levels (Supplementary Fig. 4a). We therefore
used graphene oxide (GO) to adsorb unassembled HCR amplifiers and thus quench their fluorescence7,8 (Supplementary
Fig. 4b). In microplate wells, GO completely abolished the fluorescence of unassembled but not polymerized HCR amplifiers
(Supplementary Fig. 4c). In tissue samples, the addition of GO
at a concentration of 20 µg ml−1 reduced the background but did
not diminish the signal intensity, thus resulting in an improved
signal-to-noise ratio compared with that observed after isHCR
amplification without GO (Supplementary Fig. 4d–f). Further
analysis using antibody serial dilution experiments showed that
isHCR with GO substantially increased the signal intensity compared with that achieved by a standard IHC staining method, with
>80× amplification factors when the primary antibody was highly
diluted (Supplementary Fig. 5).
We then used isHCR with GO to detect vesicular glutamate
transporter-3 (VGLUT3), the expression of which has been
challenging to localize via the standard IHC method (Fig. 1c,
left). Encouragingly, isHCR with the addition of GO reduced the
background and revealed sharp, punctate labeling of VGLUT3+
synaptic terminals (Fig. 1c, middle and right; Supplementary
Fig. 6a,c). Additional control experiments verified that isHCR
faithfully amplified the true VGLUT3 signals and preserved
spatial resolution for confocal imaging (Supplementary
Fig. 6b,d,e). We next used isHCR to examine the expression patterns of neuronal nitric oxide synthase and aromatic l-amino
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Figure 1 | The isHCR method can dramatically amplify immunofluorescent signals with low background. (a) A schematic of the isHCR method using
the biotin (B)–streptavidin (S) interaction. Arrows indicate the 5′-to-3′ direction. (b) Images of mouse brain sections immunostained for TH by the
standard method using Alexa Fluor 488-conjugated streptavidin (SA-488; top) or by isHCR with Alexa Fluor 488-conjugated HCR amplifiers (isHCR-488;
bottom). The images on the right show zoomed-in views of the regions enclosed in boxes on the left. (c) Images of the dorsal raphe nucleus in mouse
brain sections immunostained for VGLUT3 with Alexa Fluor 546-conjugated streptavidin (SA-546), isHCR with Alexa Fluor 546-conjugated HCR amplifiers
(isHCR-546) without GO, or isHCR-546 with GO. The images in the bottom row show zoomed-in views of boxed regions in the images above. “Higher
settings” indicates images of SA group samples collected using higher pinhole values, detector gain settings, and laser intensities. (d) Images of HeLa
cells infected with a SteA–Flag S. Typhimurium mutant strain. Flag-tagging of SteA was achieved with isHCR-488 (top). No specific signal was observed
with a standard IHC method (unamplified, Alexa Fluor 488-conjugated donkey anti-mouse secondary antibody (DAM-488); bottom). Blue indicates cell
nuclei counterstained with DAPI. Scale bars, 1 mm (b, left), 100 µm (b, right), 50 µm (c), or 10 µm (d). All experiments were independently performed
≥3 times; representative data are shown.

acid decarboxylase in brain sections. In both cases, isHCR with
GO consistently showed much richer expression patterns for each
of these proteins than were observed with the traditional IHC
method (Supplementary Fig. 7).
We also explored the use of isHCR with a biotinylated monoclonal antibody to GAD67, and the combination of a monoclonal
antibody to c-Fos with a biotinylated secondary antibody. In both
cases, we obtained much stronger signals in the isHCR-amplified samples than in the unamplified samples (Supplementary
Figs. 8 and 9a).
More important, isHCR made it possible to detect immunosignals that are too weak for traditional IHC. For example,
the presence and precise distribution of some translocated bacterial effectors remain unclear because the concentrations of
these effectors are extremely low in most samples. We tagged
the Salmonella enterica serovar Typhimurium (S. Typhimurium)
effectors SteA and SopD2 with Flag tags, and used transformed
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strains of S. Typhimurium expressing these fusion proteins to
infect HeLa cells (Fig. 1d and Supplementary Fig. 9b). isHCR
amplification yielded strong signals in cells infected with S.
Typhimurium expressing Flag-tagged SteA and SopD2, but not
in uninfected HeLa cells or in HeLa cells infected with wild-type
S. Typhimurium (Fig. 1d, top, and Supplementary Fig. 9b,c). In
contrast, we could not detect any Flag-tag epitope signal when
we used a standard IHC staining method (Fig. 1d, bottom, and
Supplementary Fig. 9b, bottom).
To further amplify an original analyte signal, we designed a version of isHCR that includes several amplification rounds (isHCRn,
where n is the number of rounds). In isHCRn, additional amplification rounds are used to branch and grow the polymers. For
example, HCR initiators can be reacted with DNA–biotin amplifiers. Biotins of the assembled amplifiers polymers can be reacted
with newly added streptavidins, thereby initiating further rounds
of polymer elaboration (Supplementary Fig. 10a). Tests based on

western blotting showed that two extra rounds of amplification
(isHCR3) resulted in an additional tenfold improvement in protein-detection sensitivity (Supplementary Fig. 10b). Notably, compared with amplifiers with biotins at their terminal ends, amplifiers
with biotin groups at internal positions were more accessible to
streptavidins (Supplementary Fig. 10c). Control experiments
confirmed that the specificity and optical resolution were maintained
over multiple rounds of isHCRn amplification (Supplementary
Fig. 10d,e). Further tests showed that the immunosignals of the
neuropeptide substance P were progressively amplified by three
rounds of isHCR, and isHCR3 revealed rich substance P expression
in neuronal processes (Supplementary Fig. 10f,g).
In a proof-of-principle demonstration of multiplexing of
isHCR, we found that the use of two biotinylated secondary antibodies in combination with two orthogonal DNA HCR initiators
enabled isHCR to sequentially amplify two targets in the same
brain-section sample (Supplementary Fig. 11a). To simultaneously amplify multiple targets by isHCR, we directly conjugated
DNA HCR initiators to secondary antibodies via chemical
linkers (Supplementary Fig. 11b). We carried out successful

