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https://synapseweb.clm.utexas.edu/axons

= Cytoarchitecture (= Cytoarchitectonics ) ; AF¥ X747
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- Digital Reconstruction ; FTE#IIaL—1aVIT&-oT . ERBREERRTHIL,
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» Myeloarchitectuture; Katrin Amunts(2015);
The spatial distribution pattern of that of myelinated nerve fibers

» Neuromodulator ({2 EMME) ; https://www,st.go,jp/pr/info/info87/yougo.html
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- Neuromodulation (#8258 &1) ; (V1 FRT47)

SRDOFEDHEZHBUNDEIRHCILEYELGE DRBDFHEEZEICLHMIFEE
DEIL, HREBOKEZERLFTITRBTHEDHITITHNS,

FE70[E ARAIMGHGSE HL . HERR 2020/9/30



- Reductionist Thinking GETTE®E) ; 14X RT47
WNERE BEEELERERICHEL. TAoBLDHBREZENETNIERZITLIE, TOE2EDMHE
BORSGBWVELIT AR TEMATEIIEITE.EBETLHEA A, BENLGZATURERFD,

- Topological Signature ; D4¥XR5747

In the field of topology, the signature is an integer invariant which is defined for an oriented
manifold M of dimension divisible by four. This invariant of a manifold has been studied in detail,
starting with Rokhlin’s theorem for 4—manifolds, and Hirzebruch signature theorem.

* Tractography
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* Transcriptomics ;
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- Transcriptome ; DA4¥XRT47
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THE NEXT PHASE OF BRAIN RESEARCH
FROM THE WEIGHT OF THE HEART TO BRAIN%I LA-I;JQJ\IOD*B Nl

P1

P1
P3Z&

EMhNTNS,

W N 2O

NEURONAL MAPPING: FROM THE BIRTH OF THE NEURON
TOWARDS A COMPREHENSIVE CENSUS OF BRAIN CELL TYPES
-1. All Began With a Nerve

3-2. A Way Through the “Butterflies of the Soul”

3-3. Towards a Comprehensive Census of Brain Cell Types

4. CONNECTIVITY MAPPING:
FROM WHITE MATTER TRACTS TOWARDS A FULL CONNECTOME
4-1. Leaves of a Cabbage
4-2. Towards Completeness
-1. Mapping Long-Range Neural Connections
Between Gray Matter Regions
. Mapping Connections Between Neuronal Groups
and Between Individual Neurons
. Mapping Neural Connections at Individual Synapses
and Gap Junctions
4-3. Metaphor and Myth
-1. What About Biological Reality?
4-3-2. Volume, Time and Dynamics

By EERE 2020/9/30

700 LA AN TEIRER:

P5%H
P6Z
P65
P7E

P7H
P7H
P8H

POZE
PO%&
P10&
P10&

P10&
PI1&




5. FUNCTIONAL MAPPING: FROM CRANIAL BUMPS TOWARDS NEURAL MECHANISMS P115&

5-1. Feeling the Bumps of the Skull
5-2. Recording and Manipulating Neural Activity

5-3. Identifying the Molecular and Cellular Mechanisms Underlying

Brain Function and Behavior Quantifying behavior

P115
P12

P135

6. SIMULATION NEUROSCIENCE: FROM THE SQUID GIANT AXON TO THE HUMAN BRAIN P147%&

6-1. All Began With an Axon

6-2. Transcending Scale and Complexity : 1{ZEE M= 5

6.2.1 Neuronal Reconstruction and Simulation
6.2.2 Connectivity Reconstruction and Simulation
6.2.3 Functional Reconstruction and Simulation -
6.2.4 Perspectives and Challenges
6-3. The Next Phase of Brain Research

7. UNDERSTANDING THE MULTISCALE BRAIN

8. AUTHOR CONTRIBUTIONS
XF and HM conceived the research and wrote the text.
XF wrote most of the text and made all the figures.
9. FUNDING
This work was supported by the EPFL Blue Brain Project Fund and
the ETH Board Funding to the Blue Brain Project.

10. REFERENCES

ORI DAT

#5

P14
P165a
P165a
P178
P18%E
P18%&
P184&

P20Z%&
P21

P21

P21

FE70E AAAILIGEERGE BL HEEE 2020/9/30



Figure 1; Understanding the multi-scale brain

2

Gender variations

Individual variations

~ 5% 10" ~ 5x 10 synapses

~ 8.6x 10" neurons

~ 8.6 x 10" non-neuronal cells

~ 3000 major cell types in a brain
~ 5 major cell types in a brain region
~ 737 brain regions

~ 500 receptor types

~ 450 ion channel types

~ 10? proteins in a cell

~ 102 organic molecules in a cell

Barriers of Scale & Connectivity

~ 2~5%10"2 molecules in a cell

~ 20000 genes

~ 5000~10000 genes expressed in a cell

( Functional Mapping)

How to identify the Simulation
molecular & cellular Phase
mechanisms underlying
brain function &
behavior ? ﬁ
(Connectivity Mapping) Theoretical
Phase

How to rise to the

challenge of volume,
time & dynamics in full
connectome mapping ?

1

Experimental

—

Phase
C Neuronal Mapping )

How Scale up ceIIuIar\ ﬁ
phenotyping & deal
with the dynamics of
cellular proparties to Philosophical
achieve a reliable Phase
neuronal cell-type

classification ?
\_ _J

2020/9/30
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FIGURE 2 Epistemological and methodological evolution of brain

research.
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Figure 3. Simulation NeuroScience Workflow
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Figure 4; Trancending Scale & Complexity
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HriEDFEED ()

[ERRE] BABICE. 6.2412HY,

- How to Scale up cellular phenotyping & deal with the dynamics of cellular properties
to achieve a reliable neuronal cell-type classification ?

- How to rise to the challenge of volume, time & dynamics in full connectome
mapping ?

- How to identify the molecular & cellular mechanisms underlying brain function &
behavior ?

[ FIEDERIR |
1) WFEED EE A EZE (Subjective Thinking) b\bd)ﬂﬂfﬂ [%]

2) 1=t (Reductionism) DRERERE, oD ARE] @ Integrative &

> BENDITHL. EEAMEEARTELTLES, L Predictive Thinking
@ Work Flow

3) #HRIEEZE (Abstractive Thinking) 0 8 & Managemant

4) DENMEDIEE GE{EF. 5 F. Neuron, Micro-Circuit, $E8E7. X)) ZB R I HIZ(Z.
[ B8 D InteractionE{EZIRAEL . BRI T HEMNEE,
> ZMNZal—3>DScaleF KECT HEIFHTIKTITHRE
=> Za—0Y/Synapse/AxonFEIRIZEH 9 HPrincipleZzZEL, £ARND=—21—0O
VERBIDHRINBEDT—2 -t yrETIZ, 2alb—avikY=—a—ay/
Synapse/AxonFIREZHFIHIELANHEEMTHY . BIEDEFEZTEDH LT LY,
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0. Introduction : Neuro ScienceD#EHDIPFE

1) Neuro Science®IgFEY  =rrrrrerrrrncarrinnannnnnan Philosophical phase
>Za—AViE. B, BWIDENBZDH?
> DEKBERN B, £ THMOEENET HDH?
() >kt., COERSEBAKEEZFR DI ENTELIDON?

2) Neuronal Mapping D4 M
From: Cell Types# BiRENTEIEL V) THEET 2 EXME
To: FEEH/EEHIRDHTIC L Y Class / SubClass / Typell 248

3) Connectivity Mapping DiE3=
From: BEFICBI T % 77 /N7 b K] D By B —
To: BEF/EHF/ABFICER/HN L - 21— 0 BEERK

4) Functional Mapping®Di& 5
From: £EBFH) - EXES~DSLEICET 2 AR R+ K18
Too Za—HOYHEOBEEL P F 7 RERICL Y IRN D IEEHAE

Experimental Phase
Theoretical phase

5) Data IntegrationD 4=
From: Disconnected Data Sets ;
To: Integrative Neuro Science ; Digital Atlas reconstructed from multi-level
data such as molecules, neuron, micro-circuits, regions, and organizations.
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1. THE NEXT PHASE OF BRAIN RESEARCH # 1

1) Philosophical phase (FZE I EXFE)
+ FERVIRERY [ Pure Reason(fif B M) IR FLI-FA T4 T HEEL N 1=,
c ABL. PATAT7ZEAI DA EE > TLVah o1,

2) Experimental phase ( Reductionist Thinkmg\ EBIXER)
TAT 4T %R 5 L TCERIMEING 5 A, %2 (observation), HIE
(measurement), ZEE&(experimentation)h’{TH 7=,
- B L. FMEAHReductionist (RITTER)FITH > T, oL NIT2ELHH
5EDIREDH 7=, FER. BEEMITTERAVWABEDT —XHFEELT-,
(Frackowiak and Markram, 2015)
3) Theoretlcal phase (Abstractive Thinking)
TAT AT OMREZITO, MBLF /HF/ I 21— DB LFENGE
iz, (BARIELE-ERBERICTHEERT —2EHBIRTSLCE-T.BE
EERL. DT ILTHRLDOT VEENET ILEREEL:, )
- 5 H D Artificial Intelligenceld Z DR TH %,
- INE. [EHIERYRCE. WTNZEDOAREICEEST HENTES (N IEAR
FTEHIEMNTES)] LW ) FHMEB/IS->7-, (Gerstner et al,, 2012)

2) &£ 3)I%. Neuronal Mapping. Connectivity Mapping. Functional Mapping = & 7-
B, [HRIREERSOEEE |[THEL, BTSN DAo TV,
=> Big Data & Simulation & 7 %55 4 @ Phase ~,
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1. THE NEXT PHASE OF BRAIN RESEARCH # 2

1) Neuronal Mapping ; F&RI/EERI L DHTIC K Y Class / SubClass / TypelZ 348
+ morphological f2R&=#] types
* genetic 1IB1&# types and
+ multidimensional %Xt types
(e.g., according to a combination of morphological, electrical, afferent, efferent,
molecular and genetic types).

2) Connectivity Mapping [ E{=F /3| F/E£EFNICER/HBA L7 = 2 — AV EREK
- between individual neurons m

i i “neuron-Type"
> neighboring neurons, ype'

“types of connections”(Z

> neurons in nglghborlng groups, | WTBLEHE. BMEE
> neurons in distant brain regions, MSTFRLR-O—K&KE
- between groups of neurons (layers, columns, nuclei, etc.) (2L hH->TETLNS,

- between brain regions (visual area, auditory area, etc.);

—

3) Functional Mapping ;= 1 — O Y AEDBIE L > F 7T REHICL VIRN 5 S EHEE
* a map of behaviors emerging from structural and functional connectomes,
FBENS FUHEEEMNIR LM OHIR T HREERED TV T)
- understanding the causal relationship between neural connectivity and brain

function (fHIFIEHENIEEEDRREZREFERET D)
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1. THE NEXT PHASE OF BRAIN RESEARCH # 3 ; IRik

- SATH. ARHEEEI. BLO=a—AUNTAETNESRICEETHIOEHREL.
KRBV, (Z2—AVORIEBEF YT (I, ERDIRIMLVERMLTLNS)

Today, at the cellular level, neuroscientists are still surprised to find that different
neurons respond to different inputs in a different manner and are still composing an
endless spectrum of stimulus preference maps for neurons.

s BRIE, Za—O (AT RED RS LGREIYEB>TLNANETEERSERENS, Ry
FO—ODRIZMEMTTE=a—AV (T DRENEHET HERBECBALILELTNS,
we are moving from considering only how the type of neurons is responsible for their
different responses towards identifying the contribution of the underlying networks.

BEDERABEEDS T RF v -a—FERBEITIVELT ((15) T 5RA & RARELTHE
HBLARLORYET—ITLIEATHEE A,

Attempts to map signatures of specific cognitive functions to the underlying structures
are still limited to networks of brain regions.

-BHARVICEAELTWSIKTEES OB IEZ 5&. Functional Mappingl., 84 TEE
L=057h b, £4ZElB T BNICELT ST IINEELTHREELNH S,

As the number of brain regions found to be involved in any cognitive task grows,
functional mapping will likely evolve from statistical subgraphs of the brain towards
dynamic full graphs.
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1. THE NEXT PHASE OF BRAIN RESEARCH # 4

B [REER ; “Scale & Complexity” & Ly 5 BF

1) =—a—A>%41F(cellular phenotyping) 2L, Fhb=—1—A - XL TDHREIZH
AHEDFTAFIHORICHBLI-LET, HERKIZHTE=a—0O 21T BIBENIZER
BE{TIICIEESLIb BV ?

(BIZIE, Wistar Rats DIFE. HBREBLMETHET HL558 ., BUFETIRE)

2) HDEEARIM—LOE. RITEBORISVT . SHEEICHELI-ET, BIZ, 5
#Nano-ScalelZ/NET BICIXESLI=bBRLM\OM ?

3) BMdFunction&BehaviorDELLEDETD D FAOXLEHBEAD= X LZ BT BIZ
[TESLIE=BLDN?

