
Development 143: doi:10.1242/dev.138560: Supplementary information 

Supplementary Materials and Methods 

Cultured cells 

Sample Preparation 
CAD cells were obtained from Sigma Aldrich (Sigma, Cat. # 08100805) cultured as 
described previously (Suri et al., 1993). CAD cells were grown in DMEM/F-12 medium 
(ThermoFisher, Cat. # 12634), supplemented with 10% FBS (Gibco, Cat. # 16000) and 1% 
penicillin-streptomycin (Gibco, Cat. # 15140) on standard tissue culture flasks in a 
humidified 5% C02 incubator. CAD cells were passaged every 3 to 4 days and cells were 
plated at a 1:10 dilution. For microscopy experiments, 22 mm × 40 mm no. 1.5 coverslips 
(EMS, Cat. # 72204) were coated with 0.01% poly-D-lysine (Sigma, Cat. # P7280) for 2 
hours at 37 °C in standard tissue culture dishes. Coverslips were washed with UltraPure 
water (ThermoFisher, Cat. # 10977) and cells were plated on the coverslip at a 1:6 dilution. 
Cells were grown overnight and fixed the following day with 4% formaldehyde in 1× PBS 
for 15 minutes at room temperature. Formaldehyde was then washed out with RNAse-free 
2× SSC and stored in 70% ethanol and stored at -20oC. 

In situ hybridization 
Probe design and synthesis 
DNA 20-nt probes complementary to the target mRNA were designed using Stellaris 
Designer (Tables S1 and S2). For smFISH probes, 5’	amine	modified	oligos	were	purchased	
and were directly coupled to a fluorophore and purified as described in Lubeck and Cai, 
2012. smHCR probes are 60-nt long with a 20-nt long mRNA recognition sequence, 4-nt 
spacer and a 36-nt HCR initiator on the 3` end.  

Probe hybridization  
Coverslips coated with cells were removed from 70% EtOH storage at -20 °C. Coverslips 
were air-dried to remove all traces of EtOH and rehydrated in 2× SSC for 5 minutes. 
Samples were then hybridized overnight at 1 nM probe concentration in 10% hybridization 
buffer at 37 °C. 10% hybridization buffer is composed of 10% formamide (Ambion, Cat. # 
AM9342), 10% Dextran Sulfate (Sigma-Aldrich, Cat. # D6001) and 2× SSC (Sigma-Aldrich, 
Cat. # 93017) in RNAse-Free H2O (Life Technologies, Cat. # 10977-015). While higher 
concentrations of probe often generate more signal per mRNA molecule, the corresponding 
increase in background generally negates any advantages. 

Probe wash  
Following hybridization, samples were washed in a solution of 30% formamide, 2× SSC, 
0.1% Triton-X 100 (Sigma-Aldrich, Cat. # T8787) for at least 15 minutes. Increasing the 
wash duration appeared to have little effect on signal or background. All traces of wash 
buffer and unbound probe were removed by multiple rinses in 2× SSC. 
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HCR amplification  
During the wash step above, fluorophore-labeled HCR hairpins purchased from Molecular 
Instruments (molecularinstruments.org) were thawed out of -20 °C storage and snap-
cooled (heat at 95 °C for 2 minutes and cool to room temperature for 30 minutes) before 
use. Amplification was performed for 45 minutes at room temperature at a concentration 
of 120 nM per hairpin in an amplification buffer consisting of 10% Dextran Sulfate and 2× 
SSC in RNAse-Free water. Amplification times can be varied to modify polymer length. 
Following amplification, samples were washed in the wash buffer described above for at 
least 10 minutes to remove unbound hairpins. 

Imaging 
After amplification, samples were briefly stained with DAPI (Life Technologies, Cat. # 
D1306), rinsed in 2× SSC and placed in an enzymatic anti-bleaching buffer described in 
Lubeck et al., 2014. Samples were imaged on Nikon Ti-Eclipse microscopes. Due to the high 
gain of smHCR, samples could be easily imaged on microscopes equipped with either a 
solid state laser or a xenon arc lamp. All publication data was obtained using laser 
illumination. All microscopes used high quantum efficiency (QE) Andor iKon-M cameras, 
but in principle, lower QE cameras can be used to image smHCR. 
 

