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1 List of abbreviations

3D

3DISCO

BABB

BBB

CFP

CNS

CT

CUBIC

DBE

DCM

DPE

EAE

ExM

GFP

iDISCO

IHC

IL

MRI

NIH

NO

OPTIClear

PACT

PARS

PNS

RI

ROS

SClI

3-dimension, 3-dimentional

3D imaging of solvent-cleared organs

1:2 benzyl alcohol, benzyl benzoate

blood brain barrier

cerulean fluorescent protein

central nervous system

computer tomography

clear, unobstructed brain imaging cocktails and computational analysis
dibenzyl-ether

dichloromethane

diphenyl-ether

experimental autoimmune encephalomyelitis
expansion microscopy

green fluorescent protein

immunolabeling-enabled three-dimensional imaging of solvent-cleared organs
immunohistochemistry

interleukin

magnetic resonance imaging

National Institute of Health

nitric oxide

Optical Properties-adjusting Tissue-Clearing agent
passive clarity technique

perfusion-assisted agent release in situ

peripheral nervous system

refractive index

reactive oxygen species

spinal cord injury



SDS sodium dodecy! sulphate

SeeDB See Deep Brain

SHIELD stabilization to harsh conditions via intramolecular epoxide linkages to prevent degradation
SMC short skull-meninges connection

SWITCH system-wide control of interaction time and kinetics of chemicals
TBI traumatic brain injury

TDE 2,20-thiodiethanol

TGF-p transforming growth factor beta

THF tetrahydrofuran

TNF-a tumor necrosis factor alpha

UbasM Urea-Based Amino-Sugar Mixture

uDISCO ultimate DISCO

vDISCO nanobody(VHH)-boosted 3D imaging of solvent-cleared organs
WHO World Health Organization

YFP yellow fluorescent protein



2 Abstract

The effects of most diseases are not confined to a particular body region. In fact, pathologies can affect
multiple organs and whole organisms. Therefore, a systems biology approach could deliver new insights by
studying diseases at a whole-body level. Tissue clearing methods started revolutionizing standard histology by
making the samples transparent and allowing the 3-dimensional (3D) imaging and analysis of whole organs
and organisms without sectioning. In this project we aimed to develop new tissue clearing methods that are
able to clear whole mouse bodies in order to study pathological changes throughout the entire organism. We
based our methods on organic solvents because, so far, they are the ones that can achieve the highest level of
transparency. First, we developed ultimate DISCO (uDISCO), a protocol that is able to clear whole mice and
to preserve the signal from endogenous fluorescent proteins up to months, by employing less reactive organic
solvents. Moreover, uDISCO reduces the volume of the samples by up to 65%; therefore, it permitted the
imaging of the whole mouse central nervous system (CNS) and whole-body at subcellular resolution for the
first time using light-sheet microscopy. Nevertheless, owing to the fact that bones and hard tissues could not
be efficiently cleared and that the organic solvents could eventually quench the endogenous fluorescent signal,
the reliable detection and quantification of the biological fluorescent information in all body districts have still
represented a challenge. To overcome these issues, we developed a second pipeline called (nanobody(VHH)-
boosted 3D imaging of solvent-cleared organs) vDISCO, which exploits a pressure-driven, nanobody-based
whole-body immunolabeling system to enhance the signal of fluorescent proteins, to preserve it for years and
to image through dense and hard tissues such as bones and skin. vDISCO allowed us to image and quantify
subcellular details in intact transparent mice. Using vDISCO, we reconstructed the first whole-body neuronal
map in adult mice at subcellular resolution. Furthermore, we screened whole mice for changes caused by CNS
damage and trauma and found degeneration of peripheral nerve terminals in the torso after traumatic brain
injury and extensive multiple-organ inflammation after spinal cord injury. Moreover, using vDISCO we
observed short vascular connections —named short skull-meninges connections (SMCs)-between skull
marrow and brain meninges which were filled with immune cells upon stroke. The SMCs might represent a
new route for immune cells to access into the brain. Taken together, our method represents a powerful tool to

unbiasedly analyze effects of neuronal conditions in the whole organism.



3 Introduction

Nature follows a very strict rule: all organisms (from tiny bacteria to big mammals) are based on a
hierarchical organization of their different parts and all organisms are made by different components that work
in synchrony with each other. In particular, mammals including humans and mice — well known animal
model in biomedical research’— are characterized by a high complexity in their structural and functional
organization with a body composed of organs, which are made by tissues, which are in turn built out of cells
that consist of organelles and so on. All these components are never completely isolated from each other, but
they interact, they work in synergy and they communicate to each other to make complex living organisms

possible.

This known concept justifies the need for studying complex organisms as whole entities and not simply as an
assembly of many individual parts, especially when almost all diseases do not only affect the site where they
arise but they can also cause undetected changes in other parts of the body and in some instances dramatically
affect the entire organism. In previous decades, new research fields have appeared to target this need: there
has been in fact an increased interest in systems biology which, through a holistic approach, has focused on
studying complex interactions in a biological system in an unbiased manner?. However, the modeling and
integration of the huge and complex data sets collected from whole organisms have to rely on computational
and mathematical approaches to extract meaningful numerical datasets and information (e.g genomics and

proteomics).

In the field of imaging, different approaches exist to acquire and analyze whole organisms at once. Computer
Tomography (CT) and Magnetic Resonance Imaging (MRI) technologies allow the scanning of whole bodies
of humans and other animals. Although they are powerful tools to study live phenomena by providing the
gross anatomy, they lack subcellular resolution and therefore they can’t provide information at single cell

level®.

On the other hand, in order to investigate biological samples at a cellular and subcellular level, histological
techniques were refined in the last century®. They traditionally rely on the cutting of the body parts of interest,
which are subsequently sliced into thin sections (10-100um). However, the histological procedures are not

devoid of limitations:

e They do not allow the visualization of the organism as whole.
e They can lead to the loss of information and to the generation of errors, because the big picture has to
be reconstructed from separate pieces.

e They can lead to bias in analysis, because the region of interest is predefined.



Moreover, the possibility to keep samples intact is especially advantageous when investigating highly
complex phenomena such as global inflammation or microglia activation and especially when studying cells
with long projections such as neurons. Ideally all the cellular structures of the neurons should be enclosed in
the imaging volume to avoid the difficult reconstruction of their morphologies from fragments. Despite the
efforts to overcome these limitations, the development of holistic 3D histology has been hindered by the
natural opacity of mammalian tissues, which means that high-resolution imaging of the tissue can only be
achieved for the first few hundred micrometers in depth>. However, the development of tissue clearing
technologies has started paving the way to solve the problems of 2D histology, although many bottlenecks that

prevent holistic 3D high resolution imaging and analysis still exist.

3.1 Tissue clearing technology

Note: for the expanded version of the acronyms of the tissue clearing methods in this section, please see section 1 “List of abbreviations”.

The opacity of most of biological tissues, including the ones from mammals, is determined by the composition
of the tissue itself. This is because the different components of the tissue (protein, lipids, water and so on)
have different refractive indexes (RIs)®"; therefore when light crosses these components with different RI, it

will be scattered in different directions.

Tissue clearing technologies are methods that are able to render biological specimens transparent, by
equalizing the RIs throughout the tissue and matching them with the RI of an immersion solution. The first
translucent biological human samples had been achieved in 1911 by soaking the specimens in solutions with
similar light refraction properties of the tissue®. However, at that time two main factors prevented the rise of
3D histology: the lack of modern fluorescent staining approaches to label the desired biological structures and
the lack of advanced microscopy technologies. In 2007, Dodt et al. designed and built the first light-sheet
fluorescence microscopes (ultramicroscopes), which, in combination with benzyl alcohol/benzyl benzoate
(BABB) clearing, represented a big breakthrough because it was finally possible to quickly image relatively

big cleared samples without sectioning®.

