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Dissertation Abstradc
Deciphering Glutamatergic Neurotransmitter Specification in the Zebrafish Spinal Cord

Author: William C. Hilinski
Mentor: Katharine E. Lewis, PhD

The correct specification of neurotransmitter phenotypes is crucial for properly functioning
neuronal ciraitry. Neurons specify their neurotransmitter phenotypes via transcription factors that
they express as they differentiate. Often, transcription factors that specify neurotransmitter
phenotypes are expressed in multiple populations with the same neunii@nphenotype.

Since, the transcription factors that specify this characteristic are not yet known for all spinal cord
glutamatergic populations, we identified additional transcription factors expressed at relatively
higher levels in glutamatergic neuo compared to inhibitory neurons. We have functionally
tested three of these (Lmx1bb, Skorla and Skorlb) to determine if they are required for correct

spinal, glutamatergic phenotypes.

We demonstrate that Lmx1b likely maintains a subset of glutamafengimotypes in the
spinal cord. Inmx1bbmutant embryos, the number of cells that initially express glutamatergic
markers are unchanged but become reduced at 36 h and to a greater degree at 48 h. In contrast, we
observe no changes in the total numberl6fat VOv neurons, which exprebaxlbb,nor do we
detect elevated levels of apoptosis between 36 h and 4&kibbmutants. Lastly, we show that
at least some of the cells that lose their glutamatergic neurotransmitter phenotype are likely to be
VOv cdls.

Additionally, we demonstrate thakorlaand skorlbare expressed predominantly by
glutamatergic spinal interneurons, many of which are VOv neurons. ¥koebaandskorlbare
knockeddown, we observe a significant reduction in the number of glutagiateeurons and no
change in the number of inhibitory neurons suggesting that thesergapd® required to specify

the glutamatergic neurotransmitter phenotype of a subset of spinal neurons.

In parallel studies, it was shown thatxlandevx2,genes gpressed exclusively by VOv
spinal neurons, are required to specify the VOv glutamatergic phenotype. Interestingly, we show
that Imx1bb, skorlaand skorlbrequireevxland evx2for their expression. In summary, these

results suggest thakorl, skorlband Imxlbbmay function downstream avxland evx2to



specify andbr maintain the glutamateigneurotransmitter phenotype aif least a subset of VOv

neurons.
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CHAPTER ONE

General Introduction



Overview
During early spinal cord development interneuron progenitor domains are arranged along

the dorsalentral axig1i4]. These progenitor populations, which are defined by the unique sets
of transcription factors that they express, are established by different morph&yares:
Morphogenetic Proteins (BMPs), Sonic hedgehog (Shh), Wnts, Fibroblast Growth Factors (FGFs)
and Retinoic Acid (RA)[1i 4]. However, it is generally accepted that the main factors that establish
spinal cord dorsatentral patterning arantagonistic gradients of BMPs and Wnts secreted from
the roof plate and outside the neural tube and Shh secreted from the floor plate and nftochord
4]. In the mouse, there are at least 10 different progenitor populations (from dorsal to ventral: dP1,
dP2, dP3, dP4, dP5, dP6, p0, pl, p2 and23).

As these various progenitor cells begindifferentiate and become pesitotic, they
express different sets of pesitotic transcription factor§s]. To date, we know of at least 14
major molecularly distinct interneuron populations in the mouse spinal cord (fovgal to
ventral: di1, di2, diI3, di4, dI5, dI6, di. diLg, VOp, VOv, V1, V2a, V2b and V3)6]. However,
it is worth noting that increasing amounts of data suggest that some otanés@lpopulations
can be further subdivideldi 10]. For example, we know of at least three VOv subdivisions in
zebrafish and V2b neurons appear to subdivide into another (V2c) population in [h@jse
Nonetheless, our current ohel is that the transcription factors that these-pugttic interneurons
express specify many of the neuronal characteristics that allow them to function properly and
integrate correctly into neuronal circuitf9,11i 18]. However, we still do not have a complete
understanding of which transcription factors specify these characteristics in the various interneuron
populations.One of thee neuronal characteristics, which is the focus of my thesis, is the

neurotransmitter phenotype.

Neurotransmitters
Neurotransmitters are chemical messengers released at synaptic terminals to transmit

information from nerve cells to pesynaptic cells[19]. There are currently more than 100
identified neurotransmitters which can be grouped into several different catdddiiesor the
purpose of this thesis, | will grpuneurotransmitters as either excitatory or inhibitory. Excitatory
neurotransmitters increase tramgembrane ion flow in postynaptic cells while inhibitory
neurotransmitters decrease tramsmbrane ion flow in postynaptic cells to either elicit or irthit

an action potenti a[ll9.fAiresponseod, respectively
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Glutamatergimeurotransmitter phenotype
The primary excitatory neurotransmitter in the central nervous system (CNS), and the focus

of this thesis, is glutamate. Glutamate is a nonessential amino acid synthesized byamdiions

is also recycled by neurons from local precurg@@20]. The most common local precursor is
glutamine which is released from glid9,21] Using excitatory amino acidransporters,
glutamatergic neurons take glutamine released from glia and convert it back to glutamate via
glutaminasg19,21] Whether synthesized or recycled from glutamine, glutamate is packaged into
vesicles, by glutamate transportes{7&a andslc17a6bin zebrafish), which are stored at the
synapse of glutamatergic neurons for relgd$821]. Upon stimulation, these vesicledease
glutamate into the synaptic cleft to elicit responses in-pgsaptic cells through specific
glutamate receptors, such as NMkad mGIuR[19,21](Fig. 1).

For a neuron to be glutamatergic, or have any other neurotransmitter phenotus for
matter, it must produce neurotransmitter synthesizing enzymes, neurotransmitter vesicular
transporters, neurotransmitter membrane transporters and ultimately a neurotraf@asir
However, detection of neurotransmitter phenotypes is not as straight forward as just detecting any
one of these characteristics. Specifically, to detect glutamatergic neurons one cannot simply assess
glutamate. Glutamate is used to make GABA, a neursitndter released by inhibitory neurons,
meaning it is not a specific enough maker to identify just glutamatergic neli®a4]. Also,
glutaminase, the enzyme that makes glutamate from glutamine, is expressed in astrocytes which
makes it not a specific enough marker to reliably label just glutamatergionselas].
Furthermore, excitatory amino acid transporters aterel@mble glutamatergic markers because
they too are found on negiutamatergic cellf24,26]. Fortunately, one can use vesicular glutamate
transportergo specfically label glutamatergic neurons as they have been demonstrated to be
exclusively expressed in glutamatergic neurons across several model systems and neuronal tissues
[24,27 35]. For this reason, | use vesicular glutamate transporters to identify glutamatergic

neurons and classify the glutamatergic neurotransmitter phenotype in this project.

Inhibitory (GABAergic/glycinergic) neurotransmitter phenotypes
The key inhibitory neurotransmitters analyzed in this thesis are GABA and glycine which

are also the most abundant inhibitory neurotransmitters used in thELGNAs mentioned above,
GABA is synthesized from glutamate, a pessential amino acid, via glutamic acid decarboxylase

(GAD) [19,24] Like glutamate, GABA is also packagedo vesicles by a vesicular transporter



(slc32alin zebrafish), and these vesicles are then stored at the synapse of GABAergic neurons for
releasg36i 38]. Following release and binding to GABAergic receptors (GABAABAg and
GABA(), GABA is removed from the synaptic cleft by both neurons and glia via GABA
membrane transportefE9]. Once inside neurons or glia, GABA can be broken down into smaller
components by the mitochondrial enzymes GABA transaminase and succinic semialdehyde

dehydrogenase or it can be recycled for signgLig.

Glycine is synthesized from serine by the mitochondrial isoform of thenese
hydroxymethyltransferase enzynj#9]. Glycine is then packaged into vesicles by the same
vesicular transportersi¢32alin zebrafish) as GABA, which are then stored at the synapse of
glycinergic neurons for releag86i 38]. Following release, glycine can be removed from the
synaptic cleft by a glycinergic neuron specific transmembrane transporter (Slc6a5 in zebrafish)
[391 42]. Once taken up by neurons or glia, via Slc6a5 and/or other glycine transmembrane

transporters, glycine can either becyeled for signaling or broken dowh9]

Unlike glutamatergic neurons, one can relaldentify inhibitory (GABAergic and
glycinergic) neurons with more than one marker. Since the vesicular amino acid transporter
(slc32a) is expressed only in GABAergic and glycinergic neurons it can be used to identify both
GABAergic and glycinergic (inhitory) neurong36i 38]. However, | report in chapter 3, that at
later stages of development not all GABAerge&urons expressic32al, at least in the zebrafish
spinal cord.This also seems to be true feome mouse hypothalamic proopiomelanocortin
(POMC)neurong43,44]. Despite thisone carstill uniquely identify GABAergic neurons by their
expression of GAandglycinergic neurons by their expressionstiféabas these genes/proteins
are only expressed in GABAergic and glycinergic neurons, respecfB@ilyi2,45 47]. Still, like
glutamatergic neurons, one cannot reliable identify GABAergic or glycinergic neurons by the
presence of GABATr glycine since they are taken up by glia as well as ne{t®hg~urthermore,

GABA transmembrane transporters are present on both neurons and glia making that a poor
inhibitory neuron markeg9]. Lastly, it is not clear if serine hydroxymethyltransferase expression
is specific to glycinergic neurons il aeuronal tissue§48]. For these reasons, | uske32al,

GAD andslc6a5to identify GABAergic and/or glycinergic neurons in this thesis.



Catecholaminergic and serotonergic neurotransmitter phenotypes
Catecholaminergic (noradrenergic or dopaminergic) and serotonergic neurotransmitter

phenotypes were natssessed in my thesis work. However, in this introduction | do highlight
pathways which specify noradrenergic, dopaminergic and serotonergic neurotransmitter
phenotypes in order to better understand neurotransmitter phenotype specification pathways in
gereral. Therefore, to recognize how other groups have identified these neurotransmitter
phenotypes, | will briefly highlight how norepinephrine, epinephrine, dopamine and serotonin are

synthesized and transported.

The catecholamines are synthesized throaiggeries of enzymatic modiations tothe
amincacid precursor tyrosingl9,49] From tyrosine, dihydroxyphenylalanine is made via
tyrosine hydroxylase. Next, dopamine is produced by DOPA decarboxylase followed by
norepinephrine and epinephrine which are produced from dopdminehy dr oxyl ase
phenylethaneamine Nmethyltransferaserepetitively[19,49]. Similarly, serotonin is produde
through a series of enzymatic modificatidnsan amineacid precursor, tryptophgd9]. From
tryptophan, Bhydroxytryptophan is made via tryptophan hydroxylase followed by serotonin which
is synthesized by -Haromatic amino acid decarboxylagd9]. Like the aforementioned
neurotransmitters, vesicular monoamine transporters (VMAT) are used to load vesicles at the
synapse with ither dopamine, norepinephrine or serotofifl]. Following release, dopamine is
cleared by neurons and glia via sodidependent dopamine transporters while norepinephrine is
cleared by norepinephrine transporters, which are also capable of taking up dojd®nifg
Similarly, serotonin transporters (SERT) clear serotonin from the synapse but, like many other
membrane transporerSERT is not specific to serotonergic neufd®s49]. Once removed from
the synapse these neurosartters can be broken down by a common enzyme, monoamine
oxidase (MAO) [19]. Taken together, these findings demonstrate that dopaminergic,
norepinephrinergic or serotoninergic phenotypes can only be confidently distinguished by
assaying combinations of neurotransmitter synthesieimgymes, particular transporters and/or
neurotransmitters themselv&enerally norepinephrinergic neurons are identified as neurons that
express tyrosi ne hyhldraxyWage, dogaminesgic deurdns gra identifieel b
as neurons that expreggosine hydroxylasdut notd o p a mihydrexyldseand serotonergic

neurons are identified as neurons that express tryptophan hydroxylase and/or serotonin.



Neurotransmitters and disease
There is substantiakvidence linking neurotransmitter dysfuioct with disease.

Specifically, many neurodegenerative disorders, which are characterized by neuronal loss and
cognitive defects, have stereotypical imbalances in excitation and inhibition (neurotransmission)
[50i 53]. Here, | will provide examples of disorders where glutamate dysfunction influences
pathogenicity. | focus on glutamate dysfunction because the motivation of this thesis is to
understand the glutamatergic neurotransmitter phenotype and how it is specified.

Excitotoxicity
Excitotoxicity is the process by which neurons are damaged or killed by excessive or

prolonged stimulation of excitatory (primarily glutamate) recepi®2]. This is typically
accomplished by the excessive release of glutamate and/or the insufficient clearing of glutamate
from the synapsgl9,52] The excessive glutamate receptor stimulation can lead to an ion influx
in postsynaptic cells which alters their intracellular ion homeosi{&agi®4] Moreover, the altered

ion levels can change osmotic pressuard cause acute neuron ly§i?]. If neurons are not
acutely lysed, altered calcium ion levels can set off a casshdetrimental events which also
damages and/or killoverstimulated postynaptic neurongb4]. These calcium stimulated events
include activation of caspases, opening of the mitochondrial permeability transition pores and the
activation of serval enzymes including: phospholipases, endonucleases and pibéteasés
These excitotoxicity events are common among neurodegenerative dideasasstrating the
importance of proper excitatory neotransmitter specification and correct excitatory

neurotransmitter signaling/transport in neuronal tigsag

Al zhei mer 6s di sease
Al z hei me risitlse makti canemarscause of cognitive decline / dementia affecting

more than five million American (alzheimers.orfp7]. During early stages
disease, neurons within teatorhinal cortexand hippocampus (memory centers) are preferentially
affected which correlates wel/l with the cogn
patients (reviewed ifb8]) . However, the hallmark of Al zhein
extracellular amyloid plaques, with the primar c o mponent being ADb pept
developing intracellular neurofibrillary tangles, mainly composed of tau proteins (alzheimers.org)
[19,58]



Ab is derived from amyloid preci{b96)The prot e

exact function of AbBb is unknown however, mut al
result in altered Ab product i orf5984. Fuwthermore,ads t ¢
mut ations in genes that cleave or process Ab |

an Al zhei me[39i6%] Itd warth moong that these mutations only explain a fraction

of Al zheimerdos cases (familial) as the wvast n
sporadically[57,59,60] Regardless of whether it is famil |
strong and clear | ink between Ab accumul ati on

I nterestingly, ani mal aswelaslcdl cutiute systerasthaeé me r 0
made strong |links between AD deposits[b58l.glut an
Specifically, in aged rodent systems Ab accum

uptake at the synap$62,63]. This is supported by neuron and gliaadture systems which
demonstrate that the addition of IlaAdgiutamaieby he me
inhibiting glutamate uptake mechanisigdi 66]. Ultimately, the inhibition of glutamate uptake

at the synapse causas excitotoxic environment leading to neuron damage and/or death which

|l i kely produces the cognitivégh8ldefects observe

Additionally, misexpression of glutamate transporters have been correlated with
neurofibrillary tanglesakeyf e at ur e o f[671A9]. EAAZ1 isae exdtatory amino acid
transporter that is typically expressed in astrocji8k However, i n Al zhei me
been shown to be mexpressed at high levels in pyramidal roms, which are particularly
affected in the disea$68]. Furthermore,n patients wher&AAT1 is misexpressed oneurons
increased amounts oéurofibrillary tanglesvith the disease defining tau proteins are strongly co
localized In a similar light, EAAT2 isalsomise x pr essed by neur onbst of Al
not in neurons of control samplg&9]. Interestingly, EAAT ceocalization with neurofibrillary
tangles in neurons is not exclusive to Al zhe
neurofibrillary pathologyd s eases t hat wer ealsashowedAlispropogtionate r 6 s d
co-localization between tangle formation and EAAT1 within neurons which sughestsAAT1
mis-expressioris linkedto tangle formation rather thakal z h e i me rpér seIndatastlkeaes e
correlations have raised questions as to whether the EAAEXpi®ssion is a secondary response

due to neurofibrillary pathogenicity or if EAAT mexpression is an integral player in



neurofibrillary development and perhaps an essential parzohA i mer 6 s di sease pa
the latter, mise x pr essi on of EAATs could help potentia
sporadic cases. However, further experimentation is needed to differentiate these possibilities. In

summary, these results deemst rate a strong | ink between /

symptoms and a failure to maintain proper glutamate signaling.

Schizophrenia
Schizophrenia is a ment al il Il ness which af:

rational decisions. About% of adults in the United States suffer from this disorder (NIH.gov).
Schizophrenic individuals can experience positive symptoms (hallucinations, delusion and
movement issues), negative symptoms (redwcgutessionof emotions reduced pleasure and

reduced speaking) and/or cognitive symptoms (poor executive function, poor focusing and poor
working memory) kttp://www.nimh.nih.gov/health/topics/schizophrenia/index.shtihere is

no clear cause of this disorder however, substantial evidence sugpertsdea that
neurotransmitters play a Kk[BO} Speafitalty, as Indisdussen di s e
more detail below, many believe overproduction of dopamine (dopamine hypothesis) in
combination with glutamataduced excitotoxicity explains many of the symptoms observed in

schizophrenic patien{s0].

Dysfunction in dopamine signaling is believed to be a major coengart schizophrenic
behavior beause many antipsychotic drugsget dopamine receptd&f]. However, there is little
evidence suggesting that the dopamine dysregulation is the result of dopamine receptors
dysfunction[70i 73]. Specifically, the density of dopamine receptors in post mortem brains from
schizophrenic patients and thensity of dopamine receptors in schizophrenic patients measured
by PET scans were no different than in +smhizophrenic control subjecfg0i 73]. Rather, the
dysfunction in dopamine signaling appears to be at theymaptic end74i 78]. Using SPET and
amphetamine challenging assays, Laruelle and colleagues were the first to find that more dopamine

is released in schizophrenic patients likely due to increased doppraohéction[74i 78].

However, overproduction of dopamine does not completely explain all of the symptoms
observed in schizophrenic patieff]. Specifically, some schizophrenic patients do not find
relief from therapes that target dopamine receptors nor does dopamine dysfunction explain the

structural and cognitive changes observed in schizophrenic §i#h81]. However, there is



substantial evidence that suggests dysregulation of glutamate signaling can lead to psychotic
behaviors a well as explain the structural and cognitive defects observed in schizophrenic brains

[50]. Explicitly, blocking NMDA receptors (mainly glutamate receptors) can elicit psychotic
episodes mimicking those observed in some schizophrenic pgd@&ntd-urthermore, elevated

glutamate levels havbeen observed in schizophrenic patiej@®,83] It is believed thathe

el evated glutamate |l evels in schizophrenic pa:
cortical neurong50]. Supporting this, elevated bax:bcl2 ratios (a pro apoptosis readout) were

found in post mortem $848] zophrenic patientso

Again, the reason(s) why soome develops these neurotransmitter dysfunctions which
likely cause schizophrenic symptoms are not known. However, a combination of environmental
and genetic influences during addepment appear to play a rokeyiewed in50]). In total, these
findings reiterate the imptance of proper neurotransmitter release aadrcig from the synaptic
cleft for good mental health.

Neurotransmitter specification
Neurotransmitter phenotypes must be appropriately specified and maintained to prevent

diseases stemming frommproper neurotransmitter signalifigOi 53]. As highlighted above, for
correctneurotransmitter phenotypesd ultimately balanced excitation and inhibitioxeurons

must express the proper neurotransmitter synthesizing enzymes, neurotransmitter vesicular
transporters, neurotransmitter membrane transporters and neurotransifigrsThese
characteristics are establishadd maintained through intrins{cell-autonomouspind extrinsic

(cell nonautonomous)mechanisms.One key category of intrinsic factors that regulates
neurotransmitter phenotyp& transcripion factors[13,14,16,8690]. Transcriptionfactorswill

be a primary focus irthis thesis. On the other hand, extrinsic factsush asenvironmental
influences neuronal activity and transient calcium spiking\dgtican also effect neurotransmitter
phenotypes though, they will not be a focus in this tH&dis102]. Examples of extrinsic factors

will only bediscussedn this generaintroduction.

