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Some of the most recent and used technologies in
modern neurobiology/neuroscience

1. 3D whole brain imaging.

2. Rabies virus tracing and optogenetics,
3. scRNAseqg & cell lineage tracking;

4. IPSCS & brain organoids,

5. In vivo & in vitro reprogramming.



3D whole brain imaging
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1. Tissue clearing and imaging

CLARITY:

- acrylamide-based protocol making the brain tissue transparent;

- allows intact-tissue imaging of long-range projections, local circuit wiring,
cellular relationships, subcellular structures, protein complexes, nucleic
acids and neurotransmitters;

- developed by Kwanghun Chung and Karl Deisseroth at the Standford
University School of Medicine (Nature 2013).

https://youtu.be/L J4APA1Gkhkg
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https://youtu.be/LJ4PA1Gkhkg

Main Steps Of Solvent-Based Tissue Clearing Techniques

. DEHYDRATION: reduces scattering of the light by packing
together individual particles

. LIPID REMOVAL: reduces energy absorbance

. IMMERSION IN CHEMICAL CLEARING AGENTS: with
refractive index similar to proteins (refractive index matching).



Comparison of Tissue Clearing Techniques

>

L

Mouse stages Immunostaining Clearing Endogenous
Fluorescence
Embryonic Postnatal
stages
3DISCO Entire Isolated Before clearing 1d -
embryo organs
iDISCO+ Entire Isolated Before clearing 2d -
embryo organs
uDISCO - Entire animal  Before clearing  3d — 1week Yes
CLARITY Entire Isolated After clearing 5d -2 Yes
embryo organs months
PACT - 3mm slide After clearing 2 weeks Yes
- Entire After clearing 4d -2wks Yes
animal

Adapted from Vigourox et al., 2017

Tissue
shrinkage

Up to 50%

Up to 10%

Up to 40%

variable

variable

variable
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Light-sheet microscopy (LSM)

>

Key advantages:

Optical sectioning with wide field
detection scheme

¥

Fast high resolution 3D imaging
Optical sectioning with low-NA optics
(having longer WD)

Imaging of large specimens without
sample sectioning.

from J. Huisken and D. Y. Stainier (Development, 2009)

Only the observed plane is illuminated

Reduced photobleaching.

L



Advantages

* Quick acquisition of complete histological information in large tissues

* Easy

« 3DISCO and iDISCO very fast to perform vs. imaging tissue sections

« 3DISCO and iDISCO are compatible with the majority of tested antibodies

Limitations

« Can only be used on fixed tissues

* Opftical clearing dissolves the lipid structures, so the cleared tissue cannot be
further studied with electron microscopy

« Not compatible with lipophilic tracing dyes

« Some fluorescent proteins (i.e. GFP and YFP) are less stable than others in
clearing solutions



Tissue-clearing
applications and
volume-imaging in
Neuroscience

Method Example of labeling tool Expected labeling pattern

A High-throughput genetics

Cell-specific labeling

DNase-relied ES-mouse
direct knock-in production

Individual cell labeling
or mosaic labeling

ﬁ;—é‘ -Fluorescent transgenes

Transgene -Cre/Fip .
(need recombinase-dependent

reporters)

Functional labeling

Genetically-labeled strains Stimulus
(1st generation)

B in vivo labeling with viruses or chemicals

Cell-speciﬁciqb

. eling

Wild-Type _}22 . ) 7 2

e @ﬂ;«% p s )
- oot
= (recombinase dependent) 2
- -Rabies virus Connected cell labeling
(pseudotyped) e g™y
CrelFlp Tg/KI X |
(can be prepared in method A) - &

C Chemical/Antibody staining after sampling

Sampling Whole-organ/body staining

Counterstaining
)
Dissected organs . 4

(peameabilized) )

Any strains (including WT)
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Mini-Symposium

Whole-Brain Analysis of Cells and Circuits by Tissue
Clearing and Light-Sheet Microscopy
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In this photo essay, we present a sampling of technologies from laboratories at the forefront of whole-brain clearing and imaging for
high-resolution analysis of cell populations and neuronal circuits. The data presented here were provided for the eponymous Mini-
Symposium presented at the Society for Neuroscience’s 2018 annual meeting.

Introduction

Microscopic analysis of tissues reveals that intricate organization
of cells underlies biological function. Tissues are not translucent
against visible light, so it is impossible to image far beyond the
surface. Thus, conventional tissue imaging applies a microtome
to cut samples into thin sections before staining with dyes and
antibodies to visualize cells. Inferring 3D structure from thin
sections is often problematic, and requires minimal sample dis-
tortion and precision alignment of serial sections.
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The analysis of large 3D volumes is necessary for mapping the
connections of far-reaching neurons inside the brain and deter-
mining the nature of cellular interactions underlying proper
function and behavior. In recent years, several techniques have
emerged to achieve optical transparency and enable high-
resolution microscopy of thick tissue sections and whole organs.
These techniques use different strategies to reduce light scattering
in tissues and improve image sharpness.

Scattering occurs in tissues due to light’s heterogeneous inter-
action with different molecules, subcellular structures, mem-
branes, and cell populations inside the tissue. For example, the
interface between a cell’s lipid membrane and the cytoplasm
causes a significant drop in refractive index (RI). Heterogeneity at
the scale of molecules, cells, and tissues contribute to light scat-
tering and requires homogenization via tissue clearing to increase
overall light penetration (Tainaka et al., 2016; Treweek and Gra-
dinaru, 2016). Combining tissue clearing with light-sheet fluo-
rescence microscopy (LSFM) has paved the road for current
whole-brain imaging by eliminating out-of-focus excitation
(hence reduced background level and greatly preventing photo-
bleaching), and by accelerating image acquisition.

