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Translating advances in cellular-level analysis of the brain from

Many cell types, many phenotypes

model organisms to human brain, and to disease

Brain regions, broad cell
classes, markers of

pathology
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We should treat the brain like a complex cellular organ and understanding human brain dysfunction as cellular disease
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The advances of cellular analyses in model organisms are no longer
Inaccessible for studying human brain

Establishing the cellular and subcellular resolution tools of basic
research to study the human brain
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A new era of cellular level analysis of brain driven by new technologies
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Data Center

Changing sociology of neuroscience research:
Consortium efforts to expand and accelerate cellular-level brain analyses
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A genetically-based paradigm for classifying cell types in the brain

bounds the problem of cellular diversity

Transcriptome
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Connectivity,
function

Gene expression in each cluster is also highly predictive of functional properties
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A transcriptomic classification presents a generalizable and pragmatic
strategy to map and manipulate cell types in any species
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Analyze features of transcriptomic types

Spatial
transcriptomics
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Single cell transcriptomics provides an unbiased molecular classification of
cortical cell types

Tasic, Menon...
Neuroscience

Zeng (2015) Nature
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Developmental biology helps interpret transcriptomic cellular diversity

Local generation of most excitatory neurons
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Single cell transcriptomics provides an unbiased molecular classification of
cortical cell types
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Near-saturation coverage taxonomy of mouse cortex with scRNA-seq

10x # of
cells, only 2x
# of cell

types

~100 cell

types per
cortical
region
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Similar results with single nucleus versus single cell RNA-seq

Mouse V1 layer 5 neurons, SMARTer v4 methodology
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Human nuclei with intact RNA for RNA-seq analysis can be easily isolated
from high quality frozen postmortem human brain specimens

Processing of human whole brain postmortem specimens
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Building a foundational high resolution human cortical cell type taxonomy
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Similar results with postmortem and acute surgical cases

Nuclei from postmortem cortex and acute neurosurgical specimens cluster together, but there
IS a small but consistent expression signhature of tissue source
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High resolution taxonomy of cell types in human middle temporal gyrus (MTG)
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Check your assumptions: Many excitatory neuron types are not strictly laminar

Exc L3-4 RORB CARM1P1
Exc L3-5 RORB COL22A1

Exc L3-5 RORB ESR1

SLC17A7
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Broad conservation of human and mouse cortical taxonomies
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Human and mouse cell types align based on shared co-expression

Human and mouse RNA-seq data aligned using CCA clusters correspond to
canonical correlation analysis (CCA; Satija) GABAergic neuron classes and types
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GABAergic neurons align quite well between species

GABAergic neuron homology
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Human GABAergic diversity is likely undersampled Chandelier cell
due to inability to select for rare populations
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Consensus or canonical mouse/human V1/MTG taxonomy

38 homologous cell types / classes

Neurogliaform

Single bouguet cells Bipolar, bitufted (upper)

# 10 one-to-one
homologous types

Homologous
cell types/classes

£
g
£y

Human

# Rosehip

% Lamp5 Lhx6
Pax6

Vip Sncg
Lamp5 CGE

Vip 4

Bipolar, bitufted (lower)

Vip 5
Vip 6
Vip 1
Vip 2
Vip 3

GABAerc

Martinotti (upper)

Cross-species analysis allows prediction of

cell type features not measurable in human.

For example, long-range projection targets
cannot be analyzed in human but can be
predicted based on match to mouse types
(e.g. Layer 5 pyramidal tract (PT) neurons).
Similarly, developmental origins of different
GABAergic classes can be predicted based
on mouse literature.
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Many cellular differences between mouse and human

Different proportions of cell types

Differential gene regulation in conserved cell types

High phenotypic variation in conserved cell types Dramatic differences in astrocyte features

Morphologically defined astrocyte types "
Pial surface

¥
¥
- Interlaminar f\k
7% A%

GFAP IHC

2 - Protoplasmic

3 - Fibrous ‘ Astroz
|

Specialized cell types

nature -
neuroscience hitps:/AdoLorg/10, mAs/El;IoEl;zEssz

Transcriptomic and morphophysiological
evidence for a specialized human cortical
GABAergic cell type

