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Three-dimensional tissue-structural relationships are not well captured by typical thin-section
histology, posing challenges for the study of tissue physiology and pathology. Moreover, while recent
progress has been made with intact methods for clearing, labeling, and imaging whole organs such

as the mature brain, these approaches are generally unsuitable for soft, irregular, and heterogeneous
tissues that account for the vast majority of clinical samples and biopsies. Here we develop a biphasic
hydrogel methodology, which along with automated analysis, provides for high-throughput
quantitative volumetric interrogation of spatially-irregular and friable tissue structures. We validate
and apply this approach in the examination of a variety of developing and diseased tissues, with specific
focus on the dynamics of normal and pathological pancreatic innervation and development, including in
clinical samples. Quantitative advantages of the intact-tissue approach were demonstrated compared
to conventional thin-section histology, pointing to broad applications in both research and clinical
settings.

In both research and clinical settings, established techniques for visualizing biological samples enable either
high-resolution imaging through thin sections or large scale volumetric imaging, but not both. Standard his-
topathology facilitates high-resolution anatomical and molecular phenotyping, but is limited to thin sections
insufficient for directly observing complex three-dimensional features, such as ductal topology, tumor bounda-
ries, or long-range neuronal projections, which may have scientific or diagnostic implications. Coupled with the
numerous practical limitations of conventional histology' related to laborious and imprecise sample sectioning,
reconstruction, and quantification, investigation of cellular or subcellular structures has largely been limited to
two-dimensional features visualized in a small number of representative samples. On the other hand, volumet-
ric imaging techniques such as optical coherence tomography enable organ-wide analysis of three-dimensional
structures, but sacrifice spatial resolution and molecular information, losing detailed features at the cellular level?.

For example, this tradeoff is severely limiting in the peripheral and enteric nervous systems, which play critical
roles in development, mature physiology, and diseases including diabetic neuropathy and gastroparesis®. There
exists a pressing need for quantification of corresponding fine volumetric features in a variety of clinical scenarios
(e.g., measuring intra-epidermal nerve fiber topology and density in diabetic neuropathy or other pain disorders
is increasingly understood to be of research and clinical value for both biomarker development and as a target
endpoint for identifying and validating new treatments® °). With similar clinical motivations, diverse attempts
have been made to characterize pancreatic architecture using either organ-wide analysis of macro-structural
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components® or high-resolution analysis of small numbers of individual islet cross-sections’. However, simulta-
neous whole-organ and cellular-level analysis has remained elusive, particularly with regard to human specimens.

To achieve practical and quantitative high-resolution analysis of these heterogeneous and distributed sys-
tems, new methods for observing both macro- and micro-structural features were needed. While development of
numerous clearing methodologies, including CLARITY, iDISCO, CUBIC, uDISCO, and SWITCH?'?, has shown
that solid mouse tissues such as brain, lung, heart, and kidney, can be cleared and labelled, several key challenges
remain: these methods are not widely suitable for soft, fragile, and irregular tissue targets such as those com-
monly found in clinical settings; material changes to the tissue rendered them incompatible with existing clinical
analysis; and the use of specialized (and in some cases corrosive) chemical tools or customized devices represent
practical barriers to adoption in clinical settings.

Among available tissue-clearing methods (reviewed in detail elsewhere!> ), several considerations led us
to optimize CLARITY in this direction and to enhance this platform for a broad array of clinical and research
applications. First, CLARITY is uniquely compatible with detection and quantification of many categories of
widely-used molecular labels with diagnostic utility, including nucleic acid probes!*. Second, CLARITY permits
multiple rounds of staining in large volumes of tissue® !°, which is useful for multiplexing beyond the limits of
spectral separation and is particularly important for rare or precious specimens, such as human banked or biop-
sied tissue. Equally critical for clinical applications, CLARITY is directly compatible with specimens preserved
using common clinical fixation techniques, including formalin and flash freezing, avoiding challenges introduced
by the use of innovative but non-standard tissue fixation methods. Finally, CLARITY preserves endogenous
fluorescence; in contrast, organic solvent-based methods quickly quench native signals, which is relevant given
the numerous multi-color fluorescent reporter tools used in research settings'” '®. However CLARITY has not yet
been developed for heterogeneous and irregular tissues as encountered clinically.