Tissue clearing originated in the early 20th century, when
Werner Spalteholz experimented with high RI organic sol-
vents (Spalteholz, 1914). Organic solvent-based clearing ho-
mogenizes a tissue’s RI by the removal of highly scattering
lipids and the displacement of water by high RI solvents.
Building on this approach, Dodt’s group revitalized organic
solvent-based tissue clearing for the modern era of neurosci-
ence by coupling it with a new optical imaging method that
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A Simple Method for 3D Analysis of Immunolabeled
Axonal Tracts in a Transparent Nervous System

Graphical Abstract

3DISCO
Fixation Immunostaining Clearing
() (T
1 Week
@37°C Overnight
— —_—
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Light Sheet Imaging Wild Type  Netrin-1 Knockout

=

Highlights
Immunostaining and 3DISCO clearing: a powerful method for
studying brain connections

3D analysis of axon guidance defects in midline mutant mice

Unexpected roles for Slits and Netrin-1 in fasciculus retroflexus
development

. Belle et al., 2014, Cell Reports 9, 1191-1201
() coossvc November 20, 2014 ©2014 The Authors
http://dx.doi.org/10.1016/j.celrep.2014.10.037
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In Brief

Clearing techniques have recently been
developed to look at mouse brains, but
they are complex and expensive. Belle
et al. now describe a simple procedure
that combines immunolabeling, solvent-
based clearing, and light-sheet fluores-
cence microscopy. This technique allows
large-scale screening of axon guidance
defects and other developmental disor-
ders in mutant mice.

Cell
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3D whole brain imaging

2. Diffusion tensor imaging (DTT)

DTI is a newly developed magnetic resonance imaging (MRI) technique that
analyses the anatomy of nerve cells and a complex neuronal network of the
brain. It is extensively used to map white matter tractography in brains.

White matter fiber tracts
n the adult human brain

L 4
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A Diffusion MRI Tractography Connectome of the Mous
Brain and Comparison with Neuronal Tracer Data
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Abstract

Interest in structural brain connectivity has grown with the understanding that abnormal neural connections may play a role irg

Cerebral Cortex, November 2015;25: 4628-4637

doi: 10.1093/cercor/bhv121
Advance Access Publication Date: 5 June 2015
Original Article
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neurologic and psychiatric diseases. Small animal connectivity mapping techniques are particularly important for identifying:

aberrant connectivity in disease models. Diffusion magnetic resonance imaging tractography can provide nondestructive,
3D, brain-wide connectivity maps, but has historically been limited by low spatial resolution, low signal-to-noise ratio, and th
difficulty in estimating multiple fiber orientations within a single image voxel. Small animal diffusion tractography can be

hsqe-Bpoi

substantially improved through the combination of ex vivo MRI with exogenous contrast agents, advanced diffusion acquisitiors
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connectome of the mouse brain at microscopic resolution, and a comparison of these data with a neuronal tracer-based
connectivity data from the Allen Brain Atlas. This work serves as a reference database for future tractography studies in
the mouse brain, and demonstrates the fundamental differences between tractography and neuronal tracer data.

Key words: connectome, magnetic resonance imaging, mouse, neuroanatomy, tractography

Introduction

Brain connectivity mapping has emerged as a major focus of
neuroscience research, in part due to the recognition that altered
neural connectivity may contribute to a number of neurologic and
psychiatric diseases (Konrad and Eickhoff 2010; Lo et al. 2010; Sku-
dlarski et al. 2010; Xue et al. 2014). Several techniques have been
used to explore structural brain connectivity in animal models in-
cluding anterograde/retrograde tracer studies (Swanson 1982; Oh
et al. 2014), two-photon tomography (Ragan et al. 2012), diffusion
magnetic resonance imaging (MRI) tractography (Mori et al. 1999),
and polarized light imaging (Larsen et al. 2007; Axer et al. 2011).
Neuronal tracer studies have become the de facto gold standard
for brain connectivity mapping because of their high sensitivity
and specificity; however, these studies are limited by the
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requirement for stereotaxic tracer injections, 2D (slice) imag‘ing%
and the inability to study multiple pathways within a single brainz
Diffusion MRI tractography—the 3D tracing of water diffusiox&
pathways measured by MRI—offers a noninvasive method fog
brain connectivity mapping. Tractography is generated from ana®
tomically defined seed regions of arbitrary size (above imag&
resolution), shape, and number, allowing a complete connective]
ity map, or connectome, to be developed from a single brain. Des=
pite these benefits, diffusion tractography has historically beers
limited to the study of gross connectivity between distant ana&
tomic regions, and generally fails to accurately represent meso<
scale brain connectivity (i.e., ~100 um resolution) (Oh et al.
2014). This limitation is primarily due to the low spatial reso-
lution and low signal-to-noise ratio (SNR) of diffusion MRI, and

© The Author 2015. Published by Oxford University Press.

This is an Open Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http:/creativecommons.org/
licenses/by-nc/4.0/), which permits non-commercial re-use, distribution, and reproduction in any medium, provided the original work is properly cited.
For commercial re-use, please contact journals.permissions@oup.com
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Microtubule-associated protein 6 mediates
neuronal connectivity through Semaphorin
3E-dependent signalling for axonal growth

2

'

Jean-Christophe Deloulme'?, Sylvie Gory—Fauréu, Franck Mauconduit"2, Sophie Chauvet3, Julie Jonckheere
Benoit Boulan"2, Erik Mire3, Jing Xue?, Marion Jany1'2, Caroline Maucler'?, Agathe A. Deparis1'2,

Olivier Montigon1'2'5'6, Alexia Daoust1'2, Emmanuel L. Barbierm, Christophe Bosc"2, Nicole Deglon7’8,
Jacques Brocard"?, Eric Denarier210, |sabelle Le Brun"2, Karin Pernet-Gallay'?, Isabelle VilgrainZ°10,

Phillip J. Robinson4, Hana Lahrech1'2'ﬂ'*, Fanny Mann3* & Annie Andrieux"210

Structural microtubule associated proteins (MAPs) stabilize microtubules, a property that
was thought to be essential for development, maintenance and function of neuronal circuits.
However, deletion of the structural MAPs in mice does not lead to major neurodevelopment
defects. Here we demonstrate a role for MAP6 in brain wiring that is independent of
microtubule binding. We find that MAP6 deletion disrupts brain connectivity and is
associated with a lack of post-commissural fornix fibres. MAP6 contributes to fornix
development by regulating axonal elongation induced by Semaphorin 3E. We show that
MAP6 acts downstream of receptor activation through a mechanism that requires a
proline-rich domain distinct from its microtubule-stabilizing domains. We also show that
MAP6 directly binds to SH3 domain proteins known to be involved in neurite extension and
semaphorin function. We conclude that MAP6 is critical to interface guidance molecules with
intracellular signalling effectors during the development of cerebral axon tracts.