a

SNAP-tag

GCN4-tag

multiplexed isHCR amplification with initiator-labeled secondary
antibodies in experiments involving western blotting, immunostaining of cultured cells, and immunostaining of brain sections
(Supplementary Fig. 11c–e).
We further tested whether genetically engineered protein tags
could be used to enable the direct binding of targets to HCR initiators. We cultured cells expressing three orthogonal tags targeting
different cellular locations (SpyTag9 for cell nuclei, SNAP-tag10
for mitochondria, and smFP_GCN4 (ref. 11) for cell membranes
(detailed sequences are presented in Supplementary Table 3)).
We then conjugated DNA HCR initiators to tag-binding partners (SpyCatcher9, benzylguanine (BG)10, and scFv11) and used
these for isHCR amplification (Fig. 2a). We observed strong and
correctly localized signals. We next expressed mGFP in mouse
brains and confirmed that HCR initiators conjugated to GFP
nanobodies12 could bind directly to GFP, thus allowing for subsequent isHCR amplification in brain sections (Supplementary
Fig. 12a). Similarly, we expressed the SNAP-tag in mouse brains
and applied BG-functionalized HCR initiators for direct detection and amplification (Supplementary Fig. 12b,c). To enhance
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Figure 2 | Optimization of isHCR for multiplexed labeling, expansion microscopy (ExM) and uDISCO clearing. (a) Images of HEK293T cells expressing
three orthogonal protein tags targeting different cellular locations. The signals were simultaneously amplified with isHCR-488 for msmFP_GCN4,
isHCR-546 for mitoSNAP, and isHCR-647 for H2B-SpyTag. Arrows indicate the 5′-to-3′ direction. SMCC, maleimide-PEG2-NHS. (b) Images of the ventral
tegmental area in expanded brain sections immunostained for VGLUT3 with isHCR-546. The leftmost images show brain sections before and after
expansion. (c) Cholinergic interneurons in striatum labeled with 4×SNAPf-tags and visualized by isHCR-546. Samples were cleared by uDISCO. The middle
and rightmost images show the maximum-intensity projection of the z-position indicated in the leftmost image; the rightmost image shows a zoomed
view of the boxed region in the middle image. Scale bars are adjusted according to an expansion factor of 4 for ExM samples and a shrinkage factor of
2 for uDISCO samples. Scale bars, 10 µm (a; b, right), 3 mm (b, left), 200 µm (c, left), or 100 µm (c, middle and right). All experiments were
independently performed ≥3 times; representative data are shown.
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the labeling intensity of the original SNAP-tag, we used a tandem
SNAP-tag13 (4×SNAPf) (Supplementary Fig. 12c, bottom). These
extensions of the isHCR concept demonstrated that isHCR can be
used effectively for highly multiplexed signal detection.
Recent developments in expansion microscopy (ExM) are revolutionizing the high-resolution imaging of biological samples14,15.
Because the expansion process increases the sample volume, ExM
inevitably results in a dramatic dilution of fluorescent probes for
immunosignal detection16. To combine isHCR with ExM, we
functionalized our DNA–biotin initiators with an acrydite moiety
(for polymer anchoring) and then bound the new initiators to the
antibody–biotin–streptavidin complex (Supplementary Fig. 13a).
After the gelation and protein-digestion steps of ExM, we applied
DNA–fluorophore HCR amplifiers. This approach increased
signal intensity by three orders of magnitude and resulted in many
more labeled puncta compared with the traditional IHC method in
ExM (Fig. 2b and Supplementary Fig. 13b). We did not observe
any difference in the mean diameter of VGLUT3+ puncta between
samples visualized with isHCR and those visualized with standard
IHC staining (Supplementary Fig. 13c,d, bottom).
The adaptation of isHCR for tissue-clearing methods14 proved
challenging because many of these methods, such as the recently
developed uDISCO17, rely on organic solvents for clearing. A
pilot study indicated that isHCR performed worse than standard
IHC in tissues cleared via uDISCO (Supplementary Fig. 13e).
To address this issue, before clearing we applied an additional
round of fixation with formaldehyde to cross-link the HCR initiator–amplifier polymers with nearby proteins. This simple fixation
treatment resulted in much stronger labeling than standard IHC
staining (Supplementary Fig. 13e). We carried out whole-mount
immunostaining and isHCR amplification for prosurfactant protein C in whole lungs from adult mice, using a DNA HCR initiator–conjugated secondary antibody. isHCR was able to achieve
signal amplification evenly throughout the sample material after
uDISCO clearing (Supplementary Fig. 13f). However, a similar
isHCR protocol produced uneven signals deep inside 1-mm-thick
brain sections (data not shown; more detailed discussion on this
point is included in Supplementary Note 1). To further test the
applicability of isHCR in thick brain tissue samples, we carried
out SNAP-tag labeling of the striatal cholinergic interneurons followed by isHCR amplification (using BG-functionalized HCR
