spring

Life on earth is under the
influence of basic environmental

summer ij € #) winter  periodic changes such as day-
RV f night cycles or the fluctuation of
@ seasons
autumn

The mechanism that keeps track of time, and
therefore allows the organism to anticipate
upcoming daily changes is termed

CIRCADIAN CLOCK

g C.Bertolucci
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Circadian clocks are
molecular time-
keeping mechanisms
that reside in a wide
range of cell types in
a variety of
organisms

The key feature of a circadian clock is its ability to
synchronize (entrain) to environmental time cues
(so-called zeitgebers, “time-givers”) and to
maintain rhythmic function when placed in
constant conditions

@ﬁa C.Bertolucci
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General mechanism of biological oscillators

Light
a ) / Locomotion
Temperature r ‘
.y _ [ Input [> [> /' Sleep/wake cycles
‘ ’ ~
availability Resetting \ Hormonal control
g )
Social . Homeostasis
interaction — Oscillator

FEATURES OF BIOLOGICAL CLOCKS:

Feriod

- Reset by environmental cues

(Zeitgebers):
Light, temperature.....
_Circadian oscillation:

Period approx. 24h (circadiem = about a day)
Persists in constant conditions

Am;:.\mude

- Temperature compensation:

Period constant over physiological temperature range

l"i C.Bertolucci
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Endogenous clock systems
(circadian, circannual, ultradian)
are present in all organisms known.

They have evolved to measure time and to keep
the organism in entrainment with the environment.

Light, feeding and temperature are the strongest
Zeitgebers for circadian rhythmes.

.,,r,,_ C.Bertolucci
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Biological rhythms are ubiquitous
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Rhythms of body function in humans

Temperature

-

-

. - -
K" excretion ~~

Plasma cortisol

Growth hormone

6 AM. Noon 6 P.M.
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Circadian rhythms generation consists of interacting
positive and negative transcriptional/translational feedback loops

Far/Ciyed / _
CLOCK/BMALT
Emalimaf)e
Cytoplasm
doLK - BMALY
(7
§
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The molecular
circadian
mechanism
(molecular
transcriptional and
translational
feedback loop) has
been conserved
during the
evolution



Molecular oscillations result in modifications
of cellular activity

Cells within a given tissue synchronize with
each other via particular output signals

Neurotransmitters, neuropeptides, diffusable
factors, hormones, etc.

Organs communicate with each other
(Coordination of organ function)

Whole-organism feedback system
(From genes to cells to tissues to organs to behavior and back)

E& C.Bertolucci
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Body physiological functions have to be coordinated
in a way that:

Physiology and behaviour correspond to the
environment

Interdependent metabolic functions are synchronised
with each other

Incompatible metabolic functions are separated from
each other

Eff C.Bertolucci
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Key questions:

Where are the regulatory centres localised?

How and where is the light signal , the most
powerful zeitgeber, detected?

Eff C.Bertolucci
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VERTEBRATE CIRCADIAN SYSTEM
MULTIOSCILLATORY SISTEM

&Y ™ A4\

entral Oscillator Peripheral Oscillators
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MAMMALS

AN

retina

\J
Rhyr
—

Peripheral oscillators

I\
SCN o

overt behavioural rhythms
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In mammals

Light input to the circadian system comes
exclusively from the retina, mediated via a subset
of ganglion cells that project to the
suprachiasmatic nucleus.
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Light responsive circadian oscillators

Drosophila melanogaster
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Drosophila

Rhythmic clock gene expression can be found in
any tissue

Rhythmic clock gene expression is maintained in
culture

All cultured tissues are light responsive
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Light responsive circadian oscillators
ZEBRAFISH
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ZEBRAFISH

Rhythmic clock gene expression can be found in
almost any tissue

Rhythmic clock gene expression is maintained in
culture

All rhythmic tissues are directly light responsive

w C.Bertolucci
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Use evolution to explore the input
pathways to the circadian clock




CAVEFISH AS MODEL SYSTEMS

Troglobitic (exclusively subterranean) fish evolved under
conditions that contrast with those of their epigean (surface
dwelling) ancestors mainly by the absence of daily cycles of
light (and in many cases, also of temperature cycles).