Since then, many other clearing methods have been developed. Overall, there are currently three main groups,
based on their principles to match the refractive index and to clear the tissue. Nevertheless, none of them so
far allow a reliable detection of the fluorescence signal at a subcellular level for intact whole body analysis

and quantification.
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3.1.1 Tissue clearing types
Organic-solvent-based clearing methods

The first tissue clearing group is based on BABB clearing principles. It is characterized by the use of organic
solvents which can achieve the highest grade of transparency, although at the cost of fast quenching the
fluorescence signal'®**. Since the two main components that cause light scattering in the tissue are water and
lipids (they have lower and higher RIs respectively, compared with the RI of the proteins), the methods from
this group aim to dehydrate and delipidate the samples completely prior to RI matching. Different solvents
have been used to achieve the dehydration, delipidation and RI1 matching: the first tests were performed with
non-toxic alcohols (e.g. ethanol) as dehydrating reagent®, although with the risk of completely quenching the
transgenically expressed fluorescent protein signal *2. One of the main methods of this group is represented by
“3D imaging of solvent-cleared organs” (3DISCO). 3DISCO is an organic-solvent-based clearing method that
is extremely reproducible and easy to perform; it produces very transparent samples and it has been widely
used in biomedical research: for example to study stem cells™, immune cells** and cancer cells® in thick
tissues. In the 3DISCO method, tetrahydrofuran (THF) is used to remove the water, dichloromethane (DCM)
to remove the lipids and dibenzyl-ether (DBE) replaced BABB to match the RI****'" In Schwarz et al., tert-
butanol replaced THF to remove water from the samples'® and, according to the authors, improving the
fluorescence signal retention. Some years later, different research groups combined 3DISCO with whole-

mount and whole-organ labeling®®?

including the one of Tessier-Lavigne that called its protocol
“immunolabeling-enabled three-dimensional imaging of solvent-cleared organs” (iDISCO)*. Recently,
iDISCO has been updated into iDISCO+ using methanol as dehydration agent, in order to reduce the size

shrinkage effect caused by THF*.
Aqueous-based clearing methods

The second group consists of aqueous-based clearing methods. In fact, these methods use hydrophilic reagents

that are dissolved in water. The solutions can simply be with:

e High RI molecules (e.g. glycerol® or 2,20-thiodiethanol (TDE)**%").

e High concentration of sugar (e.g fructose in SeeDB?) to increase the Rl and match it to that of the
tissue.

e A mixture of sugar and urea (e.g ScaleS* and FRUIT®).

e More complex chemical cocktails with both RI matching and delipidation properties: N-

methylglucamine- TDE-Iohexol in OPTIClear® urea-xylitol-sodium deoxycholate in ClearSee®,

11



urea-alcohols (e.g, glycerol in Scale®), urea-sucrose-1,3-Dimethyl-2-imidazolidinone in UbasM*, or

urea-aminoalcohol such as in CUBIC*?® and its derivatives®”°.

Hydrogel-based clearing methods

The third group is based on the formation of a hydrogel scaffold in the tissue. CLARITY is a clearing
method that applies hydrogel-embedding fixation followed by delipidation with electrophoresis to clear the
tissue. First, the tissue is stabilized by the induction of the endogenous proteins in the sample to form cross-
links with acrylamide in order to form a hydrogel, then an electric field facilitates the removal of the lipids
from the tissue via the strong detergent sodium dodecyl sulphate (SDS); in the end the tissue is immersed in
the RI matching solution “Focus Clear” until transparency. In recent years, many other protocols have derived
from the original CLARITY, including PACT and PARS* that exploit passive and perfusion delipidation
respectively, and PACT-decal* and bone-CLARITY* that are both able to clear calcified tissues such as
bones. Moreover, whole-mount labeling protocols were developed based on hydrogel formation, including
SWITCH* and SHIELD® that allow multi-round protein labeling, and CLARITY coupled with RNA

amplification/staining and imaging™.

3.1.2 Signal stabilization and whole mount staining

The first applications of tissue clearing were based on the detection of endogenous florescent proteins,
including green fluorescent protein (GFP) or yellow fluorescent protein (YFP) expressed by neurons of the
central nervous system (CNS) in transgenic animals®?. However, most of clearing protocols, especially the

ones based on organic solvents, had the side effect of heavily quenching the fluorescence signal within few
10,12

days ", making the samples unusable for prolonged imaging. It has been shown that the fast quenching of

the proteins depends on several factors such as the formation of peroxides, high clearing temperatures that can

#7148 and the removal of the proteins from their water environment*. Therefore,

1829345051 |y
y

denaturate the GFP structure

many efforts in protocol development aimed to preserve the fluorescent signal as long as possible

1848505253 removing peroxides®, adding substances able to

|50,54,55

increasing the pH of the clearing solutions
stabilize protein conformation (e.g polyethylene glyco ) or reducing the clearing temperature®**. On the
other hand, the aqueous-based clearing methods have been shown to better preserve the fluorescence signal
although being more time-consuming protocols and not efficient in reaching complete transparency of the
samples™. Whole mount staining methods were introduced as a different solution for the fast quenching: for
example in iDISCO and iDISCO+ the authors used antibodies conjugated to Alexa Fluor dyes that are more
stable after solvent treatment and clearing. In this way they could perform repeated imaging for many

months?2,

12



However, to this point, the whole mount staining protocols available in the literature were not able to achieve
the labeling of samples bigger than single organs such as a mouse brain or kidney because one of the main

limitations is the big size of the antibodies that prevents them to penetrate deep into the tissue®’.

3.1.3 Whole-body clearing

The possibility to clear whole organisms (such as entire mice) for unbiased studies of intact full bodies at
subcellular resolution has been explored using perfusion systems to actively deliver the clearing agents into

the body of the animals. In these protocols the removal of the skin remained a standard procedure in the pre-

36,39,41,42,50

clearing step , since this organ acts as a barrier for penetration of chemicals and the optical properties

of hair and strong melanin pigmentation cause additional problems during imaging™>**’,
based strategy led to the publication of methods such as whole-body CUBIC*®, PARS**? and PEGASOS™. In

whole-body clearing the decolorization of the blood to remove the heme pigment in fundamental because this

This perfusion

pigment is one of the most abundant in mammalian bodies and it can cause light absorption and strong
autofluorescence™*. In CUBIC and PEGASOS, heme is eluted from the body by the treatment with an
aminoalcohol*>%39%%: \while in PARS, this is done by SDS**#%. These methods can achieve quite a high level
of transparency®, however the swelling of the samples after clearing or the lack of adequate imaging systems
prevent the high resolution imaging of the intact body because the resulting whole body samples were too
large to fit into conventional light-sheet microscopes. Recently, the group that developed CUBIC published a
new method called CUBIC-cancer®. This updated CUBIC method is able to render the animals clear enough
for light-sheet imaging of the entire body, although using a custom-made light-sheet microscope. CUBIC-
cancer was used to detect cancer metastases in whole mouse bodies and in the related paper it was shown that
despite the unbiased detection of cancer metastases in whole bodies, it was still necessary to apply confocal
imaging on specific dissected organs of interest to obtain quantitative data (e.g number of metastases in
specific organs). The main reason of this is because like all whole-body clearing and imaging methods
published so far, CUBIC-cancer relies on the signal of transgenically expressed fluorescent proteins which
emit light in the visible spectrum, range where muscles and other tissues such as bones have obstructive
autofluorescence or can limit imaging penetration®. Moreover, fluorescent proteins are generally less bright
than most of the synthetic fluorophores (e.g Alexa dyes) used for example in immunohistochemistry and their
signal is further diminished by the clearing and imaging steps as mentioned before. Taken together, there are

several factors that up to date prevent the reliable quantification of single cells in whole bodies.

