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A C. elegans model of dopaminergic neuron
development and degeneration

What can a tiny nematode teach us about human disease?

Maria Doitsidou
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My PhD research: Germ cell migration in zebrafish

Doitsidou et al., Cell 111(5):647-59
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My talk today

A short history of C. elegans (and a tribute to basic research)

The scientific questions that drive my research

Our findings on dopamine neuron development and
degeneration. Detour: technological advances that make our
research efficient

How we bring research findings from worms to humans
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Nobel Prizes for C. elegans research

Nobel Prize for Physiology and Medicine
2002

Sydney Brenner

H. Robert Horvitz

John Sulston

Nobel Prize for Physiology and Medicine
2006

Andrew Fire

Craig Mello

Nobel Prize for Chemistry

2008
Martin Chalfie
(with Osamu Shimamura and Roger Tsien)




But where did it all start?



1963: Sydney Brenner
Laboratory of Molecular Biology, MRC, Cambridge

‘It is now widely realized that nearly
all the “classical” problems of
molecular biology have either been
solved or will be solved in the next
decade... Because of this, | have long
felt that the future of molecular
biology lies in the extension of
research to other fields of biology,
notably development and the
nervous system.’

‘I would like to tame a small metazoan organism to study development directly.
My ideas on this are still fluid and | cannot specify this in greater detail at the present
time...’

5 months later...

Letters between Sydney Brenner and Max Perutz in 1963




How genes specify
the complex structures found in higher organisms?

[ Mutation ]

4

[ Phenotype J

Sydney Brenner l

1963
Function

—

Focus: Nervous system



10 Years later: 1973

Brenner had identified 619 mutants with visible phenotypes |

Synaptic transmission
Axon guidance
Neuronal specification

Thus, he set the foundation of developmental Neurobiology



Deciphering the cell lineage
959 cells in the adult hermaphrodite

Time Elapsed: 02:12 01

4\

John Sulston

“A simple analogy is to imagine that you are watching a bowl! with hundreds of
grapes, trying to keep your eye on each grape as it and many others move”
John Sulston



({o0 ‘
B / /7 KL «
K, \ 4 ,' ” | ;

p—

?)ié) \O 2 %‘f ch?.. |

. -k
A(XG? s (« ) / )\, iteo €%
k/. O O’( ./ "“fr”"'fﬁ _ \) (ﬁﬁ
@, O —
X "w e
» “John Sulston

(vry ',;"' f

O%) deivis Oy e

BB

3 ,“on.)c, ;".',-n,;,,",

‘0’ ":";' O ’

(LHL !.\G—‘(,"‘.

. f@ “ppp OO&@@ 2\

' 0
—
,A




Constructing the lineage

- ‘..""' "
V. Y \‘-' ' 2 V4
‘x?

B
A A

John Sulston




The first complete lineage of an organism

zygote
|

AB,

= neurons

In total: 959 cells

Stereotypicdivisions nypodermal

cells

W abl‘ tions H 1{

) mechanism:

[ E—

cells

111l W iy

L |
endodermal mesodermal

cells

| |
mesodermal
cells

gonadal
cells

-



WORMS, LIFE AND DEATH

A
PSS

* In addition to the 959 cells found in the adult worm,

another 131 cells are generated but are NOT present in
the adult

* These 131 die in an invariable way: ALWAYS THE SAME
131 cells die. As if it is ‘programmed..

H. ROBERT HORVITZ
Discovered Apoptosis

Nobel Prize in Medicine




Genetics of Programmed Cell Death (=Apoptosis):
CED-3, CED-4 and CED-9 have human counterparts.

Death

[ signal - \
Egl-1 @ | |— BAD
|

C. Elegans Humans

Ced-4 . . Apaf- ]
Ced-3 - - Caspase
— Inhibits \A; Sl’S/

- [nduces



C. elegans laboratories

500

450
400 -
350 -
300 |
250 -
200 |
150 -
100 |
50 -

Exponential growth of C. elegans research

e Cc (-9 is conserved!