TINSERM, U836, F-38000 Grenoble, France. 2 Univ. Grenoble Alpes, Grenoble Institut Neurosciences, F-38000 Grenoble, France. 3 Aix-Marseille Université,
CNRS, IBDM UMR 7288, 13288 Marseille, France. 4 Cell Signalling Unit, Children’s Medical Research Institute, University of Sydney, Wentworthville, New
South Wales 2145, Australia. 5 Centre Hospitalier Universitaire de Grenoble, IRMaGe, 38043 Grenoble, France. 6CNRS, UMS 3552, 38042 Grenoble, France.
7 Lausanne University Hospital (CHUV), Department of Clinical Neurosciences (DNC), Laboratory of Cellular and Molecular Neurotherapies (LCMN), 1011
Lausanne, Switzerland. 8 Lausanne University Hospital (CHUV), Neuroscience Research Center (CRN), 1011 Lausanne, Switzerland. © INSERM, U1036, 38054
Grenoble, France. 1OCEA, iRTSV, F-38000 Grenoble, France. HCEA, LETI, CLINATEC, MINATEC Campus, F-38054 Grenoble, France. * These authors
contributed equally to this work. Correspondence and requests for materials should be addressed to A.A. (email: annie.andrieux@ujf-grenoble.fr) or to J.-C.D.
(email:deloulme@ujf-grenoble.fr)
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Rabies virus for transneuronal tracing
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L 2

Recombinant rabies virus (RABV) are synapse-specific trans-neuronal tracer
Pseudotyped delta G rabies viruses (AG RABV) map direct synaptic connections
In combination with optogenetics and in vivo imaging methods they are very
useful tools in understanding connectivity and function of the nervous system

" (ke

EnvA coat

Wickersham et al.,, 2007



RABV—the trans-synaptic tracing toolbox
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A Wild-type rabies virus

RABYV genome
= v HllHvwH ¢ K C =
3 5

| Glycoprotein

C RABV AG pseudotyping — cell-specific targeting

RABV AG coated with native glycoprotein
(RABV AG(R
0000000000000

I

D infection of axon terminals — retrograde tracing

B Glycoprotein deletion — monosynaptic restriction

I:ABV AG E ; . hs
-/l\»m

Expression of protein X (e.g.
fluorescent marker, sensor,
silencer, activator etc.)

EnvA pseudotyped RABV AG

(RABV AG(EnvA))
/EnvA

|

E mono-trans-synaptic tracing

LI

I Neuronal dendrite
Virus injection

A Neuron soma of
exitatory/inhibitory cell Injection site

and viral spreading
D Neuronal axon

- RABYV particle travelling

> RABV is unable to cross

=, DNA encoding RG

retrograde along the axon DNA encoding TVA receptor

and 2nd fluorescent marker

this synapse Il TVA receptor on cell-surface

Ginger et al., 2013






Strategies to reveal defined neural circuits, individual neurons or specific cell types

o
v

*

A Cell-type specific targeting

Promoter specific Cre dependant
Cre expression 2\ TVA-RG expression

A

LY

~y

B Single cell network

Single cell electroporation = Whole cell recording

c Expression of regulatory proteins

. L] .
Cre expression FLPo expression

D Monitoring network activity

LAx

E Manipulating neuronal activity of a network
Chemically induced . Optically induced

Electrode for ,,MCalcium signal
electroporation
or recording _A/_ Action Potential

Neuronal dendrite 3’\ Photostimulation
\
Neuron soma %*  Allatostatin
Neuronal axon Y Allatostatin Receptor
Electroporation No response to
for DNA transfer " stimulation
TVA-RG expression,
™ permitted by Cre-mediated
-recombination
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Gaining insight into brain function by dissecting neuronal circuits

A Reorganization of brain circuits in disease

Control

Disease/plasticity i

B Integration of adult born neurons into
existing networks, e.g. hippocampus

C Spatial and temporal integration
of presynaptic signals

Electrophysiological recording
combined with photostimulation

Paired recording

2

T
=

Electrophysiological or optogenetic control of presynaptic
neurons and recording of the postsynaptic response

APs

presynaptic

D  Monitoring population activity of
identified circuits during behaviour

Circuit analysis

-

[

Sensory
stimulation

E  Functional and anatomical analysis

Receptive Field Circuit analysis

-

[

Sensory

stimulation

Pre-synaptic site/

Connected brain areas{ r/ ERISSIOIRORY

Post-synaptic site

Neuronal dendrite ﬂ Electrode for electroporation
and recording

NEMEEERE) Photostimulation

Neuronal axon of single cells
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Improved Monosynaptic Neural Circuit Tracing Using
Engineered Rabies Virus Glycoproteins

Graphical Abstract Authors

Euiseok J. Kim, Matthew W. Jacobs,
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Glycoprotein Optimization I i
SAD B19G PBG oG In Brief

Glycoprotein-deleted rabies virus is
widely used to trace neural circuits, but it
labels only a fraction of all presynaptic
neurons. Kim et al. provide a simple
method to increase transsynaptic tracing
efficiency by adopting the engineered
and optimized glycoprotein (0G).