Eszter Boldog'?, Trygve E. Bakken®®, Rebecca D. Hodge**, Mark Novotny?, Brian D. Aevermann’,
Judith Baka', Sandor Bordé', Jennie L. Close?, Francisco Diez-Fuertes?, Song-Lin Ding?, Néra Faragé',
Agnes K. Kocsis', Balazs Kovacs', Zoe Maltzer?, Jamison M. McCorrison?, Jeremy A. Miller?,
Gabor Molnar', Gaspar Olah, Attila Ozsvar', Marton Rézsa', Soraya |. Shehata?, Kimberly A. Smith?,
Susan M. Sunkin?, Danny N. Tran®, Pratap Venepally?, Abby Wall?, Laszlé G. Puskas®, Pal Barzé®,
Frank J. Steemers®, Nicholas J. Schork?®, Richard H. Scheuermann®’, Roger S. Lasken?, Ed S. Lein©2*
and Gabor Tamas 0"
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Evolutionary scaling of the human brain compared to mouse

The isotopic fractionator method

Figure 1.

Aspect of the nuclei in the AB: Typical if fluorescent of the same field of cerebeliar cell nucle
in suspension stained with DAPI (A) and for NeuN immunoreactivity (B). The arrowheads indicate nuclei that are NeuN negative and therefore
identified as nonneuronal nuclei. All other nuclei are NeuN positive and therefore identified as neuronal. Note that nuclei are intact and well
scattered. C,D: confocal image of arrow, nucleus undergoing cell division) and
NeuN-labeled cerebellar cell nuclel. The clear, debris-free preparation of free cell nuclei makes the anti-NeuN immunoreactivity easy to
distinguish from the virtually nonnexistent background. Scale bars = 40 um in B (applies to A,B); 20 um in D (applies to C,D).

Whole brain
1508.91+£299.14 g
170.68 + 13.86 B cells
86.06 £ 8.12 B neurons

84.61 £ 9.83 B non-neur
0.99 non-neur/neurons

Cerebral cortex (GM+WM)
1232.93 +233.68 ¢
77.18+7.72 B cells

16.34 £ 2.17 B neurons

60.84 + 7.02 B non-neur

3.76 non-neur/neurons

Cerebellum

154.02 £ 19.299

85.08 + 6.92 B cells
69.03 + 6.65 B neurons

16.04 £ 2.17 B non-neur
0.23 non-neur/neurons

Rest of brain

11766 +4542 g

8.42 + 1.50 B cells
0.69 £ 0.12 B neurons
7.73 £ 1.45 B non-neur
11.35 non-neur/neurons

Azevedo...Herculano-Houzel (2009)

Neocortical cell number is expanded 20-30-fold compared to subcortical targets

Number of neurons
Human Mouse
Cortex 16,340,000,000 13,690,000
Sub-cortex 690,000,000 11,960,000
Spinal cord 196,100,000 4,400,000
Corticospinal 2,200,000 65,000
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Human fold-
expansion

1194
58
45
34

Mouse

Azevedo et al. 2009 Herculano-Houzel et al. 2006
Azevedo et al. 2009 Herculano-Houzel et al. 2006
Bahney and Bartheld 2018 Bjugn 1993

Lassek and Rasmussen 1940

Lassek and Rasmussen 1940
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Layer 5 Pyramidal Tract (PT) neurons are >20x less abundant in human

Mouse TEa
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population across the whole cortex

Subcortically projecting neuron numbers scale with the size of projection targets, not cortex
For layer 5 PT neurons, the solution to a mismatch between source and target seems to have been to sparsify the
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Gene expression fold-differences: What should we consider significant?

1.4x difference 4.9x difference
(Credit to Rob Williams) (Credit to Guinness Book)

We chose 10-fold to be a major difference
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Species-specific

Microglia
r=0.60
o 12
o
o]
g 10 wi K
i y 2o QAT
©+ g ol
S8
S 20% of genes have
=3 i >10-fold expression
& difference including
§ -
T
0 ==
T T
0 2 4 6 8 10 12
Mouse Micro Siglech - log,(CPM + 1)
Chandelier
15 >
r=0.71 s
— (]
"
=
o
2 10
[s)]
2
<
k=]
g | 12% of genes have
5 0 >10-fold expression
§ difference including
z
O —

Mouse expression - log2(CPM + 1)

57% of all genes expressed showed highly
divergent expression in at least one
homologous cell class/type
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expression within homologous cell types

