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BRAIN IMAGING

Whole-brain spatial transcriptional analysis at
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Recent advances in RNA analysis have deepened our understanding of cellular states in biological
tissues. However, a substantial gap remains in integrating RNA expression data with spatial

context across organs, primarily owing to the challenges associated with RNA detection within

intact tissue volumes. Here, we developed Tris buffer-mediated retention of in situ hybridization
chain reaction signal in cleared organs (TRISCO), an effective tissue-clearing method designed

for whole-brain spatial three-dimensional (3D) RNA imaging. TRISCO resolved several crucial issues,
including the preservation of RNA integrity, achieving uniform RNA labeling, and enhancing tissue
transparency. We tested TRISCO using a broad range of cell-identity markers, noncoding and
activity-dependent RNAs, within diverse organs of varying sizes and species. TRISCO thus emerges
as a powerful tool for single-cell, whole-brain, 3D imaging that enables comprehensive transcriptional

spatial analysis across the entire brain.

hree-dimensional (3D) visualization of

molecules on the whole-brain scale is es-

sential to understand the spatial relation-

ships of cells and the circuits in which

they participate (1, 2). Multiple tissue-
clearing protocols for imaging volumes have
been published, the vast majority of which
focus on assessments of the distribution of
proteins rather than RNA transcripts (3, 4).
Although a few pioneering protocols have at-
tempted to combine RNA imaging with tissue
clearing (3, 5), application to larger tissues,
such as entire mammalian brains, remains
challenging.

In situ hybridization, a common technique
for detecting RNA in fixed cells, tradition-
ally uses digoxigenin-labeled RNA probes and
enzyme-based signal amplification by alkaline
phosphatase or horseradish peroxidase (6). How-
ever, enzyme-based signal amplification has
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been reported to generate a disproportionate
brain signal gradient that is higher near the
surface of the brain than at the center, ren-
dering it highly ineffective for 3D imaging
(3). Hybridization chain reaction (HCR) is an
enzyme-free amplification method, whereby
metastable hairpin oligonucleotides are trig-
gered to undergo a chain reaction upon bind-
ing of an “initiator” sequence (7). This signal
amplification technique has undergone sev-
eral enhancements over the years, resulting
in a third generation of improvements. It has
been successfully applied to various research
applications, including developmental biol-
ogy, neuroscience, and cancer research (8, 9).
We recently developed the diagnosing in situ
immunofluorescence-labeled cleared onco-
samples (DIIFCO) technique, which combines
in situ HCR (isHCR) with organic solvent clear-
ing (5), to study RNAs in mouse embryos, brain
sections, and clinical biopsies. Given the high
demand for whole-brain spatial transcription-
al analysis (2), we assessed DITFCO on adult
whole-brain samples but concluded that this
method was unsuitable for visualizing RNA
across intact brains owing to issues with poor
RNA integrity, inhomogeneous labeling, and
weak transparency.

In this work, we present a new technique,
Tris buffer-mediated retention of isHCR sig-
nal in cleared organs (TRISCO), which can per-
form spatial RNA analysis of whole brains
with homogeneous isSHCR signal and high tis-
sue transparency after organic solvent clearing
(10, 11). We demonstrate that TRISCO offers a
straightforward methodology for achieving
whole-brain 3D imaging at single-cell resolu-
tion, capturing a comprehensive array of tran-
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seripts, thereby uncovering the transcripti; Check for |

landscapes across the entire brain.