Improved
Transsynaptic

SAD B19G+RVdG-dsRed 0G+RVdG-dsRed

Highlights
e Newly engineered glycoproteins improve monosynaptic
rabies tracing

e Optimized glycoprotein (0G) increases tracing efficiency up
to 20-fold

P Kim et al., 2016, Cell Reports 15, 692-699
() coossnc April 26, 2016 ©2016 The Authors ‘ :ell
http://dx.doi.org/10.1016/j.celrep.2016.03.067
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PRESYNAPTIC NETWORKS

Single-cell-initiated monosynaptic
tracing reveals layer-specific cortical

network modules

Adrian Wertz,'* Stuart Trenholm,'* Keisuke Yonehara,' Daniel Hillier," Zoltan Raics,"
Marcus Leinweber,” Gergely Szalay,> Alexander Ghanem,> Georg Keller,' Balazs Rézsa,>

Karl-Klaus Conzelmann,® Botond Roska™*t

Individual cortical neurons can selectively respond to specific environmental features, such
as visual motion or faces. How this relates to the selectivity of the presynaptic network
across cortical layers remains unclear. We used single-cell-initiated, monosynaptically
restricted retrograde transsynaptic tracing with rabies viruses expressing GCaMP6s to
image, in vivo, the visual motion—evoked activity of individual layer 2/3 pyramidal neurons
and their presynaptic networks across layers in mouse primary visual cortex. Neurons
within each layer exhibited similar motion direction preferences, forming layer-specific
functional modules. In one-third of the networks, the layer modules were locked to the
direction preference of the postsynaptic neuron, whereas for other networks the direction preference
varied by layer. Thus, there exist feature-locked and feature-variant cortical networks.

n the cortex, many neurons selectively re-

spond to distinct environmental features

such as image motion in a specific direction

or orientation (7, 2), the spatial position of

the animal (3), or a specific part of a face ().
Each cortical neuron receives input from hun-
dreds of nearby neighbors. Understanding the
feature preference of the cortical neurons that
provide input to a neuron with an identified fea-
ture preference could help us to understand how
selectivity emerges and how cortical circuits are
organized.

Within layer 2/3 of mouse primary visual
cortex (V1), there is a close relation between
orientation selectivity and synaptic connecti-
vity (5). In contrast, in vivo single-cell recordings
from layer 2/3 pyramidal cells in V1 have re-
vealed different degrees of similarity between
the preferred orientations at the dendritic in-
put sites and at the cell body (6-8). The varia-
bility of orientation preferences at dendritic
input sites could arise from differently tuned
inputs from deeper cortical layers. The relation
between the feature selectivity of the post-
synaptic cell and the feature selectivity and
functional organization of the deeper cortical
neurons that provide synaptic input to individ-
ual layer 2/3 cells is still unknown.

‘We combined functionalized transsynaptic
tracing with two-photon imaging and recorded
the visually evoked responses of individual layer
2/3 pyramidal neurons together with their pre-

"Neural Circuit Laboratories, Friedrich Miescher Institute for
Biomedical Research, Basel, Switzerland. Two-Photon Imaging
Center, Institute of Experimental Medicine, Hungarian Academy
of Sciences, Budapest, Hungary. *Max von Pettenkofer-Institute
and Gene Center, Ludwig-Maximilians-University Munich,
Munich, Germany. “Department of Ophthalmology, University of
Basel, Basel, Switzerland.

*These authors contributed equally to this work. $Corresponding
author. E-mail: botond.roska@fmi.ch
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synaptic neuronal networks across different
cortical layers in vivo in mouse V1. Single-cell-
initiated monosynaptic tracing (9) allows the
expression of genetic tools in individual cortical
neurons together with their monosynaptically
connected presynaptic partners (Z0). This form
of tracing is based on the delivery of three plas-
mids to a single neuron (one expressing a flu-
orophore, one expressing the avian receptor TVA,
and one expressing the rabies virus envelope
glycoprotein) and the local infection with the
glycoprotein gene-deleted rabies virus coated
with envelope-A [(EnvA), the ligand for the
TVA receptor]. The EnvA-TVA ligand-receptor
interaction restricts rabies virus infection to
the TVA-expressing starter cell, and the glyco-
protein allows rabies virus to move transsyn-
aptically in the retrograde direction to only
those neurons that monosynaptically connect
to the starter cell (9). Rabies virus can be engi-
neered to express genetically encoded calcium
sensors, allowing the activity of the infected
neurons to be recorded. The single-cell-initiated
tracing system has been used for anatomical
studies (9, 11, 12), but not yet for functional
analyses.

Our modified version of single-cell-initiated
monosynaptic tracing (9) differed in two as-
pects from previous approaches (Fig. 1A and
supplementary materials and methods). First,
we electroporated starter cells with four plas-
mids instead of three; the fourth plasmid, ex-
pressing a genetically encoded calcium sensor
(GCaMP6s) (8), was necessary to record responses
from the electroporated starter neuron. Second,
we used a new rabies virus variant expressing
GCaMP6s (materials and methods), which al-
lowed for monitoring the activity from many
presynaptic cells around the starter cell in a
region spanning from layer 2/3 to layer 5. In
each mouse, we labeled only a single layer 2/3

cell and its presynaptic network (Fig. 1B). We
identified V1 using intrinsic in vivo imaging
(13) (Fig. 1B and fig. S1) or post hoc confocal
imaging in fixed brain slices (fig. S2). Soon
after electroporation and rabies virus injection,
the starter cell exhibited fluorescence (Fig. 1B).
All starter cells were pyramidal cells. Next, pre-
synaptic neurons expressing GCaMP6s appeared
around the starter cell and increased in number
as a function of time, whereas the responsive-
ness of the starter cell decreased as a function
of time (Fig. 1, C and D, and fig. S3). Function-
al responses from presynaptic cells could be
recorded up to ~2 weeks after electroporation,
whereas starter cell responses could be recorded
for ~1 week.