Here we develop a biphasic hydrogel approach, involving no specialized expertise, custom equipment, or
expensive reagents, to enable utilization of 3D histology in the standard research or clinical lab workflow. We
highlight opportunities for three-dimensional discovery by using the approach to analyze the development of
pancreatic innervation in mouse and human, quantitatively describing multiple phases of neural remodeling in
developing pancreatic islets in an automated, high-throughput manner across whole mouse and human organs.
Biphasic hydrogels and the pipeline of practical chemical, optical, and computational tools demonstrate an
approach with potentially widespread research and clinical applicability.

Results

Biphasic CLARITY composites: hydrogel chemistry for irregular or fragile samples. CLARITY
and other hydrogel-based clearing techniques have successfully enabled 3D volumetric imaging at high resolution
in mouse tissues such as brain, spleen, and bone® !°. However, we found that when published CLARITY methods -
which had been developed for solid organs with fixed architecture, such as the brain — were applied to irregular or
fragile tissues such as clinical biopsies, significant difficulties were encountered. Most importantly, the firmness
of the hydrogel composite (advantageous for many applications) created difficulties with friable tissues, resulting
in clumping, shearing, and poorly-controlled gelation following hydrogel embedding. In turn, these effects led to
adverse consequences including optical aberrations, reduced antibody penetration, high levels of tissue-gel com-
posite expansion, and significant tissue damage, particularly in organs with irregular surface features or cavities
where expansion could lead to rupture of enclosing structures. To overcome these challenges, we sought to re-en-
gineer CLARITY for this new application domain, beginning by formulating a double matter phase (biphasic)
hydrogel consisting of a solid gel within the tissue parenchyma but a liquid phase elsewhere including at irregular
tissue and cavity boundaries, thus achieving mechanical stability of soft and friable tissue samples including clin-
ical biopsies and mouse embryos (Fig. 1a). Subsequent volumetric imaging then enabled accurate visualization of
fine anatomical structures that would otherwise be under-sampled or missed by thin section histology, including
pancreatic islet volumes and neuronal structures (Fig. 1b).

To optimize biphasic CLARITY, individual components of hydrogel chemistry were titrated systematically
with the goals of increasing clearing speed and retaining sample structure in soft tissue (Fig. 1c-f; Supp. Fig. 1).
Acrylamide polymer (A), bis-acrylamide crosslinker (B), and paraformaldehyde fixative (P) are typically used
in a fixed-ratio formulation abbreviated here as A4B4P4 (Methods); consistent with prior reports' %, we found
that eliminating fixative while maintaining polymer and crosslinker (A4B4P0) could accelerate tissue clearing
in many organs by 15-30x without affecting protein loss (Fig. 1¢,d, Supp. Fig. 2), and up to 50x when cleared at
elevated temperatures (Supp. Fig. 1). However, A4B4P0 gels were found to be prone to antigen loss when cleared
for prolonged time periods (Supp. Fig. 2), which could limit utility for large tissues or for multiple rounds of
immunostaining wherein tissues must be incubated in stringent elution conditions to remove antibodies®* 6.

Consistent with previous reports?, reducing polymer and crosslinker concentration without altering fixative
(A1B1P4) was found to modestly increase clearing kinetics 2-3x (Fig. 1¢), and clearing rate could be further
increased (15-30x) at higher temperatures (Supp. Fig. 1). These A1B1P4 gels result in clear 2 mm-thick tissue in
2-5 days without evidence of undue protein loss from excessive clearing (Supp. Fig. 2), and furthermore exhibited
improved penetration of macromolecular probes; 1 mm-thick blocks of A1B1P4 composites could be stained
homogeneously with high signal-to-background after only 12 hours incubation in antibody solution (Fig. 1e,f)
compared to 48 hours previously reported for other CLARITY gel formulations® °. Thus for biphasic CLARITY,
A4B4P0 composites are suitable for rapid clearing and a single round of antibody staining, but A1B1P4 compos-
ites may be suited for rapid single-round staining or multiple rounds of staining due to improved protein reten-
tion and greater rates of antibody penetration.

