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Abstract

The developmental functionality of neural networks involved in complex diseases,
such as addiction, is an important determinant of adult behavior. Thus, understanding
the principles of embryonic neurogenesis is of prime importance. To approach this issue,
I focused on neurogenesis control in the midbrain-hindbrain domain, which contains a
long-lasting progenitor pool, the Intervening zone (IZ). I identified the Hairy/E(Spl)
factors Him and Herb as the crucial determinants of 1Z formation. The expression of
these two factors at the end of gastrulation prefigures and later during development
precisely delineates in space the 1Z. The 1Z is formed as a two-partite area (lateral
(LIZ) and medial (MIZ)), these two domains differing with respect to their sensitiv-
ity to the “Him + Her5” inhibitory activity. Using single and double knockdowns of
him and her5, as well as a him + her5 deletion mutant background (0404 ), I demon-
strated that Him and Herb are equally necessary for MIZ formation, and that they
act redundantly in LIZ formation in vivo. I showed that these processes do not in-
volve cross-regulation between Him and Herd expression or activities. Increasing the
function of one factor when the other is depleted, I further showed that Him and Her5
are functionally interchangeable. My results are in agreement with a model where the
global “Him + Herb” activity inhibits ngnl expression in a dose-dependent manner
and through different sensitivity thresholds along the medio-lateral axis of the neu-
ral plate. I showed that this differential sensitivity of the MIZ and LIZ were based on
graded Gli signaling along the medio-lateral neural plate axis at the level of the 1Z, and
that Glil activity in this process was regulated by the PKA/ GSK3/ phosphorylation
tandem. According to my results, Glil increases the threshold level for “Him + Her5”
inhibitory activity in the MIZ and loss of Glil function render the MIZ into the LIZ
in respect to “Him + Her5” inhibitory activity.

In parallel, to approach brain functionality, I developed a reliable conditioned place
preference methodology to score addiction in zebrafish, including a number of crucial
specificity controls, such as the assessment of the animal’s stress, vision and memory,
the measure of optimal drug doses, and a verification of the dose received into the
animal’s brain. Thanks to this methodology, I demonstrated that more than 95 %
of wild-type zebrafish robustly experience the rewarding effects of the psychostimu-
lant D-amphetamine. I next focused on the cholinergic system, a known modulator
of dopaminergic transmission in mammals and demonstrated that ache/+ mutant
adult zebrafish, which exhibit higher level of central acetylcholine (ACh) than wild-
type individuals, are strongly resistant to the rewarding effects of D-amphetamine.
This phenotype cannot be accounted for by alterations in the exploratory activity,



vision or memory of these mutants. Taken together, my results provide the first ge-
netic arguments supporting manipulations of acetylcholinesterase (AChE) activity as
a promising avenue towards limiting addiction behavior to psychostimulants. Second,
they show that the rewarding potential of amphetamine, as well as the importance of
the cholinergic system in modulating this effect, have been evolutionarily conserved
in vertebrates, and thus validate the zebrafish as a reliable model to give insight into
the molecular neurobiology of drug-induced reward in vertebrates. This is of crucial
interest given the ease with which zebrafish can be used for to produce developmental
mutants and run genetic or chemical screens. 1 conducted a large-scale screen aimed
to recover dominant modifiers of addiction to D - amphetamine and recovered one
mutation affecting the response to the rewarding effects of D - amphetamine. This
mutation is currently being positionally cloned.

All together, my results set the stage for future forward genetics approaches of
neurogenesis control and reward.
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Chapter 1

Introduction

The goals of my PhD project were to unravel some of the molecular mechanisms
controlling neurogenesis in the vertebrate embryonic CNS, and to initiate the studies
addressing the influence of embryonic neurogenesis on the functionality of complex
neural networks.

The developmental functionality of neural networks involved in complex diseases,
such as addiction is, as much as their activity at adulthood, a crucial determinant of
adult behavior [1][2]. In addition, active adult neurogenesis is important in control-
ling different aspects of social behavior [3][4][5]. Thus, understanding the principle
of embryonic neurogenesis is of prime importance. To address this issue, I focussed
during my PhD on a specific pool of progenitor cells, the intervening zone (I1Z), lo-
cated at the midbrain - hindbrain boundary in the embryonic brain of all vertebrates.
My model of choice was the zebrafish, because zebrafish embryos are produced in
high number, develop externally and are optically clear, making it possible to com-
bine genetic techniques (e.g. transgenic zebrafish) with embryonic manipulations (
e.g. injections of RNA/DNA). To introduce these topics, I summarize below general
features of neurogenesis in vertebrates (Section 1.1). Further, I describe two classes
of bHLH transcription factors controlling neurogenesis: proneural bHLH factors and
Hairy /E(Spl) transcription factors (see Section 1.2.2). Finally, because I studied, in
more detail, factors controlling neurogenesis in the midbrain-hindbrain (MH) domain
and therefore, I shortly describe MH domain development with respect to the isthmic
organizer (IsO) activity and neuronal populations developing within the MH domain
(Section 1.3).

The ultimate output of proper neurogenesis control is brain functionality, which
results in appropriate behaviors. Among these, the brain reward system is a very
important brain functional subunit involved in awarding both appropriate and inap-
propriate behavior. This strongly implies the brain reward system as a dominant
determinant of animal’s adaptation and evolution. Thus, the second goal of my PhD
was to setup the basis for studying the functionality of the zebrafish reward system.
To introduce this topic, I summarize current knowledge on the brain reward system,
mainly obtained from studies in rodents (Section 1.4). The brain reward system is also
a neuronal basis for many psychological diseases, including addiction. The molecular
mechanisms of addiction to psychostimulants, the places of action of psychostimulants
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1.1. Neurogenesis 3

and the experimental paradigms to study this disease in experimental animals will be
presented in Section 1.5. Finally, in Section 1.5.2 I will present the structures in ze-
brafish brain that could be functional analogs of the brain reward system in mammals.

1.1 Neurogenesis

Building a vertebrate’s nervous system involves the production of variety of neu-
ronal and glial cell types at defined positions, in correct number and with appropriate
connections during the process called Neurogenesis. In its broadest definition, neuroge-
nesis is the multi-step process that brings from neural induction to the differentiation
of functional neurons and glia [11]. It involves several successive steps, characterized by
specific signaling events [6] and by the expression of different sets of transcription fac-
tors [12][13]. First, the neural plate is identified, this is the process of neural induction.
During neural induction, competent ectodermal cells are endowed with the capacity to
become neuronal precursors. Second, within the neural plate, neurogenesis-competent
domains (“proneural clusters” or “proneural fields”) are defined by the combinato-
rial action of neurogenesis activators (“proneural genes”) and neurogenesis inhibitors.

Figure 1.1: Neurogenesis in vertebrates involves several successive steps and
specific signaling events. 1. During gastrulation, the neural plate is identified through the
process of neural induction (INDUCTION). The interaction between the three signaling pathways
(Fgf, Wnt and Bmp) promotes neural and inhibits epidermal cell fate. In the most accepted model,
the crucial role in promoting neural fate is assigned to Fgf signaling which both represses Bmp and
activates an independent pathway necessary for progression towards the neural fate. Fgf signaling is
modulated by Wnt from the embryonic margin. Other signals, independent from Fgf, but resulting
in the same cell fate decision are Bmp inhibitors, originating from the embryonic primary organizer.
Neural induction is beyond the scope of the work presented in this thesis and it will not be discussed
in more details. For more detailed picture please see Wilson and Edlund, 2001 [6][7][8][9][10]. 2.
(NEURAL COMMITMENT) Within the neural plate, proneural clusters where neurogenesis can take
place are negatively defined by the activity of neurogenesis inhibitors (see section 1.1.3). A restricted
number of neural progenitors from each cluster is further selected by the process of lateral inhibition
(see section 1.1.5). As a consequence, the expression level of proneural genes in the selected progenitors
is elevated, resulting in the final commitment to the neural linage. Committed progenitors can give
rise to both neural and glial cells. 3. (DIFFERENTIATION) Generally, they first generate neurons
and then glial cells. The switch from the neural to glial cell fate is controlled by both extrinsic and
intrinsic cues. Proneural genes seems to be at least a part of the set of intrinsic determinants, and
the response to extrinsic signals including Notch. It is likely that acquisition of different neuronal and

glial identities is under control of local cues provided by the surrounding tissue.
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Finally, neural progenitors are committed and differentiate to neurons or glia (Fig-
ure 1.1).

Neurogenesis in zebrafish, as in other lower vertebrates, occurs in two successive
waves: primary and secondary neurogenesis [14]. Primary neurogenesis is initiated

midline

spinal cord network

brain neuronal network

Figure 1.2: The primary neuronal scaffold of the zebrafish embryo. Schematized
“open” preparation of the neural tube at ~ 30 hpf, anterior to the left. Brain clusters in the tel-, di-
and mesencephalon (drc, ep, nMLF, nPC and vrc) connected with the orthogonally oriented tracts (AC,
DVDT, POC and TPC) build the embryonic brain neuronal network (green box). Three types of spinal
cord primary motorneurons (RoP, MiP and CaP) together with primary sensory RB neurons constitute
the spinal cord network (gray box). The reticulospinal network is built by rhombencephalic Ca, M, Mi
and Ro neurons (light violet box). Abbreviations: V: fifth cranial nerve; VII: seventh cranial nerve,
AC: anterior commissure; Ca: caudal reticulospinal neurons; CaP: caudal primary motorneurons;
CoPA: commissural primary ascending interneuron; drc: dorso-rostral cluster; DVDT: dorsoventral
diencephalic tract; ep: epiphyseal cluster; LLF: lateral longitudinal commissure; M: Mauthner cell;
MLF: medial longitudinal commissure; Mi: middle reticulospinal neurons; MiP: middle primary
motorneurons; nMLF': nucleus of the MLF; nPC: nucleus of the posterior commissure; POC: post-
optic commissure; RB: Rohon Beard neurons; RoL: rostral lateral reticulospinal neurons; RoM:
rostral medial reticulospinal neurons; RoP: rostral primary motorneurons; TPC: tract of posterior
commissure; TPOC: tract of postoptic commissure; vre: ventrorostral cluster. After Chapouton and
Bally-Cuif, 2004 [15].
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at late gastrulation and continues during embryogenesis to produce early-born big
neurons such as the brain epiphyseal and post-optic clusters, Mauthner cells (M),
Rohon-Beard (RB) sensory neurons and three types of primary spinal motorneurons
(CaP, MiP and RoP) [16]. Between 14 and 24 hours-post-fertilization (hpf) these
neurons form long axons and build the first functional embryonic and early larval
neuronal scaffold, allowing the fish larva to move and feed [17]. Secondary neurogenesis
starts at around 48 hpf at all rostro-caudal levels and at post-embryonic stages takes
over functions of the primary system by a refined and increasingly complex network
[18]. The mechanisms and factors controlling primary and secondary neurogenesis are
not intrinsically different [15].

1.1.1 Neurogenesis is patterned in space and time

All cells of the neural plate adopt a neural fate during neural induction, but
the progression towards neuronal differentiation does not occur homogenously and
simultaneously throughout the neural plate. This results in the formation of neuronal
clusters stereotypically distributed along the dorsoventral and anteroposterior axes in
all vertebrates. Interconnected by long axons, these clusters form the primary neuronal
scaffold.

The primary neuronal scaffold

The initiation of neural differentiation in the zebrafish embryo has tradition-
ally been revealed using acetylcholinesterase (AChE) activity [19][20][21] or antibodies
against acetylated tubulin [22] to visualize cell bodies, and antibodies against HNK1
[23] or Dil applications [24][25][26] to visualize axons. Using these techniques, three
main neuronal networks can be seen within the primary neuronal scaffold of the ze-
brafish embryo:

e the embryonic brain neuronal network [20][25][26],
e the reticulospinal network [27][28] and
e the spinal cord network [29][30][31] (Figure 1.2).

Below, I will restrict myself to the formation of the embryonic brain neuronal
network. Details about each specific network can be found in the publications cited.

The first neuronal clusters in the developing brain differentiate near the center
of each neuromere. The earliest neuronal cluster observed in all vertebrates is the
ventro-caudal cluster (vec) which lies in the basal diencephalon and anterior midbrain
(Figure 1.3). After 24 hpf the vcc separates into the nucleus of medial longitudinal
fascicle (nMLF) and the nucleus of posterior commissure (nPC) (Figure 1.3). The
formation of the vce is followed by that of two forebrain clusters: first, the ventroros-
tral (vrc) and then the dorsorostral (drc) clusters (Figure 1.3). Finally, the dorsally
positioned epiphyseal nucleus (ep) (Figure 1.3) is formed at 24 hpf. The nuclei of the
embryonic brain neuronal network are subsequently connected with longitudinal and
transversal axonal tracts (Figure 1.3). The schedule of appearance of these axonal
tracts during early zebrafish development is summarized in Table 1.1.
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16 hpf MLF

18 hpf

20 hpf

drc

SOT

Figure 1.3: Lateral views of the embryonic brain summarizing the progressive
development of axonal tracts. Axonal tracts: AC: anterior commissure; DVDT: dorsoven-
tral diencephalic tract; MILF: medial longitudinal commissure; POC: post-optic commissure; SOT:
supraoptic tract; THC: tract of habenular commissure; TPC: tract of posterior commissure; TPOC:
tract of postoptic commissure;. Neural clusters: drc: dorso-rostral cluster; ep: epiphysial cluster;
nMLF: nucleus of the medial longitudinal fascicle; nPC: nucleus of the posterior commissure; vcc:
ventro-caudal cluster vre: ventro-rostral cluster;. The moment of appearance of a given cluster or
axonal tract is indicated with red color. After Ross et al., 1992 [20].

1.1.2 Prepatterning of the neural plate

The stereotyped position of the neuronal clusters is a consequence of the “prepat-
terning” machinery that allows neurogenesis progression in only restricted regions of
the neural plate, called proneural clusters. Prepattern factors are directly controlled
by the early embryonic patterning machinery [32]. Thus, they link early patterning
information to the definition of the first neurogenesis sites, in a manner analogous to
the definition of proneural fields in Drosophila.

The proneural clusters can be revealed by the expression of proneural genes (see
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‘ axonal tract abbreviation appearance at ‘
anterior commissure AC 24 hpf
supraoptic tract SOT 20 hpf
dorsoventral diencephalic tract DVDT 24 hpf
medial longitudinal commissure MLF 16 hpf
post-optic commissure POC 24 hpf
tract of posterior commissure TPC 24 hpf
tract of the post-optic commissure TPOC 18 hpf
tract of the habenular commissure THC after 24 hpf

Table 1.1: Appearance of early axonal tracts in developing zebrafish brain. After
Ross et al., 1992 [20] and Chapouton and Bally-Cuif, 2004 [15].

Section 1.2) such as neurogeninl (ngnl) at the 3-somite stage of the developing ze-
brafish embryo (Figure 1.4). Anteriorly, ngnl expression highlights the precursors of
the rostral clusters, vce and trigeminal ganglia. In the prospective spinal cord, ngni
expression indicates the position of the presumptive motor-, inter- and sensory neurons.

The proneural fields are separated by areas of delayed differentiation: the anterior
neural plate (ANP), the midbrain-hindbrain boundary (MHB) and the longitudinal
spinal cord stripes (Figure 1.4) in all vertebrates and the superficial ectoderm layer in
the Xenopus neurula. These sites of delayed or absent differentiation are characterized
by the expression of specific transcription factors of the Zic, Iro and Hairy /E(Spl) fam-
ilies, acting as neurogenesis inhibitors. In zebrafish, opl, anf and bf1 are expressed in
the anterior neural plate [33][34][35], her5 [36][37] and him (see Article in Appendix A)
expression label the midbrain-hindbrain boundary, and zic3, her3 and her9 highlight
the posterior neural plate domains [38][39].

1.1.3 Definition of the proneural fields by inhibition

Following neural plate induction, the expression of several transcription factors
promoting the neural fate can be observed. The most studied of these belong to the Sox,
Gli, POU and Iroquois families and are initially expressed across broad domains of the
neural plate [40][12]. At least some of these factors (Irol, Iro7 and Pou2) are necessary
and sufficient to induce ectopic ngnl expression within non-neural ectoderm [41][42].
Nevertheless, neurogenesis progression towards differentiation occurs only in restricted
sites within the domains defined by these factors. This is because outside these sites,
neurogenesis progression is blocked by the selective expression of transcription factors
that actively inhibit the differentiation of neural precursors. The molecules mediating
this block are site-specific, but it seems that the principles of neurogenesis inhibition
are generally conserved. The main features of this neurogenesis inhibition process will
be highlighted below.
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Figure 1.4: The spatial pattern of neurogenesis in zebrafish. Dorsal view of the

zebrafish early neural plate, anterior to the top, with schematized neurogenesis foci (blue) and the
expression of active neurogenesis inhibitors (colored patterns). Abbreviations: e, olf: epiphysis and
olfactory placodes; tg: trigeminal placodes; vece: ventro-caudal cluster; r2LIN: lateral neurons of
rhombomere 2; r2MN: motorneurons of rhombomere 2; r4: neurons of rhombomere 4; sn: spinal
sensory neurons; mn: spinal motorneurons; in: spinal interneurons; ANP: anterior neural plate;
MHB: midbrain-hindbrain boundary; LSNI: longitudinal stripes of neurogenesis inhibition. After
Bally-Cuif and Hammerschmidt [12].

Establishment of inhibitory processes by early patterning

Inhibitory processes are established at an early developmental stage, which often
precedes the expression of proneural genes, and the expression of the factors involved
appears to be under control of the axial-patterning machinery. For example, herd
expression starts at 75 % epiboly [36] well ahead the expression onset of the earliest
proneural genes such as ngnl [43] or coe2 [44]. Similarly, Xanf! marks the anterior
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neural plate in Xenopus and its expression is one of the earliest responses of the
ectoderm to Noggin and Chordin [45]. These findings indicate that the spatial pattern
of neurogenesis is controlled by the general D/V- and A /P- patterning systems via the
specific expression of the genes involved in neurogenesis inhibition.

The high redundancy of inhibitory processes secure progenitor pool main-
tenance

It has been shown that forced premature differentiation in the areas of neuro-
genesis inhibition seriously impairs the normal development of central nervous system
structures. For example, premature differentiation of the ANP in Xenopus prevents
expansion of the cerebral hemispheres [46][47], while early differentiation of the MHB
prevents midbrain growth and the formation of some neural populations [48]. There-
fore, neurogenesis inhibition appears to be crucial for the maintenance of progenitor
pools that permit the expansion and diversification of the CNS. As described below,
multiple functionally redundant pathways have been evolved to secure this process.

The superficial layer of the Xenopus neuroectoderm differentiates during the sec-
ond wave of neurogenesis. During primary neurogenesis, the cells of this layer are
exposed to a cell-autonomous inhibition of neural differentiation. The Hairy/E(Spl)
bHLH transcription ESR6e, present in the zone of delayed neurogenesis, appears to
be at least partially responsible for this inhibition, since it is able to inhibit neuroge-
nesis when it is ectopically expressed in the neurogenic deep layer of the neural tube.
However, loss of ESR6e function does not lead to the premature differentiation of su-
perficial layer cells, indicating the involvement of additional and as yet unidentified
factor(s) in preventing neurogenesis progression [49].

A similar redundancy is present in the systems blocking neural differentiation in
the mouse MHB. At late stages in the mouse embryo, MHB integrity is maintained by
the redundant action of two Hairy /E(Spl) bHLH transcription factors, Hesl and Hes3
[48][50]. Ectopically expressed, these factors can inhibit neurogenesis in vivo [51][52],
while the loss-of-function of both factors in double Hes1~/~; Hes3~/~ mutant results
in premature neural differentiation preceded by the down-regulation of the expression
of MHB identity markers [48].

In the posterior neural plate of lower vertebrates, longitudinal stripes of proneural
gene expression are separated by interstripes of non-differentiating neural precursors
expressing neurogenesis inhibitors. In Xenopus, the expression of Zic1, Zic2, Xiro8 and
Xdbz can be observed in the interstripes from late gastrulation onwards [53][54][55].
The ectopic activation of any of these factors results in posterior neural plate expansion
and inhibition of neural differentiation [55]. In zebrafish, two hairy/E(spl) genes her3
and her9 are expressed in the posterior inter-proneural domains, and are required
for its formation [39][56]. Inhibition of Her3 or Her9 led to ectopic expression of the
proneural genes in part of the inter-proneural domains, while combined inhibition of
Her3 and Her9 induced ubiquitous expression of proneural genes and abolished the
formation of the inter-proneural domains [39], also suggesting the existence of parallel
pathways securing neurogenesis inhibition in the posterior neural plate.
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Neurogenesis inhibitors operate independently from the lateral inhibition
pathway

Notch signaling and notch-activated E(Spl) factors are involved in limiting neu-
rogenesis within the proneural clusters (see Section 1.1.5). However, the expression of
bHLH transcription factors involved in prepattern formation (e.g. her5, her3, her9,

A coe2

Figure 1.5: Neurogenesis is delayed in the embryonic IZ. Zebrafish embryo at 24 hpf
stained with the proneural marker coe2 (see Section 1.2) (A) and hairy/E(Spl) gene her5 (B), anterior
to the left. Note that the area referred to as the IZ zone is not expressing proneural genes, such as coe2,
but does express genes encoding neurogenesis inhibitors, such as her5. Abbreviations: Mid: midbrain;

rl: thombomere 1; Rhomb: rhombencephalon. 1Z: intervening zone
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ESRG6) is not regulated by Notch signaling [49][57][39]. The activity of these fac-
tors in neurogenesis inhibition is also not under control of Notch signaling. Block-
ing or lowering Notch signaling in zebrafish using either notchla-deficient embryos
(deadly seven (des) mutation) or overexpression of the dominant delta®®“ does not
induce neuronal differentiation within non-differentiation domains of the neural plate
[57][58] [55][54][59]. This suggests that processes inhibiting neurogenesis progression
outside of the proneural clusters do not rely on increased lateral inhibition through
the Delta/Notch system. They are, rather, upstream of the lateral inhibition process
and might use a specific subclass of E(Spl) factors.

Different mechanisms of proneural gene repression

Most systems that negatively define neurogenesis-competent domains across the
neural plate act via inhibition of early proneural genes expression and/or action. How-
ever, their molecular mode of action might be factor- and site-specific. At present,
several different molecular pathways resulting in neurogenesis inhibition are known.

Neurogenesis inhibition in the longitudinal interstripes of the posterior neural
plate is achieved by direct competition of Zic factors with Gli2 and Gli3 for DNA-
binding sites on the promoter of proneural genes [60][61][62]. A mechanism of active
transcriptional repression is also likely to be used by Hairy/E(Spl) factors such as
zebrafish Her5. Most likely, Her5 directly binds a “E-box” in the ngnl promoter and
abolishes the activation of the neurogenic cascade (see Section 1.1.6) by inhibition
of ngnl expression [57]. The ability of other Hairy/E(Spl) to directly bind to the
promoter of proneural genes and repress their expression remains to be demonstrated.

Additionally to transcriptional repression, some neurogenesis inhibition systems
also block the function of the proneural factors. In Xenopus, Zic2 and ENS6e block
the ability of Ngnrl to induce ectopic N-tubulin expression in co-injection experiments
[60][49]. Similarly, Xiro3 and Xdbf abolish the proneural activity of Xash3 [55][54]. Fi-
nally, ectopic expression of Neurogenin, NeuroD or Delta in the superficial layer of the
Xenopus neuroectoderm failed to push cells towards neuronal differentiation, suggest-
ing the existence of multiple blocks acting in different steps of the neurogenic cascade
(see Section 1.1.6). The factors and mechanisms of inhibition at all levels are mostly
unknown, but existing data suggest that the inhibition might result from competition
for transcriptional targets, direct repression, activation of reciprocal targets, and/or
direct inhibitory protein-protein interactions. Although current evidence supports the
existence of different systems of inhibition it of course remains possible that this only
reflects our partial understanding of the processes involved.

1.1.4 The bHLH transcription factor Her5 and intervening zone for-
mation in zebrafish

The intervening zone, spatially associated with the MHB (see Section 1.3), is
one of the places within the neural plate characterized by delayed differentiation. It
remains a source of neural precursors long after the differentiation of other neural
domains [63][64][65], and most likely a zone of extensive growth. It has been shown
that the embryonic IZ eventually gives rise to the entire midbrain-hindbrain region
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[66]. Combining this evidence with the findings of Hirata et al. [48] emphasizes the
importance of proper 1Z formation for midbrain-hindbrain development.

The IZ can been seen as a neuron-free, transverse stripe that separates caudal
mesencephalic and anterior rhombencephalic neurons (Figure 1.5). In zebrafish it has
been shown that expression of the Hairy/E(Spl) transcription factor Her prefigures
and then precisely delineates the 1Z throughout embryonic development [36][37] (Fig-
ures 1.5 and 1.6 middle panel). Ubiquitous expression of her5 driven by the zebrafish
heat shock promoter [67][68] from the late gastrula stage onwards results in the strong
down-regulation and in some cases abolishment of ngni expression at the 3-somite
stage in the regions surrounding the IZ, vec and motorneurons of rhombomere 2 (Fig-
ure 1.6 right panel) [37]. This effect persists until much later stages and is followed by

Q vce Q tg vce tg vce tg
r2LN r2LN r2LN
r2MN

r2MN r2MN
r4dLN r4LN rdLN
r4MN r4MN r4AMN
loss-of-function wild type gain-of-function
ngn1 positive areas strongly decreased ngn1 expression
@ ectopic ngn1 expression Q lateral intervening zone

moderately decreased ngn1 expression D medial intervening zone

Figure 1.6: Her5 is necessary and sufficient for medial IZ formation. Dorsal view
of the embryonic neural plate at the 3-somite stage, anterior up (the same view as in Figure 1.4)
with focus on the midbrain-hindbrain area. Loss of Her5 function results in the generation of ectopic
ngnl positive cells and triggering neurogenesis in the medial 1Z, while its overexpression completely
diminishes neurogenesis in the regions surrounding endogenous hers expression domain, the 1Z. Ab-
breviations: vcc-ventral caudal cluster; tg-trigeminal ganglia; r2MN-medial neurons of rhombomere
2; r2LN-lateral neurons of rhombomere 2; r4AMN-medial neurons of rhombomere 4 and r4LN-lateral

neurons of rhombomere 4.

a lack of neuronal differentiation at 24 hpf, revealed with HuC immunoreactivity [37].
On the other hand, knocking-down her5 translation by injecting a morpholino selec-
tive for endogenous her5 mRNA results in ectopic ngnl expression across the medial
part of 1Z (later referred to as medial IZ) (Figure 1.6 left panel) and later on (24 hpf)
in the differentiation of ectopic HuC positive, newborn neurons in this location [37].
Thus, gain- and loss-of-function experiments demonstrated that Her) is necessary and
sufficient for medial 1Z development. Moreover, they showed that the 1Z is composed
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of two subdomains which differ in their requirement for Her5 function. Her) is ex-
pressed across the entire 17, but only the medial part is sensitive to the loss of Herb
function to undergo neurogenesis. The lateral parts of I1Z (later referred to as lateral
1Z) develop normally despite loss of Herb function. When I started my PhD, the factor
or factors controlling development of the lateral 1Z in cooperation with Her5 were not
known, but see Article in Appendix A. In addition to neurogenesis inhibition, Her5

Axial patterning information

Pou2
early
gastrulation v
75% epiboly - l
90% epiboly - -
Whnt1 l
Her5 || Pax2.1
tail bud
5 somite
[| Fgf8
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A MH identity and
p27* coe2 ’f D ngn1 maintenence loop
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Figure 1.7:  Her5 controls both differentiation and proliferation at the MHB.
Simplified signaling events within the MHB at the onset of neurogenesis in zebrafish. Herb prevents
differentiation via blocking both ngnl and coe2 expression and promotes proliferation via p27¥',
Expression of the her5 is controlled by the axial patterning information and dependent on the MHB

identity and maintenance loop (see Section 1.3.2), although Her5 is not part of it.

is involved in the promotion of cell proliferation, since loss of Herb function results
in severe down-regulation of p27X% expression!, at least in the medial IZ. Neverthe-
less, the functions in controlling neurogenesis and proliferation seem to be independent
since blocking proliferation at the medial I1Z did not result in ectopic neurogenesis [37].
Figure 1.7 summarizes the functions of Her5 in IZ development in the context of early
signalling events positioning the MHB.

1p27%¥ is a Cdk inhibitor encoding gene that inhibits cell proliferation.
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1.1.5 Lateral inhibition mechanisms select neural progenitors within
the proneural clusters

Prepatterning of the neural plate negatively defines proneural clusters, charac-
terized by proneural genes expression. FEach cell within the proneural cluster has the
potential to adopt a neural fate and differentiate into a neuron or glia. Nevertheless,
only a restricted number of cells will commit to the progenitor fate and differentiate
further. The selection of these precursors relies on the process of lateral inhibition,
which is initiated by the expression of Notch receptor ligands such as Delta (Figure 1.8)
[69]. The expression of the ligand on the surface of the future progenitor cell triggers
Notch signaling in neighboring cells. After binding Delta, the intracellular domain
of Notch (NICD) translocates to the nucleus and activates transcription of the tran-
scriptional repressors of the Enhancer of split (E(Spl)) family in Drosophila or their
homologs Hes/her/Ens in vertebrates. These transcriptional repressors downregulate
proneural genes expression and block differentiation.

In parallel, cells initially expressing a higher level of ligand maintain proneural
gene expression and ligand transcription. Thus, through the process of lateral inhi-
bition, initial stochastic differences in Delta expression are amplified, restricting the
expression and/or activity of proneural genes to a small number of cells that will en-
ter the neuronal-differentiation pathway [70][71][72]. The lateral inhibition process is
reiterated throughout the period of neurogenesis, allowing transformation of neuroep-
ithelial cells of one proneural cluster into a collection of individual progenitors. These
are generated at different time points during neurogenesis and likely as a result adopt
different fates [72][73]. The direct and dose-dependent transcriptional activation of
the Notch receptor ligand Delta by proneural genes is crucial for lateral inhibition in
Drosophila [74][75][76]. In vertebrates, Notch ligands Delta and Jagged are similarly
regulated by Mashl and Ngns [77][78][79][80][71].

Following lateral inhibition, committed progenitors express increased level of Delta
and proneural genes, and positive feedback mechanisms are further required to increase
and /or maintain the high level of proneural genes in selected progenitors. The initially
increased level of proneural genes induces expression of a second set of proneural genes
(e.g. senseless in Drosophila [81] or zcoe2 [82] and Hes6 in vertebrates [83][84]), which,
in turn, upregulate proneural gene expression. This is achieved either by repression of
E(Spl) genes and Notch signaling inhibition [81] or through the interference at post-
transcriptional levels with the inhibitory activity of the bHLH factors activated by
Notch signaling [83].

1.1.6 A cascade of neuronal-differentiation genes executes the neu-
ronal differentiation program

The expression of proneural genes in individual neuronal progenitors is tran-
sient. In vertebrates, proneural genes are down-regulated before the progenitor cell
exits the proliferative zone and begins to differentiate [80][86][87]. Therefore, neuro-
genesis progression must rely on the ability of proneural genes to induce downstream
regulatory factors, so called neuronal-differentiation genes. The best studied neuronal-
differentiation genes in vertebrates belong to the Ngn and NeuroD families. These
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Figure 1.8: Lateral inhibition mechanisms select neuronal progenitors within the
proneural cluster. Precursors selection within the proneural clusters occurs in three steps. Cells
within the proneural clusters initially express proneural genes, Notch and the Notch ligand Delta at a
similar, low level (7). During the second phase, there is reinforcement of stochastic differences in the
expression of proneural genes between adjacent cells by Notch-Delta interactions (7). Initial differences
are further increased leading to the strong up-regulation of proneural bHLH transcription factors and
Delta ligand in the neural progenitor (dark gray) and down-regulation of Delta and proneural genes in
the neighboring cells (light gray) by Notch signaling. Elevated level of proneural factors activity that
induces expression of several HLH factors implicated in the promotion of neuronal differentiation, cell

cycle arrest and repression of gliogenesis (7).
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Figure 1.9: A Cascade of proneural genes controls the development of mouse
cranial sensory neurons. The cascade of proneural genes is triggered by Ngnl or Ngn2 in the
proximal and distal ganglia, respectively. The two ngn genes exhibit positive cross-regulatory inter-
actions that cause a lower level of expression of each gene in the other’s principal domain. Activation
of the ngns triggers expression of bHLH factors including NeuroD, Math3 and NSCL1 and finally
markers of the differentiated neurons: SCG10 and 3-tubulin. After Ma et al. 1998 [85].

genes are not expressed in self-renewing neuroepithelial cells, but they have the ca-
pacity to promote neuronal differentiation within the competent domain when they
are ectopically expressed [88]. Additionally, gain-of-function experiments in Xeno-
pus and loss-of-function experiments in mice have shown the epistatic relationships
between proneural and neuronal-differentiation genes [80][89]. Thus, distinct bHLH
genes likely act in a cascade to underly the sequential steps of cell determination and
differentiation [90][91].

For example, the sequential expression of Math3 and NeuroD is controlled by
Ngnl and Ngn2 in the mouse cranial sensory neurons (see Figure 1.9 ) [79][85], while
Mashl1 acts upstream of the Ngni and NeuroD in the olfactory sensory epithelium
[78].
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1.2 The basic helix-loop-helix transcription factors in neu-
rogenesis

The family of basic helix-loop-helix (bHLH) transcription factors encompasses a
variety of heterogenous proteins involved in a wide array of developmental processes
in different organisms ranging from yeasts to mammals. They are involved in the
regulation of a number of developmental processes such as neurogenesis, myogenesis,
cell proliferation and differentiation, cell lineage commitment and sex determination
[92][93][94][95]. Additionally, bHLH factors regulate several important metabolic pro-
cesses including phospholipid metabolism and phosphate uptake [96][97][98].

A number of bHLH transcription factors have been implicated in the control of
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Figure 1.10: Dendrogram of the invertebrate (gray) and vertebrate (red) neural
genes based on the sequence of their basic helix-loop-helix domain. After Bertrand
et al., 2002 [13].
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vertebrate neurogenesis. During neurogenesis they can act either as transcriptional
activators promoting neurogenesis (e.g all proneural genes (Figure 1.10)) or as tran-
scriptional repressors important for prepattern formation and lateral inhibition (Hairy
and Enhancer of split proteins, Id proteins (see Section 1.2.2)).

The main structural and functional features of bHLH transcription factors in
respect to neurogenesis will be summarized in the following sections.

1.2.1 Molecular structure and classification of the bHLH factor fam-
ily

bHLH transcription factors are characterized by a highly conserved bipartite
domain for protein-protein interactions and DNA binding. The protein interaction
domain (HLH) is composed of two conserved, hydrophobic a-helices separated by a
non-conserved loop of variable length [99]. This domain allows bHLH proteins to in-
teract and form homo- and/or heterodimers [100]. Immediately N-terminal to the first
helix is located the conserved basic domain. The basic domain recognizes consensus
hexanucleotide E-boxes or/and N-boxes and is required for DNA binding by bHLH
proteins [101].

There are several classifications of bHLH transcription factors according to their
structural features, biochemical characteristics and biochemical functions [102][32][103]
[104][13][105].

A phylogenetic analysis based on the sequence of the bHLH domain has lead to a
subdivision of the bHLH family into four monophyletic groups of proteins named A,
B, C and D [32][104] (Table 1.2).

Group A includes bHLH proteins that bind hexameric DNA sequences referred to
as “E Boxes” (CANNTG) [100][106][107]. It comprises several tissue-specific mem-
bers (MyoD, Achaete-Scute proteins) [108] as well as the ubiquitously distributed
E12/Daughterless-type bHLH proteins [109] that make heterodimers. Binding of the
heterodimers to an E-box of the target gene leads to its transcriptional activation
[110][106].

The second group (B) can be divided into two subgroups according to the pres-
ence or absence of an additional functional domain known as Leucine Zipper domain,
involved in protein dimerization. These factors bind an E-box and act as transcrip-
tional repressors [111][112][113]. The second subgroup includes proteins related to the
Drosophila Hairy and Enhancer of split bHLH proteins [107][102]. These proteins will
be described in more detail in the next section.

bHLH factors belonging to group C are characterized by a PAS domain involved
in dimerization between PAS proteins, the binding of small molecules (e.g. dioxin) and
interactions with non-PAS proteins [114]. These proteins are involved in the control
of a variety of developmental processes, including neurogenesis, but their biochemical
activity is still unknown.

Group D corresponds to HLH proteins that lack a basic domain and are hence
unable to bind DNA. They have a high affinity for bHLH proteins from group A and
form with these proteins heterodimers unable to bind DNA [115][116]. Therefore, they
act as functional antagonists of group A proteins.
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Group Structural Biochemical Examples DNA
features activity binding site
A bHLH transcriptional MyoD, Mash E-box
activators (CANNTG)
bHLH leucine zipper transcriptional Myc, Max E-box
repressors (CANNTG)
) E-box
B conserved proline transcriptional Hairy and E(Spl) (CANNTG)
in basic domain repressors Hes, Esr, Her N-box
(CACNAG)
C bHLH-PAS unknown Sim, ARNT (ACGTG)
(GCGTG)
D HLH antagonists 1d, Emc no DNA binding
of group A

Table 1.2: Subdivision of the bHLH family in monophyletic groups and their func-
tion. After Fisher and Caudy, 1998 [32].

1.2.2 The Hairy and Enhancer of split (Hairy/E(Spl)) family

Over the past decade, numerous vertebrate proteins structurally related to the
Drosophila Hairy and Enhancer of split bHLH proteins have been identified. They
function as transcriptional repressors and regulate a variety of biological processes.
Hairy /E(Spl) proteins are involved in the control of differentiation [32][117], anterio-
posterior segmentation in both vertebrates and invertebrates [118][119][120] and sex
determination in flies [121][122].

