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Brain Projects - worldwide

Neurotechnologies —Brain connectome— How brain works

European Human Brain Project

~ USBRAIN Initiative E= (Neuroscience, computing and
(Brain Research through Advancing brain-related medicine)

Innovative Neurotechnologies) Brain Connectome
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Hope not be drown
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Brain connectome at different scales
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Macroscale / Mesoscale \ ~Microscale
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Diffusion MRI K Neuron-neuron, circuits/ Electron microscope

Transsynaptic tracers are required

Nature 2014, 508(7495):207-14. 8



Neural Circuit

Neural circuit Connectivity: The key to understand the principles of motor,
sensory, behavior and cognitive systems.
Circuit pathway: input pathway and output pathway

Questions: How to trace the neural circuits? Innovative tools/technology
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Viral Tracers

Non- Retrograde / Anterograde \
(ransneuronal Poly-synaptic Mono-synaptic| Poly-synaptic Mono-synaptic

Y g Y

RV,PRV  \_ HSV-1 _HSV-1 dTK/

| 'i.,./»'— Y
" -’\\Y ;! N ’f
.i» lik \ L

David Anderson

Lo L, et al. Neuron. 2011
Nassi JJ, et al. Front Neuroanat. 2015

Pomeranz L E , et al. The J Neurosci, 2017 Wall N R, et al. PNAS, 2010 Zingg B, et al. Neuron. 2017
Wickersham I R , et al. Nature Methods, 2007 Zeng WB, et al. Mol Neurodegener. 2017 11
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Question: Why Virus and Viral Tools

The advantages of virus:
¢ Virus replication: amplify the signal

¢ Virus transmission: transneuronal

tracing

¢ Neurotropism: modify and specific

neuron type tracing

12
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AAV RV HSV/PRV

425 1) RIBEFELSTRNA. DNATRE:
AAV/PRV/HSV-DNAfRE; RV-RNARE

2) BRBESBERRE. TOERS
AAV-TCEIEEV; PRV/HSV/RV-EEV
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BRIEXIR

Adeno-associated virus (AAV)

R
> Parvoviridae family (Z8/MREEL: 25 nm diameter (small), non-enveloped

» Genome: ssDNA, genome size of 4.7 kb

> Serotype (MLIEHE) : multiple distinct serotypes, capsid variants

» Toxicity: no known disease association, promising vector for gene delivery

14



IRtEXIBS ( AAV)

Gy SR
@ ssDNAvirus, 4.7kb

€ Depends on helper virus for their replication and

gene expression, defective virus
€ There are 2 ORFs: 4 Rep proteins, 3 cap
proteins, Flanked by ITR

€ \ery stable: temperature, acid



ITR

FEREHAKTIEE:
Rep78/68: involved in genome replication

Rep52/40: involved in genome packaging
VP1/2/3: capsid proteins
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Helper (Adeno) Virus

Rescue of the integrated
provirus by helper Adenovirus

LATENT PHASE LYTIC PHASE

AAV inte
atChr 1911 3.4

U
L\
u
A
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AAVR AN Y

AAV2 AAV3

AAV4  AAV5 AAV6 AAV7 AAVS

Primary N-linked
S 2 : sialic
receptor | N-linked O-linked N-linked 220 N-linked
sialic acid HSPG HSPG sialic acid | sialic acid :Cslgé unknown | unknown galactose
FGFR1,
Secondary een FGFR1,
unknown |. % HGFR, unknown | PDGFR EGFR unknown |LamR LamR
receptor integrins,
cD9, Lamr | L@mMR

HSPG = Heparan Sulfate ProteoGlycans

FGFR1 = Fibroblast Growth Factor Receptor 1

EGFR = Mpldermal Growth ‘Factor RecMQtor

HGFR = dépgocyte Growth Factor Receptor 1 LamR = Laminin E{gceptor.

X7 ReEE/EME, ITRFFSREHIMHEKE

H/EHI8ES
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Skeletal Muscle

Systemic Gene
Transfer:

TR H AR S AR H R 534 F VA
RBERAZAE—RIEEE: ENVA/TVA, HER2?
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Vector @ ITR aTnaet transgene R

® AAV is effective in transducing many mammalian cell types

€ defective in replication, low toxicity
€ long-term transgene expression in animal models

€ various serotypes for different tissues

€ A major practical advantage: AAV can be handled in biosafety
level 1 (BSL1) facilities.