1965 1970 1975 1980 1985 1990 1995 2000



Biological universality

“One point that emerges from the studies of programmed
cell death in C. elegans and other organisms is the striking
similarity of genes and gene pathways among organisms that
are as superficially distinct as worms and humans...

| like to refer to this theme as “The principle of biological
universality...”

In the words of Nobel Prize winner R. Horvitz

http://nobelprize.org/nobel_prizes/medicine/laureates/2002/horvitz-lecture.html



Examples of apoptosisin humans

o a - o D
In Development: Finger formation m C‘/ 2 o A (Y e _§ \( {/)-

l —> B - B —
JA "B‘ c. <Dl

_ Cell death ! Viable tissue

In Disease:
Neurodegenerative Diseases
(too much apoptosis)

=" Parkinson’s, Alzheimer’s,
opocarpus | i Huntington’s, etc.

Nature Reviews | Molecular Cell Biology

Cancer (too little apoptosis) -Tumor cells fail to undergo apoptosis



Sydney Brenner, Bob Horvitzand John Sulston’simportant
discoveries for medicine started...

...with studying how a tiny worm develops

Fundamental research of today
fuels medicine of tomorrow



2006 Nobel Prize for Medicine:
Discovery of RNAi (RNA interference) in C. elegans

Andy Fire Craig Mello

Importance: gene regulation, immunity



Lighting up life: GFP

......

Aequorea victoria

Marty Chalfie, Nobel Prize in Chemistry, 2008



C. elegans transparency and use of GFP




My talk today

A short history of C. elegans (and a tribute to basic research)

The scientific questions that drive my research

Our findings on dopamine neuron development and
degeneration. Detour: technological advances that make our
research efficient

How we bring research findings from worms to humans and vice
versa
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What cell fate programs coordinate neuronal differentiation?

Which molecular mechanisms govern neuronal degeneration?

i i Differentiated Degenerating
Undifferentiated cell ) ) i )
Dopaminergic neuron DoRaminergic Neurpgn

Why choose a simple model organism to study these questions?



Complexity of the nervous system

>100 billion neurons >100 billion stars




Model organism biology:
Complexity vs. Genetic tractability

. Generation time # off # organisms/m3
Organism !
spring
C. elegans 3 days 300-1000 10.000.000
" Drosophila 10 days 500/2 1.000.000
Mouse 3 months 8/2 100
Humans 25 years 2.4/2 0.01




A simple nervous system

* Exactly 302 neurons

e ~ 7000 synapses, connectome reconstructed

* Tolerates nervous system defects
e Conservation of biological mechanisms



C. elegans dopaminergic system

CEPDs
CEPVs l ADEs PDEs

N |

— o " o
N o O 0O ®

8 dopaminergic neurons




C. elegans dopaminergic system

CEPDs
CEPVs ADEs PDEs

Y

———— ———— v

cose 000 T

8 dopaminergic neurons

Locomotion behavior

Adaptation

Associative and non-associative learning
Goal oriented behaviors

olfactory bulb substantia nigra

hypothalamus
ventral tegmental area

400,000-600,000 dopaminergic
neurons

* Coordination of movement
* Memory

* Learning

* Motivation

e Reward



What is a dopaminergic neuron ?

CEPVS ADEs PDEs

o
ee . ——— i — — i — — ———— —— ————— ———

cat-4 cat-2 i
oy cat . Dopamine pathway
bas-1 A gEI'IES:
AAAD | TH: tyrosine hydroxylase
-y GTPCH: GTP ciclo hydrolase
VMAT / AAAD: aromatic L-amino acid

Differentiated
dopaminergic neuron

decarboxylase

VMAT: vesicular monoamine
transporter

DAT: dopamine transporter

How is the expression of dopamine orchestrated?
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What is a dopaminergic neuron :

CEPVS ADEs PDEs

L . - S e —_—_————e e ——————— — — — 1

cat-4 cat-2

eTPo — Th Dopamine pathway

genes:
TH: tyrosine hydroxylase
GTPCH: GTP ciclo hydrolase
AAAD: aromatic L-amino acid
decarboxylase
VMAT: vesicular monoamine
transporter
DAT: dopamine transporter

bas-1 |

AAAD

cat-1

VMAT

I

|

I

|

Differentiated |
dopaminergic neuron | @ ®

:

I

I

|

I

How is the expression of dopamine orchestrated?