[ESat k]
FE(KTIL. Structure-baseD L ZaL— 3V EENLFTHOHTIVSD, CNTRLDIE., FFMEAME
REIDTFENENEIICEIFRLAT ORI SZEICKY . BREFF - ZEBOEERFENIHRILTEHELD
RETLTULZSh s,
NADOHZEROGEIZIE., Za—O BOFEIFIRILTELST . LLABEBIZTFH T 5L
EENTWNAD T, ETIVIERS, BESIFIZK>THEEZAbstructionL TLES &, 2alb—P 3y
DIEFEE FEGY FHOEBEDABEEZRROTERELHD
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1. THE NEXT PHASE OF BRAIN RESEARCH # 4 ;

+ Simulation Neuroscience*BiE & 3% DI, to build a Digital Copy of the Brain
(Markram, 2006; Markram et al., 2015).

- Related principles
1) BF4ADXAT7D=2—A>%7 Y7 OMIEDOIKRE (Neuronal Mapping)
2) D FHEM L BEMER ORI ( Molecular organization and interaction. )
3) AFVF v ILESREDTMRE
4) > F 7 XIEEDOEEIRIE (Rules in Synaptic connectivity, HebbBl], STDP. etc.)
5) FEEFE D FELR/RIE (how brain regions are connected), and
6) fx & BAEDREDKES S5 (how the brain is coupled to the body.

Digital Reconstruction|%. Unified Models & Principles # X—X &4 5h, LH L.
- N GT —RIBTFELAVWL, ERICE-TESTZ2 2L TEAL,
- SEEEZRBrain MapldFEL G WL, RRICE - TEBIT LI LB TEAL,

- What is the minimal data we need to reconstruct the brain?
(experimental neuroscience should ask what can be predicted and what must be measured.)

L— Today's neuroscience are resulting large disconnected datasets.

Simulation Neuroscience = Integrative Neuroscience
the complexity of the interactions between molecules, neurons, microcircuits and
brain regions is driving simulation neuroscience to understand the multiscale brain
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2. FROM THE WEIGHT OF THE HEART TO BRAIN SIMULATION #1

MEHODIEELIZESRH ? 1ZHBICLE=ER P-3LTF

- 9,000 years after, the Agricultural Revolution (Harari, 2014).

- About 2,500 years ago, An ansncient Greece philosopher traced the nerves of the
sense organs until their terminations in the brain and inferred that the brain was the
seat of sensation and thought (Tannery, 1887).

* Plato (~360 BC) regarded the immortal soul, the logos (thinking and reasoning),
were existing in the head (Lamb, 1925). The logos is a deemon inside each of us, a
genius given by God to guide humans to communicate with the divine (#14®) soul of
the Universe. Plato located in the thorax(B9&E) the mortal soul—the thymos(faiz)

and the eros—our fearful but ineluctable("r]#) passions and desires.
CFE) demoné (., AMEMARZDIREIZAHET S, HAHAWNIEEHIWIIEEDBBEARNEFET.
THRIDHIEOTATLRBEDELGE, (D4FRTAT)

* Aristotle (~ 350 BC), thought that the intellectual soul did not operate through
any specific bodily organ (Hicks, 1907), and that the heart was the seat of sensation,

while the brain was just an organ for cooling the heat produced by the heart (Ogle,
1911).
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2. FROM THE WEIGHT OF THE HEART TO BRAIN SIMULATION #2

FRRIFORAC - LR YR LR, HIEMEROFERFTTORKORER

- About 500 years ago ; Scientific Revolution” began.

- About 475 years ago, Vesalius (1543) dissected human corpses(3tg), described the
anatomy of the brain and first distinguished between gray matter and white matter.

- About 300 years ago, “fine vessels(ifiL\&)" were observed within a nerve under a
self-made one-lens microscope (van Leeuwenhoek, 1719).

- More than 100 years later, “large, colorless and free globules(/\Ek{£)" and “granules
connected in rows by delicate filaments” were described in leech (t L) nervous tissue
through an achromatic(#¥ ) microscope (Ehrenberg, 1833).

- About 30 years later, “protoplasmic processes(RF2E D 7 A+ X)" were identified
through carmine staining(#1 — 3 > #8) (Deiters, 1865).

- In about 150 years, “vessels,” “globules” and “protoplasmic processes” were finally
connected together in the human mind to form a single cellular unit, the nerve cell,
named later the “neuron” (von Waldeyer-Hartz, 1891).

FE70E AAAILIGEERGE BL HEEE 2020/9/30



2. FROM THE WEIGHT OF THE HEART TO BRAIN SIMULATION #2

RS ERIAFFRRF) 1. EFOFRN L RRMFEERBRZDTORLA

B Modern philosophers

ABORXRE. BE . BEZEABITINBEEDIREICHARARWGEHBEAN—_X LEIEE
L TULVED o T=(Koch et al., 2016; Stidhof, 2017).

B The rise of experimental neuroscience ;

LD, BIREEBRMNHRE FORBRIMRETEL TOHEBEFETESHELT = (Locke, 1689).

B Theoretical neuroscience.
- BREBEEIRVEREL-ERER/ERER . HECHREBEFZOREAICTEREL LD
& Uy F A8 (Logical Empiricism) A . Theoretical Neuroscientistsh' 535 L 7=,

; "idea of the mind as a logic machine” X°”"the computational theory of mind”
(McCulloch and Pitts, 1943; Putnam, 1965; Fodor, 1975). (P4%)

BT (BRAD (). ERNBS LUV ERNGEZERZICE TOHRDEELGRKT
IO HREDRTH LI EEMET IE TR H 5, (Hooker, 1981a,b,c; Bickle, 2003).

- This kind of reasoning has been challenged by several theories of neuroscientific
explanations; causal-mechanistic reasoning aims to capture the unity of neuroscience
by producing a mosaic of explanations at different levels, instead of reductive,
unifying or model-based forms of scientific explanations (Craver, 2009).
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2. FROM THE WEIGHT OF THE HEART TO BRAIN SIMULATION #3

R YOGERESI/OLGERDORE . Top-Down&Bottom-Up®Iinteractionh ih E

- HERZOEFEL. WICEAREYMEERRRTERIZEADOEANVETH
HEHHEAERL TULVYS (Philosophers of neuroscience are understanding that the brain will

require both neurobiology and large-scale theoretical frameworks) ; the co-evolution of

macro-theory and micro-theory, an inter-animation of philosophy, psychology, computer
science and neuroscience, of top-down and bottom-up research. (Churchland, 1986).

They tried to combine multiple disciplines, of both philosophy and neuroscience,
to obtain a unified theory of the mind-brain.

ZNH H30FEUERDH, A IEERIEMIind-Brainzifia L 7B ITZEL TUL AL,
( Multiple disciplines Dz 1Lz A, BETENTH S ERHELTWD.) P-5LAH

- Experimental neuroscientists® Theoretical neuroscientistsi. X% EARELmRIC

%

L CERELLY ELTHEREDY, EHIZ RO IRIC, [the structural and

functional
richness of the ecosystem] HUIWETTLE>TE T3,

SR BONIETIIZEICT—X 74y T4V 7BEBICHR->TWS, ETIIL
T — ﬁ

HWEIH5 2 &b\ﬁ%l%tb\bé::of N CRBERE 7 55 FA L 7o L BRTlE e W72
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2. FROM THE WEIGHT OF THE HEART TO BRAIN SIMULATION #3

Chioht, CORXTEVVEE (i

A nf
- Reductionist Thinking GET X &MEE)DT-61Z. Experimental neuroscienceld.
INSINSITHESN R GED T —4&, BROBH SN Z&ITBoTLEST,

(Due to reductionist thinking, experimental neuroscience is hindered by huge amounts of
disconnected datasets and seemingly infinite scale and complexity. )

- Abstractive ThinkinglZ&DUf=Theoretical neurosciencelZ B ffi{tZF@EL TN HD
BRI L LESELI-A, INDIEEEZ BRI 5 L TEERRHMTHoTINDEEIF
THAbstract-Away L T L £ - 7=,

(Based on abstractive thinking, theoretical neuroscience tries to address these problems

through simplification but abstracts away detailed brain structures and their emergent
functional properties.)

- Simulation neuroscienceld. [the ecosystem of the brainz a1l —3>([2&o
THRISHICET. Iho2o0Bin GBEIZEMinimalit &, @F|7EDéformer) IZ&>T
A9 HMEZEEL. ERIEERETEOBDFvvI#EH D,

ZhlZ. “integrative and predictive thinking” &%,

(To reconcile and transcend these two extremes, by leveraging high performance computing,
simulation neuroscience approaches the brain through integrative and predictive thinking.)

E70E ARALMAEERGZER #HY EASER
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2. FROM THE WEIGHT OF THE HEART TO BRAIN SIMULATION #3

AR D#KE (FPEZMAFITTN)

cIE. BT, FUNVE, g, YF TR BEAUMBEEORY T -0 DER
TAY T =7 THY . BNICENT 58 EMEORENTI N THEEFAL T
W5,

(The brain is a multi-dimensional network of networks of genes, proteins, cells, synapses and
brain regions, all interacting inside a dynamically changing environment of neurochemicals. )

- PBEREIE. oDy FT =27 %N LT, BRI, LFER. BLOEMAEO
MEFRELTENEYS, INoDOHEAFRAZERTE 5LV D RFRIFEMILZA L
e, RIVTF AT —ILOMO TN TORmZERT 5HE—DF AT INOTNTD
BEOMEFRZBREL T Ial—aryd s Lk,

(Brain functions emerge as electrical, chemical and mechanical chain interactions through these
networks. Since there is no scientific evidence that we can ignore any kind of these interactions,

the only way to understand all aspects of the multiscale brain is to reconstruct and simulate all
these types of interactions.)

v Ial—yaryia—AtA IV ROFFRG, KMOMEDOERENS L CEHD

7rx—ATHOZa—ArYIybErs EHiEvvbErTs BLUOEREY Yy EY T DE
ICHE T DR — IV EMES DREELZBRYT 285ICHELTWS

(The philosophy of simulation neuroscience originates from the will to transcend the barriers of

scale and complexity during the evolution of neuronal mapping, connectivity mapping and
functional mapping in the experimental and theoretical phases of brain research. )
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3. NEURONAL MAPPING: FROM THE BIRTH OF THE NEURON TOWARDS A

COMPREHENSIVE CENSUS([E % :72) OF BRAIN CELL TYPES P-55 FhH»

IR D948 ; BEF & ERBF DR (e, EREEE. £1LF)
B What does each cell type do?

AR HERESEE. AR ZORFORITHYFFERORELGHRETHD,
( neuronal cell-type classification is controversial and extremely challenging for the
future of neuroscience.

* in the human brain, there are ~86 billion neurons and ~85 billion non-neuronal cells
( von Bartheld et al., 2016).

 Neurons are divided into diverse types characterized by their morphological (77
®), physiological(%:3%E% £ ®) or molecular properties.

> In the retina, the number of neuronal types is estimated to be 100-150.
> in the adult mammalian, there are 2,500-5,000.

(Bota et al,, 2003; Zeng and Sanes, 2017).
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3-1. All Began With a Nerve ;

—a—OVHBEERE,S, FTREERB I TCORE

« van Leeuwenhoek, 1719 ; “fine vessels” were observed within a nerve
* Fontana, 1781 ; The ; "fine vessels” were identified as axons.
- Ehrenberg, 1833 ; “large, colorless and free globules(/)\Ek{&)" and “granules
connected in rows by delicate filaments” were described in leech (& /L) nervous, that
were considered yet to be the “excreted(HFH X #172) nuclei” of red blood cells.
+ Valentin, 1836 ; the nucleus(#fif2#%) and nucleolus(#%/]\x) were found in the first microscopic
image of the nerve cell body, but the “primitive fiber” (axon) and the “globule” (soma) were still

considered to be separated elements.
* Deiters, 1865 ; However, “protoplasmic processes” (dendrites) were only described, owing to

chromic acid fixation and carmine staining. Then, the “vessel,” “globule” and “protoplasmic
processes” were understood as were parts of a single nerve cell, but soma and fiber of the nerve
cell were still considered functionally separated.

* Sherrington, 1897 ; recordings of spinal cord antidromic (#1714 ®) evoked potentials showed
that the polarization of conduction in the spinal cord was not a property of nerve fibers, but rather

localized in the soma.
- Hodgkin and Huxley, 1939; Ling and Gerard, 1949 ; soma and fiber were functionally

connected, and intra-cellular potential activities were recorded.
- von Gerlach, 1872; Golgi, 1875 ; nerve cell anastomotic networks connected by axons and/or

by dendrites were observed, which established the reticular(#@ik @) theory.
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3-1. All Began With a Nerve ;

the history of the neuron

- Forel, 1887; His, 1887 ; ontogenetic (fE{AF4y7) method and retrograde (iR1t)
degeneration method revealed that each nerve fiber originated from a single cell and
that the degeneration (Z14) of the fibers and somas of nerve cells was limited to the
units directly affected. fiX R DM & A OZEMIFERZEZZIT -2 2y MCRESI
TW7=,

- Ramon y Cajal, 1888; von Waldeyer-Hartz, 1891 ; Above observations were
supported by direct histological evidence obtained with improved Golgi's method,
which showed the individuality of each nerve cell and founded the neuron doctrine.