Image Processing and Analysis 
All image analysis was performed on three-dimensional image stacks in MATLAB. Before 
image analysis, the background in each image was subtracted using the ImageJ rolling ball 
background subtraction algorithm with a radius of 3 pixels. Next, regions of interest were 
selected to avoid issues of non-uniform illumination and spherical aberrations on the edges 
on images. The images were then corrected for chromatic aberrations by using multi-
spectral beads to determine a geometric transformation to align all channels. Once the 
images were sufficiently aligned, local maxima within the image were found after first 
thresholding the images based on previously published smFISH thresholding methods (Raj 
et al., 2008). Transcripts for smFISH images were found using previously published LOG 
filter and local maxima finding methods (Raj et al., 2008).  
 
Transcripts for smHCR images were found by setting all pixels values below a threshold to 
zero and then finding local maxima. A mask of shape [1 1 1; 1 0 1; 1 1 1] is used to dilate 
(MATLAB	function	“imdilate”)	the	grayscale	image.	The	center	of	the	mask is positioned at 
each pixel, and the pixel value is replaced by the maximum value found at the neighboring 
pixels where there is a value of 1 in the 3-by-3 matrix. The resulting image is such that 
every pixel value is replaced by the maximum value of its 8 neighbors. The resulting image 
is compared to the original image such that every pixel that is greater in the original image 
than in the dilated imaged is a local maxima of the image. Due to the differing profiles of the 
smHCR dots from the smFISH dots, LOG filtering to find HCR dots often results in errors in 
dot positions. Once dots were found in all images, the local maxima were matched using a 
maximum 1-pixel tolerance symmetric nearest neighbor search (SNNS). SNNS only 
matches dots that are the closest to each other and not to any other point. Analysis 
software can be obtained upon request. 
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 We define true mRNA signals as those dots that are colocalized in at least two of the 
three channels. We calculate a true positive rate for channel x as the percentage of true 
mRNA signals detected as dots in channel x:  
 

%𝑇𝑃௫ = 100𝑁௫௧௥௨௘/𝑁௠ோே஺ 
 
where 𝑁௫௧௥௨௘ is the number of dots representing true mRNAs detected in channel x, and 
𝑁௠ோே஺ is the total number of true mRNAs detected across the three channels. We calculate 
a false positive rate for channel x as the percentage of dots in channel x that are not true 
mRNA signals: 

%𝐹𝑃௫ = 100𝑁௫௙௔௟௦௘௫/(𝑁௫௧௥௨௘ + 𝑁௫௙௔௟௦௘) 
where 𝑁௫௙௔௟௦௘ is the number of dots detected in channel x that do not represent true mRNAs 
(i.e., dots in channel x that do not colocalize with dots in either of the other channels).  
 

 

 

Whole-mount zebrafish embryos 

The following protocol is adapted from Choi et al., 2014.  

Sample Preparation 
1. Collect zebrafish embryos and grow in a petri dish with egg H2O at 28 °C until ~27 h 

post-fertilization (27 hpf).  
2. Dechorionate embryos, transfer to an eppendorf tube and remove excess egg H2O. 
3. Fix zebrafish embryos in 1mL freshly prepared 4% paraformaldehyde (PFA) for 24 

hr at 4 °C. 
4. Wash embryos 3 x 5 min with PBS to stop the fixation. Fixed embryos can be stored 

at 4 ºC at this point. 
5. Dehydrate and permeabilize with a series of methanol (MeOH) washes: 

a. 100% MeOH for 4 x 10 min 
b. 100% MeOH for 50 min. 

6. Rehydrate with a series of graded MeOH / PBST washes for 5 min each: 
a. 75% MeOH / 25% PBST 
b. 50% MeOH / 50% PBST 
c. 25% MeOH / 75% PBST 
d. 5 x 100% PBST 

7. Store embryos at 4 °C before use. 
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In situ hybridization 
Probe design and synthesis 
smHCR probes for the mRNA target (kdrl) are 71 nt long (30-nt mRNA recognition 
sequence, 5-nt spacer, 36-nt initiator). Each probe set contains 39 1-initiator DNA probes 
(Table S3;	 sequences	 listed	5’	 to	3’). Probes were designed to have ≥ 5 nt gaps between 
each other along the target mRNA. The order of probe binding is alternating between probe 
sets along the mRNA. Within a given probe set, each probe initiates the same DNA HCR 
amplifier. Probes were purchased from Molecular Instruments.  

Probe hybridization  
1. Pre-hybridize approximately 6 embryos in pre- hybridization buffer for 30 min at 65 qC. 