3639414250 and this means

Finally, all previous whole-body clearing protocols require the removal of the skin
that the largest organ of a body is lost. This represents an important drawback because it has been shown that

the skin has essential functions, beyond its main role of being merely a physical barrier against external

13



environment®®®°, In fact, we can find many other functional elements such as nerve endings, immune cells,
and vessels from the blood and lymphatic circulation in the skin. All these components, together with other

organs contribute to the functionality of the skin®®°.

3.1.4 Side technological applications

It is noteworthy that many of the clearing methods aforementioned paved the way for the development of
protocols that could broaden the technical applications of tissue clearing beyond just making the sample
transparent for deep tissue imaging. For example, the fact that the hydrogel based methods such as CLARITY
and PACT could ratiometrically expand the size of the samples represented the groundwork for the field of
expansion microscopy (ExM). In fact, in ExM® the creation within the specimen of a swellable
superabsorbent nano-porous polymer network enables the sample to increase in size by the immersion in
water. Therefore, the physical expansion corresponds to a physical magnification, giving the possibility for

426163 that are closer than the diffraction limit in the untreated

super-resolution microscopy: stained objects
tissue can be optically resolved after expansion. Furthermore, the observation that some aqueous-based
methods can also increase the size of the sample, led to the generation of further expansion protocols such as

cuBIic-x*.

3.2 CNS damage and injuries

Diseases involving the CNS (brain and the spinal cord) can lead to devastating effects and are a major cause
of death and disability. Injuries to the CNS affect millions of people® worldwide and every year almost one
million people experience a cerebral ischemia/stroke only in U.S%. Most people who survive from damage to

the CNS will suffer from permanent neurological impairments.

The serious consequences of CNS damage result from the fact that the CNS is the organ assigned to control
and to coordinate all other parts of the body. In fact, the CNS extends its reach to the rest of the body by
connecting with the peripheral nervous system (PNS), which in turn innervates every single organ. It is
therefore clear that the damage of one part of the CNS can have detrimental sequela, not only in the neuronal
tissue itself but also in other tissues and in regions far from the damaged site, even out of the CNS. For
example, it has been shown that CNS injury can trigger a systemic response via activation of the inflammatory

components®,

At the moment, the study of such an intricate complex neuronal network and how it affects the whole body
represent a big challenge not only in neuroscience but also in other fields especially when all the organs are

controlled by its activity. So far, the morphological investigation of all pathophysiological changes caused by

14



CNS diseases has been conducted by analyzing each single organ of interest separately, dissecting them out
from the body. For example, the visualization of spine reduction after traumatic brain injury (TBI) was done
by dissecting out the brain®” or the analysis of the systemic immune cell activation after stroke was done
dissecting out selected peripheral organs such as the femur bone or the aorta®®. This focused approach makes

difficult to discover unexpected effects in other parts of the body after CNS damage.

Therefore, a more global approach with the ability to capture the changes at a systemic level to obtain the

whole view of the disease is needed.

Although whole-body imaging and scanning systems such as MRI or CT exist, none of them is able to provide

information at single cell resolution.

3.2.1 Traumatic brain injury

Traumatic brain injury is defined as damage to the brain due to external mechanical forces that can include
shockwaves®, repetitive head hits in contact sports™® or severe impacts in car accidents’. It is the leading
cause of death and disability in high-income countries in people under 45 years old. In fact, millions of deaths
and/or hospitalizations annually are directly attributable to TBI1°*"2. Until today, despite extensive research,
there are no adequate therapeutic treatments available. The heterogeneity in trauma lesion as well as the
complexity of subsequent pathophysiological events accounts for the failure of clinical trials”". Thus, TBI

represents an overwhelming global health problem.

According to the American National Institute of Health (NIH), TBIs that are caused by a direct head trauma
can include: concussion (also known as mild TBI), which is a temporary impairment of brain functions due to
a trauma’®, and contusion, which is a moderate to severe TBI with bruise of the brain tissue and possibly skull
fracture®’’. Brain contusion represents the type of TBI that is the most studied within animal models, because
it is relatively easy to model”’.

The pathophysiology of TBI starts with its acute phase which consists of two stages. In the first phase, the
brain tissue is immediately damaged, both physically and mechanically. This leads to primary acute effects
such as: focal injury due to the mechanical impact, rupture of tissue which results into vascular damage and
hemorrhages, death of glial limitans, generation of free radicals and axonal shearing’”®!. These phenomena
are followed by secondary acute effects that can evolve over minutes to months and are the results of specific
molecular, metabolic and cellular events such as excitotoxicity®, perturbation of the calcium homeostasis®,

increased generation of free radicals, increased peroxidation, mitochondrial dysfunction®, ischemia,

86,87 88,89

inflammation®, infiltration of peripheral immune cells®®’, apoptosis, diffuse axonal injury®®® and damage of
the blood brain barrier (BBB)®. All these events can lead to neuronal, endothelial and glial cell death resulting

15



in white matter degeneration, tissue damage, brain atrophy and death’”®*®. For the TBI survivors, these
events can lead to long-term symptoms, for instance clinical manifestations so far associated to
neurodegenerative diseases™. In fact, considerable literature from human studies showed a strong association

between TBI and the development and/or worsening of chronic focal and global impairments®®

including
neurodegenerative diseases such as dementia®™®*, Parkinson’s disease®, epilepsy®, depression® as well as
pathologies affecting the whole body such as progressive motor decline syndromes®’, hemidystonia® and
peripheral neuropathies®™. It is reasonable to hypothesize that all the events that occur during the acute phase
of TBI can trigger prolonged tissue degeneration causing the long-lasting effects of TBI (chronic TBI) which

can persist for years or decades'®.

However, although it has been already shown that the initial localized focal injury can affect the whole brain
in terms of neurodegeneration and neuronal inflammation®’, little is known about the mechanisms that cause
this phenomenon and how the focal damage can trigger changes in the rest of the body. In fact, up until now,
it is still not clear whether peripheral neuronal connectivity is altered in remote body regions after TBI and in

which locations such alterations might occur.

3.2.2 Spinal cord injury

Spinal cord injury (SCI) is the damage to the spinal cord caused by a trauma (e.g. a car accident) or from
disease or degeneration (e.g. cancer). According to the World Health Organization (WHO), the annual global
incidence is estimated 40 to 80 cases per million in the world population and up to 90% of these cases are the
result of a trauma. The injury is characterized by a series of symptoms (loss of sensitivity, chronic pain,
paralysis or bladder dysfunction) which depend on the severity and the location of the damage to the spinal
cord. So far, research efforts were devoted in the direction of promoting axonal regeneration to re-establish

101-104
k

the original neuronal networ . However, the treatment of spinal cord injury in clinic has been

particularly difficult due to the inability of most of the damaged axons to regenerate’” or the inability of

105
S

neurons to be replaced in the CNS™. In fact, there is currently a lack of effective therapies for SCI

condition®,

As for TBI, the pathophysiology of SCI consists of two stages: the primary injury, which is characterized by
the initial mechanical damage (immediate hemorrhage and cell death) and the secondary injury that lasts for
weeks or months'®. The secondary injury is characterized by biochemical, cellular, tissue and vascular

changes that worsen the effects of the SCI even further'®: energy failure’, perturbation of ion