The total number of cells labeled in a pre-
synaptic circuit, determined post hoc in immu-
nostained brain slices, was 417 + 74 (ranging
from 70 to 846 cells, n = 9 presynaptic networks).
The most abundant cluster of presynaptic cells
surrounded the starter cell and was distributed
across cortical layers (332 + 64 presynaptic
cells, ranging from 58 to 729 cells, n = 9) (Fig. 1,
E to G, and fig. S4) (I4). Within this local clus-
ter, 82.5 + 2.4% of cells were pyramidal cells
(15). Outside of the local cluster of cortical neu-
rons surrounding the starter cell, presynapt-
ic cells were consistently labeled in several
other brain regions that provide input to V1
(14) (fig. S5).

To determine the visual responses from the
starter cell and its presynaptic network in V1,
we presented animals with gratings that moved
in eight directions and imaged GCaMP6s fluores-
cence with a two-photon laser scanning micro-
scope from single optical planes with an area of
300 um by 400 um, from 40 to 600 um below the
brain surface, at 15- to 20-um steps (Fig. 2A).
Here we present functional data from 17 pre-
synaptic networks connected to single pyramidal
cells. From seven of these networks, in which the
starter cell was electroporated with the four plas-
mids, we obtained visual motion responses from
both the starter neuron and the presynaptic net-
work. From 10 of the networks, electroporated
with the three-plasmid approach (9), we obtained
recordings from the presynaptic networks but
not from the starter cells.

We imaged 98 + 16 presynaptic cells in each
presynaptic network. Nearly half (43 + 4%) of
these cells showed responses to image motion.
Responses to motion were quantified using a
direction-selective index (DSI) and an orientation-
selective index (OSI) (calculated based on the vec-
tor sum of responses in all directions) (16) (fig. S6
and materials and methods). All presynaptic net-
works contained both direction- and orientation-
selective neurons, and the degree of direction
and orientation selectivity varied from neuron
to neuron within a given network (Fig. 2, B to D,
and fig. S6). Therefore, we analyzed all presyn-
aptic networks for both direction and orientation
selectivity.

Neurons within a single presynaptic network
could be tuned to similar or different directions
and orientations. We quantified the variability
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ScRNA-Seqg & cell lineage tracking
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Single Cell RNA Sequencing Workflow
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Single-cell Sequencing Data Analysis Workflow
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Applications of single-cell transcriptome sequencing
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Differences between scRNA and bulk RNA sequencing
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Single-cell transcriptomic analysis of mouse
neocortical development

Lipin Loo!, Jeremy M. Simon® 23, Lei Xing', Eric S. McCoy', Jesse K. Niehaus', Jiami Guo'?, E.S. Anton'? &
Mark J. Zylka'?

The development of the mammalian cerebral cortex depends on careful orchestration of
proliferation, maturation, and migration events, ultimately giving rise to a wide variety of
neuronal and non-neuronal cell types. To better understand cellular and molecular processes
that unfold during late corticogenesis, we perform single-cell RNA-seq on the mouse cerebral
cortex at a progenitor driven phase (embryonic day 14.5) and at birth—after neurons from all
six cortical layers are born. We identify numerous classes of neurons, progenitors, and glia,
their proliferative, migratory, and activation states, and their relatedness within and across
age. Using the cell-type-specific expression patterns of genes mutated in neurological and
psychiatric diseases, we identify putative disease subtypes that associate with clinical phe-
notypes. Our study reveals the cellular template of a complex neurodevelopmental process,
and provides a window into the cellular origins of brain diseases.

T Department of Cell Biology and Physiology, UNC Neuroscience Center, The University of North Carolina at Chapel Hill, 115 Mason Farm Road, Chapel Hill,
NC 27599, USA. 2 Carolina Institute for Developmental Disabilities, The University of North Carolina at Chapel Hill, Campus Box #7255, Chapel Hill, NC
27599, USA. 3 Department of Genetics, The University of North Carolina at Chapel Hill, Campus Box #7264, Chapel Hill, NC 27599, USA. These authors
contributed equally: Lipin Loo, Jeremy M. Simon. Correspondence and requests for materials should be addressed to M.J.Z. (email: zylka@med.unc.edu)
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Conserved cell types with divergent
features in human versus mouse cortex

Rebecca D. Hodge!'?, Trygve E. Bakken"'3, Jeremy A. Miller!, Kimberly A. Smith', Eliza R. Barkan', Lucas T. Graybuck’,

Jennie L. Close', Brian Long!, Nelson Johansen?, Osnat Penn!, Zizhen Yao!, Jeroen Eggermont®, Thomas Hollt>*, Boaz P. Levi',
Soraya I. Shehata', Brian Aevermann?®, Allison Beller®, Darren Bertagnolli!, Krissy Brouner', Tamara Casper', Charles Cobbs’,
Rachel Dalley!, Nick Dee!, Song-Lin Ding!, Richard G. Ellenbogen®, Olivia Fong', Emma Garren!, Jeff Goldy', Ryder P. Gwinn®,
Daniel Hirschstein, C. Dirk Keene®, Mohamed Keshk®, Andrew L. Ko®!°, Kanan Lathia!, Ahmed Mahfouz>4, Zoe Maltzer!,
Medea McGraw', Thuc Nghi Nguyen', Julie Nyhus', Jeffrey G. Ojemann®'°, Aaron Oldre!, Sheana Parry', Shannon Reynolds!,
Christine Rimorin', Nadiya V. Shapovalova', Saroja Somasundaram!, Aaron Szafer', Elliot R. Thomsen', Michael Tieu',