This makes AAV the ideal viral vector system for many studies.

20
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AAV vector W f'#\'\.
Rep/Cap plasmid _ oo mrmm e ;Wi
Adv helper plasmid -z -y
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Vector genome

TRANSGENE
ImTR

AAV helper

REF2

{ CAP (X)

-

)

Ad helper

Co-transfection

—

>_®ﬁ

ITRATH 14N 3 K
ITR capZt[Hl, rep[A]
AdVEHiBhE A (E1, E2a) , AAVEH#

HEK-293
AdVElexpressing cell

8

B
vav e/
S &

AAV vector



EHAAVE Y IMFR A0 @1

Rep 2 Cap 1

T 2 JUEEE = B cao s B
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—EEEE— =

@AAV2/1

9 AAV2/2

TR EETER-  @Aavers

& AAv2/a
(& AAV2/:
&) AAvV2/7
&) AAV2/5

&9 AAV2/

Muscle, RPE
Lung

Muscle, Liver
Retina

Lung, Retina

Muscle, Retina

Liver, Retina

Lung, Heart, SNC

1. AAVERIEEEFAAV2 E"JITR, HF| FH Rep2i47 8 il
2. BEAFECapllIRBAFIMBER, FEAEARFEREHE
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AT %EIEE FPHAAVILSE : AAV-PHP.cB

a Cre-dependent recovery of AAV capsid sequences b
aAlversifisd Crefox Transfect AAV lirary Cre transgenic Cre position S8E 7-mer Insertion site
region sites producsr calis — Recombination v v
s j ~ — AAV 9 :SA A
i c‘;p‘o "”F"A\‘ - Q::' | L 4 — Fap'} wd PHI SA8» AVRTSLA
=2 — e — PHP.B :SAQTLAVPFKA

] — PHP.eB:SDGTLAVPFKA
Q AAV— P H P. e B AAV genome library Generation and in vivo capsid satection Selective recavery

< purification of AAVs from Cre”® calis

T A I L B P

fﬁj%ﬂéﬂﬁ ¢ AAV-PHP.S AAV9 —_— AAV-PHP.B =i AAV-PHP.cB
i 1x 10% vg 1 x10™ vg 1x10" vg 1x10" vg
1=
&
m
@
=
- =

Q

AAV-PHP.eB

ain

AAVO f AAV-PHPB

, PHP AAV9 g AAV-PHP.B AAV-PHP.eB

Nat Neurosci. 2017 Aug;20(8):1172-1179

:
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ALTFiEIRS FEVAAVILFE:
AAV-Retro-Cre: Sparse Labellng

a b Sparse labeling c
' Cre virus mixture
+ Cre" / Sparse labeling off AAV-retro-Cre I B T AAV-retro-Cre
« Cre” / Sparse labeling on i

.. AAV-retro-Cre
2} injection site

DS

ﬁﬁtﬁ%‘iﬂﬁ&*ﬁp %fﬁéfﬁ&%ﬁl‘ Nature Methods volume 15, pages1033-1036 (2018)




Principles for retrograde labeling with rAAV2/2

€ Mutant sites
LADQDYTKTA

N587 and R588 of the AAV2 VP1 capsid gene

€ The mutants displayed the
strongest retrograde transport

€ The rAAV2/2 have two ways to
entry neuron.

» TrAAV2/2 can directly entry the soma of neuron
» rAAV2/2 can entry the axon terminal of
neurons and retro-spread to the soma

Tervo et al., et al. Neuron, 2016, 92, 1-11.



AAV-Retro(red)/AAV(green)

Howard Hughes Medical Institute



The application of rAAV2/2

AAV-DIO-ChR2-mCherry AAV-Retro-Cre AAV-DIO-ChR2-mCherry

LY.

Wild-type mice

The GluACx--GlulPAG pathway. (A) Schematic showing a combinational viral
strategy for mapping collateral pathways. (B) Typical images of the IPAG expressing
AAV-Retro-Cre-GFP (left panel) and the ACx expressing AAV-DIOChR2-mCherry

(right panel) in wild-type mice. Scale bar, 100 pm. Wang H, et al. PLoS Biology, 2019, 17(8):e3000417.