Combining isHCR with organic solvent
tissue clearing

Existing protocols for RNA imaging in tissues
are restricted to ultrathin sections or samples
only a few millimeters thick because of meth-
odological challenges, such as uneven probe
penetration, compromised RNA integrity, low
signal intensity, and reduced tissue transpar-
ency following clearing procedures. To enable
whole-brain imaging, we sought to overcome
these obstacles. Firstly, we aimed to mitigate
the impact of ribonuclease (RNase) contam-
ination and RNA degradation during in situ
hybridization experiments. For this, we adapted
the DIIFCO pipeline (5), modifying the process
by eliminating all steps where RNase can be
active prior to hybridization: low-percentage
methanol treatment, washing with aqueous
buffers, and blocking with donkey serum (fig.
S1, A and B). To protect RNA integrity, we
directly transferred the samples from 100%
methanol to 50% formamide, which has been
shown to inhibit RNase activity (12). Addition-
ally, we used polyvinylsulfonic acid (PVSA),
a cost-effective RNase inhibitor with a half-
maximal inhibitory concentration of 0.15 mg/mL
against RNase A (13). To confirm that PVSA
did not affect isHCR RNA labeling, we visual-
ized paravalbumin (Pvalb) mRNA in mouse
cerebellum sections and assessed signal in-
tensity (Fig. 1A). PVSA had no effect on the
Poalb isHCR signal intensity (Fig. 1B), even
at high concentrations (fig. S1, C and D); there-
fore, we proceeded with using PVSA in our
pipeline.

With DIIFCO, we occasionally observed sub-
optimal tissue transparency for imaging RNA
in the entire adult brain. To address this issue,
we tested possible causes of insufficient clear-
ing. We found that treating brains with 5x
saline-sodium citrate (SSC) buffer and Tween20
(5xSSCT), a well-established and essential step
in the standard isHCR protocol, markedly re-
duced the effectiveness of tissue clearing (Fig.
1C). By contrast, washing the brains with water
prior to the clearing process substantially im-
proved tissue transparency. We quantified sam-
ple transparency by analyzing the intensity
profile along a line through the cross section
of a brain labeled with green nuclear stain-
ing dye DiYO-1 (Fig. 1D) and by assessing the
visibility of the grid beneath the brain (Fig.
1E). These analyses showed poor transparency
in the center of brains incubated in 5xSSCT. In
addition, when assessing the signal intensity
ratio between a region inside the brain and a
region outside the brain, we found significant-
ly reduced transparency in brains treated
with 5xSSCT compared with those washed
with water (Fig. 1F) [one-way analysis of var-
iance (ANOVA), F, 16 = 37.80, P < 0.0001].
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Fig. 1. Merging isHCR and iDISCO. (A and B) Tissue sections of cerebellum
stained by using isHCR for Pvalb mRNA treated with the RNase inhibitor
polyvinyl sulfonic acid (PVSA) (3.8 mg/mL) introduced in either the amplification
(Amp) buffer, hybridization (Hyb) buffer, or both (Hyb + Amp) (A) as well as
quantitative analysis of signal intensities normalized to measurements obtained
without PVSA (B). (€ and D) Whole brains cleared by using iDISCO prewashed
with water, 5xSSCT, or Tris-HCI and imaged on gridded paper (C) (grid lines,

1 mm) and optical cross sections of brains nuclear stained with DiYO-1 and
intensity profiles (below) measured at indicated lines (D). (E) Graph illustrating
the visibility of grid lines through brains cleared using the specified treatments.
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(F) Quantitative analysis of the signal intensity ratio between a region inside and
outside the brain (n = 6 to 7 ROIs from 3 brains, one-way ANOVA, F,16 = 37.80,
P < 0.0001). (G to J) Optical cross sections of whole brains from newborn (PO-1)
mice stained by using isHCR for Gadl mRNA, subjected to a 4-day wash with
either 5xSSCT, water, PBS, 200-mM Tris-HCI, or 500-mM Tris-HCI (G) or 20,

40, 60, 80, or 100% methanol (H) and quantitative analysis of the signa

intensities in the prefrontal cortex [(I) one-way ANOVA, Fsgs = 28.74, P < 0.0001;
(J) one-way ANOVA, F344 = 23.06, P < 0.0001]. The signal intensity was
normalized to the mean intensity in the thalamus. (K) Pseudo-colored image

quality analysis of optical cross sections depicted in (D). Red signifies
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high-quality regions, whereas blue signifies low-quality regions. (L), Violin plot of the
structural visibility using water, 5xSSCT, or Tris-HCI (one-way ANOVA, F 3500 =
566.2, P < 0.0001). (M) Schematic of merging of isHCR with iDISCO clearing, with