Transcription factors

Dopamine
pathway gene

Regulatory DNA



Dopaminergic neuron genetic screen

00 <<><>Q§\ | |

Chemical
Mutagen

Check for defects in
dopamine neurons

CEPVs

CEPDs
ADEs

Y




Mutants with abnormal dopamine neurons (dopy)

o CEPDs
Transcription CEPVs l ADEs PDEs
factors affected: v Y
wild type
dopy-1
dopy-4

dopy-5

dopy-6

dopy-2

dopy-2

dopy-7

dopy-3

@ :dopamine neuron
X :failed to specify

dopy-8

dopy-9

I Sy
-ty
- ey
Iy
-y
X
Iy
Iy
I Sy

From: Doitsidou et al., Nature Methods, 2008



Dissecting the regulatory DNA in the dopamine pathway genes

GENE

Dopamine A barcode
L] [ ]
. pathway gene for dopaminergic fate
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Regulatory DNA

3 Indispensable Motifs: transcription factor binding sites

B ETS site B Homeodomain site B PBX site

QCacmAAﬁ Bon TR éﬁATAAT-QC Q‘R‘/.\ . G'ATST‘QATT*r X

Doitsidou et al., Genes and Dev, 2013




Combining the information from the two approaches

GENE

i Ao W N =

Dopamine
=i pathway gene — —
CEH-20 C D=
kel ' >
—i-u-
== = =
—--—
| |
_________ 4 — —
Regulatory DNA ' - e
Binding sites Transcription factors
B ETS site @ ost-1/5ts
B Homeodomain site ‘Ceh'43/DXI
H PBX site ceh-20/Pbx




The expression of dopamine is orchestrated
through a combinatorial logic

CEPDs
CEPVs l ADEs PDEs

\ ™

wt

------------

e —
P -
- -
- -
- S==a
- = -

J

Dopamine
pathway gene

Doitsidou et al., Genes and Dev, 2013



Combinatorial regulation of mouse olfactory bulb
dopaminergic neurons?

—

,' Olfactory’ !
"\ bub /
! VTA

SN

Pbx1,2,3 Et"ll DIx2
r

Qiu et al. 1995, Brill et al. 2008, Cave et al. 2010, Flames et al. 2009, Doitsidou et al. 2013



Generating ‘extra’ dopamine neurons

C. elegans embryo C. elegans embryo

+ Ectopic

Expressing these transcription factorsin cells that would not
normally become dopamine neurons, induces dopaminergic fate



Detour

Technology implementation for high-throughput genetics




The power of forward genetics

Unbiased approach

Unexpected findings

Hypomorphic mutations

Gain of function mutations

Synthetic mutations

2 Bottlenecks:

Mutant isolation & identification of molecular lesion

TIME




The COPAS Biosorter (or ‘worm sorter’)

[(H"Y /]

Mutagenized population “in

- ‘\

2 Air Diverter

(A
The COPAS Biosorter (Union Biometrica) Desired mutant “out”

Present at the University of Edinburgh,

at CIP




Efficiency of the worm sorter in mutant isolation

1 mutant / 10 days 1 mutant / day

Doitsidou et al., Nature Methods 2008



From mutant to mutation:
whole genome sequencing for every mutant

C. elegans genome sequencing cost: < £ 200

Doitsidou et al. PLoS ONE 2011
Sarin S, Bertrand V, Bigelow H, Boyanov A, Doitsidou M, Poole R, Narula S and Hobert O.Genetics, 2010
Bigelow H, Doitsidou M, Sarin S, Hobert O. Nature Methods. 2009