initiators) in 1-mm-thick mouse brain slices (Fig. 2c, left). We
observed strong signals throughout the striatum after uDISCO
clearing (Fig. 2c), which demonstrated that isHCR can be applied
with chemical tags to achieve antibody-independent labeling of
thick tissue samples.
The isHCR components and techniques that we developed and
have demonstrated here represent an important extension of the
application scope of the original HCR amplification method. isHCR’s modular design allows it to be readily applied to enhance
fluorescent signals for any biomolecule that can be genetically engineered or targeted with an antibody (Supplementary
Figs. 14 and 15). Moreover, isHCR can potentially be used with
state-of-the-art imaging technologies such as DNA-PAINT18 and
molecular barcoding methods19 to achieve even higher-order
multiplexity. Furthermore, direct conjugation strategies are likely
to facilitate the use of isHCR in high-resolution imaging and in
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large-volume samples (a more detailed discussion on this point is
included in Supplementary Note 1). Considering the vast expanse
of biotechnologies (protein tags, DNA modifications, reaction
chemistries, etc.) that can potentially be incorporated into isHCR,
it is conceivable that a great many biosensors and antibody-based
methods in life science research could be improved or extended
via the creative application of these methods.
Methods
Methods, including statements of data availability and any associated accession codes and references, are available in the online
version of the paper.
Note: Any Supplementary Information and Source Data files are available in the
online version of the paper.
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ONLINE METHODS
A step-by-step protocol is available at Protocol Exchange20.
Reagents and reagent preparation. DNA oligos were synthesized by Thermo Fisher Scientific and Sangon Biotech. Detailed
sequences and modifications of DNA oligos can be found
Supplementary Table 1. All oligos were dissolved in ddH2O and
stored at −20 °C. We prepared BG-labeled oligos by first mixing
NH2-oligo (2 mM; 4 µL), HEPES (200 mM; 8 µL; pH 8.5), and
BG-Gal-NHS (20 mM in DMSO; 12 µL; S9151S, NEB) for 30 min
at room temperature, and then purifying the mixture with Micro
Bio-Spin P-6 gel columns (7326221, Bio-Rad).
Detailed information on antibodies and fluorescent reagents is
shown in Supplementary Table 2. Methacrylic acid N-hydroxysuccinimidyl ester (730300) was obtained from Sigma-Aldrich
and was dissolved in anhydrous DMSO at a concentration of
1 M and stored at −20 °C until use. 4-Hydroxy-TEMPO (176141),
ammonium persulfate (A3678), tetramethylethylenediamine
(T7024), sodium acrylate (408220), dibenzyl ether (108014),
and dextran sulfate (D8906) were purchased from Sigma-Aldrich.
Tert-butanol (974855) was purchased from J&K. Proteinase K
(25530049) was purchased from Thermo Fisher Scientific. GO
(XF020; particle size < 500 nm; C/O ratio: 1.6) was obtained from
Nanjing XFNANO.
Plasmid construction and AAV packaging. The genes encoding
SNAPf, SpyCatcher, and GFP nanobody (LaG-16-2) were synthesized according to previously published methods 9,12,21. We
assembled the 4×SNAPf gene sequence13 by fusing four SNAPfencoding sequences with short peptide linkers via Gibson cloning22. The scFv-GCN4-HA-GB1 gene sequence was amplified
from pHR-scFv-GCN4-sfGFP-GB1-NLS-dWPRE (Addgene plasmid # 60906; a gift from Ron Vale)11. The amino acid sequence for
smFP_GCN4 was designed on the basis of the originally reported
smFPs sequence23 (Supplementary Table 3). For membrane
targeting, a GAP43-palmitoylation sequence was added by PCR
to the 5′ end of genes encoding GFP, SNAPf, and smFP_GCN4
(hereinafter referred to as mGFP, mSNAPf, and msmFP_GCN4).
Two tandem mitochondria-targeting sequences from human
COX8A were amplified by PCR from genomic DNA of HeLa cells
and added to the 5′ end of the gene encoding SNAPf by Gibson
assembly (hereinafter referred to as mitoSNAP). H2B and human
GBP1 sequences were amplified by PCR from genomic DNA of
HeLa cells. A single sequence encoding SpyTag9 was added to the
3′ end of H2B by PCR (hereinafter referred to as H2B-SpyTag).
We constructed the GFP-GBP1 sequence by fusing GFP to the 5′
end of GBP1 by Gibson cloning. mGFP, mitoSNAP, H2B-SpyTag,
and msmFP_GCN4 were cloned into the pcDNA3.1 vector.
Sequences encoding scFv-GCN4-HA-GB1 and SpyCatcher were
cloned into the pET-21a vector for bacterial cytosolic expression.
GBP1 and GFP-GBP1 were cloned into the pET-28a vector for
bacterial cytosolic expression. Sequence encoding LaG-16-2 was
cloned into the pET-22b vector for bacterial periplasmic expression. The sequences encoding S. Typhimurium effectors SteA and
SopD2 were amplified by PCR from genomic DNA of wild-type
S. Typhimurium strain SL1344. These sequences were then cloned
into pME6032 with a C-terminal Flag tag. AAV-DIO-mGFP was
constructed as previously described 24. We constructed AAVDIO-mSNAPf and AAV-DIO-4×SNAPf by inserting sequences
doi:10.1038/nmeth.4611