Serotype
AAV1
AAV?2
AAV3
AAV4
AAV5
AAV6
AAV6.2
AAV7
AAVS
AAV9
AAVrh10
AAV-DJ
AAV-DJ/8
AAV-PHP.eB
AAV-PHP.S
AAV2-retro
AAV2-QuadYF
AAV2.7m8

— 3=E FH
ARIMBER AR LRSS
Tissue tropism
Smooth muscle, CNS, lung, retina, inner ear, pancreas, heart, liver

Smooth muscle, CNS, liver, kidney, retina, inner ear

Smooth muscle,_liver, lung
CNS, retina, lung, kidney

Smooth muscle, CNS, lung,_retina

Smooth muscle, heart, lung, adipose, liver

Lunag, liver, inner ear

Smooth muscle, retina, CNS, liver

Smooth muscle, CNS, retina, inner ear, liver, pancreas, heart, kidney, adipose

Smooth muscle, lung, liver, heart, pancreas, CNS, retina, inner ear, testes, kidney

Smooth muscle, lung, liver, heart, pancreas, CNS, retina, kidney
Liver, heart, kidney, spleen

Liver, brain, spleen
CNS

PNS

Spinal nerves
Endothelial cell
Retina, inner ear
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AAV:Mouse Brain Map

Click Below to Choose Spatial Search Target 2 Search Resulls
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Rabiesvirus (RV) -KARiFmEERE

e Virus reaches
brain and causes
fatal encephalitis.

@ Virus enters
salivary glands
and other

o Virus ascends
organs of victim.

spinal cord.

e Virus moves up
peripheral nervous
system to CNS in
spinal cord.

@) Virus replicates in
muscle near bite.

Virus enters tissue from
saliva of biting animal.
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RVIYIE - RVAG

RV

RABV genome
L

all

3

oll

HAtRMmMER?

1

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

RABV AG

RVAG

L

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

RABV AG

RVAG

At 5H

&)

ot

EnvA

[ha

E A B RRV-GEFERVAG

) _ o
= %ﬁ‘
HEGEH
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4 FZpseudotyped RVAG

EnvA+RVJG-GFP

EnvA: avian sarcoma and leukosis virus & (Envelope) &,
BRI MERZARNTVA, URE T 2R, ENVE NLRRETT
R PR B 3R T FE TVASZ AR 1) 41 i

Journal of Neuroscience. 2015; 35(24):8979-8985

i
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EnvA pseudotyped RVAG

RVIFES M2 ofe ik S EHGH

I e Mo Ay, ), HEnvAEHLGE A ] H & f5 1Y
SEMVA T RVAIERTE HZ A TVARI 4R s 7
E mono-trans-synaptic tracing
B T EnvARR
PEIR A SZ AR TVA
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Monosynaptic tracing of RV

Monosynaptic rabies tracing of inputs to Cre-
expressing starter cells.

> Helper virus (AAV) : expresses TVA, G, and
RFP in a Cre-dependent manner in starter cells.

> infect with EnvA + RvdG (GFP) is injected,
infects the TVVA+ starter cells.

G+RVdG
EnvA+RVdG

» The result is that starter cells are marked with
both RFP and GFP; while input cells express
only GFP. Other neurons that do not express Cre
and are not directly presynaptic to starter cells
remain unlabeled (light yellow).

Journal of Neuroscience. 2015; 35(24):8979-8985 36



RV 2

¢ s EO LReEAARASPEST R TEVE BIRAIHIY]
EIFFHITEVs, B @f‘“ﬁﬂiﬁﬁﬁ HHE.