Application to dynamics of neural crest cell progeny in the developing mouse pancreas. We
next sought to utilize the novel biphasic CLARITY gel to investigate whole-organ pancreatic islet development
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Figure 1. Development of enhanced CLARITY methods for peripheral tissues. (a) Simplified CLARITY
schematic: First, fixed tissue is placed in a hydrogel monomer solution (purple) that diffuses throughout the
tissue. Second, prior to polymerization, samples are transferred to a second hydrogel solution without the
capacity for solid polymer formation (orange). Third, the sample is polymerized either through nitrogen flush
and degassing or with the use of oil on the surface (indicated in yellow) as an oxygen inhibitor, resulting in
formation of a tissue-polymer hybrid with a solid hydrogel interior but in liquid solution, which is ideal for
fragile or irregularly shaped tissues. Fourth, tissue is passively cleared. Finally, after optical transparency is
achieved, tissue is labeled with molecular probes (RNA, antibody, or dye), mounted on a slide in a refractive
index matching solution, and imaged using standard microscopy. The sample can be destained and the process
repeated for multiple staining and imaging cycles. (b) Virtual thin section (5 m) compared to CLARITY
volume (250 m maximum intensity projection) of the same pancreatic islet image, here from a representative
islet in a whole P15 pancreas from a Wnt1-Cre; ROSA-mTmG mouse. CLARITY enables more comprehensive
and accurate measurements of structural features compared to section histology. Thin sections can grossly
underestimate pancreatic islet sizes (dotted line), and results in incomplete observation of fine microstructures
such as complex neural projections (arrowheads). (C) CLARITY gel A4B4PO0 (green) clears significantly

more rapidly compared to both A1B1P4 (red), and A4B4P4 (blue) across multiple tissue types including
brain, muscle, liver, kidney (p  0.00005, unpaired t-test), and pancreas (p  0.0005, unpaired t-test). n 6
sections per tissue type and gel. Clearing reaction rates were determined by fitting UV-spectrophotometry
measurements over time to a first order transformation reaction kinetics equationy Y . (1 e ¥ )and
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normalized to Brain A4B4P4. (d) Different CLARITY gel formulations do not impact the loss of protein in

a cleared specimen compared to PFA-alone fixed tissue, as determined by BCA assay (p 0.00005, unpaired
t-test). n 6 samples per tissue type and gel. (¢) The A1B1P4 formulation improves the penetration rate of
antibodies, resulting in full 1 mm brain slices stained with 12hrs incubation in antibody, visualized using the
marker Parvalbumin (PV). Scale bar 100 m. (f) Staining quality from (€) was quantified by measuring

average cellular signal intensity normalized by average extracellular background intensity.n 6 samples per gel
type. For all charts, error is s.e.m. **p  0.005, ***p 0.0005, ****p 0.00005.

at high resolution. During normal prenatal to postnatal gut development, neural crest derivatives and pancre-
atic islets develop in parallel”*?’. Adult islets are innervated by sympathetic, parasympathetic, and nociceptive
neurons, and are encapsulated by a sheath of peri-islet Schwann cells, all derived from neural crest progenitors?.
Several lines of evidence suggest existence of postnatal remodeling of pancreatic islets through waves of beta-cell
expansion and apoptosis®” *, but the development of islet-associated neural crest cells has been investigated
primarily in early embryogenesis®®. The dynamics of these structures through the course of late-embryonic and
postnatal development, when intact tissue volumes become too large for traditional imaging techniques, remain
unclear. Recent studies of neurovascular development in pancreatic islets’” have proposed a model of monoton-
ically increasing islet innervation in which autonomic nerves that initially line the surface of developing islets
steadily penetrate the islet core throughout the first 2 weeks of life. Additional work has inferred relationships
between islets and surrounding structures from high-resolution thin-section analyses®~**, optical tomogra-
phy?*, or 3D confocal reconstructions of individual islets” **, but studies with both high spatial resolution and
whole-organ coverage have remained impractical with existing techniques.

To investigate and quantify interactions between islets and neural crest derivatives during development, pan-
creata were harvested at multiple fetal and post-natal stages from an established mouse strain used for labe-
ling neural crest progeny (Wnt1-Cre; Rosa26-mT/mG)'®, processed with biphasic A1IB1P4 CLARITY, and
imaged with confocal microscopy (Fig. 2a). This mouse line expresses a ubiquitous reporter in the form of a
membrane-bound tdTomato that is converted to a membrane-bound GFP in the presence of Cre-recombinase,
here driven by Wntl, a neural crest lineage marker**—thus labeling cell membranes with GFP if of Wnt1 (neural
crest) origin, and with tdTomato otherwise. Processing code (Supp. Fig. 3; Methods) was developed to identify
insulin islet -cells and neural crest derivatives, and to quantify colocalization. This system enabled rapid and
unbiased population-level characterization of islet association with neural crest derivatives (Fig. 2b—e). At each
developmental stage, islet radius and the extent of neural crest signal in and around the islet were quantified for
each detected islet. The ability of the software to accurately detect population-wide changes in both islet size and
neural-crest derivative signal was validated using a known model of drug-induced diabetes, which results in
beta-cell death and reactive gliosis (Supp. Fig. 4)”%".