encoding mSNAPf or 4×SNAPf, in an inverted orientation, into
an AAV-EF1a-DIO backbone derived from AAV-EF1α-DIOhChR2(H134R)-mCherry (a gift from Karl Deisseroth). AAV
vectors were packaged into the AAV2/9 serotype, with titers of
1–5 × 1012 viral particles per milliliter.
Purification of recombinant protein. Escherichia coli BL21
(DE3) cells harboring pET-21a-scFv-GCN4-HA-GB1 or pET21a-SpyCatcher were grown in lysogeny broth (LB) medium
supplemented with 100 µg ml−1 ampicillin. Protein expression
was induced with IPTG at a concentration of 0.1 M for 3 h at
37 °C. E. coli BL21 (DE3) cells harboring pET-28a-hGBP1 or pET28a-GFP-hGBP1 were grown in LB medium supplemented with
30 µg ml−1 kanamycin. Protein expression was induced with IPTG
at a concentration of 0.5 M overnight at 20 °C.
Cells were then pelleted by a 20-min spin at 2,000g at 4 °C. Cells
were lysed via ultrasonic sonication. Cellular debris was removed
via 1 h of centrifugation at 39,000g at 4 °C. The supernatant was
bound to His-Select nickel affinity resin, washed with His-wash
buffer (20 mM NaH2PO4, pH 8.0, 1 M NaCl, 20 mM imidazole),
and eluted with His-elution buffer (20 mM sodium phosphate,
pH 8.0, 0.5 M NaCl, 250 mM imidazole), and the eluate was then
dialyzed with phosphate-buffered saline (PBS).
LaG-16-2 was expressed and purified according to a previously
published method12. In brief, E. coli BL21 (DE3) cells harboring
pET-22b- LaG-16-2 were grown in LB medium supplemented
with 100 µg ml−1 ampicillin. Protein expression was induced
with IPTG at a concentration of 0.1 M for 20 h at 12 °C. Cells
were pelleted via 10 min of centrifugation at 5,000g at 4 °C. The
periplasmic fraction was isolated by osmotic shock. This fraction
was then bound to His-Select nickel affinity resin and purified
as described above.
Protein–HCR DNA initiator conjugation. For the conjugation
we used maleimide-PEG2-NHS (746223, Sigma-Aldrich) or NHSazide (synthesized or purchased from Thermo Fisher Scientific
(26130)) as the linker. For maleimide-PEG2-NHS conjugation,
proteins (IgGs, scFv, LaG-16-2, and SpyCatcher) were dialyzed
into PBS, pH 7.4, and reacted with maleimide-PEG2-NHS (7.5fold molar excess) at room temperature for 2 h. Excess crosslinkers were removed from maleimide-activated proteins with
Zeba spin columns (7-kDa molecular-weight cutoff (MWCO)).
In parallel, thiol-modified HCR initiators were reduced by DTT
(100 mM) in PBS (1 mM EDTA, pH 8.0) for 2 h at room temperature, and then purified on Micro Bio-Spin P-6 gel columns.
The maleimide-activated proteins and reduced initiators (15-fold
molar excess for IgGs; 7.5-fold for scFv and LaG-16-2; 3-fold for
SpyCatcher) were mixed and reacted at room temperature for
2 h. HCR-initiator-labeled proteins were purified with Amicon
Ultra centrifugal filters (50-kDa MWCO) or Zeba spin columns
(7-kDa MWCO).
For NHS-azide conjugation, proteins were dialyzed into PBS,
pH 7.4, and reacted with NHS-azide (7.5-fold molar excess) at
room temperature for 2 h. Excess cross-linkers were removed
from azide-activated proteins with Zeba spin columns (7-kDa
MWCO). The azide-activated proteins were mixed with DBCOlabeled HCR initiators (15-fold molar excess for IgGs; 7.5-fold for
scFv and LaG-16-2; 3-fold for SpyCatcher) and then reacted at
room temperature for 12 h. HCR-initiator-labeled proteins were
nature methods

purified with Amicon Ultra centrifugal filters (50-kDa MWCO)
or Zeba spin columns (7-kDa MWCO).

© 2018 Nature America, Inc., part of Springer Nature. All rights reserved.