Pre-hybridization buffer is composed of 50% formamide (Ambion, Cat. # AM9342), 5× 
SSC (Invitrogen, Cat. # 15557-044), 9 mM citric acid pH 6 (Mallinckrodt Chemicals, Cat. 
# 0627-12), 0.1% Tween-20 (Bio-Rad, Cat. # 161-0781),	50	μg/mL	heparin	(Sigma,	Cat.	
# H3393), 1× Denhardt’s	solution	(Invitrogen, Cat. # 750018) and 10% dextran sulfate 
(Sigma, Cat. # D6001). 

2. Meanwhile, prepare the probe solution:  
a. Each probe should be at a concentration of 2 nM.  
b. Create a probe mixture in probe hybridization buffer of the desired 

volume. Hybridization buffer composition is identical to the pre-
hybridization buffer with 30% formamide instead of 50%. 

c. Warm the mixture to 37 qC. 
3. Remove the pre-hybridization solution from samples and add the probe solution. 
4. Incubate overnight (>12 hrs) at 37 qC. 

Probe wash 
Following hybridization, samples were washed at 37 °C in a series of graded probe wash 
buffer / 5× SSCT. Probe wash buffer is composed of 30% formamide, 5× SSC, 9 mM citric 
acid pH 6, 0.1% Tween-20, and 50	μg/mL	heparin. 

1. 75% probe wash buffer / 25% 5× SSCT for 15 minutes 
2. 50% probe wash buffer / 50% 5× SSCT for 15 minutes 
3. 25% probe wash buffer / 75% 5× SSCT for 15 minutes 
4. 100% 5× SSCT for 15 minutes 
5. 100% 5× SSCT for 30 minutes 

HCR amplification 
1. Pre-amplify samples in amplification buffer (5x SSC, 0.1% Tween-20, 10% dextran 

sulfate) for 30 min at room temperature. 
2. Meanwhile, prepare the hairpin solution: 
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a. Hairpins should first be snap cooled individually at the provided concentration 
– 3 µM. Only snap cool the amount of hairpin required for this experiment: 
hairpins are used at a final concentration of 60 nM. 

b. Snap cool each hairpin separately by heating to 95 qC for 90 seconds and 
cooling to room temperature in a dark drawer for 30 min. 

c. Mix the two hairpins together in amplification buffer to achieve a final 
concentration of 60 nM for each hairpin.  

3. Remove the pre-amplification solution from samples and add the hairpin solution. 
4. Incubate the samples for 1 hr at room temperature. 

Hairpin washing  

Remove excess hairpins by washing at room temperature: 

1. 2 x 5 min of 5x SSCT 
2. 2 x 30 min of 5x SSCT  
3. 1 x 5 min of 5x SSCT 
 

Imaging 
Prior to imaging, the 5× SSCT was replaced with SlowFade Gold Antifade Mountant with 
DAPI (ThermoFisher Scientific, Cat. # S36937). The head and yolk sac were resected and 
fish tails were mounted sandwiched between two no. 1 coverslips (VWR, Cat. # 48393-
106). Images were collected on an Andor CSU-W1 spinning disk confocal on a Nikon Ti-E 
with Perfect Focus System microscope equipped with a Plan Apo λ	60×/1.4 and an Andor 
iXon ULTRA 888BV camera.  

Image Processing and Analysis 
Image processing and analysis is performed as described above for cell culture.  

 

Adult mouse brain slices 

Animals 

Mice (see Sample Preparation) were housed and cared for in accordance with the Guide for the 
Care and Use of Laboratory Animals (National Research Council (U.S.) in an AAALAC 
accredited facility. All research protocols were approved by the Institutional Animal Care and 
Use Committee (Caltech, Pasadena, CA).  
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Sample Preparation 
All procedures were done in an RNase-free environment. Adult mice (8-14 weeks old, 
C57BL/6N-Tac1-IRES2-Cre-D or C57BL/6J Thy1-yfp) were subjected to standard 
transcardiac perfusion with ice-cold 4% PFA in 1x PBS followed by brain extraction and 
post-fixation in 4% PFA for 2-3 hours at room temperature (RT). Using a vibratome 
(VT1200S, Leica) or a mouse brain matrix (Kent Scientific Corp., Cat. # RBMS-200C), the 
brain was cut into 0.25-1 mm thick slices, and further post-fixed for an additional 2-4 hours 
at RT in order to better preserve mRNA transcripts. 