Intrinsic factors: Brain
The brain is comprised of millions of neurons which can haveon®reneurotransmitter

phenotype. The intrinsic factors which specify and maintain several of tlesgotransmitter

phenotypes arevell established. For example, we haviainunderstandaig ofwhich transcription



factors function to specify and/or maintain catecholaminergic (noradrenergic or dopaninergic
serotonergic, GABAergic and glutamatergic neurons in several brain rg¢§jd8s103]

Noradrenergic neurons in the CNS are locatesewveralareas but the best characterized
are the onewithin the locus coeruleugl04,105] These neurons specify thenoradrenergic
phenotype through a well characterized cascade mgdrgtion factorsMashl, Phox2aPhox2b
and TIx3[49,106] Epistatic experiments usinmgouse mutants show that bé&®hox2a and Phox2b
are downstream of Mashand thateach oneof these transcription factors are requiried
d o p a mhydrexyldse (DBHexpressionthe enzyme that converts dopamine into noradrenalin
(i.e. noradrenergic neuron markejl07i 110]. Furthermore,Phox2b expression in the locus
coeruleus is lost iPhox2amutantssuggesting’hox2amay specify the noradrenergic phenotype
through Phox2b[108,110] On the other handboth Phox2a and Phox2bind to the tyrosine
hydroxylase (TH)romoter,(TH is theenzyme that makes-DOPA from tyrosing suggesting
that these genes maactually function in parallel to specify TH which is required for the
noradrenergic phenotypd11i 113]. Additional work is needed to resolve thgsessibilities.
Lastly, TIx3 is also required for DBH expression in anteriorly located neurons of the locus
coeruleus but & expressiohas not yet been shownlberegulated byMashl, Phox2ar Phox2b
suggesting it could function in a parallel pathyjag6]. In total, these studies demonstrate #tat
leastfour transcription factors are vital for the establishment of the noradrenergic phendtype in

locus coeruleus.

Dopaminergic neurons are primarily located in the substantia nigra and the ventral
tegmental areas within the midbrg9,114] Again, a cascade of transcription factors function to
specify and maintain the dopamingrgneurotransmitter phenotype ithese midbrain
dopaminergic (mDA) neurons. During proliferation, the presumptive mDA neurons express
several transcription factorkrfixla, Lmx1b, Foxa2, Msx1, Msx2 and Ngn&hich are vital for
theseprecursorso become fully differentiatefd 15/ 118]. As thesecellsbecome posinitotic they
express twanorekey transcription factordyurrl and Pitx3that are requiredpecificallyfor the
dopaminergic neurotransmitter phenotyja@9i 128]. WhenNurrl is lost in the mouse, TH is
completely lost fronthe mDA region but other mDApecific markers are retained suggestivag
Nurrl is specifically required for the dopaminergieurotransmitter phenotypather than the

global mDA cell fatd119i 121] Interestingly, whildPitx3is expressed in both the substantia nigra
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and ventral tegmental areas,istonly required to specifyhe dopaminergic neurotransmitter
phenotype within the substantia nigf25i 128]. This differential requirement by mDA neurons
is thought to occur throughid1al,a target oPitx3 only in the substantiaigra[129]. In summary,
these results piece together a highly organizadscription factonetworkwhich specifies the
dopaminergic neurotransmitter phenotype within the midbrain.

Serotonergic neurons are a relatively small group of neurons that are found in nine clusters
along the brainstem which include the raphe ga#li magnus, obscurus, pontis, dorsal and median
raphe nuclej130]. The proper specification of the serotonergic phenot#ype@requires a cascade
of transcription factordet1, Lmx1b, Nkx2.2, Mashl and Gatf31i 139]. Like in dopaminergic
neurons, serotonergiorogenitorcells require the transcripn factorsNkx2.2 and Mashlo
properly differentiate into ature serotonergic neurofds81i 134]. Specifically, mice lacking these
transcription factors do not express any of the known serotonergic cell markers, i.e. the global fate
is not specified131i 134]. Downstream ofttese genet,mx1bandPetlboth function to maintain
the viability of postmitotic serotonergic neurons. Mutant mice for these genes have a shared
phenotype which is a large reduction of seroton#H{9 coupled with a reduction of apparent
serotonergic cell bodied33,135138]. This is known because mutant kneoklines, which
labeled the few remaining presumptive serotonergic neurons, have disrupted morphologies and/or
do not express the full complement of serotonin synthesis enzymes as w#lTagl 56,138]
Interestingly thoughl.mx1bbecomes dispensable feerotoninergimeuron viability but not the
maintenance of BT during some, yet tbe idenified, postnatal time pointl35,136] Lastly,
Gata3mutants also have a large reduction-6fbexpressing neurons but the expressidmaX1b
and Petl is spared suggestin@ata3 may function specifically d specify the serotonergic
neurotransmitter phenotyp&34]. Again, these results demonstrate a highly regulated network of
transcription factors that specify and maintain the serotonergic neurotransmitter phenotype in the

brainstem.

The neocortex is comprised of glutamatergic projecting neurams GABAergic
interneurons. The glutamatergic projecting neurons are derived from the cortical plate and migrate
and settle into early layers (V/VI) and then later born layerB/jlivithin the neocortex140,141]

The GABAergic interneuronignervatethese layers from the ventral telencephddoti,142] The

cortical identities of theglutamatergicprojecting neurons are determined by two transcription
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factors (Lhx2 and Emx2) whicpattern the telencephalon and establish a cortical terfitddy

145]. Like Lmxla, Lmx1b, Foxa2, Msx1, Msx2 and Ngim2presumptive dopaminergic neurons
and Nkx2.2 and Mashlin presumptive serotonergic neurons, these transcription factors are
expressed early during differentiation and are required for the global cell fate acquisition of cortical
neurong143i 145].

In mouse, Ngnl and Ngn2 specify early cortical patterning genes and the glutamatergic
neurotransmitter phenotype of cortical plate neuf@4s,147] Additionally, NgnlandNgn2are
required to repress GABAergic and ventral cortical neuron phenotypes in presumptive cortical
plate neurong147]. Explicitly, both microarray andn situ hybridization analyses showed
increases in the expression of ventral cortical neuron specific gehgminNgn2mutant mice.
Notably, Ngn2 single mutants had the same phenotypesNgal;Ngn2 double mutants.
Interestingly, Ascl, a misexpressed subcortical specific gene, specifically promotes the
GABAergic neurotransmitter phenotype in the ventral cortical neurons. This was demonstrated
when Ngn2 and Ascl were both knockedut and all subcortical neuron markergres mis
expressed by cortical progenitor neurons with the exception of GABAergic neurotransmitter
specific genesGadl, Gad2, GABA 1andGABA/glyT [147]. Equally,Pax6 is required to specify
the glutamatergic neurotransmitter phenotype in early cortical plate ndarbfjsExplicitly, at
early developmental time points in tRax6é mutant,Ngnl, NgnZand other cortical plate neuron
markers are still expressed with the exception of glutamatergic neurotransmitter phenotype
specific genes\(glutl and Vglut?). At later developmental time poinidgnland Ngn2become
dispensable for cortical plate neuron specification. Instead, cortical plate neuron specification as
well as glutamatergic neurotransmitter phenotype specification becomes dependent on the
synergistic actions offlx and Pax6[147]. In total, these results highlight neurotransmitter

phenotype specifying transcription factors for at least early born cortical neurons.

The cerebellum is comprised of both GABAergiarfdnje, golgi, lugaro, stellate, basket
and candebalrum) and glutamatergic neuron populations (granular, unipolar brush cells and large
glutamatergic projecting neuron$),148] The mature GABAergic neurons are derived from the
ventricular zone and occupy ventral positions in the cerebellum while mature glutamatergic
neurons come from the rhombic lip and occupy dorsal cereh@ilsitions[6,148] Ptfla is

expressed by progenitor neurons in the ventricular zone and it is required there for the formation
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of GABAergic cell types as well as the repression of the granular (glutamtergic) cell type
[149,150] ConverselyAtohlis expressed by progenitor cells in the rhonlipi@and it is required
there for the generation of the glutamatergic populafits® 154]. Unlike the previous examples,

the identification of clear GABAergic and glutamatergic neurotransmitter specifying factors in the
cerebellum has beeslusive. So far, the transcription factors downstreaRtfdiandAtohl,that

have been functionally evaluated in the cerebellama,involved in global cell fate specification

of specific neuron types rather than the specification of the neurotrassphménotype specifically

[6]. For examplel_.hx1, Lhx5and their cefactorLdblare required for yrkinje cell differentiation

while Asclis required for basket and stellate cell differentiafisb, 156]. Nevertheless, all these
studies support the fact that intrinsic factors (transcription factors) within the brain function in

cascades to specify neurotransmitter phenotypes.

In summary, these studies demonstrate that various neurotransmittertyplsnare
specified in similar ways across different brain structures. Specifically, progenitor pools express
groups of transcription faots that are necessary for progenitor populatiimglifferentiate
properly [115/118,131134,143 145,149 154]. Downstream of these progesrittranscription
factors,are set of transcription factorshat functionto refine neuronal characteristics, establish
distinct subpopulations of neurons and/or maintain neuron viability within the various brain
structureq§108,110,133,135138,15% 157]. Moreover, most of theathwayshighlighted above
required neurotransmitter terminal differentiation genes which appear to specify just
neurotransmitter phenotypasthe locus coeruleus, substantia nigra, ventral tegmental area, raphe
nucleus and neocort¢k07i 110,119 122,126 129,139,157,158]

Interestingly, these neurotransmitter terminal differentiation genes are not recycled among
the differen neurotransmitter specifying pathways, at least among the pathways highlighted in
these brain structures. SpecificalBhox2a, Phox2land TIx3 specify roradrenergigphenotypes;

Nurrl andPitx3 specify dopaminergic phenotypé&3ata3specifies serotonerghenotypesPax6
specifies glutamatergic phenotypes; agtll specifies inhibitory neurotransmitter phenotypes
[1071110,119122,126 129,139,157,158]Moreover, different brain structures or even different
positiors within a brain structie do not always require the same neurotransmitter terminal
differentiation factors to specify their similar neurotransmitter phenotype. Explicitly in the

substantia nigra botiNurrl and Pitx3 are required for the dopaminergic neurotransmitter
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phenotype however Pitx3 is dispensable in the ventral tegmental gabi 128]. Additionally,
TIx3 is only required forthe roradrenergicneurotransmitter phenotype anteriorly located
neurons of the locus coerulgu®6]. However, it is worth noting that some of these transcription
factors PtflaandAscl]) specify the same neatransmitter phenotypes in the spinal cord, which
will be discussed in more detail later sections and chapters

Intrinsic factors: Spinal cord
Similar to the brain, the spinal cord also uses different transcription factor pathways to

specify the nerotransmitter phenotypes of its numerous interneuron populafisnsentioned
previously, éong the dorsal ventral axis of the spinal cord there are at least 14 cardinal interneuron
populations dorsal to ventraldl1, di2, diI3, di4, dI5, dI6, dlA, diLg, VOp, VOv, V1, V2a, V2b

and V3) that are molecularly defind@,13,159] However, as mentioned earlier, increasing
amounts of evidence support the idea that many of these poputaiobs further subdividddi

10]. Nevertheless, ach of thesel4 molecularly distinct interneuron populations has a specific
neurotransmitter phenotypén amniotes, te dil, di2, dI3, dI5, dlg, VOv, V2a and V3
populations are glutamatergic (excitatory) while the di8, diLa, VOp, V1 and V2b populations

are glycinergic and/or GABAergic (inhibitor{§,13,159] At the start of this project, it was mostly
unknown how glutamatergic neurotransmitter phenotypes are specified and maintained in the
spinal cord. Explicitly, transcription factors thapecify the glutamatergic neurotransmitter
phenotype had only been identified for dI3, dI5 andgdheurons[13,14] Conversely,
transcription factor(s) that function to specify the glycinergic and/or GABAergic phenotypes had
been identified for most of the inhibitory neuron populations (di4, dI6,,di1 and likelyVOp)
[9,16,90,160,161]

Work from mouse suggests that the inhibitory neurotransmitter phenotypes of dorsal spinal

cordinterneuronsdl4, di6 and dlk, first requireLbx1or the combination dfbx1andPtfla[13i

15,160 162]. Specifically, Lbx1 is required for di4, di6 and di.neurons to acquire inhibitory
neurotransmitter phenotypgk3i 15,160]while, dl4 and dila neuronsalso requirdPtflafor their
inhibitory neurotransmitter phenotypgl60i 162]. However, itis likely that dl4 neurons require
Ptflafor their global cell fate acquisition and not just their neurotransmitter phenbégaeise

many other genes expressed in dl4 neurons are loBtfla and Lmx1b, a dI5 marker is
upregulated160,161] Furthermore Ptflais sufficient to induce a spinal, dlke expression

profile when ectopically expressed mouse cortical pyramidal neurofi63]. Together these
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results suggesat leastLbx1 is required for dorsal spinal cord (di4, di6 and gllinhibitory
neurotransmitter phenotypes whitéflais likely required for the di4 global cell fate.

Ptfla and Lbx1 are also required for Pax2 expressionin dorsal inhibitory spinal
interneurons (dl4, di6 and di).[14,90,160,161]In addition tothe di4, di6 and dIh.domains,
Pax2(pax2aandpax2bin zebrafish)is also expressed in ventral spinal cord neuron populations,
VOpand V1[5,6,8,9] Furthermore, cleely related family membePax8andPax5,in mouse, and
just pax8, in zebrafish, areco-expressedwith Pax2 in the spinal cord and likely function
redundantly to specify inhibitory neurotransmitter phenotypes in those ne{@di%16]
Explicitly, in mousePax2 mutantsGad1l and Slc32alexpressions drastically reduced ithe
dorsal spinal cord whiléenhibitory neurotransmitter phenotypareinitially unaffected in the
ventral spinal cordi13,16] Interestingly,Pax8andPax5expression in th®ax2mousemutant is
also drastically reduced in the dorsal spinal cord but unaffected in the ventral spinail eany
time poirts but by E17.5 thexpressiorof these two genes nearly absent in the entire mouse
spinal cord along with the expression 8fc32al and Gad67, inhibitory neurotransmitter
phenotype markel®,16]. Moreover, inpax2amutant zebrafish embryos that have pad2band
pax8 knockeddown, there aresignificantly fewerV1 neurons with inhibitory neurotransmitter
phenotypes as well as fewer inhibitory neurons wheeavid more dorsaleurons typically reside
[9]. Together these results suggest tRak2 (pax2aand pax2bin zebrafish)is required for
inhibitory neurotransmitter phenotypes for most sp@id inhibitory intemeurons butPax8,
Pax5 (mouse) and potentially other gene(ghdtionat least partiallyedundantlywith Pax2to
specify inhibitory neurotransmitter phenotypesHax2expressing neurons. Lastly, Lhx1 and
Lhx5 function to maintain botlPax2 expression and inhibitory neurotransmitter phenotypes in
mouse dI4 and dI6 inhibitory neurofs6]. In total, these results have identified transcription
factors pathways which specify and maintain inhibitory neurotransmitter phenotypes in the spinal
cord (Fig. 2).

To specify their glutamatergic neurotransmitter phenotype, early born dI5 neurons require
Gshl, Gsh2, Ascl, ThdndTIx3 in the mouse spinal cofd3,14,90] In dI5 progenibrs Gshl,
Gsh2 and Ascl promote the glutamatergic phenotype by indesimgession offIx1 and TIx3
[90]. In mousedIl3 and dI5 neuronsTIxl and TIx3 are required for the glutamatergic

neurotransmitter phenotypgé3,14] Moreover, TIx1 and TIx3 or their downstream target(s)
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specify the glutamatergic phenotype by presumably sequestering Lbx1, an inhibitory
neurotransmitter phenotype promotimmgnscriptionfactor [14,160,164] This model is proposed
because Lbxl is eexpressed with TIx1 and TIx3 in dI3 and dI5 neuron populations but
overexpresion ofLbx1in the chick spinal cordausesl3 and dI5 neurons to become GABAergic
(inhibitory) rather than their glutamatergic neurotransmitter phenotype presumably because Lbx1
is able to overcoméhe TIx3-mediated inhibition [13i 15]. Furthermore, inTlx1;TIx3 double
mutant micePax2and other inhibitory markers, which are downstreanhlw{l, are increased

[13]. Lastly, and most importantly, the expressionLbkl is not affected inrlx1:TIx3 mutants
suggesting that Lbx1 functiois not altered at the RNA level but rather at the protein level [13].
Together these results demonstrate that the casc&sghaf Gsh2, Ascl, Thdnd TIx3 promote

the glutamatergic phenotype over inhibitory phenotypes in mouse dI3 and dI5 neurons by

presumably repressing inhibitory phenotype promoting factors (Fig. 2).

Interestingly, later born di, inhibitoryand diLs, excitatoryneuronsare derived from a
single progenitor domain, in the dorsal spinal cord, which expresses the same transcriptien fac
(Gshl, Gsh2and Asc) as the dI5 glutamatergic progenitor neur¢®8]. To generatedlLa
inhibitory neurons the interaction among Gshl, Gsh2 and Ascl is altered in the dIL progenitor
neurons. NotablyAsclswitches from being a glutamatergic promoting transcription factor, as it
is in early dI5 progenitor neurons, to an inhibitory promgtiranscription factor in diL neurons.
Explicitly, in chick dl4 neuroné\sclis sufficient to represBax2and induceTlx3 but in mouse
dIL progenitorsAsclis required for the expression@éx2, PtflaandSlc32al(an inhibitory amino
acid transportefP0]. The ability ofAsc1to specify inhibitory neurons from the dIL domain occurs
througha cell autonomous mechanisisclantagonize$sshland Gsh2and the glutamatergic
neurotransmitter phenotype by upregulatiRtfla which is sufficient to induce inhibitory
neurotransmitter phenotypgg80]. Additionally, Ashl modulates Notch signalinga cell non
autonomous mechanisnm adjacent dIL progenitor neurons to induce the presumpdils
glutamatergic fat¢90]. Together these mechanisms work to prudence,dhhibitory and dlLs,

excitatoryneuronsn a salt and pepper pattern from a single dIL progenitor domain.

Before this thesis work, Dr. Cerda and Dr. England in the Lewis Lab demonstrated that
two transcription factorsimx2 and Hmx3aare required for the glutamatergic neurotransmitter

phenotype of zebrafish dI2 interneurons (Cerda & England, unpublished). Specifibaly,
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demonstrate that dI2 neurons-expresshmx2andhmx3aandthatthe number of glutamatergic
cellsis reduced whemmmx2andhmx3aare knockeedownand that the number of cells reduced
matches the number of diZmx3aexpressing neurons. Furthermohenx2 and hmx3alikely
repress inhibitory neurotransmitter phenotypes in di2 neurons because the number of inhibitory
neuonsis increased in embryos whelmenx2and hmx3aare knockeedown and this increase is
roughly equivalent to the number glutamatergic cells losas well as the number timx3a
expressing dI2 neurongnterestingly,hmx2and hmx3aare also ceexpressedni inhibitory V1
neurons (Cerda & England, unpublished). This is interesting because these data sudgesfthat
andhmx3aare not required for V1 neurotransmitter specification and that cell type specific factors
likely modify their functions in dI2 and/or V1 interneurons. Nonetheless, these results support the
hypothesis thahmx2andhmx3a at least in zebrafish, specifyetiglutamatergic neurotransmitter
phenotype in dI2 interneurons.

In parallel to my thesisvork, Dr. JuaresMorales also in the Lewis Labdentified two
transcription factors that function to specify the glutamatergic neurotransmitter phenotype in an
additional spinalinterneuron populatiofi7]. He found that in the zeldish spinal cord Evx1 and
Evx2 function partially redundantly to specify the glutamatergic neurotransmitter phenotype and
inhibit the glycinergic neurotransmitter phenotype in VOv interneufdng (Fig. 2). In mousg
Evx1l has a different function which is to prevent VOv interneurons from switching their global
fates and beauning more ventral V1 (inhibitory) interneurofisl]. These differences between
animals may have arisen from evolutionary changes to the functions of Evxl and Evx2.
Alternatively, these differences may be due to changes in the timing and expression of other genes
in VOv neurons. Specificll, dbx1genes, which in mouse are expressed in VOv progereits
and also function to prevent presumptive VOv neurons from becoming V1 neurons, persist into
postmitotic VOv neurons in zebrafi§ii7,165] This persistence in the faster developing zebrafish
VOv may be what prevents the VOv to V1 neuronal fate shévki;evx2Zebrafish mutantflL7].