- Ramon y Cajal announced the concept of the synapse. Camillo Golgi thought that
the communication between nerve cells and the unified functioning of the nervous
system could only be achieved through a continuous network while Santiago Ramon y
Cajal suggested that neural transmission could occur through a kind of “granular
cement (fifkt X > ;)" or a "particular conductive substance” connecting the surfaces of
nerve cells in contact.

* Loewi, 1921 ; Confirmed the Cajal’s idea; a substance collected from a stimulated
heart stimulated another heart in the same way as the action of a nerve.

- Palade and Palay, 1954; De Robertis and Bennett, 1955 ; the individuality of each
nerve cell and the existence of the synaptic cleft (2214 B) were finally confirmed, owing
to electron microscopy (EM) observations.
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My attention was drawn to the flower garden of the grey matter,
which contained cells with delicate and elegant forms, the
mysterious butterflies of the soul, the beating of whose wings
may someday . .. clarify the secret of mental life. V 'Qr( % B ﬁ
Santiago Ramon y Cajal, Recuerdos de Mi Vida, 1917




3-2. A Way Through the “Butterflies of the Soul” ;

Neuronal Mapping

M 1800F1KEJ¥ ; Cytoarchitecture (= Cytoarchitectonics = morphological classification)
PR AR REBOMERABECEDEARDOMRE, /O —LZFEALTHEBOHRE Y
TIWEfEY, Za—0O R BT HEICKY, WEBITT EHEDLD, (J1FRT47)

- Golgi, 1883 ; Golgi distinguished two basic types of nerve cells in the cerebral cortex.

Type | cell (motor cell ) : having a long axon giving off a small number of lateral filaments
Type Il cell (sensory cell ) : having a short axon divided into many complex lateral branches.

- Ramoén y Cajal (1894, 1909) ; Type | cells were abundant in sensory organs.
Type Il cells were distributed in all nerve centers.
Bl Morphological Classmcatlon
- 1oHiEH X, IREHNEREFICE I THEL 7z, (Meynert, 1867).
- Nissl(1894). Gasser and Erlanger(1922). Dale(1933) ; Electro-physiological (&5 4 B )
or B|ochem|cal (b 74T 7T 2EfEL T %Eﬁﬁ’]?& MEEDHEL Z AATZHD. @
FAEFEIC, AIERHEDONZY FICKELBERIMKEFET S0, BILLGED -7,
- Coons et al(1941) ; immuno-histochemistry(% & Bt =)
- Min Jou et al.(1972). Wu(1972) ; RNA and DNA sequencing
 Fishell & Heintz(2013), Deneris & Hobert(2014) ; molecular classification
methods
* T.Rodriguez(2004), Poulin(2016). Zeng&Sanes(2017) ; Single-cell transcriptomics
* Ke (2013),Lee(2014),Chen(2015, 2016) ; High-throughput methods, such as
multiplexed fluorescence in situ hybridization (FISH) and in situ sequencing methods.

However, comprehensive census of neuronal cell types is still out of reach.
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3-3. Towards a Comprehensive Census of Brain Cell Types

B Neuroscienceld. #IfE AN fFEEEZHF DIMRNARIR. /AU FvRIL, OFTREINY
BLGEDDFITH T HERBEHRIZERALT, RAD=2—0O2 T T7HIFRO BIEML
FEEETTHEEBELTOASA., AROBOTO=1—02 #3860 EER DN
TRY. 2. EDZa—DNVDEBICHLEMENH SO E—HRRISHT S5 R
Th—L@EITIE. RFvToaybLhiEniily,

(Neuroscience aims to achieve a comprehensive census of neurons and glial cells in the brain,

with molecular annotation at subcellular resolution, such as mRNA expression, ion channels and
synaptic proteins. However, there are ~86 billion neurons in the human brain, and every

neuron appears unique; single-cell transcriptome analysis represents only a snapshot due to
cyclic and stochastic fluctuations in RNA content. )

B B EETEOSVWHEHERESBEZERT AHICEF., Za—AVHEDOERE
Za—AVALMTDEEITHRIET HFEEHILT HE,
DB FRREFIC, HEOS FOERKREZRDOITEHIEICELT, 24TZH5
THT —RADRITZEFBOERNM?

(It is true that there are ~86 billion neurons in the human brain, but it is possible to define a
minimum sample size able to reliably reveal distinct types. It is true that every neuron appears
unique, but we have to reduce dimensionality by defining a relevant level of granularity to
identify neuronal types. It is true that gene expression in cells is dynamic, but we have to find
out their molecular ground states that maintain cell identity. So, the question is: how can we

overcome the barriers of scale and complexity to achieve a reliable neuronal cell-type
classification ? )
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4-1. CONNECTIVITY MAPPING: FROM WHITE MATTER TRACTS

TOWARDS A FULL CONNECTOME; Leaves of a Cabbage #1 (P76 7T)

AxonD 3y T — 7 FEDFEE  (F) Leaves of a Cabbage (FvA_Y. #il. il BEALA. C51=5)

Bl How to trace nerve tracts ?

- Vieussens (1684) ; BEI(X717Y)JL (fibrils, Efiiif RE) TRRRIN TR LR,

* Vicq-d'Azyr (1786) ; fHfZERHY . FIKNE LU F B (KE) 2o Tont-,

- Gall and Spurzheim (1810) ; the projection system(I%5 > X 7 L) was identified
through blunt dissection(#L#JtIEH), including afferent and efferent fiber pathways |
inking the cortex with the subcortical regions(f7 & T 781k), the brain stem (fx#F) and
the spinal cord(F8E)

However, dissection techniques could not determine the precise trajectory and
arrangement of nerve tracts. Detailed tract tracing only became possible with the
development of histological methods. () ERFACHILDEE ;ERMNSLEISRALY

* Meynert (1871) ; BEZER TSI ELIDA(TDHBEREHRR

O BEEVATL(KREREDSESE LRI ZEGET HEOSIRRHERVESREHE)
@ 2DDFBREHER T S EMEER
® REZERETREICUVITEIROLESSTEDED HZE

* Kristensson(1970). Kristensson & Olsson(1971). LaVail and LaVail(1972) ;
AESTNSTa—AVDEREEZF AT S BT IEERFE,

- Cowan et al.(1972) ; autoradiographic(¥— k7 # 2 2 7 1 —) tracing method

 Prasher (1992). Chalfie (1994) ; genetic engineering to label exclusively a specific
molecular phenotype(3&3R2Y) by intrinsic fluorescence were developed.
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4-1. CONNECTIVITY MAPPING: FROM WHITE MATTER TRACTS

TOWARDS A FULL CONNECTOME; Leaves of a Cabbage #2 (P8)

B Understanding of Synapses

- Fatt and Katz, 1952 ; quantal (£ F) release of neurotransmitters(f##X{=1Z¥'8) was
observed by using intracellular recording techniques.

- Coombs et al., (1953) ; central synaptic inhibition(F#X > 7 7" X )

* Curtis and Eccles (1960) ; short-term synaptic plasticity.

- Markram and Sakmann (1995) ; spike-timing dependent plasticity (STDP)

B Neural plasticity inspired theoretical studies

- Hebb(1949) ; Hebbian cell assembly and learning rule

- Abbott and Blum(1996). Gerstner et al.(1996) ; theoretical study of STDP

* McCulloch and Pitts(1943) ; the first mathematical model of a simplified neural
network, which led to the computational theory of mind and machine learning.

* Rosenblatt(1957) ; multilayer perceptrons

- Hopfield (1982) ; recurrent neural networks

 Ciresan et al.(2011) ; convolutional neural networks.

Theoretical approach abstracts away detailed biological mechanisms to loosely
model neural connectivity by building artificial neural networks.
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4-1. CONNECTIVITY MAPPING: FROM WHITE MATTER TRACTS

TOWARDS A FULL CONNECTOME; Leaves of a Cabbage #3 (P85 &)

B we still need biologically more realistic models.

- RERIAEE. MIEELIEDFRT—ILTOZ2—AUEREZ BT 52 ENTESL.
INODREMFEL. ERODMEBEIVEREMICRESND,
Although the experimental methods are able to trace neuronal connections on the cellular or
even molecular scale, these invasive techniques are limited to postmortem(3t#) brain tissue and
experimental animals.

- Damadian (1971), Lauterbur(1973) ; Study of the structural and functional
connectivity of the human brain in vivo became possible by using MRI.

* Shen et al.(2012) ; MRICEGFRIEMAREZHEAESHELHIET, NEERIEEN
BED, B FREATEOSDIE., E2EEFvsEHEBE I DRIENLGHEAEHE
FT—A2T#HAAllen Human Brain Atlas’i &,

(F) The Allen Mouse and Human Brain Atlases are projects within the Allen Institute for
Brain Science which seek to combine genomics with neuroanatomy by creating gene
expression maps for the mouse and human brain. (7 4 £ X7 14 7)

s it possible to experimentally map all the neural connections of the brain—the
‘connectome”?
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4-2. Towards Completeness

* Winkler (1920) ; The term "genome” first appeared. ' ‘ome” expresses “system”.

* Sporns et al.(2005) ; the term “connectome” was introduced.

- Hagmann(2005), Sporns(2013a). Swanson and Lichtman(2016) ; OV ;—LIE,
macro-, meso-, micro- and nanoM A7 — )L CHEEE DR ESRIAT RET,

* Chambers and MacLean, 2016 ; synaptic connectivity is related to micro-scale
dynamics of neuronal networks.

* Hermundstad et al.(2014) ; at the macroscale, the anatomical connectivity of the
brain is related to its functional connectivity and different states.

- Saygin et al.(2016). Tavor et al.(2016) ; the “connectivity fingerprint” of brain
regions may predict their specific functional properties.

(R RE 1 D T HERE IR (. FEE DI RERHEZ TR T SR REEL H D, )

* Sporns(2013b). Fields et al.(2015) ; ##Z[EEFE AT LDHEREFBECHRE =T TIXER
BATELGL, W2 T . Za—AVEVFTTRDAAT  Za—AVREDFAFIIR &F
SFELGAATOT )7L —OFED1L—3—DERELEET IVHEH D,

(Since the function of neural circuits and systems cannot be explained only through wiring

diagrams, we also need information such as the types of neurons and synapses, the dynamics of
neuronal synchronization, and the role of different types of glial cells and neuromodulators)

- Marc (2013), Sporns(2016), Swanson and Lichtman(2016) ; the concept of the '
‘connectome” is evolving to include all the structural and functional relationships

between different types of neurons, as well as all their connections with their cellular
partners in a defined neural region or the whole brain.
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4-2-1. Mapping Long-Range Neural Connections Between

Gray Matter Regions B MRIZfEo1-BHTHAE P97

Tractography

HEMRIZE S TIRESN =T —2Z2ERAL THRBREZREMICR I HICERSND
DETUVITFETY ., BIKBEBRELIVE 1 —IN—XDILHMRIDFF A7
MEEAL. FSIIMNT SLEFEND2RITEIVIRTDEBR TR TIEINET ,

Diffusion MRI (dMRI) : Invented in the 1980s
main MRI method of mapping structural connections of the brain
R DMRIES & AR ICHRFZ AIBE. MUETIRERERZ L. SEF A L
PLEGRER MRI: BRI DK D FDEIEZ THAILBIRRZF ALI-MRIRE]

F2150

Functional MRI (fMRI) ! in the early 1990s

main MRI method for studying functional connections in the human brain.

@ resting-state(Z8%K5) TMRI (rsfMRI), measuring correlations in spontaneous activity
between brain regions in resting subjects, and

@ task-evoked(& R 7 #ZF) fMRI (tfMRI), trying to detect functionally distinct brain
regions during various tasks such as visuomotor (fREEEFEMED) or cognitive

processes. MRI(ZRHER)ZF AL T, EFBS LUV EMIDIKNOCETED FENZBEL
rmiREREREERREILT HAE

T(TA3) : 1T =10G. 10G = 1mT
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4-2-1. Mapping Long-Range Neural Connections

Between Gray Matter Regions (ivRrizE-r-f2iiHzE) P9

* Le Bihan et al.(1986) ; the first Difusion FMI (dMRI) images of human brain were
obtained at 0.5T, with an in-plane spatial resolution of 1.09 X 1.09 mm?.

« McNab et al.(2013) ; the sensitivity to diffusion has augmented about 100 times.

« Stucht et al.(2015) ; the highest resolution for the human brain achieved at 7T is

0.2 mm, owing to motion correction methods.
* Ekosi 20 Tesla Project (2018) ; Efforts are underway for human 14-20T MRI.