Each mutant, a story

CEPDs
CEPVs l ADEs PDEs
e '

dopy-1
dopy-4
dopy-6

dopy-5

lin-32

dopy-2

dopy-2

dopy-7

ot337

dominant [ dopy-3

dopy-8

dopy-9
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A C. elegans mutant with robust dopaminergic neuron degeneration

ot337 mutant

Progressive degeneration

[=2]
1
[ ]
[ ]
[ ]
[ ]
[ ]
[ ]
[ ]

Number of dopamine neurons (mean)
s

——  Wildtype
—=— 01337 mutant
2-
0
h) 50 100 150
T Time(hrs) T
@ :Normal neuron 3-fold Day-4
egg adults

X :Degenerating neuron

o a
Qo >
> -
e o
S e
; CEPVs ADEs ;
r= -

[
g S

=
= =

Nagarajan A, Ning Y, Reisner K, Buraei Z, Larsen JP, Hobert O, Doitsidou M, J Neuroscience, 2014



Differential susceptibility of the various classes of
dopaminergic neurons

CEPDs
CEPVs ADEs PDEs

A\ 4 Y

‘.o ® ;
wit ®oe ° ®

Bl wild type Hl mutant

Mean # of DA
neurons/worm
N -_— N N
o o o 3]
[ [] [ []

e
(3,
1

o
(=}
1
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Q
&

g

Q %2
& v X

R

Dopaminergic neuron classes



Deregulation of trp-4 function results in abnormal behaviour

Wild type Mutant with degeneration

Basal Slowing Response



A gain-of-function mutation
in a Transient Receptor Potential (TRP) channel trp-4
causes degeneration of dopaminergic neurons

TRP-4 channel M1779I
F{l\ I&ﬂvﬁ MlssenS_e gain
X0 of function
l_l" ['] - mutation

TRP-4 is expressed in dopaminergic
and other neurons

Neurodegeneration

Dopaminergic neuron




Transient Receptor Potential channels

TRPC TRPV TRPA

TRPC1

TRP Cytoplasm .

TRP CHANNEL FUNCTION

* Conserved across phylogeny

* Are expressed in the brain and in
dopamine neurons

* Mediate sensations: taste, touch,
pain, temperature

+44

TRP-CHANNELS AND HUMAN DISEASE

« Hypomagnesia, hypocalcemia (TRPM6)

 Autosomal Dominant Polycystic Kidney
Disease (TRPP2)

 Mucolipidosis (TRPML1)

 Scapuloperoneal spinal muscularatrophy

 Charcot-Marie-Tooth disease

From Venkatachalam and Montell, 2007



Reducing intracellular calcium slows down dopaminergic cell death
in the mutant trp-4(gf)

TRP-4 channel

0

cazd{crt-1]
ca2+

Mean # of head DA
neurons/worm

Neurodegeneration

trp-4(af)
+EGTA

2
S
Y
5

77
S S
=Rt
“—
S
Ny
5

Wild type

~
-
o
Q
&
(e
S
S
N
-

Dopaminergic neuron

Nagarajan A, Ning Y, Reisner K, Buraei Z, Larsen JP, Hobert O, Doitsidou M. J Neuroscience, 2014



Organelle changes in dying dopaminergic neurons

Observe organelle damage in a living organism
Multi-color fluorescence in different organelles

TRP-4 channel
o m{\‘ )\s 3
SR

Mito ER Overlay

;m_ = v
Golgi |
.y

] . Nucleus
Mitochondria .

T ¥,

Wild type

Lysosome

trp-4(d)
before

Can we prevent neuronal cell death
by manipulating organelle function?