Our next focus was to maintain the fluo-
rescence pattern of the iSHCR labeling fol-
lowing tissue clearing. We stained newborn
mouse brains with in house-designed DNA
oligonucleotide probes targeting Glutamate
decarboxylase 1 (Gadl) mRNA using a set of
35 probes and thereafter performed tissue
clearing. The Gadl isHCR staining was pri-
marily observed at the surface of the brain,
including areas such as the cerebral cortex and
striatum, whereas deeper areas such as the
thalamus showed little to no staining (Fig.
1G). When the brains were washed with water,
which was favorable for tissue clearing (Fig.
1C), the Gad1 isHCR signal was completely
lost (Fig. 1G). Given that stable hybridization
requires salt, we tested washing the brains with
phosphate-buffered saline (PBS). Although
PBS preserved the isHCR signal to some ex-
tent, it was insufficient for maintaining a ro-
bust signal. After testing several buffers, we
found that Tris effectively retained the isHCR
Gadl signal (Fig. 1G) while also ensuring ef-
ficient tissue clearing (Fig. 1C), likely because
Tris dissolves in high concentrations of meth-
anol without forming precipitates. However,
at a lower concentration of 200 mM, faint stain-
ing remained in restricted regions, likely due
to weak hybridization stability caused by a
low amount of salt. To test this hypothesis, we
increased the Tris-HCI buffer concentration
to 500 mM. At this higher concentration, the
previously dark regions were eliminated, result-
ing in a more homogeneous staining through-
out the tissue. Compared with the 5xSSCT
buffer, 500-mM Tris-HCl markedly improved
the tissue clearing (Fig. 1, D and E) and sig-
nificantly enhanced transparency (Fig. 1F)
(one-way ANOVA, F, 6 = 37.80, P < 0.0001).
We then assessed how isHCR labeling was
affected by dehydration, a crucial step in or-
ganic solvent-based tissue clearing (5, 14). In
comparing signal intensities in the prefron-
tal cortex, we found that initiating the wash
with >80% methanol yielded strong and uni-
form signal intensity (Fig. 1, H and I). Based
on these results, we proceeded with using >80%
methanol.

To assess the optical transparency, contrast,
and level of detail in the images generated by
our method, we used a machine learning mod-
el pretrained on high-quality images (mate-
rials and methods). This analysis revealed that
500-mM Tris-HCl produced better overall im-
age quality compared with 5xSSCT, particu-
larly in the central regions of the brain (Fig. 1,
K and L). We subsequently used 500-mM Tris-
HCI to wash out the SSC, ensuring hybrid-
ization stability and preventing precipitation
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during the organic solvent clearing process
(Fig. 1IM).

Tissue penetration and uniform staining

We and others have successfully performed
isHCR in tissue volumes of limited size (3, 5).
However, when scaling up to whole-brain sam-
ples, we observed inconsistent results, char-
acterized by intense surface staining but little
to no signal in deeper regions (Fig. 24, left). To
address this issue, we first explored whether
applying higher amounts of DNA hairpins
would provide a uniform staining. Three dif-
ferent volumes of hairpin DNA, 24, 48, and
96 pmol, were tested on whole brains stained
for Gadl mRNA. The two- and fourfold in-
crease in hairpin DNA amount resulted in a
marginal improvement in penetration (fig.
S2B), but it was not sufficient to label GadI-
positive regions across the whole brain vol-
ume, which were detectable in tissue sections
using conventional iSHCR (fig. S2C). We then
labeled a target with a homogeneous expres-
sion, Thyl mRNA, and increased volume and
hairpin amount eightfold (192 pmol); how-
ever, this also failed to yield adequate signal
intensity in the deeper regions (fig. S2, D
and E).