* Belliveau et al., 1991 ; Functional MRI (fMRI) first used contrast agents
administrated intravenously F#iRN x5S EZFIZEEH) .

- Ogawa et al.(1990,1992), Bandettini et al.(1992), Kwong et al.(1992) ; exploited
correlations in blood oxygen level dependent (BOLD) signals, based on different
magnetic susceptibilities(Z314) of oxygenated and deoxygenated hemoglobin to
detect functional correlations between brain regions.

- Glasser et al.(2016) ; resting-state fMRI (rsfMRI), measuring correlations in
spontaneous activity between brain regions in resting subjects, and task-evoked fMRI
(tfMRI), trying to detect functionally distinct brain regions during various tasks such
as visuomotor or cognitive processes.

MRIIZin vivoCTARB DX D ZfRIEZ AR T 5= DEF|GEY—ILTT A, INEIRDEHE LT DH A

NZXLEBFEYTH5-OICFAIRGAZERBRES LVEAO=1—O B OEEEICET 5T —

RIBDFETRAREITILENHYET, LIEA>T AV . 7478 EXKUVF/DELARILD

connectomicsHh D HE .
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4-2-2. Mapping Connections Between Neuronal Groups and Between Individual

Neurons (—a—BAYJ I —THIBLCELD=2—OVBOEHIZDOLT) rosT

B meso-connectome® fi# 7

- Oh et al., 2014 ; The first meso-connectome, capturing cell type-specific
connections as well as short- and long-range inter-regional axonal projections, was
achieved in the mouse in 2014, through enhanced green fluorescent protein (EGFP)-
expressing adeno-associated viral vectors and high-throughput serial two-photon

tomography. &t S n7-fxERNK X v /¥0E (EGFP) % HIRT 57T /BT A ILAN
JR—ENnA ZIN—"T"y MEFREFRTERE

= Kristensson(1970). Kristensson and Olsson(1971). Cowan et al.(1972). LaVail and
LaVail(1972) ; chemical markers were injected into circumscribed(EF % FH 1)
neural areas, which, however, could not label selectively different types of neurons.

« Zador et al.(2012) ; Barcoding of Individual Neuronal Connections (BOINC), which
barcodes individual neurons and introduces transsynaptic viruses to map synaptic
connections, based on high-throughput DNA sequencing.
EAD=2—A2ZE/N—3—FEL, BRIL—TYRDNAL =7 D RIZEDWTOF TR EETVE
DG BDITOTTRAEIAINAEEAT S HRO=1—AUEKED/N\—3—T 127 (BOINC))
* Hell and Wichmann(1994) ; stimulated emission depletion (Z&E B HB.2)(STED)
microscope

* Gustafsson(2000) ; structured illumination microscopy (SIM)
* Betzig et al.(2006) ; photoactivated localization microscopy (PALM)
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4-2-3. Mapping Neural Connections at Individual Synapses and Gap Junctions

B T AL AR Rl
- Nano-connectomics uses EM(electron microscope) ; that is the only method
capable of identifying unequivocally (BA#I1Z) synapses and gap junctions at

nanometer or even sub-nanometer resolution.

- The first electron microscope, a transmission electron microscope(i&EiBE! & F M
%) (TEM), was built in 1931, only capable of 14.4_magnification (Ruska, 1993).
TEM remains to date the highest resolution technology able to validate specific gap
junctions and small synapses; for example, 0.3 nm resolution (Marc et al.,, 2013).

- Barcoding of Individual Neuronal Connections (BOINC), which barcodes
individual neurons and introduces transsynaptic viruses to map synaptic
connections, based on high-throughput DNA sequencing

- Another major type of EM is scanning electron microscopy (SEM), introduced in

1937, capable of sub-nanometer resolution
- Recently, using the aberration correction technique(Y¥ = 1IEF%117), scanning TEM
(STEM) has even achieved a sub-angstrom resolution of 45 pm (Sawada et al., 2015).

« White et al.(1986) ; The first and the only almost complete nano-connectome, that
of Caenorhabditis(#fH) elegans hermaphrodite((t§L[E1£)), whose nervous
system has in total 302 neurons, containing about 5,000 chemical synapses, 2,000
neuro-muscular junctions and 600 gap junctions.
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4-3. Metaphor and Myth ([2& #EE) P-10%

4-3-1. What About Biological Reality? (iMRIfZ#IZIZRIEAZ L)

* Although MRI methods are capable of large-scale, rapid throughput mapping of
human brain connectivity at macroscale, MRI-derived macro connectomes result
from data reduction, simplification and assumptions, and they do not
necessarily reflect the actual structure and function of the brain. (Catani(_2013.

Margulies et al._2013). (MRIHEMO I AaRIr—LIX, T—2DH|H. Bk, S IVRE
[CEDWTEREIN=EDTHY . T LEEFDORMDEEEHEEET KL TS DT TIEALY,)

- MRI methods suffer from low spatial resolution. (MRIIZZZE B EEEAELY)
MRI tractography is indirect and probabilistic: it reconstructs neuronal connections
by estimating the “most likely” fiber orientations at every voxel, which may contain
tens of thousands of diverging axons. (Margulies et al., 2013; Maier-Hein et al., 2017).

- The sensitivity of fMRI is affected by the fundamental problem of neurovascular

coupling. BOLD (Blood Oxgen level Dependent) signals reflect a complex combination
of vascular(ifi%&) system dynamics as well as the activity of neurons, astrocytes
interneurons pericytes, vascular endothelium(A ) and smooth muscle cells.

- Current macro connectome maps do not offer an actual image of the brain.

* From this point of view, current macro connectome maps do not offer an actual
image of the brain.

Reproducibility is also a major concern for MRI studies (Zuo et al., 2014).

FE70E AAAILIGEERGE BL HEEE 2020/9/30




4-3-2 Volume, Time and Dynamics #1

micro- and nano-connectom® 24t

The major challenge for micro- and nano-connectomics is the huge number
of neurons in the human brain: ~86 billion. With current techniques, it would

take ~10 million years to map all the synapses in a single human.

- At synaptic resolution, a human brain may require ~2 million petabytes.
And this is just for the anatomical data, but what if we include the electro-

physiological, biophysical and biochemical counterparts ? (Swanson and Lichtman_2016)
ANEDRD > F 7 2 DEERICITHI2005 RZNA b e, INIFREFZNT —XDATH
V. BEXEBFHN/EYVPEZN/ENENT — 22802 L EDMDENBELI DI LI,

- the automation of image segmentation and reconstruction are bottleneck for EM.

> section preparation automation techniques
(such as SBF (serial block-face). SEM. and ATUM (automated tape ultra-microtomy)

> data acquisition through parallel image processing (Eberle et al., 2015),
> Methods such as machine learning and crowd-sourcing are reducing the problem
(but, computational segmentation algorithms do not replace human annotators.)

- A recent reconstruction of the nano-connectome of 950 neurons in the mouse
retina took ~30,000 h (Helmstaedter et al., 2013).

- Therefore, it seems impossible to resolve the full micro- or nano-connectome of
any mammal by only relying on experimental methods (Schroter et al,, 2017),
which in the opinion of many researchers.
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4-3-2 Volume, Time and Dynamics #2

“full” connectome mapping I [ZfEEA % Ly

B The concept of “full” connectome mapping is problematic:
(1) due to connectivity deduction from primary experimental data,
individual variability and the parallel application of multiple imaging,
reconstruction and analysis methods, any unified map would be based on

probabilistic representations of connectivity data (Sporns, 2013b).
TR DERRT — R BEDA A= THEOER, B4 07y FEH), BRFHRE., 2AEIC
Lo T, BEHRBEBRMNMEON TS0, Unified Mapld., #EfiT — X DHEXRPKIRERBLRETL &,

(2) all the molecular and cellular components of the nervous system are constantly
resynthesized or replaced; @ development involves changes in myelination and
the number of neurons; @ synaptic connections are subject to continuous

rewiring and changes in strength and dynamics driven by experiences. (Markram
and Tsodyks(1996). Holtmaat & Svoboda(2009). Bennett et al(2018). Roelfsema & Holtmaat(2018).
HRERDIANTODF B LMD EBICBEREFERINE T, FHEICIT. BEHEKR= 21—
OYOBOENEEN, ¥ F TRERIGMENLBRROFELZZIT. FELVEHLXT,

(3) neurons can rapidly change their functional roles in response to chemical signals
such as peptides, hormones or neuro-modulators, all with no visible modification
to the connectivity diagram, and each wiring diagram can encode many

possible circuit outcomes (Bargmann and Marder, 2013). Za—B (&, RTFR, RILED,
Za—OFDal— 43— EDILZETITREL THENKREIZRRICELIEIIENTE. BICRZSEL
AKED, Za—OVEREIER A G RIBEREIC T O—F 5 EMNTEET .
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P-11587TF
FROM CRANIAL BUMPS(zE=/3>7) TOWARDS NEURAL MECHANISMS #1

5. FUNCTIONAL MAPPING:

B HEFOREN
Feeling the Bumps of the Skull (BEZ D)

Franz Gall and Spurzheim (1810) ; Franz Gall's phrenology noticed that individuals

with a retentive verbal memory had bulging eyes and that several cases of

aphasia(%ki&4E) were caused by the damage to the frontal lobe. 7 /L(BRZEE) L.
RALERZBRY RS AT BRAENTWS, KEBEEFFIERECEENRRE] oW,

* Meynert(1867). Betz(1874).Lewis(1878). Campbell(1903) ; Location of the motor
function in the brain was identified as being related with giant pyramidal cells.

* Vogt and Vogt(1903) ; mapped 200 structural and functional areas in the monkey
cortex, using myelin-stained histological sections (%##T F).

- Brodmann (1908) ; distinguished 43 cytoarchitectonic areas in the human cortex,
and assigned each function. using cell body-stained(ffifi2 =% ) histological sections,

* Bouillaud(1825).Broca(1861) ; The faculty of speech was located in the anterior
lobes, the lesions(fEZ) to which led frequently to the loss of speech.

- Jackson(1870) ; Motor centers were located in the region of the middle cerebral
artery(E) k) through the observation of “Jacksonian seizures(>’ v 7 v/ > B F{E)" with

unilateral convulsions(F 8117 L 1L A).
2020/9/30
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5. FUNCTIONAL MAPPING: P-127%&

FROM CRANIAL BUMPS(zE=/3>7) TOWARDS NEURAL MECHANISMS #2

- Wernicke(1874). Dejerine(1892) ; fixi(. MFE DN ET M EIZEHET HiEEMEE T
BRSN., ZDOURICKYAEEEMNSISH_ENS1ELT-,

- Gazzaniga et al.(1962) ; the studies of split-brain patients revealed the topographic
organization(##Z#8#%) and functional specificity(FF Z£1%) of the corpus callosum(fXZR).

« Geschwind (1965) ; apraxia (AK1T4E), amnesia(f&’fE), agnosia(%k524E) and hemispatial
neglect (] Z2fE#+%) were reinterpreted by neo-associationism(#TEE £ ).

- von Monakow (1914) ; HHELVVDIRR(L, N ERERICERMZTZRITHMITT=,
KINEEDHAHEIHEHIEL-E., OB -F8E - — B RMERES ISR IT &
MHYET., FOIENDTHE, BIBELHHOEIREFIZE->TEZ AT, BIEEMRERIEL
TIXLMFAELELNSZETT,

- Flourens (1842) ; stimulation of a single point in the nervous system stimulated the
whole system. a weakened point weakened the whole system.
This was one strong argument held by holists (£{4i%%). They considered that
brain functions were distributed continuously throughout the brain.

* Cauda et al (2014).Sporns (2014) ; NEEERERELEARFESHTHY B DT
NRELLDIYTIZTBIZIEFHLLNT TO—FH%ZE, (the relationship between
segregation and integration, localized and distributed aspects of brain functions still
poses @ major challenge to neuroscience ; new approaches are mandatory.)

FE70E AAAILIGEERGE BL HEEE 2020/9/30



5. FUNCTIONAL MAPPING: P-12%8

FROM CRANIAL BUMPS(EEZ/\>»7) TOWARDS NEURAL MECHANISMS #3

B Direct electrical stimulation to cortex, ablation (Y]Bg)

- Hitzig and Fritsch(1870) ; motor centers were first mapped in a dog cerebral cortex.

- Bartholow (1874) ; in a patient with a cranial(3%) malformation(%77) exposing parts
of both cerebral hemispheres. (73 D KEFIRD—ERZFTH L TWELBEEFFDEET)

* Ferrier (1875) ; destructing the motor centers in the monkey brain caused motor
paralysis(# ) totally dissociated from sensory paralysis.

* Brown et al.(1912) ; location of the motor cortex was changing.

* Penfield and Boldrey (1937) ; ‘sensory and motor homunculi”

* Panizza (1855). Munk (1890) ; vision was located in the occipital(#:88%E) lobe and
auditory function in the temporal lobe.

* Bianchi (1920) ; ablation of the frontal lobe in monkey was found to disintegrate the
personality and to destroy the ability to classify and synthesize groups.