Comparison of full-length protein sequences suggests the existence of four major
subfamilies within the Hairy/E(Spl) family. They are named : Hairy, E(Spl), Hey
and Stral3 according to the name of prototype protein for each of these subfamilies
(Figure 1.11). All Hairy /E(Spl) proteins are transcriptional repressors, but differences
in primary structure between proteins belonging to the different subfamilies imply that
members of different subfamilies can be differently regulated at the post-translational
level and/or have a distinct mode of action [123].

Although there are differences in the primary structure of Hairy/E(Spl) pro-
teins, several structural features have been conserved among the family members (Fig-
ure 1.12).

All members of Hairy/E(Spl) family contain a conserved amino acid sequence
known as the Orange domain [124] or helix III/TV domain [125] just C-terminal to the
bHLH domain. At present, the molecular function of the Orange domain is unclear.
There is evidence that this domain is responsible for the specificity of Hairy for scute
inhibition in Drosophila [124]. In vertebrates, the Hesl Orange domain is necessary for
Hesl to inhibit the activation of the p27 promoter by Mash/E47 complex in vitro [126].
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The conserved relationship of the Orange domain with the bHLH domain resembles
the relationship between the PAS and bHLH domains in group C bHLH proteins,where
the PAS domain acts as an additional dimerization domain [127]. Therefore, the role
of the Orange domain could be in the dimerization of Hairy/E(Spl) proteins [128].

Hairy/E(Spl) proteins can bind both E- and N-boxes in the promoter of their
target gene with different affinity, which is factor-specific. For example, Hesl and
Hes5 bind to a N-box [129][130][131], while Hes2 proteins preferentially bind to an
E-box although they can bind to a N-box with low affinity [132][133]. DNA-binding
is mediated by the basic domain. The basic domain of Hairy and E(Spl) proteins
differs from other bHLH proteins by the presence of a proline at a conserved position.
Hey proteins harbor a glycine residue at the same position, while the basic region of
the Stral3 proteins has a proline at a different place (Figure 1.12). The functional
significance of these conserved residues is not entirely clear.

Except for the Stral3 proteins, all Hairy/E(Spl) proteins have a conserved C -
terminal tetrapeptide motif, either WRPW for the Hairy and E(Spl) subfamilies [134]
[135][125], or YXXW for the Hey family (Figure 1.12). This conserved tetrapeptide
domain allows recruitment of the transcriptional corepressor Groucho [32] or its ver-
tebrate homologs TLEs.

At present, more than 16 hairy/E(Spl)-related genes have been predicted in ze-
brafish by in silico searches [136], of which 10 proved to encode expressed transcripts.
Herl, Her4, Her6, Him (Her1l) and Her7 are involved in somite formation [137][138]
[139][140] [136][141], but only Herl and Her7 are cycling and both are critically ex-
pressed in the presomitic mesoderm (PMS) [138][142]. Her3, Her4, Her5, Her6, Him
(Her11) and Her9 are expressed in the developing nervous system [56][143] [36][144]
[140][136]. Additionally, Her5 is expressed in the endoderm [66]. Based on the full-
length protein sequence, Her6 and Her9 belong to the Hairy subfamily and all others are
members of the E(Spl) subfamily [145]. In Drosophila, Hairy proteins control pattern-
ing and act upstream of Notch, while members of E(Spl) subfamily act as downstream
effectors of Notch in the lateral inhibition process. In vertebrates this distinction has
not been conserved. In zebrafish, her genes acting downstream of Notch are her! and
her7 in the somite development [146][143] and her4 in neurogenesis [146].

1.2.3 Repression mechanisms by the Hairy/E(Spl) proteins

Biochemical and genetic studies lead to postulating three possible mechanisms
of repression by Hairy/E(Spl) proteins (Figure 1.13). The first mechanism is DNA
binding-dependent transcriptional repression, also known as active repression [117][147].
According to this mechanism, Hairy/E(Spl) homo- or heterodimers bound to the DNA-
consensus site recruit the corepressor Groucho or its mammalian homolog TLE via the
WRPW domain [148][149][150]. Groucho then recruits the histone deacetylase (Rpd3
in Drosophila or HADC in vertebrates) which may repress transcription by altering
local chromatin structure [151].

The second mechanism is passive repression [130][152] involving protein sequestra-
tion. Hairy/E(Spl) proteins utilizing this mechanism form non-functional heterodimers
with other bHLH factors normally functioning as common partners of tissue specific
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Figure 1.12: Hairy/E(Spl) proteins share main structural features. (A) Schematic
representation of the conserved domains within the Hairy/E(Spl) family. The bHLH and Orange
domains are present in all family members, while the C-terminal domain is missing in the Stral3
subfamily. Conserved domains are color-coded. Light gray labeled domains are not generally conserved,
but might contain one or a few motifs shared within a subfamily. Alignment of the bHLH (B) and
C-terminal (C) domains of selected Hairy /E(Spl) factors. The asterisk indicates the conserved proline
found in Hairy and E(Spl) subfamilies, and the conserved glycine at the same position in the Hey
subfamily. Most of the Hairy and E(Spl) proteins end with WRPW, but a small subset (human Hesl,
zebrafish Her7, mouse and human Hes7, etc.) ends with additional less conserved amino acids. The
C-terminal domain of all Hey-like proteins contains a YRPW motif, with a generally conserved 6-10

amino acid extension. After Davis and Turner, 2001 [123].
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Figure 1.13: Repression mechanisms of the Hairy/E(Spl) proteins. Three possible
mechanisms have been postulated: binding DNA dependent transcriptional repression (A), protein

sequestration (B) and the Orange domain based repression (C).

bHLH factors, such as E47. Therefore, they disrupt formation of the functional het-
erodimers such as MyoD-E47 in the muscle tissue or Mash-E47 in the neural tube.

The third mechanism is mediated by the Orange domain and is based on the
ability of the Hesl Orange domain to repress both the hes! and p27VAF promoters
[126].

1.3 Development of the MH domain
- the role of the MHB -

As described above, the embryonic MHB is the source of a crucial progenitor
pool, controlled by Herb expression in zebrafish. Strikingly, the MHB also hosts a
“secondary neural plate organizer”, the isthmic organizer (IsO). The IsO is necessary
[153][154] and sufficient [155][156][157] for the development of mesencephalic and me-
tencephalic structures. It lies at the junction between the midbrain and hindbrain,
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called midbrain-hindbrain boundary (MHB). Because IsO activity might impinge on
Herb function and/or neurogenesis control, I will summarize below current knowledge
on IsO formation and function. For a more comprehensive and detailed picture the
reader is referred to the recent reviews [158][159][160].

1.3.1 Induction of the IsO at the MHB

Transplantation experiments in the avian embryo revealed IsO activity for the
first time. Ectopic transplantation of tissue encompassing the MHB into other loca-
tions, such as diencephalon, resulted in the ectopic induction of genes specific for the
midbrain-hindbrain (MH) around the graft [156][157] [161][162][163], and in a corre-
sponding fate change in the host territories: the tissue in contact with the graft adopted
a MH fate at the expense of its natural (for example diencephalic) identity. Conversely,
prosencephalic tissue grafted to the isthmus region acquired MH gene expression pat-
terns and fate [155][164][165]. Interestingly, the induced MH tissue was always polar-
ized, like its endogenous counterparts, such that the caudal portion of the ectopically
induced mesencephalon and the rostral side of the ectopically induced metencephalon
were in contact with the isthmic graft in all experiments [156] [157] [161][163][165]. Ad-
ditionally, ablation experiments showed that complete removal of the isthmus results
in the loss of the entire mesencephalon and metencephalon [153][154][166]. Therefore,
IsO activity is necessary and sufficient for the development of the entire MH domain,
controlling both the growth and the ordered rostrocaudal specification of the MH do-
main.

These results, later refined by mutant analyses in the mouse and zebrafish (recently
reviewed in [159][158][160]), indicate that positioning of the IsO is a crucial event in the
development of the entire MH domain. The spatio-temporal sequence of the molecular
events involved in IsO positioning and maintenance seems to be conserved throughout
evolution. Nevertheless, subtle differences have been noticed among different species,
mainly in the relative onset of expression of different genes.

The rostral epiblast becomes polarized during gastrulation (end of gastrulation
in the mouse at embryonic stage E7.5 and 65 % epiboly in zebrafish) according to
the largely complementary expression of two homeobox containing genes, Otz2 and
Gbz?2 (in zebrafish gbzl) (Figure 1.14A). Otz2 is expressed within the presumptive
forebrain and midbrain region, with its posterior border adjacent to the anterior border
of Gbz2 expression, defining the anterior hindbrain [168][169]. The meeting point of
the territories expressing these two genes, which is still fuzzy at this stage, seems
to identify the future position of the MHB and IsO [170]. Indeed, series of loss-of-
function [168][171][172] and gain-of-function experiments [173][174][175] revealed that
the relative doses of Otx2 and Gbx2 proteins control the induction and positioning
of the IsO and therefore the development of midbrain versus anterior hindbrain fates
(Figure 1.15).

Following Otz2/Gbz2 expression, the transcription factor Pax2 (paz2.1 in ze-
brafish) and the secreted glycoprotein Wntl are expressed in broad, overlapping do-
mains at the onset of somitogenesis (embryonic stage E8) in the mouse or at the end of
gastrulation in zebrafish (Figure 1.14B). Wnt1 expression is largely restricted to the
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Figure 1.14: Dynamics of gene expression patterns at the midbrain-hindbrain

junction. Dorsal views of the mouse embryonic neural plate at (A) the 0 - somite stage, (B) 6 -
somite stage and (C) E10 stage, anterior to the top. At the end of gastrulation (A), the neural plate is
subdivided into the anterior part, expressing Otz2 and posterior part, expressing Gbz2. Expression of
the two genes meet at the future MHB position and form decreasing gradients in opposite directions.
At this stage, the border between Otz2- and Gbz2-expression domain is still fuzzy. At 6 somites (B),
this border becomes sharp. Wntl expression is initiated in the mesencephalon, and Eni followed by
En2 and Paz2 are turned on across the Otz2/Gbx2 border. Slightly later, Fgf§ expression is initiated
caudally to the future MHB. (C) At the E10 stage, the expression domains of Wnt! and Fgf8 become
restricted to narrow rings rostral and caudal to the MHB, respectively. The expression domains of
Enl and Paz2 narrow as well, but still cross the MHB. On the other hand, En2, Pax5 and Pax8
are expressed across most of the midbrain-hindbrain domain. An arrow indicates the position of the
MHB. Abbreviations: Ms: mesencephalon; Mt: metencephalon; P: prosencephalon; r: rhombomeres.
After Wurst and Bally-Cuif, 2001 [159].

Otz2-positive territory [176], while Paz2 crosses the Otz2/Gbx2 border [176]. Shortly
after, the transcription factors Enl (at the l-somite stage), En2 (at the 3-5-somite
stage) [177][178] and Paz5 (at the 3-5-somite stage) [159] become expressed across
the future MHB. Finally, expression of the fibroblast growth factor 8 (Fgf8) gene is
initiated simultaneously with Pax5 and En2 and confined to the rostral part of the
Gbz2 positive area (Figure 1.14B) [179].

These results indicate that the boundary between the midbrain and hindbrain
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is roughly positioned during late gastrulation, but progressively refined during early
somitogenesis.

1.3.2 Feedback loops maintain the MHB

During the establishment phase Otz2, Wntl, Gbx2, Fgf8, En and Pax expression
domains are mainly formed independently, since the induction of expression of other
genes is generally not perturbed in the mutants harboring mutation in any of above
mentioned genes. Expression domains of these genes are established in response to
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Figure 1.15: The position of the IsO controls the size and location of the midbrain
dopamine-producing (mid-DA) and rostral hindbrain serotonin-producing (rost-
5HT) neuronal populations. (A) In wild-type (WT), mid-DA neurons are generated in the
ventral midbrain rostral to the IsO within the Otz2 expression domain, whereas rost-5HT neurons
develop in the ventro-rostral hindbrain, caudal to the IsO within a Gbz2-positive territory. (B)
Shifting of the Otz2-positive domain and IsO caudally in En1+/0m2 mice induces expansion of the
mid-DA population at the expense of the rost-5HT cell population. (C) Reduced Otx dosage in
Otx1 7/7; Otz2%/~ mice results in the repositioning of the IsO in the forebrain. mid-DA neurons
are still formed rostral to the IsO at new ectopic position, but in smaller number. The rost-5HT cell
population is expanded to the new caudal border of the IsO. Abbreviations used: p: prosomere; r:

rhombomere, IsO: isthmic organizer. From Brodski et al., 2003 [167].
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different developmental cues. For example, the axial mesoderm provides signals nec-
essary for maintenance of the Otx2 expression, Fgf4 is important for En expression
while posteriorly expressed Wnts, Fgfs and retinoic acid might be involved in Gbx2
induction. Soon after the initiation phase, expression of these factors become inter-
dependent via a series of positive and negative interactions necessary to maintain the
MHB and its organizing activity. Positive interactions between Fgf8, Enl, Wntl and
Gbx2 maintain their own expression, whereas the sharp posterior border of Otz2 ex-
pression is a result of the negative reciprocal interactions between Otx2 and Gbx2 or
Fgf8 [180].

It has been shown that the complete or partial knock-out of Wnt1 [181] or Fgf8
[182] in mouse (equivalent results have been obtained with zebrafish mutants ace or
Df*5 lacking functional Fgf8 [63] or Wnt1 and Wnt10 [183]proteins, respectively) lead
to the gradual disappearance of both mesencephalic and metencephalic structures, indi-
cating that these genes might be involved in the maintenance or activity of the IsO. On
the other hand, beads that are soaked with Fgf8 and implanted into the diencephalon
or rhombencephalon triggered the ectopic expression of the mes-metencephalic markers
such as Enl, En2, Pax2, Pax5 and Pax8 [184][185][186]. As Fgf8 is normally expressed
after the onset of Paz and En expression, the effect of the beads most likely does not
correspond to role of Fgf8 in IsO in induction, but rather in the maintenance of the
organizer after its induction by activating a positive feed-back loop that involves Fgf8,
Wntl, En and Pax (Figure 1.16). These experiments also highlight Fgf8 as the crucial
factor for the maintenance but not the initiation of marker genes expression at the
MHB [63][187][188].

Negative feed-back regulatory loops also take place in the MH domain in order
to constrain the development of mesencephalic and metencephalic fates to the MH.
There are two sources of negative influence at the MHB, located within the MH itself
or in adjacent territories (Figure 1.16).

Within the MH domain, the negative feedback loops are initiated by IsO activity.
Fgf8 triggers expression of the Fgf signaling inhibitors of the Sprouty family in the MH
domain, which then suppress the influence of Fgf8 under a certain threshold of Fgf8
protein [189]. Similarly, Fgf8 positively regulate Sef proteins, which then antagonize
Ras/Raf/MEK/MAPK-mediated Fgf signaling [190]. Thus, Sef and Sproutys function
synergistically to restrict IsO activity [191]. In addition, the transcriptional inhibitor
Grgd4, expressed across the MH domain, can down-regulate En expression and activity
and antagonize Paxb activity. At the same time it induces Pax6 activity and promotes
diencephalic development (Figure 1.16) [192].

Outside of the MH domain, Pax6 blocks expression of En and Pax2 to position
the mesencephalic-diencephalic boundary anteriorly [193][194][195], and the homeobox
containing protein Hoxa2 in rhombomere 2 also inhibits these factors to prevent caudal
expansion of the cerebellar primordium [186][196].
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Figure 1.16: Genetic interactions of midbrain-hindbrain induction and mainte-
nance. (A) Gene expression patterns in the neural plate (top) or the underlying axial meso/endoderm
(bottom), anterior to the left. Vertical arrows represent vertical interactions, horizontal arrows depict
planar interactions, and hatched arrows are hypothetical. During gastrulation, the anterior mesoderm
is necessary to maintain Otz2 expression in the anterior neural plate. The mechanisms that regulate
Gbz2 expression are unknown, but posteriorizing influences via Wnt, Fgf or retinoic acid might be
involved. Fgfj expressed by the axial mesoderm might directly or indirectly induce En expression. En
expression is also dependent on Paz2 function. (B) Gene expression patterns within the neural plate
during early somitogenesis, anterior to the left. After the initiation phase, Gbz2 expression maintains
Fgf8 expression, whereas Otz2 and Gbz2/Fgf8 regulate each other negatively, leading to the establish-
ment and maintenance of sharp expression borders. Concomitantly, the expression territories of Fgf8,
Wntl, Enl, En2, Pax2, -5 and -8 become interdependent and establish a positive regulatory loop that
is necessary to maintain midbrain-hindbrain identity. At least two negative feedback mechanisms that
involve Sprouty and Grgj restrict the expansion of the positive regulatory loop along the anteropos-
terior axis. The mid-diencephalic border is positioned in parallel by negative cross-regulations of Eni,
-2/ Paz2, -5, -8 and Paz6, whereas Fgf8 exerts a negative influence on the caudal expression of Hox
genes, positioning the border between rhombomeres 1 and 2. Abbreviations used: Di: diencephalon;
Ms: mesencephalon; rl: thombomere 1; r2: rhombomere2. After Wurst and Bally-Cuif, 2001 [159].

1.3.3 MHB development and neuronal differentiation in the MH do-
main

Early neuronal populations in the MH domain

Several neuronal types with distinct roles [197][198] develop within the mes-
metencephalic territory in stereotyped locations along the anteroposterior and dorsoven-
tral axes. The motorneurons of cranial nerve III and the dopaminergic neurons of the
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substantia nigra develop in the ventral tegmental area® of the mesencephalon in mouse
[199], but not in zebrafish, rostral to the MHB and IsO. Caudal to the MHB, mo-
torneurons of cranial nerve IV and serotonergic neurons of the raphe nuclei appear in
the basal plate of the metencephalon [197]. Finally, noradrenergic neurons of the locus
coeruleus are formed in the metencephalic alar plate (Figure 1.17).

Motorneurons, midbrain dopaminergic neurons and serotonergic neurons of the
raphe nuclei are induced close to the floor plate and it has been shown that this
induction is dependent on floor plate-derived signals, which can be mimicked by graded
doses of Shh [201][202][203] [200][204][205]. Since Shh is expressed along the entire floor
plate, other factors have to be involved in the positioning of these neural populations
along the anteroposterior axis. Indeed, experiments where IsO was shifted rostral or
caudal from its original position revealed the importance of the IsO in controlling the
location and size of the mesencephalic dopaminergic and rostral hindbrain serotonergic
cell populations (Figure 1.15) [167]. Fgf8 coming from the IsO is likely to be one local
factor involved in the development of the midbrain dopaminergic neurons [200].

Nevertheless, Shh and Fgf8 alone are not able to induce dopaminergic neurons,
suggesting that the proper induction of these neurones requires integration of antero-
posterior and dorsoventral signalling. One hypothesis could be that the crucial factor
to be associated with Fgf8 and Shh is ventral Wnt. The argument supporting this
hypothesis is that, in zebrafish, expression of Wnt is restricted to the MHB and dorsal
midline and can not be seen in the ventral part of the midbrain. Therefore, the combi-
nation of factors necessary for induction of dopaminergic neurons is not achieved and
this neural population is missing in the fish midbrain.

The maintenance of IsO activity requires an undifferentiated state of the
MHB

The conditional inactivation of Otz2 [206] and Gbz2 [207] at later developmental
stages highlighted the involvement of IsO activity in refining restricted compartments
within the MH domain, to give rise to the complex cellular organization of the mature
brain. Therefore, IsO activity has to be long-lasting. The MHB maintenance loop in-
cluding Fgf8, Wnt1, Pax and En proteins certainly has a central role in the maintenance
of IsO activity, but recent experiments pointed to some additional factors necessary for
long-lasting of IsO maintenance. These factors are not part of the MHB maintenance
loop, but rather dependent on it. Among these are Hairy/E(Spl) transcription factors
present at the MHB in the mouse (Hesl and Hes3) [48] and in zebrafish (Her5 and
Him) [36][140]. The lack of both Hes! and Hes3 genes in compound mouse mutants
results in severe patterning defects in the MH domain, with the deletion of midbrain
and anterior hindbrain structure [48]. This might be the consequence of a premature
termination of IsO activity, and of the premature differentiation of the proliferating
MHB neural precursor cells into neurons [48]. Similarly, in zebrafish forced neuronal
differentiation induced by ectopic ngn! overexpression results in the late loss of MHB
integrity [37]. The functional relationship between Hes genes and MHB maintenance

2Along the dorsoventral axis, the mesencephalon is divided into tegmentum (basal region) and
tectum (alar region).
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Figure 1.17: IsO activity is necessary for the proper specification of midbrain-
hindbrain neuronal populations. A sagittal view of a mouse neural tube at E11 is shown,
anterior to the left. The MHB is indicated with a red arrowhead. Inductive signals, indicated with
the arrows, shown to control neuronal identity originate from the neural plate at the MHB (Fgf8 and
Wntl), the floor plate (Shh) and from non-neural tissues (Fgf4 from the anterior mesoderm, and mem-
bers of the BMP family from the non-neural, dorsal ectoderm [200]). The combination of Fgf8 and
Shh provides inductive information for midbrain dopamine-producing neurons, while these factors to-
gether with Fgf4 specify serotonin-producing neurons in the rostral hindbrain. Noradrenergic neurons
of the locus coeruleus are induced by the combination of Fgf8 from the MHB and bone morphogenetic
proteins (BMPs) secreted from the adjacent non-neural dorsal ectoderm during gastrulation. Abbre-
viations used: Ms: mesencephalon; Mt: metencephalon; Cb: cerebellum; r: thombomere. After Wurst
and Bally-Cuif, 2000 [159].

loop genes has not been studied, but in zebrafish expression of her genes at the MHB is
downstream of the IsO genes during the maintenance phase. Thus, keeping the MHB
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Figure 1.18: Factors involved in the synchronization of patterning signals, neu-
rogenesis and proliferation at the MHB

undifferentiated is crucial not only to permit the development of the full complement
of neurons, but also to permit late IsO function.

Synchronization of patterning signals, neurogenesis and proliferation at the
MHB

Transplantation experiments in chicken as well as loss- and gain-of-function ex-
periments in mouse and zebrafish suggest that the specification and patterning of the
MH domain is a highly complex process, requiring the spatiotemporally coordinated
interaction of signals located in the neuroectoderm, but also in the non-neural tissue
along the A/P and D/V axes of the developing embryo. Signaling molecules orig-
inating from these centers and their effectors in the MH area establish and control
a complex molecular network the underlying specification of divergent, but ordered
midbrain-hindbrain structures in the mature brain.

The high interdependence between the factors implicated in the A/P or D/V
patterning, proliferation and neurogenesis control is demonstrated by the following
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findings:

e The expression of neurogenesis inhibitors (e.g. hers) is influenced by the IsO
[37].

e Both her5 and IsO factors (e.g. Wntl, Wnt3, Wnt11, Fgf15, Fgf8 Fgfl7) control
proliferation [208][209][210][211].

e In addition to promoting proliferation, IsO activity is also involved in the control
of neural differentiation [206][212][213][214].

A synopsis of the most prominent factors identified in chicken, mouse and ze-
brafish, as well as their interactions in controlling MH patterning, neurogenesis and
proliferation is shown in Figure 1.18.

1.4 The brain reward system

Animal behavior results from the activity of three large brain functional sys-
tems controlling arousal, reward and cognition. The close interaction of these systems
is necessary for the proper functioning of the organism and its interaction with the
environment.

The reward system is involved in awarding positive feelings (e.g. for pleasurable
or good actions) as well as negative feelings (e.g. for the punishment of wrong action).
A reward system has been evidenced in many vertebrates (goldfish, guinea-pig, dogs,
cats, rats, dolphins, monkeys and humans) and its functionality is classically revealed
through stimulation experiments. In humans, electrical stimulation of the sites evok-
ing pleasure elicit general feelings of bliss, happiness and unusual well-being, while
stimulation of aversive sites cause a feeling of anxiety, approaching danger, isolation
and abandonment. The pleasure centers are connected with the ascending projection
of mesencephalic dopaminergic neurons in the median forebrain bundle [215] and their
terminals in the prefrontal cortex [216]. On the other hand, aversive centers are located
in the periventricular system and they receive modulatory inputs from GABA-ergic
and serotonergic neurons of the anterior raphe nuclei. Thus, two neural populations
deriving from the embryonic MH domain in higher vertebrates, the mesencephalic
dopaminergic population and the serotonergic population of raphe nuclei located in
the hindbrain, play a key role in the brain reward system.

The following sections will review the brain reward system and the roles of the
dopaminergic and serotonergic systems in more detail. Additionally, the most common
disease of the brain reward system, addiction, will be described.

1.4.1 Dopaminergic neurons play a central role in the brain reward
pathway

At present, it is unquestionable that dopamine plays the key role in motivational
behavior and consequently in addiction. The dopaminergic theory of reward is princi-
pally based on findings showing that the structures involved in feeling pleasure are also
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sensitive to dopamine [217]. According to this theory, the mesencephalic dopaminer-
gic system of the ventral tegmental area (VTA) is the anatomical basis of the reward
system [218]. Dopaminergic neurons of the VTA project to the limbic system struc-
tures, especially to the shell of the nucleus accumbens and prefrontal cortex [218]. In
response to pleasurable activities such as feeding, drinking, sexual activity or the con-
sumption of drugs of abuse, dopaminergic transmission in the nucleus accumbens septi
is increased. Recent studies showed that the main increase in dopaminergic transmis-
sion occurs at the beginning of the pleasurable activities, when pleasurable experience
is anticipated [219]. According to Di Chiara and North [220], reward consists of two
successive phases: the incentive phase, in which a pleasure is anticipated, and the con-
summatory phase, that is the experience of the pleasurable stimulus. It appears that
dopamine contribution dominates in the first phase. However, low pleasure during the
consummatory phase causes a reduction of the dopamine signal if the incentive phase
is repeated. This suggests that response of mesencephalic dopaminergic neurons is
subject to learning, taking into account an anticipated error in the expectation of a
reward [221].

However, dopamine is not the only neurotransmitter engaged in rewarding be-
havior. Indeed, dopamine-transporter knock-out mice, whose synaptic dopamine level
is much higher than in normal animals, can still activate a reward system and get
addicted to cocaine [222]. As cocaine also influences the serotonin transporter, the
serotonergic system is likely also involved in the reward pathway.

1.5 Addiction

Drug addiction should be considered as a complex disease of the central nervous
system, characterized by the compulsive, uncontrolled craving for drug, its seeking
and striving to get it at all costs, and its use despite obvious, serious health- and life-
threatening consequences. Addiction is utilizing the components of the brain reward
system and it can be assumed as a disease of this system.

1.5.1 Anatomical targets of addictive substances

The reward system comprises a number of brain structures involved in feeling
both pleasure and aversion [223]. Nevertheless, an essential role in addiction has been
ascribed to the mesocorticolimbic system, which encompasses the ventral tegmental
area, the nucleus accumbens, the prefrontal cortex, the hippocampus and the pedun-
culopontine nucleus. Despite the fact that the final rewarding effect is connected with
an elevation of dopamine release in the nucleus accumbens [224], different parts of the
limbic system seem to be targets of particular drugs of abuse.

Addictive effects localized in the ventral tegmental area

The VTA is the place where some rewarding effects of morphine are localized
[225]]226]. Both u- and d-opioid receptor agonists exert their reinforcing effect via this
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region [227][228]. u-receptor agonist block GABA receptors on dopaminergic neurons
and cause their disinhibition and the subsequent release of dopamine [229].

The VTA is also associated with nicotine addiction. Nicotine receptors located on
the dopaminergic neurons in the VTA induce dopamine neuron firing and the release
of dopamine after ligand binding [230][231]. Additionally, VTA neurons form synapses
with cholinergic neurons of the laterodorsal tegmental nucleus and the pedunculopon-
tine nucleus, believed to be involved in nicotine addiction.

Addictive effects localized in the nucleus accumbens

The nucleus accumbens is a heterogenous structure composed of two functionally
distinct parts: a ventromedial shell and a laterally and dorsally located core. The cells
of the shell, believed to be an extended part of the amygdala, project to the VTA and
contribute to the brain reward system. Thus, these cells are the biological substrate
for the action of drugs acting at the nucleus accumbens level. Neurons of the core are
projecting more strongly to the zona compacta of the substantia nigra and they are
involved in the control of locomotor systems [232].

The shell of the nucleus accumbens is the structure where the action of addic-
tive psychostimulants such as cocaine and amphetamine are localized. After periph-
eral administration of these drugs, dopamine levels are elevated in this brain region
[233]]234][235]. Dopamine is released in the shell of the nucleus accumbens in response
to cocaine or amphetamine administration during both the incentive phase and the
consummatory phase of reward [236][237][238][239]. Although, it is believed that co-
caine and amphetamine have similar mechanisms of action, they differ with respect
to the targets for their addiction-evoked action. Rats readily self-administrate am-
phetamine into the nucleus accumbens [240][241], while cocaine self-administration
can be obtained only with significantly higher doses received over a long time period
[242].

Additionally to cocaine and amphetamine, the shell of the nucleus accumbens also
seems to be a place of action for morphine and met-enkephalin [243][244]. In contrast
to psychostimulants, morphine and met-enkephalin action is independent of the effects
in the VTA [243].

Addictive effects in the prefrontal cortex

The prefrontal cortex responds to cocaine action. Rats readily self-administrate
cocaine into the medial region of the prefrontal cortex, even if the doses used are
significantly smaller than those evoking addiction in the shell of the nucleus accumbens
[245].

The prefrontal cortex is also the key structure in developing sensitization to psy-
chostimulants. Behavioral sensitization is the augmented motor-stimulant response
that occurs with repeated, intermittent exposure to cocaine and amphetamine [246][219].
The prefrontal cortex is a terminal region of the mesocorticolimbic dopamine system
and changes in both dopamine and serotonin transmission in this region are likely to be
responsible for sensitization in response to repeated drug administration. Repeated co-
caine and amphetamine administrations decrease dopamine overflow in the prefrontal
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cortex [247][248][249][250], and this decrease is associated with an increased capacity
to clear dopamine via the dopamine transporters [251][252]. Further, reports indicate
that acute amphetamine and cocaine administration decrease serotonin transmission
in the prefrontal cortex due to the an increased number of serotonin transporters in
the prefrontal cortex and an increase in autoreceptor-mediated inhibition of dorsal
raphe serotonin neurons [253]. Thus, sensitization to cocaine and amphetamine may
be associated with decreased serotonin and dopamine transmission in the prefrontal
cortex, most likely due to permanent changes in the level of their transporters.

Addictive effects in the hippocampus

The hippocampal formation has been linked with memory processes rather than
addiction, but opioids, morphine and a-dynorphin are readily self-administrated by
rats into the CA3 region of the hippocampus [254][255].

Addictive drug effects in the pedunculopontine nucleus

The addictive action of morphine and amphetamine are also associated with the
pedunculopontine nucleus, since lesions of this brain structure inhibits morphine- and
amphetamine induced place preference [256]. In addiction, cholinergic neurons of these
nuclei activate nicotinic receptors on dopaminergic neurons in the VTA and induce
dopamine release within the brain reward system [257][258].

The centers involved in drug addiction in higher vertebrates are presented in
Figure 1.22

1.5.2 Neural basis for addiction in zebrafish

The reward pathway and addiction have been extensively studied in mammals, in
particular in rodents. Sections 1.4.1 and 1.5.1 shortly summarize the current knowledge
obtained in these studies. Recent experiments have convincingly shown a functional
conservation of the reward pathway among not only the amniotes but all vertebrates
[259]]260]. For example, amphibians do have separate clusters of dopaminergic neu-
rons in the basal midbrain and diencephalon which project to the striatum proper
(mesostriatal system) and to the nucleus accumbens (mesolimbic system), respectively
[259][260].

Identification of the functionally analogous structures in teleosts, including ze-
brafish, has been difficult due to several reasons: (i) dopaminergic cells are missing
in the teleost midbrain, (77) the nucleus accumbens or an analogous structure has not
been identified in zebrafish and finally (i77) the telencephalic hemispheres are everted
in zebrafish and the location of the lateral subpallium is not clear. Nevertheless, ty-
rosine hydroxylase (TH)-positive cells can be seen in the rostral part of the posterior
tubercle in zebrafish, similarly to amphibians [259][260]. These cells project to the
ventral telencephalon and therefore might represent the meso-striatal and meso-limbic
systems in teleosts [261].

Additionally, there are some improvements with regard to recognizing the teleostean
basal ganglia. Namely, the dorsal nucleus of area ventralis telencephali receives direct
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ascending spinal projections in zebrafish [262], reminiscent of such a projections to
the nucleus accumbens in various mammals [263][264]. This projections together with
high levels of Dy dopamine receptor [265] and glutamate decarboxylase expression [266]
would be expected features of striatal structures when compared to the situation in
mammals.

Finally, TH immunoreactive cell bodies of the posterior tuberal nucleus project
to the pallium in goldfish [267] and zebrafish [261], suggesting that posterior tuberal
nucleus may represent the meso-cortical system in zebrafish.

Thus, these anatomical studies in zebrafish as well as the functional studies per-
formed in other teleost [268][269] suggest that the ascending dopaminergic system of
zebrafish could be considered as homologous to the ascending dopaminergic system
in mammals despite the difference in location in the adult midbrain and forebrain.
Therefore, I postulate the existence of the neural network necessary to activate the
reward pathway in zebrafish, and the formal proof for this hypothesis is presented in
the Article in Appendix B.
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Figure 1.19: The chemical structure of the most commonly used amphetamines. The
common structural features are highlighted in blue. Abbreviations: AMPH: amphetamine; METH:

methamphetamine; MDMA: 3,4 - methylenedioxymethamphetamine (ecstasy).

1.5.3 Amphetamines - structural characteristics

Amphetamine and substituted amphetamines, including methamphetamine, methyl-
phenidate (Ritalin), methylenendioxymethamphetamine (ecstasy), and the herbs khat
and ephedra, encompass the widely administrated class of drugs that predominantly
release neurotransmitters, mainly catecholamines, by a non-exocytic mechanism. The
main structural features of the amphetamines are: an unsubstituted phenyl ring, a
two-carbon side chain between the phenyl ring and nitrogen, an a-methyl group and
a primary amino group (see Figure 1.19) [270].
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The most commonly used compounds within the amphetamine class are am-
phetamine and methamphetamine. Although they have a different chemical structure,
these two drugs show no differences in terms of eliciting dopamine release, in their elim-
ination rates or other pharmacokinetic properties [271]. Additionally, the two drugs
induce indistinguishable behavior in humans [272].

1.5.4 Mode of action of amphetamines

As mentioned above, dopaminergic transmission plays an important role in the
brain reward system and addiction development. The synaptic event characterizing
dopaminergic transmission can vary depending on the amount of released dopamine,
the sensitivity of dopamine receptors, and the length of time dopamine spends in the
synaptic space. Thus, regulation of dopamine trafficking at the level of the presynap-
tic membrane, mainly via the dopamine transporter (DAT), crucially influences the
brain reward system. DAT is also the site of action of many drugs, including the
psychostimulants amphetamine and cocaine [273][274][275].

Dopamine transporter - function in dopamine trafficking

The key mechanism regulating the level of extracellular dopamine is its reuptake
into the cytosol [276], mediated by the DAT (Figure 1.20).

DAT is crucial for the clearance rate of dopamine within the terminal fields, al-
though it is equally distributed between the synaptic bouton, the axon, soma and
dendrites [277][278]. DAT knock-out mice are characterized by a 300-fold increase in
the persistence of extracellular dopamine within the striatum, followed by a decrease
in dopamine tissue content, desensitization and down-regulation of both presynaptic
and postsynaptic dopamine receptors, and a decrease in the magnitude of quantal exo-
cytotic dopamine release [279][280]. These findings confirmed the importance of DAT
not only for terminating dopamine transmission, but also for synaptic homeostasis as
a whole.

DAT belongs to the class of active transporters that utilize the energy stored in the
ionic gradients (Nat/Cl™ in the case of DAT) to reuptake the ligand [276]. Therefore,
dopamine influx generates depolarization of the membrane mediated by Cl~ ions. The
physiological significance of this depolarization is not clear, but it might increase neural
excitability and hence exocytotic amine release during tonic firing [281].

In contrast to the normal inward movement of dopamine, transport mediated
by DAT can be reversed and cause the non-exocytotic eflux of dopamine into the
perineuronal space. The ability of different compounds to induce reversal transport
seems related to their ability to induce current flow as described above [282]. Reversal
transport is voltage-dependent and regulated by intracellular Nat [282] and Ca™ [283]
concentrations.

Modulation of DAT function by amphetamine

The pharmacological agents that interact with DAT function can be divided
into two classes: those that compete for dopamine uptake, and those that prevent
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Figure 1.20: Transporter proteins involved in the uptake of dopamine. (A) Dopamine
trafficking at the synaptic cleft. Exocytotic release of intracellular dopamine increases dopamine con-
centration in the synaptic cleft. Released dopamine diffuses across the synaptic cleft to bind to its
receptor (DA-R). Both diffusion and transporters-mediated transport act to decrease the extracellular
concentration of neurotransmitters, thus limiting the stimulation of receptors. Active dopamine reup-
take is mediated by the dopamine transporter (DAT), utilizing the energy stored in the sodium gradient
generated across the plasma membrane by the Na®/ Kt-ATP-ase. Once dopamine is transported back
into the cell, it can be taken up into vesicles by vesicular monoamine transporters (VMAT), present on
both large dense core vesiculaes and on small synaptic vesicles. VMATS energetically couple dopamine
transport to the proton electrochemical gradient across the vesicular membrane. The proposed topol-
ogy and structural features of DAT (B) and VMAT (C) are based on hydrophobicity analysis of the

predicted protein sequences.

dopamine uptake. Amphetamine-like substances belong to the first class and, in addi-
tion to interfering with dopamine uptake, also induce DAT-mediated dopamine efflux
[273][274].