Still, at least for zebrafish, another population of neurons has beed tadihe list of neurons for

which we know genes that function to specify glutamatergic neurotransmitter phenotype

Interestingly,Evx1 andEvx2 are only expressed in VOv spinal neurdmsix2andhmx3a
are only expressed in one glutamatergic population (dI2) and neither VOv nor dI2 neurons express

TIx1, TIx3, Gshl, Gsh2 or Ascthe other glutamatergic neurotransmitter phenotype promoting
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transcription factorsdentified in mous€g13,14,17] Together these data demonstrate that the
known glutamatergic neurotransmitter promoting transcription factors are not shared among spinal
interneuron populations. This is unlike inldyly neurons because most seem to specify their
inhibitory phenotypes through Pax2 which is expressed in multiple (di4, dig, Wt and V1)
inhibitory population$9,160]. This raises the question of whether there are any other transcription
factors that are shared among the glutamatergic spinal neurons ttizdrfuie specify and/or
maintain glutamatergic neurotransmitter phenotypes. This is a question addressed in subsequent
chapters of this thesis.

Extrinsic factors: Environmental influences
Extrinsic factors can also alter neurotransmitter phenotjffs One type of extrinsic

factor that influences neurotransmitter phenotypes is environmental cues. Environmental cues can
come from the tissues surrounding a e&usr can come from the environment the entire organism

is living in [98,166 168]. An example of the latter comes from the Spitzer lab. The number of
neurons expressing TH (dopaminergic neuron marker) withinethieal suprachiasmatic nucleus
which is part of a circuit irXenopusthat changepigmentation in response to the organisms
environment, is correlated with changes in light expod@&. Explicitly, these ventral
suprachiasmatic nucleugurons express more TH when they are exposed to light which results
in Xenopuslarvae with less pigmeni98]. Conversely, thesgentral suprachiasmatic nucleus
neurons express less TH when theyiadew light resulting inXenopudarvae with more pigment

[98]. In terms of local environmental cues, several secreted molecules have been shown to
influence neurotransmitter phenotypg$6i 168]. Specifically, in cultured neurons from the
telencephalon ofats, the addition of fibroblast growth factor caused a tfolekeincrease in
glutamatergic neurorji& 68]. Together, these examples highlight the ability of environmental cues

to influence neurotransmitter phenotypes.

Extrinsic factors: Neuronal activity
An additional extrinsic cue which can alter neurotransmitter phenotypes is neuronal

activity. There are numerous examples using cultured neurons which show that blocking excitatory
or inhibitory activity leads to an increase receptors for and/or proteins which synthesize
neurotransmitters of the opposite excitatory/inhibitory neurotransmitter pher{@4jig#7,169]
Additionally, anin vivostudy using NMDA receptor antagonists (which reduce glutamate activity)

in rat and NMDA mutant mice confirms these vitro results. Spcifically, the dampening of
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glutamatergic responsiveness results in an increase of cholinergic (excitatory) neurons in the
hypothalamus[170]. Together these results highlight the ability meurons to alter their
neurotransmitter phenotypes in response to neuronal activity / extrinsic factors suggesting that

these factors are vital for the maintenance and/speeification of neurotransmitter phenotypes.

Extrinsic factors: Calcium siging
A specific type of neurad activity is calcium spiking which, discussseparatelyas a

recent emphasis has been made to highlightole inneurotransmitter phenotype specification
and/or maintenancg88,91,99,101] In Xenopusspinal neurons, alterations in calcium spiking
activity, through pharmacological agents or the overexpression of channels that imted#se (U
andrNa,2 a) br decreasehKir2.1) calcium spiking activity, modify neurotransmitter phenotypes
[99]. Specifically, decreasing calcium spiking activity results in an increasetafggtergic spinal
neurons and a corresponding decrease of inhibitory spinal neurons avergige Furthermore,
calcium spiking frequency regulates excitatory/inhibitory neurotransmitter phenotypes. This work
is bolstered by previous studies using culluneurons which also highlights the responsiveness
of neurotransmitter phenotype specification to calcium spiking actjlidl,172] Interestingly,
during a critical period during early neurogenesiXémopusmbryos, prioto synapse formation,
neurons secrete both GABA and glutamate which in turn regulate calcium spiking
activity/frequency[91,173] In total, these results suggest mature neurotransmitter phenotypes in
Xenopusnay be specified through the regulations of earlyaghaite and GABA release which in

turn regulates calcium #ng activity. It should be noted that calcium spiking activity is observed

in other organisms though its relationship with neurotransmitter specification has netusked

in thoseother systemgl74,175]

Ultimately, these environmental cues must coalesce with intrinsic cues (transcription
factors) to specify and/or maintain neurotransmitter phenotypes. Examples highlighting the
interactions of calcium spiking activity, transciptal regulation and neurotransmitter
specification are now just being identified. TIx3, which was discussed earlier, is an intrinsic factor
required for the specification of the glutamatergic neurotransmitter phenotype in dI3 and dI5 spinal
neurong13,14,100] The expression dflx3 in Xenopuss influenced by calcium spikg activity
[100]. The activation and repression k3 expression is directly regulated by cJun which itself
is regulated by calcium spiking activig}00]. Specifically, cJun is dphosphorylated in response

to calcium spiking activity and #urn does not represHx3 transcription thus promoting the
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glutamatergic neurotransmitter phenotype. However, the mechanism by which calcium spiking
activity phosphoylates and dg@hosphorylates cJun is still unknown.

Additionally, Lmx1b, a key component of the serotonergic neurotransmitter specification
pathway in the brainstem, is also affected by calcium spiking actj@®y133,135137]
Specifically, the expression mx1bis modulated by calcium spiking frequencies thoughkenli
the TIx3 example, there is no clear link (like cJun) betwleex1btranscription and calcium
spiking activity[89]. In other words, it is not clear how calcium spiking activity modulates the
transcriptionof Lmx1b.Regardless, these examples highlight the merger of intrinsic and extrinsic
pathways in the specification of neurotransmitter phenotypes.

Lmx1b
One key intrinsic factor that | examine in this thesibniglb.In chapter 3, | will present

data thademonstrates thanx1baandimx1bh zebrafish ohnologs, are required to specify and/or
maintain glutamatergic neurotransmitter phenotypes in the spinal cord. Prior to my work, Lmx1b
had been shown to be required for correct differentiation of interngimahe mouse spinal cord
[158,176] Specifically,Phox2a, Drgl1, Ebfl, Ebf@8nd Rnxexpression is lost or reduced in the
dorsal spinal cord dfmx1bmutant micesuggesting a differentiation defefd58]. Also supporting

a differentiation defect hypothesisbx1 expression, which is eexpressed witlLmx1bin dI5
neurons,and BrdU expressiowere bothunaffected inLmx1bmutants suggesting proliferation
was not responsible for the chasgeexpressiomf the aforementioned gengd$8]. Furthermore,
there was no change in TUNEL staining from E1155 in Lmx1b mutants suggesting the
changes in expression were not due to neurons dying ¢ik68f. However, cell death was
deteced inLmxlbmutants at a later stage (E18.5) in a separate §1Uéy. Since cell death was
detected at a devglmental time point following the changesgeneexpression, it is reasonable

to assume that it is a secondary effect due to improper specification.

In addition to differentiation defects, TrkAnociceptive primary afferents abnormally
innervate the doed horn of the spinal cord ihmx1b mutants[158,176] Specifically, TrkA
afferents do noinnervate laminae-ll in the dorsal horn of the spinal cordlimx1bmutant mice
[158,176] Furthermore, Szabo and colleagues demonstrate these abnormal innervations are likely

nociceptive innervations becaukmxlbmutant mice have increased thresholds to thermal and
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mechanical stimu[i176]. In summary, these results demonstrate that Lmx1b is required for correct

differentiation of dorsal horn neurons and the correct innervation of nociceptive primary afferents.

Interestingly, consistent with my results, which suggésixlb genes maintain
glutamatergic phenotypes in the spinal corbmxlb maintains S8HT in mature serotonergic
neurons of the adult raphe nucle[is35,136] Explicitly, whenLmx1bwas conditionally ablated
from adult mice, specific set@nergic neuron markers were unaffected btHT5and 5HT
synthesizing genes were lost in the raphe nuc]&8S]. In addition to its role in serotonergic
neurons,Lmx1bis also required to maintain the glutamatergic neurotransmitter phenotype in
neurons within the mouse trigeminal brainstem compplg¥]. Specifically,Lmx1bknockout
mice generate glutamatergic neurons but cannot maintés neurotransmitter phenotyfir 7].
Instead, thesemx1lbmutants have mincrease ofSABAergic neurons in this brain regidhat is
roughly equivalent to the loss of glutamatergic neurddslitionally, Lmx1bis sufficient to inhibit
GABAergic phenotypes asctopic expression dfmxlbresults ina reductiorof GadlandPax2
expression inthe superior colliculus[177]. These resudt suggest thatmx1lb maintains the
glutamatergic phenotype in the trigeminal brainstem complex and represses a GABAergic
phenotypeln total, Lmx1b has a clear role in at least two different neurotransmitter maintenance

pathways.

Outside of the CNS, Lmx1b is expressed in limb tissue and functions there to dorsalize the
limb [178,179] In Imx1bmutant mice, paws lack structures normally found on the top of the
paws and instead develop ventral structufg&s8]. In humansLmxlbmutations are responsible
for the autosomal dominant disordeailrpatella syndrome (NPL79 182] Like in mouse
mutants, NPS sufferers also lack dorsal structures on their limbsasudiiger nails and patellas
in thar knees, hence the nanj@79i 182]. Additionally, some NPS sufferers have kidney
dysfunction[179i 181]. In mouse models, loss bifnx1bresults in kidneys with thinner glomerular
basements membranes providing a potential explanation for the dysfunctior&tkidnsome
NPS sufferer§178,183,184] In total, these results highlight theveise functions of Lmx1b in

multiple tissue types.

Skorl and Skor2
In addition tolmx1bgenes, this thesis examirgsrla, skorllandskor2in the zebrafish

spinal cord. Previous work shov&korland Skor2(Skorpreviously calledCorl family) are part
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of a larger Sno homology domain containing family which inclugki(called Snoin fly) and
Daschoundfamily member geneq185i 187]. The conserved Sno homology domain has been
demonstrated to interact with Smad protdt85,186,188] Specifically, both mouse Skorl and
Skor2 directly bindSmal2 and Smad3 to presuilly repress TGH s i g [1&)J190h g
Puzzlingly, in the fly mushroom bodkuss (fly Skor) functions in a pathway with Smad2 though
it appears to be downst of Smad?2 signaling and r@tSmad?2 cdactor[186].

As well as binding to and regulating Smadtpnes, Skorl also directly interacts with Lbx1
to repress transcriptioim vitro. Specifically, Mizuhara and colleagues couétiprocally co-
immunaorecipitate FLAG-Skorl and HALbx1l that were expressed in 293E cell91].
Additionally, they were able to demonstraterepressor activity in NS20Y cells by expressing
Skorl, a Gal4Lbx1 fusion proteirand a reprter construct that consisted of a Gal4 binding site
upstream of SV40 and a luciferase gene. By measuring the change in luciferase intensity the
authors could infer activation and/or repression activity of Skorl and [$4]. Specifically,
luciferase activity was reduced to a greater degree in Skorl +LBalicells than GaM.bx1
cells alone suggesting 8KL. can cooperatively repress transcription with Lbkkcitingly, in the
mouse spinal cor8korlandLbx1are ceexpressed in di4 and dI5 spinal interneurjdriéd ] (Fig.

2). As discussed earliet,bx1 is required for the specification of inhibitory neurotransmitter
phenotypes in the spinal coft4,192] This connection raises an intriguing possibility tBkorl
with Lbx1 may specify neurotransmitter phenotypes in the spinal cord. In chaptexplore the

roles ofskorla,skorlband, the closely relatedkor2genesn the spinal cord.

In addition to being expressed in the spinal c8idyrlandSkor2are also expressed in the
cerebellum of mamma[489 191,193] A Skor2mutation in mouse leads to a smaller cerebellum
with fewer cerebellar fissure$194]. This phenotype is the result of arrested granular cell
proliferation and a lack of dendrite arborizaitonpamkinje cells[194]. Interestingly, recent work
has linked humagkorlmutations with restless leg syndrome which makesesgiven it is also
expressed ithe cerebellum ofnammals, a key site for motor coordinat{d®5i 197]. Together
these results underscore the importance of studyingkibegenes as they may have a direct

relevance to human disease.
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VOv neurons
In this thesisl focuson VOv neurons (chapter 3 and 4). VOv neurons differentiate from the

VO domain (Dbx2positive, Nkx2.2negative) and occupy a position ventral taoWeurons which
also come from the VO progenitor pool in all vertebrates examined glfaB2,165,198]0ther
than positionVOv andVOp neurons can be distinguished by the expressidtvet andEvx2as
these transcription factors are exclusively exméssy VOv neurons in the spinal cord
[8,11,17,199206]. Additionally, VOvcellsare glutamatergic while the ¥@eurons are inhibitory
[8,17]

Morphologically, VOv neurons project their axons towards the head (ascending) after they
cross the midline of the animal (commissurg$)11,17] In mouse these projections are
approximately four somite segments lamigile in fish they are 120 somite segmenksng[8,11].

At least in zebrafish, these commissural ascending neurons are the first born VOv neurons, mostly
born before 24 8]. Following the production of commissural ascending VOv neurons there are
two more waves of VOv differentiation, each with different morpholof&sThe second wave,

which occurs at approximately 86 h, produces commissural bifurcating VOv neurohgeathe

last wave, which occurs at approximately&%h, produces commissural descending VOv neurons

[8].

Functionally, VOv neurons are part thfe locomotor circuitry[198,206,207] As part of
that circuitry, VOv rurons regulate lefight limb alternations during fast movemeimsmice
[198,206,207] Interestingly, m zebrafish VOv neurons are selectively activated during slow
swimming [208i 210]. Moreover, a recent study has implicated cerebral spinal fluid contacting
neurons (Kolmegduhr neurons) in regulating slow swimming through a VOv neuron containing
circuit [159]. In total, these studies highlight the importance of VOv neunahich arekey

component®f chapters 3 and 4.

Hypothesis andsummary of chapters

Chapter 2
When this project was started, all the transcription factors that function to specify and/or

maintain neurotransmitter phenotypes in the spinal cord were sgdr@smore than one neuron
population which shared that same neurotransmitter phenfyp® 16,90,160,161]However,
there were still many populations of glutamatergic neurons that we did not know which

transcription factors specified and/or maintained their neurotransmitter phenotype. Therefore, we
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predicted thatthere may be some transcription factors that are differentially expressed in
glutamatergic neurons that potentially function to specify and/or maintain their shared
glutamatergic neurotransmitter phenotype. By using microarray expression profiling sitwul
hybridization we identified genes expressed relatively higher in glutamatergic neurons in the
ventral spinal cord when compared to inhibitory neurons in the ventral spinal cord. Specifically,
we identified 11 transcription factors that are likely exgsed in at least some glutamatergic,

ventral interneuron populations.

Chapter 3
Identified in chapter 2mx1bbis a transcription factor which has been shown to function

in neurotransmitter maintenance in the mouse bfE®%,177] Furthermorelmx1b has been
shown to be a direct target 86cl,a glutamatergic promoting gene, in the mouse spinal cord
[162]. Together these results motivated us to question whethdbband itsohnologimxlba
specify and/omaintainthe glutamatergic neurotransmittergpiotype in the spinal cord. Our work
suggests that tHemx1bgenes are required for the glutamatergic neurotransroitéeacteristidor

a subset of spinal interneurons. Furthermore, during this thesis @otkandevx2were shown

to specify the glutantargic neurotransmitter phenotype in VOv neurfld§. Since the micraaay
expression profile data and situ hybridization data from chapter 2 suggested thatlbbis
expressed in VOmeuronsand more dorsal cellsve tested whether this gene was expressed in VOv
and dI5neurons By using a transgenic line which labels VOv we were able to demonstrate that a
subset of VOv neurons exprdssx1bb.Becausémxlbbis expressed in at least some VOv neurons
andit is required folglutamatergic neurotransmitter phenotypes,hypothesize thatimx1bband
potentiallyImx1bafunction downstream ofvxlandevx2to either specify and/or maintain the
glutamatergic neurotransmitter phenotypsameVOv neurons. We show that bdthx1bgenes
require evx1l and evx2 for their expression and than the Imx1bb mutants there are fewer
glutamatergic VOv neurons. In samary, chapter 3 suggests thia¢ Imx1bgenesspecify and/or
maintain the glutamatergic neurotransmitter phenotype downstreewrtdndevx2for at least a

subset of VOv interneurom@d potentially for other spinal cord neurons (dI5 neutons)

Chapter 4
Also identified in chapter Zkorlaandskorlbare additional transcription factors which |

demonstrated are expressed dxgitatoryspinal cord cells. Given their expression paise |

hypothesized that they may be required to specify the glutamatergic neurotransmitter phenotype
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in a subset of spinal cord interneurons. By using morpholinos to khmek skorl function |
demonstrate that there is a reduction in the number of ghigsgic neurons and no change to the
number of inhibitory neurons suggestiigse transcription factors magecifythe glutamatergic
neurotransmittephenotypes for a subset of spinal neuofiis confirm these resultat a future
date, we have generatsiorla andskorlbmutant zebrafish via the CRISPR/Cas9 system
attempted to generaskor2 mutants Additionally, we questioned whethskorla,skorlband,
their closely relatethmily memberskor2are expressed MOv neurons and whether they require
evxlandevx2for their expression. Again, using a transgenic zebrafish which label VOv neurons
with EGFP, we demonstrate that all members ofsttar family are expressed in VOv neurons.
Also, usingevxl;evxdoublemutants we demonstrate that all thider genes requirevxland
evx2for their expression in VOv cells. Together, these results suggest that atkeeka 8nd
Skorlb and possiblyalso Skor2 may function downstream ofvikl and Evx2 to specify the

glutamatergic neurotransmitter phenotype in VOv neurons.
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Figures andLegends

Fig. 1: Glutamate synthesis and cycling between neurons and glia
The action of glutamate (green dots) on glutamate receptors (red rectantgesjingated by its

uptake by surrounding neurons and glia. Glutamate is taken up via excitatory amino acid
transporters (blue ovals). In glia, glutamate is converted to inert glutamine (yellow dots) by
glutamine synthetase. Glutamine is releiasem glia and take up by glutamatergic neurons via
excitatory amino acid transporters. Within glutamatergic neurons glutamine is converted back to
glutamate by glutaminase. Lastly, glutamate is packaged into vesicles by vesicular glutamate
transporters (orange squar€his cartoon was adapted frqi®].
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Fig. 2: Specification of excitatory and inhibitory spinal interneurons
The specification of spinal interneuron neurotransmitter phenotypes is directed by different

transcription factor pathways. Schematic summary of where key neurotransspiiefying
transcription factors are expressed (left). Cartoon of spinal cord-demtion (middle) shows
position of various spinal neurons and their respective neurotransmitter phenotype: glutamatergic
(green) or inhibitory (red). The different trangtion factors pathways that di3, di4, dI5, d\&p,

VOv and V1 neurons use to specify their neurotransmitter phenotypes (right). Red arrows point to
cascades used to specify inhibitory phenotypes in di4Milsand V1 interneurons. Green arrows
point to cascades used to specify glutamatergic phenotypis, oli3, dI5 and VOv interneurons.
Cascades in dI3, di4, dI5, dI6 have been elucidated in mouse while cascades imNDWYWand

V1 neurons have been eidated in zebrafishThis figure is adapted frofé].
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CHAPTER TWO

Expression Profiling Glutamatergic Interneuron Populations in the Zebrafish Spinal Cord

| analyzed microarray expression profiles, performed sanséu hybridization experiments, performed timesitu
hybridization plus immunohistochemistry experiment and ifiedtthe contamination issue; Gisella Rodriguez under
the guidance of Sam EnglarehD and I, Walid the initial screening to identify probes expressed relatively higher
in excitatory populationthan inhibitory populations; Gisella Rodriguez, Ria F&ghvards, Paul Campbell and Alexa
machikasall performedn situexperiments under ¢ghguidance oBam England, PhD and/or I; Sam England, PhD and
Sara de Jager, PhDrf@med cell disscations and RNA extractions; Sam England, Rbédformed the FACS
analyses, data pgrocessingd initial analyses in GEPAS; Olivier Arman, PhD aledsia Legardi, Phperformed

the bioinformatics searches to identify potential transcription factor genes for the microarrays eiddection and
mentorship of Uwe Strahle, PhD; Olivier Armant, PhD, Jessica Legradi, PhD, Uwe Strahle, PhD and KatethBwi

designed the microarrays; Kate Lewis, Ridsigned and directed the study.
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Abstract
Background

Neurons must specify and maintain many key characteristics in order to integrate and
operate properly within neuronal circuitry. One of these key chaistate is their
neurotransmitter phenotype. As with many other neuronal properties, neurotransmitter phenotypes
are often specified and maintained by particular transcription factors. Imbalances in
neurotransmission, resulting from a failure to maintamaoquire proper neurotransmitter
phenotypes, can lead to diseases and neural disorders. However, our knowledge of which
transcription factorfunction to specify and/or maintain neurotransmitter phenotypes is limited

Methods

Microarray expression profile from specific interneuron populations in the zebrafish
spinal cord were evaluated to identifgnscriptionfactors expressed in excitatory (glutamatergic)

neuron populations.