RabiesV? Proteasomal degradation
555 FENy i
== — - E=E— S § REPLICATION ©FF
TEV VP\F:EST GH
S TEV,,
& — m/—{i}ﬁ BEEE- [E=S1 REPLICATION ¢
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> 10097 K
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nE 1 EHIRVEINEH, REEHIRVIIEH
Ll
B 2o i ¥
0 o0d —— S = S— I
3 6 9 12 15 18 21 days @%JRVB(JE%J ’ ﬁEF&fﬁERVﬁﬁéﬁlﬂﬂﬁﬁ
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(Ernesto Ciabatti et al., 2017) 37



RV tracer:

map the connectome

thinF| FH Cre-Lox &4t
PRiCsF ERBIMETT

i BRI FURIDNA
QBT

A Cell-type specific targeting

Promoter specific
Cre expression
N

Cre dependant
TVA-RG expression

B Single cell network

Single cell electroporation =

Whole cell recording

Front. Neural Circuits, 2013.7:1
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Application of RV tracer

RIEFREH, REMETEERS RADEuH, ATLREXHR

D Monitoring network activity E Manipulating neuronal activity of a network
Chemically induced Optically induced

x|

A

Front. Neural Circuits, 2013.7:1 9



RVAGRERS BRI

CLONING CAPACITY
Theareatically up to 5kb of

DECAPSULATION exogenous RNA IMAGING
Preparation of naked Improvements to permit use for
RNP complexes I EM, PALM or VSD Imaging

TROPISM
Substitute membrane
glycoprotein by pseudotyping.
Possible to change cell-type
specificity/tropism

KNOCKDOWN / PERTURBATION
Expression of dominant
negatives, miRNA, light-activated
channels or heterologus receptors

Arnterograde transport? Re-expression of proteins (in KO animals)

DIRECTION/SELECTIVITY X STUDYING PROTEIN FUNCTION
Infection of cell bodies or overaxpression of proteins

What is not possible?

Tetracycline regulation
Floxed /Fretted Technology
shRNA
cell-specific promoter e.g. CaMKIl

Front. Neural Circuits, 2013.7:1 40
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Viral Tracers

Non-
transneuronal

Retrograde
Poly-synaptic Mono-synaptic

e

RV, PRV

Edward CaIIaway

Wall N R, et al. PNAS, 2010
Wickersham I R , et al. Nature Methods, 2007

Lynn Enquist

Pomeranz L E , et al. The J Neurosci, 2017

-

Poly-synaptic Mono-synaptic

\

Anterograde

i

HSV— HSV—l dTK/

e A 9
N 4
A
Js
i {3\
4 ﬂ-‘
o

David Anderson

Lo L, et al. Neuron. 2011

Nassi JJ, et al. Front Neuroanat. 2015
Zingg B, et al. Neuron. 2017

Zeng WB, et al. Mol Neurodegener. 2017
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I RS SMA RERmE LR

Anterograde
poly-synaptic mono- synaptlc

AAV: RFEZE Zingg B, et al. Neuron. 2017
KEORKRKET (VSV) A Al Beier KT, PNAS, 2011 " % %%
BAaEBHRE (HSV) 1298 (H129)

H129, VSV H129-ATK

Lo L, etal. Neuron. 2011
Zingg B, et al. Neuron. 2017
Zeng WB, et al. Mol Neurodegener. 2017
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€ Anterograde Poly-synaptic € Anterograde Mono-synaptic
AAV-TK-GFP @ y
H129-dTK-tdT —"'/@t

H129-dTK-tdT - AAV-TK-GFP
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HSV-18945%

B imEMALEDKZ, BH18120-200nm:
¢ GlfE/envelope: R EREERNERVNER

= 11/,

e fgitegument: BEESRER. FER, TE
i hER, BELRZ

20E{F, mEEEB+KT

& H[E 2B/ viral genome: dsDNA, 152kb, 4% .5




HSV-18945 %75 [ 5 I R 7R R

Retrograde trans-synaptic tracing for input network
Nassi, J.J, 2015 Front Neuroanat doi: 10.3389/fnana.2015.00080

HSV-H129

Anterograde trans-synaptic tracing for output network
Lo, L, 2011, Neuron: 938-950
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Zhao, et al. J Med Virol 2016, €% 201511029238.8; 201510287275.2 46
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Cold sores Trigévéinal Qanglia Herpes Keratitis

[ Primary ]——>[ Latency J<_3[Reactivation]

Herpes Keratitis: Leading cause of corneal blindness

Herpes Brain infection: Encephalitis, AD, epilepsia
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B REEREAE: X

HSY
(152 kKbp)

TF!! UL IF!! IF!jg- Us TR?