Several models are used to explain the elevation of extracellular dopamine lev-
els upon amphetamine treatment. According to the weak base or wvesicle depletion
model, amphetamine enters the cells as a lipophilic substance and interact with vesic-
ular monoamine transporter (VMAT) on dopamine storage vesicles. This interac-
tion induces dopamine release from the storage place, increase of the cytoplasmical
dopamine concentration and alteration of the dopamine gradient across the plasma
membrane. This increased gradient would be responsible for dopamine efflux [284][285].
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Thus, in this model, dopamine efflux is completely independent from the interaction
amphetamine-DAT [285]. In contrast, the facilitated exchange diffusion model suggests
that dopamine efflux is a consequence of amphetamine translocation into the cell. This
model predicts that amphetamine’s movement through the transporter would increase
the rate of reverse transport by increasing the availability of intracellular-facing DAT
to bind dopamine [286][273]. Recent data support the second model, showing that
reserpine-like compounds, which displace dopamine from the vesicles into the cytosol,
do not cause dopamine efflux [287].

However, the facilitated exchange diffusion model alone cannot explain newer
experimental data showing that dopamine efflux is dependent on protein kinase C [288]
and on the intracellular concentration of Ca?t [288] and Na™ [289][283]. It appeared
that an increase in the intracellular Na™* concentration is extraordinarily important to
revert the DAT cycle and induce dopamine efflux [289][283][290][282]. Thus, according
to the modified facilitated exchange diffusion model, amphetamine transport via DAT
into the cell stimulates DAT-mediated inward Na current, and increases intracellular
Na™, which is then essential for amphetamine-stimulated dopamine efflux [283].

Additional mechanisms may also allow the extracellular dopamine concentration
to remain elevated upon amphetamine administration. For instance, amphetamine
is able to regulate DAT dynamics and functionality. Indeed, in response to acute
amphetamine application, DAT is redistributed from the plasma membrane to the
cytosol (Figure 1.21) [291]. As a consequence the ability of cells to transport dopamine
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Figure 1.21: A model for the regulation of dopamine transport capacity by acute
D - amphetamine exposure. (A) Under basal conditions, DAT is expressed on both cell surface
and intracellular membranes. (B) The DAT substrate amphetamine competes with dopamine for
uptake and reduces transporter cell surface expression. (C) Following amphetamine wash-out, DATSs
remain located at the intracellular membranes and the extracellular dopamine concentration could

remain elevated due to the reduction in transport capacity.
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is significantly lower and dopamine clearance from the synaptic cleft is slower [292][293].
It remains to be determined if DAT undergoes functional modifications prior to its
surface redistribution or simply leaves the plasma membrane as an active transporter.
Amphetamine-induced DAT redistribution seems to be irreversible [291]. Thus, after
amphetamine removal, the reduced transporter capacity of the system would allow
extracellular dopamine levels to remain elevated.

1.5.5 Neuronal networks involved in drug addiction

The main nuclei involved in reward have been presented in Section 1.5.1 and,
the major component of the drug-reward circuit are midbrain dopamine-producing
neurons located in the ventral tegmental area (A10 group). These neurons release
dopamine with nerve impulses from axonal varicosities in the striatum, nucleus ac-
cumbens and prefrontal cortex [294][295][296] [219][297][298]. Most dopamine neurons
show activations after primary rewards (food, water, sex, drugs of abuse, etc.) or con-
ditioned, reward-predicting visual, olfactory and auditory stimuli. Thus, dopaminergic
neurons label environmental stimuli with appetitive value, predict and detect rewards
and signal alerting and motivating events. The function of the dopaminergic system
is supplemented by the activity of numerous neurons producing different excitatory
and inhibitory neurotransmitters in the striatum, prefrontal cortex, ventral pallium,
amygdala, hippocampus and brain stem, which process specific reward information
and regulate the excitability of dopamine-producing neurons but do not emit alerting
signals about reward existence (Figure 1.22).

Intracranial self-administration (ICSA) and intracranial place-conditioning (ICPC)
studies have shown that the cell bodies of dopaminergic neurons in the ventral tegmen-
tal area contain GABA 43, GABAg*, nicotinic, muscarinic receptors and receptors
binding neurotensin [299][300] [301][302][303]. Therefore, these neurons are receiv-
ing both inhibitory imputs via GABA-producing neurons and excitatory imputs via
acetylcholine-, neurotensin- and glutamate-producing neurons. The activity of the
GABA-producing neurons is regulated via NMDA, GABA 4, excitatory amino acid
(EAA) and mu-opioid receptors (Figure 1.23A) [303][301] [302] [299] [304][299] [305][306]
[307][308]. The existence of these receptors is extremely important for coupling specific
information about the reward signal from the associative visual cortex, medial pre-
frontal cortex, ventral striatum and pars reticulata with the activity of VTA dopamin-
ergic neurons [309].

Activation of the VTA dopamine-producing neurons increases the extracellular
concentration of dopamine in the nucleus accumbens. This increase results in the in-
hibition of the spiny GABA neurons within the shell of the nucleus accumbens, via
activation of D; and Dy dopamine receptors (Figure 1.23B) [310][311][312]. The inhi-
bition of the spiny GABA neurons results in the activation of a reinforcement process,
presumably due to the disinhibition of downstream circuits that are innervated by the
nucleus accumbens. The final output, i.e. the inhibition of the spiny GABA neurons,
can be modified at the level of the dopamine-producing neuron as well as at the level

3anterior located cell bodies
4posterior located cell bodies
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Figure 1.22: Neuronal networks involved in the brain reward system. The neuronal
network controlling the brain reward system and underlying drug addiction is complex, and many
possible sites are involved in the initiation and maintenance of drug reinforcement. Amphetamine
produces reinforcing effects in the nucleus accumbens and ventral pallidum (sites labelled with @) and

in both places dopamine appears to mediate the action of the amphetamine.

of the target GABA-producing neurons. The activity of dopaminergic neurons is posi-
tively regulated by acetylcholine via muscarinic receptors [313], while repression can be
achieved by the activity of GABA interneurons activating GABA 4 receptor [300]. The
spiny GABA neurons contain mu-opioid [243][314] and EAA receptors [315][310] addi-
tionally to Dq/Dag, receptors and therefore can be regulated by enkephalin-producing
neurons and glutamatergic neurons originating from the amygdala, hippocampus and
prefrontal cortex [300].

Neuroanatomical studies indicate that the ventral pallidum (VP) receives a ma-
jor input from the nucleus accumbens [316][317]. It has been proposed that the VP
processes the rewarding actions of drugs of abuse [317][318]. In addition to process-
ing information from the nucleus accumbens, the VP receives a direct DA projection
from the VTA (Figure 1.23) [317][319][320], suggesting that this mesopallidal dopamine
pathway may provide reward independently from the mesolimbic system. Indeed, bi-
lateral injection of amphetamine and cocaine into the rostral VP produced conditioned
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Figure 1.23: The activity of dopamine-producing neurons in the VTA and NAc
is controlled through multiple excitatory and inhibitory interactions. Hypothetical
simplified circuits within the VTA mediating reinforcement (A). In the anterior portion of the VTA,
activating mu-receptors on GABA interneurons, or activating neurotensin (NT), nicotinic (NIC) or
muscarinic (NIM) acetylcholine receptors on DA neurons result in increased firing rate of VTA DA
neurons and initiate the reinforcing process. Similarly, blocking excitatory amino acid (EAA) receptors
on GABA interneurons or GABA 4 receptors on the DA neurons reduces tonic inhibition on the DA
neurons and increases their firing rate. In the posterior VTA, tonic inhibition of dopamine-producing
neurons is mediated by GABA g receptors. Additionally, DA neurons are positively regulated via 5-THs
receptors. The activity of GABA neurons in the posterior VTA can be modified via NMDA, GABA 4
and mu-opioid receptors. Hypothetical simplified circuits within the NAc mediating reinforcement (B).
Within the nucleus accumbens, activating D; and D2 receptors on spiny GABA neurons projecting to
the ventral pallidum reduce firing rates and initiate the reinforcing process. In addition, activating D
and D2 receptors on EAA input to the spiny GABA neurons reduces this excitation. Alternatively,
activating inhibitory opioid receptors with enkephalin (ENK) on GABA interneurons, locally regulating
DA input activity, can result in enhanced DA release, activation of DA receptors, and increasing
reinforcing effects. In a similar fashion, activating excitatory cholinergic (ACh) muscarinic receptors
on DA afferents can also result in enhanced DA release and increased reinforcing effects. Amphetamine
is reinforcing in the NAc because it increases the extracellular levels of DA which results in activation

of D1 and Ds receptors. @ indicates a potential place of amphetamine actions.
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place preference [321], suggesting that the VTA dopaminergic pathway projecting to
the rostral VP can be involved in the reward pathway, at least for psychostimulants.

Similarly, the medial prefrontal cortex (MPFC) receives direct dopaminergic input
from the VTA [316], suggesting a role of the MPFC in the brain mechanisms mediating
drug reward. ICSA studies have shown the involvement of cortical dopaminergic mech-
anisms in cocaine, but not in amphetamine reinforcement [242][245] [322][243][323].
The ICSA of cocaine into the MPFC also significantly increased dopamine turnover in
the NAC [322] , suggesting a link between the MPFC and the mesolimbic dopamine
system in mediating cocaine reward.

Cholinergic neurons play an important role in the modulation of the brain
reward system

ICSA and ICPC studies using specific agonists or antagonists of either muscarinic
or nicotinic cholinergic receptors suggested a cholinergic role in the brain reward sys-
tem (see Section 1.23) [300][306][305]. According to this model, cholinergic neurons
could modulate dopaminergic transmission in the nucleus accumbens and VTA. Recent
experiments using more specific pharmacological agents, genetic and ablation studies
support this model. Namely, specific blocking of muscarinic cholinergic transmission
in rodents increases the response to psychostimulants in the self-administration or
conditioned place preference tests [324][325], paradigms classically applied to evaluate
addictive behavior (see Section 1.5.6). Further, the activity of the cholinergic neu-
rons innervating the nucleus accumbens is decreased by dopamine release [326] and
their ablation increases the sensitivity to psychostimulants and the reinforcing effects
of cocaine [327]. Additionally, other components of the cholinergic system, like M5
muscarinic receptors on VTA DA neurons or nicotinic ACh receptors on dopamine
terminals in the striatum, are implicated in the regulation of addictive behavior [328].
Using pharmacological inhibitors, Hikida et al. [327] suggested that inhibiting acetyl-
cholinesterase activity, which terminates ACh action at the synapse, can block cocaine-
and morphine-induced CPP in the mouse. Therefore, the cholinergic system can be
considered as a promising target for the drug addiction therapy, although the specific
components to target within this cholinergic system remain to be determined.

1.5.6 Experimental methods used to study drug addiction

Although human drug addiction is highly complex, animal models of addictive
behavior have long been useful in exploring the underlying neuropharmacological and
molecular mechanisms of drug addiction as well as in predicting the abuse liability
of different compounds. A number of experimental procedures have been developed
to study the biological bases of drug addiction in laboratory animals, mainly rodents.
The majority of these procedures directly or indirectly measure the reinforcing effects
of drug administration. Drug reinforcement refers to the ability of some drugs to
motivate the individual to engage in behaviors leading to further drug administration
that is, in the development of addiction.

The methods used to study drug addiction in laboratory animals can be divided
into two groups: methods employing choice testing, which do not require any operant
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activity of the animal to receive the drug; and methods employing self-administration,
which require operant activity in order to activate the brain reward pathway. Condi-
tioned place preference and measuring locomotor activity belong to the first class, while
intravenous self-administration and brain stimulation reward interactions encompass
the second class.

Intravenous self-administration (IVSA)

Intravenous self-administration is the most direct method of determining drug
reinforcing potential in experimental animals, and was initially developed to address
the reinforcing properties of different drugs in rats [329]. Later on, modifications of
IVSA have successfully been applied to different model organisms: the rhesus monkey
[330][331], the squirrel monkey [332][333], the dog [334], the pig [335], the baboon
[336][337], the cat [338] and the mouse [339].
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Figure 1.24: Drug self-administration apparatus. Pressing the lever in response to appro-
priate visual cue according to a predetermined schedule provides the delivery of drug or vehicle into a

vein (intravenous self-administration) or into discrete brain areas (intracranial self-administration).

In this method, the behavioral response (animal action, usually a lever press) is
followed by intravenous drug administration through a catheter implanted into the
animal vein (Figure 1.24), and the ability of drug injection to directly reinforce be-
havior is determined [329]. Generally, it is concluded that drug is self-administrated
if the rate of lever pressing is greater in animals receiving the drug than in uninjected
animals or animals receiving the saline or vehicle solution [340][341]. The drug is act-
ing as a reinforcer if the rate of behavioral response (a lever pressing) is maintained
for some time after the drug is not delivered in response to a lever pressing. Even
more, an increase in rate of operant behavior following drug cessation should be seen
[342][329][343].
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The largest advantage of the IVSA technique is that the principles of operant
conditioning can be directly applied to the study of drug reinforcement. IVSA can
control behavior in much the same manner as traditional reinforcers such as food and
water in hungry or thirsty animals [344][345]. Second, the persistence of drug-seeking
behavior as well as relapse, can directly be studied by examining the extinction pat-
terns of the response [346]. Finally, choice procedures (cross substitution procedures)
have been developed where the animal chooses between several drug injections. This
way, the reinforcing properties of different doses of the same compound, or reinforcing
properties of the different compounds can be tested in the same animal [345].

The main disadvantage of the IVSA procedure is its technical complexity. Namely,
the intravenous preparation is relatively difficult to maintain, and cases of blocked
or leaky catheters and illness of the animal are frequent®. Additionally, although
animals learn to self-administrate some drugs, a long time period is often required
for the response pattern and drug intake-levels to stabilize [349]. When the cross
substitution procedure is used, drug interactions and learning variables can have a
significant influence on the results obtained.

1.5.7 Brain stimulation reward (BSR)

The brain stimulation reward method rely on the ability of addictive drugs to
enhance or facilitate an already existing reward mechanism [350]. Animals are trained
to press levers to receive brief pulses of electrical stimulation via surgically implanted
electrodes in the brain regions where electrical stimulation is directly reinforcing. The
facilitation effect of the drug can be seen either as an increased rate of lever pressing
for a fixed intensity of the stimulating current [351], or as a lowering of the current
threshold necessary for successful brain stimulation [352] upon drug administration.

This technique offers numerous advantage compared to the IVSA. It is technically
less demanding, the surgical procedure is simpler and the animals are easy to maintain.
Drug effect is assessed against an already established behavior and learning effects are
not important. The initial drug dose tested is not critical, because the animal is
working for the reward effects of the electrical stimulation and the behavior will be not
extinguished with subrewarding drug doses [353]. Finally, repeated drug testing does
not disturb animal’s behavior, making this method ideal for dose-response experiments.
Nevertheless, the fact that BSR does not directly measure drug reinforcement is a
serious limitation of this methodology compared to the IVSA.

Conditioned place preference (CPP)

The conditioned place preference procedure is based on the ability of animals to
develop an association between the subjective state produced by a drug (e.g. reward
comparable to mood elevation and euphoria in humans) and specific environmental
cues in several conditioning trials [354]. During these conditioning trials, the animal is
injected with the drug and placed in a specific compartment of the testing apparatus

To overcome the problem of intravenous drug administration, different alternative procedures such
as oral, intragastric and intracranial self-administration have been developed [347][348].
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Figure 1.25: The scheme for CPP assay. The apparatus consists of two compartments
that vary along several sensory dimensions, including the pattern or color of the floor and walls. The
experiment is composed of three phases: monitoring of time spent in left vs. right compartment prior
to drug exposure (i), exposure to the drug in left or right compartment (i) monitoring of time spent
in left vs. right compartment after the drug exposure, in a drug-free condition (7). If the drug has
reinforcing properties, the time spent in the drug-associated compartment should increase compared

to the initial measurement.

containing various cues (visual, tactile, olfactory, etc.) for a defined time period. When
this animal is afterwards tested in the drug-free state, in an experimental apparatus
offering the drug-related environmental cues in one compartment, and neutral cues in
another, it voluntarily moves towards the compartment containing the drug-related
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cues if conditioning is developed (Figure 1.5.7). The ability of a drug to induce condi-
tioning (i.e. the association of the drug and environmental cues) is an indication that
the drug has reinforcing properties [346][355].

The CPP method appears to be quick and easy. It does not require special equip-
ment or special surgical preparation of animals. Therefore, a high number of animals
and different compounds can be tested within a reasonably short time period. Addi-
tionally, CPP can be used on animals that are not experimentally amenable to IVSA
or BSR, e.g. fish. The huge advantage of CPP is that animals are tested in the drug-
free state, excluding any influence of drug-induced motoric effects, aversion or toxicity
on the observed conditioning [356]. The main disadvantage of the CPP paradigm is
that it does not directly measure drug reinforcement. However, there is a considerable
concordance between CPP and IVSA. A wide variety of drugs that are addictive in
humans induce CPP, and nonaddictive drugs do not produce a place preference in ex-
perimental animals [346]. The characteristics discussed above make the CPP method
indispensable in the initial screening for either a new, potential drug of addict or its
antagonists, or for the molecular players underlying addiction.

1.5.8 Locomotor activity (LMA)

The main mechanisms mediating drug addiction are associated with normal be-
haviors such as exploratory behavior or locomotor activity, at least at the level of the
nucleus accumbens. Therefore, these processes are very often affected by the drugs
of abuse, but they are not measures of drug reinforcement. Because LMA is easy to
measure, this behavioral test is frequently used for the preliminary determination of
experimental manipulations that may affect drug addiction.






Chapter 2

Aims and achievements

The two main goals of my PhD project were to:

(i) understand the molecular mechanisms controlling neurogenesis in the zebrafish MH
domain, and

(ii) setup the bases to analyze a potential contribution of embryonic neurogenesis to
the functionality of the adult neuronal networks controlling complex behaviors, such
as drug addiction.

To approach the molecular mechanisms controlling neurogenesis in the MH domain
I analyzed the maintenance of the progenitor pool at the MHB (intervening zone, 17).
It had been shown that the Hairy/E(Spl) transcription factor Her5 plays a crucial
role in medial IZ formation [37], but the lateral parts of the IZ (LIZ) are formed in
absence of Herb function. Therefore, I performed a systematic search for Hairy /E(Spl)
transcription factors that would control formation of the LIZ in cooperation with
Her5. This search resulted in the identification of a new Hairy/E(Spl) transcription
factor encoding gene, him, in near proximity to hers. In loss-of-function experiments,
I showed that Him and Herb control formation of the entire IZ and that the 1Z is
composed of two different domains differing in their requirement for Hairy/E(Spl)
inhibitory activity. This work is presented in Section 3.1 and Appendix A.

The IZ is composed of two domains with different sensitivity to neurogenesis.
To assess how this differential sensitivity arises, I analyzed the role of Wnt and Shh
signaling pathways that exhibit graded activities along the medio-lateral axis at the
level of the forming MHB. This analysis revealed that the medio-lateral difference in
the propensity of IZ cells to undergo neurogenesis forms at the end of gastrulation
(75 % - 90 % epiboly) and in response to Gli signaling pathway, but independently
of the smoothened coreceptor. Data supporting these conclusions are presented in
Section 3.1.2.

As a broad approach to gain insight into the molecular mechanisms controlling
the brain reward system, I decided to run a large-scale genetic screen in zebrafish
to recover dominant mutations affecting addiction to D - amphetamine, using the
conditioned place preference (CPP) paradigm.

The first task was to develop a reliable CPP methodology for zebrafish, since
the CPP paradigm had been successfully applied only in higher vertebrates (see sec-
tion 1.5.6). The development of this methodology, including crucial specificity controls,
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is reported in Section 3.2 and Appendix B. Thanks to the developed methodology,
I demonstrated that more than 95 % of wild-type zebrafish robustly experience the
rewarding effects of the psychostimulant D - amphetamine.

Further, T analyzed zebrafish ache/+ mutant fish, deficient for cholinergic neuronal
transmission throughout life, and found that these mutants are strongly resistent to
the rewarding effects of D - amphetamine. These findings suggest that the reward-
ing potential of amphetamine, as well as the importance of the cholinergic system in
modulating this effect, have been evolutionary conserved in vertebrates. They also
show that the developed methodology can be used to reveal dominant modifiers of
drug addiction, such as the ache®®® mutation impairing cholinergic transmission in
ache /+ fish. Experiments addressing addiction of ache/+ fish to D - amphetamine
are presented in Section 3.2.3 and Appendix C.

The development of appropriate assays and the evolutionary conservation of the
brain reward system enabled me to run genetic screens in zebrafish, aimed at recovering
dominant mutations affecting drug addiction in vertebrates. I performed two genetic
screens and up to date recovered one family with the searched mutant phenotype.
The organization and preliminary results of the two genetic screens are presented in
Section 3.2.4 and Appendix B.



Chapter 3

Results

3.1 Molecular control of neurogenesis at the zebrafish
MHB

Article Appendix A

3.1.1 Inhibition of neurogenesis in the IZ by the combined and dose-
dependent activity of Him/ Her5 pair

The maintenance of the progenitor pool located at the MHB is crucial for MH
development. Indeed, premature differentiation of the proliferating MHB neural pre-
cursor cells into neurons results in a late loss of MHB integrity [37][48] and a loss of MH
neuronal populations [48]. The molecular events controlling the generation or main-
tenance of neural progenitor pools remain largely hypothetical. Recent experiments
showed that the Hairy/E(Spl) transcription factor Her5 precisely delineates the IZ at
all embryonic stages [36][37] and is necessary and sufficient for medial 1Z formation
[37]. In the absence of Her5 function, premature differentiation occurs in the medial
(future basal) part of the IZ, while the lateral (future alar) domain forms, despite the
absence of Her5 function [37].

I reasoned that other Hairy /E(spl) factors might be expressed within this domain
and act redundantly with Her5. Because there are examples of physically linked E(spl)
genes in Drosophila (E(spl) complex) [357][125] and zebrafish (her! and her7) [358],
and because linked genes are more likely to share spatiotemporal characteristics of
expression, I searched for new Hairy/E(spl) genes in the vicinity of the herd locus.
Sequencing of a herd-containing PAC [66] revealed the presence of an open reading
frame encoding a new Hairy /E(spl) factor, Him, located 3.3 kb upstream of her5 and
in a head-to-head orientation, reminiscent of the genomic organization of her7-herl
[358].

The Him protein, translated from my full-length cDNA sequence, consists of 297
amino acids and exhibits all structural features of an Hairy/E(Spl) bHLH factor acting
as transcriptional repressor [123]: a conserved proline residue in the basic domain,
an “orange domain” [124] and a WRPW tetrapeptide in the C-terminus [149] (see
Appendix A).

o1
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him expression within the presumptive MH is identical to her5 and marks
the intervening zone

I analyzed him expression by RT-PCR and in situ hybridization. him, like hers, is
maternally expressed. Early zygotic him expression is ubiquitous but rapidly resolves
in a first, transient, profile within the presumptive dorsal endoderm and mesoderm.
From mid-gastrulation onwards (70 % epiboly), him becomes transcribed in the ante-
rior neural plate, in a V-shaped domain interrupted at the midline. At the three-somite
stage, this expression fuses medially and, by anatomical landmarks, is clearly located
within the presumptive MH domain, like her5. Detailed expression profile of him
during zebrafish development is shown in Figure 2 in Appendix A.

Him activity is crucial for the formation of the MIZ at early neurogenesis
stages

Because him has a similar expression to herd and encodes a related Hairy/E(Spl)
factor, I explored a potential involvement of Him in IZ formation. I tested a re-
quirement for Him in IZ formation in loss-of-function experiments where him mRNA
translation was blocked by specific antisense GripNAs. himGripNAs-injected embryos
displayed a complete lack of the MIZ, with bridging of the vce and r2MN clusters by
ectopic ngnl1-expressing cells at the 3-somite stage. Ectopic ngnl expression is followed
by premature differentiation across the basal MHB at later stages. This phenotype is
in all respects similar to that triggered by the loss of Her5 function (see Appendix A)
[37]. Thus, loss-of-function of either Her5 or Him results in the same failure to form
and maintain the MIZ.

The above results are compatible with a simple model where Him and/or Herb
would act in a common regulatory cascade. Thus, loss of Him function would cause
loss of her5 expression, or the reverse. Alternatively, Him and Her5 might be inde-
pendently necessary for MIZ formation. To address this question, I studied him and
herd expression in embryos where Herb or Him activity, respectively, was blocked. him
expression was unchanged in Her5 morphants under conditions where ngni expression
was strongly induced in place of the MIZ, suggesting that him expression is not under
immediate control of Her5. Likewise, loss of Him function did not alter either hers
transcription or translation of her5 mRNA (Figure 4 in Appendix A). I conclude that
Him and Herb do not act in a simple cascade of cross-regulation of expression. Rather,
the two genes are expressed independently of each other and are both essential to MIZ
formation.

The crucial determinant of M1Z formation is the total dose of “Him + Her5”
inhibitory activities

Several hypotheses could account for the above results. First, Him and Herb
might both be required for MIZ formation because they need to heterodimerize with
each other to be active. Alternatively, these factors do not have unique essential
activities, but rather are required to reach together a threshold level of Hairy/E(spl)
activity necessary to prevent proneural gene expression. Finally, both factors might
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exert distinct and/or complementary functions necessary for MIZ formation.

Using a yeast two-hybrid system, I found that Her5 can homodimerize as well
as form heterodimers with Him. Thus, the requirement for Him and Her5 for MIZ
formation in vivo might indeed be explained by the necessity for these factors to
heterodimerize.

Nevertheless, my finding that Her5 can homodimerize, as well as reports of func-
tional bHLH oligomers [359][360][361], suggested that Her5 and/or Him alone could
permit MIZ formation, provided the dose of this factor is sufficient. To test this hy-
pothesis, I analyzed MIZ formation in a context where the dose of Him is increased
across the IZ. Interestingly, I observed that an increased dose of Him permits forma-
tion of the MIZ although Her5 function is blocked by her5MO injections (Figure 5 in
Appendix A). Thus Him, when present in sufficient amount is capable of replacing
Herb activity to prevent neurogenesis across the MIZ.

I conclude from these observations that the crucial component of MIZ formation
and maintenance is a threshold level of “Him + Herb” inhibitory activity, achieved by
either Her5-Him heterodimers or homodimers and/or by oligomers from each factor
separately (Figure 3.1).

LIZ

Her5 + Him
inhibitory activity

Figure 3.1: IZ formation relies on “Him + Her5” activity. Schematic representation
of one half IZ (black line) (dorsal view, anterior up) and the thresholds of “Him + Her5” activity
necessary for neurogenesis inhibition in the MIZ and LIZ. ngnl expression (gray) replaces the MIZ
when the dose of “Him + Her5” is below the MIZ threshold (upper red line), and the LIZ when
“Him + Her5” drops below the LIZ threshold (lower red line).




54 CHAPTER 3. RESULTS

Formation of the LIZ also relies on the level of “Him + Her5” activity but
with a lower threshold than the MIZ

The LIZ is preserved in both her5 and him single knockdown embryos, suggesting
that it might require other factors than Him and Her5 for its formation. Alternatively,
the LIZ might primarily differ from the MIZ in requiring a lower threshold of “Him +
Her5” activity, the endogenous level of one factor alone (two doses) being sufficient to
block neurogenesis in this location. To address these hypotheses, I assayed for ngni
expression in double knockdown embryos. Strikingly, I observed that the simultaneous
interference with both Herb and Him activities results in ectopic ngnl expression in
place of the entire IZ, i.e. including the LIZ (Figure 6 in Appendix A).

In addition, I found that Him and Her5 are equally potent neurogenesis inhibitors
in the LIZ and that only one dose of any of these two factors is sufficient to inhibit
neurogenesis in the LIZ (Figure 7 in Appendix A). Therefore, I propose that a crucial
determinant of LIZ formation is the threshold of “Him + Her5” activities rather than
the specific presence of both factors (Figure 3.1).

3.1.2 Formation of a differential sensitivity to neurogenesis inhibitors
across the 1Z

Manuscript in preparation

As discussed in Section 3.1 both the MIZ and LIZ respond to “Him+Her5”, but
the MIZ requires a higher level of this inhibitory activity than the LIZ for its mainte-
nance. To elucidate the mechanisms accounting for this differential sensitivity, I tested
the role of (i) two secreted factors exhibiting graded activities along the medio-lateral
axis of the neural plate at the level of the IZ: Wnt and Shh, and (i) signaling pathways
triggered by these two molecules. Since I assumed that the medio-lateral gradient of
morphogen activity is involved in the formation of this differential sensitivity , I ana-
lyzed the response of the MIZ and LIZ to “Him 4 Her5” in contexts where the Wnt and
Shh pathways were perturbed, using different approaches summarized in the following
section.

GSK3 activity is necessary for the proper formation of the MIZ

Wntl is the most prominent candidate to mediate Wnt signaling at the level of
the 1Z during its formation (late gastrulation in zebrafish). Wntl is expressed from
the future dorsal midline and lateral IZ with a medial to lateral increasing gradient
(not shown). Endogenous levels of canonical Wnt signaling can be modified via several
intracellular components of the Wnt cascade in the target cell (Figure 3.2) [362][363].
One of the critical complexes in the regulation of Wnt signaling is a GSK343 functional
complex that phosphorylates (-catenin, targeting it for degradation [364][365][366],
and thereby limiting the amount of -catenin available to activate Wnt target genes.
Therefore, inhibiting GSK3( activity results in activation of Wnt target genes (Fig-
ure 3.2). In zebrafish, the functionality of the GSK33 complex can be abolished using
GSK3g inhibitor LiCl (Figure 3.2C). Thus, to assess the involvement of GSK34 in



3.1. Molecular control of neurogenesis at the zebrafish MHB 55

A B ¢
Frizzeled Mﬂ% Frizzeled LiCl
B @
®
[B-catenin]

LRP ; LRP @ LRP §
[B-catenin)  (B-catenin ® ®
e - | R __castaimnea. |
.~ (TCFILEF) ™. | - (TCFILEP)| ., - (TCFILEP)| .
| w © | preatenin) 7 [ peatenin
| p-catenin i 1 ‘ |
targe nucleus," sl “‘\ targe nucleus 4 9 targe nucleus 4
gene \_ Lgene " Lgene

repression of t‘aii'get genes/ \aétivaﬂgn of-téif‘get genes/ \aletivaﬁgn of-téfget genes/
\ y cytoplasm cytoplasm

Figure 3.2: Simplified schematics of Wnt signaling components. (A) Wnt proteins

interact with transmembrane receptors of the Frizzled family of proteins and activate Disheveled
(Dsh). Once the Dsh protein is activated, it inhibits the activity of the glycogen synthase kinase-343
(GSK303) enzyme. When GSK3g is inhibited , S-catenin can dissociate from the APC protein and
enter the nucleus. Once inside the nucleus, it can form a heterodimer with an LEF or TCF DNA-
binding protein. This complex activates the Wnt-responsive genes. (B) In the absence of Wnt ligand,
[B-catenin is phosphorylated by GSK33 and tagged for degradation. Depletion of (3-catenin leads to
repression of the Wnt-responsive genes. (C) LiCl inhibits GSK33 and mimics the effect of a Wnt
ligand.

the formation of the differential sensitivity across the 1Z, I applied 0.3 M LiCl at
80 % epiboly. Surprisingly, LiCl applied at 80 % epiboly triggered ngnl expression
in place of the MIZ, but not LIZ (Figure 3.3) (83.3 % of cases, n=60). This suggests
that inhibition of GSK30 increases the threshold level for Him- and Her5-dependent
inhibition, and that in this context two doses of both factors are not sufficient to se-
cure MIZ formation. Moreover, applications of LiCl at different time points during
embryo gastrulation revealed that the formation of the MIZ is sensitive to GSK343
activity during a narrow time window, between 75 and 90 % epiboly (Figure 3.4 and
not shown). Outside of this window, LiCl induced just a few ectopic ngni-positive
cells (Figure 3.4A and C) (90 % of cases, n=>50 for 60 % epiboly; 87.5 % of cases, n=56
for 90 % epiboly). Application of 0.3 M LiCl at 60 % epiboly induced an enlargement
of the IZ (compare the size of the red bars indicating the IZ in Figure 3.4A and D)
that is related to the requirement for a functional GSK33 complex to regulate head
size during the gastrulation process [367]. Nevertheless, only scattered ngnl-positive
cells can be observed across the MIZ (Figure 3.4A, red arrowheads).

The finding that a functional GSK33 complex is necessary for the formation of
the MIZ pointed to the possibility that Wnt signaling plays an important role in 17
formation. To test whether the GSK33 complex controlled MIZ formation as part
of the Wnt signaling pathway, I analyzed the requirement for a functional GSK343
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Figure 3.3: LiCl induces ectopic neurogenesis in the MIZ. Whole-mount in situ hybridiza-
tions on 3-som stage embryos (anterior to the top) probed for ngnl. The IZ is highlighted with paz2.1
expression in red. LiCl treatment triggers ectopic neurogenesis in the MIZ (white arrow in A) after
application at 80 % epiboly. Untreated embryos develop the 1Z normally, as indicated with white

asterisk on B.

LiCl at 60 % epiboly LiCI at 80 % epiboly LiCl at 90 % epiboly control

Figure 3.4: Sensitivity of the MIZ to neurogenesis is established between 75 % and
90 % epiboly. Whole-mount in situ hybridizations on 3-somite stage embryos (anterior to the top)
probed for ngni after treatment with 0.3 M LiCl at gastrulation stages as indicated at the bottom
of each panel. The position and the size of the IZ is indicated with red lines. Note that a complete
bridging of the MIZ with ectopic ngnl-positive cells is achieved only when LiCl is applied at 80 %
epiboly (D), while the application of LiCl at 60 % (C) and 90 % (E) epiboly causes only scattered

ngnl-positive cells across the MIZ (red arrowheads).
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Figure 3.5: Canonical Wnt signaling is not involved in the formation of the MIZ.
The inhibition of GSK38 activity, using LiCl, triggers ectopic neurogenesis (white arrow) in place of
the MIZ after induction of a sufficient amount of ATcf in hsp70I:tcf-GFPY? embryos (dorsal views
of the MH region in flat-mounted embryos at the three-somite stage, anterior to the top). ATcf itself,
produced by heat shock treatment in the heat-shock hsp70I:tcf-GFP“?S line, does not influence either
the formation of the IZ or neurogenesis (B). Embryos are probed for ngn! (blue) and paz2.1 (red)

expression following appropriate treatment.

complex in a context where Wnt signaling was blocked downstream of GSK33, at
the level of Tcf (Figure 3.5). I used a zebrafish line hsp70L:tcf-GFPY?® [368] that is
transgenic for an heat-shock (hs) inducible dominant negative form of tcf3 (ATcf)
and that can be used to inhibit endogenous Wnt/[-catenin signaling at discrete time
points during development [368].

Two hours after activation of hs-ATcf, the amount of dominant negative form
of Tcf is sufficient to repress transcription of Wnt targets in vivo, based on a Wnt-
responsive reporter transgenic line [369] that contains a destabilized variant of GFP
under the control of four Tcf binding sites (data not shown).

To assess the effect of ATcf on GSK33-regulated formation of the MIZ, I exposed
hsp70I:tcf-GFPY?S transgenic embryos at 50 % epiboly to heat shock for 15 min at
42 9C and 2 hours later (80 % epiboly) to 0.3 M LiCl treatment. Treated and control
embryos are further assessed for ngnil expression at 3-somite stage. Strikingly, LiCl
was able to increase the threshold level for “Him + Her5” inhibitory activity and



58 CHAPTER 3. RESULTS

control

Figure 3.6: The activity of GSK3/ is necessary for normal formation of the MIZ in
vivo. The inhibition of GSK3/ activity, using a GSK3-specific inhibitor (OTDZT), triggers ectopic
neurogenesis (white arrow) in place of the MIZ (dorsal views of the MH region in flat-mounted embryos
at the three-somite stage, anterior to the top). Embryos are probed for ngn! (blue) and paz2.1 (red)
expression following appropriate treatment. Higher magnifications of the IZ in inhibitor-treated and

untreated embryos (white boxes on A and B) are shown in panels C and D, respectively.

induce ectopic ngnl expression in heat shock-treated embryos (Figure 3.5A) (83.3 %
of cases, n=42). Thus, although GSK3/ likely plays a role, Wnt/[-catenin signaling
is not involved in the formation of the differential sensitivity to Him and Herb across
the IZ in zebrafish.

At least two hypotheses could account for the above results. First, LiCl might
inhibit other enzymes than GSK3(3, such as inositol monophosphatase [370][371], that
are not involved in Wnt/g-catenin signaling and that control formation of the MIZ.
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Second, GSK3/ activity might act on neurogenesis via other signaling pathways present
at the zebrafish MHB, such as Fgf or Shh signaling.

To find out whether LiCl impairs 1Z formation by blocking GSK3/, I analyzed 17Z
formation in embryos where GSK3/ activity is specifically blocked by OTDZT (2,4-
Dibenzyl-5-oxothiadiazolidine-3-thione) [372] from 80 % epiboly onwards. Importantly,
OTDZT - treated embryos assayed at the three-somite stage for ngni expression dis-
played a complete lack of the MIZ, with bridging of the vcc and r2MN clusters by
ectopic ngnl-expressing cells (Figure 3.6A and C, white arrows) (86.8 % of cases,
n=38). This phenotype is in all respects similar to that triggered by LiCl treatment
(Figure 3.3A).