Gerald Quon?, Richard H. Scheuermann®', Rafael Yuste'?, Susan M. Sunkin', Boudewijn Lelieveldt>*, David Feng!, Lydia Ng',
Amy Bernard', Michael Hawrylycz', John W. Phillips', Bosiljka Tasic', Hongkui Zeng', Allan R. Jones!, Christof Koch! & Ed S. Lein'*

Elucidating the cellular architecture of the human cerebral cortex is central to understanding our cognitive abilities and
susceptibility to disease. Here we used single-nucleus RNA-sequencing analysis to perform a comprehensive study of cell
types in the middle temporal gyrus of human cortex. We identified a highly diverse set of excitatory and inhibitory neuron
types that are mostly sparse, with excitatory types being less layer-restricted than expected. Comparison to similar mouse
cortex single-cell RNA-sequencing datasets revealed a surprisingly well-conserved cellular architecture that enables
matching of homologous types and predictions of properties of human cell types. Despite this general conservation,
we also found extensive differences between homologous human and mouse cell types, including marked alterations
in proportions, laminar distributions, gene expression and morphology. These species-specific features emphasize the

importance of directly studying human brain.

The cerebral cortex is responsible for our higher cognitive abilities
and is the most complex structure known to biology: it comprises
16 billion neurons and 61 billion non-neuronal cells organized into
more than 100 distinct anatomical or functional regions?. Human
cortex is expanded relative to mouse—the dominant model organ-
ism used in research—with a more-than-1,000-fold larger area and
number of neurons’. Whereas the general principles of cortical devel-
opment and basic architecture of the cortex appear to be conserved
across mammals?, previous studies suggest differences in the cellular
makeup of human cortex”!!., For example, superficial cortical layers are
expanded in mammalian evolution'? and some cell types, such as inter-
laminar astrocytes'* and rosehip neurons'4, have specialized features in
human compared to mouse. Likewise, transcriptional regulation varies
between mouse and human, including the transcription of genes that
are associated with neuronal structure and function'®~"7.

Single-cell transcriptomics enables molecular classification of cell
types, provides a metric for comparative analyses, and is fuelling
efforts to understand the complete cellular makeup of the mouse
brain'® and even the entire human body". Single-cell RNA sequencing
(scRNA-seq) of mouse cortex demonstrates robust transcriptional
signatures of cell types?*2? and suggests around 100 cell types per cor-
tical area. Dissociating live cells from human brain is difficult, which
makes scRNA-seq challenging to apply to this type of tissue, whereas
single-nucleus RNA-seq (snRNA-seq) enables transcriptional profiling
of nuclei from frozen human brain specimen523’2"4 Of note, nuclei
contain sufficient gene-expression information to distinguish closely

related cell types at a similar resolution to scRNA-seq*>?%, but early
applications of snRNA-seq to human cortex did not have sufficient
depth of coverage to achieve similar resolution to mouse studies?”%.
Here, we established robust methods for the classification of cell types
in human brain using snRNA-seq and compared cortical cell types to
reveal conserved and divergent features of human and mouse cerebral
cortex.

Transcriptomic taxonomy of cell types

To transcriptomically define cell types in human cortex, we used
snRNA-seq and focused on middle temporal gyrus (MTG) largely from
postmortem brain. MTG is often available from epilepsy resections,
permitting comparison of postmortem versus live neurosurgical tissues,
and enabling future correlation with in vitro slice physiology. Tissues
were processed as described' (Fig. 1a, Extended Data Fig. 1a). Nuclei
were collected from eight donor brains (Extended Data Table 1), with
most coming from postmortem donors (1 = 15,206) and a minority
(n = 722) from layer (L)5 of MTG removed during neurosurgeries
(Extended Data Fig. 2).

In total, 15,928 nuclei passed quality control, including those from
10,708 excitatory neurons, 4,297 inhibitory neurons and 923 non-neu-
ronal cells. Nuclei from each broad class were iteratively clustered as
described®® (see Methods). Clusters were generally robust to differ-
ent iterative clustering methods and were distinguished from nearest
neighbours by at least 30 differentially expressed genes and at least one,
and often more, binary markers. Requiring more binary markers led

1Allen Institute for Brain Science, Seattle, WA, USA. 2Department of Molecular and Cellular Biology, University of California, Davis, Davis, CA, USA. *Department of Radiology, Leiden University
Medical Center, Leiden, The Netherlands. “Department of Intelligent Systems, Delft University of Technology, Delft, The Netherlands. °J. Craig Venter Institute, La Jolla, CA, USA. ®Department of
Pathology, University of Washington, Seattle, WA, USA. "The Ben and Catherine Ivy Center for Advanced Brain Tumor Treatment, Swedish Neuroscience Institute, Seattle, WA, USA. ®Department of
Neurological Surgery, University of Washington School of Medicine, Seattle, WA, USA. °Epilepsy Surgery and Functional Neurosurgery, Swedish Neuroscience Institute, Seattle, WA, USA. 1°Regional
Epilepsy Center at Harborview Medical Center, Seattle, WA, USA. 1Department of Pathology, University of California, San Diego, San Diego, CA, USA. 12Neurotechnology Center, Department of
Biological Sciences, Columbia University, New York, NY, USA. *These authors contributed equally: Rebecca D. Hodge, Trygve E. Bakken. *e-mail: edi@alleninstitute.org
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Human-induced pluripotent stem cells (IPSCS) & brain organoid's
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In vitro technique: self-assembled three-dimensional aggregates
generated from pluripotent stem cells that recapitulate embryonic human brain
development (7in normal or pathological conditions)
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Limitations of the mouse model to study neural progenitors and cortical malformations
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First protocol of self-organized brain organoids
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Self-organized developmental regional patterning and differentiation
/s recapitulated in cerebral organoids
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Further characterization and improvements of brain organoidls
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Further characterization and improvements of brain organoidls
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Lack of vascularization
Protocol optimization: long-term survival

Oxygen

NPCs are ‘buried’ inside as
cortical structure expands

A necrotic core builds up
inside the organoid owing
to lack of oxygen and
nutrient diffusion