109 111,112

, edema'®, apoptosis . lipid peroxidation*®, oxidative stress***,

115,116

homeostasis'®, excitotoxicity
inflammation with release of cytokines**>**°, immune cell invasion''” and vasospasm**®. Among these events,

it has been shown that the inflammatory response plays a main role in the secondary damage generally
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worsening the outcome after SCI™9*#, One of the main components of the inflammation is represented by
immune cells, in particular macrophages/microglia'®. In physiological and healthy conditions, these cells
have been observed as peripheral macrophages in the meningeal spaces, in the perivascular compartment and
in the choroid plexus, while as microglia inside the CNS tissue. Upon SCI, many studies reported that
macrophages/microglia can detrimentally affect the injury outcome by secreting pro-inflammatory mediators
including cytokines, tumor necrosis factor alpha (TNF-a), interleukin(IL)-1, reactive oxygen species (ROS),
and nitric oxide (NO)**'?*12 byt also have a beneficial effect via production of anti-inflammatory cytokines
such as IL-10, and transforming growth factor beta (TGF-B)'?*'?°. However, the mechanisms underlying this
dual role have not been completely elucidated yet. Owing to the importance of their role in SCI, extensive
research has been conducted to influence the activity of these cell populations in order to develop effective

therapeutic strategies to reduce the damage after SCI.

Besides the activation of resident microglia, an infiltration of peripheral macrophages attracted by chemokines
into the CNS after SCI has been observed****2. These infiltrating cells are actively involved in the

133

progression of the injury together with the resident microglia cells As mentioned before,

macrophages/microglia (which are the predominant immune cell population present in the spinal cord after
injury™*) can at the same time damage neurons and glia by secreting inflammatory molecules but also be
essential for the reconstruction of the injured tissue, for example phagocytizing cellular debris and dead
cells*®*** |t has been speculated that the dichotomy of their role is due to the heterogeneity of the

135,136

macrophage/microglia population . For example, microglia might have unique functions versus the

136

infiltrating macrophages. Therefore, it would be important to distinguish the nature and different features of

these cellular populations. However, the investigation of the infiltrating and resident immune cells has been
mainly conducted post-mortem in isolated spinal cords that have been dissected out from the body****34,
Other techniques have been exploited for the same purpose: MRI has been used to indirectly follow the spatio-
temporal course of macrophages invasion in vivo after nerve injury in a selected body area**'; while intravital
and 2-photon microscopy have been used after laminectomy to observe the infiltration event but only in small
areas of the spinal cord'?***, Therefore, no study has ever shown the extent of inflammation in the body areas
surrounding the injury site at single cell level and no study could in a global way monitor all the putative
infiltrating routes, tracking each single cell that moves from the surrounding peripheral organs into the spinal

cord.

Although TBI and SCI share extensive similarities in terms of neuroinflammatory response’*, in this project |

have focused on the study of the inflammatory events after SCI.

17



3.2.3 Stroke

Stroke or cerebral ischemia is defined by the WHO' as “a clinical syndrome consisting of rapidly developing
clinical signs of focal (or global in case of coma) disturbance of cerebral function lasting more than 24 hours
or leading to death with no apparent cause other than a vascular origin”. In other words, it is a medical
condition where the insufficient blood supply in the brain results into tissue death. In ischemic stroke the
neurological dysfunction is the visible result of the infarction of an area of the brain, caused by the narrowing
or the occlusion of a brain artery. Ischemic stroke is considered as a medical urgency because it is the second
leading cause of death and the main cause of long-term disability in the world®®. As in TBI and SCI, the CNS
tissue damage resulting from brain ischemia evolves in time and space through a complex series of ionic,
biochemical and cellular pathophysiological events. The brain is an organ particularly vulnerable to ischemia,
because it is characterized by a high intrinsic metabolic activity and a high demand of oxygen and glucose
supply*®. In case of ischemia, the reduced delivery of both oxygen and glucose causes the failure of ionic
pumps and of reuptake mechanisms leading to the alteration of the ionic balance, excitotoxicity and spreading
depression-like depolarizations'*®. Then, subsequent oxidative stress, necrosis, apoptosis and inflammatory

147,148

processes lead to neuronal damage and to the release of proinflammatory mediators (cytokines and

chemokines) which attract and promote the trans-endothelial migration of peripheral leukocytes™*.

The stroke-induced inflammation plays an important role in stroke pathophysiology. It has been shown that
the ischemic injury causes an acute (minutes to hours after stroke) and a prolonged (hours to days after stroke)
inflammatory response, which consists of the activation of microglia in the acute phase and, as mentioned
before, the recruitment of circulating leucocytes in the prolonged phase™****. In rodent models, these recruited
white blood cells are first represented by myeloid cells including neutrophils and macrophages that invade the
brain parenchyma within hours to days, followed by infiltration of lymphocytes that occurs days to weeks
after the initial injury™>*®%, Although the immediate inflammatory response tries to cope with the damage of
the tissue by clearing dead cells and cellular debrids, the accumulation of immune cells including the
infiltrating ones becomes quickly detrimental™. For example, these leucocytes can release pro-inflammatory
mediators and different effector molecules such as proteases and prostaglandins, and ROS that can directly
harm the cells, the vessels and the extracellular matrix further, eventually causing damage to the endothelial
layer and an impairment of the BBB™**®. On the other hand, some sub-populations of the infiltrating
leucocytes might play a protective role especially in the chronic phase (in rodents approx. two weeks after
stroke) including Ty lymphocytes that can immunoregulate the inflammatory activity of T cells, secrete
anti-inflammatory cytokines, suppress astrogliosis, prevent secondary infarcts and contribute to the

neurological recovery'®*%,
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Owing to the key roles that infiltrating immune cells play in stroke, there has been an increasing effort to
understand the exact mechanisms that allow the circulating leucocytes to migrate into the ischemic brain. The
trans-endothelium access across the impaired BBB represents the route that has been investigated the
most™®*!** However, other routes for other sub-populations of cells warrant investigation to elucidate their
contribution to the stroke outcome. In particular, a better understanding of how these sub-populations access
the CNS and interact with the brain microvasculature would likely lead to the development of more efficient

immune interventions for patients affected by stroke™®.

In general, the studies of the infiltration of immune cells into the brain were mostly performed using standard
immunohistochemistry (IHC) on post-mortem material, in vivo intravital microscopy and especially by ex vivo

flow cytometry!®81%

. However, these methods have certain limitations: for example in flow cytometric
analysis, the enzymatic digestion used to process the brain samples might change the surface antigens of the
cells; while standard IHC requires the slicing of the tissue causing partial loss of 3D information and making
the reconstruction of the entry routes for immune cells less accurate, more difficult and time consuming for
large volumes. The usage of in vivo imaging techniques such as intravital microscopy has given important
insight into the mechanisms behind the adhesion and the trans-endothelial migration of these cells, although it
can only provide information about the surface of the brain. Positron emission tomography/single photon
emission tomography and functional MRI on the other hand do not have the resolution power necessary to
provide single cells information. Accordingly, there is a need for improved technologies to investigate these

specific important aspects of stroke disease.

3.3 The brain lymphatic system as a route of immune cell
trafficking

The lymphatic system is a vascular network connecting different organs which is critical for the body’s
immune response and for coordinating the trafficking of antigens and immune cells'®’. In the past, it was
thought that the brain was not reached by this network and that the only immune cells residing in the brain
parenchyma in healthy conditions were the microglia. However, recent studies confirmed that the CNS is not
devoid from this network and other papers even described how brain lymphatic vessels play an important role

in CNS diseases'®®. But where are the brain lymphatic vessels located?