Cell culture and bacterial infections. HEK293T cells (ATCC
CRL-3216) and HeLa cells (ATCC CCL-2) were used for the cultured-cell staining experiments. Cells were seeded on 12-mm
#1.5 coverslips. Transfection was done with PEI. Cells were fixed
with paraformaldehyde before subsequent experiments. The
S. Typhimurium infection was carried out according to a previously published method25.
Mice and virus injection. Animal care and use were approved
by the Animal Care and Use Committee of the National Institute
of Biological Sciences, Beijing (Approval ID: NIBSLuoM15C), in
accordance with the Regulations for the Administration of Affairs
Concerning Experimental Animals of China. Adult (8–12 weeks
old) SERT-Cre mice (strain B6.Cg-Tg(Slc6a4-Cre)ET33Gsat;
MMRRC; Davis, CA, USA), Vglut3−/− mice26, CaMKIIa-Cre
(strain B6.Cg-Tg(Camk2a-cre)T29-1Stl/J), ChAT-Cre (strain
B6;129S6-Chattm2(cre)Lowl/J), and C57BL/6N mice of either
sex were used. Mice were maintained with a 12/12-h photoperiod (light on at 8 A.M.) and were provided food and water ad
libitum. Mice were anesthetized with pentobarbital (80 mg/kg
body weight injected intraperitoneally) before surgery and then
placed in a mouse stereotaxic instrument. For each mouse, 350 nl
of virus (AAV-DIO-mGFP, AAV-DIO-mSNAPf, or AAV-DIO4×SNAPf) was infused into the target areas of mice via a glass
pipette at rate of 50 nl min−1. All subsequent experiments were
performed at least 3 weeks after virus injection to allow sufficient
time for transgene expression.
Mouse behaviors. The enriched-environment experiments were
done on adult (8–12 weeks old) C57BL/6N male mice according
to the following protocol. The mice were singly housed 3 d before
the experiments. They were randomly assigned into the ‘environmentally enriched’ group or the ‘homecage control’ group (n = 3
mice for each group). The enriched-environment arena was a
plastic box measuring 50 × 50 cm and containing a running wheel,
a plastic tunnel, wooden chips for chewing, and buried food. The
mice from the experimental group (n = 3 mice) were allowed to
explore the arena for 1 h. The mice were then removed from the
novel environment and returned to their homecage, and were
killed 30 min later. Homecage control mice (n = 3 mice) were
killed directly without exploring the arena. c-Fos expression was
examined without blinding.
Tissue sample preparation. Mice were anesthetized with an overdose of pentobarbital and perfused intracardially with PBS followed
by paraformaldehyde (PFA; 4% (w/v) in PBS). Tissues (brains or
lungs) were dissected out and postfixed in 4% PFA for 4 h at room
temperature or for 1 d at 4 °C. Tissue samples were first dehydrated
in 30% sucrose solution for preparation of thin sections (50 µm)
or, for large-volume tissue samples (lung and brain sections thicker
than 500 µm), pretreated with methanol according to the original
iDISCO+ protocol27. The thickness of mouse brain sections was
50 µm for immunofluorescent labeling or ExM. Thin sections were
prepared on a Cryostat microtome (Leica CM1950). For uDISCOcleared brain samples, thick sections (500–1,000 µm) were prepared
with a vibratome (Leica VT 1200S). The brain section samples for
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experiments that compared the signal intensity from isHCR amplification to that achieved with traditional IHC methods were serial
sections from the same mice, and were prepared on the same day.
Serial sections were divided equally into two groups for the subsequent experiments.
Immunohistochemistry. Detailed information on antibodies,
including working concentrations and incubation times, can be
found in Supplementary Table 2. For brain sections and cultured
cells, samples were permeabilized with 0.3% Triton X-100 in PBS
(PBST) and blocked in 2% BSA in PBST at room temperature
for 1 h. Sections were then incubated with primary antibodies.
Samples were washed three times in PBST and then incubated
with biotinylated or HCR-initiator-conjugated secondary antibodies. For control experiments, we used a mixture containing
equal amounts of fluorophore-conjugated secondary antibodies
and biotinylated secondary antibodies. Samples were then washed
again three times in PBST. For the samples that were stained by
the standard IHC method using biotinylated secondary antibodies and subsequently prepared for ExM analysis, sections were
further incubated in 1 mM methacrylic acid N-hydroxysuccinimidyl ester in PBS at room temperature for 1 h (ref. 28). The
biotinylated secondary antibodies were visualized by fluorophoreconjugated streptavidin or DNA–fluorophore HCR amplifiers.
HCR-initiator-conjugated secondary antibodies were visualized
by DNA–fluorophore HCR amplifiers.
For S. Typhimurium–infected HeLa cells, samples were washed
with PBS once and fixed with 4% PFA for 15 min at room temperature. Samples were washed three times in PBS to remove PFA,
and were then incubated with anti-Salmonella primary antibody at
room temperature for 1 h. Samples were then washed again three
times in PBS. Cy3-conjugated goat anti-rabbit secondary antibodies were used to detect extracellular S. Typhimurium. After incubation at room temperature for 1 h, samples were washed three