* Hubel (1957) ; single-cell recording by tungsten microelectrodes was invented.

- Hubel and Wiesel (1962) ; “complex cells” in the visual cortex (orientation reception)

- O'Keefe and Dostrovsky (1971) ; “place cells” in the hippocampus.

* - Desimone et al.(1984) ; ‘face cells” in the superior temporal sulcus

* di Pellegrino et al. (1992) ; “mirror neurons” in the rostral(¥3{8]) part of the inferior
premotor cortex

#K7., Binding Problem (f&& M) FBRINTEWL, (BEHELE, SETELEEOD
iR EEERAEDLSICHEEAL T, SHREMOBREZIBHRLTLDDONEDRHE)
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5.2 Recording and Manipulating Neural Activity #1

In Vivofgtr (Za—0OVDEIEE, I -1TEEDRRE ) P-128TF

- Hillman(2014). Gao et al.(2017) ; fMRIEBM{&Z AL\ \-f#TTlX. BOLDIEF/\3— &
#IREE OB OMEENEHLN TSN T MEBORRAN=_XLZHEBATIHEHS,

( The biophysics of how BOLD signals relate to underlying neural activity remains an unsolved
question and represents a fundamental limitation of fMRI studies )

- Bassett and Sporns (2017) ; fMRIZRUV=fZ4T (X, #ETRIKREFE D ER R LI
R—ZADBEZFIAL TS8O, DA EZERL T, MiRERSNBEDOROER
BERZMRATILEDHS, EARMNICIE, AEEORERETHHIOBEREISLE,

B BRI EECORIDBERDIAR ; electrophysiological experiments

- Bernstein (1868) ; frog sciaticl(*¢ &1##X) nerves with a differential rheotome(#77i25) .

- Hodgkin and Huxley (1939) ; the first intracellular recording of individual neurons
was achieved in the squid giant axon with glass microelectrodes.

- Cole(1949). Marmont (1949), Neher&Sakmann(1976) ; voltage clamp.

-+ Strumwasser (1958) ; implantable microelectrodes were developed to record from
single neurons in a freely behaving ground squirrel(3t: ) X) during 4 days.

= Miller (2008) ; to correlate neural connections and brain regions to pre-defined
behavioral categories; neophrenology Gr&18%)

* Gehring (2015). Maccione (2015) ; penetrating multi-electrode arrays (MEASs)
record from individual neurons simultaneously at multiple sites.

« Fu (2016) ; mesh nanoelectronics, which are tissue-like electronics consisting of a
macro porous (% fLE) mesh structure with addressable electronic devices.
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5.2 Recording and Manipulating Neural Activity #2

In Vivofg#r (Za—R>0EhEs. ¥k -1TE1E0E RBERF) P-13%5

IOptogenetlcs EEEF) ;

- Zemelman et al.(2002). Boyden et al.(2005). Lima and Miesenbock(2005) ;
HEBEGEFENBERIOEMIC—RIESN ., ERLS TR BIEMIZO—MMESNh - E %L S
VINJBEEERATAHCET, BV RS R CTHRIESIZIRET S EMNTREE G o1,

- Babiloni et al.(2009). Wendel et al.(2009) ; Noninvasive approaches such as EEG
(Electro—encephalo-gram) and MEG (Magneto-encephalo-graphy) are suitable for
monitoring human brain, but their spatial resolutions are not the cellular level.

* Moran (2010).Lozano&Lipsman(2013) ; deep brain stimulation and brain machine
interface.

However, these studies are not scalable to large-scale monitoring. The ultimate goal
is to produce a dense functional map of the dynamic brain ; Insel et al.(2013).

Bl Functional Mapping = #iZHI3D;EE) & fitErE DR Z AT S H D

(the causal relationship between neural activity and brain function)
Functional MappingZ {ERk 9 % [Z 13

> A 3% 7 b~ — L(Connection Mapping & £ D principle) D fiBH
> molecules, cells, circuits and region OEDVEA & % D principled fi#EH
DA AR,

- Shen,(2013) ; INEARDBELGHEETVE VY FERICHEETHA O ZLOMESEIT
SFT.&:L.\O—CL\%)
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5.3 Identifying the Molecular and Cellular Mechanisms

Underlying Brain Function and Behavior P-13H T
DFLARIL-HRELRIILOBEL. WOT I VRETE) EORRER)

Mk < #BE(Function)&EHRA E L (Behavion) I ERICHAIHFLRILDETE
ANZXLJOTHBELRIILOEBAD=X L IZEDPCH>TRATAIZRLON?

- Blakemore & Robbins (2012). Koelsch (2014). Uhlmann et al.(2017) ; [{TEIOF=
{t(Quantifying behavior)| Z1T O %ENH 5, [1T8)] ITFEZOH T PLERRE K
BEOHIREABKRT 5, T2 THBICIE, DB E. X, BRAlgen 7
Th7y FEAARIYTFINOEERITS) ORRICEICDEH B,

 Hong et al.(2015). Robie et al.(2017). Todd et al.(2017). Berman(2018) ; t3 & —
2. Machine Vision and Machine LearningZzf£ > T [{R2EWL((TENDFEDO BHLH
WE, TNICKX NV EEECEE—EBRHZ2BRI S, BL., 2OLHICLTHEHD
RERNA T ZAHDEET BBEIE 5,

- Bassett & Sporns (2017) ; [ IRAEFEWLITE))] HBIEEIT [HF L NILOHREL
NV OMEEER. [RHOEFEOXRE. MArodHEHES] ICBLTRKEDT —
ANFEEOND, TNHlE, xv b7 =212, et s 77 78R, bR
O — KRB EDFET [MARFZY FT—27DFETIL] ITHEITE2DARL,

- Sporns(2014), Medaglia et al.(2015).Bassett & Sporns(2017) ; R, A DT — X

MIBAZBLT (MRFY FT—20FTIL] MESNT-ELTH., T—XDOEEA
ERRY P =7 DERGENCEIN) G EICER T ATENIIMTETEE D,
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5.3 Identifying the Molecular and Cellular Mechanisms

Underlying Brain Function and Behavior P-135F

- ARLANILOIRDSEWVE, 5F. g, BERLANILTOEGEESESEETAERANDIE

BERAZBELTRET S, HIZF. KEQODHSFEMiaE., BIZ. ARSIV EHDAE
B L2V ATLDFAFTIIOANEET S,
(Organism-level behavior emerges from the interaction of structural connectivity and
signaling processes at the molecular, cellular and circuit levels, involving the dynamic
activity of huge numbers of molecules and cells as well as multiple physiological and
biochemical systems.)

- EDERLANILDOIRLBNCEN . MEVATLTHARDEANTY,
(It is the output of the functioning brain as an integrated system.)

- HOBELHMEOHDOEREARICEIAMRIZEST, TR HIFREZRALLTYSS
N, TOEEER/NETBIZIFESTRIERLDEAS M ?
(How can we avoid assumptions in behavior classification that bias our research on
the causal relationship between brain structure and function? )

- SFPHMRDAD=ZX LA DRHDOBEELTEICESEFTORRF—UEBHLESE
TERICET ARy —IILEEHESOEEE |Z, EOQLSITHLTNITRLDFEAIH?
How can we overcome the barriers of scale and complexity to trace the causal chains
of events leading from molecular and cellular mechanisms to brain function and
behavior?)
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6. SIMULATION NEUROSCIENCE:

FROM THE SQUID GIANT AXON TO THE HUMAN BRAIN P-14%°F

- FI100FM T T, DO TIL, FFPhase / EERPhase / IEiwPhase %38 L .
@ Neuronal Mapping (= 2 — B > O 48/##T), @ Connectivity Mapping (3 % 7
b — L DFEE/FENT). @ MEREED DR/ Z 1T > TE/A. MOFD [XRT7—u
(B) LB ] MELR Y, BIZTH % to build a Digital Copy of the Brain” ®
ERD BB LIERTZEL, (BRHY)

GE) ZHBEDBrainlk. BFEDHEMNDBrainTITAL, AR Brain]Z 5> TL\5
EBRbHbnsd, ([E)

* Brain research has to shift to a new phase ; Simulation Neuroscience.
PRal—Pa @RREE T, BB TO—FIZ&YMinimum SetD1EHRSF T, BiR
M7 70—F&mIC. FRAFETROTOHILIAE—ZBEFER)T 5. (BiRHY)

; Markram (2006). Markram et al.(2015)

- Simulation NeuroscienceDE S ; (EiRHY))

1) MfgORIFAAIEC L, BEFERE EZTRIE. ZOMEESEEDX A F I 7
A HFNET B,

2) Full Connectome®{ERKICTld. @ ConnectomeBENFOIXA F+ I 7 ADIEME,
@ RYa—L (BTOE, T—XDE) ~DOXF. @ BT 2EMZHIRZIT D,

3) ¥/ ORBR (MOBEELTE) L, TNEFIERITIINFRR (DFXAH=
ALEMIEA D ZXL) OBOXSEREERET S,
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6.1 All Began With an Axon #1 P-14%

Simulation neuroscience M ESE ; Detailed simulation in neuroscience began with an axon

+ du Bois-Reymond (1843) ; Action potentials were measured in frog nerve-muscle
preparations.

- Lapicque (1907) ; the “integrate and fire” model was built, based on data obtained
from frog nerve stimulation, it was just a simple capacitor circuit model. After that,
the molecular mechanisms of action potential generation has been an open question.

* Hodgkin and Huxley (1952) ; measured the flow of electric current through the
membrane surface of a squid giant axon by voltage clamp method. Electrodes.
And, they built a mathematical model of ionic currents to quantitatively account for
conduction and excitation, inspired by cable theory established by Thomson(1857).
Simulations showed how potassium(#) % L) and sodium ion channels could
generate the action potential. (the first detailed digital simulation of neuron.)

- Rall (1959.1962), Segev & Rall (1998) ; the first multi-compartment dendritic
neuron model based on anatomical and electrophysiological data, which explained
that the dendritic branch is largely affecting neuronal signal processing.

+ Segev & London(2000) ; unraveled the role of dendrites in information
transmission. Then, single neuron models evolved into neurocircuit models to
study the activity of neuronal populations and synaptic connectivity.

L o O T LR M o T,
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6.1 All Began With an Axon #2

Simulation neuroscience M FEF

- Rall & Shepherd (1968). Shepherd & Brayton(1979) ;JREKD 71— LR E L 451K ZE
R FITRARBEOBER I 2L— 3 % 1Tof-, SBEIFRIICERABHBEEL A O #
BIEOFMHZFEHAL T, ERERMNBEHEINT,

- Traub and Wong (1982). IBM Archives (2003) ; 1001& ® Multi-compartment
neuron CEKX L7BEETILC. TANADREEBRAR 4 78D 7 4 —IL K
BEALEHREANEFEABIR, —2—O0VEIEHOXAZXLAZETE L 7=,

» Traub et al.(1988) ; 9901& @ Multi-compartment neuron TIEBE L 7BEET /L &
BAIRZATOMPBE TR 2y b T —0 %22 Talb— 3L, TADAFRKER
D=—a—AERPAZEET 2 A DXL xR LT,

- Grillner et al.(1988.1991) ; 1{f@MSomalZ3ADendritex#DRall=a—AVETILE
FEOT. VYA T X DESTEIDERE LTSI 4 ES LUV EZE tfInter-Neuron D 53 &
FYRT—9%ELIaL—3 Lz, ThIZKY., BEETSIHEODOFBREIUEEAS
ZRALEQIRLEFRADZ X LDEIDIER /N3 — £ R ENME 1 ZAEBALEL =,

+ Hines (1989, 1993) ; “NEURON"& MR 2 42 L — X HFFE L1, BHEGSIETEE.
BEDFRIVEAT | R —LBF RV AF VIR EHhUR AV Dy —D3R)
RigE  EHEIANENSIVEYYEFMENZE D1 — DO VDE—FLUE
RBHEIIAL—arTESLIITHST=,

op
X
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6.1 All Began With an Axon #3

Simulation neuroscience M FEF

+ Wilson et al.(1989), Bower et al.(2013) ; —1—A #EARNTOER - 1—O Bk
DTAERANG, BH—a1—A DR YN T—IDBEIZELIHEEMFNL AT LEE
FEI5-HDUIaL—32IRE (GEneral NEural Simulation System; GENESIS)

- Stiles et al.(1996). Hepburn et al.(2012) ; 3 FRT—IL TEALZEML T FILIGERE
Dol —4A (Mcell, STEPS)

- Goddard et al.(2001) ; BRIEETILEZEEZL. TRTH-ODHEBDT—FHAFIZHE
THEEORFEIEITH, ( NeuroML project Tld XML R—RXD iR S iEZFHFE S )

+ Traub et al.(2005) ; 72DMEIA TEEL . 3,560DMulti-compartment neuronZz&
CHRERERYNT—OD2al—ay, TADAREDEEE(ICRYIEAT,

« Markram(2006) ; LLF D &5(Z% Z Simulation Neuroscience 3L 5 E(T71=,
ﬁ?)‘ﬁ—?(!abﬂiﬂﬂ)‘ﬁ—?(!a?ﬁ\bs ZSHRTNBEELTEORDOEREREENT S
ERHL=H. BEDOHWREEZEEETHLL ETIOOROBREEZERESESEL
y::n.l/—ya/’a_'— B9, (ETIMNELILNE, ELWVARIM—LRBRICHEEENS)

+ Markram et al.(2015) ; 55D EBEBDHEEH YT 24T RU. 207EDE ':LEI’Jﬂ'
TRATHEL . 31,000 DMulti-compartment neuronZ& 5D R E (IR 1E R
%f”®micr0-circuitry®$%ﬁ'g§/Bx—awéﬁﬁéauziﬁiéﬁé%lu—vay&ﬁu
HEDERZBHIE=, (36 million synapses.)
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6.2 Transcending Scale and Complexity #1

Neuronal Reconstruction and Simulation

*Markram (2006). Markram et al.(2015). Figure 4 ;
Eal—YarmiERFEIL BT —2ZERILROBELKEDREEZERILT S D
THOTC. DT RTHOEREEFHZEERMICIVE T THHEDTEHYEEA, DT
RTZEVIAL—2avFTHDIE, REEERSD=-HICERTATRETY,
(Simulation neuroscience identifies strategic data and formulates principles of brain structure
and function to accelerate our understanding of the brain, instead of experimentally mapping
all the elements and activities in the brain, which is impossible to achieve due to their scale
and complexity.)