Results

We identified 36 genes that appeared to be expressed relatively inighxeitatory (VOv

and V2a) interneurons than inhibitory (V1, V2b and KokAgduhr) neuronswhen comparing
microarray expression profiles of those populations. However, when we assessed expréssion by
situ hybridization for 35 of these genesnly four genes were expressed relatively higher in
presumptive VOv and V2a interneurombkile an additional six were expressed relatively higher in
just VOv neuronsn the ventral spinal cord. Also, by comparing the expression of genes specific
to populations of nerons other than V2@ the V2a FAGsorted populationsl was able to
demonstrate thahe populations of FAGortedV2a neurons werprobably not pure, but likely

contained some other cell types

Conclusions

This chapter demonstrates we can identify transcription factors correlating with excitatory
(glutamatergic) neurons of the ventral spinal cord by using the combination es&/#Gg and
microarray expression profiling. However, our approach did leadetaddmtification of many
likely false-positive results. Furthermore, this work shows that V2a4A@ed neurons expressed
genes specific to other neuron populatisnggestinghat this population was contaminated when

sorted.
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Introduction
In the CNS, nerons must correctly specify and maintain their neurotransmitter phenotypes

[1] (for exceptions sef?]). When neurotransmitter phenotypes are not properly specified and/or

mai ntained disease such as epilepsy, autism sy
result from imbalanes in excitation and inhibitiofBi 7]. Despite this fact, our understanding for

how neurotransmitter phenotypes are specified and maintained is still not completely resolved. To
better understand the processes that establish and maintain neurotransnmttgppkeve must

first identify the genes that may function in these processes.

Spinal cord interneurons, the most abundant neuron type in the spinal cord, are excitatory
and secrete glutamate or are inhibitory and typically secrete GABA and/or glycinemgdv
within [8]). To date we have a partial understanding of how the inhibitory phenotypes are
established and maintained within the spinal c@d However, (when this thesis work was
started) the genesxd mechanisms that specify/maintain excitatory neurotransmitter phenotypes

in thespinal cord was largely unknow@i 12].

At the start of this project, genes that specify and/or maintain the glutamatergic
neurotransmitter phenotype were known for only three (dI3, di®)dpinal cord glutamatergic
populationg11,12] Specifically, mouse knoekut models had demonstrated that the progenitor
cells for early born dI3 and dI5 interneurons expf@sbland Gsh2which function to maintain
Ascll(Mash) [12] and all of these transcription factgenes are required for the glutamatergic
phenotype of these cells. Furthermore, these transcription fget@sare also required for the
expression ofTIx1 and TIx3 which antagonize inhibitory neurotransmitter phenotypes and
promote the glutamatergic phenotype by potentially sequestebrg [10i 12]. While these
findings are important, the means by which glutamatergic neurons are specified (at least in the
spinal cord) is still verymuchunclear. This is the case because dl1, dI2, VOv, V2a and V3
interneurons are also excitatory but ttanscription factor&shl, Gsh2, Ascll, TIx1 and TheBe
not expressed by any of these populat{@0 13]. In addition, there is no evidence that TIx1 or
TIx3 are expressed in zebrafish spinal cotgémeurons[90]. Therefore, additional genes must
function to specify and/or maintain the glutamatergic neunstratter phenotypsein thosespinal

cord neurons.
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A protocol that couples fluorescent activated cell sorting (FACS) with microarray
expression profiling was generated and shown, by our lab, to successfully identify transcription
factors expressed specifiyaby V1 interneurong14]. Those procbf-principle experiments
demonstrated that the dissociation and F@ting of zebrafish interneurons does not result in
significant changes to their expression prafilEurthermore, those preof-principle experiments
successfully demonstrated that novel transcription factors expressed by V1 neamtthde
identified using thosenethodq14].

In this chapter, using a@ocol adapted frorfi4], we identify 36 transcription factors that
our microarray data suggests may be expressed relatively higher in the ventral excitatory
populations (VOv and V2a) than the ventral intobt (V1, V2b and Kolmegduhr (KA))
populations. Usingn situ hybridization to verify these microarray expression profiles, we
discovered that onlg subset (fof these transcription factors were expressed at higher levels in
the VOv and V2a interneuron than V1, V2b and Kéurons although others were enriched in
VOv but not V2a cellsUpon closer examination of the V2a microarray expression profiles, we
discowered that transcription factors specific to other populatidmguronsvere identified in the
V2a profiles suggesting that there may have been contamination of the V2a samples with other
neuronal cell types, or that the FAC sorted V2a cells expressed tjeat they do not normally
express. In conclusion, we identified a small number of transcription factors that are potentially
expressed in glutamatergic neurons by using the combination ofsBA{dg and microarray

expression profiling.

Methods

Ethicsapproval
All zebrafish experiments in this research were approved either by the UK Home Office or

by the Syracuse University IACUC committee.

Zebrafish husbandry and fish lines
Zebrafish Danio rerio) were maintained on a d#bur light / 18hour dark cyclat 28.5°C.

Embryos were obtained from natural paired and/or grouped spawnings eypaldWT) (AB,

TL or AB/TL hybrid) zebrafish or identified transgenic zebrafish. The following transgenic
zebrafishwere usedTg(elav13:EGFP)Tg(evx1l:EGFPYL Tg(paxa:GFP), Tg(Xla.Tubb:DsRed
(formerly Tg(NBT:DsRed)) Tg(vsx2:LOXPDsRedLOXP-GFP) TgBAC(vsx1:GFP) and
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Tg(gatal:GFP),all of which have been previously descrijé&i 21]. Embryos were reared at
28.5°C and staged by hours post fertilization (h).

Microarray design
To generate a custedesigned Agilent microarray, Dr. Armant and Dr. Legradi first

performed comprehensive bioinformatic searches for proteins that contain at least one of the 483
InterPro domains identified if22] as beingspecific to transcriptional regulators. These domains
comprise three functional classes: DNA binding, chromatin remodeling and general transcription
machinery. In total3192 potential transcription factors were identified. Dr. Armant, Dr. Legradi,
Dr. Stréahle and Dr. Lewis then designealstomAgilent microarrays that contain probes for all of
the genes that encode for these transcription factors.

Thesecustom arrays contained 33784 probes corresponding to eight distimetrgdobes
for each of the tmascripts associated withe 2644 potential transcription factors identified in Zv8
(Ensembl release 54) of the zebrafish genome, and a further 548vedapping potential
transcription factors identified in the zebrafish Unigen sittdrelease 117) @i 1). The arrays
also included 170 housekeeping genes (five copies of eight probes each), 23 positive controls, such
as neurotransmitter markers (two copies of eight probes each) and 49 negative controls
(Arabidopsis sequences; multiple copies of eigltbps each) on the arrays. Four biological

replicates were performed per sample type.

Expression profiling
To identify transcription factors expressed by ventral spinal cord interneurons, Dr. England

and Dr. de Jager used different combinations of $pioed cells that were extracted from live
transgenic zebrafish embryos at 27h using fluorescence activatesbrtely (FACS). Prior to
FACS, embryos were pristaged, deyolked, dissected and dissociated [d4,83] In all cases,

the heads and tails were removed to ensure that amly ar spinal cord cells were collected. Pure
populations of cells were obtained using combinations of the following transgenic lines:
Tg(elavl3:EGFP), Tg(evx1:EGFPJYY Tg(pax2a:GFP), Tg(Xla.Tubb:DsRed(formerly
Tg(NBT:DsRed))Tg(vsx2:LOXPDsRedLOXP-GFP) andTg(gatal:GFP)15i 20]. VOv neurons

are EGFPpositive cells fromTg(evx1:EGFPjY! trunks.V1 neurons are doubleositive EGFP
positive, DsRe¢positive cells fronTg(pax2a:GFP); Tg(Xla.Tubb:DsRettunks. V2a neurons are
doublepositive DsRedpositive, EGFPpositive cells from Tg(vsx2:LOXPDsRal-LOXP-
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GFP);Tg(elavi3:EGFP)trunks. V2b + KA neurons are doulpesitive EGFPpositive, DsRed
positive cells fronirg(gatal:GFP);Tg(Xla.Tubb:DsRedunks. Total RNA was extracted using
an RNeasy Micro Kit (Qiagen, 74004). RNA quality and quantity was adsaty an Agilent 2100
Bioanalyser (RNA 6000 Pico Kit, Agilent, 508513), before converting to fluorescenrlipelled
cDNA (Ovation Pico WTA System V2, Pico, 3302) and hybridizing to a custesigned Agilent
microarray. Four replicates for each FAGrt was conducted. Data pprgocessing and
normalization was performed by Dr. England using Bioconductor software
(https://www.bioconductor.org/). Twolass eBayes analyses were performed using GEPAS
software[24]. All reported statistics were corrected for multiple tesfitty.

Identification of differentially expressed transcription factors
To identify genes that are expressed relatively dngh excitabry (VOv & V2a)

populationsthan inhibitory (V1, V2b and KA) populationsMs. Rodriguez, an undergraduate
researcher in the lab, and | manually identifiedbes(there aresight probes per gene transcript)

with with positive expression values (redaamk) in at least two of the four microarray experiments

for both VOv FAGsorted cells and V2a FA6orted cell{Fig. 2; Table 2). Additionally, these
normalizedprobes had to havelativelynegative expresso n v a | uie & leasthiwo oféghg 0 s
four microarray experiments for both the V1 FACS cells and V2b + KA FACS cells (Fig. 2; Table

2). To perform these analysesxpeession levelswere subjected to a Zransformation
normalization and presented as Z scavbsre mean = 0 and standard deviationlred) to-1

(blue)i n a A he aWe staequ at thé toprohthe heat map (highest mixing proportion with

a positive mean difference) and manually checked each subsequent probe until 600 probes meeting
these criteria were identified. For the gerdentified we next identified all the remaining probes

for those genes regardless of where they were in the heat map list. Lastly, we considered a gene to
be a ficandidateo i f at |l east 50% of all the p
criterion and if that genevhen translatedyunctions as a transcription factor or is a nuclear protein

that may potentially regulate transcription.

in situ hybridization
Embryos were fixed in 4% paraformaldehyde @amditu hybridizations were performed

by undergraduate researchers Mr. Campbell, Ms.JEayeards, Ms. Machikas, Ms. Rodriguez or
myself as previously describefd5,23,26] In most cases the undergraduate researchers were

working under the mentorship of Dr. England. The exception is Ms.-Edyerds whom |
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mentored. Alsoin situ hybridization plus immunohistochestry experiments were performed as
described if15] by me.RNA probetemplates includedevx1[27], vsx1[28], ebf3[29]. DNA
templates for theemaining probes (Table 1) were generated by-B@RIlifying cDNA using a
reverse primer containing a T3 promoter sequ
extracted by homogenizing 5000mg of 27h wild-type zebrafish embryos in 1mL of TRIzol
reagent (Ambion, 1559626). cDNA was synthesized using HRad iScript Reverse
Transcription Supermix kit (Bidrad, 1768891). A 50uL PCR reaction was assembled contginin

5uL cDNA and one unit oPhusion HighFidelity DNA Polymerase (NEB, M0530L). PCR
conditions were: 94 °C for three minutes followed by 35 cycles of 94 °C for 30 seconds, 56.5 °C
for 30 seconds, 72 °C for 1.5 minutes and then a final extension step@©ff@210 minutes. For

some probes these conditions were insufficient to yield a specific product so an alternative protocol
was used: 94 °C for 15 minutes followed by 10 cycles of 94 °C for 20 secéfddigher than

the lowest primer tinfor 60 seconds angmperature decrease 6°C each cycle followed, for 35
cycles of 94.8C for 20 seconds, tm of the lowest tm primer for 60seconds}@ 0 one minute,

45 secondsPCR products were purified by phenol:chloroform extraction. Additignaliobes

which did not produce any specific stainifrgp discrete expression in any tissue before embryo
became overstained and dark all owgeye redesigned and tested at least one more time. Despite
attemptswe were unable to generate useful probesefafla, raraa, raratandrereb. However,

with the exception ofereb, the remaininghree geneswere assessedly viewing images from

publicly available databases (ZFIN.org and http://cassandre.ka.fzk.de/ffdb/index.php; appendix I)

In situ hybridizationexperiments were performed for each gene on 24 h, 27 h, 36 h and 48
h old zebrafish embryo3his was done to determine if the expression of any of these genes were
expanded or restricted in the spinal cord during development. Also, on occasigitu
hybridization experiments weggerformed on 24 iImindbombmutant embryos. As several spinal
neuron types are expandednmndbombmutants, these experiments allowed us to determine if
any weakly expressed genes were detectable in spinal cords with expandea types.
Imaging

Embryos were mounted in 70% glycerol, 30% PBS and DIC pictures were taken using an
AxioCam MRc5 camera mounted on a Zeiss Axio Imager M1 compound microscoyde. by
Campbell, Ms. Foy&dwards, Ms. Machikas, Ms. Rodriguez or. e situ hybridization and

immunohistochemistry experiments were imaged ateigs LSM 710 confocal microscope by
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me. Images were processed using Adobe Photoshop software (Adobe, Inc) and Image J software
(Abramoffet al., 2004). In some cases, differentdioplanes were merged to show labeled cells

at different medial lateral positions of the spinal cord.

Results
36 genes have microarray expression profiles that correlate with the glutamatergic
neurotransmitter phenotype

To identify transcription factorshat correlate with the glutamatergic neurotransmitter

phenotypeMs. Rodriguez and | manually identified probes wittmigroarray expression profile

with relatively higher expression in glutamatergic (VOv and V2a) interne(it®nt6,30 33] than
inhibitory (V1, V2b or KA) neuron$21,26,34 41] (see methods). In this way, we identified 36
genes from théop 135 differentially expressed genes that were expressed relatively higher in
glutamatergic populations than inhibitory populations (Fig. 2; Tapkppendix ) andthatalso
encodednuclear proteins that function as transcription factors or haverddicped ability to
interact with DNA and potentially regulate transcription (see methods).

in situ hybridizationexpression does not match microarray expression profiles for 23 genes
To confirm the microarray expression profiles for these identified candidate genes we used

in situ hybridization. Specifically, we compared tire situ hybridization expression of the 36
candidate genes tvxlandvsxl,which specifically label VOv and \é@populationsrespectively,

to determine if these candidate genes are expressed at a greater level in the VOv and V2a ventral
populations (Fig. 3 Appendix ) [15,32,33,38,4P45]. 23 of the 36 genes have am situ
hybridizationexpression pattern that does not match their microarray expression profile. Of the 23
genes thahave differenin situ hybridizationexpression patterns, 11 gerfkesa, nfyba, onecut3,
pbx3a, rail, raraa, rarab, rarga, srebf2, zbtba@d zgc:194800 are expressed by many more
spinal cord cells than what was predicted from their microarray expngasiéiles (Fig. 4; Table

1; Appendix ). Conversely, 12 geneatknla, atxnlb, cica, crem, hiflaa, im:7156494, klh|29,
phactr3b, samd8, skilb, znf5Ehd znf804a) were not detected in the spinal caadin situ
hybridization(Fig. 5; Table 1Appendix ). Together, these 23 genes were not exprassadeast

VOv and V2a neuronas we predicted from the microarray expression profil€Eig. 2; Table 2).

Additionally, LOC00004939s expressed at very high levels in the somites which masks
any potentiabpinal cord expression. Therefore, we cannot determine if this gene is expressed by

VOv and/or V2a interneurons. Also, we never generaten situprobefor rereb,because no PCR
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product was generateid, spite of trying two differenin situ hybridizaion probes, which targeted
different positions within the gene, nor is there any published expression data describing this
gen®s expr es s i on. Themefore, tveecowddmoat detetmine ibthiscgene is expressed

by VOv and/or V2a interneurons.

Four genes potentially expressed in the predicted glutamatergic populations
We did identify four genesa(id5b, ebfla, ebfandsox13 that appear to be expressed by

VOv and V2a populations in the ventral spinal cord (Fig. 6; Tapkgppendix ). Although these

conclusions are based on comparing sing&tu hybridization patterns as weave not performed
double labeling experiments for these candidate génesestingly thougharid5b only appears
to be expressed by both VOv and V2a interneuronswdy €4h and 27h) time points. At later
developmental time points (30 h & 36 h) it is no longer detected in the spinakoaf®is also
detected in at least VOv and V2a location at 24 h and 27 h but amid&b, sox12expression
becomes restricted fresumably just the VOv domain at later time points.

An additional seven gendsnx1bb, prdm6, skorla, skorlb, tshz2, useszgc:6585) are
expressed by presumably VOv or VOv and more dorsal interneurons but their expression does not
extend ventraénough to suggest that they are expressed by V2a interneurons; @#igpe®idix
). In the case ofmx1bh I confirmedthat V2a neuronsdo notexpresdmxlbbwith anin situ
hybridization forImx1bb coupled with immunohistochemistry for GFP TigBAC(vsx1:GP)
embryos, which specifically label V2a neurons with GEP. As predicted, we did not observe
any cclabeling betweenmxlbband GFP suggesting that this gene is not expressed by V2a
neurons(Fig. 7). Since the other seven genes are expressed no more ventiahxbbh we
predict that they too artkely not expressed ifvV2a interneurons. However, double labeling
experiments would need to be conducted to confirm this prediction. Moreover, while the
endogenous expression of these genes does not completely agree with their microarray expression
profiles, the expression dig¢se genes is potentially-iime with the intent of the study which was

to identify genes that are expressed specifically in glutamatergic neurons.

Contamination in the V2a expression profiles
As described above (Fig. 6; TableAppendix ), Imx1bb, prdm6, skorla, skorlb, tshz2,

uncxandzgc:65851appear to be expressed byestdt VOv but not V2a cells by 2vin the ventral

spinal cord. For thatason, we explored the possibility that V2a F#&ted cells were not a pure

population and poteially contained cells expressing genes specific to other neuron populations.
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To address this, we directly comparbe V2a and V2b + KA expression profiles and examined
genes known to be expressed by neurons other than V2a, V2b and KA neurons (Fie 8).Ta

If our hypothesis that the V2a FAsbrted cell populatichwere contaminated was corréogn

we expected to observe genes specific to other neuron populations differentially expressed at a
higher level in V2a neurons than V2b + KA neurons.