To investigate the penetration issue in more
detail, we evaluated several strategies that
could affect the iSHCR process, including mod-
ifications to buffer composition, adjustments
to incubation times, the application of pres-
sure, and the use of centrifugation and electro-
phoresis. However, none of these approaches
led to a marked improvement. We then shifted
our focus to examining the impact of temper-
ature on whole-brain isHCR staining. We
designed DNA probes targeting 7hyl mRNA
consisting of 27 probes and performed whole-
brain staining using isHCR. At 37° and 20°C,
the surface isHCR signal intensity for ThyI!
was saturated, whereas staining in deeper re-
gions was weak (Fig. 2, B and C). By contrast,
at 4°C, we observed a substantial reduction in
surface signal intensity with improved stain-
ing in deeper regions. This result prompted us
to further assess the impact of temperature on
isHCR signal intensity. We sectioned mouse
cerebellums and stained Pvalb mRNA at tem-
peratures ranging from 70° to 4°C (Fig. 2D).
These experiments showed that room temper-
ature (20°C) yielded the strongest isHCR
signals, consistent with standard protocols.
However, we observed that Poalb mRNA sig-
nals remained detectable even at 4°C, albeit at
a lower intensity than at room temperature,
demonstrating that HCR could still occur at
this low temperature (fig. S3).
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or without Tris-HCI washing. Scale bars, 1 mm (white) and 200 um (yellow). All data
are shown as the mean + SEM. Statistical analysis was performed using one-way
ANOVA with Tukey's [(F) and (L)] or Dunnett's [(I) and (J)] post hoc comparison.

To further explore the effect of temperature
on tissue penetration, we designed a probe
targeting homogenously expressed Malatl
mRNA consisting of 127 probes. At 37° and
20°C, almost only the surface was stained, as
deeper regions were dark (Fig. 2, E and F). At
4°C, we observed a reduction in surface sig-
nal intensity with improved signal intensity in
deeper regions (Fig. 2D). Quantitative analy-
sis revealed significantly enhanced structural
visibility across the whole brain at 4°C for
both Thyl mRNA (Fig. 2, G and H) (one-way
ANOVA, F, 5105 = 63.59, P < 0.0001) and Malatl
mRNA (Fig. 2, I and J) (one-way ANOVA,
Fs 3115 = 530.9, P < 0.0001). These experiments
indicated that lower temperatures facilitated
more homogeneous staining across large tis-
sue volumes. The reduction in surface signal
was likely due to the slower kinetics of the
HCR at lower temperatures, allowing a greater
number of hairpins to penetrate deeper into
the tissue before undergoing HCR signal am-
plification and preventing them from being
depleted at the surface (Fig. 2A, right).

TRISCO enables whole-brain RNA imaging at
single-cell resolution

After establishing all steps of the protocol, we
performed 3D imaging of whole mouse brains
using the complete TRISCO pipeline: paraformal-
dehyde fixation, delipidation, bleaching, blocking,
hybridization, washing, temperature-controlled
hairpin probe incubation, Tris-HCl washes, and
organic solvent clearing (Fig. 3A). Addition-
ally, we found that DiYO-1 could be introduced
during the DNA hybridization phase. In a whole
brain from an 8-week-old mouse, we readily de-
tected RNAs of Pvalb, Gadl, and Somatostatin
(Sst) in combination with nuclear staining
with DiYO-1 (Fig. 3B and movies S1 and S2).
Landmarks of the brain, such as the neocortex
and hippocampus, were clearly discernible.
TRISCO’s cellular resolution revealed overlap-
ping and distinct expression patterns of Pvalb,
Gadl, and Sst among hippocampal neurons
(Fig. 3C).