Taken together, my results showed that the sensitivity of the MIZ to undergo
neurogenesis is established during late gastrulation and regulated by GSK3g3 activity
independently from the activation or inhibition of Wnt/g-catenin target genes.

Glil is a crucial determinant of IZ formation

According to a second hypothesis GSK35 might be involved in neurogenesis con-
trol via other signaling pathways than Wnt/g-catenin, acting at the zebrafish MHB.
For instance, GSK3( might be involved in Shh signaling originating from the ventral
midline and specifically active at the MHB [373][374]. Recent publications showed that
GSK3p phosphorylates Ci proteins in Drosophila [375][376], and that this phospho-
rylation plays an important role in the regulation of the equilibrium between Ci-155
(activator form) and Ci-75 (repressor form) by targeting Ci-155 for proteolysis. Pro-
teolysis from Ci-155 to Ci-75 keeps the Shh pathway silent [376].

In zebrafish, there are four Ci orthologs: Glil [377], Gli2 [377], Gli3 [378] and
Gli2b [379]. To elucidate whether these factors can be targets of GSK30 in the 1Z, I
first analyzed the expression patterns of gli genes with a focus on the MH domain.

These expression analyses pointed to glil as a promising target of GSK343 in-
volved in the formation of the different sensitivity to neurogenesis inhibitors of the
MIZ versus LIZ. First, glil is expressed in the anterior neural plate during late gastru-
lation (Figure 3.7), that is during the time window crucial for the establishment of the
differential sensitivity (see Figure 3.4) and second, the expression levels of glil show
a medio-lateral gradient, decreasing towards the LIZ (Figure 3.7). Thus, Glil could
regulate the differential sensitivity of the MIZ versus LIZ by increasing the threshold
level for “Him + Her5” activity in the MIZ. If this hypothesis is true, loss of Glil
function would decrease the threshold level in the MIZ and render it “LIZ-like” with
respect to its requirement for “Him + Her5” function. To address this hypothesis,
I analyzed the requirement for Her5 function in MIZ formation in embryos lacking
Glil activity. In WT embryos, loss of Herd function resulted in ectopic neurogenesis
in place of the MIZ and bridging of the vcc and r2MN clusters with ectopic ngnl-
positive cells (Figure 3.8A, red arrow) (97.5 % of cases, n=30). Importantly, however
loss of Herb function did not induce ectopic neurogenesis in the Glil morphants (Fig-
ure 3.8C, white arrow) (81.6 % of cases, n=60), while blocking Glil function alone had
no visible effects, suggesting that loss of Glil function decreased the threshold level for
“Him + Herb” activity. Therefore, Him activity is sufficient to prevent neurogenesis
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Figure 3.7: Glil is expressed in a graded manner across the IZ. Dorsal view of the flat-
mounted embryo (anterior to the top) at late gastrulation probed for gli! expression. Glil expression
(blue staining) is observed in both the neural plate (red arrow) and adaxial cells (black arrow). glil
expression level in the neural plate is the highest at the midline and decreases laterally. The 1Z is

highlighted by paz2.1 expression stained in red.

in place of the MIZ in Herb morphants.

Similarly, inhibition of GSK33 activity in Glil morphants did not induce ectopic
neurogenesis in place of the MIZ (not shown), suggesting that GSK3/ is involved in
MIZ formation via regulation of the equilibrium between the activator and repressor
form of Glil (Figure 3.10).

In Drosophila, protein kinase A (PKA) together with GSK3( regulate the propen-
sity of Ci (Gli homologs) proteins to undergo proteolysis and repress target genes in
the absence of Shh [376]. To elucidate whether the GSK33/ PKA tandem has any role
in the regulation of the Gli equilibrium during IZ formation, I analyzed the sensitivity
of the MIZ to the loss of Her5 function in the context where PKA was constitutively
active (PKA*) [380]. PKA* continuously phosphorylates Gli proteins and therefore
depletes the Gli activator pool (Figure 3.10). Loss of Her5 activity did not induce ec-
topic neurogenesis in place of the MIZ when her5gripNA was coinjected with 20 ng/ul
of PKA* mRNA (Figure 3.9C, white asterisk) (66 % of cases, n=50), while injecting
her5gripNA at the same dose induced ectopic neurogenesis (Figure 3.9A) (92.3 % of
cases, n=26). Thus, depletion of the Glil activator pool by PKA* activity decreases
the threshold level for “Him + Her5” activity.

I demonstrated above that Glil activity is a crucial determinant of the sensitivity
to “Him + Her5” inhibitory activity of the MIZ and that the Glil activator pool
can be regulated by PKA and GSK33. However, these experiments did not address
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~ gli1 gripNA + her5 gripNA control

Figure 3.8: Effects of the Glil activity on the formation of the medio-lateral gra-
dient of sensitivity to “Him + Her5”. Dorsal views of the flat-mounted embryos probed
for ngni (blue) and paz2.1 (red) following injection of her5GripNA (A), glil gripNA (B), coinjection
of herbgripNA and glil gripNA (C), compared to a non-injected WT control embryo (D). Note that
the loss of Her5 function is not sufficient to induce the ectopic ngnl-positive cells across the 1Z (red
arrow in A) in the context where Glil function is blocked (white arrow in C). Glil morphant (B) is

indistinguishable from control embryo (D) in respect to ngnl expression.

the relative contribution of Gli signaling to the formation of the LIZ. According to
my model for formation of the IZ in response to “Him + Her5” activity, the LIZ is
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Figure 3.9: Effects of PKA activity on IZ formation. Constitutively active PKA increases
the threshold for “Him + Her5” inhibitory activity in the MIZ (A-D). Constitutively active PKA
(PKA*) prevented the loss of Her5 function to induce ectopic neurogenesis across the MIZ (compare
A and C). Nevertheless, constitutively active PKA does not influence normal neurogenesis in the MH
domain (compare B and D). Normal formation of the MIZ is indicated with white asterisks, while
red arrows indicate ectopic ngn! expression. All panels show dorsal views of flat-mounted embryos at
the 3-somite stage probed for ngn! (blue) and paz2.1 (red), anterior to the top. Dominant negative
PKA (dnReg) decreases the threshold for “Him + Her5” inhibitory activity in both the MIZ and LIZ
(E-J). Dorsal views of flat-mounted embryos at the 3-somite stage probed for ngn! (blue) and paz2.1
(red), anterior to the top, following injection of her5 GripNA (E, I), dnReg (F), coinjection of her5Grip
and dnReg (G, J), compared to a non-injected control embryo (H). Note that loss of function of Herb
and PKA results in a very similar phenotype, namely ectopic ngnI-positive cells in place of the MIZ
(compare E and F (red arrows) to H (white asterisk)). Loss of function of both Her5 and PKA in
the same embryo induces ngnl expression in the LIZ (white arrows in G and J) in addition to its
expression in the MIZ (red arrows). Panels I and J are higher magnifications of the area boxed in red

in panels E and G, respectively. Black arrows indicate lateral motorneurons of rhombomere 2.
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characterized by a lower threshold level (see Figure 3.1). To determine whether this
threshold level can be modified by Glil function, I analyzed the requirement for Her5
inhibitory activity in embryos with an enriched activator Glil pool. Enrichment of
the activator pool is achieved by inhibiting PKA activity with a dominant negative
form of this enzyme (dnReg) [381]. Injection of 50 ng/ul of dnReg induced ectopic
neurogenesis across the MIZ (Figure 3.9F, red arrow) (84 % of cases, n=50), similar
to the ectopic neurogenesis induced by inhibiting GSK35 activity (Figure 3.3A and
Figure 3.6A).

In addition, loss of Herb function in these embryos resulted in ectopic neurogenesis
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Figure 3.10: Wnt signaling (red line) and Shh signaling (green line) crosstalk via
GSK3/3. GSK30 regulates the amount of effector molecules for both Wnt (8 — catenin) and Shh
(Gli) signaling. Parts of the signaling pathways that are inactive in the presence of the ligand are
indicated with dotted line. Factors involved in the regulation of the threshold level for the “Him+Her5”
inhibitory activity are highlighted in gray. Abbreviations: GSK3f3: glycogen synthase kinase-3/;
PKA: protein kinase A; Smo: Smoothened; Ptc: Patched; Shh: Sonic hedgehog; Cos: Costal; Dsh:
Disheveled; APC: Adenomatous Polyposis Coli.
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in both the MIZ (Figure 3.9G and J, red arrows) and the LIZ (Figure 3.9G and J,
white arrows) (85.7 % of cases, n=35), a result never observed in embryos lacking
Her5 function alone (Figure 3.9E and I) (90 % of cases, n=30). Thus, LIZ cells, like
MIZ cells, respond to Glil activity by decreasing their sensitivity to Him and Herb5.
The accumulation of the activator Glil form increases the threshold level in the LIZ
and two functional copies of Him are no longer enough to secure the formation of the
LIZ. I conclude that in vivo the lower threshold level for “Him + Herb” activity in the
LIZ is a consequence of the smaller amount of available activator Glil form.

Taken together, my data suggest that the graded activity of Glil accounts for
the differential sensitivity to “Him + Her5” across the 1Z. Moreover, this sensitivity
is likely regulated by the equilibrium between activator and repressor forms of Glil,
where the activator form increases the threshold level for “Him + Her5”, since it is
sensitive to PKA/ GSK3( function.

Glil activity is not regulated by Shh activity

The above findings that factors involved in Shh signaling (Glil, PKA and GSK3p5)
(Figure 3.10) are responsible for the differential sensitivity of the MIZ versus LIZ, and
the expression of shh at the embryonic midline, suggested that Shh is the signal induc-
ing graded Glil activity across the 1Z and therefore differential sensitivity across the
1Z. To test if Shh signaling is required for the formation of the MIZ and Glil activity,
I examined the sensitivity of the MIZ to Herb activity and glil expression in embryos
treated with 100 M cyclopamine. Cyclopamine is thought to completely block Hh
signaling at the level of Smoothened (Smo)[382] (Figure 3.10) and to affect the for-
mation of the structures depending on Hh signaling. Indeed, applying cyclopamine
onto zebrafish embryos at 50 % epiboly impaired the formation of both somites and
adaxial cells , as revealed by myoD staining (Figure 3.11E and F, white arrowheads)
(97.5 % of cases, n=40). Surprisingly, cyclopamine treatment however did not inter-
fere with the induction of ectopic neurogenesis across the 17 after loss of Herd function
(compare Figure 3.11A (red arrow) and C (white arrow)) (100 % of cases, n=45 for
her5GripNA; 100 % of cases, n=65 for her5GripNA+cyclopamine). In addition, glif
expression in cyclopamine - treated embryos was identical to that in non-treated con-
trols (not shown), suggesting that Smoothened-mediated Hh signaling is not necessary
to initiate glil expression and regulate its function via PKA and GSK3( during 17
formation.
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cyclopamine o control

Figure 3.11: Differential sensitivity of the IZ to “Him + Her5” does not depend
on the Shh signaling. (A-D) Dorsal views of the flat-mounted embryos at 3-somite stage probed
for ngnl (blue) and paz2.1 (red) following injection of her5GripNA (A), cyclopamine treatment (B),
injection of her5gripNA combined with cyclopamine treatment (C), compared to an untreated WT,
control embryo (D). Note that the embryo unable to receive Shh signal (cyclopamine treated embryo)
develop the I1Z (compare B and D, white arrow), with the sensitivity to “Him + Her5” activity undis-
tinguishable from WT embryo (compare A and C, red arrow). The dose of cyclopamine insufficient
to change sensitivity of the MIZ to “Him + Herb” activity blocks Shh signaling in the mesoderm
and impair with formation of both somites and adaxial cells (E, F). Dorsal view of the flat-mounted
embryos at 6-somite stage probed for myoD (blue) and paz2.1 (red) following cyclopamine treatment
(E), compared to an untreated WT, control embryo (F). myoD expression disappears in the adaxial
cells (white arrowheads) and decreases in the forming somites (red arrow) upon cyclopamine treatment

(E) compared to an untreated embryo (F).
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3.1.3 Conclusions

Maintaining a progenitor pool at the embryonic MHB is crucial to MH growth
and IsO maintenance, and I reported here a new molecular player and its associated
mechanism preventing neurogenesis in this territory. My arguments are as follows:

1. Tidentified a new gene encoding for Hairy/E(Spl) transcription factor, him, phys-
ically linked to herd and divergently transcribed, which shares with herd expres-
sion across the IZ.

2. I demonstrated that blocking either Her5 or Him function results in the same
failure to form and maintain the MIZ, and that interfering concomitantly with
the function of both factors prevents formation of the LIZ.

3. Further, I showed that sufficient levels of one factor alone are sufficient to com-
pensate for the lack of the other.

Together, my results are most compatible with a model where the molecular basis
of IZ formation is the total “Him + Her5” inhibitory activity.

More recently, I demonstrated that the mechanisms accounting for the differential
sensitivity of the MIZ and LIZ were based on graded Gli signaling along the medio-
lateral neural plate axis at the level of the IZ, and that Glil activity in this process was
regulated by the PKA /GSK3/33 phosphorylation tandem (Figure 3.10). My arguments
are as follows:

1. Ishowed that PKA and GSK3/3 were crucial components of the signaling pathway
accounting for the medio-lateral difference across the IZ.

2. Loss of Glil function experiments directly implicated the Gli signaling pathway
in controlling neurogenesis control.

3.2 Molecular control of addiction

Articles in Appendix B and Appendix C

The best way to study brain functionality is to assess its behavioral output.
Studding complex behaviors, such as addiction or anxiety, has two main implications:
it provides knowledge and tools to tackle these social illnesses and it offers an excel-
lent opportunity to reveal linkage between genes, neuronal circuitry and elucidated
behavior, existing not only at adulthood but also during development.

Most of our knowledge on social behavior comes from studies conducted on lab-
oratory animals, mainly rodents. Although these studies have being performed over
more than 40 years, the molecular control of addiction and anxiety remains largely
unknown. The main reasons are the complexity of the disorders, which involve en-
vironmental factors, and the limited candidate genes. The candidate gene approach,
used in mammals, has two main disadvantages: (i) it requires that the genes of inter-
est are known and very well characterized and (i7) the production of adequate sample
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size is costly. On the contrary, methods of forward genetics where the genome is mu-
tagenized, the resulting phenotypes characterized and the affected gene subsequently
cloned give opportunity to detect both new and known genes controlling the behavior
of interest.

In order to gain insight into the molecular control of addiction, I decided to per-
form genetic screens for dominant mutations affecting addiction to D - amphetamine
at adulthood!, using conditioned place preference (CPP) (see Section 1.5.7) as the
experimental assay. | have chosen D - amphetamine because of two reasons: first, all
vertebrates tested so far got rapidly addicted to this psychostimulant and second, stud-
ies in rodents showed that D - amphetamine affects dopamine uptake, storage in the
cytoplasmical vesicles and DAT trafficking (see Section 1.5.4). Therefore, I expected
a broad spectrum of molecular networks to be affected and result in altered CPP to
D - amphetamine.

In order to conduct genetic screens to detect dominant modifiers of addiction to
D - amphetamine, I first setup a CPP paradigm for zebrafish, since this methodology
had been developed only for mammals. Further, I performed parametric analyses to
make the CPP assay more robust and high throughput for the purpose of large-scale
screening. [ validated the developed methodology by applying it to fish deficient for
cholinergic neural activity. Finally, I developed two additional tests: a test for cognitive
capacities and a test for anxiety of zebrafish, in order to exclude phenotypes detected in
CPP paradigm which are not related to addiction mechanisms per se. The development
of all three assays, the parametric analyses and the organization and the preliminary
results of the two genetic screens will be summarized in the following sections and the
reader is referred to the original publications in Appendix B and Appendix C for more
detail.

3.2.1 Development of assays for complex behavior in zebrafish

I first developed a reliable place preference test using a two-compartment ex-
perimental box. Distinct visual cues divide the experimental tank into two halves: a
dark half colored in brown and a bright half colored in white with two frightening,
black spots placed at the bottom of the tank (see Figure 3.12A). In this setup, most
(95 %, N > 50) wild-type AB adults spend significantly higher (55-75 %) time in the
attractive compartment. The attractive compartment is defined as the compartment
in which a fish spends more time during the 1! measuring session and the place prefer-
ence (PP) is calculated as the percentage of time that the fish spends in the preferred
compartment.

To measure addiction to psychostimulants, I developed a conditioned version of
the PP test (CPP) where the initially repulsive compartment is associated with the
intraperitoneal administration of an optimal dose of D - amphetamine. After condi-
tioning sessions with amphetamine, most (95 %, N > 500) wild-type AB adults reverse
their PP, while control fish, injected with saline only, fail to do so (see Figure 3.12B).

'T consider that fish is an adult when it is reproductively mature and all fish used were between 3
and 6 months old.
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Figure 3.12: Addiction of adult zebrafish to D - amphetamine measured in CPP
paradigm. A: Place Preference measurement setup (left panel, viewed from top) and representa-
tive video-recorded route followed by a wild-type fish in this setup (right panel, example with 58 %
of the time spent in the preferred compartment). B: Change in place preference induced by the in-
traperitoneal administration of 40 pg/g of D - amphetamine (left) associated with the non-preferred
compartment, compared to the administration of saline (right) in identical conditions. The “change
in place preference” (Y axis) is measured as the relative difference in time spent in the preferred (non-
amphetamine-associated) compartment before (PP;) and after (PPf) drug exposure (in percentage of
PP;). This change was compared between N amphetamine-treated and control fish using independent
samples Student t-test followed by arcsine transformation (see Appendix B for more detail). Standard
errors are indicated. Note that amphetamine-injected fish significantly revert their place preference to
choose the amphetamine-associated compartment after drug exposure, while fish injected with saline

do not revert their preference.

Unlike observed in mammals, I found that D - amphetamine does not influence ze-
brafish locomotor activity.

If no significant change in place preference is observed after conditioning with
D - amphetamine, one however cannot directly conclude to an absence of positive
reinforcing by D - amphetamine. Indeed, there are at least three parameters unre-
lated to reinforcing per se, which might artificially bias the CPP response: (i) the
degree of aversion to the initially non-preferred compartment, which may interfere
with conditioning, (#7) the capacity of the animal tested to learn and remember which
compartment was associated with the drug, and (4i) the capacity of the animal tested
to appreciate the visual cues identifying the drug-paired compartment. To rule out an
involvement of these factors in the cases where only a low change in PP is detected,
I have developed appropriate setups to estimate the basal levels of aversion and the
cognitive capacities of adult zebrafish.

The aversion of each fish for the non-preferred compartment was calculated as the
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difference in the time spent in the preferred versus the non-preferred compartment as
follows: Av = PP; — ta, where Av represents the aversion, PP; is the percentage of
time spent in the preferred compartment and ta is the percentage of time in the non-
preferred compartment. Tests for the basal levels of aversion have been successfully
applied on different zebrafish strains (see Appendix B and Appendix C).

The ability of zebrafish to learn and remember is assessed in a T-maze, where the
fish have to find the deep compartment containing food (more detail about the setup
design can be found in Appendix D). Each fish was tested once a day and the time
needed to reach the deep compartment is scored. I consider that a fish has learned the
task when its time to find the target compartment is decreased by more than 50 %
compared to the initial value and varies of less than 10 % upon consecutive trials.
Analyses conducted on AB fish showed that AB fish need 6 trials to learn the task (see
Figure 4C in Appendix B and supplementary material on CD). Therefore, I consider
that a muatgenized family where both a lowered CPP and a significant lengthening
from baseline learning value are detected rather carries mutation(s) affecting the cog-
nitive abilities of the fish than affecting D - amphetamine - induced reward.

3.2.2 The parametric analysis

In order to improve reproducibility and reliability of CPP and to shorten the
time necessary for assay conduction and therefore make CPP appropriate for high
throughput large-scale screens, I analyzed several important parameters:

e experimental tank design,
e habituation,

e optimal measuring interval,
e drug administration and

e dose-response.

More details on this parametric analysis can be found in Appendix B.

Following this analysis, I optimized the experimental protocol and obtained a
rapid, robust and reproducible assay for addiction to D - amphetamine in zebrafish.
This protocol can further be applied in the large-scale screens. The complete experi-
mental protocol is shown in Appendix D.

3.2.3 Genetic identification of AChE as a positive modulator of ad-
diction to D - amphetamine

In mammals, lowered brain ACh signaling has been associated with an increased
propensity to get addicted to psychostimulants [324][325]. To determine whether
the cholinergic system was involved in a similar regulatory pathway in zebrafish and
whether I could reveal modulatory a role of ACh signaling, I measured the sensitivity
of zebrafish with genetically impaired ACh metabolism towards the rewarding effects
of D - amphetamine.
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The ache®®>® mutation causes increased ACh levels in the brain of ache®*® /+
fish

Zebrafish ache®®® mutants harbor a point mutation in the AChE-encoding gene,
resulting in the production of a non-functional AChE enzyme [383]. Because AChE is
the only ACh-degrading enzyme in zebrafish, ache®® /ache®*>® homozygous embryos
are completely deficient in ACh hydrolysis and die of progressive paralysis at early lar-
val stages [383]. ache®®>® /4 heterozygotes, however, reach adulthood without obvious
locomotor or any morphological defects and they do not suffer from grossly abnormal
neuroanatomy. I found that AChE activity was decreased by nearly 50 % in the brain
of aches® /4 heterozygotes compared to their wild-type siblings or our AB control
strain (see Figure 2A in Appendix C), resulting in a 1.4-fold increase in their level
of brain ACh (see Figure 2B in Appendix C). These results suggest that aches®>® /4
mutants are a valuable genetic model to test the effects of increased brain levels of
ACh.

Amphetamine-induced CPP is reduced in zebrafish AChE mutants

To measure the impact of lowered AChE activity on drug-induced addiction, I
assessed the behavior of ache®®®®/+ adults upon administration of amphetamine in
the CPP paradigm. I found that ache®®® /4 heterozygotes exhibit a significantly
lowered change in place preference compared to their wild-type siblings, which do not
differ from controls of the wild-type AB strain (see Figure 3.13 and Appendix C).
Additionally, a dose-response analysis showed that ache®®® /+ fish respond with a
significantly lower CPP than their siblings over a range of doses reaching at least 60
pug/g. Thus, I concluded that the cholinergic system strongly modulates addictive
behavior in zebrafish.

Genetic impairment of AChE function is not associated with an abnormally
high initial place preference (aversion), with lowered memory or with vision
defects

To rule out an involvement of factors unrelated to addiction mechanisms per se
(see Section 3.2.1 and Appendix B) on the lowered CPP response of ache®*® /+ het-
erozygotes, I assessed their basal level of place preference, their memory and their
visual performance.

Analysis of the initial place preference in the ache®*® /+ fish population revealed
that most ache®®®® /4 heterozygotes still prefer the brown side (like wild-type fish), but
I found that their preference for this compartment is significantly decreased compared
to that of their wild-type siblings or AB controls (see Figure 3A in Appendix C).
Thus, the reduced change in place preference of ache®?® /+ fish following amphetamine
administration cannot be due to a strong PP; preventing conditioning. Further, I
more generally showed that the absolute change in place preference does not depend
on the PP; over a range of values tested (see Appendix C). These results support
my conclusion that the lowered change in place preference of ache®*®®/+ fish upon
amphetamine injection is not related to their basal preference levels.



3.2. Molecular control of addiction 71

30_ T T T T T T T T T 1
T . /7271 amphetamine
B saline

25
o _
2 0.05 / _ \

<0.
g 204 P * i
®
o 154 i
[
Q . - J
%; 10 N=32 N'35H 4
£ N=49 p< 0.0001 |
> 57 *kk Fkek ]
m T <4
T 1
¢ x N
6}‘0 N §> Vg’ g,<‘°
> >

Figure 3.13: Lowered amphetamine-induced CPP in ache®*"®/+ heterozygotes.
Amphetamine-induced change in place preference in ache®®®®/+ heterozygotes (red, left), their wild-
type siblings (+/+, red, middle) and AB controls (red, right), also compared to the effect of saline
injections in ache®®®®/+ (black, right) and AB (black, left). The change in place preference (Y axis)
is measured and statistically evaluated as in Figure 3.12, and each value is an average of N fish.
Amphetamine-induced change in place preference is significantly decreased (1.6 times) in ache**®® /+
heterozygotes compared to their wild-type siblings, which do not differ from AB controls. Saline

injections have no effect in any of the two populations analyzed.

I next assessed the learning capacities of ache®® /+ heterozygotes in a simple
T-maze assay (see Section 3.2.1, Appendix B and Appendix C). I observed that
ache®® /4 fish perform better in the T-maze than their wild-type siblings or AB
fish (see Figure 3D and E in Appendix B and Supplemental Movies 2 and 3 on CD).
Thus, the reduced CPP of ache®®>® /4 fish is unlikely to result from an inability to
learn and remember.

Finally, in collaboration, the visual performance of ache®*>®/+ fish was assessed
by electroretinography (ERG). The results of ERG tests together with the T-maze
assay suggested that vision defects are unlikely to account for the reduced CPP in
aches* /+.
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3.2.4 Large-scale screens for mutations affecting D -amphetamine -
induced reward

As a broader approach towards gaining insight into the mechanisms controlling
reward, I undertook large-scale ENU? screens to recover dominant mutations affecting
the response to D - amphetamine.

I have conducted two screens (see Appendix D for the scheme of screening pro-
cedure) aimed to recover these mutations using the optimized experimental protocol
(see Appendix D).

In the first screen, Screen I?, I have tested 396 F; AB adults, corresponding to
396 mutagenized genomes, for their CPP (see Table 3.1). Among these, 21 fish did
not show response to D - amphetamine, although all displayed a normal amphetamine
content in the brain after intraperitoneal injection.

I have crossed these fish to AB wild-type siblings and raised Fy generations to
confirm the transmissibility of mutant phenotype. So far, I have tested 4 families and
in one case I observed transmission of the mutant phenotype (see Figure 3.14) over 5
generations following the typical 50 % mutant/50 % WT ratio expected for a dominant
mutation. In addition, I was able to detect the mutant phenotype in the polymorphic
mapping background (see Appendix B) and positional cloning of the mutation is in
progress.

The second screen, Screen II*, was done in the Tii background®. In this screen,
I have screened families in the Fo generation (“multiple animals approach”) in order

number of families number of families with frequency of mutant
screened in mutant phenotype in phenotype
F1 ‘ Fs ‘ Fs3 F1 ‘ Fa ‘ Fs3 Fq ‘ F ‘ Fs3
Screen I 396 21 1 4 1 1 0.053 | 0.25 1
Screen II ND 366 ND ND 25 ND ND | 0.068 ND

Table 3.1: Screen statistics.I performed two screens with the independent ENU - mutagenesis. In
Screen I, I screened F1 generation by testing single animals. Animals which did not develop addiction
to D - amphetamine were used for the generation of Fa families. These families were then screened to
confirm transmission of the detected phenotype. In Screen II, I screened families in the F» generation.
20 fish per family were analyzed, and families with around 50 % of the fish developing no addiction
to D - amphetamine were considered as carrying potential mutations affecting the reward pathway. [
concluded that a fish does not develop addiction to D - amphetamine when its PP shift has smaller
than 2 % upon three D - amphetamine conditioning sessions.

2ENU (ethylnitrosourea) induces point mutations upon repeated administration.
3Mutagenesis rate was 1/650, tested against the pigmentation locus golden.

4A specific mutagenesis rate was not tested.

5The fish strain frequently used by number of labs and polymorphic to AB strain.
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Figure 3.14: Response to D - amphetamine in the family with mutant phenotype.
Change in PP after D - amphetamine administration in the family with mutant phenotype in the F»
generation calculated in the same way as in Figure 3.12B. If the change in PP is positive there is a
response to the drug, while negative value or no change at all corresponds to the absence of response
(mutant phenotype, red arrows in the graph). Note that around 50 % of the fish tested did not respond

to D - amphetamine administration measured in CPP paradigm, as expected for a dominant mutation.

to reduce the problem of false-positives faced in the first screen (“single animal ap-
proach”). I have screened 366 families, corresponding to 732 mutagenized genomes,
and I detected a mutant phenotype in 25 families® (see Table 3.1). Fish from these fam-
ilies were crossed with WT T1i fish to generate the next generation and I am currently
checking the transmissibility of phenotype detected in Fo generation.

3.2.5 Conclusions

The second project of my PhD studies was to set the bases for an investigation
of the potential role of neurogenesis control on adult behavior. Within this project I
developed a reliable methodology to assess drug-induced reward in zebrafish, involving
a number of crucial specificity controls, such as the assessment of the animal’s stress,
vision and memory, the measure of optimal drug doses, and a verification of the dose

6A family is considered as caring a mutation if ~ 50 % of the fish do not develop addiction to
D - amphetamine, as expected for a dominant heritable mutation.
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received into the animal’s brain.
Thanks to this methodology, I demonstrated the following:

1. more than 95 % of wild-type zebrafish adults robustly experience the rewarding
effects of the psychostimulant D - amphetamine,

2. ache/+ mutant adult zebrafish, deficient for acetylcholinesterase activity, are
strongly resistant to the rewarding effects of D - amphetamine. This pheno-
type cannot be accounted for by alterations in the exploratory activity, vision or
memory of these mutants.

My results provide the first genetic arguments supporting manipulations of AChE
activity as a promising avenue towards limiting addiction behavior to psychostimulants.

Based on these results, I have conducted two genetic screens and identified one
family carrying a mutation that affects the ability of D - amphetamine to induce
reward. This mutation is currently being positionally cloned.
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Discussion and perspectives

The IZ is located at the MHB, present in all vertebrates and characterized by de-
layed differentiation. Non-differentiation zones, acting as embryonic signaling centers,
have been reported in different species and in different embryonic structures, such as
the Drosophila wing margin, the dorsal and ventral midlines of the neural tube [384]
and inter-rhombomeric boundaries [385]. These signaling centers are involved in the
progressive building and patterning of their adjacent territories, and the maintenance of
their integrity necessitates their remaining undifferentiated. An undifferentiated state
is achieved by Notch signaling at the wing margin and inter-rhombomeric boundaries,
and by Shh signaling along the neural tube ventral midline, while the factors involved
along the dorsal midline probably involve Wnt and BMP signaling. My findings iden-
tify a new developmental strategy to build and maintain signaling centers, namely the
differential response of MHB cells to the combined inhibitory activity of two twin and
co-regulated Hairy/E(Spl)-like factors, independently of Notch.

I have shown that Him and Herb play an equally important role in MIZ formation,
since an exactly identical phenotype is triggered by lack of either Him or Herb activity
(see Appendix A and [37]). I propose that the crucial determinant of MIZ formation
is a total level of “Him + Herd” inhibitory activity, because the regulation of him and
herd function are not interdependent and because increased levels of Him alone to three
doses (as in her5PAC::eqfp/+ heterozygote transgenic embryos injected with her5MO;
Figure 5E in Appendix A) can compensate for the lack of Her5 function within the MIZ.
Above a threshold of “Him + Her5”, ngnl expression is prevented medially and the
MIZ is formed, while ngn! expression is induced below this threshold (see Figure 3.1).
Because the same factors Him and Her5 account for LIZ formation, and can functionally
replace each other in this domain as well, a parsimonious interpretation of my findings
is to implicate the same dose-dependent mechanism within the LIZ, albeit with a lower
threshold level (see Figure 3.1). Together, my results thus lead to a unified model where
the maintenance of a pool of progenitor cells at the MHB is orchestrated by a variable
dose-dependency to the Him/Her5 pair.

Because of the high redundancy and similar sequence of Him and Herb, it is likely
that both factors act together on common targets controlling neurogenesis and . Both
factors act upstream of Notch to inhibit expression of ngni and coe2, but I failed
to show a direct inhibition. The other early proneural genes such as asha, ashb and

75
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ato8 are not controlled by the Her5/Him pair. To achieve a more comprehensive
picture of the cascade connecting Herb and Him with the proneural genes, such as
ngnl, or genes involved in control, such as p27, it would be interesting to compare
the expression profile of wild-type embryos versus embryos lacking Him and Herb
function to identify downstream targets of these two factors. Differentially expressed
genes should be analyzed functionally using gain- and loss-of-function approaches, and
epigenetic studies conducted to spatio-temporally position these putative factors within
the molecular network controlling IZ formation.

Further, it will be important to determine whether the molecular cascade(s) and
mechanisms downstream of Her5 and Him are conserved in the MIZ and LIZ. Compared
to the MIZ, the LIZ exhibits an additional block, still molecularly unknown, that
prevents neurogenesis downstream of Ngnl activity [37]. Whether Him and Herb also
take part in this second block remains to be tested.

Even in the absence of Him and Her5, I failed to induce ngnl expression within a
small intermediate field located between the MIZ and LIZ (Figure 7F, and grey triangle
in Figure 8 in Appendix A). In this domain, an additional (as yet unknown) factor
might increase the total inhibitory activity and/or prevent neurogenesis in addition to
Him and Herb. I failed to recover additional 1Z-expressed E(Spl) genes following my
search through the zebrafish genome and expression studies. Because the intermediate
field is aligned with the longitudinal domains of non-differentiation in the hindbrain
and spinal cord, it is perhaps more likely that this factor is expressed along the AP axis
of the neural plate, like other known neurogenesis inhibitors [12]. A good candidate
could be herd that is expressed in the longitudinal stripes of non-differentiation and
overlaps with the area that stays undifferentiated after loss of Him and Her5 function
[56]. It is possible that her3 contributes to the repression of proneural genes in the
LIZ and increases the total inhibitory activity above the threshold level in the small
intermediate field, resulting in the inhibition of ngni expression. him, her5 and her3
might redundantly function in this region, as the inhibition of Her3 function does not
lead to ectopic ngnl expression at the place of the LIZ [39]. The relative contribution
of Her3 to the total inhibitory activity in the IZ remains to be determined.

Redundant factors are generally viewed as “safety” locks, and the biological sig-
nificance of the Him/Herb5 couple might be to secure IZ formation. In the mouse, 1Z
formation also relies on the two redundant bHLH factors Hesl and Hes3 [48]. In that
case, however, Hesl and Hes3 are not genetically linked and their expression profiles
are clearly distinct, overlapping only at the MHB [386][387], suggesting that mouse and
zebrafish have independently evolved a strategy for the redundant expression and func-
tion of Hairy /E(Spl) factors at the MHB. A dose dependency and the spatial details
of 1Z formation in the mouse have not been explored. The fact that one dose of each
factor Him and Her) suffices to maintain the MIZ in zebrafish, while two doses of each
single factor do not, probably explains the maintenance of the two genes him and herd
in zebrafish. Linked genes sharing sequence similarity have been reported for a variety
of genetic functions in several organisms [388][389][390] [391][392] [125][393]. Duplica~
tion events resulting in linked arrays of related genes generate copies that often share
cis-acting regulatory sequences. Whether him and her5 expression across the 17 is
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coregulated remains to be directly demonstrated but is highly likely, given that the en-
hancer driving MH expression of her5 extends into the him locus [66]. In addition, him
and herd differ in some aspects of their expression profiles (in the shield and presomitic
mesoderm, versus presumptive pharyngeal endoderm, respectively). The regulatory el-
ements controlling endodermal expression of herd are located closer to the hers ATG
than the MH expression elements [66]. Thus expression of the him/her5 pair may be
controlled by a combination of proximal, gene-specific elements (accounting for the
differential expression sites of the two genes), and distal, probably common elements
(driving IZ expression). Detailed dissection of the promoter region will not only answer
this coregulation issue, but can also permit the identification of potential inducers of
him and/or herd expression. While the maintenance of him and herd expression in
the MHB involves Pax2.1, En2/3 and Fgf8 (see Figure 3 in Appendix A and [37]), the
mechanism that induces the expression of both genes is not clear. The identification
of the him and herd inducers would be an important step in understanding molecular
mechanisms linking positional patterning and neurogenesis, since Him and Her5 are
both the earliest markers of the MHB (Appendix A) [37][66] and active neurogenesis
inhibitors at the MHB (Appendix A) [37].

To further gain insight into the prepatterning of IZ formation it is necessary
to identify the cues controlling the differential sensitivity of the MIZ versus LIZ to
“Him + Her5”, and their functional significance. A priori, there are at least three dif-
ferent mechanisms that can account for this observed differential sensitivity: first, the
MIZ may exhibit more cells in M phase than the LIZ, as suggested by antiphosphoH3
immunostaining at 3-somite stage [37], and this difference between MIZ and LIZ cell cy-
cle properties might influence the sensitivity to Her5 and Him; second, initially higher
expression levels of wntl in the LIZ than MIZ might enhance cell sensitivity to neuro-
genesis inhibitors in the LIZ; third, Shh signaling from the ventral midline [374][373]
could increase “neurogenic competence”. The first two mechanisms are unlikely, given
the observations that impairing the cell cycle does not interfere with the sensitivity to
neurogenesis inhibition [37] and that disturbing the Wnt medio-lateral gradient does
not change the differential sensitivity of the LIZ versus MIZ (see Section 3.1.2 and J.
Ninkovié¢, unpublished data). I propose that the crucial determinant of the differential
sensitivity across the IZ is the Gli network, because Glil is expressed in a graded man-
ner across the I1Z with a gradient decreasing laterally, and, because after loss of Glil
function, the MIZ adopts the sensitivity to Hairy /E(Spl) inhibition characteristic for
the LIZ (see Figure 3.8). Thus, using a knock-down approach, I showed that Gli pro-
teins are important for the progenitor pool maintenance in addition to their function
in neural tube patterning [60][394][395] and primary neurons induction of the [396].
Strikingly, it appears that the role of Gli proteins in neurogenesis is a characteristic
of primary neurogenesis in lower vertebrates, since loss of Gli function in mouse does
not impair induction of the spinal cord neurons [397], while in Xenopus it abolishes
neurogenesis [396]. The role of the Gli network in the maintenance of the progenitor
pool at the mouse MHB has not been studied.