PACT clearing  
The above PFA-fixed brain slices were then PACT cleared following the previously reported 
protocol (Yang et al., 2014, Treweek et al., 2015). Briefly, the slices were incubated in 
hydrogel monomer solution containing either 4% acrylamide (A4P0) or, for better protein 
and RNA retention, 4% acrylamide with 1% PFA (A4P1) in 1x PBS supplemented with 
0.25% photoinitiator 2,2’-Azobis[2-(2-imidazolin-2-yl) propane] dihydrochloride (VA-044) 
(Wako Chemicals USA, Cat. # 011-19365) at 4 °C overnight. The following day the samples 
were rigorously degassed using nitrogen gas for 8-10 minutes, and the tissue-gel hybrid 
was constructed at 37 °C for ~3 hours. After multiple rounds of 1x PBS washes, the samples 
were transferred to 50 mL conical tubes pre-filled with detergent solution (8% SDS in 1x 
PBS, pH 7.6), and incubated at 37 °C for 1-3 days until the samples were optically 
transparent. Before HCR in situ hybridization, the brain slices were extensively washed 
with 1x PBS for 2-3 days in order to remove residual SDS in the sample.  

In situ hybridization 

Probe design and synthesis 
Probes for the Pgk1 transcripts hybridized in mouse brain slices are the same probe set as 
used for cultured CAD cells. For all smHCR probes, each probe contains 20-nt mRNA 
recognition sequence designed using Stellaris Designer, 4-nt spacer, and 36-nt initiator. 
The probe set contains 21-32 DNA probes (Table S4).      

Probe hybridization  
smHCR was performed in a 24 well plate, and during hybridization each well was filled 
with 2-ml buffer solutions and constantly shaking by a 3D rotating mixer. Each slice of 
brain samples was transferred to an individual well, and first pre-incubated in 2× SSC for 1 
hour followed by the incubation of hybridization buffer (10% formamide, 10% dextran 
sulfate, 2× SSC) containing DNA HCR probes (1-5 nM per probe) overnight (>12 hrs) at 37 
°C.  
 
Probe wash 
The following day, the samples were washed by three rounds of wash buffer (30% 
formamide, 2× SSC at 37 °C for 30 minutes in each round) to remove free and 
nonspecifically-bound probes. Samples were then rinsed with 2 more rounds of 2× SSC 
solution at RT.  
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HCR amplification 
The HCR amplification stage was performed according to the next-generation HCR protocol 
(Choi et al., 2014). At the amplification stage, in a 24-well plate each well was filled with 
500 Pl of amplification buffer (minimum amount of buffer volume sufficient to cover the 
entire brain slice) consisting of 10% Dextran Sulfate, 2× SSC, and the amplifier hairpins at 
a concentration of 120 nM. Amplification in 0.25-1 mm brain slices was performed for 5-6 
hours (RT) and incubated on a rotating shaker (~70 rpm). Samples were then washed with 
2x SSC for 2-3 times.   
 

Imaging 
The sample slices were stained with DAPI for 10 minutes, rinsed with 2x SSC for 2-3 times, 
and then placed in an enzymatic anti-bleaching buffer consisting of 10 mM Tris-HCl, 0.8% 
Glucose, and Pyranose oxidase (Sigma P4234) prepared either in 2x SSC for confocal 
microscopy or in RIMS (final refractive index of 1.47) for SPIM imaging.  
 
Spinning-disk confocal microscopy  
Brain slices were mounted and sandwiched between two No. 1 coverslips (EMS, Cat. # 
63768-01). Images were collected on an Andor CSU-X spinning disk confocal on an 
Olympus IX81 microscope equipped with Andor iKon-M camera. The images were acquired 
by an oil immersion objective (Olympus UPLSAPO 60x, NA 1.35, w.d. 0.15).  
 