To further test the versatility of TRISCO, we
sought to examine the expression patterns of
multiple genes frequently used to detect and
classify cell types and corresponding tissue-
organization principles in the adult mouse
brain. We custom designed gene probes tar-
geted to transcripts expressed in distinct cell
types, including Mfge8 mRNA and Aldoc mRNA
for astrocytes, CsfIr mRNA and Hexb mRNA for
microglia, and Sox10 mRNA and Pdgfra mRNA
for oligodendrocytes and their precursors. Typical
transcript expression in the aforementioned
cell types were readily detectable using TRISCO
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Fig. 2. Improving tissue penetration. (A) Schematic showing the isHCR
process in a whole brain at 37° (left) and 4°C (right). (B and C) Optical cross
sections of whole brains from 8-week-old mice stained by using isHCR for
Thyl mRNA at 37° 20° and 4°C (B) and normalized images and intensity profiles
(below) measured at indicated lines (C). (D) Tissue sections of cerebellum
stained by using isHCR for Pvalb mRNA at 70° 55° 37° 20° and 4°C and the
quantitative analysis of the signal intensities (n = 5 brain sections, one-way
ANOVA, Fp0 = 28.23, P < 0.0001). The signal intensity was normalized to the mean
intensity at 20°C. (E and F) Optical cross sections of whole brains from 8-week-old
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Fig. 3. Multiplexed TRISCO staining of whole brains. (A) Schematic of the TRISCO protocol spanning 15 days. (B) (Top) 3D rendering of the whole brain from
an 8-week-old adult mouse stained using TRISCO for cortical interneuron transcripts: Somatostatin (Sst mRNA, red), Parvalbumin (Pvalb mRNA, green), and
Glutamate decarboxylase 1 (Gadl mRNA, blue). (Bottom) Single-channel views. Bounding box, 7.7 x 10.6 x 5.5 mm. (C) Optical cross section at z = 2875 um of
the TRISCO brain in (B). (Right) Single-channel views. (Bottom) Magnified views of the hippocampus region at the indicated box. Nuclear staining was done with
DiYO-1. Scale bars, 1 mm (white) and 200 um (yellow).

(Fig. 4A, fig. S4A, and movies S4 to S10). To
validate the TRISCO data, we performed ex-
periments on tissue sections stained with con-
ventional isHCR, utilizing the same probes
used in the 3D TRISCO experiments (fig. S5).
These experiments revealed similar results be-
tween TRISCO and conventional iSHCR, such
as high cell density in the white matter for
Sox10 mRNA and dorsal enrichment of Mfge8
mRNA (75). We also conducted a quantitative
analysis using confocal microscopy to count
and compare the number of CsfIr-positive cells
in tissue sections cut from 3D TRISCO-stained

Kanatani et al., Science 386, 907-915 (2024)

brains to those in tissue sections stained using
conventional isHCR (fig. S4B). This analysis
demonstrated that the percentage of CsfIr-
positive cells detected in the striatum was near-
ly identical between the 2D and 3D approaches,
suggesting that TRISCO could provide unbiased
coverage of the entire region. Additionally,
we analyzed the expression of RNA transcripts
related to neurotransmitters implicated in higher
brain functions, including dopamine, serotonin,
and acetylcholine: Th, Sic18a2, Slc6a3, Tph2,
Ddc, Maoa, ChAT, Slc13a3, and Ache. TRISCO
revealed specific gene expression patterns in

22 November 2024

deep brain structures, such as the basal ganglia
and brainstem (Fig. 4B, fig. S4A, and movies
S11 to S20). Volume rendering and magnifica-
tion further highlighted intricate transcrip-
tional patterns of Pvalb mRNA and 77 mRNA,
resolving them at single-cell resolution across
the entire mouse brain (movies S21 and S22).

Evaluating TRISCO imaging across mammalian
organs and neuronal activity

To expand the potential utility of TRISCO, we
performed 3D imaging experiments on var-
ious tissues from rodents and humans. Given
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that sample size is the most limiting factor
when performing 3D imaging, we explored
TRISCO’s capacity to perform intact-tissue
transcriptional analysis on larger brains, such
as those from rats and guinea pigs (Fig. 5A).
TRISCO readily visualized 72 mRNA in the rat
brain and Sst mRNA in the guinea pig brain
without showing signal gradient (Fig. 5B and
movies S23 to S25). Optical cross sections of

Kanatani et al., Science 386, 907-915 (2024)

these brains revealed the characteristic expres-
sion pattern of 7h mRNA (Fig. 5C) and Sst
mRNA (Fig. 5D) at single-cell resolution. We
also stained a human fetal brain hemisphere
(week 12.5 postconception) for TBR2 mRNA.
TRISCO successfully detected well-defined
spatial structures deep inside the human fetal
brain, demonstrated by the distinct layering in
the subventricular zone (fig. S6). We further