*Traub et al.(1988) ; Large scale simulations of the hippocampus.
MED=2—0O FGERFANRALICE > OBRTLHLF. KETsP2ILICHA LT
HTEIZEMNYFET, HBREZEDVIAL—YavnUHOE. —HOMEEFIL.
Za—OVOARNFEEESZAL—23 T RICEZ a0V DB EZFMICEERT S Z &
NEETHHILEMLTULVELz, £39DILICEHT. Za—AVDELDIGF DRI
PN ERIO—ICE > TEREINSEILBEOHEEERZ 2L a3V THIENHER
Yo, WolEFER. Ca—AVDIFESFLREOESMNENZBRISIEOEEEZERE
LTWELz, BEBIERAUb=a—AYEFETILIZEERTLIz, (Reconstructions of single
neurons are the building blocks of the digital brain. In the early years of simulation in
neuroscience, some researchers were aware of the importance of describing the detailed
structure of neurons to simulate the voltage response to inputs impinging on the cell in
different locations and interactions between cells generated by extra-cellular current flows.
They were also aware of the importance of reconstructing the diverse types of electrical
behavior of neurons. Therefore, they argued against using point neuron models)
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6.2 Transcending Scale and Complexity #2  P-166TF

NETORE T T—2%EIZ. Topological Signature NS/ NTA—2FERSE S,

- Morphometric Parameters (JEREEHAI/NZ A —&) ; — 2 —DO > ORRZEEMNICE
W5 h%E LTHBETEINTZA, EENTET, TRLAED -7,

- Topological Signature (Index) ; —a2—0O Y DWKRE 1 TEBRIZHET S5-I,
Simulation NeurosciencelC TRFE SN/ a—A VO EEBERIN L —ERN L EUE
(Topological Signature )IZEncoded % A%, (Kanari et al., 2018).

EMFEHTEMETEELLAD, Topological SignatureZ > THENEBEZSD &
MREAATEERNTE LT, EBEEATICETSIa—A DI IaL—avIckdE
NERAT—IVT7YTTEBESIZ7E o=, (Then cloning each morphological type with
statistical variations allows scaling up the reconstruction of neurons belonging to each
morphological type while respecting biological variability. )

- BEERENTN\MRIL—TYNEBRETRICTH5V—ILEORENTHNT=,
Khazen et al.(2012). Druckmann et al.(2013). Markram et al.(2015)
D B HITIZ&Y . a—a DNEKIATEET 5,
@ HEHEEST=TILFINTGAN) I FEIZKY, Za—OVDERHNRFEEZRDEA
FOoFYRILEGFOMEAEHLERBEIL—ILEZHET 5,
B3 ReconstructionDEXE T, =1 —AV DA A FyYRILIEZ. BEN T4y T4 9 7 IL3T
VA LEAEDHLE =222 —F—2E>TEEBMIZEAINS,
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6.2 Transcending Scale and Complexity #3 P-17x

SEOREL

- VEalb—2avItibEHRMERBROBRIE, BKEOBHRCERERFHIREDE
Bhio, BECLH FRECEDMOMEDBERICHRTE., ChoDiEzEEIL TS
TR TSR AT S,

- R OEELBEL. RATOBMICE > TRAGSIZLICEETIVLENRHD, C
hiF, RGBT ORMEERBR T HLECERLLS,

* CORMYBAZYR—FI B2, BEEO_1—OVMENBERELATEY., 2R
TF—ILTORFREEANDRTZFREICL TS,

(To support this endeavor, whole-brain cell atlases are being built, providing insights into
cellular organization only possible at the whole brain scale. => X ®"Allen Mouse and Human
Brain Atlases”® Z & A ? ([id)

s YVRAZMDOEAOBHIDMBEARIETERL . ER—V R EBLEBEFRREZE
bIalb—iavIitioTROON-MIRGEZRLTLNS, ZTOMETIL., Allen
Mouse Brain AtlasTEZEINI=737TREHD I A TOREESIUMHE=1—O,
M, A)ITUFOY (B EIVIOTVTOEEEMELA TSI TS,

(The first dynamic 3D cell atlas for the whole mouse brain has recently been achieved, showing
cell positions constructed algorithmically from whole brain Nissl and gene expression stains, and
providing the densities and positions of all excitatory and inhibitory neurons, astrocytes,

oligodendrocytes and microglia in each of the 737 brain regions defined in the Allen Mouse
Brain Atlas. (Ero et al.2018) .
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6.2 Transcending Scale and Complexity #4

SEORBEL

- v Ial—Ya vERREIELRTIICONT, —2a—BAYOT Y RILBREH
HLTWBRERONZIL—ILDBEAEAEZTCZETCEY, KYIREOHIRIZED
WTW3, BL, ZOT—XWEBOZIIL—Ty bAFICALLTWS, Tl
S-oT, BRROZa2a—BVDENEDLLAERENH S, (BiRHY)
(During the evolution of simulation neuroscience, the digital reconstruction of different types

of neurons has become more and more multi-constrained, realistic and high-throughput, and
it allows evolving current neuronal classifications. (Deitcher et al. 2017))

- B, BR(F-Za—OVOREBESEIHIEBNFEEFICANE, EDY—ILIT;

O HREMTHAEEDRELIGINSICES>F-[Za—OVEBRMFIEI LS
F|IH7Okai],

Q@ BH(EFHESR)OE RIS 1—AVESELTE-EBRET—4.

@ R ZRMIL==21—A R DBRIZFRILT—4 (Transcriptome Data)

( Today, we have objective classification of morphologies which is helping define morphological
types; we have more or less agreed electrical protocols that can be used to describe electrical
types; we have tracing studies that are helping define the projection types, and we have single
cell transcriptome data that are beginning to describe the genetically different types of cells.)

- Za—OVHBICHEGAERE OR/MEEEDH SYBEAHLEITH,
> ZOWMYBAIZEST, Za—OVES - EROMENFTELSH,
> ENERICBRIT A= —OVDRBREEDDIDFERET H_ENTESEIITHES,
Chiold, Za—a vE(7OEHN- BN EEZEDS ETOEELRTYITY,
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6.2.2 Connectivity Reconstruction and Simulation [P17%]

(FMRES—IEEMN D) U FTRADBREZHE VAR EMELEZE FRITHENTRE

- Ramoén y Cajal (1894) ; —a2—RO  DHE LM SIERGREZREHEBIL =,

- Traubetal.(1988) ; = TN 1—AVEHRZETE T A EITEEKREEZ AT,
(S HBIZEZTH, M) EERMIZITZERAAGETY,

* Perin et al.(2011). Hill et al.(2012) ; #ETETILELFT TR IIL—ILIZEDWTOFTREE
mx PR, LI FTREGMRICET HREES T XA OboutonZ EEE D
HHEIZEY HMicro-Circuitll D EKFHIFIESA—RIZLE=7ILTUX LEFEA,

(New approaches based on statistical modeling and synaptic rules have been developed in
simulation neuroscience to accurately predict synaptic connectivity, and constrained by

interdependencies between microcircuit properties such as the number of synapses and bouton
densities.)

« Markram et al.(2015). Reimann et al.(2015) ; LEEDFEZFS & REMIIZTREN
2 TOTFTREGIATOREGF . RBV—REF—TICDERILESFTRADOEIGE
DEHGEEREMZ AL — 3> THETHIEMNTESD, (With these approaches, it is
possible to predict the number and location of all synaptic connection types shown

experimentally and connection properties impossible to measure experimentally such as the
number of source and target cells and synapses )

CDEIIZLT, (FMRAD—EHRND) T RTHDIFTITRADBEIFEME LV EBEMIE TS
TRl HZEMNTIEETT , (In this way, it is possible to predict the anatomical and physiological
properties of all the intrinsic synapses formed onto and by any neuron. )
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6.2.3 Functional Reconstruction and Simulation

Za—OVDBELETDRELDOEDREFRZER I H_LEIFEICER

* Hodgkin and Huxley, 1952 ; Hodgkin and Huxley’ s TEREIZKY . SERVEBHR D=2
L—2aVMalgesay) /A FrRILDT—MEEDFENFRISNELT:

- Markram, 2006; D’'Angelo, 2014; Frackowiak and Markram, 2015 ; O>Ea1—4%-%
2al—2avItEHBEREZAVT. T—2DT B D18 REBRERZHRL. IREIC
HHANZALEHEL., INBREEIIBRED T 2 (TR A EME T AN ST EAHET-,

AEIDITEZS ISR ITMEREEIETET A& D Micro—Circuit PO =—21—AVFHE
BELIAL—F AT 5, Q MDOFEEFD DD Micro—CircuitZ>IaLl—arvd 5,
Q HOFDKDETFZFLIAL—2aVTHEVNSEMEXHED DN EARDIRELEX G
LE¥9d,

* Faloticoetal., 2017 ; —a2—0O0ORTAIREVZAL—LaVICLBHBERFEAEHE
HIET. BREGERM-ZRRT—ILTORETHZL-0THBEANXLEWRET S
=8O DF-1EreEEZH =57,

- BECHEEOBORVERE, V2 aL—av#BHFEORARTY, HETOEIVE
HREMNERIBROTSAIVEERESaAL—avld, WNSA—S—RRRGLIZHERER Y
FO—ODZERME—FEBEMFAFTIIREBEL, S BZHUAN_XALIZEH>TEHRESN
EEEARYENI—URKEEZRLIz, COHBR. VFTARYET—VIZIE, ®IET H1TEIZE
HART A HARIFEETHS—21—AOVDHMHNEANEEICEENTILNSZEH B
EMMITEoT= I, EIZHBRYNT—I DB ELHEEDRIDIEUDEEFTRLTLNS,
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6.2.4 Perspectives and Challenges

AR RH

1) RIEBEGHREREIAL—avIc&DBRT B,
> BERIDINGA—EMNE  RENDINGA—REEHTHIENBETHY ., TD=HIZIE.
> KEBRT 400 BWEGREZEHTLIZE. LV
> INTA—RFEEYZEHSDIKF T HDatasets|ZEHET 5
EDEENDE, TN IZKY, SparseT ComplementaryZiDatasetszE 4 9 5,

2) KIFHEARMEEEESI1L—aVIcsYERTIRIOBETE. D =a—0-4
DAMEI= YRS, QHIRRAELGE. JUESKDRBEBEOBBEANAXLEET VAT LE
HETIVLENHLIMN., TNLIE, FLEFETSVaT7vTIELIRMAH D,

Jolivet et al.(2015), Ramaswamy & Markram (2018)

(;£) Neuromodulation (t##Z5R&7) ; (V1FRT47)
[BEDETEDHBFEHIEANDELRFBCILEMELRE DRIBDIZ X ZEIC KSR

FEOEIE, MREBOMKET EBLERILRARILHEHIZTTHND,

3) T—AEYRENTA—ADFEEREDBIZIE, KUFEWNEYFHRIBEZEH T LIHENDH
Y, #ER. >2aL—2ar-TRJSALIFERIZEHICLELIETFEINS, - T,
Computation7EH . FUBNFERMIZL THMESTIEULMFELY,
DEalb—2avaRHEZEIINODRBICERMLTREY. I9F. BiaF. Hla0EFEL
NDEEELITEIE DRI DR REFZREPREILLEIIET HFICET IR —ILEEHED
B |Z BT D-ODERMNGERT—IUTY, (BEERHY)

2020/9/30

E70E ARALMAEERGZER #HY EASER



P-18& T

6.3 The Next Phase of Brain Research

+ DERalb—arvERF RGBT SV RERZ OB ERE T S,

- Tiesinga et al.(2015) ; IXDER D EL LB DIZBERT 5T —2 2y NEDOEEZR®D
IW—IILEMEBTAEIZE ST, DB EEHEEEICDODLWTOHMEMNR#IAFEONS,

* Druckmann et al.(2011). Reimann et al.(2013). Abdellah et al.(2015). Hay & Segev,
(2015) ; AR B EIRDBEDEIRCIIaAL—a3vFa0Ea—42 ETITH2&I2&Y,
EKERAEZTHEL., RAREEREERL. TR, FRZITOD. FILLWERZIRET 5,

- HRRDT7—XTIOFERMBLI-ZAa—aE®E—TJqv o aEa—T42 0. TRV
X—HE VI 7DEHS, AVR—R U LDEBEMLGE. EXDIAVEL—TaY
DREFRE=ZIRT BARetE A & A HY. Simulation Neuroscience > D 7 4 — KNy 7 %
SEFHTESZAD L,

- TR ETHATILINAI—IRIT, TEMRMGTAEETLG REIELTD
BAELREER T OHELVKRESA., INDIEE LM REZ FECIEAE T AL T, INBREfEE &L T
DEMEHEFEEEE T HENTEEIMNELNLLY, (Frackowiak & Markram, 2015)

- ANEIDRRDTEEHBEEARE I L—avIZ, Dt Yottaflops (10470w )
ULDEENBEIZELN, RO—EICITEREBRETHEL, thOMI EEHEBET
AAEITNE, TG ERANFARICLDEICE, HOEBBREMRT HEMNTE
31255, Fifz. EVERAMEEDOBIRICOBEMNDMBAN—XLEBHL. HOTIHIL
JE—¢BETHETEHDEROEMBICHE T HEMNFRICLEDINELNLY,
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By Henry Markram. “Will Computers Become as Capable as the Brain?" presented at the conference

"What Makes Us Human: From Genes to Machines,” The Hebrew University, Jerusalem, 2018.