Gli proteins act at two levels during neurogenesis: first, they determinate the
sites of neural differentiation in combination with neurogenesis inhibitors from the
Zic family [60] and second, they regulate neurogenic bHLH genes [60][396]. Several
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mechanisms have been postulated to explain how Gli proteins regulate bHLH protein
function in both neurogenesis inhibition (Zic proteins) and promotion of neurogenesis
(proneural and neural bHLH factors): (i) Gli proteins might affect co-factors or addi-
tional proteins, such as Id [398] or homeodomain proteins [399][55] or (i) Gli proteins
might interact with multiple bHLH proteins. My data suggest that Glil proteins do
not regulate proneural genes such as ngn! downstream of Her5/Him, since loss of Glil
function does not affect ngni expression. Rather, it reduces the efficiency of Her5 and
Him to inhibit neurogenesis. Whether this requires direct interaction with Him and
Herb proteins or specific co-factors remains to be determined.

Knock-down of gli1 resulted in a change of sensitivity of the MIZ to the “Him + Her5”
inhibition, suggesting a specific and functionally relevant role of Glil protein in the for-
mation of the IZ. Nevertheless, the findings that the interplay of three frog Gli proteins
form dynamic, functional network controlling primary neurogenesis [396], and the ex-
pression profiles of the three gli genes (gli1, gli2 and ¢li2b) in zebrafish [377][378][379]
(J. Ninkovié¢, unpublished) indicate the possibility that a network of Gli proteins also
controls formation of the progenitor pool at the MHB. In this network, either Glil
has a dominant regulatory function, or the IZ sensitivity to neurogenesis inhibition is
dependent on the dose of total Gli activity which is modified by manipulating Glil.
To discriminate between these two hypotheses, it would be necessary to perform gain-
of-function and loss-of-function analyses of other Gli factors, alone or in combination.

Previous work has shown that Glil can be induced by Shh signaling and that it
can mediate some of the effects of Shh. This together with the existence of a medio-
lateral gradient of Shh across the 1Z raised the possibility that graded expression and
activity of Glil is induced and regulated by Shh signaling. Strikingly, inhibition of Shh
signaling at the level of coreceptor smoothened (smo) by either cyclopamine applica-
tion (Figure 3.11) or smo specific morpholino knock-down (J. Ninkovié, unpublished
data) did not change either glil expression or the differential sensitivity to neurogen-
esis inhibitors of the MIZ versus the LIZ. These findings suggest that other unknown
factor(s) rather than Shh regulate Glil expression or function. The finding that Gli2
participates in A-P patterning as a part of a Fgf-brachyury regulatory loop [400] sug-
gest possibility that Glil expression and/or activity is regulated by Fgf signaling at
the MHB.

The embryonic MHB progenitor pool serves several vital functions. It generates
the large majority of MH neurons and glia, as demonstrated in lineage tracing ex-
periments [66] and genetic or surgical ablation [154][48]. MH neurons form crucial
integration centers involved in visual, auditory and motor control and social behavior.
Since it has been shown that the developmental functionality of the neurons controlling
complex behavior, rather than their activity at adulthood, is the crucial determinant
of adult behavior [1][2], I reasoned that addressing complex behaviors, such as drug ad-
diction, will improve not only our knowledge on the mechanisms controlling the brain
reward system, but also provide us with more information about the involvement of
embryonic events of neurogenesis control in the behavioral output at adulthood.

Zebrafish appears as an ideal model to elucidate these questions, because of its
powerful genetics and of the ease with which it can be used to produce developmental
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mutants. Prior to the work presented here, two studies had been conducted in zebrafish
adults to approach the neurogenetics of drug addiction [401][402]. Importantly, these
studies are missing several important controls regarding drug administration, habitu-
ation phase and conditioning, thus failing to be reproducible. In contrast, the method
I have developed solves the reproducibility problem and in addition includes several
specificity controls. Specificity controls are crucial to eliminate scoring behaviors un-
related to the reward pathway per se, but rather reflecting changes in the stress status
of the tested individual, or impaired drug uptake or transport to the brain.

The methodology developed allowed me to analyze addiction to D - amphetamine
in the context of increased cholinergic activity using the zebrafish mutant aches®
(see Appendix C). I found that a 1.4 fold increased ACh content in the fish brain
decreases the rewarding properties of amphetamine and increases cognitive capacities
in zebrafish. Because this parallels the situation in mammals, my results provide the
first validation of the zebrafish model for studying the neurotransmitter and molecular
pathways that underlie the process of addiction in vertebrates.

A number of molecular components of the zebrafish cholinergic system have been
identified [403][404], but outside choline acetyltransferase (ChAT, the ACh synthesizing
enzyme) and AChE [405][406], their spatial distribution in the adult brain has not been
established. The latter reports agree on the presence of ChAT immunoreactive nuclei
and fibers in the diencephalon and on AChE activity in most of the forebrain, while
Mueller et al. [406] describe in addition an intense cholinergic innervation and cell
bodies in the subpallium (striatum). Because the ache mutation is likely to affect
ACh amounts at all brain levels, my results do not permit to point to the specific
cholinergic pathways and developmental time points involved in modulating reward,
exploratory activity or learning in zebrafish. These results do not necessarily contrast
with previous targeted studies performed in mammals where, although the cholinergic
system was initially locally perturbed e.g. by targeted neuron ablation, a widespread
adaptative regulation of cholinergic transmission was noted [407].

In my model however, because the genetic impairment of AChE function is op-
erating since the earliest developmental stages, a permanent increase in cholinergic
activity is operating to modulate behavior. This may suggest a role for desensitiza-
tion of AChR rather than an acute inhibition of AChE. In mammals, DA terminals
projecting to the NAc harbor nAChR that are highly prone to desensitization [408].
A zebrafish functional equivalent to the NAc remains to be identified, but it is pos-
sible that a similar mechanism is at play in the zebrafish subpallium. In addition,
in mammals, desensitization of the mAChR present on DA cell bodies projecting to
the NAc might also limit the reinforcing effect of amphetamine triggered by ACh on
these neurons [409][410]. It will be important to determine whether DA neurons of
the posterior tuberculum, the likely zebrafish equivalent of the mammalian VTA [261],
receive cholinergic innervation via mAChR.

An alternative scenario to explain the observed phenotype relies on the finding
that AChE function is necessary for neuronal development in the zebrafish embryo
[383]. According to this model, decreased AChE activity in ache®*>®/+ animals could
impair neuronal survival and/or establishment of proper synapses causing, alterations
at adulthood. To test this hypothesis, it would be necessary to rescue the full AChE
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activity at different developmental stages and at adulthood and score for the addiction
phenotype. However, it is unlikely that neuronal survival accounts for the observed
phenotype, since I failed to detect obvious neuroanatomical or neurotransmitter ex-
pression failures in the brain of ache®*® /+ adults by immunocytochemistry.

Although the central modulatory role of ACh in the CNS and in particular in the
control of central DA transmission is well documented, a universal and directly acces-
sible target of this system for drug addiction therapy has been lacking. I demonstrate
here that lowering the central activity of AChE by two fold is sufficient to reduce the
rewarding effect of amphetamine. In line with this study, a recent report pointed to the
pharmacological inhibition of AChE activity by intraperitoneal injection of donepezil in
the mouse as a potential means of decreasing the addictive response elicited by cocaine
and morphine [327]. It is likely that such injections also globally affect AChE levels,
like in zebrafish ache®®® /+ mutants, further suggesting that targeting AChE at the
organismal level might be effective over a broad range of drugs of abuse. Importantly,
ache®®® |+ zebrafish survive the general modification of AChE and ACh levels over
their entire life span without deleterious effects. Together, my findings suggests that a
treatment moderately lowering AChE activity could be envisaged in a systemic manner
over an extended period of the individual’s life with a significant improvement of his
resistance to addiction. The zebrafish model itself might be used to select anti-AChE
compounds that exhibit minimal side effects [411].

Finally, an important implication of the study conducted in ache®*®® /+ fish is the
demonstration that zebrafish adults can be used to screen for the effect of developmen-
tal mutations on adult reward-related behavior and to identify dominant modulators
of behavior related to addiction, as I here identify AChE. In ENU mutant screens (see
Appendix C), I scored 1128 mutagenized zebrafish genomes and recovered one family
with transmission of mutant phenotype over several generations. Although I did not
have time to positionally clone the mutations causing the scored phenotypes and to
elucidate their developmental significance, the results presented in this thesis provide
the fundamental basis for future systematic searches for genetic or pharmacological
modifiers of drug-induced reward. These searches should provide crucial and unbi-
ased information not only on the molecular biology of drug addiction but also on the
neuronal and molecular networks underlying natural reward learning and memory in
vertebrates.
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Summary

The intervening zone (IZ) is a pool of progenitor cells
located at the midbrain-hindbrain boundary (MHB) and
important for MHB maintenance, midbrain-hindbrain
growth and the generation of midbrain-hindbrain
neurons. Recently, we implicated the Hairy/E(spl)
transcription factor Her5 in the formation of the medial
(most basal) part of the IZ (MIZ) in zebrafish; the
molecular bases for lateral I1Z (LIZ) formation, however,
remain unknown. We now demonstrate that her5 is
physically linked to a new family member, him, displaying
an identical MHB expression pattern. Using single and
double knockdowns of him and her5, as well as a him+her5
deletion mutant background (b404), we demonstrate that
Him and Her5 are equally necessary for MIZ formation,
and that they act redundantly in LIZ formation in vivo. We
show that these processes do not involve cross-regulation

between Him and Her5 expression or activities, although
Him and Her5 can heterodimerize with high affinity.
Increasing the function of one factor when the other is
depleted further shows that Him and Her5 are functionally
interchangeable. Together, our results demonstrate that
patterning and neurogenesis are integrated by the her5-him
gene pair to maintain a progenitor pool at the embryonic
MHB. We propose a molecular mechanism for this process
where the global ‘Him+Her5’ activity inhibits ngnl
expression in a dose-dependent manner and through
different sensitivity thresholds along the medio-lateral axis
of the neural plate.

Key words: Hairy, E(spl), her5, him, Midbrain-hindbrain, MHB,
Neurogenesis, Zebrafish

Introduction

Development of the vertebrate central nervous system (CNS)
is a complex process that needs to connect patterning and
neurogenesis. Crucial to this process are local events of
neurogenesis inhibition, which maintain pools of progenitors
in defined locations of the neural tube. The delayed
differentiation of these progenitor zones permits the generation
of large as well as spatiotemporally patterned structures, such
as the layered cortex in higher vertebrates, the polarized optic
tectum in birds, or the retina. The molecular events controlling
the generation or maintenance of neural progenitor pools
remain largely hypothetical.

The embryonic midbrain-hindbrain domain (MH) is
characterized by the maintenance of a zone of delayed
differentiation at the midbrain-hindbrain boundary (MHB).
This zone, called ‘intervening zone’ (IZ), separates midbrain
from anterior hindbrain neuronal clusters and has been
described in all vertebrates (Bally-Cuif et al., 1993; Geling et

al., 2003; Vaage, 1969). Its functional importance is attested
by genetic ablation experiments. For instance, in mouse
embryos lacking the function of the two bHLH E(spl)-like
transcription factors Hes1 and Hes3, premature differentiation
of the IZ occurs, leading to the lack of several MH neuronal
populations, and to the collapse of MH structures (Hirata et al.,
2001). These defects may primarily result from a disruption of
the isthmic organizer, an inducing cell population located at the
MHB and involved in MH maintenance (Hirata et al., 2001;
Martinez, 2001; Rhinn and Brand, 2001; Wurst and Bally-Cuif,
2001). Recent results in zebrafish have permitted dissection of
the mechanisms of IZ formation in more detail. There,
expression of the hairy/E(spl) gene her5 (Muller et al., 1996)
precisely delineates the 1Z at all embryonic stages (Geling et
al., 2003). At the onset of neurogenesis (tail-bud stage), her5
expression separates the early midbrain ventrocaudal proneural
cluster (vce) from the anterior hindbrain proneural clusters of
rhombomere 2 (presumptive motorneurons —r2MN- and lateral
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neurons —12LLN-). In the absence of Her5 function, ectopic
neurogenesis occurs in the medial (future basal) part of the 1Z,
as revealed by the ectopic expression of the proneural genes
neurogeninl (ngnl) and coe2 and the later differentiation of
neurons across the basal MHB, bridging the vcc and r2MN
(Geling et al., 2003; Geling et al., 2004). Conversely, forced
expression of ngnl within the MH domain leads to a partial
downregulation of MHB markers’ expression (Geling et al.,
2003). These results have two implications. First, they confirm
that the IZ is necessary to maintain MHB integrity. Second,
they demonstrate that the 1Z is composed of at least two
domains along the mediolateral axis, which differ in their
requirement for Her5 function: the medial IZ domain (MIZ),
which crucially depends on Her5 for neurogenesis inhibition,
and the lateral (future alar) IZ domain (LIZ), which forms even
in the absence of Her5. Within the MIZ, Her5 acts as a
prepattern factor that prevents the formation of a proneural
cluster, and inhibits expression of ngnl/ and coe2 upstream of
Notch signaling (Geling et al., 2004).

Our study of Her5 function did not address the formation of
the LIZ, in spite of its crucial role in controlling midbrain and
anterior hindbrain alar neurogenesis. To now approach this
issue, we reasoned that other Hairy/E(spl) factors might be
expressed within this domain and act redundantly with Her5.
Because there are examples of physically linked E(spl/) genes
in Drosophila (E(spl) complex) (Klambt et al., 1989; Knust et
al., 1992) and zebrafish (herl and her7) (Henry et al., 2002),
and because linked genes are more likely to share
spatiotemporal characteristics of expression, we searched for
new Hairy/E(spl) genes in the vicinity of the her5 locus.
Sequencing a her5-containing PAC revealed a new her-like
gene, him, adjacent to her5 and in opposite orientation (hence
him for her5 image), identically expressed across the IZ. We
report here that Him is the hypothetical factor cooperating with
Her5 to control LIZ formation in vivo, and that Him also
crucially contributes to MIZ formation. Together, our results
unravel the genetic combination preventing neurogenesis
across the MHB.

Materials and methods

Cloning and phylogenic analysis of him

Systematic sequencing of genomic DNA surrounding known her
genes was performed using PAC clones obtained from RZPD. A new
ORF was detected close to the her5 gene locus in PAC
BUSMP706H15152Q2. 5" RACE experiments were done to identify
full-length ¢cDNA, according to the manufacturer’s recommendations
(Invitrogen). The newly cloned gene, him, corresponds to
ENSDARGO00000002707 now predicted by The Welcome Trust
Sanger Institute, with the exception that in the prediction the first exon
is missed and the last exon is truncated.

The phylogenetic tree of zebrafish Her family was done using the
phylodendrone software (www.es.embnet.org/Doc/phylodendron/
treeprint-form.html). To construct the phylogenetic tree, the
VectorNTI software and full-length sequences were used. The
accession numbers of compared proteins are: Her5: NP_571152,
Herl: NP_571153, Her7: NP_571684, Her4: NP_571165, Her2:
NP_571164, Her3: NP_571155, Her9: NP_571948 and Her6:
NP_571154. Proteins predicted by The Wellcome Trust Sanger
Institute are: Herl1 (ENSDARP00000012990), Herl3
(ENSDARP0000008307), Hes6 (ENSDARP00000021078) and
Her12 (ENSDARP00000038100) (http:www.ensembl.org, release
from 08-02-2004).
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Zebrafish strains and transgenic lines

Embryos obtained from natural spawning of AB wild-type or
transgenic fish, herSPAC::egfp (Tallafuss and Bally-Cuif, 2003) and
—8.4ngn1::egfp (Blader et al., 2003), were raised and staged according
to Kimmel et al. (Kimmel et al., 1995). no isthmus (noi"?*%),
acerebellar (ace'™%*) (Brand et al., 1996) and knypek (b404, kny™''%)
(Solnica-Krezel et al., 1996; Topczewski et al., 2001) mutants were
obtained by pairwise mating of heterozygous adult carriers, as
described previously.

Protein expression interference assays

Morpholino antisense oligonucleotides (herSMOXTS) were purchased
from Gene-Tools, Inc. (Oregon, USA). The morpholino was dissolved
to a stock concentration of 5 mM in H,O and injected into one-cell
stage embryos at 1 mM. hAimMOs lead to non-specific cell death (not
shown). Thus, GripNA antisense oligonucleotides preventing him
translation, specific for the him ATG region (himGripNAATS) or
acceptor site of the second him exon (himGripNAS™Y), were purchased
from Active Motif (Belgium). GripNAs were dissolved to stock
solution of 1 mM in H,O and injected into one-cell stage embryos at
0.5 mM. At this dose, the effect of himGripNAs on ngnl expression
was maximal. Sequences of antisence oligonucleotides were as
follows: herSMOATC: 5" TTGGTTCGCTCATTTTGTGTATTCC-3;
himGripNAATS: 5-ATTCGGTGTGCTCTTCAT-3’ and
himGripNASPL: 5" TACTCACAGTGTCTGCAG-3". All injection
experiments were repeated at least three times.

In situ hybridization and immunohistochemistry

Probe synthesis, in situ hybridization and immunohistochemistry were
carried out as previously described (Hammerschmidt et al., 1996). The
following in situ antisense RNA probes were used: her5 (Muller et
al., 1996), him (this paper), ngnl (Korzh et al., 1998), pax2.1 (Lun
and Brand, 1998) and egfp (Clontech). Primary antibodies used for
immunohistochemistry were rabbit anti-GFP (ams biotechnology
Europe, TP401) used at a final dilution of 1/500 and mouse anti-
human neural protein HuC/HuD (MoBiTec A-21271) (1/300). They
were revealed by using FITC-conjugated goat anti-rabbit secondary
antibody (Jackson ImmunoResearch Laboratories, 111-095-003) or
Cy3-conjugated goat anti-mouse secondary antibody (Jackson
ImmunoResearch Laboratories, 115-165-044) (1/200), as appropriate.
Embryos were scored and photographed under a Zeiss SV 11
stereomicroscope or a Zeiss Axioplan photomicroscope.

RNA injections

knypek capped RNA was synthesized using Ambion mMessage
mMachine kit following the recommended procedure. Capped RNA
was injected at the concentration of 60 ng/ul into the embryos at the
one-cell stage.

Protein interaction assays

For two-hybrid assays, The MATCHMAKER GAL4 Two-Hybrid
System 3 (Clontech) was used following procedures described by the
manufacturer. The ‘bait’ and ‘AD’ plasmids were constructed by
fusing in-frame the complete ORFs of her5, him and ngnl to either
pGBKT7 (encoding the GAL4 DNA-binding domain) or pGADT7
(encoding the GAL4 activation domain). The relative stringency of
Her5 homodimerization versus its heterodimerization with Him was
quantified by B-galactosidase assay according to the manufacturer’s
recommendation (Clontech). The B-galactosidase activity was
quantified according to Lazo et al. (Lazo et al., 1978).

Co-immunoprecipitation and western blot analysis

Transformed yeast cells expressing the two proteins of interest were
lysed in 0.5 ml of lysis buffer (50 mM Tris-HCI pH 8, 150 mM NaCl,
0.1% NP40, 0. mM DTT, 0.1 mg/ml pepstatin A, 0.03 mM
leupeptin, 145 mM benzamidine, 0.37 mg/ml aprotinin, 1 mM
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phenylmethylsulfonyl fluoride) with 0.25 g of glass beads (425-600
ul, Sigma) for one hour at 4°C with shaking. The extracts were then
centrifuged at 15 000 g for 10 minutes at 4°C to eliminate cell
debris, and the supernatant was collected. For each
immunoprecipitation, 0.4 ml aliquots of lysate were precleaned by
incubation with 150 pl of pre-immune rabbit serum and 100 pul of 1:1
slurry of Protein A Sepharose™ CL-4B (Amersham Bioscience AB)
for 30 minutes at 4°C. Precleaned extracts were immunoprecipitated
with 10 pl of rabbit anti-HA antibody (dilution 1/1000) (Sigma) and
100 pl of 1:1 slurry of Protein A Sepharose CL-4B (Amersham
Bioscience AB) for 30 minutes at 4°C. The sepharose beads were
washed three times with 1 ml of lysis buffer. The precipitates were
fractionated on SDS-PAGE and subsequent western blot analysis was
performed according to standard protocols, by using mouse anti-c-
Myc antibodies (1/1000) (Sigma). The primary antibodies were
revealed using HRP-coupled secondary antibodies (Jackson
Laboratories) diluted to 1/200 and enhanced chemiluminescence
(Amersham Bioscience AB).

Quantification of him mRNA in the her5PAC::egfp line

Total RNA was isolated from her5SPAC::egfp embryos and WT
siblings at the five-somite stage and reverse-transcribed before real-
time PCR amplification. Real-time PCR was done by using
LightCycler FastStart DNA Master SYBR Green I kit (Roche,
Germany) and Light Cycler Instrument (Roche, Germany).
Quantitative values were obtained from the threshold cycle number at
which the increase in the signal associated with exponential growth
of the PCR products begins to be detected using the LightCycler
Software, according to the manufacturer’s recommendations. The
precise amount of total RNA added to each reaction mix (based on
optical density) and its quality (lack of extensive degradation) are both
difficult to assess precisely. We therefore also quantified the transcript
of the pax6 gene as the endogenous RNA control, and both samples
were normalized to the basis of pax6 content (R-value on the graph).
The nucleotide sequences of the specific primers used are shown in
Table 1. The thermal cycling conditions comprised an initial
denaturation step at 95°C for 10 minutes and 65 cycles at 95°C for
15 seconds, 55°C for 10 seconds and 72°C for 15 seconds. The
quantifications were performed in triplicate on a pool of 50 embryos
for each line and results represent the mean value+s.e.m.

Results

A new hairy/E(spl) gene, him, is physically linked to
her5 in a head-to-head orientation
We searched for genes physically linked to her5 by sequencing
a her5-containing PAC (Tallafuss and Bally-Cuif, 2003). This
revealed the presence of an open reading frame encoding a new
Hairy/E(spl) factor located 3.3 kb upstream of her5 and in a
head-to-head orientation (Fig. 1A). RT-PCR experiments
demonstrated the presence of the corresponding transcript in
embryos (not shown), and blasting against the zebrafish
genome (release from 08-02-04) confirmed the association of
this gene with her5. We named this new gene him (for ‘her5
image’) (GenBank accession number AY705671). The
genomic structure of him was determined by aligning cDNA
and genomic sequences and shows several alterations
compared to the zebrafish genome prediction, notably the
presence of an additional 5" coding exon (true exon 1) as well
as a different position and size of the last exon (exon 4), coding
for 195 amino acids instead of the 22 predicted (Fig. 1A).
The head-to-head association of the gene pair him-her5 is
reminiscent of the genomic organization of her7-herl (Henry
et al., 2002). Further analysis of the zebrafish genome suggests
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Table 1. Sequences of primers used in real-time PCR

Amplicon
Gene  Oligonucleotide Sequence™ size (bp)
him forward primer 5’-GTTATATCTCCTGCGGGT-3" 163
reverse primer 5-GGGATAAGAGGAAGCCTTT-3"
otx]  forward primer  5-GATACCCAGCAACACCG-3’ 136
reverse primer 5’-ATCTTCAGTGCCACCT-3"
pax6  forward primer  5-TTTGCCTGGGAGATTC-3 167

reverse primer 5’-CTCTGCCCGTTGAGCATTCT-3"

*Primers were chosen with the assistance of LightCycler Probe Design
software.

at least another additional gene pair, her4 and a new predicted
her gene that we named her/2 (ENSDARG00000028110)
(Fig. 1B). Therefore, we propose that a paired organization
might be a conserved feature among zebrafish her genes.

The Him protein, translated from our full-length cDNA
sequence, consists of 297 amino acids and exhibits all
structural features of an Hairy/E(Spl) bHLH factor acting as
transcriptional repressor (Davis and Turner, 2001): a conserved
proline residue in the basic domain, an ‘orange’ domain
(Dawson et al., 1995) and a WRPW tetrapeptide in the C-
terminus (Fisher et al., 1996) (Fig. 1C). Within the zebrafish
Her family, Him shows the highest similarity to Herl with
28.6% identical and 35.2% conserved amino acid (aa) residues.
Similarity between Him and Her5 is slightly weaker (20.1%
identical and 29.2% conserved aa residues) (Fig. 1B, red lines,
and Fig. 1C). Comparison restricted to the functional bHLH
domain reveals 66% identity to Her1 and 50% identity to Her5.

him expression within the presumptive midbrain-
hindbrain is identical to her5 and marks the
intervening zone
We analyzed him expression by RT-PCR and in situ
hybridization. him, like her5, is maternally expressed (Fig.
2A). Early zygotic him expression is ubiquitous (data not
shown) but rapidly resolves in a first, transient, profile within
the presumptive dorsal endoderm and mesoderm (Fig. 2B) at
30% epiboly: him is expressed in deep scattered cells of the
dorsal embryonic margin and in the deep layer of the dorsal
mesendoderm (Fig. 2B and 2B’, red arrows). From mid-
gastrulation onwards (70% epiboly), him expression in the
presumptive endo- and mesoderm becomes undetectable (Fig.
2C). At that stage, him becomes transcribed in the anterior
neural plate, in a V-shaped domain interrupted at the midline
(Fig. 2C, red arrowhead). Expression in the lateral aspects of
this domain is slightly broader and stronger than medially. At
the three-somite stage, this expression fuses medially and, by
anatomical landmarks, is clearly located within the
presumptive MH domain (Fig. 2E,F). him expression is
maintained at the MHB later on until 36 hpf (Fig. 2H,I).
Starting at late gastrulation, him is also expressed in the
presomitic mesoderm (Fig. 2D-F, blue arrows). Expression in
this territory is detectable until late somitogenesis (Fig. 2H).
To determine whether and to what extent him and her5 share
expressing cells within the presumptive MH, we compared
their expression profiles by double ISH. At three somites (Fig.
2F), observation at high resolution of double-stained embryos
showed that the MH expression of him and her5 are exactly
identical. Thus, him expression, like her5, precisely delineates
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the MH primordium (Tallafuss and Bally-Cuif, 2003). Like
her5 (Geling et al., 2003), it is also a permanent marker of the
1Z, separating the early midbrain proneural cluster vec from
rhombomere 2 presumptive motor- and sensory neurons at late
gastrulation (Fig. 2J). him expression is detected in this domain
slightly earlier than her5 (not shown).
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Taken together, our data suggest a more complex picture
than expected from the genomic organization of him and herS5.
him and her5 share expression within the MH domain, but
differ elsewhere in her5-specific versus him-specific domains
(pharyngeal precursors versus presomitic mesoderm at late
gastrulation, respectively). In the neural plate however, Him is,
together with Her5, the earliest marker of the MH and 1Z,
prompting us to analyze its function in this domain in more
detail, in relation to MH patterning and Her5 activity.

Like Her5, and in contrast to most MH factors, Him
does not control patterning events within the MH
region
Refined regionalization and maintenance of the MH domain at
somitogenesis stages depends on a positive cross-regulatory
loop involving Fgf8 and Pax2.1 (Brand et al., 1996; Lun and
Brand, 1998; Reifers et al., 1998; Tallafuss and Bally-Cuif,
2003). To determine whether him was part of this loop, we
analyzed its expression in ace/fgf8 and noi/pax2.1 mutants
(Brand et al., 1996; Lun and Brand, 1998; Reifers et al., 1998).
Expression of him in ace mutant embryos is initiated normally
(data not shown) but, from mid-somitogenesis stages onwards,
gradually narrows to persist at the MHB only in a dorsal patch
(Fig. 3A,B). At 24 hpf him expression in ace is undetectable
(data not shown). Similarly, in noi mutants, a downregulation
of him expression can be observed from mid-segmentation
stages onwards. In contrast to ace, him expression in noi later
remains restricted to the ventral MHB (Fig. 3C,D), like her5
(Lun and Brand, 1998; Reifers et al., 1998). Together, these
observations demonstrate that the maintenance of him
expression is, like that of other MH genes and within a similar
time-window, under control of the MH regulatory loop.
Because Him is one of the earliest selective markers of the
MH primordium, we asked in turn whether Him activity was
involved in controlling aspects of MH regionalization. Loss of
Him function, performed by injection of an antisense GripNA
oligonucleotide specific for the ATG region of him
(himGripNAAT) into one-celled embryos (see below for
results demonstrating the functionality and specificity of this
GripNA), however affected neither the expression of MH

Fig. 1. Sequence analysis and phylogeny of the new bHLH
transcription factor Him. (A) Genomic organization of the him/her5
locus. The coding region is interrupted by three introns, the bHLH
domain being encoded by exons E2 and E3. Note that the first exon
of him is within the domain identified as necessary for MH
expression of her5 (Tallafuss and Bally-Cuif, 2003).

(B) Phylogenetic tree of the zebrafish Her family, showing
relationship between known and predicted Her proteins. The
alignment used for tree construction was obtained using the
VectorNTI software, and is based on full-length sequences. Paired
genes are boxed in blue, and individual pairs are marked with the
same symbol (oval, rectangle or diamond). Accession numbers for
the proteins used in this tree are: Her5 (NP_571152),
Her1(NP_571153), Her7(NP_571684), Her4(NP_571165),
Her2(NP_571164), Her3(NP_571155), Her9(NP_571948) and
Her6(NP_571154). Proteins predicted by The Wellcome Trust
Sanger Institute (http:www.ensembl.org) are: Her11, Her12, Herl3
and Hes6. (C) Sequence alignment of Herl, Her5 and Him. Basic
domains are overlaid with red asterisks, Helix 1 domains with dark
blue, loop domains with green, Helix 2 domains with light blue,
orange domains (H3/H4) with orange stars and WRPW tetrapeptides
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patterning markers (e.g. pax2.1, eng2, eng3), nor that of IsO
activity markers (e.g. wntl, fgf8) at the 3- and 15-somite stages
(data not shown).

Thus, although him expression depends on the MH
maintenance loop, Him activity itself does not appear to
impinge on this loop to influence MH patterning, like that of
Her5.

Him activity is crucial for the formation of the medial
IZ at early neurogenesis stages

We demonstrated previously that Her5 is crucially necessary
to prevent neurogenesis across the MIZ (Geling et al., 2003).
Because of the similar expression of him, and its encoding a
related Hairy/E(Spl) factor, we explored a potential
involvement of Him in IZ formation. At early neurogenesis
stages, the IZ is also the major site of pax2.1 expression, which
we used as landmark in future experiments (see Fig. 4D).

3som
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We tested a requirement for Him in IZ formation in loss-of-
function experiments where him mRNA translation was
blocked by specific antisense GripNAs. Two GripNAs were
used: himGripNAATG (as above), and a second GripNA
targeting the acceptor splice site of him exon2
(himGripNASPY). Undistinguishable phenotypes (see below)
were obtained with the two GripNAs, but not with a control
GripNA of unrelated sequence, indicating that the phenotypes
observed are a specific consequence of Him dysfunction.
Specifically, himGripNAs-injected embryos assayed at the
three-somite stage for ngnl expression displayed a complete
lack of the MIZ, with bridging of the vcc and r2MN clusters
by ectopic ngnl-expressing cells (76% of cases, n=21 for
himGripNA™S, 83% of cases, n=24 for himGripNAS™") (Fig.
4B,C, compare to 4D). This phenotype is followed by the
development of ectopic differentiated neurons across the basal
MHB at later stages (data not shown). It is in all respects

c D

7/

him 75% epiboly  him

H 1

him 24hpf him 36 hpf

Fig. 2. him is expressed dynamically during embryonic development, in exact overlap with
her5 within the midbrain-hindbrain domain. (A) Maternal expression of him and her5,
revealed by RT-PCR. (1,8). (1) him specific primers with cDNA isolated from four-cell stage
embryos; (2) him specific primers without cDNA; (3) her5 specific primers with cDNA
isolated from four-cell stage embryos; (4) her5 specific primers without cDNA; (5) pax2.1
specific primers with cDNA isolated from three-somite stage embryos; (6) pax2.1 specific
primers with cDNA isolated from four-cell stage embryos; (7) pax2.1 specific primers
without cDNA; (8) 100 bp DNA ladder (Fermentas MBI). Note the selective amplification of
him and herS5 in lanes (1) and (3) (white arrowheads), compared to the negative control
pax2.1 (red arrowhead). (B-J) him expression revealed by whole-mount ISH (probe
combination color-coded and indicated at the bottom left of each panel; stages at the bottom
right; (B-D) dorsal views, anterior up; (E,H,I) lateral views, anterior left; (F,G,J) dorsal

views of flat-mounted embryos, anterior left). At 30% epiboly (B), him is transcribed in the
deep layer of the mesoderm (red arrows, see sagittal view in B”) and in scattered cells of the dorsal embryonic margin (white arrowheads). him
expression within the MH domain (red arrowheads) is initiated at 75% epiboly (C) (note the difference in expression in medial and lateral parts
of the IZ is indicated with white arrows) and maintained until 36 hpf (I). Note in F (and see higher magnification of the boxed area in G) that
him and her5 expression in this domain are exactly coincident. im expression in the presomitic mesoderm starts at 90% epiboly (D) (blue
arrows) and is maintained until 24 hpf (H). him and ngnl are complementarily expressed in the MH region (J). Red arrowheads indicate him
expression at the MHB and blue arrows expression in the presomitic mesoderm. IZ, intervening zone; vcc, ventrocaudal cluster, 12M,
presumptive motorneurons of rhombomere 2; r2L, presumptive lateral neurons of rhombomere 2; r4M, presumptive motorneurons of

rhombomere 4; r4L, presumptive lateral of rhombomere 4.
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Fig. 3. him expression is controlled by Pax2.1 and Fgf8 during the
MH maintenance loop. (A,B) him (blue) and pax2.1 (red) expression
in ace mutants (B) and WT siblings (A) at the 21-somite stage (all
embryos deyolked, lateral view, anterior left). Note that both genes
are coincidentally switched off at the MHB, except for a common
dorsal patch (arrows), while him expression in the presomitic
mesoderm is intact (A’,B’, insets). (C,D) him expression (blue) in noi
mutants (D) and WT siblings (C) at the 17-somite stage (C,D:
deyolked embryos, lateral views, anterior left; C’-D”: dorsal views of
flat-mounted heads (C’,D’) and tails (C””,D”). him expression at the
MHB is restricted to a ventral patch in noi (arrow), while presomitic
expression is unaffected (C”,D”).

similar to that triggered by loss of Her5 function in herSMOATS
morphants (Fig. 4A) (Geling et al., 2003). Thus, loss-of-
function of either Her5 or Him results in the same failure to
form and maintain the MIZ.

Him and Her5 are independently required for medial
1Z formation

The above results are compatible with a simple model where
Him and/or Her5 would act in a common regulatory cascade,
one factor positively regulating expression of the other gene.
Thus, loss of Him function would cause loss of her5
expression, or the reverse. Alternatively, Him and Her5 might
be independently necessary for MIZ formation. To address this
question, we studied him and her5 expression in embryos
where Her5 or Him activity, respectively, was blocked. We
observed that him expression was unchanged in Her5
morphants, in both the MH region and the presomitic
mesoderm, under conditions where ngnl expression was
strongly induced in place of the MIZ (Fig. 4E,F, and data not
shown). Thus him expression is not under immediate control
of HerS. Likewise, injection of GripNAATC into wild-type
embryos did not produce alterations in her5 transcription,
although the MIZ was lost (Fig. 41 compared to 4K, and data
not shown). Furthermore, injection of GripNAXTC did not
affect the production of the fusion Her5-GFP protein, driven
under control of all her5 regulatory elements in her5SPAC: :egfp
transgenics (Tallafuss and Bally-Cuif, 2003) (Fig. 4J,L). Thus,
Him does not influence her5 transcription or translation.
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Fig. 4. The activity of both Him and Her$ is necessary to prevent
neurogenesis across the medial IZ in vivo. (A-D) The inhibition of
either Him or Her5 function triggers ectopic neurogenesis in place of
the MIZ (dorsal views of the MH region in flat-mounted embryos at
the four-somite stage, anterior to the left). Embryos are probed for
ngnl (blue) and pax2.1 (red) expression following injection of
herSMOATY(A), himGripNAATC (B), himGripNASP: (C) (orange
labels), compared to a non-injected WT control embryo (D). Note
that the vcc and r2MN are bridged by ectopic ngnl-positive cells
(double arrows) after blocking Her5 or Him activity, while other
undifferentiated areas are not affected (e.g. area between r2MN and
r4MN, asterisk. (G-L) him and her5 expression are not successive
and interdependent steps of the anti-neurogenic cascade acting in the
MIZ (dorsal views of the MH area in flat-mounted embryos at the
three-somite stage, anterior to the left, used markers are color-
coded). (G,H) him expression in wild-type embryos (H) or after
injection with herSMOATS (G). Note that him expression is not
modified. (I-L) Expression of her5 (ILK) and GFP (J,L) in
her5PAC::egfp embryos injected (K,L) or not (IJ) with
himGripNAATS, Note that her5 and GFP expression are unaffected.
vee: ventro-caudal cluster, r”2MN: prospective motorneurons of
rhombomere 2, r4MN: prospective motorneurons of rhombomere 4.
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We conclude that Him and Her5 do not act in a simple
cascade of cross-regulation of expression. Rather, the two
genes are expressed independently of each other and are both
essential to MIZ formation.