22 November 2024

tested the versatility of TRISCO by staining
organs beyond the brain (fig. S7). In an intact
thoracic segment of the mouse spinal cord, we
stained for ChAT mRNA and effectively de-
tected motor neurons and preganglionic auto-
nomic neurons in the ventral horn. We also
performed staining of intact organs outside
the central nervous system, such as the heart,
kidney, and lung. TRISCO reliably detected
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Fig. 5. Whole-brain TRISCO analysis of large rodent brains and neuronal
activity by using c-Fos signatures. (A) Dissected brains from a mouse, rat, and
guinea pig. Grid lines represent 1 mm. (B) 3D rendering of TRISCO brains from an
8-week-old mouse stained for Pvalb mRNA, a 49-day-old rat stained for Th mRNA,
and a 2-month-old guinea pig stained for Sst mRNA. (C) (Top) Optical coronal
cross section of the rat brain stained using TRISCO for Th mRNA in (B). (Bottom)
Magnified view of the indicated box. (D) (Left) Optical horizontal cross section of the
guinea pig brain stained by using TRISCO for Sst mRNA in (B). (Right) Magnified
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views of indicated boxes. (E and F) Whole-brain heatmaps of c-Fos mRNA
expression analyzed with TRISCO (E) and protein expression analyzed with iDISCO
(F) upon Semaglutide administration. Zoomed-in views show expression in the
nucleus of the solitary tract (NTS) and the parabrachial nucleus (PB). (G) Counts
of c-Fos mRNA and c-Fos protein—positive cells in the NTS and PB of Semaglutide-
and vehicle-treated mice. Scalebars, 200 um (white), 3 mm (yellow), and 5 mm
(cyan). All data are shown as the mean + SEM of n = 6 brains. Statistical analysis
was performed by using one-way ANOVA with Dunnett's post hoc comparison test.

tissue-specific RNA transcripts with organ-
typical spatial distribution. These results dem-
onstrate that TRISCO is a highly robust tool
for analyzing large tissue volumes.

To evaluate the ability of TRISCO to detect
functional neuronal activity across the brain,
we assessed the expression of the immediate
early gene c-Fos as a proxy in mice subjected
to pharmacological treatments (74). First, we
confirmed that our probe could detect c-Fos
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mRNA in brain tissue sections from mice that
had undergone forced swimming tests (fig. S8,
A to C). Then we sought to test whether
TRISCO could detect c-Fos mRNA in the intact
brains of 9-week-old mice following the ad-
ministration of an acute dose of Semaglutide
(16), a clinically approved drug used to treat
type 2 diabetes and obesity (17, 18). Following
this treatment, we observed enhanced c¢-Fos
mRNA expression in distinct regions associ-
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ated with appetite and body weight regulation
(Fig. 5E and fig. S8D) compared with that in
vehicle-treated animals (fig. SSE). To validate
the TRISCO results, we compared the c-Fos
mRNA expression with c-Fos protein immuno-
staining using immunolabeling-enabled 3D im-
aging of solvent-cleared organs (iDISCO) (74) (Fig.
5F). For quantitative analysis, we counted and
compared c-Fos mRNA-positive cells with c-Fos
protein-positive cells. This analysis revealed
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similar counts of mRNA and protein in the
nucleus of the solitary tract and parabrachial
nucleus (Fig. 5G).

Collectively, these data demonstrate that
TRISCO is a powerful tool for comprehensive
investigation of cellular identity, noncoding
RNA expression, and activity-regulated gene
transcription in whole brains and potentially
in other organs as well.

Discussion

The rapid development of various methods
and technologies for sequencing and analyzing
RNAs in dissociated cells and thin tissue sec-
tions has revolutionized biomedical research
in general and neuroscience in particular. How-
ever, RNA imaging in 3D volumes has tradi-
tionally been restricted to smaller sample sizes.
Our TRISCO pipeline introduces a powerful
new tool in neuroscience that enables 3D spa-
tial analysis of RNA expressions in whole brains,
which is currently extremely challenging at
best. Whole-brain imaging at cellular reso-
lution offers a wide range of scientific ap-
plications, including phenotyping transgenic
animals, exploring complex 3D structures such
as neuronal circuits and cell niches, assessing
activity-regulated gene transcription, and con-
ducting pharmaceutical testing.