Consistent with previous reports®® *, marked increases in both islet number and size between mid-gestation
(E15) and the neonatal period (P2 to P6) were observed, followed by a modest reduction in total beta-cell volume
at P15 before continued growth (Fig. 2b,c), potentially due to apoptosis, formation of new islets, or other mech-
anisms. From automated measures of all pancreatic islets, population distributions of islet sizes during develop-
ment could also be constructed. As expected, the proportion of islets with larger sizes rose throughout postnatal
development (Fig. 2d). Intriguingly, quantification of islet-associated nearby neural signals revealed evidence of
changing neural-islet interactions. A reduction in peri-islet neural crest signal between P2 and P6 was followed
by a gradual rebound in levels of innervation and glial encapsulation by P42 (Fig. 2e,f). These data revealed unex-
pected multiple dynamics of islet interactions with neural crest-derived structures, potentially due to pruning, the
birth of new under-innervated islets, or other phenomena.

Biphasic CLARITY for quantification of structures spanning whole human organs. We next
sought to determine if the developmental dynamics observed in mouse would be conserved in human devel-
opment. Such a cross-species correspondence would be far from certain a priori, particularly since pancreatic
innervation during development in humans, while closely associated with islets*’, has been reported to deviate
significantly from that in rodents®> 3.

To assess islet innervation during human development, we embedded human fetal pancreatic tissue (91-
117 days post-conception) in biphasic A1B1P4 hydrogel and clarified the samples at 60 °C for 2-3 weeks. With
standard confocal microscopy (Methods), this approach enabled high-resolution imaging of fine immunolabeled
structures, including islet cells and neurons as labeled by antibodies against Insulin (Ins) and -tubulin (Tujl1),
throughout millimeters of clarified tissue (Fig. 3a). Furthermore, multiple rounds of immunostaining were fea-
sible with this approach in large blocks of human tissue and whole human organs, enabling visualization of
different islet cells and vasculature as labeled with antibodies against glucagon (Gcg) and Type-4 collagen (Col4)
(Fig. 3a). Initial automated quantification of thousands of islets in each sample revealed no significant sample
variation or change in mean islet size within the d91-d117 range (Fig. 3b). Although asymmetries might be antic-
ipated between the head and tail of the pancreas, which have distinct developmental origins*!, spatial heterogene-
ity was not detected at this stage of development across all 6 mm of tissue from head to tail (Fig. 3b).

To quantify postnatal innervation patterns of pancreatic islets in human samples, we performed biphasic
CLARITY on pancreatic tissue from pediatric donors (2-8 years of age) and immunolabeled with antibodies
against Ins, Geg, Tujl, Col4, and Neurofilament (NF) (Fig. 4). Consistent with our mouse tissue results, clari-
fying at elevated temperatures was rapid and resulted in structurally sound tissue blocks spanning many mil-
limeters in cross-section and up to 2 mm thick. These tissue blocks could be probed sequentially with multiple
rounds of antibody labelling, with image stacks subsequently registered together to create high-dimensional
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Figure 2. Neuroendocrine pancreas in mouse development. (&) Pancreata from Wnt1-Cre x Rosa26-mT/mG
reporter lines at E15 (left) and P15 (right) were harvested, processed using CLARITY, and stained for insulin.
3D histology enables organ-wide visualization of developing islets (white) and associated neural features (green)
throughout the pancreas; imaging datasets were then automatically processed with the computational pipeline
(see Fig. S2). Int: intestine, Panc: pancreas, Sp: spleen. All samples were embedded with A1B1P4 hydrogel

and cleared for 1-2 weeks at 37 °C. Scale bars 1000 m. (b) Automated quantification reveals changes in

islet size and number at various stages of pancreatic development. Note massive expansion of islet number
shortly following birth (p  0.05, unpaired t-test) through P6, followed by reduction. (C) Islet size is also non-
monotonic with aggregate size reduction (P6-P15,p  0.05, unpaired t-test) and growth (P15-42, p 0.0005,
unpaired, t-test). (d) CLARITY enables refined whole-population measurements, as illustrated by a population
shift towards larger islets at P42 compared to other timepoints. (€) The presence of neural crest structures in the
neighborhood surrounding and within pancreatic islets was quantified. The level of neural crest-islet interaction
is dynamic with a significant decrease between P2 and P6 (p  0.0005, unpaired t-test) and a significant increase
between P15and P42 (p  0.005, unpaired t-test). (b-€) n 3 pancreata from litter mates per developmental
stage, error is s.e.m. (f) Optical 2D sections (5 m thick; top row) and corresponding 3D CLARITY images
(1000 m thick, bottom row) across development. While 2D sections suffice to observe gross changes in