times in PBS. Samples were then permeabilized in 0.3% PBST for
5 min at room temperature. Samples were incubated in an antibody mixture containing anti-Flag and anti-Salmonella primary
antibodies for 1 h at room temperature. Samples were washed
three times in PBS to remove the unbound primary antibodies.
A mixture containing biotinylated donkey anti-mouse secondary
antibody (for detecting Flag tag) and Alexa Fluor 647–conjugated
secondary antibody (for detecting intracellular S. Typhimurium)
was applied. Samples were washed three times in PBS after incubation at room temperature for 1 h. The biotinylated donkey
anti-mouse secondary antibodies were visualized by fluorophoreconjugated streptavidin or DNA–fluorophore HCR amplifiers.
Labeling of isHCR initiators. All reagents were dissolved in HCR
amplification buffer (5× sodium chloride citrate (SSC) buffer,
0.1% (v/v) Tween-20, and 10% (w/v) dextran sulfate in ddH2O).
After labeling with biotinylated secondary antibodies, samples
were incubated in 1 µg ml−1 streptavidin at room temperature
for 30 min. After being washed three times in PBST, samples were
incubated with 0.5 µM DNA–biotin HCR initiators at room temperature for 30 min. Samples were then washed three times and
stored in PBST.
For multiplexed amplification using multiple biotinylated secondary antibodies (Supplementary Fig. 11a), the immunosignals of target proteins were amplified by isHCR sequentially.
doi:10.1038/nmeth.4611
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That is, after being labeled with two primary antibodies, samples
were incubated with one of two biotinylated secondary antibodies against a primary antibody; the basic isHCR amplification
protocol was then used to amplify the signal of the secondary
antibody. Next, before the application of the second of the two
biotinylated secondary antibodies, brain sections were incubated
with streptavidin (0.5 µg ml−1; 30 min, room temperature) to
block any unbound biotin units remaining on the first secondary antibody; biotin (5 ng ml−1; 30 min, room temperature) was
then added to saturate the biotin-binding sites of the streptavidin.
Once the reactivity of the first biotinylated secondary antibody
had been blocked, the second biotinylated secondary antibody
was added and then amplified. For multiplexed labeling with
HCR-initiator-conjugated secondary antibodies (Supplementary
Fig. 11c–e), the snap-cooled DNA–fluorophore HCR amplifiers can be applied directly to initiator-labeled samples and then
amplified with the basic isHCR amplification protocol (i.e., without any streptavidin step).
The labeling of genetically encoded tags (SNAP-tag, SpyTag,
GFP, and smFP_GCN4) with HCR initiators was conducted as
follows (Fig. 2a,c and Supplementary Fig. 12a,c). After membrane permeabilization, samples of cultured cells or brain sections
were incubated with appropriate binding partners. For SNAP-tag
labeling in cultured-cell or thin brain-section samples, we applied
0.1 µM BG-labeled HCR initiators or 0.5–1 µM SNAP-Surface
Alexa Fluor 546 and incubated these samples at room temperature
for 1 h. For SNAP-tag labeling in 1-mm brain-section samples,
the concentration of BG-labeled HCR initiators was increased to
0.5 µM, and the incubation time was prolonged to 1 d at 37 °C.
For SpyTag labeling, we applied 25 µM HCR-initiator-labeled
SpyCatcher and incubated the samples at room temperature for
2 h. For mGFP-labeled samples, we applied 1 µg ml−1 HCR-initiator-labeled LaG-16-2 and incubated the samples overnight at 4 °C.
For smFP_GCN4 labeling, we applied 5 µg ml−1 HCR-initiatorlabeled scFv-GCN4-HA-GB1 and incubated the samples at room
temperature for 1 h. PBS was used as the incubation buffer for
SNAP-Surface Alexa Fluor 546 labeling. HCR amplification buffer
was used for all HCR-initiator-containing reagents. Samples were
then washed three times with PBST and stored in PBST.
isHCR amplification. Note that although the experimental
steps regarding the isHCR initiators varied according the conjugation strategies, the basic isHCR amplification process was
common to all of the experiments. First, HCR amplification
buffer was prepared (5× SCC buffer, 0.1% (v/v) Tween-20, and
10% (w/v) dextran sulfate in ddH2O). Next, we snap-cooled a
pair of DNA–fluorophore HCR amplifiers separately in 5× SSC
buffer by heating them at 95 °C for 90 s and then cooling them
to room temperature over 30 min. Both of these amplifiers were
then added to amplification buffer (typically to a final concentration of 12.5 nM for thin sections and cultured cell samples,
or 150 nM for large-volume samples). The isHCR amplification
proceeded as samples were incubated with this buffer overnight
at room temperature (2 d at 37 °C for 1-mm brain-section samples), and free amplifiers were then removed by three washes with
PBST before signal detection. Note that an additional GO step was
added to this basic process for applications that demanded background suppression. Briefly, to include the quenching step, GO
(20 µg ml−1) was mixed with the amplifiers in amplification
doi:10.1038/nmeth.4611