* Our understanding of brain structure and function is being deepened as we build and
refine a digital copy of the brain.

» Even though an accurate and complete reconstruction and simulation of the human
brain will require at least yotta flop (10%* flops) computing or even more, we are
getting closer to a comprehensive understanding of the brain by developing
multiscale simulations.

- Some parts of the brain can be simulated at low resolution, and others at high
resolution. This allows accelerating our understanding of the brain even before
enough computing power becomes available.

- High-resolution real-time molecular simulation of the human brain would need
~ 4x10% flops: 2% (Exa=10"8)

- ~ 90 billion neurons, ~ 1,000 trillion synapses

- ~ 90 billion glial cells, ~ 450 billion vascular end feet, supporting ~ 450 trillion
synapses

= ~ 1 trillion molecules/cell, ~ 1,000 reactions/molecule/s, ~ 20 diffusion jumps/s
Will Computers Become as Capable as the Brain?”

- ~ 10,000 time steps/s

>¢ Henry Markram. “Will Computers Become as Capable as the Brain?” presented at the conference “What
Makes Us Human: From Genes to Machines,” The Hebrew University, Jerusalem, June 4-6, 2018.
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/. UNDERSTANDING THE MULTISCALE BRAIN

- Neuroscience® 100 D EX L. "Reconstruction” D1EZ D&% T - 7=,

« AVEa—AR, T30, METNHRAEZET TV LT IO—FEEALS:
Simulation Neuroscienceld, CNFETHDITRTOBERTOELRZEEE. igd. X
—ILT7Y7IRL., RDFE— ST AE—FBET . (9F. flig. 077X
DHEEERZRROMEESTEIICRREMIZU IS E . BRERT —AIANLEZEDTY
AIBEBREMDUZI AL =3V ADEEMS LUV EENLES IR EED D)

- HROEFEL. EENTEHNAZEZIZTKELT, “Mind, Brain”Ma THEMIZZ
f=z2&5ELT=A. BRERAVL (BRI AE AR T 5 EMTEL o 1=,
SEMLEROH T, ERMHBEEZOETTIEZERERIIMND ZLDEREREZECEMEL
. BRE#HDOUIYEE SN -T—2 v B EEA B LT o1,

- EHMHEEZFE., DODetaillZBRL THRMUEEZZED D, TNIXALIHEEZES
SEANELNELA, DB EEHEEEDRORRBEFZRDEREEFEHBHHIEIELLY,

- ERR/IBERNA T IO0—F TR, Za—0O DR LEHIN[ERE LT, BEA TV
Z BIZIENeuroscienceDFHLVIT—X (LSl —a AR ARES,
DZal—iarv#BEREFIE. HENSLIUTRAIMEEIZE DL,

- TROMBENOBMFEDOREZET. TILIT(VIDBERFXSLHEEEE-TLS,
%z, 2zxn |

FE70[E ARAIMGHGSE HL . HERR 2020/9/30



Appendix

FE70[E ARAIMGHGSE HL . HERR 2020/9/30



Interneuron (Y E=21—A>)

R EADIAE=1—OY &Y PV
https://bsd.neuroinf.jp/wiki/%E4%BB%8B%E5%9C%A8%E3%83%8B%E3%83 Y.L
%A5%E3%83%BC%E3%83%AD%E3%83%B3

NEZ2—OVIE, FTETAEELICEENRBL . mEDQHBEHAEIZOAEREE
ETAHAoa—OVDIEEET . M EZ1—OVIEHRES. EREEZH. Bt ]
FHIZZIEZHRTHACENHONTHEY ., EMTEHRIEEI—D—IZLEREN SO’M%ME
KAWL TS, BIZIEKRKNFIRETIE, /NLTTILTIURIBHB(ZDIFE [
AEDNRT YRR, —EMN v T THIRR), YINREAF KRR (T ILF \
JFHRR) . T DO EHZFMEO =ZFICKATHIEN— R TH D, |

KINFTREEIZITKALTCZEOHBEMENEET S, DT LIS BE R EY
BELTHHT2EEMOHAMAR/ERMES. @QGABAZNE I HHIHI 4 ##E
HETHD, —EERKRE. MHIMEAREHEDIFEAE IXEREBICOA BT S
ZEMD ., RIMEFTR BN TE=1—0A> (neocortical interneuron) EFE(EN S,

MHEZ1—OVE, ERMEVERERS., RO MERAFTRT HARGLIZHR
BL. aEOMEMBOALFHRILEITO=2—O DI ET—RMICET . —A
T B Z1—AVERVERERS. LN LFREEET S,
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https://bsd.neuroinf.jp/wiki/%E4%BB%8B%E5%9C%A8%E3%83%8B%E3%83%A5%E3%83%BC%E3%83%AD%E3%83%B3

(>¥) dendro-dendritic synaptic circuits ; by 7 4 ¥ T 14 77

BHRER O FTRIE. 20D ELLH - 2—O  DEHMREERBOER T, (X BMENESEEIEL.
BHREENEINGEZZET S, Y- RN ETEHBERIKEZBRED L FTRAUEEDFTR) LT BT,
BHRZERS FTRIF ALFEDFTADFERICEL T, ShEBIREEL FTRAERBZD A ETEMEILS
NEYT, cNSDIEFERLFTTRIE, A>THKEAFHEBAINOHRAIBIETEZITIRY ., ZOHER., #iZ
EEPEOREN L T TREMBIESHEIET HIELXAREICT DL D LAF U DFTANEL
9, EIRERMBREFTRATOESEEICIINAREDNNEH S, EF. BHRERED1DIEH
FINRZERL. E31DIXEBREMREZRLET ., FEEDIVITFHILGEAN=XLIE, ShREHRERE D
FITATRONBEDERIEDAET, Na+1RTECa2 +1RTE#FIALET,

-Shepherd, G.M. (1996). "The dendritic spine: a multifunctional integrative unit". J. Neurophysiol. 75: 2197—
2210. doi:10.1152/jn.1996.75.6.2197. PMID 8793734.

-Masurkar, Arjun; Chen, Wei (Jan 25, 2012). "The influence of single bursts versus single spikes at excitatory
dendrodendritic synapses". European Journal of Neuroscience. 35: 389-401. doi:10.1111/j.1460-
9568.2011.07978.x. PMC 4472665. PMID 22277089.

-Rall, W; Shepherd, G.M.; Reese, T.S.; Brightman M.W. (January 1966). "Dendrodendritic synaptic pathway for
inhibition in the olfactory bulb". Experimental Neurology. 14 (1): 44-56. doi:10.1016/0014-4886(66)90023-9.

rere NN B, EA S A _ _ _ _ _ _ _
%Qgpm%ggﬁﬁﬁﬁv@d@ndrﬁ% spine: a multifunctional integrative unit". J. Neurophysiol. 75: 2197-2210.
Lot hid btE2/in.1996.75.6.2197. PMID 8793734

-Shepherd, G.M. (July 2009). "Dendrodendritic synapses: past, present and future". Annals of the New York
Academy of Sciences. 1170: 215-223. do0i:10.1111/j.1749-6632.2009.03937.x. PMC 3819211. PMID 19686140.
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% Wilfrid Rall ; Electrophysiology of a Dendritic Neuron

Rall model Model, in Biophys J. 1962 Mar; 2(2 Pt 2): 145—167.
B DB —E D= 1 — O () A R M E i
T,

-19574F (2, Wilfrid Rall (&, #REREDT—T ILHFEDE ¢, %& iﬁc %G
B Z5EEAL =, $E TE
10604 1 MBS, ERERETHT AT —TLET o ia

IV(IOFDERRDVIZ -5
ETIIVEEA

Diagram of electric model of nerve membrane; see text.

DENDRITIC TREE

- BHK =R D SpineDFEEFAEL.
IREk M dendro-dendritic synapse%
FRILT=,

4.3 = consrant
X
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— e e qq\

E=nlE MR AILfIgERGS 18 e
L lE “"“*m.l “‘““-m.l
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https://www.ncbi.nlm.nih.gov/pubmed/?term=Rall%20W%5BAuthor%5D&cauthor=true&cauthor_uid=14490040
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC1366481/

pOint neuron models #1 (%5 <. Spiking Neuron Model & [& )

Yanan Han, H.Steven Colburn ;Point-neuron model for binaural interaction in MSO, in Hearing Research,
Volume 68, Issue 1, Pages 115-130, June 1993,

Abstract

A point-neuron model for the activity of individual cells in the medial superior olive
(MSO. R{EI_EA1)—7) is described and shown to generate discharge patterns
consistent with the activity of real neurons as reported in response to low-frequency
sinusoidal stimulation. Inputs to the model cell are specified as primary like firing
patterns, and the cell membrane characteristics are specified in terms of constant-
potential sources and time-varying conductances. Some conductances are
determined in response to the input firings and some in response to output firing
times, which are generated when the membrane potential of the model cell crosses
threshold. Output firing patterns generated by the model cells are consistent with
those reported from neurons in dog and cat MSO. These patterns are also
compatible with those of the functionally specified coincidence model described in
Colburn et al. (1990). Given these observations, the following questions are
addressed: What parameter values in the point-neuron model are required to
generate output patterns like those observed? How do these values compare to
those expected or estimated from intracellular measurements in brainstem neurons?
How might one reconcile the fact that inhibitory inputs are not necessary in the model
for the generation of the observed firing patterns with the fact that MSO cells receive
numerous inhibitory inputs?
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pOint neuron models #2 (%5 <. Spiking Neuron Model & [& )

Yanan Han, H.Steven Colburn ;Point-neuron model for binaural interaction in MSO, in Hearing Research,
Volume 68, Issue 1, Pages 115-130, June 1993,

Abstract

A point-neuron model for the activity of individual cells in the medial superior olive
(MSO. R{EI_EA1)—7) is described and shown to generate discharge patterns
consistent with the activity of real neurons as reported in response to low-frequency
sinusoidal stimulation. Inputs to the model cell are specified as primary like firing
patterns, and the cell membrane characteristics are specified in terms of constant-
potential sources and time-varying conductances. Some conductances are
determined in response to the input firings and some in response to output firing
times, which are generated when the membrane potential of the model cell crosses
threshold. Output firing patterns generated by the model cells are consistent with
those reported from neurons in dog and cat MSO. These patterns are also
compatible with those of the functionally specified coincidence model described in
Colburn et al. (1990). Given these observations, the following questions are
addressed: What parameter values in the point-neuron model are required to
generate output patterns like those observed? How do these values compare to
those expected or estimated from intracellular measurements in brainstem neurons?
How might one reconcile the fact that inhibitory inputs are not necessary in the model
for the generation of the observed firing patterns with the fact that MSO cells receive
numerous inhibitory inputs?
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Alexandra Tzilivaki, et al. ; Challenging the point neuron dogma: FS basket

cells as 2-stage nonlinear integrators, in NATURE COMMUNICATIONS(2019)

Interneurons are critical for the proper functioning of neural circuits.

While often morphologically complex, their dendrites have been ignored for decades,
treating them as linear point neurons.