islet size, neural structures (arrowheads) are sparse and difficult to quantify in 2D. CLARITY reveals high-
resolution structure not captured by 2D images, enabling visualization of neural remodeling dynamics. Scale
bars 100 m.
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Figure 3. CLARITY for whole human organs. (a) CLARITY enables high-resolution and high-quality whole-
organ tissue processing and analysis of human fetal tissues. A day 101 fetal sample (top row) can be stained,
with Insulin (Ins) and -tubulin (Tuj1), and imaged through several millimeters of cleared tissue without loss of
resolution. Four example z positions spanning the entire pancreas thickness are shown with islets (arrowheads)
and nerves/vessels (arrows) observed at each depth. The same tissue can be stained multiple times with different
sets of antibodies — Type 4 Collagen (Col4) and Glucagon (Gcg) - (bottom row) with minimal loss of feature
resolution. Scale bars 500 m whole sample, 100  m inset. Samples were embedded in A1B1P4 hydrogel and
cleared for 2-3 weeks at 60 °C. Antibody removal was performed by clearing for 5-7 days at 60 °C.

(b) CLARITY enables automated quantification of structural features, including islet size. In this cohort,

there was no significant difference (unpaired t-test) in average islet size, population distributions, or spatial
distributions of islet sizes at different developmental ages between d91 and d117. Error: s.em.n 3.

phenotypic datasets (Fig. 4a). Crucially for clinical relevance, we found the CLARITY process was compatible
with recently-prepared PFA-fixed (Fig. 3) and flash frozen specimens (Supp. Fig. 5) as well as with archival blocks
of fixed pancreatic tissue (Fig. 4). Automated analysis of both prenatal and postnatal human pancreata revealed
that as subject age increased from fetal to neonatal to juvenile, beta-cell clusters became larger (consistent with
prior human studies*’) and also less invested with neural elements (Fig. 4b-d) on a population-wide basis, con-
sistent with the postnatal neural remodeling observed in mouse models.

These tissues had no known intrinsic disease process. To test utility of biphasic CLARITY for pathological
human specimens, with potentially different tissue properties due to chronic inflammation, fibrosis, or other
disease-related responses*?, identical processing was performed on samples obtained from pediatric subjects
with multi-year histories of type 1 diabetes mellitus, revealing catastrophic loss of insulin-expressing cells and
islets pathognomonic for type 1 diabetes mellitus (Fig. 4¢)*’. Additionally, we confirmed that biphasic CLARITY
was broadly applicable to numerous banked tumor biopsies representing a wide range of cancers, and enabled
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Figure 6. Applications of CLARITY to diverse biological systems. (a) Wildtype E10.5 mouse embryo was
cleared and labeled with Tujl and laminin. Scale: 500 m. (b) E12.5 Embryo from Wntl-Cre x Rosa26/TdTomato
mouse was clarified and imaged, demonstrating robust preservation of endogenous labels. Scale: 100 m.

(c) Whole E14.5 mouse embryo was stained for Tujl and Laminin, the antibody label removed, and the
specimen restained with the same antibody. Scale: 1000 m. (d,e) Even after two rounds of staining, the same
fine structural features (arrowheads) can be easily identified in the whole sample (green box). Scale: 200 m.