Depth into organoid surface



Further characterization and improvements of brain organoidls
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Further characterization and improvements of brain organoidls
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Further characterization and improvements of brain organoidls
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Structural comparison between cortical organoids and the human embryonic cortex
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Organoids for human disease modeling
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Induction of Expansion and Folding in Human

Cerebral Organoids
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Altered neuronal migratory trajectories in human
cerebral organoids derived from individuals with

neuronal heterotopia

JohannesKlaus'", SabinaKanton?", ChristinaKyrousi'", Ane Cristina Ayo-Martin'3,
RossellaDi Giaimo'*, Stephan Riesenberg? Adam C.O'Neill>¢, J. Gray Camp?, ChiaraTocco®’,
Malgorzata Santel? EjonaRusha’, MichaDrukker’, Mariana Schroeder', Magdalena G6tz%8,

Stephen P.Robertson©>, Barbara Treutlein

Malformations of the human cortex represent a major cause
of disability’. Mouse models with mutations in known causal
genes only partially recapitulate the phenotypes and are
therefore not unlimitedly suited for understanding the molec-
ular and cellular mechanisms responsible for these condi-
tions?. Here we study periventricular heterotopia (PH) by

lyzing cerebral organoids derived from induced pluripotent
stem cells (iPSCs) of patients with mutations in the cadherin
receptor-ligand pair DCHS1 and FAT4 or from isogenic knock-
out (KO) lines'=. Our results show that human cerebral organ-
oids reproduce the cortical heterotopia associated with PH.
Mutations in DCHST and FAT4 or knockdown of their expres-
sion causes changes in the morphology of neural progenitor
cells and result in defective neuronal migration dynamics only
in a subset of neurons. Single-cell RNA-sequencing (scRNA-
seq) data reveal a subpopulation of mutant neurons with dys-
regulated genes i dinaxon e, neuronal migration
and patterning. We suggest that defective neural progenitor
cell (NPC) morphology and an altered navigation system in a
subset of neurons underlie this form of PH.

Mammalian neocortical development represents a highly
orchestrated process that depends on the precise generation, migra-
tion and maturation of neurons. The importance of a coordinated
sequence is underlined by the conditions with its disruption: mal-
formation of cortical development. PH represents one of the most
common forms of these disorders and is characterized by hetero-
topic neurons lining their sites of production. Patients with PH
typically present with intellectual disability, and this is frequently
associated with epilepsy’~'’. The identification of mutations in the
protocadherins DCHSI and FAT# put the spotlight on defects in
NPCs as a causal mechanism of the condition. Here we explore
the functions of DCHSI1 and FAT4 in the developing cortex using
human iPSC-derived NPCs, neurons and cerebral organoids.

We first reprogrammed fibroblasts from control individuals
and patients with PH who carry mutations in DCHSI or FAT4
into iPSCs (Extended Data lab). Specifically, fibroblasts were

2910* and Silvia Cappello®™

collected from two different previously characterized patients': one
was compound heterozygous for mutations in the FAT4 gene and
one homozygous for mutation in the DCHSI gene. Additionally,
to control for differences due to the different genomic background
in the patients, we generated KO iPSC lines for both genes using
CRISPR-Cas9 genome editing in control iPSCs. We programmed
the iPSCs toward NPCs and neurons in two-dimensional (2D) cul-
ture and generated three-dimensional (3D) cerebral organoids''
(Extended Data lc,d). Using in situ hybridization, we identified
that both genes were expressed in the periventricular structures of
cerebral organoids and neurons (Extended Data le-h’), a pattern
consistent with that detected in mouse and human'”. These find-
ings were confirmed by scRNA-seq of cells derived from cerebral
organoids, where the expression of DCHSI and FAT4 was found in
both progenitors and neurons (Extended Data 1i,j).

To investigate whether PH is recapitulated within cerebral organ-
oids (Extended Data 1k,l), we scrutinized ventricular zone struc-
tures for such phenotypes. In control organoids, a clear distinction
of the neuronal (MAP2+ cells or NEUN+ cells) layer from the ger-
minal zone (PAX6+ cells) was identified (Fig.1a,d, Extended Data
2a,e,h and Extended Data 3gk). Organoids derived from mutant
or KO iPSC lines exhibited a significant number of neuronal nod-
ules at ventricular positions (Fig.1a-c, Extended Data 2e-j, and
Extended Data 21-1"). In addition to this neuronal heterotopia-like
phenotype, mutant and KO organoids presented poorly organized
germinal zones (Fig.1d,e and Extended Data 2d). This feature was
especially apparent in germinal zones of FAT4-mutant organoids,
with most not showing evident separation of the neuronal band
from the germinal zone, with neurons intruding in most cases. In
the case of DCHSI-mutant or knockdown organoids, performed
via electroporation of specifically designed microRNAs (miRNAs)
that target the human gene (Extended Data 2k), clusters of neu-
rons were found within the germinal zones where NPC processes
where disrupted (Fig.1f-f”” and Extended Data 2I-1""). Although
DCHSI-mutant organoids displayed clearer separations between
the germinal zones and neuronal layer, the neurites showed an

"Max Planck Institute of Psychiatry, Munich, Germany. 2Max Planck Institute for Evolutionary Anthropology, Leipzig, Germany. *International Max Planck
Research School for Translational Psychiatry (IMPRS-TP), Munich, Germany. “Department of Biology, University of Naples Federico I, Naples, Italy.
*Department of Women's and Children’s Health, University of Otago, Dunedin, New Zealand. ¢Institute of Stem Cell Research, Helmholtz Center Munich,
Munich, Germany. “Institute of Stem Cell Research, iPSC Core Facility, Helmholtz Center Munich, Munich, Germany. 8Ludwig Maximilian University, Munich,
Germany. °Max Planck Institute of Molecular Cell Biology and Genetics, Dresden, Germany. '®Technical University Munich, Department of Biosciences,
Freising, Germany. "These authors contributed equally: Johannes Klaus, Sabina Kanton, Christina Kyrousi. *e-mail: barbara_treutlein@eva.mpg.de;
silvia_cappello@psych.mpg.de
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Generating cortical neurons in vitro to re-implant in vivo
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Indirect and direct lineage reprogramming to create
patient-derived neural cells
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Regenerative medicine in clinics and industry
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Engineering neurogenesis outside the classical neurogenic niches