buffer. The amplifier–GO mixture was vortexed thoroughly and
incubated at room temperature for at least 5 min before being
added to initiator-labeled samples.
To perform multi-round amplification (Supplementary
Fig. 10), we used DNA–biotin HCR amplifiers. Before use, DNA–
biotin HCR amplifiers were snap-cooled. Samples were incubated
with 12.5 nM DNA–biotin HCR amplifiers overnight at room temperature. After extensive washing, streptavidin (1 µg ml−1) was
applied again to start the next round of amplification. The procedure of adding DNA–biotin HCR amplifiers and then streptavidin was repeated two or three times to achieve desired signal
intensity. DNA–fluorophore amplifiers (12.5 nM) were used in the
final round to visualize the signals. For control experiments, HCR
amplifiers dual-labeled with biotin and Alexa Fluor 488 were used
for the first round of amplification. Alexa Fluor 546–labeled HCR
amplifiers were used for the second round of amplification.
We initially conducted tests of the effects of GO on the performance of both unassembled and polymerized HCR amplifiers
(Supplementary Fig. 4b). For this, DNA–Alexa Fluor 546 HCR
amplifiers were snap-cooled and added to the amplification buffer
at a final concentration of 12.5 nM, and GO (20 µg ml−1) was added
to quench the fluorescence of free HCR amplifiers in solution. After
5 min of quenching, DNA–biotin HCR initiators (0.5 µM) were
added to trigger the polymerization of HCR amplifiers and the
attendant recovery of fluorescence. After incubating samples overnight at room temperature, we measured the fluorescence of samples with a Molecular Device SpectraMax M3 microplate reader.
Expansion microscopy. The ExM protocols followed previously
published methods4,28. In brief, 50-µm initiator-labeled sections
were incubated for 45 min in gelling solution (1× PBS, 2 M NaCl,
2.5% (w/w) acrylamide, 0.15% (w/w) N,N-methylenebisacrylamide, 8.6% (w/w) sodium acrylate, 0.01% (w/w) 4-hydroxyTEMPO, 0.2% (w/w) tetramethylethylenediamine, 0.2% (w/w)
ammonium persulfate) at 4 °C. Sections were then transferred
to a gelling chamber and gelled at 37 °C for 2 h. Gels were incubated in digestion buffer (50 mM Tris, pH 8.0, 1 mM EDTA, 0.5%
Triton X-100, 0.8 M guanidine HCl, 8 units ml−1 Proteinase K)
overnight at room temperature. All samples were stored in PBS
before subsequent isHCR amplification. isHCR amplification for
ExM samples was performed as described above. Finally, gels were
washed and expanded in ddH2O. The expanded gels were cut and
mounted, with ddH2O used as the mounting medium. Gels were
immobilized with low-melting agarose to prevent drifting during
microscopic imaging.
Tissue clearing. We used a modified uDISCO protocol for tissue
clearing5,27. 500-µm brain sections and lungs were immunostained
and amplified by isHCR. 1-mm brain sections were labeled with
BG and amplified by isHCR. The amplified samples were incubated in formaldehyde (4%) for 2 h at room temperature. After
being washed three times in PBS, the samples were dehydrated via
serial incubations in 30%, 50%, 70%, 80%, 90%, 96%, and 100%
tert-butanol (v/v in ddH2O) at 35 °C. Finally, samples were incubated in dibenzyl ether at room temperature until clear.
Fluorescence microscopy. Confocal microscopy was performed
on a Zeiss Meta LSM510 confocal scanning microscope using
a 10×/0.3-NA (numerical aperture), 20×/0.5-NA, 63×/1.4-NA,
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or 100×/1.3-NA objective, or on a Zeiss LSM880 confocal scanning microscope using a 10×/0.45-NA, 20×/0.5-NA, 20×/0.8-NA,
40×/0.75-NA, or 40×/0.95-NA objective. Images were processed
and measured with FIJI and Matlab. For confocal imaging, brain
sections from both unamplified and isHCR-amplified groups were
imaged with identical laser intensity, pinhole, detector gain, and
offset values. In some experiments, higher laser intensities were
used to image brain sections for the unamplified, streptavidinlabeled (SA) group samples; such images are labeled with “higher
laser intensity” in the figures. In some experiments, images of SA
group samples were collected using higher pinhole values, detector gain settings, and laser intensities; such images are labeled
with “higher settings” in the figures.
To image entire brain sections, we carried out wide-field fluorescence imaging with the Olympus VS120 virtual microscopy
slide scanning system with a 10× objective. For slide scanner
imaging, brain sections from both groups on the same slide were
imaged during the same imaging run using identical light intensities and exposure times. The images were acquired at 16-bit and
were converted directly to TIFF format for publication.
Data analysis. To determine the width of immunopositive neuronal processes or cell membrane (Supplementary Figs. 2d, 3e,
and 10e), we calculated the full width at half-maximum (FWHM)
using signals from either unamplified or isHCR-amplified channels29. A series of straight lines perpendicular to the membrane
or neuronal process were drawn. The corresponding intensity
profiles were plotted and averaged for each channel. For neuronal process measurement, we applied baseline correction. The
corrected average intensity of each channel was fit to a Gaussian
distribution with a nonlinear least-squares method. FWHM was
calculated with the following equation: FWHM = 2 2 ln 2 σ,
where σ is the s.d. of the fitted Gaussian curve. For cell membrane
measurement, the mean intensity of the distance from the edge
of the membrane or neuronal process (typically between −3 µm
and −2 µm) was calculated as the baseline (denoted by m). The
peak value of the curve was then determined (denoted by p). The
half-peak intensity (I) was defined as (p + m)/2. The FWHM was
quantified as the width of the average intensity curve at I.
To quantify the size of VGLUT3-immunopositive puncta
(Supplementary Figs. 6e and 13c,d), we first randomly chose
immunopositive puncta using the image data from unamplified
and isHCR-amplified samples. A straight line across each punctum
was drawn and rotated, with the punctum as the center of rotation.
For every 6°, the intensity profile along the line of both the unamplified and isHCR-amplified channels was plotted. The average
intensity of each channel was calculated, and baseline correction
was then applied. The FWHM was calculated via the same protocol
for neuronal process measurement as described above.
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To determine the dynamic range of blotting signals
(Supplementary Fig. 1), we calculated the peak intensity area of
each lane and plotted it using the signals acquired with short or
long exposure time. We then plotted the intensity values versus
analyte protein amounts using a log2 scale. We then performed a
series of linear regressions across ranges of protein amount and
calculated the R-squared value for each regression. The linear
dynamic range represented the range that reported the maximum
R-squared value.
To calculate the amplification factors of isHCR in brain sections
(Supplementary Fig. 5), we carried out NeuN immunostaining
using anti-NeuN primary antibodies with different dilution ratios.
We then visualized the signals using isHCR (with or without GO)
or SA-546. The images of isHCR-546 and SA-546 samples from
anterior cingulate cortex, dorsal striatum, and medial septum
were acquired with identical microscopy settings. We then calculated the average signal intensity within each data group.
Statistics and reproducibility. All experiments were independently performed ≥3 times with similar results, except the duallabeling experiment depicted in Supplementary Figure 11a
(two independent experiments) and the control immuno
staining experiment on VGLUT3-knockout mice depicted in
Supplementary Figure 3c (one experiment). Figures illustrate
representative data for each experiment.
Statistical significance was determined by t-test, one-way
ANOVA, or Kolmogorov–Smirnov test. P < 0.05 was considered
significant. Exact P values and the corresponding statistical methods are stated in figure legends where relevant.
Code availability. The Matlab codes used in this study are available from the corresponding author upon reasonable request.
Life Sciences Reporting Summary. Further information on
experimental design is available in the Life Sciences Reporting
Summary.
Data availability. The data and plasmids generated in this study are
available from the corresponding author upon reasonable request.
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Experimental design