.
.
.

trp-4(d)
degenerating



High-throughput screens for mutations that stop neurodegeneration

TRP-4 channel

0

{ %
¥

¥ Mutagenesis “e

|

X

trp-4 mutants: Suppressors: survival
degeneration of dopamine neurons




High-throughput screens for mutations that stop neurodegeneration

Imagine billions of patients with the same genetic condition:

SR,

Some of them might be resistant to the disease

We can do this experiment with our model organism



High-throughput screens for mutations that stop neurodegeneration

trp-4 worms Change their
genomes

(loss of dopamine

neurons)’ ﬁ(mutagenesis)
|

X x
xx
>

x x
L
xx

We can generate
unlimited number of worms
with PD symptoms

Search for worms
resistant to disease

Differences in the
genome of resistant

worm?

¢

Is the protective
mechanism relevant
for human disease?



High-throughput screens for mutations that stop neurodegeneration

trp-4 worms Change their Search for worms
genomes resistant to disease

(loss of dopamine »
neurons)’ ;(mutagenesis) ’
| >

x
>

X x
Xx

Pilot experiment Differences in the
genome of resistant
1 round of screen (=1 week): 25 mutants worm?
 delayed degeneration
* very strong protection, most neurons
unaffected @
 completely immune to degeneration
Is the protective
mechanism relevant

for human disease?



My talk today

A short history of C. elegans (and a tribute to basic research)
The scientific questions that drive my research

Our findings on dopamine neuron development and
degeneration: detour on the technological advances that
make our research efficient

How we bring research findings from worms to humans



A role of TRP channels in Parkinson’s disease?

A

Caudate

Putfimen Wl\'uclcux

—

\
/ \\hgrmtrlalal

Pathway

_ Substantia
Nigra

27 TRP channels in humans
» 8 in the substantia nigra

Exome sequencing

The Norwegian Parkwest study

A prospective longitudinal Parkinson’s Disease
cohort

* 183 patients with PD
* 192 matched controls

Jan Petter Larsen

Stavanger University Hospital
Ole-Bjgrn Tysnes

Bergen University Hospital

Rare protein changing mutations in brain TRP channels

- Genomic data from other cohorts -association
- Introducing human TRP channel variants in the worm



Parkinson’s disease

Caudate
Nucleus

—

/Kﬂ >~
/ \_Nigrostriatal

Pathway

\ Substantia

Nigra

PARKINSON'S DISEASE:

SEE THE
SIGNS

SOFT OR LOW VOICE

Also: Slurred speech,
hoarse voice

SLOUCHING

SLIGHT TREMOR OR
Stoop or lean when SHAKY LIMBS
standing.

Twitching in chin, lip,
or finger

RIGID LIMBS

Arms don't swing when CHANGE IN
walking. The stiffness in HANDWRITING
limbs doesn't go away Handwriting is verx small

when moving. or crammed together

on page.

MensHealth

Motor Symptoms:

e Shaking

* Rigidity

* Slowness of movement

Non motor symptoms:
* Depression

* Dementia

* Mood disorders

No diagnostic test
Cause unknown
No cure that stops neuronal loss



In need of Biomarkers

C Presymptomatic Diagnosis
NEUROPROTECTION

—— Dopaminergic
neuronal loss

w  \otor
Symptoms

Progression symptoms
Cognitive impairment
Postural imbalance

=== Non-Motor
Symptoms

Precursor symptoms
Hyposmia
Constipation
REM-Sleep Behavior f==="="="="="

-
o ! ]
- 5-10 years? 0 Time (years)
Onset of neuro- Diagnosis
degeneration

Premotor phase Symptomatic PD

Image: Lebouvier et al., 2010



Differential disease progression

2 EXTREMES Normal
many years
after
exo m} g diagnosis
sequencing

Is genetic variability contributing to the differential progression?



From worms to the clinic and back

* Functional Validation of
exome sequencing findings
Mechanistic insight



Robin Morgan:
4 Powerful poems about Parkinson’s and growing older.

“I do not feel diminished by Parkinson's; I feel distilled by it, and
I actually very much like the woman I'm distilling into.”
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