Non-neuronal cells show more

highly divergent expression

Cell class-specific divergent genes

LAMPS/ Non-
PAX6 VIP SST PVALB Excitatory neuronal
No. of divergent 127 180 267 310 431

genes specific to
each cell class

v, o sl

LANIP5/
PAX6

SST

2 P N g

'r*'l

vip

ool

Species
expression

Microglia
difference

W Divergent
(>10-fold) Oligo

[J Moderate
(2-to 10-fold)

[ Conserved
(<2-fold) OPC

Astrocyte

Divergent genes are
functionally relevant

Top 20 most divergent functional gene classes

5-hydroxytryptamine (serotonin) receptors, ionotropic 4 °
Collagen proteoglycans °
Adrenoceptors 4 [
Chloride intracellular channels 4 [ ]
Glypicans 4 °
Fibulins 4 °
ADAM metallopeptidases with thrombospondin type 1 motif 4 °
Copines 4 °
Netrins o
Collagens 4 °
Major cadherins 4 °
Peptide receptors 4 °
Sulfotransferases, membrane—bound 4 °
Glutamate receptors, metabotropic - °
Glutamate receptors, ionotropic - [
ADAMTS-like A o
Membrane bound O-acyltransferases4 @
Cadherin-related4{ o
Glycine receptors4 e
Synaptotagmin-like tandem C2 proteins 4 @

30 35 40
Median expression pattern change
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L1
L2
L3
L4
L5
L6

Dissected Layer

ADARB2

LHX6

SST

HPGD

B3GAT2
LOC101927132
KLHDC8A
LOC105371658
NPM1P10
LOC105377401
GXYLT2
STK32A
LOC101929028
CALB1
LOC105374696
ADGRG6

FRZB

GLP1IR

LGRS

MEPE

WFDC2

SULF1
ZFPM2-AS1
MIR548F2
SCUBE3
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“Marker genes” are more divergent
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Human

Species differences for AD-related genes

PSEN1 cor=0.17, p=0.31 SORL1 cor=0.4, p=0.013
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Conserved, and specialized

Human L1 L2-6
_
Morphologically defined astrocyte pes g . M ouse
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Core transcriptomic conservation, but species-specific feature specialization:
10x size increase

1mm long processes in human

Major differences in gene expression and cell type markers
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Annotating the atlas
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. Phenotyping of transcriptomic cell types

Unbiased transcriptome-based cell type
classification in different brain regions

|

Spatial mapping in tissue
sections (“census”)

|

Analyze features of transcriptomic types

Multimodal analysis
Post-hoc spatial transcriptomics
Specific genetic tools

i 8BS U Mahisona s
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Single cell
transcriptomics

Spatial
transcriptomics
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In situ spatial transcriptomics methods to identify
transcriptomic cell types in tissue sections

Tissue

Multiplexed RNA smFISH

Dissociation Cell types by scRNA-seq

> -»>

71 4

Spatial cell type distribution

Gene 1
Gene 2
Gene 3
Gene 4
Gene 5
Gene 6_’
Gene 7
Gene 8

Gene 9
Gene 10

Census

Healthy

Cell type marker genes

Gene 1
Gene 2
Gene 3
Gene 4
Gene 5
Gene 6
Gene 7
Gene 8
I Gene9
I Gene 10

Diseased

Lein, Borm, Linnarsson (2017) Science



Consortium approach for accelerating development and comparing

strengths of different spatial transcriptomics methods

Th e S aC eTX Teal I I ( Boyden, Chen Linnarsson ;‘_‘,”«: Zador Arlotta Foa
p ExSeq, EXFISH 5 [l SequentialsmFISH  %¥ %V bcSEQ 308 &
<> = e
Cai, Wold & " | Lundeberg % W Zhang N Macosko 1
SeqFISH @ /| seatiaibarcoding {151 Gl DARTFISH @EiEEl ~
Q | /Church N Nilsson Zhuang S ‘g ; Regev
'5 Fnl‘éeSrEOQ smulgICSH “ﬁ’:%“ Padlock probes ¥ | MERFISH "aﬁ!l,.‘"
o
+ Spatial Transcriptomics
c c
Lo
=0
0 .
% S i Raw data + Analysis
3 Tissue
2 - _
() A
0] Consortium
Lein, Zeng
I . ALLEN INSTITUTE
BRAIN SCIENCE
\"

Collect and |
prepare brain | | Meta-analysis & summary

Sam Inveso George Church

Kun Zhang

\_ sections | | Data standardization
OPEN ACCESS DATA DISTRIBUTION
Ed Lein Hongkui Zeng Barbara Wold Fei Chen Aviv Regev Images Algorithms Summary
Protocols Analysis Cell census