VZw
(125 Kbp)
o B v=g5e

EBEY
(186 kbp) IR
Us Uy

O0——=T1T1T11711T1

HCMY

(229 KbpP)l TR IR IRg

HHY -6
(162 kbp)

Legend:
U = long unique sequence

Ug = short unigue seqguence
TR = termminal repeat on long sequence

IR, = intermal repeat on long sequence
TRg = termminal repeat on short sequence
IRg = intemal repeat on short sequence

MIR = major intermnal repeat

Fiels Virology 2014
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infection [
BAC DNA G
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2. HSV-BA Clfik % € 04—[ = ]ﬁono

Virus growth curve

3. TREEHSV

+BAC

log (PFU/ml)

6
ff(‘f

RET RIRBRE 12IS$H"§$IJ ﬁﬁmﬁﬂ
MVHERETR; HEHEREES
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HSV-13E 20 4544

NON-ESSENTIAL GENES
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BEL o3 222 £ 8§ ’% 835 33353 33 Ef ¢8% ZRR38 58805
uo 53535 55 = =] 53 355 555 S5555 55 55 (SN S] 333253532 D595 DD
TRL UL IRL | IRs Us TRs
("]
mmmmm 8- ER2 H JSERELESNRISEESE P £ BR3 = w 3
JJJJJ — R | e — — ] e ] e e e e e e e e e — — — — o W =]
Sl=l=l=l=] 5 53 5535 =] 553555555555 555 =] == 555 = > =)

(© = UL53
Y

ESSENTIAL GENES
VHS: virion host shut off protein
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H120R FEHEWESBUE

gl UL: ULs

UG uLa uLs N ght ULT2 ULT4 uLzr

1 < — — {—
UL26  gB ICP8
UL26.5 uLza Pol

(] () (] ) (=]

LILET ULUIL33 UL3S
ULZ2 LILz4 LILZ6

IRL IRS

oLz ULe LTT UL13 ule

LILE7

LL3S

LIL38

palteniaee Ta o—

LL4a WP1Ee UL49aAULSY uLs3l uLss ICPD ICP34.5  1CPa4

LILa7 gl LILE0 LILSZ LIL54 LILSS

usi1  us3

sz

1. FEUL22-UL23[al#AN BAC, FZEH129-BAC

2. EUL10-UL11,

3. MH129FE:F AR UL23(TK). UL5S3 (gK) A,

US7-US8#H A GFP

FIRE IR R B B 2k T B H129-dTK, H129-dgK

(| [ [— ) (1 [} [N
UL43  UL4S
gl

al

L4z

:}I--EE*GDFP

‘BAC
Y o R o B o i Y Y=

usg Ls11

Us10 ICPay

BERD

Early genes
Middle gen
Late genes
Latency
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MEHSV-1 H129

us
uL22 UL23
HSV—G]— — GFP
uL22 UL23 us7 uss
. | z g
HSV-G2 = . W
oLig gL o EVv-p OFP Zeor
HSV-G3 = e ———— -
CMV-p mGFP kan®r
I - S —

Bright, efficient, showing details of labeled neurons-spikes _

Zeng WB, et al. Mol Neurodegener. 2017



Role of TK

o R

- =
H G_E._
H T H H TH

o S — ot - Mot A i
(Thd) (TMP)

TKAEALThd S FRTMP, & R TTP
<88 — 2, DNAK il Fr b 0

TK (Thymidine kinase)

1

essential for TTP synthesis and
viral genome replication

TK deficient H129 can’t
replicate in neurons
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H129-dTK

viral titer (pfu/ml)

uL22
N

H129-tdT [}
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1 S
103 -
©
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Hours post infection
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EFZINRRERELRESH

I )25 %2 2 TR
H129-G4, %f, H=

H129-R4, #Ith, w5
H129-LSL-TK-G4, ks, mist
H129-G2-FLH2, &, MRIEH
H129-G3-ChR2, 5%, LIResa
H129-R4-GCaMP, =i5%, WREfES
A