SPIM 
SPIM   images   were   acquired   using   a   custom   built   microscope   for   tissue   clearing 
applications (Tomer et al., 2014, Keller et al., 2010, Treweek et al., 2015). Prior to 
mounting, the brain slices in RIMS solution containing the anti-bleaching buffer were 
degassed by nitrogen gas for ~30 minutes. After degassing, the sample and the degassed 
solution were quickly transferred to in a Spectrosil Quartz cuvette (Fisher scientific, Cat. # 
NC9520499), and the brain slices were positioned on the cuvette wall by inserting another 
thin glass slide inside the cuvette. The cuvette was then attached to a translation stage that 
can lower the sample to the imaging chamber pre-filled with 100% glycerol or RIMS 
(refractive index of 1.47). The images were acquired by our custom built microscope, and 
the SPIM design and the optical components can be found in Treweek et al., (2015). Briefly, 
the channels of YFP, Cy3B, alexa 647 and IR800 fluorophores were excited using 473 nm, 
561 nm, 640 nm, and 730 nm lasers, respectively. The emitted light was collected using a 
10x CLARITY objective (NA 0.6, Olympus) in Fig. 4A and Movie 1, or a 25x CLARITY 
objective (NA 1.0, Olympus) in all other SPIM images. The images were digitized using a 4-
megapixel cMOS camera (Andor Zyla 4.2), at a frame rate of 25 frames per second. To speed 
up the processing time, the pixels were binned (2x2) for images in Fig. 4A and Movie 1. 
When multiple tiles were acquired, TeraStitcher was used to stitch the images (Bria and 
Lannello, 2012). 
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Image Processing and Analysis 
For SPIM dot analysis, the images were first registered using MATLAB command 
imregdemons, which calculates a 3D displacement field to maximally align individual 
channels. Once, the channels are aligned, the background is then subtracted as explained 
previously. A Laplacian of Gaussian (LoG) filter was then applied to the resulting images. 
Dots were then identified using	MATLAB’s	local	maxima	finder (imregionalmax).  

 

Simultaneous Endogenous EYFP and HCR detection in PACT-Cleared Brain Slices 
To test the sample depth limit of SPIM, 1-mm thick brain slices from a Thy1-YFP mouse 
were PACT cleared and hybridized with HCR probes against YFP mRNA (see Fig. S1 for flow 
diagram).   

As PACT cleared tissue retains endogenous YFP fluorescence, we were able to directly test 
the selectivity of HCR without the need for parallel antibody staining (Figs S13-S16, Movie 
3). Fig. S15 illustrates the change of the mean intensity as a function of imaging depth, 
without the use of intensity normalization. The Thy1-YFP expressing cells (green) account 
for less than 5% of the cellular population (Fig. S16) and we observe a one-to-one 
correspondence between cells visualized by endogenous YFP protein fluorescence and cells 
stained for YFP mRNA by smHCR. For this transcript, the expression level is sufficiently 
high that we do not observe individual dots. 
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Figure S1. PACT-clearing and smHCR protocol overview. (Top) PACT flow chart. The main 
refinements from the standard PACT protocol (Yang et al., 2014) is an additional fixation 
step after brain slicing and a hydrogel formulation of A4P1 (Treweek et al., 2015), both in 
order to better preserve mRNA transcripts. (Bottom) smHCR flow chart. The PACT-cleared 
brain slices were first hybridized with DNA HCR probes (probe concentration: 1-5 nM) at 
37 °C overnight, and washed in high-stringency conditions (30% formamide, 2× SSC at 37 
°C for 1.5 hours) to remove the free and nonspecifically-bound probes. During HCR 
amplification, hairpins (120 nM) were added to the sample and incubated for 6 hours at RT. 
The HCR brain slices were then imaged in RIMS (refractive index 1.47; Yang et al., 2014; 
Treweek et al., 2015) using SPIM microscope (Treweek et al., 2015). 
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Figure S2.  Single molecule HCR behavior as a function of time. (a) Images of mRNA 
transcript signals for Pgk1 transcripts at various amplification times.  Images at 15, 30 and 
45 minutes show mostly diffraction-limited dots. Images at 60 mins and longer show 
mostly non-diffraction limited dots. (b) Median true positive dot intensity as a function of 
time. (c) True positive rate as function of amplification time. (d) False positive rate as 
function of amplification time. Target mRNA: Pgk1. Sample: cultured CAD cells.  N = 5 wells. 
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Figure S3. A. Thresholding for the 3-channel colocalization studies of Figure 1cd. Channel1 
= smHCR B1 Alexa647, Channel2 = smHCR B3 Alexa594, Channel3 = smFISH Cy3B. Dashed 
lines depict thresholds selected for Figure 1cd.  B. Quantification of false positives for the 
three-channel colocalization studies of Figure 1cd. A dot that is present in only one channel 
is interpreted as a false positive in that channel. C. Comparison of smFISH (Alexa 647) and 
smHCR (DNA HCR B1-Alexa 647) true-positive dot intensities. The ratio of median signal 
intensities is 36. Single molecule HCR intensity distribution is shown in orange and smFISH 
is shown in blue. D. Comparison of smFISH (Alexa 594) and smHCR (DNA HCR B3-Alexa 
594) true-positive dot intensities. Single molecule HCR intensity distribution is shown in 
orange and smFISH is shown in blue. The ratio of median signal intensities is 13. Target 
mRNA: Pcdhα. Sample: cultured CAD cells.  