AslImx1bb, tshz2, prdm6, skorla, skorlb, tshz2, andxgc:6585lappear to be expressed
by VOv but not V2a neurons in the ventral spinal cord, we examined the V2a microarray expression
profile for VOv specific genes to determine if they were inaccuratefigrdiftially expressed. The
first gene we examined wasxlas it is expressed exclusively by VOv neurons in the spinal cord
[15]. In support of our hypothesiwe see thagvxlis expressed relatively higher in V2a neurons
when compared to V2b + KA neurons with an average posterior probability of 0.84 (Fig. 8; Table
3). Similarly, evx2 another VOv specific gerjé5], is expressed relatively Higr in V2a neurons
when compared to V2b + KA neurons (Fig. 8; Table 3). However, the averaged posterior
probability for evx2was lower (0.58) thaevxl Similarly, skor2 another VOv specific marker
([15] and chapter 4), was also differentially expressed at a higher level in V2a neurons when
compared to V2b + KA neurons withpasterior probability of 0.62 (Fig. 8; Table 3).

The V1 neuron population resides just dorsal to the V2a population and is in closer
proximity to V2a neurons than VOv neurons (Reviewed}). Since we detected contamination
of genes specific to the more dorsal VOv population, we next examined whether apgaific
markers were also expressed relatively higher in V2a neurons when compared to V2b + KA
neurons. The first gene that we examined a@glb.the zebrafish orthologue n1,which is
expressed specifically in V1 neurof&5,47] Similar to the VOv specific gene resules)glbis
expressed relatively higher in V2a neurons when compared to V2b + KA neurons with an average
posterior probability of 0.84 (Fig. 8; Table &nother gene that is specific to V1 neuronetjsh
(Cerda, unpublished). Likenglb, otplwas also expressed relatively higher in V2a neurons when
compared to V2b + KA neurongith an average posterior probability @08 (Fig. 8; Table 3).
The results e the same fonmx3a(average posterior probability of 0.82) gene specific to dI2
and V1 neurons (Cerda & England, unpublished; also see appendix IIl) (Fig. 8; Table 3).
Additionally, we assessquhx2a,a gene expressed by V1 and more dorsal inhibitefig [48i

50]. Consistent withhe previous resultpax2awas expressed relatively higher in V2a neurons
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when compared to V2b + KA neurowith an average posterior probability of 0.@6g. 8; Table

3). Lastly,pax8a closely related family member pax2a,which functions redundantlp specify

the inhibitory neurotransmitter fates for multiple interneuron populati®$ and is also
expressed bw1 neurons (but not by any cells ventral to the V1 domain), is also expressed
relatively higher( average posterior probability of 0.98)V2a neurons than V2b + KA neurons
(Fig. 8; Table 3).

Additionally, we examined motor neuron markers as thesearellalso in close proximity
to V2a neurons (Reviewed if#6]). The first gene we examined wasix2bwhich is specific to
motor neurong51i 54]. Unlike our previous resultsve did not see differential expression of this
gene when comparing V2a and V2b + KA expression profiles (Fig. 8; Table 3). Interessiigly,
a gene specific to both motor neurons and Rohon Beard (RB) cells in zebrafish, was differentially
expressed with a posterior probability of 0.J&5i 60] (Fig. 8; Table 3). Sincennx2ba gene
specific to motor neurons was not differentially expressedstua gene expressed by both motor
neurons and RB cells was, we exardiaeRB specific genetdetermine if RB specific genes are
also contaminating the V2a expression profile. Specifically, we examimed. but contrary to
our hypothesis it was not differentially expresfgti62] (Fig. 8; Table 3). In conclusion, all these
results demonstrate thatrges specific to VOv and V1 cells as well as other-Wi@a genes are
detected at a relatively high level in the expression profile of the V2aded€d cells suggesting
that either the sorted cells were tamminated with other cell typex V2a cells turneé on other

nonV2a genes during the dissection and/or sorting processes.

FAC-sorted cells did not upregulate apoptotic genes

Lastly, we examined the expression of known apoptosis markéne expression
profiles of Va and V2b + KA populations to ruletabe possibility that one of the sorted cell
types were dying and causing the rrespression of genes (Table 4). We exanfios max,
myca, cyvlandtp53and found that none were differentially express between the two groups nor
were these genes expredse relatively high levels. Together, these results suggest that neither

the FAGsorted V2a nor V2b + KA cells were going through apoptosis.

Discussion
In this chapterwe identified four transcription factorar{d5b, ebfla, ebfandsox13 that

based omn situhybridization assays are probably differentially expressed at a higher level in VOv
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and V2a neurons than V1, V2b and KA neurons in the ventral spinal cord (Fig. 6; Table 2).
Therefore, these transcription factors are likely expressetlitangatergic neurons. In addition,

we identified seven transcription factorenxlbb, prdm6, skorla, skorlb, tshz2, urand
zgc:6585] that inin situ hybridization experimentsuggestre expressed presumably diyleast

VOv interneurons but not V2a neurs which is contradictory to their microarray expression
profiles. While these seven transcription factors do not appear to be expressed by V23 neurons
they do seem to be expressed by at [¥&st neurons. Therefore, these ttanscription factors

may beexpressed primarily by glutamatergic neurons but further experiments would be needed to
test this. In addition, functional experiments are needed to determine if any of these transcription
factors function in the specification and/or maintenance of th&mlatergic neurotransmitte
phenotype in the spinal cord likex1bbin Chapters 3skorlaandskorlbin Chpate4 andtshz2

in appendix Il It should be noted thatrid5b, ebfla, ebfandsox12have not yet been assessed
either because they are weakly expressed which makesal@ation experiments difficult or no

no available mutants or morpholinos.

Interestingly, some of the candidates identified in this chapter were also identified in a
study conducted by Borromeo and colleague®m used ChiFSeq and RNA-Seq to also identify
genes potentially involved in neurotransmitter fate specification and/or mainteif@Bice
Specifically, that study identified direct targetdaflaandAscl], in the mouse neural tub@tfla
and Ascllare key transcription factors required for the specification of excitatory and inhibitory
neurotransmitter phenotypes, respectively, in the spinal fi2@3,64] Excitingly, Ebf3, Lmx1b
and Uncx are genes activated biscll, the excitatory neurotransmitter phenotype promoting
factor, and repressed Byfla,the inhibitory neurotransmitter phenotype promoting factor, in the
mouse neural tubgd2,63,64] These da combined with our microarray expression profiling data
provides evidence supporting the idea &8, Imx1banduncxmay function in the specification

and/or maintenance of glutamatergic neurotransmitter phenotypes in the zebrafish spinal cord.

Additionally, Skorl,which potentially is expressed by at least VOv (glutamatergic) neurons
(Fig. 6), was identified in the Borromex al.,2014 study. HoweveSkorlwas activated by both
Ascll and Ptflabut to a greater level by Ascllinterestingly,Lhx1, Lhx5 and Pax2, genes
necessary for the specification and maintenance of inhibitory neurotransmitter pheraotypéss

activated by both Ascll and Ptfla though they are activated by ®tldanuch greater level

55



[11,37,49,63,64]These mouse data suggested that key inhibitory neumsritter regulator genes
and a potential glutamatergic neurotransmitter regulator gene are dependent Asdibénd
Ptfla.Moreover, these data provide supportd&orlaandskorlbbeing potentially involved in

the specification and/or maintenancegaftamatergic neurotransmitter phenotypes. (These genes
are examined in more detail in Chapter 4).

Additionally, some of the candidate genes identified in this study have already been shown
to function in the specification and/or maintenance of neuratréies phenotypes. Perhaps the
best studied imx1b In the raphe nucleusmxl1bis required for both the induction oft$T
neurons and the maintenance of thE'b neurotransmitter phenotyp&5i 67]. In the trigeminal
brainstem complexmxlbknock-out mice generate glutamatergic neurons but cannot maintain
this neurotransmitter phenotyp@6]. Instead, thesd.mxlb mutants have an increase of
GABAergic neurongin this brain region, roughly equivalent in number to the loss of glutamatergic
neurons. Additionally, Lmx1b is sufficient to inhibit GABAergic phen@gm@s ectopic expression
of Lmx1bresults in a reduction dbadl and Pax2 expression in the superior collicul(86].
Together these results demonstrate that, at least in the mouseLbrgihis necessary for the
maintenance of neurotransmitter phenotypes and is sufficient to prevent inhibitory
neurotransmitter phenotypesen ectopically expressed. For these reasons, we investigated the
role Lmx1bplays in neurotransmitter specification and maintenance within the zebrafish spinal

cord (chapter 3).

Interestingly, in the dorsal spinal cord of mice, the transcription f&tifirequires Lmx1b
to specify its expression whikebf3requires Lmx1b to maintain its expressié@]. While these
genes have not been shown to directly regulate neurotransmitter specificatiomiaraiatehey
are necessary and sufficient for aspects of neuronal differentiation in the chick spin@%ord
Specifically, these genes are required for the expression of sommipatst specific genes as
well as the proper migration of pestitotic neurons[69]. Since Ebfl and Ebf3 are key to
establishing some postitotic characteristics and require Lmx1b for their expression, it is worth
investigating the hypothesis that these genes may function in neurnoittansphenotype

acquisition and/or maintenance.

Another gene identified in this chapter and the Borroetead., study with the potential to

be involved in neurotransmitter phenotype specification and maintenamoexig he C. elegans
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geneunc4 is theortholog of the mouse and zebraflshcxgeneq70]. Excitingly, whenunc4 is
knockedout, VA motor neurons, which expressac4, no longer produce several synaptic vesicle

proteins (UNGL 7 fAcholine acet vyl ihmrwmwapwbrevin @and RAB)[7l]s ynapt c
Still, these neurons express other 1synaptic proteins at WT levels and maintain WT axon
trajectories but they have far fewer synaptic vesicles than WT VA ne[#bhsAlso, in mouse,

Uncxis expressed by at least V3 (glutamaterge)nons in the ventral spinal coftR]. Together

these results suggest thamcx is another strong candidate for potentially specifying and/or

maintaining spinal cord glutamatergic phenotypes.

While it is exciting and reassuring that several of the candidate genes identified in this
chapter have been imphted in neurotransmitter phenotype acquisition and/or maintenance,
perhaps the more interesting genes are those that have not yet been associated with these functions.
Specifically,arid5b, prdm6, sox12, tshza&ndzgc:65851have not yet been shown tanfttion in
neurotransmitter phenotype specification and/or maintenance making them exciting candidates.
Moreover,zgc:65851has not been studied in any system making it a very exciting candidate while
the other genes have been studied to some capacityhém tissues. Compared to the other
aforementioned candidatesjd5bis a lower priority for future study as its expression is transient
suggesting it may only function in a subset of interneurons as interneurons are continually born
throughout neurogenesin zebrafisk30,81,82] On the other hand, the remaining genes are strong
candidates for future functional analy§iene knockout/down experiments)n fact, | examined

the functions otkorla, skorllandtshz2(chapter 4 and appendix 1).

Also, in this chapter we show that it is likely that our FA@ted V2aneuron population
were either contaminated by neurons from other populations andtahéh&'2a cells changed
their expression profiles during the dissection / F&atting procedures. By analyzing VOv, V1,
RB and motor neuron specific genes in the V2a microarray expression profile, we have
demonstrated that severanV2a genes are misexpressed at relatively high levels in the V2a
microarray data (Fig. 8; Table 3). Also, several candidate genes identified in the V2a expression
profile do not appear to be expressed endogenously by V2a neurons. Explicitly, we do not detect
Imx1bbin V2a neuons (Fig. 7). Sincashz2, prdm6, skorla, skorlb, sox12, tshz2, wamk
zgc:65851are not expressed any more ventral timaxilbb,it is reasonable to assume that these

genes are not expressed by V2a neurons either. For these reasons, it is plaugibly/ BzaFAC
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sorted populations included neurons of other spinal populations and/or that at least a subset of V2a
neurons miexpressed genes specific to other cell populations.

As only postmitotic neurons were FAGorted (see methods), it is possible ttia
Tg(vsx2:LOXPDsRedLOXP-GFP) transgene is expressed (at least transiently) inrpiastic
neurons other than V2a neurons (specifically VOv and V1 neurons) as this would explain our
results. In support of this idea, the combination of two experimesmg theTgBAC(vsx1:GFP)
line, which was generated in the same manner aggfwsx2:LOXPDsRedLOXP-GFP) line we
FAC-sorted, suggest that the transgene (GFP) is expressed imipmist population other than
V2a neuron$16,21] The first experiment showed that most G&pressing cells at 17 h are not
progenitor neurong1]. The second experiment, at 17 h, showed that manyezpiessing cells
are not ceexpressed withisx1,a V2a specific geng1]. While these esults do not directly show
that postmitotic, nonV2a neurons express GFP, these results do strongly suggest that there are
some because so few progenitor cells expressed GFP compared to the numb&f2af neuarons
at 17 h. Therefore, these results supphe idea that some GFpressing cells are nér2a post
mitotic neurons. Since our FASbrting experiments were conducted at 27 h we cannot definitively
say that there are néra populations expressing GFP then but unless there are drastic changes
int his transgenic |linebs expression pattern th
nonV2a neurons expressinge transgen the Tg(vsx2:LOXPDsRedLOXP-GFP) line at 27 h.
Furthermore, it is realistic to assume that Tiggvsx2:LOXPDsRedLOXP-GFP) transgene has
the same expression pattern as TgBAC(vsx1:GFP)ine. Work done by a previous graduate
student, Liva Andrzejczuk, demonstrates thatTigé/sx2:LOXPDsRedLOXP-GFP) expression
pattern is similar to thEgBAC(vsx1:GFPgxpressiompattern at 27 h, 30 h and 36 h (Andrzejczuk,
unpublished). In conclusion, while we do not have direct evidence demonstrating that the
vsx2:LOXPDsRedLOXP-GFP transgene is expressed by populations other than V2a neurons,
evidence gathered using a similsre does support the idea that AgRa postmitotic neurons

express GFP at least at 17 h.

On the other hand, the contaminated V2a Fs&@ed cells may in fact be V2a neurons but
theymayhave become A c-exprésa sapstriptiorafactbrs spectic to other cell
populations. However, this would be inconsistent witlevious FAC-sorting experiments

conductedin the Lewis Laboratory{14]. From preliminary searches in other FAGrting
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experimentsno other FAGsorted populations seem to peispress transcription factofsom

other neuron populatiorteough, thesexperimentfiawe not beemhoroughy examined for false
positives[14]. Theefore, if the V2Za FA& or t ed neur ons have become
express transcription factors then there must be something unique about trsof&dCV2a
population. At this moment, it is not clear why the V2a F#dted neurons may have behaved
differently than all the other neurons we have F#ated to this point. One possible explanation
could be the bulk of the V2a FA&brted neurons were developmentaltyaadifferent age
compared to neurons in the other sorted populations. This could havedédsoih differential
fluorophore dynamics in the sorted populations. In other words, the fluorophore used to sort other
cells may turn on later so that only developmentally older neurons were sorted at 27 h. However,
the fluorophore used to sort V2a celtgy come on quier meaing earlier born neurons could

have potentially been sorted disproportionately comparted to the other sorted neuron types.
Perhaps developmentally younger neurons are not as set in their differentiation state potentially
explainingthe potential misexpression hypothesiRegardless of the reason, the data presented in
this chapter strongly suggests that FA@ted V2a neurons mexpress some transcription
factors. Specifically, we deterdl1 at a high levels in V2a FAGorted newns, which is specific

to both motor neurons and RB cells yet, other motor neuron and RB specific genes were not
identified [61,62] (Fig. 8; Table 3). These results demonstrate that complete expression profiles
for other neurons (at least motor neurons and RBgwot detected suggesting these neurons were

not missorted into our V2a samples and that the Fsa@ted V2a cells misxpressed some genes.

Interestingly, the amount of V2a contamination was variable among thesBAiGg
experiments. Specificallymxlbbanduncxgenes are expressed relatively higher in V2a cells for
the first three sorts (first three columns of heat map) than the last sort (last column of heat map)
which is expressed at levels similar to the V2b + KA expression profile (Fig. 2)tidwhlly, the
mis-expression oévx2, otpb, hmx3a, pax2adpax8in the V2a FACGsorted neurons was higher
in the first two experiments than the last two experiments (Fig. 8). What these results suggest is
the cause of the VA@ontamination canbe influenced by experimental conditions. For example,
the variability among FA&orting experiments could have resulted from some of the V2a FAC
sorted cells being sorted quicker not | eaving
express gess specific to other cell populations. Alternatively, the V2a cells could have been sorted

at a slightly different developmental time pairdnd because of differerfluorescent protein
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dynamics in other neuron populations, there may have been few®¥i2acsells sorted. Regardless
of the reason, the fact remains that Fé@ted V2a cells expressed genes specific to other neuron

populations, especially in the first two experiments.

By and large, most of the candidate genes identified in this chapter daveann situ
hybridization expression pattern that matches their microarray expression profile. Specifically, 11
genegkiaa, nfyba, onecut3, pbx3a, rail, raraa, rarab, rarga, srebf2, zb#ntxgc:19480pare
expressed by many neurons in the spinadl @zhile another 12 geneatknla, atxnlb, cica, crem,
hiflaa, im:7156494, klhl29, phactr3b, samd8, skilb, znf&i® znf804a) are not detected in the
spinal cord viain situ hybridization. There are two likely explanations for why thesitu
hybridization patterns of these genes do not match their microarray expression profile. One, some
of these genes may in fact be expressed as predicted by their microarray expression profile but due
to in situ hybridization experimental limitations they were not chesazed as such. Two, some
of these genes may be falgesitives resulting from using a microarray candid&teegcutoff that

was too lenient or genes becoming genes becoming misexpressed or contamination in our sorts.

There are many experimental reasorg/\n situ hybridization expression patterns may
not match the microarray expression profiles for the identified candidates. For example, some of
these candidates may just be expressed at very low levels which we do not deteict sising
hybridization lut could detect using microarray technology. This could explain why we do not
detect spinal cord expression for 12 of our candidates. Furthermore, some iof sha
hybridization probes we used ynaot have worked or worked well enough to detect exprassi
patterns suggested by the microarray expression profiles. Explicitly, if a probe did not work/work
well, we may not have detected any expression in the spinal coratXnda, atxnlb, cica, crem,
hiflaa, im:7156494, klhl29, phactr3b, samd8, skilb5zB8and znf804a) or we may have detected
nonspeci fic fAbackgroundo staining in the spin:
differential expression (i.&kiaa, nfyba, onecut3, pbx3a, rail, raraa, rarab, rarga, srebf2, zbtb10
and zgc:194800. Moreove, the microarray expression profiles only showed differential
expression of genes between populations, it did not describe whether a gene was or was not
expressed by a population. Therefore, the candidates that are expressed in multiple populations

couldbe correct but we failed to detect the differential expressioniwitu hybridization.
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Interestingly, work in both humans abBdosophilashows that tissue specific proteins have
a propensity t o interact vkietehp i o girs 48@HARJootu s | y
Furthermore, ilDrosophila,tissue specific transcriptional regulators showed a tendency to interact
with ubiquitously expressed proteif&5]. Since transcription factors often function in complexes
and the proteins within these complex can determineetipalatory outcomes, it seems probably
that ubiquitously expressed genes function with tissue specific transcription factors to regulate
transcriptional outcomef86i 88]. Moreover, these studies in fly and humans have raised an
intriguing possibility that ubiquitously expressed genes may potentially function in
neurotransmitter phenotype specification and/or maintenance. Therefore, while the expression
patterns okiaa, nfyba, onecut3, pbx3a, rail, raraa, rarab, rarga, srebf2, zb#rtd¥gc:194800
are not as their microarray expression profiles predicted, this does not rule out the possibility that
they function in the specification and/or maintenance of glutamatergic neurotransmitter
phenotypes. However, beyond this intriguing indirastience from fly and humans, there is no
other reason to suspect these genes may have a role in neurotransmitter specification and/or

maintenance and therefdieey are dow priority for future functional analysis.