The meningeal compartments represent an important factor in the immune surveillance of the brain*®® because
they are populated by a variety of immune cell types that can affect the CNS functions'’®; however, it was not

clear how the immune components such as immune cells could enter and leave the CNS. Only recently it has
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been discovered that the dural sinuses of the meninges are lined with lymphatic vessels, which carry fluid and
leucocytes and are connected to the deep cervical lymph nodes™®. It has been shown that these vessels can
contribute to the drainage of the cerebrospinal fluid transporting leucocytes and soluble macromolecules

171172 and can be a route for immune cells to access the CNS™® in health

together with the glymphatic system
and disease. In fact, a recent study has reported that in mice affected by experimental autoimmune
encephalomyelitis (EAE, a model for multiple sclerosis) the disruption of the meningeal lymphatic function
could ameliorate the disease outcome. This has led to the hypothesis that this system can actively play a role
in the activation of harmful 2D2 T cells that contribute to the pathogenesis of EAE*"®. Moreover, new studies
have demonstrated that this lymphatic vasculature also works as a CNS-meninges drainage system for
macromolecules such as amyloid-B and Tau'™. Interestingly, they showed that the impairment of this system

174,175

could cause the accumulation of these molecules in the brain and consequently worsen the cognitive

deficits in animal models of neurodegenerative diseases such as Alzheimer’s disease'”.

These important newly discovered functions of the meningeal lymphatic vessels highlight them as a promising
delivery route and direct target for new therapeutics to control neuroinflammatory and neurodegenerative
conditions. However, the study of these small structures has been difficult: they are located between the brain
and the skull and thus easily destroyable during the dissection of the brain from the skull for histological
processing. So far, the histological analysis of these vessels has only been possible by either sectioning the

complete head"’

or removing the brain from the skull. In the latter case the meningeal membranes were
carefully peeled out from the remaining bone or directly observed in the inner side of the skull*®®*®, However,
all these strategies are very laborious and suffer from the limitations of classical histology, which are the
sectioning of the region of interest or the disruption of the structures at the brain-meninges interface when the
brain and meninges are separated. Therefore, new methods that can preserve the integrity of the brain in the

skull and that are able to study meningeal lymphatic vessels embedded inside the head are needed.
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4 Research Articles

4.1 Shrinkage-mediated imaging of entire organs and organisms
using uDISCO

Tissue clearing methods, together with the invention of light-sheet microscopy, have contributed to the
development of 3D-histology for the study of large transparent specimens. Nevertheless, there are still
limitations that prevent the imaging of entire mammals such as rodents: (i) light-scattering in thick tissues, (ii)
fast quenching of endogenous fluorescence signal and (iii) the size of the entire bodies that could not fit into

the existing microscopes.

To overcome these limitations, we have developed a new tissue clearing method called uDISCO. Thanks to
the introduction of new chemical reagents (tert-butanol to dehydrate, and Diphenyl-ether (DPE) to match the
RI) that are chemically stable and less prone to create peroxides which are harmful to the endogenous
fluorescent proteins, uDISCO can preserve the fluorescence signal of the endogenous fluorescent proteins up
to months. Moreover, thanks to the ability of uDISCO to clear entire organs and rodent bodies reducing their
size up to 65%, our method allows the imaging of whole bodies by light-sheet microscopy. With uDISCO, we
imaged for the first time at subcellular resolution entire CNS and entire bodies from Thyl-GFPM mice, where
motor and sensory neurons express GFP. Furthermore, we applied uDISCO to reconstruct the whole
vasculature of the CNS from rats over 7 cm and we performed unbiased detection and screening of
transplanted fluorescent stem cells in whole body of adult mice. We also showed that uDISCO is compatible
with antibody and histological dye stainings of 1 mm thick tissue slices not only from fresh-fixed mouse

brains but also from over-fixed human samples.

Taken together, uDISCO is a powerful method that can be applied for many biomedical inquires when the

analysis of intact large organs and organisms is required.

Contribution of R.C. to this work: equal contribution to the development of the method with C.P., in particular | performed: chemical screen and
optimization of the best chemical cocktail for the protocol; characterization of the method: preservation of the fluorescent signal, comparison with
other clearing methods, compatibility with histological staining, imaging depth, size change and ratio-metrical shrinkage evaluation; my shared first
authors C.P., F.P.Q. and | contributed equally for the other aspects of the project: performing experiments, data analysis, interpretation of the results,

writing the manuscript (please see section 12 for further details)
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ARTICLES |

Shrinkage-mediated imaging of entire organs and

organisms using uDISCO

Chenchen Pan!2%, Ruiyao Cail>, Francesca Paola Quacquarelli%, Alireza Ghasemigharagoz!,
Athanasios Lourbopoulos!, Pawel Matrybal>>, Nikolaus Plesnila!-3, Martin Dichgans! -4, Farida Hellal'* & Ali Ertiirk!-3

Recent tissue-clearing approaches have become important
alternatives to standard histology approaches. However, light
scattering in thick tissues and the size restrictions on samples
that can be imaged with standard light-sheet microscopy

pose limitations for analyzing large samples such as an entire
rodent body. We developed ‘ultimate DISCO’ (uDISCO) clearing
to overcome these limitations in volumetric imaging. uDISCO
preserves fluorescent proteins over months and renders intact
organs and rodent bodies transparent while reducing their size
up to 65%. We used uDISCO to image neuronal connections and
vasculature from head to toe over 7 cm and to perform unbiased
screening of transplanted stem cells within the entire body of
adult mice. uDISCO is compatible with diverse labeling methods
and archival human tissue, and it can readily be used in various
biomedical applications to study organization of large organ
systems throughout entire organisms.

Until recently, histological techniques relied on sectioning
to observe nonsuperficial cellular structures deep in tissues.
However, investigation of complex cells with large projections,
such as those in the nervous system, is best performed in intact
tissue. While recently developed tissue-clearing methods have
overcome obstacles imposed by light scattering!~1?, the difficulties
associated with specimen size remain to be addressed. Available
clearing methods either increase or do not change the volume of
tissues, with the exception of organic-solvent-based methods such
as 3D imaging of solvent-cleared organs (3DISCO), which causes
a substantial volumetric reduction instead>®!1,

When combined with tissue clearing, light-sheet microscopy
produces micrometer-resolution image volumes of large speci-
mens within minutes. However, several limitations still exist.
Photons traveling through samples (cleared or uncleared) are
absorbed or scattered by interaction with the tissue, resulting in
attenuation of both excitation and emission light!213. Relatively
thick light sheets (thickness > 4 pm) are used to image volumes
larger than a few hundred micrometers!4. These light sheets
are generated by cylindrical lenses and have Gaussian profiles;

thinnest widths, which provide the best resolution, occur only at
the beam waist. Thus, the volume of sample that can be imaged at
the highest resolution is limited to the central region of the light
sheet. Finally, both small imaging chambers and the short work-
ing distance (WD <8 mm) of high numerical aperture (NA = 0.9)
objectives pose additional challenges. Thus, 3D reconstruction
of neuronal connections over 5-8 mm (the approximate size of a
mouse brain) has remained a challenging task.