3D imaging of large tissue volumes based on
immunohistochemistry has been previously
reported (10, 11, 19, 20). However, visualizing
proteins deep within tissue volumes typically
presents several challenges, including the lim-
ited availability of robust antibodies and the
occurrence of signal gradient artifacts from the
surface to the core of tissue layers (14, 21). The
uniform staining achieved by low-temperature
incubation in TRISCO can minimize or even
eliminate the need for normalization in im-
age processing, especially for expansive data-
sets such as entire brains. Furthermore, an
added merit of TRISCO is the ability to design
and use custom-made probes. As shown in
this study, we validated many custom DNA
probes (table S1) and confirmed their expres-
sion patterns. These include noncoding and
protein-coding RNA species whose expression
patterns have been challenging or even im-
possible to study owing to the limited availa-
bility of antibodies. Although straightforward,
the probe design is versatile enough to en-
compass a myriad of RNAs. Its simplicity and
versatility make TRISCO highly accessible,
allowing it to be easily adapted in various lab-
oratory settings without the need for special-
ized equipment.

As a proof of concept, we demonstrated that
TRISCO is not only effective in mouse brains
but is also scalable to larger brains, such as
those of rats and guinea pigs. This highlights
its versatility and applicability beyond smaller
animal models. This scalability broadens its
potential applications, such as enabling the
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measurement of brain-wide transcriptional
dynamics in larger mammalian species. Fur-
thermore, TRISCO serves as a robust tool for
detecting intermediate early genes, enabling
the identification of active neurons in specific
brain regions, an analysis that is critical for
various research fields (22, 23), including phar-
maceutical development (24). Beyond brain
imaging, TRISCO demonstrates broad appli-
cability across various tissues, including the
spinal cord, heart, kidney, and lung. This ver-
satility establishes TRISCO as a valuable plat-
form for investigating a wide range of medically
relevant questions.

Currently, there are limitations of TRISCO
that can be further improved. For example, the
signal-to-noise ratio can be enhanced to detect
weakly expressed genes. The current version
of TRISCO promotes penetration by lowering
the temperature, which, to some extent, reduces
the amplification Kkinetics of HCR. TRISCO is
still in the improvement stage, and these lim-
itations can be overcome through a deeper
understanding of key parameters, such as salt
concentration, temperature, probe quantity
and diffusion rate, and their effects on tissue
penetration and signal amplification. Compre-
hensive modulation and simulation of these
parameters could provide valuable insights, as
has been done in previous work (21). Addition-
ally, the accessibility of the DNA probe to the
target site may be hindered by interference from
nearby molecules such as proteins. New sam-
ple preparation methods or alternative probe
designs will be needed to circumvent this issue.

As multiround isHCR has previously been
demonstrated (25), we anticipate that optimiz-
ing tissue clearing and probe removal in the
TRISCO protocol will enable multiround analy-
sis and, therefore, greater multiplexing capa-
bilities. However, with the timeline of the
current technology, it is impractical to achieve
high-content multiplexing in this manner.
Nonetheless, there is strong potential for im-
provement. By accelerating protocols, such as
developing faster HCR reaction methods and
enhancing probe penetration, this technique
could become highly practical for widespread
use. Additionally, creating new methods that
can reliably detect RNAs even after repeated
harsh treatments would facilitate multiround
experiments. Addressing these challenges and
automating the entire protocol could lead to
the development of a high-content 3D imaging
method comparable to current spatial tran-
scriptomics analysis on 2D tissue sections.

Taken together, the development of TRISCO
marks a substantial advancement in high-
performance imaging, unlocking access to a
vast and untapped reservoir of 3D transcrip-
tional data. The depth and breadth of infor-
mation that TRISCO provides enables a more
detailed and holistic view of gene expression
within intact brains. By enabling the volumetric
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visualization and analysis of RNA transcripts,
TRISCO bridges a critical gap in neuroscience
research, linking the neural transcript profiles
with spatial coordinates to explore the dy-
namic and complex landscape of the brain.
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