The crucial determinant of MIZ formation is the total
dose of Him + Her5 inhibitory activities

Several hypotheses could account for the above results. First,
Him and Her5 might both be required for MIZ formation
because they need to heterodimerize with each other to be
active. Alternatively, these factors do not have unique essential
activities, but rather are required to reach together a threshold
level of Hairy/E(spl) activity necessary to prevent proneural
gene expression. Finally, both factors might exert distinct
and/or complementary functions necessary for MIZ formation.

To unravel the relevance of each hypothesis in vivo, we first
tested whether Him and Her5 could interact in a yeast two-
hybrid system. bHLH factors have the capacity to dimerize via
their HLH domain, however their affinity for hetero- versus
homodimerization cannot be a priori predicted, and some
instances of DNA binding as oligomers have also been reported
(Firulli et al., 2000; Iso et al., 2001; Wainwright and Ish-
Horowicz, 1992). We observed that Her5 can homodimerize as
well as bind Ngnl, while Him and Ngn1 failed to interact. In
addition, heterodimers of Him and Her5 were produced.
Whether Him is also able to homodimerize could not be tested
due to unexplained toxicity of the him-expressing constructs
(Table 2). All these interactions were confirmed by
coimmunoprecipitation (Fig. 5A). Moreover, the affinity for
heterodimerization between Him and Her5, based on beta-
galactosidase activity (Lazo et al., 1978), appeared six-fold
higher than the affinity of Her5 for homodimerization (Fig.
5B), suggesting that the Him-Her5 configuration predominates
in vivo if the amount of proteins is equal. Thus, the requirement
for Him and Her5 for MIZ formation in vivo might indeed be
explained by the necessity for these factors to heterodimerize.

Our finding that Her5 can homodimerize, however, as well
as reports of functional bHLH oligomers (Firulli et al., 2000;
Iso et al., 2001; Wainwright and Ish-Horowicz, 1992), suggest
that Her5 and/or Him alone could permit MIZ formation,
provided the dose of this factor is sufficient. To test this
hypothesis we studied neurogenesis in her5SPAC::egfp
transgenic embryos (Tallafuss and Bally-Cuif, 2003), where
Him is in excess. This transgenic line was obtained by

Table 2. Possible interactions of the proteins relevant to 1Z
formation, revealed in a yeast two-hybrid assay

pGBKT7
pGADT7 Her5 Him T-antigen
Her5 + + +
Ngnl + — +
p53 + + +
Lam - - _

The assay was performed with full-length Her5, Him and Ngn1 proteins
expressed from pGBKT7 and pGADT7 expression vectors. p53 expressed
from pGADT7 and T-antigen expressed from pGBKT7 were used as positive
controls. Lam protein from pGADT?7 was used as a negative control for
interactions.

+, interaction between the proteins tested, revealed by activation of ade, his
and mel genes.

—, absence of interaction.
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recombination of egfp into the second exon of her5 in a her5-
containing PAC. Thus, in this transgene her5 is not functional.
However, because of the small genetic distance separating the
her5 and him locus, and because the entire recombinant PAC
was used for germ line transformation (Tallafuss and Bally-
Cuif, 2003), these transgenics carry an additional copy of him
together with the her5-egfp fusion (see Fig. 5C for a scheme
of the transgene). Real-time PCR confirmed a 1.5-fold increase
in the amount of Ahim messenger in embryos heterozygous for
the her5PAC: :egfp transgene, while the amount of ozx/ mRNA,
used as a control, was unchanged (Fig. 5D). Because him
regulatory elements are also contained within the recombined
PAC, additional him transcripts produced from the transgene
display the endogenous him profile, restricted to the IZ within
the neural plate (not shown). Therefore, herSPAC::egfp
transgenics provide an ideal background to measure MIZ
formation in a context where her5 expression is normal but the
dose of Him is increased across the IZ. Most interestingly, we
observed that her5SPAC::egfp transgenic embryos where Her5
activity was blocked by herSMOATC formed a normal MIZ
(Fig. SE, compare to Fig. 4D). In all cases, we verified that
Her5 activity was completely abolished, by monitoring the lack
of EGFP protein expression (data not shown). Thus Him, when
present in sufficient amount (in a minimum of three doses, as
in her5PAC::egfp/+ heterozygote embryos), is capable of
replacing Her5 activity to prevent neurogenesis across the
MIZ.

We conclude from these observations that the crucial
component of MIZ formation and maintenance is a threshold
level of ‘Him + Her5’ inhibitory activity. In the normal embryo,
this level is probably achieved by Her5-Him heterodimers,
although a possible contribution of homodimers and/or
oligomers from each factor separately cannot be excluded.

Formation of the lateral I1Z also relies on the level of
‘Him + Her5 activity’ but with a lower threshold than
the medial 1Z

The LIZ is preserved in both her5 and him single knockdown
embryos, suggesting that it might require other factors than
Him and Her5 for its formation. Alternatively, the LIZ might
primarily differ from the MIZ in requiring a lower threshold of
‘Him + Her5’ activity, the endogenous level of one factor alone
(two doses) being sufficient to block neurogenesis in this
location. To address these hypotheses we assayed for lateral
ngnl expression in double knockdown embryos obtained by
the co-injection of herSMOATY and himGripNAATS, Strikingly,
we observed that the simultaneous interference with both Her5
and Him activities results in ectopic ngnl expression in place
of the entire 1Z, i.e. including the LIZ (88% of cases, n=25)
(Fig. 6A,A” compared to 6D,D’), in striking contrast to single
knockdowns (0% of cases for her5 knockdowns, n=21, 0% of
cases for him knockdowns, n=24) (Fig. 6B,C).

To confirm these results we analyzed b404 mutants
(Topczewski et al., 2001), which we found to carry a deletion
encompassing the her5 and him locus in addition to knypek
(kny). As expected, expression of both him and her5 in these
mutants is completely absent at all stages (Fig. 7A-D).
Mutations in zebrafish kny impair gastrulation movements of
convergence and extension that normally narrow the
embryonic body and elongate it from head to tail, resulting in
shorter and broader embryos (see Fig. 7B,D) (Henry et al.,
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2000; Topczewski et al., 2001). In addition to this phenotype,
assaying b404 mutants for neurogenesis revealed ectopic ngnl-
positive cells in place of both the MIZ (Fig. 7F, asterisk) and
LIZ (Fig. 7F, arrow, enlarged in F’), a phenotype never
observed in control siblings (Fig. 7E, enlarged in E’) or in
embryos for a null point mutation in the knypek gene (kny™ !’
allele, not shown) (Solnica-Krezel et al., 1996). The number of
ngnl-positive cells in the lateral aspect of the MH domain
(white box in Fig. 7E-G) is increased by 40% in b404 embryos
compared to control siblings (n=13 mutants and 10 wild-type
embryos), while other populations of neuronal precursors, such
as trigeminal ganglia neurons, are unaffected (black box in Fig.
7E-G), further supporting the specificity of this phenotype.
Further, this phenotype was maintained upon rescuing Kny
function in b404 homozygous embryos injected with kny
mRNA at the one-cell stage (Fig. 7H,H).

The above results demonstrate that ectopic neurogenesis in
b404 is selective of the IZ and unrelated to the lack of Kny
activity itself. It remains possible however that the b404
deletion encompasses other genes than him and her5 that
contribute to this phenotype. To address this issue, we rescued
Him activity in b404 homozygotes (Fig. 7J) by crossing them
into the transgenic her5PAC::egfp background.
b404/b404;herSPAC::egfp embryos display a normal
expression of him in time and space (Fig. 7J), but no expression
of her5 (not shown). We observed that, under these conditions,
the LIZ was preserved (Fig. 71, white box, enlarged in I"). Thus,
restoring Him activity is sufficient to rescue formation of the
LIZ in b404 mutants, strongly arguing that the neurogenic
phenotype in the lateral MH of these mutants results from the
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Fig. 5. The crucial determinant of medial IZ formation is the level of
Him + Her5 inhibitory activity, probably achieved in vivo by
Him/Her5 heterodimers but replaceable by a higher level of either
factor alone. (A) Co-immunoprecipitation assays reveal possible
interactions between the bHLH transcription factors important to
prevent/promote neurogenesis at the MHB. Crude protein extracts
were isolated from yeasts transformed with the following constructs
combinations: (1) herSpGBKT/ + her5pGADT7, (2) her5SpGBKT7 +
ngnlpGADT7, (3) himpGBKT7 + her5SpGADT7, (4) T-antigen
pPGBKT7 + p53pGADTT7; (5) her5pGADT7 + lampGADT7. Isolated
extracts were either probed with anti-cMyc antibodies (A”) and anti-
HA antibodies (A”) or immunoprecipitated with anti-HA antibodies
and then probed with anti-cMyc antibodies (A””). (B) Stringency of
Her5 homodimerization and Her5/Him heterodimerization, based on
beta-galactosidase activity of yeast cells expressing appropriate
construct combinations (Lazo et al., 1978). Note that the interaction
between Him and Her5 is significantly stronger than Her5
homodimerization. (C-E) A higher dose of Him alone can compensate
for the loss of Her5 activity and maintain the MIZ. (C) Schematic
representation of the transgene integrated to generate her5PAC::egfp
embryos (Tallafuss and Bally-Cuif, 2003): the egfp cDNA (blue
cylinder) is inserted into the her5 region coding for the bHLH
domain, resulting in a dysfunctional protein unable to bind both DNA
and other bHLH factors. However, the him gene, contained in the
PAC, is intact. (D) Quantification of him and otxI (control) mRNAs in
her5PAC: :egfp transgenic compared to wild-type embryos using real-
time RT-PCR. We do not know the number of recombined PAC copies
integrated into the genome in our transgenic lines; however, note that
the amount of 7im mRNA is 1.5-fold higher in the herSPAC::egfp
transgenic embryo than in wild-type siblings. The change in
threshold-crossing cycle (1/R) is shown for each mRNA relative to
that for pax6 (assumed as a housekeeping gene) (a decrease in
threshold-crossing corresponds to increase in mRNA level). The
increase in him expression in the transgenic line is significant (P<0.02
by Student’s #-test). Standard deviations are indicated with red lines.
(E) Blocking Her5 activity (by injecting herSMOATS) in

herSPAC: :egfp transgenic embryos fails to trigger ectopic expression
of ngnl across the MIZ (white asterisk) (flat-mounted embryo at three
somites, anterior left, used markers color-coded).

lack of Her5 and Him function. In addition, these results
demonstrate that one dose of Him activity provides a level of
inhibition sufficient for LIZ formation. In contrast, loss of the
MIZ was maintained in b404/b404;her5SPAC::egfp embryos
(Fig. 71), in keeping with our finding that MIZ formation
requires more than one or two copies of him or her5 (Fig. 4A-
C, 5E).

Him and Her5 are equally potent neurogenesis
inhibitors in the lateral I1Z

We demonstrated above that the total amount of Him + Her5
inhibitory activity is the crucial determinant for IZ formation,
and that increased levels of Him could compensate for loss of
Her5 both in the medial and lateral IZ. These experiments
however did not address the relative contribution of Her5 to the
total inhibitory activity required for IZ formation. To determine
whether Him and Her5 contribute equally to this activity, we
analyzed LIZ formation in b404/+; kny™!°/+ embryos where
the function of either Her5 (Fig. 7K) or Him (Fig. 7L) was
abolished. This background, obtained by crossing b404/+ with
kny™"°/+ heterozygote adults, allows immediate identification
of the embryos carrying one single copy of each gene him and
her5, since such embryos display the knypek phenotype.
Blocking the activity of Him or Her5 b404/+; kny™'"/+
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Fig. 6. The activity of both Her5 and Him is necessary to prevent
neurogenesis in the lateral IZ. Dorsal views of flat-mounted
—8.4ngnl::egfp transgenic embryos (Blader et al., 2003) probed at the
three-somite stage for egfp expression (blue) after injection of 1 mM
herSMOATG + 0.25 mM himGripNAATC (A), 1 mM herSMOATS (B),
0.25 mM himGripNAATG (C), compared to an uninjected control (D).
A’ and D’ are enlargements of the boxed areas in A and D,
respectively. The IZ is indicated by pax2.1 expression (red staining).
Note that the LIZ is undergoing ectopic neurogenesis only in the
embryo injected with both herSMOATS and himGripNAXTS (blue
arrows).

embryos leaves only one functional copy of either her5 or him,
respectively. Assaying for ngnl expression revealed that the
LIZ forms normally in such embryos (Fig. 7K,K” and 7L,L’
compared to 7M,M’, white arrowhead) (while, as expected, the
MIZ is lost, Fig. 7K, and 7L, compared to 7M, white arrow).
These results are in agreement with an equal potency of Him
and Her5 to inhibit lateral neurogenesis at the MHB and, like
for the MIZ, we propose that a crucial determinant of LIZ
formation is the threshold of Him + Her5 activities rather than
the specific presence of both factors.

Discussion

Maintaining a progenitor pool at the embryonic MHB is crucial
to MH growth and IsO maintenance, and we report here a new
molecular player and its associated mechanism preventing
neurogenesis in this territory. Looking for genes physically
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linked to her5, we unraveled a previously unknown, paired and
divergently transcribed hairy/E(spl) gene, him, which shares
with her5 expression across the IZ. We demonstrate that
blocking either Her5 or Him function results in the same failure
to form and maintain the MIZ, and that interfering
concomitantly with the function of both factors prevents
formation of the LIZ. In both domains, we demonstrate that
sufficient levels of one factor alone are sufficient to compensate
for the lack of the other. Together, our results are most
compatible with a model where the molecular basis of 1Z
formation is the total Him + Her5 inhibitory activity, at
different thresholds along the mediolateral axis. They highlight
a new mechanism, relying on paired Hairy/E(spl) factors, for
the maintenance of a non-differentiating signaling boundary
during embryonic development.

him and her5 are a new co-functional gene pair

him and her5 are located 3 kb apart in a head-to-head, in a
manner reminiscent of the her7/herl gene pair (Henry et al.,
2002). Our search through the zebrafish genome revealed an
additional similarly organized pair of her genes, herd/herl?2,
located on chromosome fragment ctg10516. ESTs BM023698
and AL716753 match with 100% to the cDNA sequence
deducted from ENSDARG00000028110, suggesting that herl2
is areal transcribed gene. Thus, our results suggest that a paired
and divergently transcribed configuration is a frequent
organization of zebrafish her genes. Our search through other
vertebrate genomes, however, including mouse and Fugu
rubripes (Fugu genome, The Welcome Trust Sanger Institute,
release 08-02-04), failed to reveal a similar organization of
hairy/E(spl)-like genes in these species, suggesting that the
molecular process(es) generating her pairs took place along the
lineage leading to zebrafish.

Our results do not suggest a simple evolutionary model
leading to the generation of zebrafish her pairs. Indeed, the six
her genes involved belong in sequence to two groups of
orthologs (group 1: him/her5/herl versus group 2:
her7/herd/heri2), but only the her7/herl pair contains one
gene from each group. Thus the situation is not comparable to
dlx gene pairs, interpreted to result from a tandem duplication
followed by a cluster duplication. Because her4 and herl2 have
very similar coding sequences, it is possible that these two
genes underwent a recent event of gene conversion, facilitated
by the formation of intrachromosomal hairpins (Hickey et al.,
1991). We failed to detect indications supporting gene
conversion within the him/her5 gene pair, but other
recombination events might have occurred (D. Chourrout, J.N.
and L.B.-C., unpublished observations).

Linked genes sharing sequence similarity have been reported
for a variety of genetic functions in several organisms.(Akam,
1989; Alonso and Cabrera, 1988; Bober et al., 1994; Coleman
et al., 1987; Kmita and Duboule, 2003; Knust et al., 1992; Stein
et al., 1996). Duplication events resulting in linked arrays of
related genes generate copies that often share cis-acting
regulatory sequences. Whether him and her5 expression across
the IZ are coregulated remains to be directly demonstrated but
is highly likely, given that the enhancer driving MH expression
of her5 extends into the him locus (Tallafuss and Bally-Cuif,
2003). In addition, him and her5 differ in some aspects of their
expression profiles (in the shield and presomitic mesoderm,
versus presumptive pharyngeal endoderm, respectively). The
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Fig. 7. Ectopic neurogenesis in both
the medial and lateral IZ in b404
deletion mutants results from the
deletion of him and her5. (A-D) b404
mutants lack ser5 and him expression.
Lateral views of whole-mount
embryos assayed for him or her5
expression at the 17-somite stage
(anterior left, probes indicated bottom
left, genotype bottom right). The
position of the MHB in mutant
embryos is indicated with a red
arrowhead. The position of the head,
reflecting the delayed convergence and
extension problems in the mutant
embryo, is indicated with a black
arrowhead. (E-G) Ectopic
neurogenesis across the LIZ revealed
by ngnl expression (blue) in b404
mutants (F,F’) compared to non-
mutant siblings (E,E’). In b404
embryos, ectopic ngnl-positive cells
are present both in the lateral (blue
arrow) and medial (asterisk) IZ (E” and
F’ are high magnification of the areas
boxed in white in E and F,
respectively). (G) The number of
ngnl-positive cells in the future alar
MH (area indicated with white box in
E and F) is 40% higher in mutant
embryos compared to WT siblings,
while other neural plate areas are not
affected (e.g. trigeminal ganglia, area
boxed in black in E and F).

(H) Reintroducing Knypek function in
b404 mutants does not alter the IZ
neurogenesis phenotype. Expression
of ngnl (blue) in three-somite b404
mutants where Kny function has been
restored by kny RNA injection (dorsal
views of flat-mounted embryos,
anterior left, A” is a high magnification
of the area boxed in A). Note that
ectopic ngnl expression both across
the MIZ (asterisk) and LIZ (blue
arrows) is not altered compared to
uninjected b404 mutants (Fig. 7F).
(I-J) Restoring Him function at
endogenous levels in »404 mutants is
sufficient to rescue the LIZ.

(J) Crossing the »404 mutation into the
herSPAC::egfp background generates
b404/b404;her5PAC: :egfp embryos
where him expression is recovered
with endogenous levels and expression
pattern (lateral view of a 17-somite ; < g
embryo, anterior left). (I,I') Expression e j I memf"' i
of ngnl (blue) in three-somite 4 dosa of Hers, no Him 1-dose of Him and 4 dose of HerS
b404/b404;her5PAC: :egfp embryos

(dorsal views of flat-mounted

embryos, anterior left, I” is a high magnification of the area boxed in I). Note that no ectopic neurogenesis is detectable any longer across the LIZ
(white arrowheads), while the MIZ remains bridged by ectopic ngnl-positive cells (asterisk). (K-M). Him and Her5 equally contribute to the total
inhibitory activity and one copy of either Him or HerS5 is sufficient for formation of the LIZ. Formation of the LIZ in the b404/+; m119/+
embryos is indistinguishable in Him morphants (K,K”), Her5 morphants (L,L") and uninjected embryos (M,M’) (white arrowheads). Note that
after blocking either Him or Her5 activity ectopic neurogenesis occurs in the MIZ (white asterisk). K’,L” and M’ are enlargements of boxed area
in K, L and M respectively (25 embryos was analyzed for b404/+; m119/+ injected with herSMOXTC, 27 for b404/+; m119/+ injected with
himGrip”T and 20 uninjected b404/+; m119/+).

ngNTf L DA0R ]+ 4w
1 dosa of Him
1 dose of Her§

uprbixa)
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Fig. 8. Models for IZ formation based on dose
dependence for Him + Her5 inhibitory activity. In each
panel, a half IZ is represented and color-coded (red:
MIZ or LIZ, light grey: intermediate field, dark grey:
ngnl-positive areas), and the level of Him + Her5
inhibitory activity is indicated by black horizontal bars.
The threshold required for ngn/ inhibition within the
LIZ is lower than the MIZ threshold (white bars). Thus,
if Him + Her5 activity is below the LIZ threshold level,
ectopic neurogenesis will occur both laterally and
medially, and the MIZ and LIZ are lost (i). This
situation corresponds to the absence of activity of both
Her5 and Him. When Him + Her5 activity reaches the
LIZ threshold level (one dose of Her5 or Him is
sufficient), ngnl expression is prevented laterally but
not medially, and the LIZ forms but not the MIZ (ii).
Finally, if Him + Her5 activity is above the MIZ
threshold (=1 dose of Him and =1 dose of Her5 or
three doses of Him), the whole IZ is formed properly
(normal development of wild-type embryos, (iii). The
persisting absence of ngnl expression within the
intermediate field located between the MIZ and LIZ
(light grey triangle) could result from additional
inhibitor(s) expressed along the AP axis, in register
with longitudinal non-differentiation stripes of the
rhombomere and spinal cord. Flat-mounted embryos at
three-somite stage, with ngnl expression in dark and
pax 2.1 in red, corresponding to each situation are
shown adjacent to the scheme. The combinations of
inhibitory factors producing the appropriate level of
inhibitory activity for each situation are listed (green
letters), as well as the genetic ways to obtain this
particular inhibitory activity (black letters for genotype
and orange for interfering agents).

regulatory elements controlling endodermal
expression of her5 are located closer to the her5
ATG than the MH expression elements (Tallafuss
and Bally-Cuif, 2003). Thus expression of the
him/her5 pair may be controlled by a combination
of proximal and gene-specific elements
(accounting for the differential expression sites of
the two genes) and distal and probably common
elements (driving IZ expression). It is possible that
the proximal elements are new modifications in the
evolution of the gene pair, extending genetic
functions by the acquisition of new expression
domains (Ohta, 2000). It will be interesting to
determine whether such cis-regulatory
organization is involved in generating different
expression sites within other gene pairs.

The combined activities of Her5 and Him determine
LIZ formation

We previously identified Her5 as the first determinant of MIZ
formation in zebrafish (Geling et al., 2003). However, although
her5 expression covers the whole 1Z, and ectopic her5
expression can inhibit ngn/ in the lateral MH area, we failed
to implicate Her5 alone in LIZ formation in vivo. A main
advance of our present work is to provide an interpretation for
this finding, by identifying a new Hairy/E(spl) factor, Him, as
the partner for Her5 in LIZ formation. Our arguments rely on
the phenotype of embryos where the functions of Her5 and
Him are concomitantly blocked in a non-genetic interference
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approach, and of embryos carrying the b404 deletion, where
both him and her5 genes are absent. In both cases, ectopic
ngnl-positive cells replace the LIZ. This phenotype is not
found by blocking the function of either Him or Her5 alone,
and is rescued by selectively reintroducing endogenous levels
and profile of Him function into the b404 background, arguing
for its specificity. Further, we show that one copy of either him
or her5 (as in b404/+;kny™ '°/+ heterozygote embryos where
Her5 or Him function is blocked) similarly preserves the LIZ,
demonstrating that Him and Her5 are equally potent at
inhibiting ngnl expression in that location. Thus, our results
identify Him and Her5 as truly redundant factors that play
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equivalent roles, and are together the only determinant, in LIZ
formation.

The molecular cascade downstream of Him remains
unknown. Because Him is sufficient for LIZ formation in the
absence of Her5, we can exclude a mechanism where Him
would primarily promote Her5 activity. Rather, because of the
similar sequences of Him and Her5, it is more likely that both
factors act together on common targets controlling
neurogenesis. Within the MIZ, Her5 and Him (J.N. and L.B.-
C., unpublished) act upstream of Notch to inhibit expression
of ngnl and coe2, but not other early MH proneural genes such
as asha, ashb and ato3 (Geling et al., 2003). It will be
important to determine whether the molecular cascade(s) and
mechanisms downstream of Her5 and Him are conserved in the
MIZ and LIZ. Compared to the MIZ, the LIZ exhibits an
additional block, still molecularly unknown, that prevents
neurogenesis downstream of Ngnl activity (Geling et al.,
2003). Whether Him and Her5 also take part in this second
block remains to be tested.

A unified model for IZ formation along the entire
mediolateral extent of the neural plate

The absence of Her5 leads to disappearance of the entire MIZ
and its replacement by ngnl-expressing cells, which later
differentiate into Hu-, HNK1- and acetylated-tubulin-positive
neurons (Geling et al., 2003). Surprisingly, our results now
demonstrate that Him plays an equally important role in MIZ
formation, since an exactly identical phenotype is triggered by
lack of Him activity (this paper, and data not shown). We
further rule out an interdependent regulation of him and her5
expression (Fig. 4E-L). Thus, another important implication of
our work is that MIZ formation relies on prepatterning by both
Him and Her5.

A priori, the finding that loss of Him or Her5 function result
in identical phenotypes can have three different molecular
interpretations: first, Him and Her5 might act in distinct
pathways that converge on and are both necessary for
neurogenesis control at the MIZ; second, the activities of Him
and Her5 might be interdependent; third, Him and Her5 might
have equivalent functions, a minimal dose of ‘Him + Her5’
activity being required for MIZ formation. The first two
mechanisms are unlikely, given the observation that increased
levels of Him alone to three doses (as in her5PAC::egfp I+
heterozygote transgenic embryos injected with her5MO, Fig.
5E) can compensate for the lack of Her5 function within the
MIZ. We do not have genetic means of assessing whether a
high dose of Her5 alone would also suffice for MIZ formation.
However, our findings that Him and Her5 are equally potent to
prevent lateral neurogenesis strongly suggest that this is the
case. Thus, we propose that the crucial determinant of MIZ
formation, is a total level of ‘Him + Her5’ inhibitory activity.
Hence, above a threshold of Him + Her5, ngnl expression is
prevented medially and the MIZ is formed, while ngnl
expression is induced below this threshold (Fig. 8). As
discussed above, our results indicate that three doses of one
factor alone is the minimum level of inhibitory activity
required for MIZ formation. Interestingly, however, two doses
are sufficient when both Him and Her5 are present, as in
b404/+ heterozygote embryos. This result might be related to
the higher propensity of Him and Her5 to hetero- than homo-
dimerize, or to an increased activity of heterodimers versus
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homodimers or oligomers. Because the same factors Him and
Her5 account for LIZ formation, and can functionally replace
each other in this domain as well, a parsimonious interpretation
of our findings is to implicate the same dose-dependent
mechanism within the LIZ, albeit with a lower threshold level
(Fig. 8). The LIZ minimal level of inhibition would be achieved
with one dose of Him or Her5 alone. Together, our results thus
lead to a unified model where the maintenance of a pool of
progenitor cells at the MHB is orchestrated by a variable dose-
dependency to the Him/Her5 pair.

Even in the absence of Him and Her5, we failed to induce
ngnl expression within a small intermediate field located
between the MIZ and LIZ (see Fig. 7F, and grey triangle in
Fig. 8). In this domain, an additional (as yet unknown) factor
might increase the total inhibitory activity and/or prevent
neurogenesis in addition to Him and Her5. We failed to recover
additional IZ-expressed E(spl) genes following our search
through the zebrafish genome and expression studies (J.N.,
C.L. and L.B.-C., unpublished). Because the intermediate field
is aligned with the longitudinal domains of non-differentiation
in the hindbrain and spinal cord, it is perhaps more likely that
this factor is expressed along the AP axis of the neural plate,
like other known neurogenesis inhibitors (Bally-Cuif and
Hammerschmidt, 2003).

An interesting open question remains to identify the cues
controlling the differential sensitivity of the MIZ versus LIZ to
Him + Her5, and their functional significance. The MIZ and
LIZ differ in their proliferation rates: the MIZ exhibits more
cells in M phase than the LIZ at late gastrulation, based on anti-
phosphoH3 immunostaining (Geling et al., 2003). It will be
crucial to investigate the possible relationship between MIZ
and LIZ cell cycle properties and their response to Him + Her5.
Also, several morphogens acting in this region are expressed
following a mediolateral gradient. For instance, wntl is
expressed in a spatio-temporal pattern similar to her5 and him
at late gastrulation, thus with initially higher levels laterally
than medially, and might enhance cell sensitivity to
neurogenesis inhibitors. This might be related to the delay of
dorsal differentiation proposed to result from the gradient of
Whnt signaling from the spinal cord roof plate (Megason and
McMahon, 2002). Conversely Shh signaling from the ventral
midline and specifically active at the MHB (Carl and Wittbrodt,
1999; Koster et al., 1997) could increase ‘neurogenic
competence’. These hypotheses will be important to test
experimentally to gain insight into the prepatterning of 1Z
formation.

Biological significance of a redundant process for IZ
formation

Redundant factors are generally viewed as ‘safety’ locks, and
the biological significance of the Him/Her5 couple might be
to secure IZ formation. This case of redundancy is more
extreme than observed for Her1/Her7, where the disruption of
each gene alone produced distinct (although moderate)
somitic defects, indicating partially different activities (Henry
et al., 2002). The embryonic MHB progenitor pool serves
several vital functions. It generates the large majority of MH
neurons and glia, as demonstrated in lineage tracing
experiments (Tallafuss and Bally-Cuif, 2003) and genetic or
surgical ablation (Cowan and Finger, 1982; Hirata et al.,
2001). MH neurons form crucial integration centers involved
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in visual, auditory and motor control and social behavior. By
its long-lasting proliferative activity, the IZ also permits the
expansion of MH tissue over time. Although the relative
importance of MH derivatives varies between species, most
vertebrates are characterized by highly developed visual,
auditory or locomotor functions, which are paired with
enlarged mesencephalic derivatives or cerebellum. Finally,
and importantly, the IZ coincides in space with the isthmic
organizer, necessary for patterning the entire MH domain and
for the subdivision of mid-versus hindbrain structures (Bally-
Cuif et al., 2000; Liu and Joyner, 2001; Rhinn and Brand,
2001). In the mouse, IZ formation also relies on the two
redundant bHLH factors Hes1 and Hes3 (Hirata et al., 2001).
In that case however Hes! and Hes3 are not genetically linked
and their expression profiles are clearly distinct, overlapping
only at the MHB (Allen and Lobe, 1999; Lobe, 1997),
suggesting that mouse and zebrafish have independently
evolved a strategy for the redundant expression and function
of Hairy/E(spl) factors at the MHB. A dose dependency and
the spatial details of IZ formation in the mouse have not been
explored. The fact that one dose of each factor Him and Her5
suffices to maintain the MIZ in zebrafish, while two doses of
each single factor do not, probably explains the maintenance
of the two genes him and her5 in zebrafish. Whether Hes1 and
Hes3, or Him and Her5, exert in addition other and perhaps
distinct activities at the MHB remains to be explored.

The 1Z is not an isolated case of maintenance of a non-
differentiation zone at embryonic signaling boundaries. Such
events have been reported, e.g. at the Drosophila wing margin,
along the dorsal and ventral midlines of the neural tube
(Alexandre and Wassef, 2003), as well as between
rhombomeres (Cheng et al., 2004). Like the IZ, these
boundaries are involved in the progressive building and
patterning of their adjacent territories, and the maintenance of
their integrity necessitates their remaining undifferentiated.
This process is achieved by Notch signaling at the wing margin
and inter-rhombomeric boundaries, and Shh signaling along
the neural tube ventral midline, while the factors involved
along the dorsal midline probably involve Wnt and BMP
signaling. Our work demonstrates that a distinct molecular
mechanism accounts for non-differentiation at the MHB,
namely the differential response of MHB cells to the combined
inhibitory activity of two twin and co-regulated Hairy/E(spl)-
like factors, independently of Notch. Our findings add to the
panel of identified developmental strategies used to build and
maintain signaling centers.

Note added in proof

him is identical to herl I, which has been recently reported for
its role in zebrafish somitogenesis (Sieger et al., 2004). The
gene referred to as herll in the present manuscript (Fig. 1B,
ENSDARP00000012990), named before publication by Sieger
et al., is a different coding sequence and corresponds to herl3
of Sieger et al. The gene referred to as herl3 in the present
manuscript (Fig. 1B, ENSDARP0000008307) is a new gene,
not reported by Sieger et al. We suggest that the latter gene be
renamed her/6 and that the nomenclature of Sieger et al. be
used for all other genes in future work.
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Abstract

Recent reports make use of the zebrafish to study complex behavior such as ad-
diction, anxiety, or learning and memory. We have invested in establishing reliable
tests and their appropriate controls to measure these behavioral parameters in the
zebrafish adult. Our assays are robust enough to permit the detection of dominant
mutations affecting drug-induced reward, and therefore can be used in forward ge-
netic screens. We provide the reader with the technical details of these tests, as well
as with their appropriate and crucial -although often overlooked- control assays. In
particular, our results make it possible to use the zebrafish as a promising model to
identify new genetic components of the reward pathway.

Key words: zebrafish, addiction, conditioned place preference (CPP), aversion,
learning and memory, D-amphetamine, behavior.

Introduction

Behavioral disorders are among the most widespread and costly brain dis-
eases in modern societies[24]. However, our understanding of the molecular
networks underlying these disorders is still limited, preventing adequate ther-
apies. A number of animal models have been used to investigate the role of
different brain structures in disease development, but the identification of the

* authors for correspondence at:

Email addresses: ninkovic@gsf .de (Jovica Ninkovi¢), bally@gsf.de (Laure
Bally-Cuif).

Preprint submitted to Elsevier Science 16 September 2005




126 APPENDIX B. ARTICLE IN METHODS

genes involved has been difficult, both because of the complexity of the dis-
orders, which involve environmental factors, and because of limited candidate
genes. The candidate gene approach, used mainly in rodents, has two main
disadvantages: (i) it requires that the genes of interest are known and very
well characterized and (ii) the production of adequate sample size is costly. On
the contrary, forward genetics methods where the genome is mutagenized, the
resulting phenotypes characterized and the affected gene subsequently cloned
give an opportunity to detect both new and known factors controlling the be-
havior of interest. Forward genetics has been successfully employed in several
large-scale screens[25][14], aimed to reveal genes controlling early development
of zebrafish. Researchers have used either embryos or juveniles and utilized the
main advantages of the zebrafish: (i) Its good balance between simplicity and
complexity of organic systems. For example the fish nervous system is sim-
pler than in rodents, but still able to control a variety of complex behaviors
like learning, addiction, aggression, locomotion, etc. (i) Its powerful genetics.
Mutations can be induced with high frequency and rapidly cloned thanks to
comprehensive genetic maps [31][17]. (iii) Its relatively short generation time
and large progeny sizes, facilitating large-scale screens and (iv) Its relatively
simple and cheap breading conditions. Compared to the assays designed for
embryos and juveniles, the use of adult fish in large-scale screens appears to be
cumbersome. It requires extra breading, extended housing and increased time
for mutation recovery. Additionally, adult fish are very sensitive to handling-
induced stress[26][22] and great care has to be taken when behavioral assays
are performed[26]. Nevertheless, it is obvious that adult animals have to be
used when the behavior of interest requires the full functionality of a mature
nervous system. Recently, considerable efforts have been placed into the devel-
opment of robust, rapid and reproducible assays for adult zebrafish behavior,
which can be used in large-scale screens and Table 1. summarizes the behav-
ioral assays currently published.

This review will highlight three assays addressing complex behavior in
the adult zebrafish: (i) addiction(reward), (i7) basal level of aversion (a likely
measurement of anxiety) and (%ii) learning and memory. It summarizes the re-
sults of several years of investigations in our laboratory, to eventually achieve
tests and controls sufficiently robust to permit their use in large-scale genetic
screens. We will detail our experimental protocols, insist on important pit-
falls, and demonstrate that our tests are suitable for large-scale screens for
dominant modifiers of the reward response.
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Measuring addiction in zebrafish using the conditioned place pref-
erence paradigm

Addiction is characterized by the uncontrollable and chronically relaps-
ing compulsion to take drugs in spite of their dramatically negative effect
on normal brain function. Addiction was studied in animal models, mainly
rodents, using two experimental protocols: the Conditioned Place Preference
(CPP) paradigm and different protocols of drug self-administration. In the
CPP paradigm, the primary motivational properties of a drug serve as a con-
ditioning stimulus that is repeatedly paired with a set of environmental cues.
During the course of conditioning, these cues acquire secondary motivational
properties.

There are a number of excellent reviews on CPP (Carr et al., 1989[10];
Hoffman, 1989[19]; Schechter and Calcagnetti, 1993[29]; Bardo et al., 1995/5];
Bozarth, 1987[6]; van der Kooy, 1987[36]; White et al., 1987/37]; Calcagnetti
et al., 1995/8]; Tzschentke, 1998/34]) and the reader is referred to these pub-
lications for detailed discussions and considerations of basic methodological
issues of the CPP paradigm.

In this article, we will focus on the methodology we have developed to
use CPP in large-scale ENU-screens, aimed at recovering mutations affecting
the molecular pathway(s) of drug-induced reward in zebrafish adults. We will
point out the crucial aspects of CPP experiment design and the necessary spe-
cific controls, such as the assessment of the animal’s stress, learning capacity
and memory. To validate the zebrafish as a model system in addiction studies,
we further analyzed the conservation of the neurotransmitter pathways un-
derlying addiction in Teleostei and mammals. We focused on the cholinergic
system[26], a known modulator of dopaminergic transmission in mammals,
and our key results will be reviewed here. Finally, we will present the strategy,
the organization and the first results of pilot ENU-screens using the CPP test
that we conducted to look for genetic modifiers of the reward response.