Organic-solvent-based clearing methods, such as 3DISCO,
achieve the highest level of transparency and size reduction
among all clearing approaches!!:!>. 3DISCO has been used to
study immune cells!®, stem cells!?, cancer cells!8, and transdiffer-
entiating lung cells'%; and it has been combined with deep-tissue
antibody labeling and automated activity mapping29-22. However,
3DISCO quickly quenches endogenously expressed fluorescent
proteins (with a half-life of a few days)®, which has limited the
applicability of 3DISCO. Here, we developed uDISCO, a method
that revealed and preserved the signal of endogenous fluores-
cence over months while retaining the advantageous size reduc-
tion. Thus, uDISCO allows subcellular imaging of 2x to 3x larger
volumes in a single scan and avoids or reduces artifacts of physical
sectioning and mosaic imaging. Using uDISCO, we imaged entire
bodies of adult rodents to determine long-distance neuronal
and vascular projections and spatial information on stem cell
transplants (which have previously been difficult to study) at
single-cell resolution.

RESULTS

uDISCO preserves endogenous signal and reduces volume
by 65%

We reasoned that 3DISCO-induced shrinkage could be promising
for imaging whole rodent bodies. However, 3DISCO resulted in
a fast decline of endogenous fluorescence signal during whole-
body clearing, where longer treatments with clearing solutions
are required (Supplementary Figs. 1 and 2). To overcome this,
we searched for organic compounds that preserved fluores-
cence while providing a potent tissue-clearing effect. Our screen

!nstitute for Stroke and Dementia Research, Klinikum der Universitit Miinchen, Ludwig Maximilians University of Munich (LMU), Munich, Germany.
2Graduate School of Systemic Neurosciences (GSN), Munich, Germany. *Munich Cluster for Systems Neurology (SyNergy), Munich, Germany. ‘German Center
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Experimental Biology of Polish Academy of Sciences, Warsaw, Poland. °These authors contributed equally to this work. Correspondence should be addressed
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Figure 1 | Development and principles of uDISCO. (a) Preservation of GFP (Thy1-GFP-M brain) after uDISCO, assessed by light-sheet microscopy.

(b) Fluorescence-level quantifications in the GFP-M brains after uDISCO, ScaleS, and 3DISCO over time (n = 3, 3, and 4 mice, respectively; a.u., arbitrary
unit). (c) Volume changes of 4-month-old GFP-M mice after CUBIC, PARS, and uDISCO whole-body clearing (n =5, 3, and 7 mice, respectively).

(d) Volume changes of dissected brains from 6-month-old mice after CUBIC, PACT, and uDISCO passive clearing (n = 4, 4, and 3 mice, respectively).

(e) Illustration of the advantages and disadvantages of tissue shrinkage versus expansion during imaging. (f) Mouse brains (GFP-M, 4 months old):
uncleared (left), after uDISCO (middle), and after CUBIC (right) whole-body clearing. (g) Light-sheet microscopy imaging of cortical neurons in GFP-M
brains with shrinkage (uDISCO) and expansion (PACT and CUBIC) after clearing. (h) Imaging depth quantifications on brains after CUBIC, PARS, and
uDISCO whole-body clearing (n = 4, 4, and 3 mice, respectively). (i) Imaging depth quantifications on brains after CUBIC, PACT, and uDISCO passive

clearing of dissected brains (n = 4, 3, and 3 mice (6 months old), respectively). All values are mean £ s.d.;

statistical significance in b-d, h, and i

(*, P<0.05; **, P<0.01; and ***, P < 0.001) was assessed by one-way ANOVA followed by Dunnett’s post hoc test.

resulted in a tissue-clearing method (uDISCO) based on diphe-
nyl ether (DPE), an organic solvent with a refractive index of
1.579 (Supplementary Fig. 3). uDISCO reveals fluorescence
notably better and maintains it several weeks longer within
Thyl-GFP-M mouse brains (expressing GFP in a sparse neu-
ronal population??) compared with 3DISCO and water-based
ScaleS protocols (Fig. 1a,b, Supplementary Figs. 4-6, and
Supplementary Video 1). As DPE has a melting point of 26 °C,
we mixed it with benzyl alcohol (~15 °C melting point) and benzyl
benzoate (18 °C melting point) to obtain a mixture that is liquid
at room temperature, which we named BABB-D (Supplementary
Table 1 and Supplementary Protocol). Additionally, uDISCO
utilizes both the antioxidant o-tocopherol (Vitamin E) to scav-
enge peroxides and fert-butanol?4, a dehydrating reagent that is
more stable than tetrahydrofuran (THF) used in 3DISCO. With
the resulting protocol, the fine structures of labeled neurons in
the lipid-dense brain and spinal cord can be detected over
weeks to months.
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uDISCO effectively cleared internal organs (Supplementary
Fig. 7) and hard tissues, including calcified bones (Supplementary
Figs. 8-10; Supplementary Videos 2 and 3), without any addi-
tional treatment, such as decalcification with EDTA?>. Bones are
heavily mineralized, allowing only minimal exchange of clearing
solutions. Therefore, bone clearing requires clearing solutions
with similar refractive index (RI) to reduce the clearing duration
and light scattering. The RI of bones has been estimated as 1.555-
1.564 (refs. 26 and 27), which is very similar to the RI of BABB-D,
the final clearing agent in uDISCO.

We measured the size-reduction capability of uDISCO com-
pared with existing whole-body clearing techniques. We found
that whole-body clearing by uDISCO reduced the volume of mice
(~42%), while both CUBIC (clear, unobstructed brain imaging
cocktails and computational analysis) and PARS (perfusion-
assisted agent release in situ) whole-body clearing methods
enlarged it (Fig. 1c¢ and Supplementary Fig. 11). We also tested
the size reduction on dissected organs and found that uDISCO
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Figure 2 | Whole-body clearing and imaging of adult mouse with uDISCO. (a-c) Adult GFP-M mouse (3 months old) was transcardially perfused (a),
cleared with uDISCO (b) and imaged by fluorescence stereomicroscope at cellular resolution (c). Insets show higher-magnification images of the brain
(magenta rectangle), spinal cord (cyan rectangle), and sciatic nerve (yellow rectangle). (d) Whole-body light-sheet imaging of intact GFP-M mouse

(4 weeks old). (e-g) High-magnification images of the boxed regions in d. Colored rectangles show high-magnification images from the indicated regions
in the brain (e), spinal cord (f), and sciatic nerve (g). (h) 3D visualization of the intact head from ThyI-YFP-H mouse (4 months old) after whole-body
uDISCO clearing, indicating the detailed structure of optic nerve (i) and nerves at the base of the whiskers (j). The arrowheads in i and j mark some of
the individual axons. The composites in ¢, d, and h were obtained via tile imaging.

reduced the size of adult mouse brains up to 55%, in contrast to
CUBIC and PACT (passive CLARITY technique), both of which
enlarged mouse brains (Fig. 1d and Supplementary Fig. 11). This
size reduction, together with uDISCO’s preservation of fluorescent
proteins, resulted in a substantial advantage for imaging larger
volumes compared with other tissue-clearing methods (Fig. 1e,f).
Using light-sheet microscopy, we found that the maximum portion
ofa cleared tissue that can be imaged at once increased 2x to 4x with
uDISCO compared with PARS or PACT and CUBIC (Fig. 1g-i).

To test whether the shrinkage was isotropic, we compared images
before and after clearing. We found that brain tissues such as the
cortex and hippocampal layers shrank homogenously, ~30% in
each dimension at macroscopic scale (Supplementary Fig. 12).
In addition, the shrinkage of different cell types (neurons, glia,
etc.) and vasculature in the same brain region was homogenous
in all dimensions (Supplementary Fig. 13). Finally, we found that
individual cell and vascular morphologies were preserved in brain
tissue after uDISCO clearing (Supplementary Fig. 14).