Exciting new findings reveal complex, non-linear dendritic computations that call for
a new theory of interneuron arithmetic.

Using detailed biophysical models, we predict that dendrites of FS basket cells in
both hippocampus and prefrontal cortex come in two flavors:

supralinear, supporting local sodium spikes within large-volume branches and
sublinear, in small-volume branches.

Synaptic activation of varying sets of these dendrites leads to somatic firing
variability that cannot be fully explained by the point neuron reduction.

Instead, a 2-stage artificial neural network (ANN), with sub- and supralinear hidden
nodes, captures most of the variance.

Reduced neuronal circuit modeling suggest that this bi-modal, 2-stage integration in
FS basket cells confers (59 %) substantial resource savings in memory encoding as
well as the linking of memories across time.
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Songting Lia, et al. ; Dendritic computations captured by an effective

point neuron model, in PNAS, July 23, vol. 116, no. 30, pp. 15244-15252, 2019.

Complex dendrites in general present formidable(FZ#L) challenges to understanding
neuronal information processing. To circumvent(El# 4 3) the difficulty, a prevalent (R1T9
%) viewpoint simplifies the neuronal morphology as a point representing the soma, and
the excitatory and inhibitory synaptic currents originated from the dendrites are treated as
linearly summed at the soma. Despite its extensive applications, the validity of the
synaptic current description remains unclear, and the existing point neuron framework fails
to characterize the spatiotemporal aspects of dendritic integration supporting specific
computations.  Using electrophysiological experiments, realistic neuronal simulations,
and theoretical analyses, we demonstrate that the traditional assumption of linear
summation of synaptic currents is oversimplified and underestimates the inhibition effect.
We then derive a form of synaptic integration current within the point neuron framework
to capture dendritic effects. In the derived form, the interaction between each pair of
synaptic inputs on the dendrites can be reliably parameterized by a single coefficient,
suggesting the inherent low-dimensional structure of dendritic integration.  We further
generalize the form of synaptic integration current to capture the spatiotemporal
interactions among multiple synaptic inputs and show that a point neuron model with the
synaptic integration current incorporated possesses the computational ability of a spatial
neuron with dendrites, including direction selectivity, coincidence detection, logical
operation, and a bilinear dendritic integration rule discovered in experiment.  Our work
amends the modeling of synaptic inputs and improves the computational power.
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Serial Block-Face SEM (SBF-SEM) IZ &5 #lfa/N28 E D3 RITH REEHER

WA S EEE
HANENRTAD
(A) B) (©) il
Sectioning ) g/ZD =
7% SEM
i RHEFRLE

Imaging ] / <

1 SBF-SEMT®3-DA £ —3 v FF.

=IEFEZE, FHAFIE; Serial Block-Face SEM(SBF-SEM) IZ&AHfA/NEEBE DIR TR EEEE
In PLANT MORPHOLOGY 27 % (2015) 1 &
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U DITRIRE (binding problem)

https://ci.nii.ac.jp/naid/130006893057/

- $E T ITRERE (Binding Problem) (&, BRI ZICHITAREBROTERED—D, LEICIFXKAT
EITICFTHNARAGEERLEEZEDLIIHETSIHODEBETHLHH, HEIZRYRHONLEDH,
AR DRRIERLEIZENT, Gl L DIFZEFATRESNAEITRITEZIGEDERE, EDKIIHE
U T—oDOHRELTREBT 5N ELSHETHS.

HEENSDIESIE, KIKNEEDREE (visual cortex) TUEEINS. BMLDBEEIFERIL, BOH
OCMELGREDHEEITOVHRAEFZRAL, 8 1TRITBEIGEOEELEEEHET S5 REA
THETHRADR 2 DIGFTLEINDG. HIZIE, SVEAREFVARNREIZRINE, X
REHTIEE, F UALADOFHEZRHNIT HEEINEETS. O, EDLIIILT, FLEMHAT
—DDORREL, FREMAZRNDOFMRELTERHT AMNFERTITEETHS. FHFUOMITRIEDEREA
[CIEZLDERMNIRESNTIND.

FBUORTOEEGHBALLTIE, BEHREORBARB A, BIRWIE SLUEHEREGELHD.
EL, INBE—DAETIELES EENIZHEVFITAITHOATHSAEEEA LV TUND.

- FIEAFE U5 (Temporal Synchronization Hypothesis) Tl&, MD#E O M EHMENEHAM I
RFBHIEIZKY, BRROFBUTITZEITL, TREADMBIZKYROMIEREDHANBAIEEET S.
AT OO I7AIIVEER (Object— file Theory) TlE, BIRNAEE (Selected Attention) [Z&kY, F
BEDORNEDI=ODA TR IT7AILEFEIEN SRR FEEAEEIE (Visual Short— term Memory) HY
AESN, MRICEART 2HFHBHRAFBUHToND.

S EER (Feature Integration Theory) TlE, REESNGREGRIVLEINNTTHON, TTLVE
AFERZTISIENRDUEEZREL, TOMNEICEETAEBEA T O INI7AILIZEURTITT
MG EEATS. AILHESFIZAWLTE ALZa—3I)LAybT—IIZK5 VT RO B
TIIFEIBRIIZHEDH SN TS,

-SRI, FBOMITREEREDRRZITIC, EHICHBAL-MEE) (Neural Correlates of
Consciousness) DEAMNEAFINTLND.
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Reference LA+ T, RUZLT=F:EzH X

[1] Shenghua Cheng, et al.; Deep Bouton: Automated Identification of Single-
Neuron Axonal Boutons at the Brain-Wide Scale, in Frontiers in
Neuroinformatics, Volume 13, Article 25, April 2019.

[2] Alexandra Tzilivaki, et al.; “Challenging the point neuron dogma: FS basket
cells as 2-stage nonlinear integrators”, in NATURE COMMUNICATIONS, 2019.

[3] Katrin Amunts, et al.; Architectronic Mapping of the Human Brain beyond
Broadmann, in Neuron, Volume 88, Issue 6, Pages 1086-1107, 16 December 2015.

[4] Songting Li, et al.; Dendritic computations captured by an effective point
neuron model, in PNAS July 23, 2019, 116 (30) 15244-15252.

[5] Christopher S. von Bartheld, et al.; The search for true numbers of neurons
and glial cells in the human brain, in J Comp Neurol. 2016 December 15; 524(18):
3865—-3895.
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wrs =~ il . . w1 e > = SR —N % /)N Jﬁli a;&%iﬁ
B iR (DS1E. Z&: ElectroEncephaloGram:EEG) L. EMEMID NN SE LS ESRETETZE.
AR E IBEEE. SUR. K. RSB LZEICEWNV-EETREL-EDTHS, O 1-3Hz

BROMBBEEORKEFRETIE—MIEELTRLY . EEaEhs 0 LERs |0F | 4-THz
DHBRHMBERDES TBHORMERET 5 (DHEOBINER) ., =
SEROLODI-. MO ES B - A LIS EBRT MR (05cy, | | 8-13Hz
Magnetoencephalogram: MEG) M3, L&' 14-Hz

g

GRIFEEER R AR ICREERHII T 458Hz - 13HzZOEENTHY . FBHBICLLEBEEIL TULVEWEEITHIRT 5,
EECRAMNE NI T, BET S, MEICKYRIKIE T HIERAH D, RDFELEFRIZIILKONFET HMN
. AndersensDRER TIERE DGR IFBERNED A AIZLBEDTHY . \EKIZE(TEAIR—IA—H—DIKREIX L%
L. REDOREIMHINH —2—O N X LD REREEE->TIVNAELTIVS, NunezbDERTIEE B ER BREE
SRVESHRHEICE - THELSESN TS, AndersenS5DIRER TIFRR=2—AO B ICR AT DR SE, BB S
HAVFTTRABREBMDERFMEIRBICI>TESND, EREBIORBEHIIBTR -2 —A DEERKEIZKEFELTL
5, ARICKYREEN EASLRBIERELLGYBRAEIRT 5, PEED A IBIRRE CIXRERSER. FZO GBS 1S
TlXSKELD, COMER=Z1—OV DEEM/KEITIBEELANIILEZRAS T M EEA_1—O  OFEETHESL
—CL\éo

BiK

BiKIX14HZLA L DEENERT . 30HZLL L TYiRERFET HL1H 5. EoEHKRHOLN DD IXRITEE A S FILER
[ZEEERSN D, ZLITB0UVLL T TH D, ZDRRIIFBHRALEENEZZ SN TOSMNBESAIZEOTULVELY,

0%

0K (X4Hz - BHZDEENEZ R T . AN RFIELTHIRT S5 SR BEEEMATHY . ERFIZAEEEEAMAICHIZT 5

o
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https://ja.wikipedia.org/wiki/%E3%83%87%E3%83%AB%E3%82%BF%E6%B3%A2
https://ja.wikipedia.org/wiki/%E3%82%B7%E3%83%BC%E3%82%BF%E6%B3%A2
https://ja.wikipedia.org/wiki/%E3%82%A2%E3%83%AB%E3%83%95%E3%82%A1%E6%B3%A2
https://ja.wikipedia.org/wiki/%E3%83%99%E3%83%BC%E3%82%BF%E6%B3%A2

Gamma wave R T

AVTRIEED/AZ—2D1D T, fMIEPEEICEHEM TN TULVS,
AUTRIEIERFFAEENIZEEELTLNSESNTINVS, D ELGHEEHIZE(TH5H T HF
BOREAFE XD —BFHIREL, BAMLED»BITHIEZEL AN LTHDHIELTER
LNTHEY. MMEDKSLERBM CIHEMNLGERIEBIZREEZT 5, FIZ X, AU RITEE
U D17 RRE (binding problem) M fiZiREDEEMEMNREBINTLVD,

AT RITHZFHREERANESIESTEZENL 40 B (40 Hz) O ERE TR LRI
HETEHEINTNSA, KL 26 Hz M570 Hz (FEETEEND,
EREHEENIIEOEIRBOT O VIRMNER 40 Hz FBFETREIELI-BIZELSET S
HREHIMN. 24 Hz LLLDREENVTRET DERLH D,
-REERF. RUL LERRFICECHIEBLAREIHEE TS (low voltage fast neocortical
activity : LVFA) DEICHUTENBICHREL TS ESNTLNS,
AR BEEANBEDRFEET HEGNRN—ED—ERET HIREZET LA RELEFET D,

1ufuf'ﬂl"““l M 'Iluv*‘"IIH'I'I"f" "J'

e
il h

0.0 0.2 0.4 I]-.E I]-.E 1..I]

|'|!|I|~'. f-.'llnf’”“ ||,-’ 1 Jl.f“' |I
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EEALE R REEE

(low voltage fast neocortical activity : LVFA)
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Nature Reviews Neuroscience. 200518 1H
https://www.natureasia.com/ja-jp/reviews/highlight/10608
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Multiscale Modelling

https://www.humanbrainproject.eu/en/brain-simulation/multiscale-modelling/

Multiscale models are models that expand and link beyond the domain of single-level
models. The multiscale modellings are to be;

systems models,

point-neuron models,

morphologically-detailed models,

different-equation subcellular models and

molecular dynamics models.

What makes multiscale models important?

Multiscale models allow us to understand how changes occurring at one level of simulation can
propagate to higher levels.

What are the specific questions we want to address in the HBP?

We aim to answer two types of questions:

1. How can parameters be propagated across scales?

2. How can simulations at multiple levels be run concurrently?

In order to propagate parameters across scales, the equations used at one scale, must be
compatible with those used at another. For example, if one examines the rate of spine head
clearance of calcium, for a model in which this was done by kinetic models of calcium pumps
and exchangers, one could measure a calcium clearance time constant and then use this in a
model in which calcium decay is represented as an exponentially decaying function.

In order to couple multiple simulations, information between simulators must be exchanged at
periodic time intervals. It may be desirable to only model a small portion of the entire system at
high resolution due to computational requirements.
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UNDERSTANDING THE MULTISCALE BRAIN

- To understand the multiscale brain, neuroscience now has to shift to a new phase.
- Human endeavor has fundamentally been a series of reconstructions:
> reconstruction of the neuron as a single cellular unit;
> reconstruction of neurons into distinct types according to their morphological,
electrophysiological, biochemical and molecular properties;
> reconstruction of neural connectivity between brain regions, neuronal groups,
individual neurons;
> reconstruction of the neural mechanisms underlying brain function and behavior.
- Leveraging high performance computing, data analysis and statistical inference
methods as well as algorithmic approaches, simulation neuroscience quantifies,
integrates, scales up and accelerates all the previous reconstruction processes and
evolves them into a unified digital copy of the brain.
- reductionist thinkers (7t £ & B8 XK) in experimental neuroscience have gained
a deep understanding of many components of the brain but have also produced a

huge number of disconnected datasets and knowledge.
- Theoretical neuroscience applies abstractive thinking to be free from the details in

the brain, which may advance artificial intelligence but leaves open the question
whether it will advance our understanding of the causal links between brain structure

and function.
- To transcend these barrlers brain research needs a new way of thinking and a new
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