Additional collaborators have joined on computational and visualization challenges
Peter Kharchenko (Harvard)

Richard Scheuermann, Brian Aevermann (J. Craig Venter Institute)

Ken Harris (University College London)

Boudewijn Lelieveldt (Delft, The Netherlands)
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smFISH analysis in cortical tissues

Hairpin chain reaction (HCR)-based FISH in
mouse tissues

smFISH in human cortical tissues

ANKRD34B

Note autofluorescent lipofuscin granules

Multiplexing moving into dozens to hundreds of genes,

Inhibitory neurons  Excitatory neurons combinable with protein labeling

Boaz Levi, Jennie Close ((9)
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Human slice physiology using neurosurgically resected tissues

Neurosurgically resected brain tissues are a precious and woefully underutilized resource

JonathanTing, Jim Ber
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Allen Institute human slice physiology

Human brain slices Patch clamp electrophysiology
Layer Il pyr Layer " pyr Layer V pyr FS interneuron
. =
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3D Morphology Biophysical Modeling
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Histological characterization of cases for qualitative and quantitative
assessment of cytoarchitecture and pathology

Nissl NeuN SMI-32 Pvalb GFAP Ibal Ki67
(all cells) (neurons) (neurofilament H)  (FS interneurons) (astrocytes) (microglia) (dividing cells)

%)

Epilepsy
case

Tumor
case

No disease
postmortem
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Human ex vivo brain slices are robust and exhibit remarkable viability

Time zero: slices are prepared
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Human slices are robust enough to establish an adult human brain slice
culture platform

Laminar architecture preserved in vitro

Preservation of physiological properties
over time in culture
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Tumor and epilepsy surgery-derived tissues yield similar results
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0-12 hours post slicing recordings, layer 2/3 pyramidal neurons
N-14 tumor cases, n=44 epilepsy cases.
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What is the relationship between transcriptome, anatomy and physiology?

apical dendrite
(basal) dendrite
axon

Layer 3 bi-apical pyramidal cell
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Pinning a transcriptional identity on functionally characterized neurons

Cleared thick section smFISH

C004: GAD1-B3-A647
C003: SLC17A7-B1-
A546

C002: Streptavidin-
A488

CO01: DAPI

Meanhwan Kim,
Jonathan Ting,
Boaz Levi




Solving the correspondence problem: 3-modality Patch-seq

Patch-seq recording M
Modified Firing pattern
intracellular
solution \

RMA cDMA synthesis
extraction + QG

-‘--""'}“"----..._’

—) ANA-seq

Cadwell et al. 2015 Nat Biotech
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A  Patch-seq Protocol
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Functional annotation of the transcriptomic classification in human

GABAergic ipes .
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Bringing the power of molecular genetics to the study of human cortex
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Rables tracing
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Human neurosurgical

specimens
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HSV-mediated neuronal labeling  Targeting fluorescently labeled cells
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Strategy for generating cell type-specific enhancers

Single cell —omics data allows rationale design of viral tools to target cell types

Putative enhancer identification

Transcriptomic classification, based on single cell ATAC-seq Enhancer screening in viral context in
marker identification mouse, monkey and human
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An emerging genetic toolbox for studying human brain...and gene therapy
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A cellular lens on disease

Do neurological, neuropsychiatric, or neurodegenerative diseases involve
pathology of specific cell types?

The molecular tools are available now to probe this question by building on the
baseline “periodic table”:

Are some cell types selectively vulnerable or resistant?
What molecular pathways are perturbed in which cell types?
Where is the best cellular and molecular target for intervention?

Need to foster interaction between pathologists and researchers to improve
tissue collection procedures and access to tissues for experimental work, and
to provide feedback to improve quantitative neuropathology.

Need to standardize tissue collection, banking and characterization.

Need investment in development and application of these tools specifically to
study neurodegenerative diseases.

Need to push hard on developing a better understanding of disease in many
ways and push the boundaries on what we think is possible.

Quantitative phenotypes -> Diagnosis -> Intervention )



Team science, big science, open science

Cell Types Program
and Project Leads
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We wish to thank the
Allen Institute founder,
Paul G. Allen, for his
vision, encouragement
and support.

We honor his legacy
today, and every day
into the long future of
the Allen Institute, by
carrying out our mission
of tackling the hard
problems in bioscience
and making a significant
difference in our
respective fields.
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