Astrocytes
BOx2 Pax6
GABAergic Astrocytes NeuroD1 ASSCI21
neurons o . f wOX 9
— o’ Asciy « Neurons Pericytes —> i —5> )
Glutamatergic -J-r“,*}.g N
neurons @g‘\?’ INS
B Astrocytes
Cortex lSOXQ
Pericy;
Capy P Jeurons
CPN
\lFezf2 Striatum
CFPN

Astrocytes

> Ascli
Brn2 ]
A\ lFesz van |

CSH
CFPN Neurons

PERSPECTIVES

Berninger and Jessberger, 2016



Somatic cell direct reprogramming in the brain
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Direct pericyte-to-neuron reprogramming via
unfolding of a neural stem cell-like program

Marisa Karow ®'2%#* J. Gray Camp ©3", Sven Falk?*, Tobias Gerber3?, Abhijeet Pataskar®,
Malgorzata Gac-Santel’, Jorge Kageyama?®, Agnieska Brazovskaja®, Angela Garding®, Wengqiang Fan’,
Therese Riedemann©?, Antonella Casamassa"'®, Andrej Smiyakin®, Christian Schichor’,

Magdalena Gétz©24, Vijay K. Tiwari®, Barbara Treutlein ©38°'5* and Benedikt Berninger ©110111215%

Ectopic expression of defined transcription factors can force direct cell-fate conversion from one lineage to another in the
absence of cell division. Several transcription factor cocktalls have enabled successful reprogramming of various somatic cell
types into induced neurons (iNs) of distinct neurotr ter ype. , the nature of the intermediate states that
drive the reprogramming trajectory toward distinct iN types i |s largely unknown Here we show that successful direct repro-
gramming of adult human brain pericytes into functional iNs by Ascl1 and Sox2 encompasses transient activation of a neural

stem cell-like gene expressmn program that precedes bifurcation into distinct neuronal lineages. During this transient state,

key signali rel

t for neural induction and neural stem cell

lated by and functi Iy

are reg

contribute to iN reprogrammmg and maturation. Thus, Ascl1- and Sox2-mediated reprogramming into a broad spectrum of iN

£ 1 4: 1

types involves the

gofad

nessing the cellular plasticity of differentiated cells for lineage

conversion into desired target cell types for disease model-
ing and tissue repair'~. While direct lineage reprogramming from
starting to target-cell type classically occurs without cell division,
thereby sharply contrasting with reprogramming toward induced
pluripotency’, little is known about the intermediate states that
bridge the trajectory between start and end points. Two models
have been proposed, according to which direct reprogramming is
mediated either through direct conversion between fully differen-
tiated states or through reversal to a developmentally immature
state”. Furthermore, reprogramming efficiency and final differentia-
tion outcomes are highly cellular-context-dependent, for which the
underlying reasons are only incompletely understood’*. Analyses of
the transcriptome alterations induced by the reprogramming fac-
tors have yielded fundamental insights into the molecular mecha-
nisms of iN conversion’~'”. For instance, a single factor, Ascll, can
reprogram mouse astrocytes into iNs with high efficiency", while
the same factor induces a muscle cell-like fate in mouse embryonic
fibroblasts (MEF) alongside neuronal fates'"'". Efficient repro-
gramming of MEFs into iNs requires co-expression of additional
factors (for example, Brn2, Ascll and Mytll, collectively referred
to as BAM)*'"'>'>, Moreover, Ascll induces a GABAergic neuron
identity in mouse astrocytes'*", while BAM-transduced fibroblasts
predominantly adopt a glutamatergic phenotype'?, raising questions

D irect lineage reprogramming is an emerging strategy for har-

tal program via neural stem cell-like intermediates.

of how the respective reprogramming trajectories translate into
distinct iN transmitter and subtype identities.

In the present study, by analyzing transcriptomes at population
and single cell level, we aimed to reconstruct the trajectories under-
lying direct lineage conversion of adult human brain pericytes into
iNs by forced expression of Ascll and Sox2 (AS)'°. This allowed us
to scrutinize the contribution of the starting cell population’s het-
erogeneity to the variability in reprogramming success. By iden-
tifying cells of distinct reprogramming competence, we were able
to reconstruct a trajectory of productive AS-mediated iN genera-
tion, allowing us to uncover intermediate states during successful
conversion. Unexpectedly, we found that despite the absence of cell
division, cells in the productive trajectory passed through a neural
stem cell-like state. Transiently induced genes, many of which are
core components of signaling pathways, typified this intermediate
state, and interference with these signaling pathways demonstrated
their functional importance for the reprogramming process. Finally,
the productive reprogramming trajectory revealed an unexpected
point of bifurcation into lineages whose transcriptomes were domi-
nated by transcription factor families involved in the specification
of GABAergic and glutamatergic subclasses of forebrain neurons.

Results
Ascll and Sox2 synergism in inducing neuronal gene expres-
sion in pericytes. We have recently shown that adult human brain
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Neuron

Inducing Different Neuronal Subtypes from
Astrocytes in the Injured Mouse Cerebral Cortex
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Highlights
e AAV can be targeted to reactive astrocytes upon stab wound
injury

e Expression of Ngn2 and Nurr1 in these astrocytes induces
pyramidal neurons

e Induced pyramidal neurons acquire correct layer identity and
axonal projections

e Neurons cannot be induced in the white matter
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