NATURE METHODS | ADVANCE ONLINE PUBLICATION | 3
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Figure 3 | Whole-body clearing and imaging of rats with uDISCO. (a-c) A young adult female rat (4 weeks old) was injected with Texas Red Dextran

to label the vasculature. The rat was transcardially perfused (a), cleared with uDISCO (b) 20 min after the dextran injection, and imaged with a
fluorescence stereomicroscope (c). (d-f) High-magnification images of the boxed regions in ¢, such as the brain (d), spinal cord (e), and hindlimb (f).
(g-i) Adult rat (10 weeks old) CNS (brain and spinal cord) before (g) and after (h) uDISCO clearing. (i-l) 3D visualization of vasculature via light-
sheet imaging throughout the entire CNS from the adult rat (i). The vasculature in the cortex (j) (vellow arrowhead shows the right middle cerebral
artery), brainstem (k) (yellow arrowheads show the two vertebral arteries, and purple arrowhead shows the basilar artery), and lumbar spinal cord

(L) (yellow arrowheads show the spinal vessels, and purple arrowheads show their small s ulcal branches) are shown. The composites in ¢ and i were

obtained via tile imaging.

uDISCO enables micrometer-resolution whole-body imaging
We used uDISCO on whole rodent bodies for system-level inter-
rogation. We cleared the whole body of an adult Thy1-GFP-M
mouse within 3-4 d (Fig. 2a,b; 3-month-old mouse; the skin
was removed before clearing). We first imaged the whole trans-
parent mouse with a standard fluorescence stereomicroscope
(Fig. 2¢; the skull and vertebra were removed for epifluorescence
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imaging). We readily identified the individual neurons and
their extensions throughout the brain, spinal cord, and limbs
in the intact mouse (Fig. 2¢). To accommodate the entire trans-
parent mouse into the imaging chamber of a standard light-
sheet microscope, we constructed sample holders to keep the
cleared specimens in place within the imaging chamber for
automated tile scans without obstructing the excitation light
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Figure 4 | Projections throughout the entire adult mouse CNS (whole brain and spinal cord). (a) The intact CNS from a GFP-M mouse (4 months old)

after uDISCO clearing and light-sheet microscopy imaging. (b) Image of the brain in a showing the transparency after uDISCO. (c) Details of neuronal
structures in the entire brain in a. (d-f) High-magnification images of boxed regions in ¢, showing the neuronal structures at subcellular resolution in
the cortex (d), in the hippocampus (e), and projecting to the midbrain (f). (g) After uDISCO, imaging of dendritic spines with light-sheet microscopy.

The composites in a and ¢ were obtained via tile imaging.

(Supplementary Figs. 15 and 16). Upon shrinkage, the width of
the largest body region (torso) was reduced from 2.24 +£0.052 cm
to 2.0 + 0.048 cm (mean * s.e.m., n = 7 mice), allowing us to
complete 10-mm depth scans from dorsal and ventral sides of
the mouse (Supplementary Fig. 17). Subsequently, we imaged
the entire transparent mouse using light-sheet microscopy to
detect neuronal structures throughout the intact mouse body
at ~0.5- to 2-pum lateral and ~4-pum axial resolution (Fig. 2d).
Subcellular details of neuronal projections in the whole body
were visible throughout the animal with light-sheet microscopy
(Fig. 2e-g). In addition, large body regions such as the head,
torso, and whole limbs could be studied in detail. For example,
when we imaged the entire head from an adult Thyl-YFP-H
mouse?3, we observed the projections of optic nerves and inner-
vation of whiskers (Fig. 2h-j).

uDISCO is also applicable to larger rodents. Rats (Rattus nor-
vegicus) are valuable experimental models in toxicology and
neurological studies because, compared with those of mice,
rat physiology and behavior more closely resemble those of
humans. uDISCO successfully cleared whole rats (Fig. 3a,b and
Supplementary Fig. 18). We could observe the details of Texas
Red-dextran-labeled vasculature in the brain, brainstem, and
limbs using a standard fluorescence stereomicroscope in the
intact 4-week-old rats (Fig. 3¢c-f). In addition, uDISCO achieved
uniform clearing and over 60% tissue shrinkage of the intact cen-
tral nervous system (CNS) in adult rats (10 weeks old, n = 4 rats;
Fig. 3g,h). Subsequently, we obtained light-sheet microscopy
images of the vasculature in the intact CNS over 13 cm (Fig. 3i
and Supplementary Video 4). We identified vascular structures
such as the right middle cerebral artery (Fig. 3j); the two vertebral
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Figure 5 | Distribution of mouse BMSCs after transplantation. (a) Illustration of the experimental design. (b) Images of liver, lung, limb, and head
(brain) from host mice in control, IP, and IV groups assessed by light-sheet imaging. The composites of individual organs were obtained via tile imaging.
The background autofluorescence signal outlines the overall morphology of the organs. Some Qdots-positive BMSCs are indicated by red arrowheads.

(c) Quantification of BMSCs in different organs. Values are mean £ s.e.m.; n = 3 mice for each group (control, IP, and IV).

arteries, which merge to form the basilar artery (Fig. 3k); and the
spinal vessels and their small sulcal branches (Fig. 31).

uDISCO allows tracing of the intact central nervous system
Since we could image the intact CNS of rodents with light-sheet
microscopy at subcellular resolution, we used uDISCO to trace
neuronal structures from head to toe in the entire CNS (brain
and spinal cord) of 3- to 5-month-old ThyI-GFP-M adult mice.
We could trace individual axons in the intact CNS over several
centimeters in these scans (Fig. 4a; Supplementary Videos 5
and 6). Focusing on the brain, we observed the details of neuronal
structures in the cortex, the hippocampus, and fine axonal projec-
tions to the midbrain (Fig. 4b-f and Supplementary Video 7).
PACT! and CUBICS reported visualization of dendritic spines
using confocal or two-photon microscopy. For the first time for
an organic-solvent-based clearing method in intact adult mouse
brain, uDISCO achieved dendritic-spine resolution using light-
sheet microscopy (Fig. 4g and Supplementary Video 8).

uDISCO allows interrogation of BMSCs in the entire mouse

Bone marrow stem cells (BMSCs) are widely used for neuropro-
tection, regeneration, immunomodulation, and localized drug
delivery studies?®2°. So far, assessment of their distribution and
densities has relied on methods such as histology, biolumines-
cence, or radiolabeling®’. These approaches are time consuming
and lack the sensitivity to detect sparsely localized cells or unex-
pected sites of grafting®!. We used uDISCO whole-body clearing
for an unbiased screen of transplanted syngeneic mouse BMSCs
in the entire body at single-cell resolution. We collected BMSCs
from B-actin EGFP mice as described previously?? and labeled
them with quantum dots (Qdots) (Supplementary Fig. 19). Cells
easily incorporate Qdots, which do not interfere with cell func-
tionality or migration capacities and therefore Qdots are widely
used for cell tracking?3. Subsequently, we injected the cells either
intravenously (IV) or intraperitoneally (IP) into host C57BL/6N
mice (Fig. 5a). Control animals were injected with vehicle
(PBS) only. At 3 h after injection, we euthanized the animals for
whole-body clearing. We first imaged whole mouse bodies using
a fluorescence stereomicroscope to determine sites of grafted
BMSCs (Supplementary Fig. 20). Subsequently, we performed
high-resolution light-sheet microscopy on body parts and organs
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that hosted BMSCs. As expected, the majority of BMSCs were
trapped in the first-passage, low-flow organs such as the lungs, liver,
and spleen after IV injection (Fig. 5b,c, Supplementary Figs. 20-22,
and Supplementary Video 9)31:34, Moreover, we detected sparsely
distributed BSMCs in organs such as kidneys, bone marrow, and
intestines (Fig. 5b,c; Supplementary Figs. 21 and 22). The locali-
zations in bone marrow and intestines are of high interest because
they were previously difficult to investigate despite their impor-
tance for hematopoietic cell populations or immune reactions3!.
As reported?®, we did not observe any BMSCs in the intact healthy
CNS (Fig. 5b,c). Overall, our data demonstrate that uDISCO
whole-body clearing can be used to study density and distribution
of fluorescently labeled transplanted cells throughout the entire
host body at single-cell resolution in an unbiased way, combining
both high speed and resolution for transplantation studies.