General experimental procedure

Most CPP experiments reported in this chapter use the general procedure
schematized in Fig 1A, performed in an isolated room (below referred to as
Behavior room). We used 3- to 6-month-old adult zebrafish weighing 0.5 to 1
g. The fish were moved to the behavior room under maintenance conditions
and feeding schedule identical to the fish facility at least two days before each
assay. Thus, we kept environmental variance at a minimum for all behavioral
assays. The testing apparatus is a 3-liter, rectangular tank containing 2 liters
of water and placed in an isolated cabinet with top illumination (we have used
four bulbs (100W each) (scheme of the cabinet with experimental tank, bulbs
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and camera position available upon request). The water level was kept to 10
cm from the tank bottom to minimize stress. Distinct visual cues divide the
experimental tank into two halves: a dark half colored in brown and a light
half colored in white with two “frightening” black spots placed at the bottom
of the tank (for more details about tank design see section Biased vs unbiased
visual cues). After an initial introduction into the testing apparatus, each fish
was separately accommodated to the new environment for two whole days
(days 1 and 2 on Fig1A.) and was afterwards recorded in one 15-minute trial
on day 3 (Fig1A.) using either the Noldus Ethovision v.2.3 system (Noldus
Information Technology, Netherlands, http://www.noldus.com) or Videotrack
software (Viewpoint, France, http://viewpoint.fr), typical tracking images are
illustrated in Fig. 2G. The importance of the accommodation phase and the
optimal measuring interval will be discussed in sections Habituation and Op-
timal measuring interval. The preferred compartment was defined as the com-
partment in which a fish spends most of its time during the measurement
on day 3, and the place preference (PP) is calculated as the percentage of
time that the fish spends in the preferred compartment. On day 4, each fish
was weighed and then received an optimal dose (see section Dose response) of
D-amphetamine (40 ug of D-amphetamine (Sigma-Aldrich A0922, Germany)
and 3 pug methylene-blue as a tracer per gram of fish in 110mM NaCl) by
intraperitoneal injection. Immediately afterwards, the fish was confined to the
non-preferred compartment for 45 minutes (day 4, Fig1A.). The restriction
to this compartment was achieved using a transparent slider. Thus, visual
contact with the preferred compartment remained, and the difference between
the conditioning and recording conditions was minimized. A transparent slider
was used to minimize differences between the tanks used for recording and
conditioning. The experimental tank and conditions were otherwise identi-
cal to the ones used for place preference determination, and each fish was
tested separately. After 45 minutes, the fish was removed from the experi-
mental tank and kept in a 1.5-liter tank on a color-neutral background (blue
on Fig1A). The choice of such a background is important since the duration
of D-amphetamine action on the fish CNS, its metabolism, or the activity of
D-amphetamine metabolites are not known. On day 5 (Fig1A.), the fish was
injected intraperitoneally with a saline solution (3 ug of methylene-blue per
gram of fish in 110mM NaCl), then restricted for 45 minutes into the pre-
ferred compartment. Between each injection session, the experimental tank
was cleaned with 70 % ethanol and rinsed with fish facility water. Since olfac-
tory stimuli are extremely important to fish, this procedure is necessary when
large numbers of subjects are tested in the same boxes. Otherwise, a fish may
be responding to the olfactory cues left by earlier animals rather then making
a place preference discrimination based on its own conditioning experience.
The D-amphetamine treatment was repeated on days 6 and 8 and the saline
treatment on day 7 (see section Drug application), always at the same time
of the day. Place preference was then measured again on day 9. The efficiency
of conditioning was estimated as the change in place preference before and
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after treatment, relative to the place preference before treatment, as follows:
% of change = 100x (PP-CPP)/PP, where % of change is the relative change
in place preference, PP is the place preference before treatment and CPP is
the place preference after treatment.

Using the procedure described above, most AB fish tested (90 %, n>20) ini-
tially showed preference for the dark compartment of the experimental tank
(see Fig 6A, the center of the Gauss distribution of the time spent in the brown
compartment for a population of AB fish is at 60.5% .

In the conditions described above, D-amphetamine conditioning on the an-
imal results in a rapid and robust change in place preference, never observed
with saline (Fig1B).

Establishment of the experimental set-up to measure the reinforcing
properties of D-amphetamine

The reproducibility and reliability of CPP experiments in measuring the rein-
forcing properties of drugs of abuse in laboratory animals depends on several
important variables, discussed below.

FEzperimental tank design
-Biased vs unbiased visual cues-

Most CPP studies employ two- or three-compartment conditioning boxes.
A conditioning apparatus can be designed such that animals do not show a
significant place preference to one of the compartments upon initial exposure
to the experimental tank (unbiased design). Alternatively, visual cues can be
chosen such that the animals show unconditioned place preference for one
side of the tank over the other (biased design). The biased tank design has
often been criticized because it can be misleading in cases where the drug
has a strong anxiolytic component. However, it will allow detecting several
behavioral states (the initial aversive state of the animal, the response to the
anxiolytic action of drugs, reward) that can be discriminated with appropriate
controls.

To be able to use the same experimental tank to address both the initial
aversion state of the animal and the reinforcing properties of the drugs, we
opted for the biased tank design. There, one has to set-up the environmen-
tal cues such that the animals clearly prefer one compartment, but that the
aversion to the initially non-preferred compartment can be overcome by the
rewarding effect. To address this issue we analyzed initial place preference and
drug-induced place preference as a function of different environmental cues, i.e.
different colors of the walls and bottom of the experimental tank (see Fig2A).
We found that a strong contrast between the visual cues (Fig2A, upper de-
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sign) results in a very coherent place preference: 90 % of the fish tested (n=11)
spent more than 80 % of their time in the darker compartment(Fig2B), but
the optimal dose of 40 ug/g of D-amphetamine (see below) was in 82 % of
cases insufficient to induce a reversal in place preference (Fig2B,D). There-
fore, we reduced the contrast between the initially preferred and non-preferred
compartments by designing the experimental tank shown on Fig2A, bottom.
The darker side has a light brown color and the bright compartment a white
bottom with two black spots. In this tank, the majority of naive AB fish (95 %,
n=12) spent between 55 and 75% of their time in the darker compartment
(Fig2C and Fig6A). Upon D-amphetamine treatment, 83 % of the fish tested
reverted their place preference (Fig2C), leading to a positive change in place
preference in 95 % of cases (Fig. 2D, 6E). Note also, that the variance in the
change in place preference is dramatically larger for the population of fish
tested in the black-white tank compared to the brown-white one (Fig. 2D, red
bars), indicating a more coherent and more robust conditioning obtained in
the latter case.

Habituation

The clear place preference displayed for one side of the test apparatus during
the preconditioning trials might include a fear of novelty, which will decrease
over consecutive days independently from any effect of the drug on the reward
pathway.

To address the effect of habituation on place preference, we monitored the
place preference of AB fish in 15-min measurements over 5 consecutive days
(one trial per day). The fish were kept in the testing apparatus during the
entire experiment. We observed that the time spent in the initially preferred
compartment significantly decreases until day 3 (Fig2E) and then remain sta-
ble £4% for an individual fish at 55-70 % over 10 days (not shown). Thus,
we took the percentage of time spent in the preferred compartment at day
3 as a basis in all further measurements. The mean value of change in place
preference induced with 40 pug/g of D-amphetamine is 24.2 + 2.8% for AB
fish (Fig2D and 6E) which clearly can not be accounted for the spontaneous
decrease of place preference after day 3 (4%, see above). Furthermore, am-
phetamine injected fish are compared with saline injected fish, the behavior
of which incorporates the possible spontaneous decrease in place preference
after day 3.

We conclude that the difference between the place preference measured on
day 3 and day 9 (FiglA.) is a consequence of the conditioning developed
upon D-amphetamine administration.
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Optimal measuring interval

Practically, a short test is best. However, it should reproducibly highlight
the fish preference.

To determine the minimal measuring interval, we recorded 5 AB fish on day
3 for one hour. We next compared the PP value obtained for one hour with
that for the first 2, 5, 10, and 15 minutes of the measurement. This analysis
revealed that the fish should be measured at least for the first 15 minutes to
get a representative value of the place preference (Fig 2F and not shown).

Drug administration

The number of conditioning sessions (stimulus-response pairing) is an im-
portant parameter influencing the intensity of a conditioned response. To de-
termine the dependence of CPP on the number of conditioning sessions, three
different groups of fish were submitted to respectively one, two or three 30-
minutes conditioning sessions. In the case of two and three conditioning trials,
respectively one or two intervening injections of saline solution were performed.
Increasing the number of conditioning trials resulted in a linear increasing of
CPP outcome (Fig3A). Thus, CPP experiments have to involve a number of
conditioning sessions. Experiments employing two conditioning sessions per
day have been performed in rodents by several authors [5[35][9] and gave
results indistinguishable from those obtained with one conditioning per day
with the same total number of conditioning sessions. However, when several
conditioning sessions per day are conducted, one has to make sure that the
drug effect from the previous session does not carry over to the next session,
particularly when counterbalancing injection schemes are used.

For this reason, and since the pharmacokinetics of D-amphetamine in ze-
brafish are not known, we decided to use one conditioning sessions per day
and, except otherwise indicated, three D-amphetamine conditioning sessions
counterbalanced with two saline injections.

Dose-response analysis

In rodents, psychostimulants induce reward in a dose-dependent manner,
but doses above a threshold induce a stereotypic freezing behavior. Thus, we
used spectrum of doses to determine the optimal dose in zebrafish.

The influence of the dose of drug on the magnitude of CPP is shown on Fig-
ure 3 (Red squares and line on B and C). Doses below 5 ug/g failed to induce
a change in place preference and these doses are not shown on the graphic.
Doses between 5 and 80 ug/g induce a reproducible CPP following a Gaussian
distribution. Maximal CPP is observed at a dose of 62.3 ug/g according to
the Gauss fit (Fig. 3B). Doses above this value induce CPP with progressively
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reduced magnitude, most likely due to immobilization and stress of the animal
and/or death (see Fig. 3C, black curve), as reported in mammals[34]. These
data suggest that conditioning is sensitive to D-amphetamine dosage and that
there is a significant difference between the threshold response and the max-
imum response using this conditioning protocol. Therefore, dose selection is
one of the key points in designing conditioning experiments.

We selected a dose of 40 ug/g, which triggers robust CPP with reasonably
low mortality.

Specificity of CPP to measure reinforcing

The habituation of the fish to the testing set-up before the experiments, and
the control experiments showing that saline injections fail to modify place
preference, permit to conclude that the CPP obtained results from the posi-
tive reinforcing properties of D-amphetamine in the wild-type adult zebrafish.
However, in cases where CPP will not be modified, additional controls are
needed before concluding to the absence of positive reinforcing properties of
the drug used. Indeed, at least three parameters unrelated to reinforcing per
se might artificially bias the CPP response: (i) the degree of aversion to the
initially non-preferred compartment, which may interfere with conditioning,
(1) the capacity of the animal tested to learn and remember which compart-
ment was associated with the drug, and (4i) the capacity of the animal tested
to appreciate the visual cues identifying the drug-paired compartment. To rule
out an involvement of these factors in the cases where a low CPP is detected,
we have developed appropriate set-ups to estimate the basal levels of aversion
and cognitive capacities of adult zebrafish. For vision tests on zebrafish adults,
the reader is referred to excellent recent publications [23][2].

Basal levels of aversion

The aversion of each fish for the non-preferred compartment was calculated as
the difference in the time spent in the preferred versus non-preferred compart-
ment as follows: Av = PP — ta, where Av represents the aversion, PP is the
percentage of time spent in the preferred compartment and ta is the percent-
age of time in the non-preferred compartment. Thus, a high difference between
PP and ta is interpreted as a high level of aversion for the non-preferred com-
partment, measured using the tank in Fig. 1A (bottom) after two days of
habituation. The basal levels of aversion for commonly used zebrafish strains
are shown on Fig4A. Note that there are no significant differences between
the strains tested. Nevertheless, these subtle differences in the basal levels of
aversion could influence CPP and induce misleading results when two popu-
lations with different Av value are compared. Thus, it is necessary to either
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normalize drug-induced CPP to the initial aversion state or show that the
CPP and the level of Av are not correlated.

Learning and memory test

Learning and memory tests were conducted in a T-maze, modified from Dar-
land and Dowling [12]. The experimental tank was composed of one long
(46 cm) and two equally short (30cm) arms. All arms were 6 cm wide and
15cm deep with a water level of at least 10cm. One of the two short arms
has an opening into a deep (20 cm) square tank (23cm x 23 cm) with black
walls and artificial grass to offer a favorable habitat for the zebrafish (Fig4B).
Most fish tested spent the majority of their time in this compartment once
they found it. Two days before testing, a group of 10 fish was restricted, with
a transparent slider, to the long arm of the T-maze for one hour per day to
accommodate to the testing environment. After accommodation, each fish was
placed alone at the beginning of the long arm and the time needed to find the
deep compartment was recorded. After reaching the deep compartment, the
fish received there its daily feeding. Each fish was tested once a day. Between
the testing phases, the fish were kept separately in a 1.5-liter tank on a color-
neutral background. We considered that a fish has learned the task when its
time to find the target compartment varied of less than 10 % upon consecu-
tive trials. Analyses conducted on wild-type fish from the AB strain showed
that AB fish need 6 trials to learn the task (Fig4C). Cases where low CPP
are associated with a significant lengthening from this baseline learning value
have to be interpreted with caution.

Detection of dominant modifiers of D-amphetamine induced reward

Before using the tests described above in screening for mutants, it is cru-
cial to prove that they are robust enough to detect behavioral alterations.
Thus, we tested whether we could detect behavioral changes in the existing
mutant ache®®®®. Zebrafish ache®®>® mutants harbor a point mutation in the
acetylcholinesterase (AChE)-encoding gene, resulting in the production of a
non-functional AChE enzyme[4]. Because AChE is the only ACh-degrading
enzyme in zebrafish, ache®®® /ache**® homozygous embryos are completely
deficient in ACh hydrolysis and die of progressive paralysis at early larval
stages[4]. Heterozygotes reach adulthood without obvious locomotor or any
morphological defects. We found that ACh level in brain extracts obtained
from ache®® /+ heterohygotes is 1.4-fold increased compared to their WT
siblings or AB fish (Fig5A) (n=9, p<0.02) as a consequence of reduced AChE
activity[26]. These results suggest that ache®®>®/+ fish are a valuable genetic
model to test the effects of increased brain levels of ACh, and thus an appro-
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priate model to evaluate our tests since the ACh system modulates addiction
in mammals. To address the impact of changed cholinergic transmission on
D-amphetamine-induced reward we compared the CPP of ache®®>®/+ het-
erozygotes and their WT siblings (Fig5B). The mean CPP in ache®® /+
heterozygotes is 14 %, against 24 % in their WT siblings. To determine wether
this reduction of CPP is significant, we compared the two populations using
independent Student t-test, where arcsine-transformed CPP values were used
as raw data. The arcsine transformation is used to correct the skew possibly
generated by using percentages as raw data for statistical analyses, especially
when these percentages are outside the range 30 - 70 %. This transformation
tends to increase the spread of data and therefore more rigorous statistical
analyses can be performed. We have used the usual arcsine transformation:
CPP’=arcsiney/C PP (For more details, see Hogg and Craig,[20]). As shown in
Fig 5C,D-amphetamine-induced CPP is significantly lower in ache®®® /+ het-
erozygotes than in their WT siblings (p<0.05) or in control AB fish even after
performing arcsine transformation. Comparison of the dose-response curves for
WT and ache®®® /+ fish confirmed that the dose of D-amphetamine adminis-
trated (40 pug/g) was also triggering the most robust rewarding effect tolerable
for a reasonable survival rate in ache®® /+ fish (Fig5D)(each point >15 fish)
and that ache®*>®/+ fish respond with lower CPP than W'T fish over the whole
range of doses tested. We further verified that alterations in the aversion and
cognitive capacities of ache®® /+ fish could not account for this lowered CPP
response [26]. We conclude that the cholinergic system strongly modulates
addictive behavior in zebrafish.

These results have two main implications. First, they show that the re-
warding potential of D-amphetamine, as well as the importance of the cholin-
ergic system in modulating this effect, are conserved between mammals and
teleosts. This validates the zebrafish as a reliable model to give insight into the
molecular neurobiology of drug-induced reward in vertebrates. Second, they
show that our methodology can be used to reveal dominant modifiers of drug
addiction in genetic screens.

Genetic screens for the detection of dominant modifiers of D-amphetamine-
induced reward in adult zebrafish

Using the technology described above we performed a pilot genetic screen
aiming at recovering dominant modifiers of D-amphetamine-induced reward
in zebrafish. This screen was performed in the F; (phase I) and/or Fy (phase
IT) generations and together cover more than 1000 genomes, with the recovery
of 26 potential mutations(unpublished).

The next crucial step to recover gene affected by ENU-mutagenesis is the
positional cloning of the mutation[17], which can be performed only if the

10
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mutant phenotype can be detected in a polymorphic background. Thus, we
addressed the applicability of our experimental procedure to genetic back-
grounds different from AB.

We analyzed the initial place preference (Fig6A-D) and the CPP (gener-
ated as described above)(Fig6E-H) for several fish strains. The center of the
Gauss distribution in PP analysis showed that there is a clear initial place
preference to one of the two compartments of the experimental tank for all
strains tested (Fig6A-D), allowing us to conduct our biased test design CPP.
However, there are significant differences between strains, which should be
taken into account, especially when the basal levels of aversion are analyzed.

In all strains, the CPP output after conditioning with D-amphetamine is
significantly different from the CPP induced with saline solution (Fig6E-H
and not shown), indicating that D-amphetamine induces a reward that is de-
tectable in our experimental set-up for all strains analyzed. However, there
are obvious differences in the magnitude of CPP between the strains (red bars
on Fig6E-H), indicating that the conditions optimized for AB fish are not
necessarily the best for all other fish strains and we would like to stress an
absolute requirement for the optimization of experimental variables for each
strain used. In spite of these differences however, we were able to recover
the phenotype of our first mutant in at least one mixed genetic background
(AB/T1i used for mapping (Fig. 7)). We conclude that the phenotyping neces-
sary for positional cloning can be conducted at least when AB and Tii strains
are used as genetically polymorphic strains.

Concluding remarks

Our understanding of the mechanisms controlling complex disorders like ad-
diction will greatly benefit from the identification of new modifiers of the path-
ways involved, and an obviously promising approach is to use the zebrafish in
large-scale screens designed to recover mutations affecting these modifiers.

In this article we have described a rapid, robust and reproducible assay
to address the reinforcing properties of psychostimulant D-amphetamine by
measuring CPP in adult zebrafish. In our test conditions, D-amphetamine ad-
ministration induced CPP in about 95 % of naive AB fish, while saline failed
to do so. Additionally, we showed that our assay can be successfully applied
to fish strains like T or ABO permitting the recovery and positional cloning
of detected mutations.

Since the CPP paradigm is also sensitive to processes affecting aversion or
learning, we also developed reliable assays to address the basal level of aversion
and learning and memory in adult zebrafish. Combining with additional tests
for vision defects these procedures enable us to distinguish between addiction-
related phenotypes and other phenotypes not connected to reward per se.

11
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Although CPP is a powerful measure of the rewarding properties of drugs,
this technique should be used with caution. In particular, special attention
should be paid to the following: (i) drug-injected fish should always be com-
pared with saline-injected fish to exclude an influence of forced habituation or
novelty-seeking behavior, (i7) handling stress should be minimized and con-
stant across all treatment conditions, (iiz) the initial basal levels of aversion,
vision, locomotor activity and learning and memory should be checked, and
(iv) a correlation between the level of drug received in the brain and the be-
havioral response should be made. When all these precautions are observed,
the CPP technique can clearly highlight drug-induced reward from and unre-
lated artefacts.

Taking together the power of CPP and the ease with which zebrafish can be
used for drug or mutant screens, the forward genetic method that we present
here should open the way to fruitful systematic searches for genetic or phar-
macological modifiers of drug-induced reward.

12
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Legends to Figures

Figurel. Conditioning in the adult zebrafish

A: Flow-chart of the experimental protocol. See explanations in the text.
Abbreviations: A-initially non preferred compartment; S-transparent slider;
P-initially preferred compartment.B: D-amphetamine induces conditioning in
adult zebrafish. The mean value of the ”change in place preference” for 20 fish
is shown after 3 conditioning sessions with saline (left) and D-amphetamine
(right). The ”change in place preference” (Y axis) is measured as the differ-
ence in time spent in the preferred (non-amphetamine-paired) compartment
before (PP on day 3) and after drug exposure (CPP on day 9), in percentage
of PP.Note that D-amphetamine induces significantly higher change in place
preference than saline.

Figure2. Establishment of the experimental set-up to measure D-
amphetamine-induced reward in zebrafish adults.

A Design of the experimental apparatuses used to measure place preference in
adult zebrafish. All dimensions are given in centimeters. B-D: Dependence of
the place preference and conditioned place preference on the tank design. Time
in the preferred compartment before (filled symbols) and after D-amphetamine
application (open symbols) for N different AB fish is shown for the black-white
box (B) and the brown-white box (C). Note that the fish always prefer the
darker side but that the percentage of time spent in the black compartment is
significantly higher and more coherent than that in the brown compartment.
When the brown-white design was used, D-amphetamine was able to reduce
the time spent in the preferred compartment for all fish tested (D, stippled
bars), with in most cases (75 %) a reversal of the place preference (C). In the
case of the black-white design, a reduction in the time spent in the preferred
compartment was achieved in only 5 cases out of 10 fish tested (D, gray bars)
and a reversal was obtained only with two fish (B). The average change in
place preference for the two groups tested (red bars on D) indicate that the
use of the brown-white design permits both a higher change and less indi-
vidual variations (see error bars) than the black-white design. The ”change
in place preference” (Y axis) is measured as the difference in time spent in
the preferred (non-amphetamine-paired) compartment before and after drug
exposure, in percentage of PP. E: Habituation curve. Percentage of the time
spent in the brown compartment versus in the white compartment (see Fig2A,
bottom) in 15-minute measuring intervals over 5 consecutive days (one trial
per day). Each bar represents the average of 5 AB fish. The percentage of
time spent in the preferred compartment significantly decreases until day 3
and then remains stable at 55-70 %. The percentage of time in the preferred
compartment at day 3 ( PP after habituation, later referred to as PP) is taken
as a basis in all further measurements. F: Representative measuring interval.
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The percentage of time spent in the preferred compartment for 5 different AB
fish after 2 days of accommodation to the experimental apparatus was deter-
mined for 4 consecutive 15-minute intervals. Note that the place preference
determined for the first 15-minute interval (gray bars) does not significantly
differ from the average value for four intervals (i.e. one hour)(stippled bars).
Therefore, the first 15-minute interval (but not shorter intervals, see text) fully
represents the fish place preference. G: Video-recorded routes followed by 3
different AB fish at day 3 (before the drug, upper panels) and at day 10 (after
the drug, lower panels).

Figure3. The D-amphetamine administration protocol is a crucial
parameter for successful conditioning. A: The change in place prefer-
ence is a linear function of the number of D-amphetamine injections within
the range of values used in our experiments. Each point is an average value
of N fish tested (see graphic). B: CPP (percentage of change in PP, Y axis,
left, red curve) and brain amphetamine levels measured by HPLC on brain
extracts(MedLab, Dueseldorf, Germany)(Y axis, right, dashed black curve) as
a function of the dose of amphetamine injected (X axis). Each measurement
of brain amphetamine levels is averaged for 3 fish. Note that the level of am-
phetamine received in the brain is a linear function of the dose injected within
the range of values used in our experiments. Note also that it keeps increasing
linearly above the threshold dose inducing maximum CPP, confirming that
the decreased CPP above this dose is due to a toxic effect of amphetamine
rather than its elimination from the zebrafish organism. C: CPP (percent-
age of change in PP, Y axis, left, red curve) and mortality (percentage of
fish dying during the procedure, Y axis, right, dashed black curve) as a func-
tion of the dose of amphetamine injected (X axis). Each point is based on
the test of at least 15 fish. Our experimental conditions produce a dose/CPP
response curve following a Gaussian distribution similar to that observed in
mammals[34], where doses above a certain threshold (here 50 ug/g) induce a
toxic response.

Figure4. Experimental set-up to measure the aversion and learning
and memory of adult zebrafish.

A: The aversion of different zebrafish strains for the non-preferred compart-
ment is given as the difference in the percentage of the time spent in the
preferred versus non-preferred compartment of the tank after two days of
habituation (Aversion, Av, Y axis). Bars represent an average result for N
fish (see bars). B: Scheme of the T-maze used to address cognitive ability of
zebrafish. All dimensions are given in centimeters. C: Learning capacity of
wild-type fish (AB strain). The time needed to reach the deep chamber target
(gray in B)(Y axis) is given as a function of the trial number (one trial per
fish per day). Each point is the average of at least 30 fish, with error bars
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indicated. The fish decrease their time upon trial (starting from high values,
>100s), thus progressively learn to find the target and reach a plateau at
comparably low values (20s) after enough trials. The trial number at the be-
ginning of the plateau (after which point the time needed to find the target
varies of less than 10 % upon consecutive trials) gives information about the
capacity of the fish to learn.

Figure5. Lowered D-amphetamine-induced CPP in ache®®” /+ het-
erozygotes detected in the CPP experimental set-up. A: Altered brain
levels of acetylcholine (ACh) in ache®™®/+ heterozygotes (left) compared to
their wild-type siblings (+/+, middle) or AB controls (right, determined using
Amplex Red Acetylcholine/Acetylcholinesterase Assay Kit (Molecular Probes,
Eugen, USA) according to the manufacturer’s instructions). Each value is an
average of N fish (see bars). The brain levels of ACh are increased by 40 % in
ache®*>® /+ heterozygotes compared to their wild-type siblings, which do not
differ from AB controls. B-C: Amphetamine-induced CPP in ache®**>®/+ het-
erozygotes (left) compared to their wild-type siblings (4/+, middle) and AB
controls (right) before (B) and after arcsine (C) transformation. The change
in PP (Y axis) shown on B is measured as in Fig2F, and each value is an
average of N fish (see bars). Amphetamine-induced CPP is significantly de-
creased (1.6 times) in ache®®® /+ heterozygotes compared to their wild-type
siblings, which do not differ from AB controls. D: Compared dose-response
curve in ache®® /+ heterozygotes (dashed line) and AB controls (red line).
The CPP (percentage of change in PP, Y axis) is represented as a function
of the dose of amphetamine injected (X axis). Each point is the average of at
least 15 fish. ache®" /+ heterozygotes respond to amphetamine following a
Gaussian curve of smaller amplitude than that of wild-type fish but with the
same center position 65.3 for wild-type fish versus 62.3 for ache**>®/+ fish.
Thus, the dose of 40 ug/g amphetamine selected as optimal for wild-type fish
is also optimal in ache®*>®/+ heterozygotes, which respond with lower CPP
than wild-type to the complete range of amphetamine doses tested.

Figure6. Strain-induced variations in the place preference (PP) and
conditioned place preference (CPP). A-D: Place preference for the most
widely used zebrafish strains. Distribution of the percentage of time in the
brown compartment of the experimental apparatus (see Fig 2A, bottom panel)
is shown for four different strains: AB strain bred in our fish facility since
over 20 generations (A), ABO background derived from ABO strain and
crossed to our AB background for 2 generations (B), Ti background (C)
and AB/Ti background obtained by crossing AB fish into the Ti background
(D). Distribution for all four strains fits the Gauss model (equation: y=yo +

L_Ae 2055 )2) and the center of the curve is highlighted in red. Although,

wq/7/2
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based on the center of the Gauss distribution, there is a tendency for fish to
prefer the darker environment, note that Ti fish do not show preference to
the brown compartment (y. = 46 %). Thus, it appears necessary to specifically
design the best experimental apparatus for each strain used in order to ad-
dress addiction as well as aversion. E-G: CPP induced by the intra-peritoneal
administration of 40 ug/g of D-amphetamine paired with the non-preferred
compartment for three different fish strains (same as in A-C). The ”change in
place preference” (Y axis) is measured as the difference in time spent in the
preferred (non-amphetamine-paired) compartment before and after drug ex-
posure, in percentage of PP. Each bar represents an individual fish to give an
impression of the variability in the response, while red bars are an average for
20 fish. The majority of amphetamine-injected fish significantly reduce their
place preference to choose the amphetamine-paired compartment after drug
exposure for all strains, although strain variations are noticeable. H: Saline
(110 mM NaCl) does not induce CPP. AB fish were injected with saline only,
alternatively paired with non-preferred and preferred compartments. Fish in-
jected with saline do not change their PP.

Figure7. The transmission of a mutant phenotype follows a Mendelian
distribution for dominant mutation in the polymorphic AB/Ti back-

ground. The proportion of mutant phenotypes in the Fy (left N=25) and F;

(right N=98) generations is showed for the dne3?% mutant recovered in screen

I (unpublished). Note that this proportion does not significantly change de-

spite the change in genetic background. We counted a fish as WT when its

"percentage of change” was higher than 5% and as mutant when it was null

or negative D-amphetamine administration. If the percentage of change was

between 0 and 5 %, the fish were not considered for further analysis.
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Tables

Complex behavior Paradigm Reference

Gerlai et al., 2000[16]

Addiction Conditioned place preference

Ninkovic et al., 2005[26]

Locomotor activity Gerlai et al., 2000[16]

Anxiety/ Group preference Gerlai et al., 2000[16]

. Serra et al., 1999[30

Exploratory behavior Place preference [30]
Ninkovic et al., 2005[26]

Light/dark preference test Gerlai et al., 2000[16]

Time in enriched
Swain et al., 2004[32]

chamber of T-maze

Exit latency test Serra et al., 1999[30]

Mirror image test Gerlai et al., 2000[16]

Aggression Pigment response Gerlai et al., 2000[16]
Startle reaction Dlugos and Rabin, 2003[13]

Darland and Dowling, 2001[12]
T-Maze Swain et al., 2004[32]
Ninkovic et al., 2005[26]

Spatial alternation learning Williams et al., 2002[38]
Memory
and memory Carvan et al., 2004[11]
Delayed spatial alternation Levin and Chen, 2004[21]
X . L Pradel et al., 1999;(27]
Active avoidance conditioning
Pradel et al., 2000[28]
Learned alarm reactions Hall and Suboski, 1995[18]
Gerlai et al., 2000[16]
Number of lines crossed Bretaud et al., 2004[7]
Swain et al., 2004 [32]
Locomotor activity Total distance moved Anichtchik et al., 2004[1]
Mean velocity Anichtchik et al., 2004[1]
Turning angle Anichtchik et al., 2004[1]
Group preference Gerlai et al., 2000 [16]
. Wright et al., 2003[39
Social preference Shoaling & (39
Engeszer et al., 2004[15]
Nearest neighbor distance Dlugos and Rabin, 2003[13]
Area occupied Dlugos and Rabin, 2003[13]
Mate choice H Video-stimulus techniques Turnell et al., 2003[33]
Boldness/ ) i Gerlai et al., 2000[16]
. . Predator simulation
Antipredatory behavior Wright et al., 2003[39)]

Table 1
Behavioral paradigms addressing complex behavior in zebrafish
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[ WT phenotype
[ mutant phenotype

F, generation F, generation
AB background ABITii background

Ninkovic and Bally-Cuif, Fig7
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Abstract

Addiction is a complex maladaptive behavior involving alterations
in several neurotransmitter networks. In mammals, psychostimulants
trigger elevated extracellular levels of dopamine, which can be
modulated by central cholinergic transmission. Which elements of the
cholinergic system might be targeted for drug addiction therapies
remains unknown. The rewarding properties of drugs of abuse are
central for the development of addictive behavior and are most
commonly measured by means of the conditioned place preference
(CPP) paradigm. We demonstrate here that adult zebrafish show robust
CPP induced by the psychostimulant D-amphetamine. We further show
that this behavior is dramatically reduced upon genetic impairment of
acetylcholinesterase (AChE) function in ache/+ mutants, without
involvement of concomitant defects in exploratory activity, learning and
visual performance. Our observations demonstrate that the cholinergic
system modulates drug-induced reward in zebrafish, and identify
genetically AChE as a promising target for systemic therapies against
addiction to psychostimulants. More generally, they validate the
zebrafish model to study the effect of developmental mutations on the

molecular neurobiology of addiction in vertebrates.

Keywords: zebrafish, reward, acetylcholinesterase, amphetamine, conditioned

place preference, behavior.
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Introduction

Addiction, the uncontrollable compulsion to take drugs in spite of their
negative effect on normal brain function, is a widespread and costly brain
disorder in modern societies. Yet, its neural mechanisms remain incompletely
understood, and pharmacological treatments, if available, are in most cases
ineffective.

The mesocorticolimbic dopamine (DA) system, originating in the
midbrain Ventral Tegmental Area (VTA) and innervating the Nucleus
Accumbens (NAc) in the ventral striatum, was directly implicated in the
rewarding effects of most drugs of abuse in higher vertebrates (Everitt and
Wolf, 2002; Laakso et al., 2002; White, 2002; Wise, 2002). Indeed,
psychostimulants increase extracellular levels of DA in the NAc, e.g. by
blocking the DA transporter (Amara and Sonders, 1998; Jones et al., 1998;
Gainetdinov et al., 2002; Saal et al., 2003), thereby affecting the homeostasis
of the brain reward system. However, addiction is an intricately complex
dysfunction of the reward pathway and likely involves a plethora of
neurotransmitter responses, themselves dependent on parameters that can
vary upon drug administration, such as progressive neuroadaptative
mechanisms. To date, additional monoamine systems (norepinephrine,
serotonin) and modulatory pathways (acetylcholine -ACh-, GABA, glutamate)
have been proposed to contribute to the manifestation of the addictive state,
by sharing molecular components with the DA system, by influencing the
activity of VTA or NAc neurons (Gaspar et al., 2003; Auclair et al., 2004;
Kelley, 2004), or by as yet unresolved mechanisms.

Recent emphasis was placed on the cholinergic system. In several
instances, blocking muscarinic cholinergic transmission in rodents increases
response to psychostimulants in the self-administration or conditioned place
preference (CPP) tests (Gerber et al., 2001; Ichikawa et al., 2002), paradigms
classically applied to evaluate addictive behavior. The NAc is densely
innervated by cholinergic interneurons; the activity of these neurons is
decreased by DA release (Alcantara et al., 2003) and their ablation increases

the sensitivity to psychostimulants and the reinforcing effects of cocaine

Ninkovic et al.
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(Hikida et al., 2001). Further, other components of the cholinergic system, like
M5 muscarinic receptors on VTA DA neurons or nicotinic ACh receptors on
DA terminals in the striatum, are implicated in the regulation of addictive
behavior (see (Tzschentke, 1998). While most studies agree that cholinergic
activity can modulate DA transmission, thereby the propensity for addiction, a
reliable pharmacological target of this system for drug addiction therapy has
to be determined. Using pharmacological inhibitors, (Hikida et al., 2003)
suggested that inhibiting acetylcholinesterase (AChE) activity, which
terminates ACh action at the synapse, can block cocaine- and morphine-
induced CPP in the mouse. Thus AChE inhibitors might be promising
therapeutic agents, although their specificity and range of efficiency remain to
be determined.

Here we address the relevance and generality of AChE inhibition on
drug-induced behavior. The zebrafish, often proposed as an alternative to
mammalian models, is increasingly used as a new genetic system in social
behavior studies, because of its amenability to large-scale genetic screens
(Gerlai et al., 2000; Darland and Dowling, 2001; Guo, 2004; Lockwood et al.,
2004). We demonstrate that adult zebrafish show a clear CPP induced by a
widely used psychostimulant, D-amphetamine, and that this effect is
significantly attenuated upon genetic impairment of AChE activity in ache**/+
mutants (Behra et al.,, 2002). Our results provide the first genetic
demonstration that AChE is a promising target for therapeutic approaches to
addiction, and validate the =zebrafish to study the consequences of
developmental mutations and the neuronal pathways underlying this condition
in vertebrates. The experimental paradigms developed here are the first
sufficiently robust to use the excellent genetic model zebrafish to conclusively

screen for mutations affecting reward.

Methods

Animal care and maintenance
Adult zebrafish were kept in the fish facility, as previously described (Kimmel

et al., 1995). At least two days before each assay, the fish were moved to an
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isolated room under maintenance conditions and feeding schedule identical to
the fish facility (14hr/10hr day/light cycle, two feedings per day at 8:00 am and
2:00 pm —except in the case of learning tests, see below-, water temperature
28°C). Thus, we kept environmental variance at a minimum for all behavioral
assays. The AB strain was bred in our fish facility since more than 20
generations. aches®®°/+ (Behra et al., 2002), initially on ABO background,
were crossed for at least three generations to our AB strain before all
experiments. They were identified in random brother-sister crossing giving
rise to 25% ache****/ache*®*® immobile embryos, as described (Behra et al.,
2002). All experiments reported in this paper were done on 3 to 6 months-old
females (however we observed no difference in the behavior of males
compared to females) (not shown). Care was taken to always test the same
fish at the same time of the day over the successive days of each experiment.

Place preference determination

The testing apparatus is a 3-liter, rectangular tank containing 2 liters of water
and placed in an isolated cabinet with top illumination. The water level was
kept to 10 cm from the tank bottom to minimize stress. Distinct visual cues
divide the experimental tank into two halves: a dark half colored in brown and
a light half colored in white with two frightening, black circles placed at the
bottom of the tank. After an initial introduction in the testing apparatus, each
fish was separately accommodated to the new environment for two entire
days (days 1 and 2) and was afterwards recorded in one 15-minute trial on
day 3 using Noldus Ethovision v.2.3 system (Noldus Information Technology,
Netherlands). The preferred compartment was defined as the compartment in
which a fish spends most time on day 3, and the basal level of place
preference (PPi), serving as a basis for all further comparisons, is calculated
as the percentage of time that the fish spends in the preferred compartment
during the 15-minute recording on day 3. PPi levels between ache®**°/+ and
their wild-type siblings were measured in the set-up described above and
compared using independent samples Student t-test; all graphics were
generated using Origin v.7 (OriginLab, Northampton, USA).