1. Sample size
Describe how sample size was determined.

No hypothesis based experiment was performed. Therefore, the sample size was not predetermined.
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2. Data exclusions
Describe any data exclusions.

No data were excluded.

3. Replication
Describe the measures taken to verify the reproducibility
of the experimental findings.

All experiments were independently performed >= 3 times with similar results, except the
dual labeling experiment depicted in Supplementary Fig. 11a (2 independent experiments)
and the control labeling experiment on Vglut3 knockout mice depicted in Supplementary Fig.
6b (1 experiment). Figures illustrate representative data for each experiment.

4. Randomization
Describe how samples/organisms/participants were
allocated into experimental groups.

The brain section samples for those experiments that compared the signal intensity from
isHCR amplification and traditional IHC methods were serial sections from the same mice,
and were prepared on the same day. Serial sections were divided equally into two groups for
the subsequent experiments.
For behavior tests, mice were randomly distributed into given groups after matching for sex
and age.

5. Blinding
Describe whether the investigators were blinded to
group allocation during data collection and/or analysis.

No in vivo experiments were performed in this study. The samples for those experiments that
compared the signal intensity from isHCR amplification and traditional IHC methods were
prepared and stained in the same experimental sessions. Therefore, no blind experiments
were carried out.

Note: all in vivo studies must report how sample size was determined and whether blinding and randomization were used.
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6. Statistical parameters

n/a Confirmed
The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement (animals, litters, cultures, etc.)
A description of how samples were collected, noting whether measurements were taken from distinct samples or whether the same
sample was measured repeatedly
A statement indicating how many times each experiment was replicated
The statistical test(s) used and whether they are one- or two-sided
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

A description of any assumptions or corrections, such as an adjustment for multiple comparisons
Test values indicating whether an effect is present
Provide confidence intervals or give results of significance tests (e.g. P values) as exact values whenever appropriate and with effect sizes noted.

A clear description of statistics including central tendency (e.g. median, mean) and variation (e.g. standard deviation, interquartile range)
Clearly defined error bars in all relevant figure captions (with explicit mention of central tendency and variation)
See the web collection on statistics for biologists for further resources and guidance.
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For all figures and tables that use statistical methods, confirm that the following items are present in relevant figure legends (or in the
Methods section if additional space is needed).

Software

Policy information about availability of computer code

7. Software
Describe the software used to analyze the data in this
study.

Matlab (version R2016b); GraphPad Prism (7.0a); ImageJ (FIJI) (version 2.0.0)

For manuscripts utilizing custom algorithms or software that are central to the paper but not yet described in the published literature, software must be made
available to editors and reviewers upon request. We strongly encourage code deposition in a community repository (e.g. GitHub). Nature Methods guidance for
providing algorithms and software for publication provides further information on this topic.

`

Materials and reagents

Policy information about availability of materials

8. Materials availability
Indicate whether there are restrictions on availability of
unique materials or if these materials are only available
for distribution by a third party.

The materials used in this study are available from the corresponding authors upon request.

9. Antibodies
Describe the antibodies used and how they were validated The following primary antibodies were used in this study: anti-Tyrosine Hydroxylase (ab152),
for use in the system under study (i.e. assay and species). anti-Choline acetyltransferase (AB144P), anti-Dopamine Transporter (MAB369), anti- GAD67

(MAB5406B), anti-NeuN (ABN78) and anti-Prosurfactant Protein C (ab3786) from Millipore;
anti-Substance P (ab7340), anti-DOPA decarboxylase (ab3905), anti-Salmonella (ab35156)
from Abcam; anti-c-Fos (sc-166940), anti-Tom20 (sc-11415) and anti-hGBP1 (sc-53857) from
Santa Cruz; anti-Neuronal nitric oxide synthase (N7280) and anti-FLAG (F1804) from Sigma;
anti-vglut3 (135 203) from Synaptic Systems; anti-GFP (A10259) from Thermo Fisher
Scientific; anti-Ki67 (14-5698-80) from eBioscience; anti-HA (901505) from BioLegend.
The following secondary antibodies were used in this study: Donkey anti-rat (712-065-153),
Donkey anti-goat (705-065-147), Donkey anti-mouse (715-065-151), Goat anti-rabbit
(111-605-144, 111-165-008, 111-545-144) from Jackson ImmunoResearch; Goat anti-mouse
(a11001), Goat anti-rabbit (31212), Goat anti-rat (31220) from Thermo Fisher scientific; Goat
anti-rabbit (ab6720) from Abcam.
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These antibodies were extensively used in previous studies. Staining pattern was compared
to existing literature when possible. Details of antibodies and their uses can be found in
Methods section and Supplementary Table 2.
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a. State the source of each eukaryotic cell line used.

HEK293T cells (ATCC CRL-3216) and HeLa cells (ATCC CCL-2) were used in this study

b. Describe the method of cell line authentication used.

No cell line authentication was performed

c. Report whether the cell lines were tested for
mycoplasma contamination.

Cell lines were not tested for mycoplasma contamination

d. If any of the cell lines used are listed in the database
of commonly misidentified cell lines maintained by
ICLAC, provide a scientific rationale for their use.

None of the cell lines used are listed in the ICLAC database.

Animals and human research participants

Policy information about studies involving animals; when reporting animal research, follow the ARRIVE guidelines

11. Description of research animals
Provide all relevant details on animals and/or
animal-derived materials used in the study.

Adult (8-12 weeks old) SERT-Cre mice [strain name: B6.Cg-Tg(Slc6a4-Cre)ET33Gsat; MMRRC;
Davis, CA, USA], Vglut3-/- mice50, CaMKIIa-Cre [strain name: B6.Cg-Tg(Camk2a-cre)T29-1Stl/
J], ChAT-Cre [strain name: B6;129S6-Chattm2(cre)Lowl/J], and C57BL/6N mice of either sex
were used.

Policy information about studies involving human research participants
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10. Eukaryotic cell lines

12. Description of human research participants
Describe the covariate-relevant population
characteristics of the human research participants.

No human research participants were involved in this study.
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