(f) CLARITY can successfully clear decalcified bone (see Methods). Scale: 1000 m. Samples in panels a-f were
embedded in A1B1P4 hydrogel and cleared for 2-4 weeks at 37 °C (see Methods and detailed protocol for tissue-
dependent timing). (g-k) Other whole organs can also be cleared, including the gastrointestinal tract (here,
pyloric sphincter, scale: 500 m), lung (scale: 500 m), heart (scale: 1000 m), kidney (scale: 100 m), and skeletal
muscle (scale: 50 m). CLARITY preserves fine structures, enabling visualization of, for example, neuromuscular
junctions (arrowheads). Samples in panels (g-K) were from adult Wnt1-Cre; Rosa26-mT/mG reporter lines,
embedded in A4B4P0 hydrogel and clarified for 1-2 wk at 37 °C (see detailed protocol for tissue-specific timing).
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Animal Care and Use Committee. All animals were maintained on a standard light-dark cycle with access to
chow and water ad libitum Adult male and female C57BL/6] mice were utilized for adult (6-8 weeks of age)
and postnatal (less than 15 days of age) CLARITY experiments. Developmental stages were calculated as days
from detected vaginal plug. Wnt1-Cre; ROSA-mTmG mice were generated by crossing the 129S4Cg-TgWnt1-
cre2Sor/J mouse line (Jackson Labs, #022137) with the GIROSA26Sortm4ACTB-tdTomato,EGFPLuo/J
mouse line (Jackson Labs, #007576).

Human specimens.  Use of de-identified post-mortem human tissue was in accordance with guidelines from
the National Institutes of Health and approved by the Stanford Institutional Review Board. Fetal pancreas samples
were obtained from the University of Washington Birth Defects Research Laboratory, juvenile pancreas samples
from the International Institute for the Advancement of Medicine, and frozen pancreas specimens from Cureline,
Inc (South San Francisco, CA), with written informed consent from each subject obtained by each respective
institution.

Simplified CLARITY protocol (see supporting detailed protocol). The A4B4P4 hydrogel formulation
is as described previously® %, consisting of an aqueous solution of 4% Acrylamide (wt/vol), 0.05% Bis-Acrylamide
(wt/vol), 4% Paraformaldehyde (wt/vol), and 0.25% VA-044 initiator (wt/vol) in PBS. A1B1P4 hydrogel formula-
tion reduces the 4% acrylamide to 1% and the 0.05% bis-acrylamide to 0.0125%. A4B4P0 formulation eliminates
PFA in the hydrogel solution, although PFA is still present during animal perfusion.

Animals were deeply anesthetized and perfused transcardially with phosphate buffered saline solution (PBS,
Thermo-Fisher, pH 7.4), followed by perfusion of an equal volume of cold 4% PFA, and post-fixed in PFA over-
night at 4 C. Samples were then incubated in various hydrogel solutions at 4 C for 2-4 days to allow sufficient
hydrogel diffusion into the tissue. Human tissue samples were similarly fixed in PFA, then transferred to cold
hydrogel for 2-4 days.

For applications necessitating liquid hydrogel formulations, the solution was replaced with a non-rigidly-
polymerizing hydrogel solution (such as A1B1P4, A4BOP4, or PBS) immediately before embedding (Supplemental
Tables 1-5). As a result, tissue is sufficiently crosslinked to maintain structural stability, but the surrounding solu-
tion remains in liquid phase.

To embed tissues into hydrogel, tissues were polymerized either following the nitrogen-flush and vacuum
chamber degassing protocol previously detailed® !¢, or in the simplified protocol, by covering the tissue-containing
solution with a layer of hydrophobic oil (we used castor oil [Sigma 259853]) without the need for degassing. All
samples were polymerized by incubation in a 40 C shaking incubator for 3-5hours, followed by removal of excess
hydrogel. Solid gels can be peeled from the sample under a fume hood and disposed of as solid waste; liquid gels
can be poured directly into liquid waste.

Samples were then placed in clearing solution of 4-8% sodium dodecyl sulfate (SDS) in either Sodium Borate
buffer (200 mM, pH 8.5) or, in the simplified protocol, PBS (pH 7.4), in a shaking incubator set at 37-60 °C
(Supplemental Tables 6-8). Samples were passively cleared at either 37 °C or 60 °C until optical transparency was
achieved, as shown in Fig. 1c (Supplemental Table 9). Before further processing, clearing solution was rinsed from
the sample with 2-3 washes of PBST (0.1% TritonX-100 (wt/vol) in PBS) over 1 d.

Quantified clearing rate. Mouse organs were harvested as described above and coarsely sliced into 2
mm-thick blocks after polymerization. Samples were placed in 4% SDS clearing solution at the indicated tem-
perature (Fig 1d, Fig. S2). Optical transparency was assessed using UV spectrophotometry (BioTek, Epoch 2
Microplate Spectrophotometer). Clearing rate was determined by fitting a one-phase exponential association
equation of the formy Yo (1 €™, chosen because tissue clearing can be modeled as a single-reactant trans-
formation reaction with first-order rate kinetics. Rates were normalized to A4B4P4 brain tissue cleared at 37°C
to quantitatively determine relative rates compared to previous CLARITY protocols.