D-amphetamine-induced conditioned place preference

Ninkovic et al.
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After place preference determination (day 3), each fish was weighed
(typically, weights varied between 0.5 and 3g per fish) then intraperitoneally
injected with D-amphetamine (40 pg of D-amphetamine (Sigma-Aldrich
A0922, Germany) and methylene-blue as a tracer (3 ug per gram of fish in
110 mM NaCl, if not otherwise indicated) and immediately confined to the
non-preferred compartment for 45 minutes (day 4). Restriction to this
compartment was achieved using a transparent slider such that visual contact
with the preferred compartment was possible, to minimize the difference
between the conditioning and the measuring tank. The experimental tank and
conditions were otherwise identical to the ones used for place preference
determination, and each fish was tested alone. After 45 minutes, the fish was
removed from the experimental tank and kept in a 1.5-liter tank on a color-
neutral background. On day 5, the fish was injected intraperitoneally with a
saline solution (3 pg of methylene-blue per gram of fish in 110 mM NaCl),
then restricted for 45 minutes into the preferred compartment. Between each
injection session, the experimental tank was cleaned with 70 % ethanol and
rinsed with fish facility water. The D-amphetamine treatment was repeated on
days 6 and 8 and the saline treatment on day 7. Place preference was then
measured again on day 9. Repeating the saline treatment on day 9, followed
by measurement of place preference on day 10, lead to identical results (not
shown). Unless otherwise specified, conditioning was estimated as the
change in place preference before and after treatment, relative to the place
preference before treatment, as follows: % of change = 100 x (PPi-PPf)/PPi,
where % of change is the relative change in place preference, PPi is the
percentage of time spent in the initially preferred compartment (measured at
day 3, see above), and PPf the percentage of time spent in this same
compartment after treatment (measured at day 9 or 10). For percentages
outside the range 30-70%-, the calculation of % of change was followed by
arcsine transformation (as recommended in (Hogg, 1995)) (Fig.1C, 2C). In all
experiments, a comparison with scoring the percentage of change in absolute
values (PPi-PPf) was performed, leading to identical conclusions (see
Supplemental Figures 1B, 2, and see Figure 3B,C). The significance of all
comparisons was established using independent samples Student t-test and

all graphics were generated using Origin v.7 (OriginLab, Northampton, USA).
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All  manipulations were performed according to authorization N°AkZ
209.1/211-2531-20/02 from the Government of Upper Bavaria and the

German Institute for Drug Control (Bundesopiumstelle).

Learning and memory tests

Learning and memory tests were conducted in a T-maze, following a
procedure modified from Darland and Dowling (Darland and Dowling, 2001).
The experimental tank was composed of one long (46cm) and two equally
short (30 cm) arms. All arms were 6 cm wide and 15 cm deep with a water
level of at least 10 cm. One of the two short arms is opening into a deep (20
cm) square tank (23cm x 23 cm) with black walls and artificial grass to offer a
favorable habitat for the zebrafish. Most of the fish tested spent the majority of
their time in this compartment once they found it. Two days before testing, a
group of 10 fish was restricted with the transparent slider to the long arm of
the T-maze for one hour per day to accommodate to the testing environment.
After accommodation, each fish was placed alone at the beginning of the long
arm and the time needed to find the deep compartment was recorded. After
reaching the deep compartment, the fish got there their daily feeding. Each
fish was tested once a day. We considered that a fish has learned the task
when its time to find the target compartment varies of less than 10 % upon
consecutive trials. The learning ability of fish with different genotypes were
compared using independent samples t-test and all graphics were generated
using Origin v.7 (OriginLab, Northampton, USA).

Brain D-amphetamine level

The brains were removed on ice, weighed and homogenized in 100 ul of
plasma-spiegel solution (0.12 % HsPO4, pH 3.5 adjusted with 6M NaOH).
Amphetamine extraction and determination of amphetamine concentration
were carried out according to an HPLC protocol developed by Labmed

(Dortmund, Germany).

Acetylcholinesterase (AChE) and Acetylcholine (ACh) assays
The brains were removed on ice and weighed. Achetylcholinesterase activity

of brain extracts was determinated according to Ellman et al. (Eliman et al.,
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1961) and measured as the amount of ACh that is broken down by AChE per
gram of brain tissue per time unit. ACh concentration in brain extracts was
measured with the Amplex Red Acetylcholine/Acetylcholinesterase Assay Kit

(Molecular Probes, Eugen, USA) according to the manufacturer’s instructions.

Electroretinography (ERG)

ERGs were performed on adult zebrafish as previously described (Makhankov
et al., 2004). Briefly, the recording electrode was positioned on the surface of
the cornea. A chlorodized silver wire was fixed on the opposite nostril as a
reference electrode. To ensure oxygenation of the animal, MESAB medium
(Sigma—Aldrich, Buchs, Switzerland) was flushed by gravity forces over the
gills by a plastic tube inserted into the mouth. The fish were dark-adapted for
at least 30 min before mounting the electrode under dim red light. Before
exposure to light, they were adapted in complete darkness for at least 15 min.
A 1-sec light stimulus was chosen with an interstimulus interval of 10 sec.
lllumination was increased in 1.0 log unit steps over the range from -5 log unit
(0.5 cd/m?) to -1 log unit (5 000 cd/m?). Unattenuated light intensity was
measured at the diffuser surface of the light guide over the fish head by a light
meter (Tekronix J17, Texas Instruments, USA). ERG responses were
averaged 3-7 times depending on the signal-to-noise ratio. Statistical analysis
was performed using SPSS v.11 (SPSS Inc., Chicago, USA).

Results

Amphetamine-conditioned place preference in zebrafish

Amphetamine can trigger a conditioned change in place preference in
higher vertebrates, but has only been tested in teleosts (goldfish) in an
associative paradigm (Lett and Grant, 1989). Thus we first invested in setting-
up a reliable amphetamine-conditioned CPP test in zebrafish. Our test is
based on remembering the association of the rewarding effect of
amphetamine with an initially non-preferred environment, recognizable by
visual cues. To establish the ideal visual parameters, we built on previous

reports demonstrating place preference (PP) of adult zebrafish for one side of
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a two-color tank (Serra et al., 1999; Gerlai et al., 2000; Darland and Dowling,
2001).

Reliability and robustness of a CPP test implies to meet a number of
requirements. First, before being confronted with the drug, the animal has to
habituate to the test conditions until its place preference to one side of the
tank becomes stable. This level (PP after habituation, or PPi) is the only
reliable base to measure changes in PP following administration of the drug.
Second, a two-color compartment has to be developed where PPi is not
excessive so as to permit reversal upon administration of an optimal dose of
drug. In higher vertebrates, conditions where PPi to one side approaches 55-
65% work best (Tzschentke, 1998). Third, the dose of drug has to be
determined as the best compromise between a high response and an
acceptable rate of animal survival, as determined on a dose/response-survival
curve. In addition, to make sure that the drug acts via its impairment of brain
function, one has to ascertain that the level of drug received in the brain is in
proportion of the dose administered.

Because previous studies did not agree on the preference of zebrafish
adults for brightness or darkness (Serra et al.,, 1999; Gerlai et al., 2000;
Darland and Dowling, 2001), we first had to find appropriate conditions
yielding reliable results. We thus designed a number of two-color 3-liter tanks
and tested more than 20 wild-type adults in each. We selected a light brown
versus white contrast (Fig.1A), where a test on 50 wild-type adults
demonstrated that more than 95% of these fish spend between 55 and 70% of
their time in the brown side following two days of habituation (on days 1 and
2) (not shown). We further observed that the percentage of time spent in this
preferred compartment remained stable after day 3 (Fig.1B). We thus
measured PP at day 3 as PPi and started our conditioning procedure at day 4.
In such conditions, more than 90% of the animals tested significantly reverted
their place preference following three intra-peritoneal administrations of 10 ug
amphetamine per gram of body weight (on days 3, 5 and 7), each time paired
with 45 minutes in the non-preferred compartment and separated by daily
injections of saline (on days 4 and 6) paired with the preferred compartment
(Supplemental Figure 1A top panel). Control fish injected every day with a
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saline solution alternatively paired with the white and brown compartments
failed to revert their place preference (Supplemental Figure 1A bottom panel).

Next, we determined the optimal dose of drug permitting robust CPP at
acceptable toxicity. In a dose-response study, we observed that doses of
amphetamine below 5 pug/g did not lead to a reproducible change in place
preference, while doses above 50 ug/g progressively reduced this change
due to immobilization and stress of the animal and/or death (Fig.1D, each
point > 15 fish). Similar observations have been reported in mammals
(Tzschentke, 1998). Thus, we selected a dose of 40 pg/g, which triggers
robust change in place preference but low mortality (Fig.1D). We further
verified that at this value, the dose of amphetamine received in the brain,
measured by gas-HPLC on brain extracts within 10 minutes after injection,
was a linear function of the dose injected (Fig.1E, each point = 3 fish). In
these conditions and using the experimental paradigm described above, 95%
of wild-type fish significantly revert their place preference when administered
with 40 ug/g amphetamine (n=22) (Fig.1C), while 97% of control fish (i.e.
injected only with a saline solution) fail to do so (n=21) (p<0.001) (Fig.1C)

(see also Supplemental Figure 1).

Reduced amphetamine-induced CPP in zebrafish AChE mutants

In mammals, lowered brain ACh signaling has been associated with an
increased propensity to get addicted to psychostimulants (Gerber et al., 2001;
Ichikawa et al., 2002). To determine whether the cholinergic system was
involved in a similar regulatory pathway in zebrafish, we measured the
sensitivity of zebrafish with genetically impaired ACh metabolism towards the

rewarding effects of amphetamine. Zebrafish ache®**°

mutants harbor a point
mutation in the AChE-encoding gene, resulting in the production of a non-
functional AChE enzyme (Behra et al., 2002). Because AChE is the only ACh-
degrading enzyme in zebrafish, ache*®**/ache®*® homozygous embryos are
completely deficient in ACh hydrolysis and die of progressive paralysis at
early larval stages (Behra et al., 2002). ache®*°/+ heterozygotes, however,
reach adulthood without obvious locomotor or any morphological defects (not

shown) (n>50). We found that AChE activity was decreased by nearly 50% in

Ninkovic et al. 10




165

the brain of ache®*%/+ heterozygotes compared to their wild-type siblings or
our AB control strain (Fig.2A) (n=9, p<=0.05), resulting in a 1.4-fold increase
in their level of brain ACh (Fig.2B) (n=9, p<=0.02). Immunohistochemical
analyses failed to reveal defects in the location and organization of
dopaminergic, serotonergic and cholinesterase-positive brain neuronal
clusters in ache*®’/+ heterozygotes, suggesting that, in spite of their
perturbed levels of AChE and ACh, these fish do not suffer from grossly
abnormal neuroanatomy (not shown). These results suggest that ache**/+
mutants are a valuable genetic model to test the effects of increased brain
levels of ACh.

To measure the impact of lowered AChE activity on drug-induced
effects, we assessed the behavior of ache®*%/+ adults upon administration of
40 pg/g amphetamine in the conditions described above. We found that
ache®®°/+ heterozygotes exhibit a significantly lowered change in place
preference compared to their wild-type siblings: while the average change in
siblings in 24%, it is 14% in ache***°/+, representing a 46% reduction in the
response (Fig.2C, red crossed bar) (n=49, p<=0.05) (see also Supplemental
Figure 2). Again, siblings do not differ from controls of the wild-type AB strain
(Fig.2C, red stippled bars), and ache®***/+ fish injected with saline, like AB
fish, fail to modify their place preference (Fig.2C, black bars). A dose-
response curve confirmed that the dose of amphetamine administered (40
ug/g) was also triggering the most robust rewarding effects tolerable for a
reasonable survival rate in ache***’/+ fish (Fig.2D) (each point >= 15 fish; note
that ache®®>’/+ fish respond with a significantly lower CPP than their siblings
over a range of doses reaching at least 60 ng/g). We conclude that the

cholinergic system strongly modulates addictive behavior in zebrafish.

Genetic impairment of AChE function is not associated with an abnormally

high initial place preference, with lowered memory or with vision defects

Three parameters unrelated to reward per se might artificially bias the
CPP response: (i) the initial level of place preference (a high PPi may interfere
with conditioning), (ii) the capacity of the animal tested to learn and remember

which compartment was associated with the drug, and (iii) the capacity of the
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animal tested to appreciate the visual cues identifying the drug-paired
compartment. To rule out an involvement of these factors on the lowered CPP
response of ache®**°/+ heterozygotes, we assessed their basal level of place
preference, memory and visual performance.

We used the PP test to measure the PPi of ache***’/+ heterozygotes,
as described above: after two days of habituation, the percentage of time
spent in the preferred compartment was recorded. Although, like wild-type
fish, most ache®**°/+ heterozygotes still prefer the brown side (not shown), we
found that their preference for this compartment is significantly decreased
compared to that of their wild-type siblings or AB controls (Fig.3A) (n=54,
p<=0.05). Thus, ache****/+ fish display a relative greater initial preference for
the conditioning compartment, making it unlikely that their reduced change in
place preference following amphetamine administration is due to their
difference in PPi compared to wild-type fish. In support of this interpretation,

we further verified that, for both ache®**®*

and wild-type fish, the absolute
change in place preference following amphetamine administration is unrelated
to the initial PPi level (Fig.3B,C): the correlation factor between the absolute
change in place preference and PPi in a linear regression analysis is below
0.2 for both genotypes. These results further support our conclusion that the

lowered change in place preference of ache™"

fish upon amphetamine
injection is not related to their basal preference levels.

We next assessed the learning capacities of ache*®*°/+ heterozygotes.
We built a simple T-maze assay where the fish have to reach a deep
chamber, after which performance they receive a food treat (see Materials
and Methods for details). One trial was performed per fish per day. We
observed that the time taken to find the chamber decreased upon trials in both
ache®®°/+ heterozygotes and wild-type siblings, showing that both
populations were capable of learning (Fig.3D, and Supplemental Movie 1 on-
line). We considered the learning phase to be over when the time needed to
find the compartment changed less than 10% upon consecutive trials. We
observed that ache**®*/+ fish need less trials to reach this point than their wild-
type siblings or AB fish (Fig.3D, arrow and arrowhead, and Fig.3E) (n=20,
p<=0.005), while the time needed to reach the chamber in the initial trial and

after learning are comparable in all cases (Fig.3D, see time for trial 3 in
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ache®®°/+, for trial 6 in wild-type, and see Supplemental Movies 2 and 3
online). The location of the chamber was memorized for over two weeks after
a pause in testing in both genotypes (not shown). We conclude that, in this
test, ache®**/+ fish learn faster than controls. Thus, their reduced CPP is
unlikely to result from an inability to learn and remember.

Finally, we assessed the visual performance of ache™*%/+ fish by
electroretinography (ERG). The ERG b-wave was used to evaluate
physiological function in vivo. A 2-way repeated measure ANOVA indicated
that the b-wave amplitude of ache®®*’/+ heterozygotes was not significantly
different from their wild-type siblings (Fig.3F,G) (2-way ANOVA, n=3 each,
F(df=2)<1, p<0.7). These ERG tests together with the T-maze assay suggest

that vision defects are unlikely to account for the reduced CPP in ache®*%/+.

Discussion

The zebrafish behavioral repertoire is complex and is increasingly
studied for the modeling of parameters such as anxiety, addiction and social
interactions (Engeszer et al., 2004). To date, two studies, focusing
respectively on ethanol and cocaine, used zebrafish adults to approach the
neurogenetics of drug addiction (Gerlai et al., 2000; Darland and Dowling,
2001). Importantly, in contrast to these early works, we failed to reproduce
efficient drug administration by dissolving drugs in water (Darland and
Dowling, 2001): in such cases, in our hands, the amount of drug reaching the
brain was undetectable (as measured by HPLC, see Materials and Methods)
(not shown). Rather, we successfully used intraperitoneal injections. We also
found that a habituation phase of at least two days to the test conditions was
necessary to obtain reliable assessment of PP and CPP. Finally, our method
eliminates scoring behaviors unrelated to the reward pathway per se but
rather reflecting changes in the stress status of the tested individual, or
impaired drug uptake or transport to the brain. It was crucial, for instance, to
verify the amount of drug received by the brain for each subject showing
atypical behavior, and to verify the normality of other parameters involved

such as memory and vision. In a CPP test using the so-called “biased” place
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conditioning procedure (i.e. with a preexisting bias for one area of the test
arena, as we used here), anxiety might also affect place reversal. Here we
rule out the influence of such a phenomenon by demonstrating that the PPi of
ache®/+ mutants is not greater than that of their siblings (Fig.3A), thus

should permit conditioning. Finally, because ache®*%"*

and wild-type fish differ
in their initial place preference level (PPi), verifying that the PPi value does
not influence CPP is another important control (Fig.3B,C). Together, the
reliability of our set-up was instrumental in detecting psychostimulant-induced
differences in the CPP paradigm between different genetic backgrounds such
as ache®*®/+ heterozygotes and wild-type. This success demonstrates that
zebrafish adults can be used to screen for the effect of developmental
mutations on adult reward-related behavior and therefore to identify dominant
modulators of behavior related to addiction, as we here identify AChE.

Another major result of our study is the implication of the cholinergic
system in the modulation of the rewarding properties of amphetamine, of
place preference and of cognitive capacities in zebrafish. Because this
parallels the situation in mammals, our results provide the first validation of
the zebrafish model for studying the neurotransmitter and molecular pathways
that underlie the process of addiction in vertebrates. This result is of high
significance given the demonstrated amenability of the zebrafish system to
genetic screens and the molecular mapping of mutations, at a level to date
remaining far from reach in other vertebrate models. In a parallel ENU mutant
screen (J.N. and L.B-C., unpublished), the procedure described in this paper
allowed scoring, in less than 5 months, 1128 mutagenized zebrafish genomes
and recovering 26 mutants potentially affected in their response to the
rewarding effects of amphetamine. Such a forward genetic approach will
provide crucial and unbiased information not only on the molecular biology of
drug addiction but also on the neuronal and molecular networks underlying
natural reward learning and memory in vertebrates.

A number of molecular components of the zebrafish cholinergic system
have been identified (Zirger et al., 2003; Williams and Messer, 2004), but,
outside choline acetyltransferase (ChAT, the ACh synthesizing enzyme) and
AChE (Clemente et al., 2004; Mueller et al., 2004), their spatial distribution in

the adult brain has not been established. The latter reports agree on the
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presence of ChAT immunoreactive nuclei and fibers in the diencephalon and
on AChE activity in most of the forebrain, while Mueller et al. (Mueller et al.,
2004) describe in addition an intense cholinergic innervation and cell bodies in
the subpallium (striatum). Because the ache mutation is likely to affect ACh
amounts at all brain levels, our results do not permit to point to the specific
cholinergic pathways and developmental time points involved in modulating
reward, exploratory activity or learning in zebrafish. These results do not
necessarily contrast with previous targeted studies performed in mammals
where, although the cholinergic system was initially locally perturbed e.g. by
targeted neuron ablation, a widespread adaptative regulation of cholinergic
transmission was noted (Kitabatake et al., 2003). In our model however,
because the genetic impairment of AChE function is operating since the
earliest developmental stages, a permanent increase in cholinergic activity is
operating to modulate behavior. This may suggest a role for desensitization of
AChR rather than an acute inhibition of AChE. In mammals, DA terminals
projecting to the NAc harbor nAChR that are highly prone to desensitization.
These have been invoked in explaining the gradual decrease of DA release
that follows the stabilization of high NAc ACh levels by AChE inhibitors (Zhou
et al.,, 2001). A zebrafish functional equivalent to the NAc remains to be
identified, but it is possible that a similar mechanism is at play in the zebrafish
subpallium. In addition, in mammals, desensitization of the mAChR present
on DA cell bodies projecting to the NAc might also limit the reinforcing effect
of amphetamine triggered by ACh on these neurons (Fiorillo and Williams,
2000; Fink-densen et al., 2003). It will be important to determine whether DA
neurons of the posterior tuberculum, the likely zebrafish equivalent of the
mammalian VTA (Rink and Wullimann, 2001), receive cholinergic innervation
via mAChR. The action of cholinergic input on exploratory behavior and
learning processes in mammals is believed to rely on different control centers
such as the dorsal hippocampus and amygdala, and the ascending basal
cholinergic forebrain system, respectively (File et al., 2000; Degroot and Treit,
2002). Recent results suggest that the goldfish medial pallium might contain
neurons functionally homologous to the amygdala in an avoidance learning
paradigm (Portavella et al., 2004). Direct equivalents of all these centers in

zebrafish remain to be identified by projection tracing followed by
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experimental perturbation and behavioral tests as described in this paper.
Obviously, our current knowledge of the functionality of the zebrafish adult
CNS remains fragmentary, making behavioral phenotypes still more difficult to
interpret than in higher vertebrates. The present paper, by providing the
reliable tools to assess a behavioral function in zebrafish, precisely sets the
stage to link the neuroanatomical and neurotransmitter networks with their
function in this species.
Although psychostimulants and the modulating effect of the cholinergic
system generally affect both reward and locomotor activity, instances of
dissociations between these two effects in given paradigms have also been
reported ((Tzschentke, 1998), and refs therein). Strikingly, in our conditions,
amphetamine does not modify zebrafish swimming speed (not shown). It is
possible that amphetamine is ineffective on locomotor activity in zebrafish, or
that our experimental conditions do not permit to measure this response.
Although the central modulatory role of ACh in the CNS and in
particular in the control of central DA transmission is well documented, a
universal and directly accessible target of this system for drug addiction
therapy has been lacking. Local microinfusions of AChE inhibitors into the
hippocampus have been demonstrated to reduce anxiety and to improve
memory in mammalian animal models (Degroot et al., 2001; Degroot and
Parent, 2001; Degroot and Treit, 2002; Degroot and Treit, 2003), but their
effect on addiction has not been tested, and their practicality in humans is
questionable. We demonstrate here that lowering the central activity of AChE
by 2 fold is sufficient to reduce the rewarding effect of amphetamine. Further,
the group of ache™%/+ heterozygotes includes a proportion of fish where
amphetamine-induced CPP was not only lowered but completely abolished
(not shown). In line with our study, a recent report pointed to the
pharmacological inhibition of AChE activity by intraperitoneal injection of
donepezil in the mouse as a potential means of decreasing the addictive
response elicited by cocaine and morphine (Hikida et al., 2003). It is likely that
such injections also globally affect AChE levels, like in zebrafish ache®***
mutants, further suggesting that targeting AChE at the organismal level might
be effective over a broad range of drugs. Importantly, ache®®**/+ zebrafish

survive the general modification of AChE and ACh levels over their entire life
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span without deleterious effects in our housing conditions. In particular, in
mixed families of ache®*’/+ and +/+ siblings raised together from the first
days onwards, the ratio of ache™%+ adults, as well as their size and
reproduction rate, was never biased (not shown). Together, our findings
suggests that a treatment moderately lowering AChE activity could be
envisaged in a systemic manner over an extended period of the individual’s
life with a significant improvement of his resistance to addiction. The zebrafish
model itself might be used to select anti-AChE compounds that exhibit

minimal side effects (Behra et al., 2004).
Conclusion

Our results show that the rewarding potential of amphetamine has
been conserved through vertebrate evolution. They also demonstrate that
higher central cholinergic activity in zebrafish is associated with decreased
sensitivity towards the addictive properties of amphetamine, increased
exploratory activity and faster learning, demonstrating that the importance of
the cholinergic system in modulating these behaviors has also been
evolutionarily conserved. Importantly, our results also provide the first genetic
arguments supporting manipulations of AChE activity as a promising avenue
towards limiting addiction behavior to psychostimulants. Together, and given
the ease to produce mutants in zebrafish, our findings set the stage to make
the zebrafish a highly attractive model to study these behavioral processes at
the neuroanatomical and molecular levels, and in particular to give insight into

the molecular neurobiology of drug-induced reward in vertebrates.
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Legends to Figures

Figure 1. Establishment of reliable test conditions to measure D-
amphetamine-induced reward in zebrafish adults. A: Place Preference
measurement set-up (left panel, viewed from top) and representative video-
recorded route followed by a wild-type fish in this set-up at day 3 (right panel,
example with 58% of the time spent in the brown compartment). B:
Habituation curve. Percentage of time spent in the brown versus the white
compartment (see A) in 15-minute measurements over 5 consecutive days
(one trial per day). Each bar represents the average of 5 fish, with standard
errors indicated. The variations in the preference of fish for the brown side
between consecutive days were compared using independent samples
Student t-test. Note that the time spent in the preferred compartment
significantly decreases until day 3, after which time it remains stable at a
value of 55-70% (until at least day 10, not shown). This initial decrease might
reflect increased exploratory activity of the fish as it gets used to the test tank.
The percentage of time spent in the preferred compartment at day 3 (PP after
habituation, later referred to as PPi) is taken as a basis in all subsequent
measurements. C: Change in place preference induced by the intra-peritoneal
administration of 40 pg/g of D-amphetamine (left) paired with the non-
preferred compartment, compared to the administration of saline (right) in
identical conditions. The “change in place preference” (Y axis) is measured as
the relative difference in time spent in the preferred (non-amphetamine-
paired) compartment before (PPi) and after (PPf) drug exposure (in
percentage of PPi). This change was compared between N amphetamine-
treated and control fish using independent samples Student t-test followed by
arcsine transformation (see Materials and Methods), standard errors are
indicated (see Supplemental Figure 1A, middle and bottom panels, for a
survey of the response of individual fish). Note that amphetamine-injected fish
significantly revert their place preference to choose the amphetamine-paired
compartment after drug exposure, while fish injected with saline do not revert
their preference. Identical conclusions are reached when scoring the absolute

difference between PPi and PPf (see Supplemental Figure 1B). D: Change in

Ninkovic et al.

21




176 APPENDIX C. ARTICLE IN JOURNAL OF NEUROBIOLOGY

place preference (Y axis, left, red curve) and mortality (percentage of fish
dying during the procedure, Y axis, right, dotted black curve) as a function of
the dose of amphetamine injected (X axis, saline injections indicated as the
zero dose). Each point is based on the test of at least 15 fish, with standard
errors indicated; statistical significance between the responses at different
doses was calculated using independent samples Student t-test (see values
on the graph and table below). Our experimental conditions produce a
dose/change response curve following a Gaussian distribution similar to that
observed in mammals (Tzschentke, 1998), where doses above a certain
threshold (here 50 ug/g) induce a toxic response. E: Change in place
preference (Y axis, left, red curve, same as in D) and brain amphetamine
levels (Y axis, right, dotted black curve) as a function of the dose of
amphetamine injected (X axis). Each measurement of brain amphetamine
levels is averaged from 3 fish, with standard errors indicated; statistical
significance between the levels of amphetamine in the brain at consecutives
doses injected was calculated using independent samples Student t-test (see
values in black on the graph). Note that the level of amphetamine received in
the brain is a linear function of the dose injected within the range of values
used in our experiments. Note also that it keeps increasing linearly above the
threshold dose inducing maximum CPP, confirming that the decreased CPP
above this dose is due to a toxic effect of amphetamine rather than its
elimination from the zebrafish organism.

Figure 2. Lowered amphetamine-induced CPP in ache®**/+
heterozygotes. In all cases, fish with different genotypes were compared
using independent samples Student t-test, and standard errors are indicated.
A,B: Altered brain levels of AChE activity (A) and ACh (B) in ache®*/+
heterozygotes (left) compared to their wild-type siblings (+/+, middle) or AB
controls (right). Each value is an average of N fish. Brain levels of AChE are
reduced by nearly 50% (A) and brain levels of ACh are increased by 40% (B)
in ache®*®/+ heterozygotes compared to their wild-type siblings, which do not
differ from AB controls. C: Change in place preference induced by 40ug/g

amphetamine in ache®*%/+ heterozygotes (red, left), their wild-type siblings
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(+/+, red, middle) and AB controls (red, right), also compared to the effect of
saline injections in ache®>®* (black, right) and AB (black, left). The change in
place preference (Y axis) is measured and statistically evaluated as in Fig.1C,
and each value is an average of N fish. Amphetamine-induced change in
place preference is significantly decreased (1.6 times) in aches*%/+
heterozygotes compared to their wild-type siblings, which do not differ from
AB controls, and saline injections have no effect. Identical conclusions are
reached when scoring the change in place preference in absolute values
(Supplemental Figure 2). D: Compared dose-response curve in ache**°/+
heterozygotes (dotted line) and AB controls (red line). The percentage of
change in PP (Y axis) is represented as a function of the dose of
amphetamine injected (X axis). Each point is the average of at least 15 fish,
statistical significance between the responses of the two genotypes at a given
dose was calculated using independent samples Student t-test (standard
errors indicated, see significance values on the table below the graph).
ache®®/+ heterozygotes respond to amphetamine following a Gaussian
curve of similar amplitude than that of wild-type fish but shifted towards lower
Y values (centre position for wild-type fish: 65.3; for ache**°/+ fish: 62.3).
Thus, the dose of 40 ng/g amphetamine selected as optimal for wild-type fish
is also optimal in ache®*°/+ heterozygotes, which respond with lower CPP

than wild-type to the complete range of amphetamine doses tested.

Figure 3. Lower PPi, increased learning potential and unaltered vision in
ache®®>*/+ adults. In all cases, fish with different genotypes were compared
using independent samples Student t-test, and standard errors are indicated.
A: Preference of ache®®/+ heterozygotes (left) for one compartment of the
test tank, compared to that of their wild-type siblings (middle) or AB controls.
The percentage of time spent in the preferred versus non-preferred
compartment of the tank after two days of habituation is measured (PPi). Bars
represent an average result for N fish. Note that PPi is significantly smaller
(p<=0.05) in ache***%/+ fish. B,C: Correlation between the percentage of time
spent in the initially preferred compartment before conditioning (PPi, X axis)

and the absolute change in place preference after conditioning (PPf minus
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PPi, Y axis) in wild-type (B) and ache®**°/+ (C) fish. Each dot represents an
individual fish. A linear regression analysis shows that the correlation factor
between the absolute change in PP and PPi is below 0.2 for both genotypes
(r=0.17, N=31, p<=0.3 for AB and r=0.19, N=33, p<=0.3 for ache***°/+),
indicating that these values are not linked. D,E: Learning capacity of
ache®™*%/+ heterozygotes compared to their wild-type siblings (+/+) and AB
controls (AB). D: Time needed to reach a deep chamber target (Y axis) as a
function of the trial number (one ftrial per fish per day). Each point is the
average of at least 30 fish, with standard error indicated. Both ache®***/+ and
+/+ fish decrease their time upon ftrial, thus progressively learn to find the
target (see supplementary movies online). Note also that they start from
comparably high values (> 100 s) and reach a plateau at comparably low
values (20 s) after enough trials. Thus our results are not biased by a
differential speed of swimming. However, ache*®*’/+ heterozygotes reach this
plateau after trial 3 (arrow) while +/+ siblings need 6 trials (arrowhead). E:
Compared number of trials required to learn the position of the target chamber
(Y axis) in the different genotypes, each bar is the average of N fish (see
bars). We considered that one fish has learned when its time to find the target
varies of less than 10% upon consecutive trials; the first trial of this plateau is
then considered as “learning trial”. Note that ache®***/+ heterozygotes (left)
learn in significantly less trials than their wild-type siblings (middle) or control
fish (right) (p<=0.05). F,G: Functionality of the retinal network of ache**°/+
fish compared to their wild-type siblings (+/), measured by
electroretinography. Typically, the evoked response consists of an initial
negative deflection (a-wave) followed by a large, positive component (b-wave)
after applying a light stimulus (Dowling, 1987). F: Amplitude of the electric
response for a stimulation of 5000 cd/m? (top) and 0.5 cd/m? (bottom) in one
fish of each genotype (color-coded). Note that the curves are similar in both
genotypes. A range of stimulation values were tested between these
extremes and showed a similar response in ache®®®’/+ and +/+ fish. G:
Compared amplitude of the b-wave response in ache®**°/+ fish compared to

their wild-type siblings (+/+).
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Supplemental Figure 1. Comparison of CPP scoring methods in relative

(A) and absolute (B) differences between the time spent in the initially
prefered compartment before and after conditioning. CPP was
conditioned by the intra-peritoneal administration into wild-type adults of 0
(saline), 10 or 40 ug/g of D-amphetamine, as indicated, paired with the non-
preferred compartment. In A, the “change in place preference” (Y axis) is
measured as the difference in time spent in the initially preferred compartment
before (PPi) and after (PPf) drug exposure, in percentage of PPi. Each black
and white bar represents an individual fish to give an impression of the
variability in the response, while red bars are an average for N fish. Statistical
significance between the mean values between the different injections is
calculated using independent samples Student t-test, with standard errors
indicated. Note that the scales of the Y axes differ for the different doses
injected. In B, absolute differences are scored to evaluate the change in place
preference (PPi minus PPf). Each bar is an average for N fish, and the
significance of the differences between these PP values are calculated using
independent samples Student t-test (standard errors indicated). Note that an
identical conclusion is reached with both “relative” (A) and “absolute” (B)
calculation schemes: amphetamine-injected fish significantly revert their place
preference to choose the amphetamine-paired compartment after drug

exposure, while fish injected with saline do not revert their PP.

Supplemental Figure 2. Change in place preference in ache*®**/+ versus
wild-type fish upon administration of amphetamine (red bars) or saline
(black bars), calculated in absolute values. The change in place
preference is calculated as in Supplemental Figure 1B, as PPi minus PPf.
Each bar is an average for N fish, the statistical significance between the
mean values of saline- versus amphetamine-injected fish is calculated using
independent samples Student t-test, and standard errors are indicated. Upon
amphetamine administration, ache®®/+ fish change their place preference
significantly less than wild-type fish. Like wild-type fish, their place preference

remains unaffected by saline injections.
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Supplemental_movies online. Learning capacity of ache/+ versus +/+

sibling fish in the T-maze set-up. The fish are always placed at the
beginning of the long arm (begin) and have to reach the deep chamber
(target), where they receive a food treat. Movie 1: Learning of +/+ fish. The
paths followed by typical +/+ experimental fish were recorded on day 1 (trial 1)
(before training), day 3 (trial 3) and day 6 (trial 6). Note that, although the time
needed to reach the target decreases between days 1 and 3, the fish still
explore all arms of the maze on day 3. On day 6, when the learning phase is
over, the fish go directly to the target. Movie 2: Behavior of ache/+ versus
their +/+ siblings on day 1. Note that ache/+ and +/+ fish need the same
time to reach the target compartment on day 1. Movie 3: Behavior of ache/+
versus their +/+ siblings at the end of the learning period (day 3 for
ache/+, day 6 for +/+). As described on Fig. 3B,C, ache/+ fish learn in 3
trials, while their siblings need 6 trials. At the end of their respective learning

phases, however, both fish genotypes take the same time to find the target.
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DAY 1 [ accommodation to the experimental conditions @
DAY 2 [ accommodation to the experimental conditions ]

[ place preference determination Q }
DAY 3

[ inter-conditioning period on a color neutral background é

E\ssociation of amphetamine with the less preferred compartmena
DAY 4

[ inter-conditioning period on a color neutral background ]

[ counterbalancing with a saline solution }
DAY 5

[ inter-conditioning period on a color neutral background ]

[association of amphetamine with the less preferred compartment
DAY 6

[ inter-conditioning period on a color neutral background j

[ counterbalancing with a saline solution j
DAY 7

[ inter-conditioning period on a color neutral background j

[association of amphetamine with the less preferred compartmenﬂ
DAY 8

[ inter-conditioning period on a color neutral background }
DAY 9 [ place preference determination ]

Q photographs of the experimental setup available on the
supplementary CD

24 hours

24 hours

15 min

up to 24 hours

45 min

up to 24 hours

45 min

up to 24 hours

45 min

up to 24 hours

45 min

up to 24 hours

45 min

up to 24 hours

15 min

Figure D.1: Experimental protocol used to score for addiction to D - amphetamine

in mutagenized fish populations.
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Figure D.2: Organization of two genetic screens aimed to recover dominant mod-
ifiers of addiction to D - amphetamine. The adult male AB or Tii fish are mutagenized
by incubating in water containing ENU once a week for four weeks. Mutagenized fish are kept for
one month before the first cross to AB female fish to produce F; generation. This delay should allow
the spermatogonial cells that are mutagenized at premeiotic stage to develop to mature sperm. The
use of sperm that received ENU-treatment at premeiotic stages is necessary to prevent mosaicism in
progeny. All fish in F; generation carry one mutagenized genome, but with mutations in different gene
loci, because mutagenized males are crossed with non-mutagenized females to produce F; generation.
Existence of one mutagenized genome allows screening for dominant phenotypes, as I did in Screenl.
To increase the density of mutations and the efficiency of screening, Fo generation is produced by
brother-sister crossing in F1 generation. Therefore, each fish in Fy generation carries two mutagenized
genomes. This generation was screened in screen II, asn the families where 50 % of tested fish does
not develop addiction to D - amphetamine are scored as families carrying mutation, as expected for

dominant mutations.
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mi pomaze da nadjem svoj put i u zivotu vidim sve ono §to je lepo i sve Sto treba
cuvati. Ne zelim da vam kazem joS jednom hvala, jer ono $ta ja ose¢am prema vama
se ne moze iskazati ni da mi dozvole da prosirim doktorat na jo$ dvesta strana.............
Za tebe imam samo jednu rec¢enicu. Hvala ti §to si uvek bio MOJ BRAT. Kazu da
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braé¢u i rodjake ne mozemo birati. Ja sam izgleda imao srece.

Ali ima neko koga ja jesam izabrao. Hvala za sve ove godine, hvala za sve rezumevanje
naroCito za vreme mucnog perioda pisanja. Opet bi mi trebalo jedno stotinjak stranica
da izrazim svu svoju zahvalnost. Umesto toga ja jednostavno kazem JTVVVJITZZZSCCC.
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