D
ev

el
o

pm
en

t •
 S

up
pl

em
en

ta
ry

 in
fo

rm
at

io
n



Development 143: doi:10.1242/dev.138560: Supplementary information 

 

Figure S4.  A. Pairwise intensity of true-positive dots colocalized in all three channels in 
the study of Figure 1cd.  B. Pairwise intensity of false-negative dots in Channel 1 for 
colocalization study of Figure 1cd. A dot that is absent in only one channel is interpreted to 
be a false negative in that channel.  C. Pairwise intensity of false-positive dots in Channel 1 
for colocalization study of Figure 1cd. A dot that is present in only one channel is 
interpreted to be a false positive in that channel.  D. Pairwise intensity of false-negative 
dots in Channel 2 for colocalization study of Figure 1cd.  E. Pairwise intensity of false-
positive dots in Channel 2 for colocalization study of Figure 1cd. F. Pairwise intensity of 
false-negative dots in Channel 3 for colocalization study of Figure 1cd. G. Pairwise intensity 
of false-positive dots in Channel 3 for colocalization study of Figure 1cd. Plots B, D, and F 
show that all transcripts are mostly detected via smHCR and smFISH, but the false positives 
are due to the fact that the intensities of these dots are set below the threshold value for 
true positive detection. The transcripts only detected in 2 out of three channels have a pair 
in the third channel, but that dot is below the determined noise floor. Also, plots C, E, and G 
show that some false positive dots also may be true positives with corresponding 
intensities in the other two channels being below the noise threshold. Dot intensities 
depicted as the maximum pixel intensity. Channel thresholds depicted as colored lines: Red 
line = Ch1 threshold, Green line = Ch2 threshold, Blue line = Ch3 threshold. Ch1 = Alexa 647 
smHCR, Ch2 = Alexa 594 smHCR, Ch3 = Cy3B smFISH. Target mRNA: Pcdhα. Sample: 
cultured CAD cells.  
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Figure S5.  A. Tradeoff between sensitivity and selectivity (Channel 1; Alexa 647 smHCR) 
as a function of pixel intensity threshold for the three-channel colocalization study of 
Figure 1cd.  B. Tradeoff between sensitivity and selectivity (Channel 2; Alexa 594 smHCR) 
as a function of pixel intensity threshold for the three-channel colocalization study of 
Figure 1cd.   C. Tradeoff between sensitivity and selectivity (Channel 3; Cy3B smFISH) as a 
function of pixel intensity threshold for the three-channel colocalization study of Figure 
1cd.  Dots that are present in at least two of the three channels are classified as true 
positives. A dot that is absent in only one channel is interpreted as a false negative in that 
channel; a dot that is present in only one channel is interpreted as a false positive in that 
channel. Threshold used for Figure 1cd depicted as a dashed line. Decreasing the threshold 
increases true positives (improving sensitivity) at the cost of increasing false positives 
(damaging selectivity). If each target is detected in two channels, false positives can be 
discarded based on colocalization information, enabling near-quantitative sensitivity.  
Target mRNA: Pcdhα. Sample: cultured CAD cells. 
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Figure S6.  A. Thresholding for the 3-channel colocalization studies of Figure 2a. Channel1 
= smHCR Alexa647, Channel2 = smHCR Alexa546, Channel3 = smHCR Alexa488. Dashed 
lines depict thresholds selected for Figure 2a.  B. Quantification of false positives for the 
three-channel colocalization studies of Figure 2a. A dot that is present in only one channel 
is interpreted as a false positive in that channel.  C. Thresholding for the 3-channel 
colocalization studies of Figure 2c. Channel1 = smHCR Alexa647, Channel2 = smFISH* 
Alexa546, Channel3 = smHCR Alexa488. Dashed lines depict thresholds selected for Figure 
2c.  D. Quantification of true positives for the three-channel colocalization studies of Figure 
2c. Dots that are present in at least two of the three channels are classified as true positives. 
A dot that is absent in only one channel is interpreted as a false negative in that channel 
and as a true positive in the other two channels.  E. Quantification of false positives for the 
three-channel colocalization studies of Figure 2c. A dot that is present in only one channel 
is interpreted as a false positive in that channel. Target mRNA: kdrl. Sample: whole-mount 
zebrafish embryo. 
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Figure S7.  A. Pairwise intensity of true-positive dots colocalized in all three channels in 
the study of Figure 2c. A dot that is present in only one channel is interpreted to be a false 
positive in that channel. B. Pairwise intensity of false-negative dots in Channel 1 for 
colocalization study of Figure 2c. A dot that is absent in only one channel is interpreted to 
be a false negative in that channel.  C. Pairwise intensity of false-positive dots in Channel 1 