Protein loss. Samples were coarsely sliced into 2 mm blocks after polymerization and weighed prior to clear-
ing. Tissues were allowed to clear in clearing solution; at the indicated time points, 500 ul of solution was removed
from the sample to assess protein loss. The quantity of protein loss was characterized using a bicinchoninic acid
(BCA) protein assay (Pierce Biotech) following manufacturer’s instructions. Results were normalized by samples’
starting weights.

Antibody penetration. Mouse brain samples were collected as described and sliced into 1 mm sections
prior to clearing. Cleared samples were incubated for 12hrs at room temperature with rabbit anti-parvalbumin
antibody (Invitrogen, 1:100 dilution) in PBST, washed 3 times in PBST, and incubated for 12hrs at room temper-
ature with anti-rabbit (Fab)2 fragments conjugated to AlexaFluor 647 (Jackson, 1:100 dilution) in PBST. Samples
were imaged at 40x using identical laser and microscope settings, and results are shown in Fig. 1f. Staining quan-
tification was performed using custom Python code. Each image slice was thresholded using an Otsu thresh-
old from the Skimage Python package. Positively stained cells were detected by eroding the image by one pixel
using the Python Scipy package, followed by morphological closing, analysis of region properties measured with
Skimage, and exclusion of non-cellular features based on size and roundness. Average region intensity, represent-
ing the average intensity of positively stained cells, was calculated by averaging pixel values within all detected
regions in a plane, and background levels were obtained by averaging pixel values outside the detected regions.
Signal over background was calculated by dividing the average pixel intensity in each region by the average back-
ground intensity.
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Immunostaining of CLARITY-processed pancreas. Samples - both whole mount rodent pan-
creas and 1 mm-thick human specimens - were incubated for 2 days at room temperature with primary anti-
body (1:100 dilution) in PBST, washed 3 times with PBST, and incubated for 2 days at room temperature with
AlexaFluor-conjugated secondary antibody (Jackson, 1:100 dilution) in PBST. For immunostaining of samples
derived from frozen clinical specimens, an identical procedure was applied except preceded by overnight block-
ing in 3% Normal Donkey Serum  0.3% Triton-X in PBS at room temperature.

List of labeling reagents used in this study:

o anti-Parvalbumin (rabbit, Abcam ab11427)
 anti-Insulin (guinea pig, Dako A0564)

« anti-Tujl (mouse, Millipore MAB1637)

o anti-Col4 (rabbit, Millipore MAB8201)

o anti-GFP 488 (rabbit, Thermo-Fisher A21311)
« anti-Glucagon (guinea pig, Takara M182)

o anti-CD31 (rabbit, Abcam ab28364)
 anti-Laminin (rabbit, Millipore AB2034)

o anti-Somatostatin (rabbit, Peninsula T-4103)

o anti-melanA (mouse, Dako A103)

o anti-CK7 (mouse, Dako OV-TL 12/30)

o anti-CK20 (mouse, Dako Ks20.8)

o Propidium Iodide (Cell Signaling Technologies 4087 S)
« DyLight-488 Lectin (Vector DL-1174)

CLARITY restaining. Following imaging, samples were placed in PBST overnight to remove refractive index
matching solution. Samples were then placed back in SDS clearing solution and incubated in a 60 °C oven for 4-6
days, depending on sample size and antibody binding strength. Antibody dissociation was verified by confocal
microscopy set at high laser power, as well as by restaining samples using only secondary probes. Additional
rounds of staining followed the procedure described above.

Imaging of CLARITY samples. To prepare samples for imaging, samples were incubated in a refractive
index matching solution (such as RapiClear or Histodenz) for 1-24 hours depending on sample size. Samples
were mounted as previously described® . Samples were imaged using an Olympus FV1200 confocal microscope
system running Fluoview software, using a 10x, 0.6NA water immersion Olympus objective at 5 m z-step reso-
lution. Single photon excitation was used at the indicated wavelengths. Entire samples were obtained by mosaic
tiling during imaging, reconstructed using default microscope software, and viewed in Imaris 8 (Bitplane).