As mentioned above, we may have needed to use a stricteff ut identifying genes as
most of the identified candidates are potentially falgsitives. Specifically, probe sets for
individual genes were never collapsed into one single value. Thid thaamwe had to identify all
the probes for a particular gene, irrespective of its statistical value, to determine whether it was
likely expressed higher in VOv and V2a neurons than V1 (see methods). By doing that we may
have biased our data which leadtie abundance of falgq®sitive candidate genes. Supporting
this idea, when | average the posterior probability of the probe sets for the genes identified, nine
of the 36 candidate genes have an average posterior probability below 0.95. Not surpaiingly,
nine genes with posterior probabilities below 0.95 hHav&tu hybridization expression patterns
that do not match their microarray expression profile. Converagtpb, ebfla, ebfandsox12
all have an average posterior probabilities above 0.€5airin situ hybridization expression
patterns seem to match their microarray expression profiles. In total, these results suggest that we
may have needed to use a stricter microarray cutoff which would have eliminated at least nine

likely false-positives.
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Conclusion
We sought to identify transcription factors differentially expressed in glutamatergic

interneurons of the ventral spinal cord. In total we identified 11 transcription factors that correlate
with glutamatergic neuron(s) of the ventral spard. Several of these identified candidates have
previously been implicated in neurotransmitter fate acquisition and/or maintenance supporting the
idea that these genes may function in that capacity in the spinal cord. However, further functional
analyss will be need to demonstrate that these genes actually do function to specify and/or
maintain neurotransmitter phenotypes. Specifically, we address thémalHsb, skorla, skorlb
andtshz2may have in neurotransmitter fate specification and/or maintenan later chapters

(chapters 3, 4 and appendix II).
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Figures andLegends
Fig. 1: Probe desigfor custom microarray chip
Schematic depicting the number of probes designed for each gene transcript for our custom Agilent

microarray chip (Agilent #027382). The chip has 33784 probes, eight distinoe6@robes,
corresponding to 3362 potential tranption factor gene transcripts.
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Fig. 2: Genes expressed relatively higher in glutamatergic interneuron than inhibitory
interneurons
Listed in alphabetical order are the heat maps corresponding to genes that the microarray data

suggestdare expressed at relatively higher levelglimamatergic (VOv & V2a) neurortban in
inhibitory (V1, V2b & KA) neurons Columns represent individual microarray experiments. Rows
indicated relative expression levelsat were subjected to a Zransformaibn normalization and
are presented as Z scokelsere mean = 0 and standard deviation =highly-expressedied) to

-1 (weakly/not expressedhlue). A two-class eBays comparison of glutamatergic and inhibitory
populations was used for statistical anay$trobes for each gene are ranked by their mixing
proportion which measures their posterior probability (see Table 2).
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Fig. 3:evxlandvxll a b e | neurons in the mvedidllaxdas of t he sp
Lateral view of zebrafish spinal cord: 27ahand b). Anterior left, dorsal tom situ hybridization

evxl(a) andvsx1(b) which correspond to VOv and V2a neurons respectively. Black dashed line

labels the ventral limit of the spinal cord. Scale bar = 50um.

27 h
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Fig. 4: geneexpressed in multiple spinal cord neurons
Lateral views of zebrafish trunk at 27 hi{aAnterior left, dorsal topin situ hybridization ofkiaa

(a), nfyba(b), onecut3c), pbx3a(d), rail (e), rarga(f), srebf2(g), zbtb10(h) andzgc:19480((i).
Scalebar = 50um (a).
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Fig. 5: genes not detected in the spinal cord
Lateral view of zebrafish trunk at 27 hifg. Anterior left, dorsal topin situ hybridization of

atxnla(a), atxnlb(b), cica(c), crem(d), hiflaa(e), im:7456494(f), klhl29 (g), LOC00004939
(h), phactr3b(i), samdq(j), skilb(k), znf513() andznf804a(m). Scale bar = 75um{aand }m)
and 50um (i).
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Fig. 6: genes presumably expressed in glutamatergic spinal neurons
Lateral view of zebrafish trunk 27 h-{a Anterior left, dorsal topin situ hybridization ofarid5b

(a), ebf3(b), Imx1bb(c), prdm6 (d), skorla(e), skorlb(f), sox12(g), tshz2(h), uncx(i) and

zgc:65851(j). Black triangles point to spinal neurons expressing gene (a, e and f). Scale bar =

50pum (a and-en) or 100um (b).
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Fig. 7:lmx1bbis not expressed by V2a neurons
Lateral view of zebrafish spinal cord at 27 h. Anterior left, dorsalitogitu hybridizatonImx1bb

(red) and immunohistochemistry GFP (greenY g{vsx1:GFP)embryo. Merged view (top) and

single channel merged views (below). Nolaoalization was detected. Scale bar = 50um.

Tg(vsx1:GFP)

Imx1bb Merge

GFP

71



Fig. 8: Misexpression of genes in V2a sorted cells
Heat mapsare groups by genes that are expressed by specific cell populations according to

[15,35,47149,5162,89) A Control 06 heat map £xpessedbye/gagdnd t o

andvsx? or V2b (Qata2aandgata3 neur ons. AVOvVvO heatwlhne@s cor I

andskor2? that are expressed by VOv neurons but not V2a or V2b newlan?is also expressed

by more dorsal spionaleadormdpce IcloangltestgboenxBa,it b1l g e
pax2aand pax8 that are expressed by V1 neurons but not V2a or V2b neuwtpis. hmx3a,
pax2aandpax8ar e al so expressed by spinal cells dor :
correspond to gendsnx2b, isllandrunxl) that are expressed by motor neurons and/or Rohon

Beard neurons but not V2a or V2b neurons. Columns within the heat maps represent individual
microarray experiments. Rows within the heat maps indicate relative expression levelsfaf sp

genes as normalized data transformed to a mean of zero and a standard deviation of +1 (highly
expressed, Red) td (weakly/not expressed, Blue) in sigma units. A-tlass eBays comparison

of V2a and V2b populations was used for statistical armlysobes for each gene are ranked by

their mixing proportion which measures their posterior probability (Table 3).
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Tables and legends
Table 1: Genes expressed relatively higher in glutamatergic than inhibitory interneurons
First column lists the genes identified in the microarray datkely being expressed at higher

levels in glutamatergic interneurons than inhibitory interneurons in the zebrafish spinal cord at 27
h. Adjacent columns list the primers used to genenatsitu hybridization probes for the
corresponding genes and who performedithsitu hybridization experiment. The last column
describes the endogenous expression pattern of the genes at 27 h as assésssitu by

hybridization. SC= spinal cord, N/A= gee/e were never able to generatesitu probes for.

Who
perform
Gene Forward Reverse ed ISH Expression
CCTTCGCCATT
CATTCCTTAAT | AATTAACCCTCACTAAAGGGA Specific in the SC at 24 but
aridsh G TTGCGTTCAGTTTGTGAA me SC expression is lost after 27
AATTAACCCTCACTAAAGGGA
TTCTCCTAGCG | CCGGCAAAGTAACCAATGAT Not in SC but specific in othe
atxnla| CAATCCAGTAC AG me tissue at 27 h
CCT GAC AGA
AGC CACTTT | AATTAACCCTCACTAAAGGGA | undergra| Not in SC & nothing specific
atxnlb CcC ACCAAACTCATGCTCCGT TC duate | anywhere at 27 h
CTCCCTCTACTC| AATTAACCCTCACTAAAGGGA | undergra| Not in SC but specific in othg
cica GTGCCAGA AGGCCAGCCTTCTCCTAATC duate | tissue at 27 h
CGACTGTGGTC | AATTAACCCTCACTAAAGGGA | undergra| Not in SC but specific in othg
crem AGTCACG TCGGAGCTGGTGTATTTGTG duate | tissue at 27 h
ebfla N/A N/A N/A At least VOv & V2a at 27 h
Probe made from
ebf3 plasmid Probe made from plasmid me At least VOv & V2a at 27 h
AATTAACCCTCACTAAAGGGA
GAACACCAGGA | TCACAGTCGTGATGGGTGATT | undergra| Not in SC & nothing specific
hiflaa | GGAGGTTGAG TG duate | anywhere at 27 h
CCTTATCTGAC | AATTAACCCTCACTAAAGGGA
im:71 | TGGGCGTTCAA | AGTCAGAGACCTGCTTCAGTG| undergra| Not in SC & nothing specific
56494 GCCCC TTTGCAC duate | anywhere at 27 h
TTGTGTATCCT | AATTAACCCTCACTAAAGGGA | undergra| Expressed by many SC
kiaa GGCATTGGAG | CGAGCGTGTCTTTGCTCTTAG| duate | populations at27 h
TGCGGAGGGAA | AATTAACCCTCACTAAAGGGA | undergra| Not in SC but specific in othg
kihi29 GATCTATGT GGCTCGTGGATTGGAATAAA duate | tissue at 27 h
At leastin VOv cells, doesn't
Imx1b | GGGACAAGCAA | AATTAACCCTCACTAAAGGGA seem ventral enough for V24
b CACTTGGAG TCCGAACATCACATTTCAACA me cells at 27 h
LOC1
00004 | ATGCGCTCAGA | AATTAACCCTCACTAAAGGGA | undergra
939 TTCTCTGGT GTCTCTCCTGGTCGCTCATC duate | Somite staining at 27h
GTCAGATGGAC | AATTAACCCTCACTAAAGGGA | undergra| Expressed by many SC
nfyba | GGAGACAGC ATGGCCTTTTTGTGTGTTCC duate | populations at 27 h
AATTAACCCTCACTAAAGGGA
onecut| CGATTCGAGCA | CCCTTGTCCACTTTTCAGGAT | undergra| Expressed by many SC
3 TGAGTCTGAG AAAC duate | populations at 27 h
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Who
perform
Gene Forward Reverse ed ISH Expression
AGCTCATGCGT | AATTAACCCTCACTAAAGGGA Expressed by many SC
pbx3a| CTGGATAAC AAACGCCATTACCATTCAGG me populations at 27 h
phactr | CGCTGCTGTTT | AATTAACCCTCACTAAAGGGA | undergra| Not in SC but specific in othg
3b CTGTCAAAC CGCTCTGCTCATTCTCAGTG duate | tissue at 27 h
At least in VOv cells, doesn't
GATCAGGAGGG | AATTAACCCTCACTAAAGGGA | undergra| seem ventral enough for V24§
prdm6 | AACGCTACAG | GTGGGATCCCGAAGAAAGAC duate | cellsat27h
GGCTTCATCAT | AATTAACCCTCACTAAAGGGA | undergra| Expressed by many SC
rail | CCACAGGTTTG | GCTGAATTGCTGGGAGAGTC duate | populations at 27 h
Expressed by many SC
raraa N/A N/A N/A populations at 27 h
Expressed by many SC
rarab N/A N/A N/A populations at 27 h
GTTGGGAAGGA | AATTAACCCTCACTAAAGGGA | undergra| Expressed by many SC
rarga | GCACAACATT CCCATACAAACGCTTGTTCA duate | populations at 27 h
GTTGGGAAGGA | AATTAACCCTCACTAAAGGGA | undergra
rereb | GCACAACATT CCCATACAAACGCTTGTTCA duate | Unknown
CTCAGGGTGTG | AATTAACCTCACTAAAGGGA | undergra| Not in SC but specific in othe
samd8| GGTGTTTCTG ACGGTGTTTTTGCTGTAGGG duate | tissue at 27 h
TTCTGTTCCCCA| AATTAACCCTCACTAAAGGGA | undergra| Not in SC but specific in othe
skilb AAGACCAC CTTCTCCTGCTGGAACTTGG duate | tissue at 27 h
CTGTGGCATGA | AATTAACCCTCACTAAAGGGA
skorla| TCACCAAAC CACTGGTCTGAACGCAGAAA me At least VOv & V2a at 27 h
CGAGAGCAGGT | AATTAACCCTCACTAAAGGGA
skorlb| CGATAGAGG GAGGTTTGAAGGTGCAGGTC me At least VOv & V2a at 27 h
At least in VOv cells, doesn't
ACGGCAGACGA | AATTAACCCTCACTAAAGGGA seem ventral enough for V24
sox12 | GGATAGAGA CCAGTTCCTCATCCGAACAT me cells at 27 h
AATTAACCCTCACTAAAGGGA
AGACGACGGTT | TAAACCCAGACCACACGACA | undergra| Expressed by many SC
srebf2 | AGGCTGATG G duate | populations at 27 h
CATGCACAGTA At least in VOv cells, doesn't
GCCTGGAGAAA | AATTAACCCTCACTAAAGGGA seem ventral enough for V24
tshz2 ATG GATCGAGGGCTAGCTGTTTG me cells at 27 h
AATTAACCCTCACTAAAGGGA At least in VOv cells, doesn't
CAAGGGTGCAG | CTGGTTGTCGCTGATTCTGAA | undergra| seem ventral enough for V24
uncx GTATGGTTTC TTTTG duate | cellsat27h
TGTGGCAAAAG | AATTAACCCTCACTAAAGGGA Expressed by many SC
zbtb10| ATTGTCAGG CGTGCAACAAAGAGGTTTGA me populations at 27 h
zgc:19| GGTGTGGGTGT | AATTAACCCTCACTAAAGGGA | undergra| Expressed by many SC
4800 TTCTGGAGT ACGGTGTTTTTGCTGTAGGG duate | populations at 27 h
AATTAACCC At least in VOv cellsgdoesn't
zgc:65| CATCCTCGCTT | TCACTAAAGGGAGAGCGATA seem ventral enough for V24
851 CGCTTTTAG CCACTCCTCTGC me cells at 27 h
TATGGAGAGTG | AATTAACCCTCACTAAAGGGA Not in SC but specific in othe
znf513| ACGCTGACG GGCACTTATGAGGCTTCTCG me tissue at 27 h
GCAATTAACCCTCACTAAAGG
znf804| TCATGCAAGCA GA Not in SC & nothing specific
a AGAGAGTGG CAGTCCTCTGCAGGGCTAAC me anywhere at 27 h
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Table 2: Posterior probability of genes expressed relatively higher in glutamatergic than
inhibitory interneurons
First column lists, in an order corresponding to fig. 2, the genes identified in the microarray data

as being expressed at higher levels in glutamatergic interneurons than inhibitory interneurons. The
second column for each gene is the mean differender@liice between the mean glutamatergic
sigma units and mean inhibitory sigma units) and the third column is the mixing proportion (which
measures the posterior probability) for each probe corresponding to that gene. Each gene transcript
has eight correspding probes so each gene will have a multiple of eight probes depending on the
number of gene transcripts. Data{precessing and normalization was performed by Dr. England
using Bioconductor software (https://www.bioconductor.org/). Toless eBayes anales were
performed using GEPAS softwai24]. All reported statistics were corrected for multiple testing

[25].

Gene name MeanDiff mixing_proportion Gene name| MeanDiff mixing_proportion
1.9307500000 1.0000000000 0.6913750000, 0.9591177889
1.8442500000 1.0000000000 0.6252500000, 0.8872456202
1.8087500000  0.9999999999 0.5983750000, 0.8333912646

arids 1.7757500000  0.9999999999 0.5902500000, 0.8207746288
1.71150000000 0.9999999997 0.5655000000, 0.7720814767
1.7691250000 0.9999999996 0.5391250000, 0.7040307887
1.6980000000|  0.9999999994 0.0823750000, 0.0878077965
1.7376250000  0.9999999994 raraa 0.0380000000, 0.0843943224
1.9253750000  1.0000000000 0.6913750000, 0.9591177889
1.7317500000  1.0000000000 0.6252500000, 0.8872456202
1.7138750000  1.0000000000 0.5983750000, 0.8333912646

atxnla 1.8757500000  0.9999999998 0.5902500000, 0.8207746288
1.7032500000 0.9999999998 0.5655000000, 0.7720814767
1.75225000000 0.9999999962 0.5391250000, 0.7040307887
1.0737500000  0.9999917149 0.0823750000, 0.0878077965
0.8130000000, 0.9971391378 0.0380000000, 0.0843943224
0.9998750000, 0.9999136455 0.4820000000, 0.2131739030
1.0096250000 0.9991661780 0.2788750000, 0.1671158916
0.9996250000, 0.9990941929 0.7110000000, 0.1069263300

atxnlb 0.9732500000, 0.9967560929 rarab 0.4351250000, 0.0920314257
0.9417500000, 0.9956389175 0.6571250000, 0.0747131002
0.7588750000, 0.9829000693 0.3028750000, 0.0707048931
0.8363750000, 0.9827855251 0.1808750000, 0.0144718696
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0.5001689889

0.3587500000

0.1034007317

-2.160000000¢

0.9999999998

cica

1.7305000000;

1.0000000000

1.7475000000

1.0000000000

1.6768750000

1.0000000000

1.6823750000

1.0000000000

1.5800000000;

1.0000000000

1.5481250000

0.9999999999

1.5402500000;

0.9999999999

1.5022500000

0.9999999998

crem

2.2396250000

1.0000000000

rarga

2.0106250000;

1.0000000000

1.9652500000

1.0000000000

1.9378750000

1.0000000000

1.9267500000

1.0000000000

1.9152500000

1.0000000000

1.8793750000

1.0000000000

1.8986250000

1.0000000000

1.8667500000

1.0000000000

1.7977500000

1.0000000000

1.7817500000

1.0000000000

1.7781250000

1.0000000000

1.7053750000

0.9999999998

1.6895000000

0.9999999997

1.6760000000

0.9999999995

1.6271250000

0.9999999977

1.5812500000

0.9999999937

2.0302500000

1.0000000000

1.7708750000

1.0000000000

1.5882500000

1.0000000000

1.5707500000

1.0000000000

1.3281250000

0.9999999921

1.1390000000

0.9999983536

0.7472500000

0.9868639644

ebfla

2.2175000000

1.0000000000

rereb

1.9805000000

1.0000000000

1.9877500000

1.0000000000

1.9535000000

0.9999999999

1.7371250000

0.9999999998

1.8998750000

0.9999999983

0.6485000000

0.2875185617

0.1767500000

0.0849450877

-0.1031250000

0.0824703837

2.0877500000

1.0000000000

2.0273750000

0.9999999999

2.0465000000

0.9999999999

2.0000000000

0.9999999998

1.9231250000

0.9999999993

1.9217500000

0.9999999987

1.8811250000

0.9999999983

ebf3

2.7811250000

1.0000000000

samd8

1.9218755000

1.0000000000

1.7805000000

0.9999999999

1.8052500000

0.9999999999

1.7936250000

0.9999999999

1.8041250000

0.9999999999

1.7090000000

0.9999999999

1.7565000000

0.9999999999

1.8403750000

0.9999999999

2.0091250000

1.0000000000

2.0306250000

1.0000000000

1.5853750000

1.0000000000

1.4251250000

0.9999999981

1.5240000000

0.9999999961

1.1535000000

0.9999957671

0.7058750000

0.9758419842

skilb

2.0826250000

1.0000000000

1.7180000000

1.0000000000

1.6542500000

1.0000000000

1.7353750000

0.9999999999

1.4726250000

0.9999999963

1.4726250000

0.9999999540

1.1497500000

0.9999834106

77



hiflaa

2.0548750000

1.0000000000

0.8110000000

0.9824803193

1.9918750000

1.0000000000

2.1917500000

1.0000000000

1.9408750000

1.0000000000

1.9282500000

1.0000000000

1.9566250000

1.0000000000

1.7510000000;

1.0000000000

1.7265000000

1.0000000000

1.7660000000;

1.0000000000

skorla

3.1142500000

1.0000000000

3.7592500000

1.0000000000

3.4850000000

1.0000000000

3.3515000000

1.0000000000

3.8223750000

1.0000000000

3.5276250000

1.0000000000

3.5571250000

1.0000000000

3.6868750000

1.0000000000

1.8565000000

1.0000000000

2.0822500000

0.9999999752

1.2807500000;

0.9999979600

1.2421250000

0.9999949259

1.3680000000;

0.9999933732

0.0486250000

0.0675759014

-0.198875000¢

0.0920620873

im:7156494

2.3665000000

1.0000000000

skorlb

3.9472500000

1.0000000000

3.5732500000

1.0000000000

5.0367500000

1.0000000000

4.6832500000

1.0000000000

3.9770000000

1.0000000000

4.9658750000

1.0000000000

4.6590000000

1.0000000000

3.8305000000

1.0000000000

2.2166250000

1.0000000000

2.2007500000

1.0000000000

1.8143750000

0.9999999996

2.0377500000

0.9999999994

1.6695000000

0.9999999414

1.6393750000

0.9999997234

1.7095000000

0.9999992375

KIAA1841

2.1207500000

1.0000000000

sox12

2.7515000000;