uDISCO is compatible with virus labeling and immunostaining

Most animal models used in the laboratory, as well as human
clinical samples, do not express fluorescent proteins. Hence, we
sought to test alternative methods to label tissues for uDISCO. To
this end, we used adeno-associated virus (AVV) tracing to label
neurons in the CNS of mice. We transduced the right motor cor-
tex of mice with AAV2-Syn-EGFP and the left motor cortex with
AAV2-Syn-RFP (Fig. 6a). 4 weeks after transduction, we per-
formed whole-body uDISCO clearing. Fluorescence expression
of the virally delivered proteins was detectable in the brain and
throughout the intact spinal cord (Fig. 6b-f and Supplementary
Fig. 23). The pyramidal decussation of descending motor axons
was clearly visible (Fig. 6¢). We detected both bundles of axons as
well as individual axons in the brain and spinal cord over several
centimeters (Fig. 6d-f).

Antibody staining is a valuable approach for labeling molecules
of interest without the need for fluorescent tagging. Deep-
tissue antibody-labeling methods?%?! were recently combined with
3DISCO. To test these methods with uDISCO, we cut 1-mm-thick
tissue sections of mouse brains and labeled them with antibodies
against glial fibrillary acidic protein (GFAP) and ionized calcium
binding adaptor molecule 1 (Ibal) as well as with a DNA-specific dye
(Fig. 6g). After uDISCO, the slices shrank more than 60% in volume.
We found that the signals from GFAP (astrocytes), Ibal (micro-
glia and macrophages), and TO-PRO-3 (DNA dye) were visible
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Figure 6 | uDISCO is compatible with AVV neuron tracing and immunolabeling. (a) Experimental design for AAV-Syn-RFP and AAV-Syn-GFP injections.
(b,c) Maximum-intensity projections of the entire brain (b,c) and CNS (b) after whole-body uDISCO clearing. Arrowheads in ¢ indicate decussation of
the descending motor axons. (d-f) Details of neuronal extensions of boxed regions in (b): the thalamus and midbrain (d), cervical (e), and thoracic (f)
spinal cord regions. Colored rectangles show the enlarged views from the respective images. (g) Immunolabeling workflow. (h-l) GFAP and TO-PRO-3
labeling of coronal sections. 3D reconstructions show labeling of astrocytes (h) and cell nuclei (i) stained by GFAP antibody and TO-PRO-3, respectively.
(j) Merged image of h and i. (k,l) Maximum-intensity projections of the z-positions marked by purple boxes in j; nuclei are shown in cyan and astrocytes
in red. (m,n) 14-month fixed human tissue before (m) and after (n) uDISCO. (o-r) GFAP and TO-PRO-3 labeling of 14-month fixed human cortical tissue.
Astrocytes (0) and nuclei (p) are labeled. (q) Merged image of 0 and p. (r) Maximum-intensity projection of the z-position marked by the purple box in q;
nuclei are shown in cyan and astrocytes in red. All values are mean £ s.d. The composites in b and ¢ were obtained via tile imaging.

throughout the tissue, indicating compatibility of uDISCO with  could be applied to such specimens, we immunostained 1-mm-
deep-tissue labeling (Fig. 6h-1 and Supplementary Fig. 24). thick human samples (archived for either 1 month or 14 months) for

Human clinical tissue samples are typically stored in 4% forma- ~ GFAPand TO-PRO-3 or Ibal and TO-PRO-3. We measured shrink-
lin over extended periods of time. To determine whether uDISCO  age of 52% and 46% in samples stored for 1 month or 14 months,
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respectively (Fig. 6m,n). uDISCO allowed successful clearing,
signal preservation, and imaging of human tissues stored in for-
malin more than a year (Fig. 60-r and Supplementary Fig. 25),
although the image quality was better for shorter storage periods
(Supplementary Fig. 25i). Importantly, the combination of
uDISCO and deep-tissue antibody labeling did not require addi-
tional antigen retrieval steps. Overall, these results demonstrate
that uDISCO is a versatile method that can be used to clear and
image different types of tissues with various labeling methods.

DISCUSSION

uDISCO achieved whole-body clearing and imaging because of
sample-size reduction and preservation of fluorescent proteins.
Another major advantage of organic-solvent-based clearing meth-
ods is the easy handling of cleared tissues; specimens become
hard because of dehydration, yet are flexible enough for versatile
positioning of long samples, such as the entire spinal cord of adult
rats. In contrast, concentrated glycerol and sugar solutions used
in various clearing methods are difficult to work with because of
their high viscosity, the resulting gel-like texture of the cleared
tissue, and the air bubbles generated during the refractive-index
matching procedures and imaging!!.

Recently, tissue expansion was used to obtain super-resolution
images of small volumes (expansion microscopy)36-38. Treweek
et al.>>3% used a similar concept (expansion (e) PACT) for high-
resolution imaging. While expansion provides more resolution,
tissue shrinkage, in theory, decreases resolution (30% in one
dimension for uDISCO). However, uDISCO resulted in high-
quality images (Supplementary Fig. 26), allowing the visu-
alization of dendritic spines and individual axons over several
centimeters in the intact CNS of adult mice. This high image
quality could result from a larger proportion of shrunken samples
(compared with nonshrinking samples) fitting into the optimal
imaging region of the light sheet. Hence, shrinkage allows imag-
ing of 2x to 3x larger volumes in the same setup without apparent
loss of resolution. Importantly, uDISCO did not alter the struc-
tural integrity of the brain either at macroscopic (e.g., cortex and
hippocampus structures) or microscopic scales (e.g., individual
cells). However, isotropic shrinkage remains to be confirmed for
other tissues such as muscle or fat. In addition, uDISCO can be
combined with microscopy techniques that deliver even higher
resolution and/or faster scanning, such as confocal, two-photon,
and lattice light-sheet microscopy*’. We demonstrated that high
numerical aperture (NA), long working distance objectives such
as Zeiss CLARITY 20x and Olympus 25x are compatible with
uDISCO (Supplementary Fig. 27).

Acute injuries in the CNS might affect not only the injury site
but also uninjured distal parts of the CNS*142, Thus, repair strate-
gies after CNS traumas need to be evaluated throughout the entire
CNS. The uDISCO approach enables the assessment of long-range
axonal projections and individual cells throughout entire organisms.
Hence, this approach can help to reduce (1) the bias of analyzing only
selected organs; (2) the time needed to prepare and screen individual
organs and body parts of a complete mouse*3; and (3) by generating
whole mouse atlases and databases it can reduce the resources and
number of animals needed in experimental research.

Whole-body clearing of diverse tissues, and the compatibility of
this method with different imaging techniques, may have broad
applications in the biomedical sciences. Whole-body clearing
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approaches could facilitate the assessment of neurodegeneration
in diseases that affect both the central and peripheral nerves such
as in amyotrophic lateral sclerosis (ALS), inflammation that may
extend from gut to brain, stem cell transplantation studies, or even
3D mapping of the cellular structures in larger brain volumes,
possibly even the whole human brain.

METHODS
Methods and any associated references are available in the online
version of the paper.

Note: Any Supplementary Information and Source Data files are available in the

online version of the paper.
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