Astyanax mexicanus Phreatichthys andruzzii

CONVERGENT EVOLUTION

t,,} C.Bertolucci
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Phreatichthys andruzzii
s ({/‘ﬁ
4 e
LA
gy
maayc \$
) }'?\

* Anophtalmic (eye loss 36 hours post-fertilisation)
« Scales not present

« Complete depigmentation

* Reduced metabolism and oxygen consumption

* Negative phototaxis

s.-g C.Bertolucci
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What are the advantages to use Phreatichthys andruzzii?

- Cyprinids (close relatives)

- Isolated for 2 million of years

"-‘F C.Bertolucci
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What is the effect of light exposure
on the behavioural activity in the
cavefish?
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What is the effect of light exposure
on clock gene expression in the
cavefish?
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FIRST STEP: cloning of cavefish clock gene homologs

Per i] E-box

cry E-box CLK1
E-.__I_I L ClLK2

CRY1la CRYZ2a CRY3

)X

PFR1 CRY1b CRY2b CRY4 RMAI 1
PER2 CRY5 (6-4 photolyase) BMAL?2
PER3 BMALS3

b A
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FIRST STEP: cloning of cavefish clock gene homologs

Per i:l E-box

cry E-box
11 % ClK2
— ~— . aw

CRYla |CRY2a CRY3

W<

PER1 CRY1b CRY2b CRY4 EAA;\\QILIIZ
PER? CRY5 (6-4 photolyase) BMAL3

PER3

i
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FIRST STEP: cloning of cavefish clock gene homologs

Per4 -

Clock1 -
B-actin ----
Cry1b -
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PHYLOGENETIC ANALYSIS

66

CRYPTOCROME

98 Homo sapiens
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Gallus galus
20
92 Sylvia borin
77 i
Xenopus laevis
Podarcis sicula
ﬁ': Danio rerio Cryla
Phreatichthys andruzzii Cryla
_E Danio rerio Crylb
87 Phreatichthys andruzzii Crylb

_97 — Danio rerio Cry2a
[ Phreatichthys andruzzii Cry2a
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—
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£
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50 Anopheles gambiae
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03 Danaus plexippus
100 |: Antheraea pemyi
Euphausia superba

Strongylocentrotus purpuratus

o5 Xenopus laevis
Danio rerio
98 Phreatichthys andruzzii

100 Danaus plexippus
72 L sesamia nonagrioides

36

Drosophila melanogaster
47
Strongylocentrous purpuratus

Arabidopsis thaliana

Gallus galus
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Expression level
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CELL LINE CREATION

Trypsin

Comparative study to dissect the
mechanisms of light input pathway
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Our data reveal that either Panadruzzii lacks
the circadian clock itself or it has a clock
lacking a functional light input pathway

Could the cavefish circadian clock be entrained
by an alternative environmental time signal
(zeitgeber) like the periodic food availability.
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Transient treatments
with glucocorticoids
are widely used to
induce rhythmic gene
expression in
cultured cells

~
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Relative bioluminescence
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Relative bioluminescence
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o

o

0 12 24 36 48 60 72 8 96 108 120
hours following stimulation
1=47 (22°C), 43 (25°C), and 38 h (29°C)
revealing reduced temperature compensation
with Q,o*1.35

In zebrafish 1=23.6 (22°C), 24.2 (25°C), and
fiyg Y Bertolucei 24.6 (29°C) h, respectively Qo= 1
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These results point to P. andruzzii having a
functional clock that is entrainable by feeding but
not by LD cycles.

This contrasts with the situation in zebrafish
where both light- and food-entrainable oscillators
are present.




P.andruzzii represents a powerful complementary
model for exploring the function of the light input
pathway in vertebrates

Light-induced transcription of clock genes
represents a key step in photic entrainment of the
zebrafish clock.

Could mutations in promoter sequences of light-
inducible clock genes account for the cavefish blind
clock phenotype?