1.0000000000

3.6808750000

1.0000000000

2.9218750000

1.0000000000

2.7490000000

1.0000000000

3.0066250000

1.0000000000

2.2120000000

1.0000000000

1.8748750000

1.0000000000

1.8485000000

1.0000000000

2.0138750000

1.0000000000

1.8356250000

1.0000000000

1.7658750000

0.9999999999

1.8446250000

0.9999999997

1.6118750000

0.9999999648

1.4311250000

0.9999978965

0.9997500000

0.9987027377

kihl29

2.2393750000

1.0000000000

srebf2

2.7837500000

1.0000000000

2.7963750000

1.0000000000

3.0531250000

1.0000000000

2.9803750000

1.0000000000

2.2577500000

1.0000000000

1.9692500000

0.9999999995

-0.2723750000

0.0298655495

-0.0585000000

0.0301904402

2.3116250000

1.0000000000

1.7992500000

1.0000000000

1.8052500000

0.9999999998

1.7227500000

0.9999999899

1.0513750000

0.9999395763

0.6668750000

0.7170405453

0.4238750000

0.3820278565

tshz2

2.4077500000

1.0000000000

2.4111250000

1.0000000000

1.9020000000

1.0000000000

2.1912500000

1.0000000000

1.3556250000

0.9999995749

1.1577500000

0.9999510176

1.0676250000

0.9998593618
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2.3032500000

1.0000000000

0.5757500000

0.7848178688

1.9663750000

1.0000000000

3.0286250000

1.0000000000

Imx1bb

1.9573750000

1.0000000000

1.6848750000

1.0000000000

1.4965000000;

0.9999999998

1.0341250000

0.9999759238

0.9356250000

0.9996700860

1.9266250000

1.0000000000

1.8941250000

1.0000000000

1.8628750000

1.0000000000

1.8781250000

1.0000000000

LOC100004939

1.8248750000

1.0000000000

1.7498750000

0.9999999999

1.7361250000

0.9999999998

1.7375000000
2.1060000000

0.9999999997
1.0000000000

uncx

2.5350000000;

1.0000000000

2.5147500000;

1.0000000000

2.1862500000;

1.0000000000

2.2833750000

1.0000000000

2.2728750000

1.0000000000

2.8242500000

1.0000000000

2.6058750000

1.0000000000

2.2665000000

1.0000000000

2.2665000000

1.0000000000

2.6845000000

1.0000000000

2.9507500000;

1.0000000000

2.9627500000

1.0000000000

2.5651250000

1.0000000000

2.9822500000

1.0000000000

2.6083750000

1.0000000000

1.6603750000

1.0000000000

2.6737500000

1.0000000000

2.2638750000

1.0000000000

2.1045000000

1.0000000000

nfyba

1.8396250000

0.9999999993

0.9382500000

0.9988356700

0.3033750000

0.0507439750

-0.3718750000

0.0557028290

2.9128750000

1.0000000000

zbtb10

2.2345000000;

1.0000000000

2.1262500000

1.0000000000

2.2370000000

1.0000000000

2.1842500000

1.0000000000

1.8722500000

1.0000000000

1.7940000000

1.0000000000

1.6961250000

1.0000000000

1.3890000000

0.9999999741

2.5163750000

1.0000000000

2.5433750000

1.0000000000

2.4638750000

1.0000000000

onecut3

2.2418750000

0.9999999975

2.0235000000

0.9999999293

2.0937500000

0.9999999281

1.5207500000

0.9970064741

2.1015000000

1.0000000000

zgc:194800

2.0355000000

1.0000000000

1.9365000000

1.0000000000

1.8292500000

1.0000000000

1.8073750000

1.0000000000

1.6531250000

1.0000000000

1.4820000000

0.9999999815

1.3857500000

0.9999994827

1.3526250000

0.9999990568

2.0878750000

1.0000000000

2.0772500000

1.0000000000

2.0897500000

1.0000000000

pbx3a

1.9856250000

1.0000000000

1.9547500000

1.0000000000

1.8702500000

1.0000000000

1.7270000000

0.9999999999

zgc:65851

3.4151250000

1.0000000000

3.1726250000

1.0000000000

3.2496250000

1.0000000000

3.3357500000

1.0000000000

2.9492500000

1.0000000000

3.7445000000

1.0000000000

3.3885000000

1.0000000000

79



phactr3b

2.6610000000

1.0000000000

3.0741250000

1.0000000000

2.9225000000

1.0000000000

2.4785000000

1.0000000000

2.2530000000

1.0000000000

1.4860000000

0.9999999995

1.3721250000

0.9999999929

1.5176250000

0.9999986605

1.7781250000

0.9999974153

prdm6

1.9931250000

1.0000000000

1.7141250000

1.0000000000

1.7457500000

1.0000000000

1.7370000000

1.0000000000

1.5665000000

1.0000000000

1.4797500000

0.9999999999

1.4397500000

0.9999999999

1.4981250000

0.9999999996

rail

2.7632500000

1.0000000000

znf513

2.1855000000;

1.0000000000

2.1491250000;

1.0000000000

2.0025000000;

1.0000000000

1.9913750000

1.0000000000

1.9356250000

1.0000000000

1.7946250000

1.0000000000

2.1162500000;

1.0000000000

1.7411250000

1.0000000000

1.6738750000

1.0000000000

1.7030000000

0.9999999999

1.9477500000

0.9999999995

1.6110000000

0.9999969436

0.9136250000

0.9934102830

0.9515000000

0.9927519692

0.8646250000

0.5748964604

0.3330000000

0.1156536871

2.3510000000

1.0000000000

2.7618750000

1.0000000000

3.2295000000

1.0000000000

1.9953750000

1.0000000000

1.8235000000

1.0000000000

1.7622500000

1.0000000000

1.4761250000

0.9999999840

znf804a

2.5928750000

1.0000000000

2.4325000000

1.0000000000

2.4295000000

1.0000000000

2.3141250000

1.0000000000

2.2842500000

1.0000000000

2.1656250000

1.0000000000

2.2355000000

1.0000000000

2.1102500000

1.0000000000
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Table 3: Posterior probability of genes miss expressed by V2a interneurons
Listed in columns, in an order corresponding to fig. 7, are genes known to be expressed by V2a or

V2b neurons or genes rexpressed by V2a neurons that are expressed by at @asVV, RB

and/or motor neuronfl5,35,4749,51 62,89] Adjacent to each gene is the mean difference
(difference between the mean V2a sigma units and M2arsigma units) and mixing proportion
(which measures their posterior probability) for each probe corresponding to that gene. Negative
mean difference values indicate genes expressed higher in inhibitory populations than excitatory
populations. Each gemenscript has eight corresponding probes so each gene will have a multiple
of eight probes depending on the number of gene transcripts. Dafaropessing and

by Dr.
(https://www.bioconduair.org/). Twaclass eBayes analyses were performed using GEPAS

normalization was performed England using Bioconductor software

software[24]. All reported statistics were corrected for multiple tesfitty].

Controls VOv

Gene Name| MeanDiff mixing_proportion Gene Name| MeanDiff mixing_proportion
2.0277500000, _ 1.0000000000 1.67450000000  0.9999999853
1.6377500000]  0.9999999988 1.4855000000]  0.9999988709
1.5575000000]  0.9999999813 1.4485000000]  0.9999978597
1.64475000000  0.9999999667 1.4212500000  0.9999975527

vsxl 12330000000  0.9999968441 evxl 1.3845000000]  0.9999935709
1.3827500000]  0.9999908468 1.2245000000]  0.9999357386
1.15650000000  0.9996189252 1.1805000000]  0.9999092489
0.3450000000,  0.2493043419 1.1475000000]  0.9998883310
4.6830000000  1.0000000000 1.2250000000,  0.9999840547
5.2312500000,  1.0000000000 0.9602500000  0.9890929822
5.6425000000,  1.0000000000 0.6395000000  0.8211380522
4.9077500000  1.0000000000 0.62925000001  0.7938453948
4.8037500000]  1.0000000000 eVX2 7 6192500000  0.7366817239
5.5272500000,  1.0000000000 0.2767500000  0.1830074173

vsx2 | 5.1692500000  1.0000000000 0.13125000000  0.1002820229
5.2647500000,  1.0000000000 -0.1050000000  0.0938033525
4.4610000000  1.0000000000 1.0325000000  0.9972124306
4.9515000000  1.0000000000 0.8532500000  0.9746959183
4.9317500000  1.0000000000 skor2 | 0.8237500000]  0.9638296944
4.4715000000  1.0000000000 0.4910000000  0.5009569588
5.7297500000,  1.0000000000 0.49025000001  0.4986101950

81



4.5472500000

1.0000000000

4.6707500000

1.0000000000

4.1300000000

1.0000000000

0.4475000000

0.3962989015

0.4200000000

0.3556661237

0.4217500000

0.3455923021

gataa

-0.825000000(¢

0.5657552036

-0.8360000000

0.6548694627

-0.896750000(¢

0.6647817872

-0.875250000(¢

0.6987546202

-0.886250000(¢

0.7059667956

-0.961250000(¢

0.8032195240

-1.292000000(¢

0.9984575852

-1.202250000(¢

0.9988082636

-1.302250000(¢

0.9989453668

-1.210500000(¢

0.9989756531

-1.213250000(¢

0.9994995774

-1.267250000¢

0.9997657186

-1.337250000(¢

0.9999208944

-1.450750000(¢

0.9999897008

-1.949000000(¢

0.9999999972

-2.1095000000

0.9999999999

gata3

-0.5875000000

0.0874142740

-0.8242500000

0.5486900582

-1.0732500000

0.5690151395

-1.2697500000

0.9793146596

-1.3122500000

0.9999254383

-1.9565000000

1.0000000000

-2.157750000¢

1.0000000000

-2.5307500000

1.0000000000

1.7790000000

0.9999998271

1.2595000000

0.9999152204

0.6057500000

0.6372522662

V1 MN/Rb
Gene Name| MeanDiff mixing_proportion Gene Name| MeanDiff mixing_ proportion
2.1472500000, 1.0000000000 0.2650000000, 0.1759378893
1.9342500000 1.0000000000 0.2632500000, 0.1749853862
1.9910000000 0.9999999999 0.1860000000, 0.1419564669
englb 1.8402500000 0.9999999989 mnx2b 0.1502500000, 0.1312774260

0.1370000000

0.1300272918

0.1182500000

0.1222573255

0.1105000000

0.1158527413
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-0.222750000(¢

0.1616544449

otpb

2.1617500000

1.0000000000

2.2320000000

1.0000000000

1.9582500000

1.0000000000

1.8455000000

1.0000000000

1.8125000000

1.0000000000

1.7430000000

1.0000000000

1.3285000000

0.9999995659

0.6672500000

0.8914574922

0.0740000000

0.1155034881

-0.0725000004

0.0621771325

-0.1232500000

0.0672610727

-0.087000000d

0.0681816947

-0.1317500000

0.0728899814

-0.5775000000

0.7187132217

-0.5982500000

0.7657176374

-0.6982500000

0.9240695027

-0.8297500000

0.9897897843

hmx3a

2.5845000000

1.0000000000

2.4542500000

1.0000000000

2.3940000000

1.0000000000

2.3222500000

1.0000000000

2.2202500000

0.9999999997

2.2035000000

0.9999999997

1.9957500000

0.9999999993

1.7290000000

0.9999999984

isll

1.5000000000

0.9999991394

0.8470000000

0.9619995416

0.7200000000

0.9262720395

0.6382500000

0.7713197721

0.5682500000

0.6293807884

0.4880000000

0.4868786310

-0.2075000000

0.1425115840

-0.3002500000

0.1670681427

1.6967500000

0.9999999967

1.4855000000

0.9999999772

1.7970000000

0.9999998906

1.2675000000

0.9999835992

1.2810000000

0.9973183414

0.8002500000

0.9400922579

0.3175000000

0.2236958751

0.1842500000

0.1166629036

pax2a

2.2512500000

1.0000000000

2.5117500000

1.0000000000

2.1555000000

1.0000000000

2.2110000000

1.0000000000

2.5087500000

1.0000000000

2.1730000000

1.0000000000

2.1135000000

1.0000000000

2.4262500000

1.0000000000

runxl

0.1327500000

0.0639788722

0.1212500000

0.0629272447

0.1037500000

0.0584839765

0.1075000000

0.0577788290

0.0937500000

0.0568764233

0.0852500000

0.0553937281

0.0680000000

0.0553598690

0.0685000000

0.0546064733

-0.3685000000

0.2241447731

-0.3977500000

0.3154607440

-0.544500000(0

0.6332265145

-1.044000000(0

0.9855939237

-1.136250000¢  0.9986039369
-1.006750000¢  0.9991625139
-1.262500000¢  0.9999632909

-2.0017500000

1.0000000000

2.2567500000

1.0000000000

2.0275000000

1.0000000000

1.9450000000

1.0000000000

2.2357500000

1.0000000000

2.1250000000

0.9999999999
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1.6160000000

0.9999999702

1.2790000000

0.9999788054

1.1885000000

0.9998650752

1.1090000000

0.9994481779

1.1305000000

0.9980214608

0.9370000000

0.9919377472

0.8207500000

0.9180381481

0.8040000000

0.9138468913

0.7562500000

0.0343767096

0.6412500000

0.0203719178

0.5832500000

0.0179410029

pax8

2.4990000000

1.0000000000

2.0780000000

1.0000000000

2.2922500000

1.0000000000

2.0385000000

1.0000000000

1.4732500000

0.9999999608

1.4675000000

0.9999999471

1.4600000000

0.9999998115

1.4500000000

0.9999991791
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Table 4: FAGsortedV2a neurons were not dying
Listed in columnsin alphabetical ordegre genes known to be expressedi®/genes known to

be upregulated during apopto$is5,35,4749,5162,89] Adjacent to each gene is the mean
difference (difference of the mean glutamatergic sigma units and mean inhibitory sigma units) and
mixing proportion (which measures their posterior probability) for each probe corresponding to
that gene. Negative meanffdrence values indicate genes expressed higher in inhibitory
populations than excitatory populations. Each gene transcript has eight corresponding probes so
each gene will have a multiple of eight probes depending on the number of gene transcripts. Data
pre-processing and normalization was performed by Dr. England using Bioconductor software
(https://www.bioconductor.org/). Twolass eBayes analyses were performed using GEPAS
software[24]. All reported statistics were corrected for multiple tesfitfy].

Gene Name

MeanDiff

mixing_proprtion

fos

-0.433750000(¢

0.0021831801

-0.5060000000

0.0064347893

-0.621000000(¢

0.0226993175

-0.7032500000

0.0282024567

-0.7842500000

0.1116845917

-1.0662500000

0.2898435071

-1.4570000000

0.7871539862

-1.6530000000

0.9083380915

max

1.2862500000

0.8263966789

1.1692500000

0.5850159831

0.3675000000

0.1724323609

0.3047500000

0.1302246550

0.4287500000

0.0813110905

0.2222500000

0.0484304905

0.7002500000

0.0428867936

0.4887500000

0.0367974109

0.6312500000

0.0314991894

0.3710000000

0.0269621986

-0.5555000000

0.0324151035

-0.6622500000

0.0515251022

-0.5850000000

0.1193945723

-0.797000000d

0.3435882943

-0.584000000d

0.4019685530

-0.7145000000

0.6446334750

myca

0.2140000000

0.1421364944
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0.2697500000

0.1326679376

0.2797500000

0.1214422745

0.1547500000

0.1142889592

0.2372500000

0.1059727029

0.0360000000

0.1028185570

0.0435000000

0.0996620828

0.0402500000

0.0982452319

0.0197500000

0.0980044352

0.2040000000

0.0885933254

0.1662500000

0.0789520956

0.1212500000

0.0690434263

-0.032750000(¢

0.1033164173

-0.047250000(¢

0.1165748871

-0.736250000(¢

0.8377006506

-1.004250000(¢

0.9937046429

mycb

0.3900000000

0.0783525111

0.5275000000

0.0633760347

0.1337500000

0.0484763605

0.1622500000

0.0436127850

-0.1507500000

0.0451081109

-0.0432500000

0.0457842031

-0.1202500000

0.0565039961

-0.2732500000

0.0612184211

tp53

-1.1702500000

0.9923776460
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CHAPTER THREE

Lmx1b is Required for the Glutamatergic Neurotransmitter Characteristic in the Zebrafish Spinal
Cord

A slightly different version of this chapter wagbmitteds a manuscrigb Neural Development

| performed most of the experiments in the chapter including the single and double mutant experiments, double
labeling experiments, cell death experimenatsl all of the cell counts; José L. Judkéarales, Phxreated the
Tg(evx1:EGFPVline and creatednd maintain thevx1;evxdouble mutant line; John Bostrom, PhD and Brian

Link, PhDgenerated thienx1ba™°mutant and maintained tth@x1ba;imx1bklouble mutants; Sam England, PhD

and Sara de Jager, Piperformed cell dissmations and RNA extraction§am England, Phperformed the FACS
analyses, data pigrocessing and initial analyses GEPAS; Olivier Armant, PhD and Jessica Legradi, PhD
performed the bioinformatics searches to identify potential transcription factor genes for the microarrayeunder
direction and mentorship of Uwe Strahle, PhD; Olivier Armant, PhD, Jessica Legradi, PhD, Uwe Strahle, PhD and
Kate Lewis, PhD designed the microarrays; Kate Lewis, &digned ad directed the study; Kate Lewis, PhD and

| wrote most of the manuscriptfapter with input from other authors.
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Abstract
Background

Alterations in neurotransmitter phenotypes of specific neurons can abaRnces in
excitation and inhibition in the central nervous system (ClR&Jingto diseasesTherefore, the
correct specification and maintenance of neurotransmitter phenotypes is vital. As with other
neuronal properties, neurotransmitter phenotypes are often specified and maintained by particular
transcription factors. However, the specific emllar mechanisms and transcription factors that

specify and maintain neurotransmitter phenotypes remain largely unknown.

Methods

In this chapterwe use single mutant, double mutant and transgenic zebrafish embryos to
elucidate the functions of Lmxlband Lmx1lbb in spinal cord interneuron neurotransmitter

phenotype specification and maintenance.

Results

We demonstrate théinx1baandimxlbbare both expressed in the zebrafish spinal cord.
Our functional analyses demonstrate that these transcripticorda@te not required for early
neurotransmitter fate specification, but they are required, in adigsEndent manner, to specify
and/or maintain the excitatory (glutamatergic) neurotransmitter phenotype of specific subsets of
spinal internarons, includig VOv cells, atater developmental time poiWe also establish that
Evx1l and Evx2, two transcription factors that are required for VOv cells to acquire their excitatory
neurotransmitter phenotype, are also requiredrforlbaand Imx1bbexpression inhese cells,

suggesting that Lmx1ba and Lmx1bb act downstream of Evx1 and Evx2 in VOv cells.

Conclusions

Lmx1lba and Lmx1bb function at least partially redundantly in the spinal cord and at least
three functionalmxl1b alleles are required fothe excitatoy (glutamatergic) neurotransmitter
phenotype of specific subsets of spinal interneurons. Taken together, our data significantly
enhance our understanding of how spinal cord neurotransmitter phenotyspedfied and/or

maintained.
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Introduction
Neurons in the central nervous system (CNS) must specify and maintain several properties

in order to integrate and function properly within neuronal circyitly One crucial neuronal
characteristic that must be specified correctly and usually must be medr{far some exceptions
see [2]) is the neurotransmitter phenotyd&]. Failure to correctly specify or maintain
neurotransmitter phenotypesan result in incorrect levels of excitatory ofinhibitory
neurotransmitter release and lead to diseases such as epilepsy, autism spectrum ahsbrder
Al zhei3mgr 0s

Neurotransmitter phenotypes, like many other neuronal properties, are initially specified
by transcription factors thatdividual neurons express as they start to differenfi&t&2]. These
neurotransmitter phenotypes are then maintained either by these same trandepirs or by
additional one§7,13i 17]. However, in many cell types the transcription factors that specify and/or
maintain neurotransmitter phenotypes are still unknown. This is a critical gap in our knowledge
and one that we need to address in order to potenti@lglop bettetreatments for some of the

aforementioned diseasand disorders

In thischapter we investigate the functions of Lmx1b transcription factors in the zebrafish
spinal cord and test whether they play a role in neurotransmitter fate specifiead/or
maintenanceLmx1lbhas been implicated in a variety of functions in different regions of the
vertebrate CNS including cell migration, cell survival, as well as correct specification and/or
maintenance of cell identity, neuronal connectivity and neurotransmitter phen¢ig@d].
However, it remains unclear i£mx1b is required for neurotransmitter specification and/or

maintenance in the spinal cord.