H129-41G4, ®E%, W, WA
H129-56G4, &%, W, R+

Came €@ T

L ] |

AN

I 7 5 B 2% TR

H129-dTK-tdT, 4Lf8, Tt
H129-dTK-T2, 4.8, AFELE, LMELE

H129-dTK-G4, Zkth, Fyth
H129-dgK-G4, %Rfa, ®5e, MRE
H129-dgK-G4-d56, JR#, &, MR+
T3 BN i SR A 5 S
H129-vp26-mCh, %A 72 £t
H129-gD-GFP, ity 4p a2t
H129-G/R, REEBRLAFIR
H129-G/R-dX, ZFhLLERXUARERIE R

AHRE, FERILE

TR SR IF
HTE;R % Zena WB. et al. Mol Neurodeaener. 2017
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Microfluidic device and transmit
direction of H129 in vitro
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H129-G4 transmission direction in vitro,

10° pfu/ml

107 pfu/ml

® Day 1

.
®Day 7
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C
Day 4 ® Day 1 Day4 ®
“ s lﬁ

o— ® o— o
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, -y [ —_ | 1
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Brain stereotaxic injection

nanoliter injector

coordinate-display stereotaxic frame \

ear ba

electric drill

plunger holder

-Lml-|-'-—|=

nanoliter - . -
injector rings capillary




Anterograde Polysynaptic Tracing with H129-G4

UL22 uL24
H129-G4 [ [ BAC =
‘ P GFP-2A-GFP Pow GFP-2A-GFP

a

cont. M1

______

____________

20 20 ym

High labeling eff|C|ency and intensity: d’éwals,g)‘ neurons

OI NG‘Urn..
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Polysynaptic Tracing with H129-G4 and imaging by fMOST

uL22 uL24 UL7 uULS
™ ¥ ", ¥
H129-G4 [ - I — —
‘ P GFP-2A-GFP Py GFP-2A-GFP

,
—_——— =
y

o

Bl = e IR

__________________

=
S 304um

High intensity H129-G4 labeling is compatible with fMOST

whole brain high resolution imaging
fMOST: fluorescence Micro-Optical Sectioning Tomography Zeng WB, etal. Mol Neurodegener. 2017
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H129-dTK-tdT: anterograde mono-synaptic tracer
N =185 B2 4% T R A0 2 1588

-

H129-dTK-tdT . - Helper: AAV-DI O-TK-G?

uL22 uL24 Y
— [ BAC =l T} — > ]
......... S S— P..,.  DIO-TK-2A-GFP
Piiav tdT
| =

TK co-expression

for viral ri;ili/c:-@

Neuronal infection OK
but no viralreplication

initial infected
starter neuron

H129 virion
propogation
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H129-d T K| [a) B B 2R 7= B

H129-ATK-tdT ] - EAC = — T ——
e R Zcom (ATK)
Pcmv tdT
AAV-TK-GFP TR
P... TK-2A-GFP
VEE TR B
AAV-'rlK-GFP H129-d:’£K-th Jg‘”:l"f%é
; 1 |
Day 1 Day 22 Day 32
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The first anterograde mono-transneuronal tracer

Zeng WB, et al. Mol Neurodegener. 2017 64



Axonal Transport of H129

gD-GFP
UL35-mCh

gD-GFP UL35-mCh

Microtubules
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Axonal Transportation of H129 Particles: Primarily as

Cancide in Cartieal Nlaliran Avang
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© 5

?r—gD GFP @ Day 1
s Il

0}
o

N
o

H129-BAC =

Probability%

o3

H129-G/R

unenveloped enveloped
capsid
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CA1l-EC connectivities with H129 tracers

EC === CAl

A distinct entorhinal cortex to C()l |ab() rati ons EC 4= CAl

submitted

hippocampal CA1 direct circuit
for olfactory associative learning.
Nat Neurosci. 2017; 20:559-570.

erfuse
AAV-DIO-TK-tdT TE'P H129-dTK-G4 p‘ peruee
Day 1 Day 14 Day 22 Day 26 Day32

A
Starter cells in dCA1 Target cells in AuD and Ect 67



RESEYRE

o AAV: EWZe1%%

¢ Rabies virus: 5588k, W42,
EER, EWE4E3I3%

o HSV-1H129: £¥& 2%, BU 44
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Boppana®... Britt". N Engl J Med. 2011: 2111-8;  Kimberlin®... Britt". N Engl J Med. 2015: 933-43 70
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