for colocalization study of Figure 2c.  D. Pairwise intensity of false-negative dots in Channel 
2 for colocalization study of Figure 2c. E. Pairwise intensity of false-positive dots in Channel 
2 for colocalization study of Figure 2c. F. Pairwise intensity of false-negative dots in 
Channel 3 for colocalization study of Figure 2c.  G. Pairwise intensity of false-positive dots 
in Channel 3 for colocalization study of Figure 2c. Plots B, D, and F show that all transcripts 
are mostly detected via smHCR in all channels, but the false positives are due to the fact 
that the intensities of these dots are set below the threshold value for true positive 
detection. The transcripts only detected in 2 out of three channels have a pair in the third 
channel, but that dot is below the determined noise floor. Also, plots C, E, and G show that 
some false positive dots also may be true positives with corresponding intensities in the 
other two channels being below the noise threshold. Dot intensities depicted as the 
maximum pixel intensity. Channel thresholds depicted as colored lines: Red line = Ch1 
threshold, Green line = Ch2 threshold, Blue line = Ch3 threshold.  Ch1 = Alexa647 smHCR, 
Ch2 = Alexa546 smFISH*, Ch3 = Alexa488 smHCR. Target mRNA: kdrl. Sample: whole-
mount zebrafish embryo. 
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Figure S8.  A. Tradeoff between sensitivity and selectivity (Channel 1; Alexa 647 smHCR) 
as a function of pixel intensity threshold for the three-channel colocalization study of 
Figure 2c.  B. Tradeoff between sensitivity and selectivity (Channel 2; Alexa 546 smFISH*) 
as a function of pixel intensity threshold for the three-channel colocalization study of 
Figure 2c.  C. Tradeoff between sensitivity and selectivity (Channel 3; Alexa 488 smHCR) as 
a function of pixel intensity threshold for the three-channel colocalization study of Figure 
2c. Dots that are present in at least two of the three channels are classified as true positives. 
A dot that is absent in only one channel is interpreted as a false negative in that channel; a 
dot that is present in only one channel is interpreted as a false positive in that channel. 
Threshold used for Figure 2c depicted as a dashed line. Decreasing the threshold increases 
true positives (improving sensitivity) at the cost of increasing false positives (damaging 
selectivity). If each target is detected in two channels, false positives can be discarded 
based on colocalization information, enabling near-quantitative sensitivity. Target mRNA: 
kdrl. Sample: whole-mount zebrafish embryo. 
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Figure S9. Imaging single mRNAs in adult mouse brain sections using smHCR and PACT. 
Effect of PACT clearing on the absolute number of colocalized dots for Alexa 647 (smHCR) 
and Cy3B (smFISH) channels as a function of depth within a 110 µm x  110 µm x 1 µm voxel 
(median ±  median absolute deviation, N = 8 sections with PACT, N = 3 sections without 
PACT). Target: Pgk1. Microscopy: spinning disk confocal. Probe sets: 22 or 23 probes per 
set, each addressing a 20-nt target subsequence. 
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Figure S10. Imaging single mRNAs in thick adult mouse brain sections using smHCR, PACT, 
and SPIM. False positive rate as a function of depth (median ±  median absolute deviation, 
N = 3 sections from different brains) using SPIM or confocal imaging of Scg10. Probe sets: 
20 probes per set, each addressing a 20-nt target subsequence. 
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Figure S11.  Processing workflow for dot finding in smHCR/PACT/SPIM images. A rolling 
ball background subtraction algorithm is first used to remove background noise. Next, a 
Laplacian of Gaussian filter is used to amplify diffraction limited dot signal. Local maxima 
are found in the resulting image. The locations of the local maxima are mapped back onto 
the raw image. Processing of the SPIM images in this way finds putative mRNA signals that 
would otherwise not be obvious to the eye. 
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Figure S12. Illustration of dot classification for smHCR/PACT/SPIM data. Dots are 
classified as triple-detected true positives (present in all 3 channels; green circles), double-
detected true positives (present in 2 out of 3 channels; yellow circles), or false positives 
(present in only one channel; red circles). Circles are superimposed on raw images.  
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Figure S13. Mapping mRNAs in 1-mm PACT-cleared mouse brain sections using smHCR 
and SPIM. (Left) Three-dimensional reconstruction depicting colocalization of Thy1-YFP 
protein (expressed in ~5% of cells) and Thy1-YFP mRNA (smHCR: Cy3B). (Right) 
Representative optical sections demonstrating that smHCR signal is detected throughout 
the brain slice (z = 250	μm,	500	μm,	750	μm).    
 