Streptozotocin injection. Diabetes was induced in adult (P42) and juvenile (P3) mice with a single intra-
peritoneal injection of streptozotocin (STZ, Sigma) dissolved in sodium citrate buffer of varying dosage (0, 100,
200, or 500 mg/kg). Animals were randomized to drug or vehicle control within cage groups. Animals were per-
fused at P6/P45, three days post-injection, or P15, twelve days post injection. Blood glucose levels were measured
before animals were euthanized with a drop of blood from the tail and a glucometer (Contour, Bayer) by an
experimenter blind to injection condition.

Computational pancreas analysis. To quantify islet size and neural crest/innervation neighborhood
values from volumetric images, we generated Python code to process images and extract relevant features in a
semi-automated manner. First, we loaded individual imaging channels corresponding to neural crest/nerves and
insulin. Datasets of human and whole adult rodent pancreas were downsampled by 0.5 with the Scipy Python
package using bilinear interpretation, as the samples were too large to process at original resolution®. All sample
images were normalized to the same intensity scale to account for staining and expression variability, and the
pancreas was manually selected for analysis to exclude surrounding tissue such as intestine or spleen (as observed
in Fig. 2a).

Samples were maximum intensity projected into 150 m sections, corresponding to three standard deviations
beyond mean islet size, improving signal to noise. In order to segment the section into identified islets, each sec-
tion was intensity-thresholded using Otsu’s method from the Scikit-image (Skimage) Python package®® *. Using
the Scipy Python package, segmented regions were eroded and dilated for noise removal. Individual regions were
identified using the Scipy multidimensional image processing package. Region properties, including the center of
mass coordinates and size, were measured using the Skimage package. Unique positive regions of at least 5 pix-
els - corresponding to 124 m? in size, approximately the size of an endocrine cell’> > - were identified as islets.
For each detected islet, a maximum intensity projection of the islet was created of the CLARITY slice in which
the islet was detected and a bounding box of 20 pixels — or 100 m - beyond the islet in each lateral direction. In
this maximum intensity projection, an Otsu threshold was applied to identify the islet. Dilation and erosion were
applied to remove noise.

Region properties were measured using the Skimage Python package, and an ellipse and convex hull was fit
to each islet. The islet radius was estimated by assuming the convex hull approximated a circle. Each islet was
assigned an islet neighborhood that was offset outward from the islet convex hull by an additional two pixels, or
10 m. Positive neural crest/nerve pixels in the islet neighborhood were identified by applying an adaptive thresh-
old from the OpenCV image processing Python package and eroding each region by one pixel - or 5 m - to
reduce noise”’. The number of positive neural crest pixels in the islet neighborhood was counted, and islet-nerve
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interaction was calculated as the number of positive pixels divided by the total size of the islet. To remove arti-
facts, we excluded samples where either the percentage of positive nerve pixels or an automated entropy score
from Skimage was greater than three standard deviations from the mean value in a test dataset, as these corre-
sponded to non-neural features. Exclusion thresholds were held constant across all samples.

Code availability: All software was custom developed in Python using open-source libraries and are freely
available upon request. Source code is available at: https://github.com/vburns88/ClinicalClarity. All CLARITY
resources are freely available at www.clarityresourcecenter.org.

Measurement simulations.  For values of N ranging from 10 to 150, N random islets from an entire sample
were selected, with replacement, and corresponding values for islet radius and NC/islet interaction were deter-
mined. Simulations were performed 100 times for each data point. Results were reported significant if the mean
measured value differed (p  0.05) between conditions using a two-tailed Student’s t-test.

2D and 3D comparisons. To provide an accurate comparison of slice and volumetric histology, the islet pro-
cessing code as described above was run on eight evenly spaced 40 m optical sections from a 1 mm CLARITY
volume, representing every third 40 m section from the organ. The number of islets was multiplied by three to
scale the sections to the entire sample volume. For each islet detected in the 40 m optical sections, a volumetric
analysis was performed using the same region size in x and y, but extending in z to three standard deviations
from the mean islet radius, representing the additional information supplied by a volumetric approach. Islet
characteristics were quantified for the 2D and 3D models of the islet. Additional islet analysis was performed in
5 m,10 m,20 m,80 m,and 110 m optical sections in an identical manner. The islet size underestimation
factor was calculated by subtracting the 2D radius from the 3D radius and dividing by the 3D radius for each of
the optical sections.

Statistics. Group mean comparisons were evaluated using two-tailed Student’s t-test. Non-normally distrib-
uted population comparisons (i.e. islet size distribution) were performed with a Kolmogorov-Smirnov test. All
statistics were performed in Graphpad Prism. Effect sizes and variations were estimated from preliminary data
to determine sample sizes.
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