@fg C.Bertolucci
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Cavefish Period2 promoter analysis

E-box D-box
Cavefish GGCCATGGT- GQ@ GT GTATGACATACTTATGTAAAGAGACTGGCGGTCTGTT
Zebrafish GGCCATGGGTGTCCAL AGTTGTATGACACACTTATGTAAARAGACTGACGGGCGTTT
Chicken AAACATGGTGTCACACGTGAG——————————— GCTTATGTAAAATGAGCGGCGTGCGGCE
Human GAACATGGAGTTCCARGTGCG——————————— TCTTATGTAAAAAGAGCGACGGGCGCGE
Mouse GAACATGGAGTTCCAEGTGCG——————————— TCTTATGTAAAGAGAGCGACGGGCGTCT
Rat GAACATGGAGTTCCAEGTGCG——————————— TCTTATGTAAAGAGAGCGACGGGCGTCT
ol ol ol ol el ** * bl il ol all ol ol il i nll

zfPer2-luc —B—Eﬂ—' Luciferase |
Cf/Def'Z-ILIC '? ?“—' Luciferase |
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Luciferase reporter assay of cfPerZ-luc in zebrafish cells (AB9)
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These results indicate that mutations disrupting
the cavefish light input pathway should lie
upstream of directly light-regulated clock gene
promoters.

Mutations affecting peripheral photoreceptors
could also account for the blind cavefish clock.

We chose to clone and characterize two opsins
(Melanopsin and TMT-opsin) in the cavefish.

ﬁ‘ﬁ C.Bertolucci
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TMT-opsin <=697bp
Melanopsin <=220bp
B-actin <= 146bp

C.Bertolucci
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Premature stop-codons were encountered in the coding
sequences of both TMT-opsin and Melanopsin at the C-
terminus of the 5™ transmembrane domain and the N-
terminus of the 6™ transmembrane domain, respectively.

Cytoplasm

TMT-opsin
Cavefish SSISYIICLFIFCLIVPFFGHYLLLWX-----=-===

Zebrafish NNISYIICLFIFCLIVPFLVIIFCYGKLLHAIKQVSS
L Rk Rk Rk Rk khk ko

Opndm2
Cavefish RAAGKEIRELDCGETLRCMNSPSWSLCFLX~ -~ == ===-n
Zebrafish RAAGKEIRELDCGETHKVYERMONEWKMAKVALVVILLFI

khkhkhkkkhkhkthktdr - -
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Rescue of the light input pathway to Period? promoter

zfPer2-luc -B—Eu— Luciferase

ZTMT pcDNA 3.1 A TMT =
zfOpn4m2 pcDNA 3.1 m Mel —

HsC CHs CHjs CH; O
Retinaldehyde NNy

(9-cis and All-trans) CHy
Cavefish cells

CF N ——————...
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- Supplementing the culture medium with retinaldehyde

failed to induce rhythmic expression of zfPer2-Luc

- Upon cotransfection with single opsin expression

vectors, zf Per2-Luc was robustly induced during the

light phase and subsequently decreased during the d
phase (C, blue D, red).

ark

- Expression in cavefish cells of zebrafish Melanopsin

and TMT-opsin carrying mutations introducing premature §

stop codons equivalent to the two cavefish opsins

(zfOpn4m2K286 X and zf TMTY224X) failed to rescue
light inducible zfper2-Luc expression (C-D, grey, green).
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Exposure of Melanopsin or
TMT-opsin transfected
cavefish cells to blue (468 nm)
or green (530 nm) light is able
to activate the zfper?2
promoter (A-D). In contrast,
ho rescue was observed under
red (657 nm) light (E).

Exposure of zebrafish cells to
these same monochromatic
light sources revealed
activation by all three light
sources, with the strongest
induction by blue (F).
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SUMMARY

During 1.4-2.6 million years of isolation from the
day-night cycle, the evolution of the cavefish P.
andruzzii has lead to an aberrant circadian clock.

Contrary to the situation in most organisms, this
clock is no longer entrained by light but by food.

It is tempting to speculate that food availability
in the subterranean environment of this cavefish
might indeed be periodic, and therefore a clock
responding to and anticipating feeding time may
confer a survival advantage.




SUMMARY

TMT-opsin and Melanopsin serve as peripheral
tissue photoreceptors in teleosts

The presence of multiple photoreceptors, each one
differentially extracting timing information from
sunlight, could enable the circadian system to
more reliably indicate the timing of dawn and dusk

P. andruzzii serves as a powerful complementary
model to dissect the molecular pathways that
respond to light