 
 
 
 
 
 
 

 

Figure S14. 3D reconstruction of 1-mm PACT-cleared Thy1-YFP mouse brain slice. (Left) 
Endogenous YFP Protein. (Middle) Cy3B labeling of YFP mRNA. (Right) Overlay shows the 
specificity of the HCR for YFP transcripts throughout the thick 1-mm slice. 
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Figure S15. Fluorescence intensity decreases as a function of tissue depth. Attenuation in 
the fluorescence signal of the YFP and smHCR-Cy3B channels was observed as a function of 
tissue depth. However, even at 1-mm depth, and without light power compensation, the 
HCR hybridization still shows a detectable signal that co-localizes with the YFP signal. The 
dashed line in the lower graph indicates the camera dark count. 
 
 
 
 
 
 
 

D
ev

el
o

pm
en

t •
 S

up
pl

em
en

ta
ry

 in
fo

rm
at

io
n



Development 143: doi:10.1242/dev.138560: Supplementary information 

 
 

 
Figure S16. Across a 1-mm cleared Thy1-YFP mouse brain slice, only a small subset of 
brain cells show YFP expression. (Left) Widefield microscope image (YFP, DAPI, and 
overlay); yellow boxes in the DAPI image indicate the location of YFP expressing cells. 
(Right) YFP expressing cells account for less than 5% (13 cells) of the total number of cells 
(312 cells). Methods: 11 field-of-views of cortical areas (Olympus UPLSAPO 60x, NA 1.35, 
w.d. 0.15) were processed from a 1-mm Thy1-YFP brain slice. First, a group of YFP 
expressing cells was located and an image stack (~50 images with 1 µm spacing) was 
captured	(DAPI	and	YFP).	The	volume	of	each	stack	was	74	μm	×	74	μm	×	~50	μm.	Then	
the number of DAPI stained cells and YFP expressing cells was counted manually. 

 

  

D
ev

el
o

pm
en

t •
 S

up
pl

em
en

ta
ry

 in
fo

rm
at

io
n



Development 143: doi:10.1242/dev.138560: Supplementary information 

Table S1. 

 

Click here to Download Table S1 

 

 

 

 

 

Table S2. 

 

Click here to Download Table S2 

 

 

 

 

 

Table S3. 

 

Click here to Download Table S3 

 

 

 

 

 

Table S4. 

 

Click here to Download Table S4 
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Movie 1: ctgf-mousebrain.mov 

3D visualization of Ctgf mRNA in 0.25 mm thick PACT-cleared brain slice. The samples 
were hybridized with HCR probes against Ctgf mRNA and amplified with HCR amplifier B1-
IR800. To generate a 3D reconstruction, ~200 optical sections with 1 µm spacing were 
taken (25 frames per second), and the intensity was normalized between the different 
sections. Available to download at http://dx.doi.org/10.5061/dryad.31r0d.   
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Movie 2: scg10-mousebrain.mov 

3D visualization of Scg10 mRNA in 0.5 mm thick PACT-cleared brain slice. Related to 
Figure 3C, representing the colocalization of three smHCR channels (blue, green, and red 
are the channels of Cy3B, Al647, and IR800 respectively) for target Scg10. The movie 
pauses at z = 33 Pm and at z = 445 Pm with circles representing true mRNA signals 
colocalized in two or more of the three channels. About 500 optical sections spaced with 1 
µm were taken (10 frames per second), and the intensity was normalized between the 
different sections. In each channel, the maximum intensity projection of every 5 sections 
(~5 µm) was used to construct the movie. Available to download at 
http://dx.doi.org/10.5061/dryad.31r0d.   
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Movie 3: yfp-mousebrain.mov 

Simultaneous endogenous EYFP and HCR 3D detection in 1 mm thick PACT-cleared 
brain slice. Related to Supplementary Figures 13-15. To generate a 3D reconstruction, 
~1,000 optical sections with 1 µm spacing were taken (25 frames per second), and the 
intensity was normalized between the different sections. Available to download at 
http://dx.doi.org/10.5061/dryad.31r0d.   
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