Zebrafish haveéwo Lmx1bohnologs,mxlbaandimxlbb,that we show are expressed in
likely overlapping spinal cord domains. Consistent with previous analyses in mouse, we show that
Imx1bbis expressed by dI5 neurons, and for the first time in any animahoevethat VOvneurons
(cells thatform in the ventral part of thé0 domain[11,12,25 32]) alsoexpressmx1bb.Both dI5
and VOv cells are glutamatergic and consistent with thisdemonstrate that mostinx1bb

expressing cells are glutamaterfficl1,16,33,34]

We also shown zebrafishimx1bbhomozygousnutantsthat glutamatergic neuronare

correctly specified during early development the glutamatergic phenotype risducedin the
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spinal cordat later developmental time points. Interestingly, we see the same phendiggiba
homozygouganutants,iImx1ba;imx1bbdouble mutants antinx1ba;imx1bbdouble heterozygous
embryos suggeisig thatiImx1baandimxlbbact at least partially redundantiyadosedependent
manner and that at least three functiona1b alleles are required for the correct spinal cord
glutamatergic fates. Furthermore, the loss of glutamatergic neurons does not result in an increase
of inhibitory neurons nor an increase in aidhth suggesting thimhx1b-expressing spinal neurons

do not adopt an alternative neurotransmitter fate or die. Finally, we demonstratexttizdand
Imx1bbexpression in VOv cells requires Evx1 and Evx2. In combination with a previous study that
showed that Evx1l and Evx2 are required for VOv cells to become glutamdtetjiour data
suggest that Evx1l and Evx2 specify andfmintain the VOv glutamatergic fate indirectly via
Lmx1lba and Lmx1bb.

Methods

Ethics approval
All zebrdish experiments in this research were approved either by the UK Home Office or

by the Syracuse University IACUC committee.

Zebrafish husbandry and fish lines
Zebrafish Danio rerio) were maintained on a d#burlight / 10-hour dark cycle at 28.5°C.

Embrycs were obtainedrom natural paired and/or grouped spawnings of \yifge (WT) (AB,

TL or AB/TL hybrid) fish or identified heterozygolsix1bB*°, Imx1bd™ evx1232evxZat40or
smoothene*! mutant fish orTg(slc17a6:EGFP)[formerly called Tg(vGlut2a:EGFP) [33,35

37] or Tg(evx1:EGFPjY*[11] transgenic fish. Alsdmx1bB*° was crossed into the background
of Tg[slc17a6lfvglut2a):loxRDsRedloxP-GFP]"s14 [41,42] and Tg(evx1:EGFPYY? fish
respectivelyEmbryos were reared 28.5°C and staged by hours post fertilization (h) and/or days
post fertilization (dpf) Most embryos were treated widi2mM 1-phenyl 2thiourea (PTU) a4

hto inhibit melanogenes[88i 40].

Theevx1?%?, evx23140andimx1bd*1° mutants havéeen previously describgill, 41 43].
All three of these mutations are single base pair changes that lead to premature stop codons before
the homeobox. Therefore, if any of these RNAsatedegraded by n@ense mediated dectnen
the resulting proteinsvill lack the DNA binding domain.Imx1bd™8° mutant zebrafish were
generated using TALENSs constructs that target the sequEBRAGTAGACATGCTGGACG
and TCCGCTCCTGTCCTGAACTG within the first exonlwix1baby Dr. Bostromand Dr. Link
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Constructs were made using step88loutlined in[44]. To generate mMRNA encoding the
TALENS, approximately 5ug of plasmid DNA was digested with Apol and purified via the
Invitrogen PureLink PCR Purification Kit (ThermoFisher, K310001). RNA was synthesized using
the Ambion mMessage mMachine T7 kit (ThermoFisher, AM)3ith a poly(A) tail addeérom

the Poly(A) Tailing Kit (Ambion, AM1350) and purified with the Megaclear Kit (Ambion,
AM1908). 100pg of RNA for each TALEN was <gjected into icell WT embryos. The
Imx1bd™e° allele was recovered and identified as a single base pair deletiotingesual a
premature stop codgrecedinghe homeodomain.

Genotyping
DNA for genotyping was isolated from bagihesthetizeadults and fixed embryos via fin

biopsy orhead dissection®spectivelyby me Fin biopsy anagvxlandevx2genotyping of adults

were performed as previously describdd,41] However, KASP assays, designed by LGC
GenomicsLLC, using DNA extracted from head dissectiomsgre used to identify embryos
carrying theevx1?3? andevx23*°mutations Theseassayg use allelespecificPCRprimers which
differentially bind fluorescent dyes that vegiantified with a BioRad CFX96 redime PCR
machine to distinguish genotypes. The proprietary primers used are: Evx1l y32 i232 and
Evx2 sal4o0.

Heads of fixed embryos were dissected in 80% glycerol / gBésphatéuffered saline
(PB9S with insect pins. Embryo truskwere stored in 70% glycerol / 30% PBS at 4°C for later
analysis. DNA was extracted via the HotSHOT metps] using 20uL of NaOH and 2uL of
Tris-HCI (pH-7.5).

| identified Imx1bd™8° and Imx1bd*1° alleles by restriction enzyme digestion assays as
both of these mutations disrupt endogenous restriction enzyme sitelsnBdra™®® a 540bp
amplicon encompassing the mutation site \yaserated with the following prim&r Forward
GATCCTCAAGAGGAGCTCATACACA and Reverse
CATGCACATTTAACTATGATCTGAGCCGTG. This amplicon wagligested withMIuCl to
yield 311bp and 142bp and 87bp (WT), 453bp and 87bp (homozygous mutant), or 453bp and
311bp and 142bp and 87bp (heterozygous mutant) products. Similarlgyxfblo*'°, a 264bp
amplicon encompassing the mutation site was generatedtheitfollowing primers: Forward
GAAGGCTCGTCTCTGCTGTGTGGTG and Reverse
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CGTTATGGATGCGCTGAGACTGAATACC. Trs ampliconwas digested withBfal to yield
211bp and 53bp (WT), 264 (homozygous mutant), or 264bp and 211bp and 53bp (heterozygous
mutant) products.

Expression mfiling VOv neurons& microarray design
To identifytranscription factors expressed by VOv neurons, VOv spinal neurons, all spinal

cord neurons and all celigithin the trunk weresolatedfrom live transgenic zebrafish embryos at
27 husing fluorescence activated estirting (FACS)by Dr. England and Dr. de Jagérior to
FACS, embryos were pristaged, dgolked, dissected and dissociated apl47] Headsand
tails were removedrom all samples$o ensure that only trunk or spinal cord cells were collected.
Trunk samples correspond to FAGrted trunk cells (spinal cord and other tissua)neuron
samples are EGFpositive cells fromTg(elavB:EGFP) trunks [48]. VOv neurons are EGFP
positive cells fromTg(evx1:EGFPJV! trunks[11]. Total RNA was extracted using an RNeasy
Micro Kit (Qiagen, 74004). The quality of RNA was as®d via an Agilent 2100 Bioanalyser
(RNA 6000 Pico Ki, Agilent, 50671513) before being converted to fluorescetlyelled cDNA
(Ovation Pico WTA System V2, Pico, 3302) and hybridizing to a custesigned Agilent
microarray (Agilent #027382) Data preprocessing and normalization was performed using
Bioconductor software (https://www.bioconductor.org/). A thodesss ANOVA analyses was
performed using GEPAS softwad9]. All reported statistics wereorrected for multiple testing
[50]. Candidate genes were selected on the ba$tiéf expression that was localized to at least

VOv neurons in the spinal cord (see chapter 2).

To generate the custedesigned Agilent microarrafAgilent #027382)Dr. Armant, Dr.
Legradiand Dr. Strahldirst performed comprehensive bioinformatic searches for proteins that
contain at least one of the 483 InterPro domadentified in [51] as being specifico
transcriptional regulatorsee Chapter 2Yhese domains comprise three functionasses: DNA
binding, chromatin remodeling and general transcription machinery. We identified 3192 potential
transcription factors2644 of these proteins were identified in Zihsembl relase 54) of the
zebrafish genomanda further 548 notoverlappingtranscription factorsvere identified in the
zebrafish Unigen dataset (release 10O0r custom arraysontain 33784 probes corresponding to
8 distinct 66mer probes for each of the transcripts assocaitdthese 3192 proteingVe also
included 170 howekeeping genes (5 copies of 8 probes each), 23 positive controls, such as

neurotransmitter markers (2 copies of 8 probes each) and 49 negative controls (Arabidopsis
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sequences; multiple copies ®fprobes each) on the arraf@hapter 2, Fig. 1)Four biological
replicates were performed per sample type.

in situ hybridization
Embryos were fixed in 4% paraformaldehyde and single and doubiti hybridization

experiments were performeds previously describetby me [52,53] Probes forin situ
hybridization experiments were prepared using the following templated:[32], evx2[31],
Ibx1a[54] andimx1ba[24]. A probe forimx1bbwas generated frooDNA as previously described
[11,47] with the folowing primers: forward CTGGATATCAAGCCGGAGAA; reverg
AATTAACCCTCACTAAA GGGATCCGAACATCACATTTCAACA. The Imxl1lbb probe
sequenceavas selected to avoid crebgbridization withimx1baand othetmx1family members.

| also tested a hydrolyzed version of limx1baprobe [24] as well as two additionaix1ba
probes. The full lengthimx1baprobe[24] was hydrolyzed to approximately 200bp fragments as
outlined in[55]. A second probe was synthesized from a plasmid containgigst 584bp of the
coding sequence thxlbaA t hird probe recogni zi nglmklbae 306
was generated from cDNA, as previously descriddg4 7] with the following primersforward
CGCATGCGTTGGTATCTATG reverse
AATTAACCCTCACTAAA GGGAAAGCATCCTCCACAATGTCC As these probes did not
improve the signal quality when compared to the first probe described above [24], results from

thesein situ hybridizationexperiments are not incled in this study.

To determine neurotransmitter phenotydeusedin situ probes of genes that function as
transporters of neurotransmittergloatsynthesize specific neurotransmitters. A mixture of probes
to slcl17a6aandsic17a6h which encode glutaate transportersyasused to label glutamatergic
neurong56,57] To labelinhibitory cells we usedlc32al which encodes a vesicular inhibitory
amino acid transport¢b8]. To labelglycinergic cells a mixture of probeglyt2aandglyt2b) for
the genesic6abwereused[56,57] Theslc6a5gene encodes for aygine trarsporter necessary
for glycinereuptake and transport across the plasma membrane. GABAergic neurons wedle labele
by a mixture of probes tgadlbandgad2genes (probes previously callgdd67a, gad67kand
gad6y [56,57] The gadlbandgad2genes encode for glutamic acid decarboxylases, which are

necessary for the synthesis of GABA from glutamate.
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Immunohistochemistry
Embryoswere fixed in 4%paraformaldehydand stored in PBS with 0.1% twe&. To

permeabilize embryohey weretreated with acetonat -20°C for 30 minutes 6 hor younger),

1 hour @8 h or 3 hoursT dpf) and themprocessed as previously descripet]. Primary antibodies
were: mouse antbFP (Roche Applied Science, 1860001, 1:500), rabbit afibisRed
(Clontech, 632496, 1:200) or rabbit aattivatel caspas@ (FisherScierific/BD, BDB559565
1:500).Secondary antibodies were: Alexa Fluor 568 goatiaiibit (Molecular Probes, A11036,
1:500), Alexa Fluor 488 goat anniouse (Molecular Probes, A11029, 1:500) or Alexa Fluor 488
goat antirabbit (Molecular Probes, A110;32:500).

Acridine arange treatment
A stock acridine orange base (Sigvrich, 235474) solution of 8mg/mL in dimethyl

sulfoxide (DMSO) was made astbred at20°C until used. AR4 h, 36 rand48 hacridine orange
stock solution was added to embryo diem (5mM NacCl, 0.17mM KCI, 0.33mM Cag£PH.O
and 0.33mM MgS®7H:0 in water) to make a final concentration of 5pg/mL. Embryos were

bathed in the acridine orange / embryo medium solution in the dark at 28.5°C for 28 minutes.
Embryos werghenwashed 5 time in embryo medium for 5 minutes eamtdanalyzedusinga
fluorescent microscgpon aZeiss Axio Imager M1 compound microscogred Olympus SZX16
dissecting microscope.
Imaging

Embryos were mounted in 70% glycerol, 30% PBS différential interferenceontrast
(DIC) pictures were taken using an AxioCam MRc5 camera mounted on a Zeiss Axio Imager M1
compound microscop&mbryos from acridine orangexperiments and anéictivated caspasg
experiments werealso imaged in the same wayZeiss LSM 710and LSM 780 confocal
microscope wereused to image fluorescem situ and antibody experiments. Images were
processed using Adobe Photoshop softwémobe, Inc),GNU Image Maipulation Program
(GIMP 2.6.10http://gimp.org and Image J software (Abramo#ft al., 2004). In some cases,
different focal planes were merged to show labeled cells at different medial lateral positions in the

spinal cord.

Cell counts and statistics
For acridine orangestaining and activated caspa&gémmunohistochemistry experimsn

cell were counted along both sides of the entire restradlal axis of the spinal cord. For all other
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experimentscell counts are for both sides of a fisemite length of the spinal cord adjacent to
somites 610. Values are reported as the meénthe standard error of the mean. Results were

anal yzed usitegtortakbhsquadtaestd ent 6 s

Results

Imx1baandimxlbbare expressed Imebrafishdl5 and VOv neurons
To identify transcription factors that may play a roé/Ov neuronspecification ana’r

maintenance, we expression profiled VOv neurons and comfiaedo all postmitotic neurons
and all trunkcells(see methods arjd7]). These analyss identifiedmxlbaandimx1bb,zebrafish
ohnologs of Lmx1b (Figlk), as two transcription factor genes potentially expressed in VOv
neurons.Prior to this studythe only report ofmx1b expression in the zebrafish spinal cord
established thdimx1bbis expressé in at least some rostral spinal neuron24t[24]. However,

it was unclear ifmx1bbexpression wagestrictedto the rostral spinal corar if Imx1bawas even
expressed in spinal cord neuromsereforeto further confirm our microarrajata, weexamined

the spinal cord expressionloix1baandImx1bbin more detai(Fig. 1).

At 27 h Imx1bais expressed in a narrow dors@&ntral domain by interneurons in the most
rostral region of the spinal cards well asn cells ofthe rmf plateand floor plate (Figla). As
development progresses interneurons in more caudal positions start to bwgldsgFig. 1a,c
ande). By48 h Imx1baexpression is no longer detected in the floor plate but is still present in the

roof plateand internewns (Fig.1e).

In contrast, a7 h Imx1bbspinal cord expression already extends along the entire rostral
caudal axis in a neww dorsalventral domain (Fig. 1b)l.ike Imx1ba, Imx1blis also expressed in
the roof plate and floor plate at this stage.d&selopment progressenorespinal cordneurons
expresdmxlbband roof plate expressidiecomesnore prominent while floor plate expression is
lost by36 h(Fig. 1b,d andf; Table 1). By48 h,Imx1baandimxlbbare expressed jpresumably
overlappingdomains, althoughasall Imx1ba in situprobes tested produceeery weakstaining

(see methods)t was not possible to confirm this with-¢abeling experiments.

To determinethe specific spinal cell types that expréssxlbbwe performeddouble
labeling experiments. In mouse, Lmx1k expressed iml5 neurons thatlso express Lbx1
[18,34,5963]. To test if this is alsothe case in zebrafistwe performeda double in situ
hybridization forimx1bbandlbxla At 30 h we found that at least 4586lmx1bbexpressing cells
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co-expresdbxla(Fig. 1g; Table 2)These results suggest that only a subskheibbexpressing
neurons are dI5 neurons. In mouse three populations of neurons (di4, dI5 and dI6) express the
transcription factor Lbx1 but only the excitatory dI5 neurons express Lmx1b while inhibitory di4
anddl6 cells do no{18,34,59 64]. Similarly, we find that in the zebrafish spinal cord only 33%

of Ibxlaexpressing cells eexpressimx1bb(Fig. 1g; Table 2).

As mentioned above, our expression profiling of VOv neumarggested thatebrafish
Imx1lbaandIimxlbbmay also be expressedtimese cells (Fig. 1k)To confirm these resultae
performedEGFP immunohistochemistry amahx1bb in situnybridization inTg(evx1:EGFP)“*
embryos that express EGFPMAv neurong11]. Theseexperimentshowedthat at30 hat least

38% ofImx1bbexpressing neurons are VOv neur@fg. 1h; Table P

Both VOv cells and dI5 dis are glutamatergic [8,11,16,33,34}loreover, Lmx1b
expressing neurons are glutamatergic in the amniote spina[&ad&j34] Thereforeto further
confirm the identify of zebrafisimx1bbexpresing spinal neuronse performedioublelabeling
experimentsUsing Tg(slc17a6:EGFPembryos in which glutamatergic neurons expte&s$P,
we found that at least0% of Imx1lbkexpressing neurons are glutdergic (Fig. 1j Table 2)
[33,35 37]. In contrast,doublein situ hybridization withimx1bband slc32al,which labels all
spinal cord inhibitory neuron&8,65], revealedhatonly 10% of Imx1bbneurons are inhibitory
(Fig. 1j; Table 2).Takentogether, these data suggésat zebrafisimxlbbis predominantly
expressed iglutamatergidl5 and VOvneurons.

Imx1bbis requiredfor glutamatergic neurotransmitter phenotypes but does not repress inhibitory

neurotransmitter phenotypes
To investigatehe functions ofmxlba andImx1bbin the zebrafish spinal cord we used

mutations in each of these genes (see methods). 8mdbis expressed by more spinal
interneurons at an earlier developmental time point bimxibg we first examined the function
of Imx1bb

As Imx1bbis expressed predominantly by glutamatergic neurons in the spinalvo®rd,
assessed the expression of glutamatergic magket3aba+ slcl17a6b(a mixture of probes for
both genes, referred to heresisl 7a6 see method9t 27 h 36 h and48 h[18,34] At 27 hthere
was no difference in the number of glutamatergiaraes in the spinal cord (Fi@a,b andg;

Table 3). However, aB6 hthere was a statistically sigrdéint reduction in the number of
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glutamatergic neurons Imx1bbmutaris when compared to WT siblingsig. 2c, d and gTable
3). At 48 hthe reduction of glutamatergic neurons was even more prono(fice®eg; Table
3). Taken together, these resultgggest thatimxlbb is dispensable for the glutamatergic

neurotransmitter phenotype at early but not later developmental time.points

To determine if these neurons switch their neurotransmitter phenotype in the absence of
Imx1bbwe examined several marks iohibitory cells.We did not detect any significant changes
in the number of inhibitory neurons expresssig32alat 27 h 36 h or 48 hin Imx1bbmutant
embryos(Fig. 2hn; Table 3). To further confirm these results, we examined the expregsi@n
h of gadlb+ gad2 (a mixture of probes for both genes, referred to her&aBs), which
specifically label GABAergic neurori§6i 68], andslc6a5,which specifically labels glynergic
neurons[69i 72]. Consistent with theslc32alfindings, we saw no change in the number of
GABAergic or glycinergic spinal neuronslmxlbbmutants whecompared to WT siblings (Fig.
2o-r andu; Table 4). W\ also examined expressionpEx2a which encodes for a transcription
factorthat is required for the inhibitory neurotransmitter phenotypes of seslasses o§pinal
interneuron$7,9,10,13,17] Consistent with our other resulpgx2aexpression was unchanged in
Imx1bbmutants (Fig. 2s1; Table 4). Taken together, these results suggest that there is no change

in the number of inhibitory spinal neuronslimx1bbmutants.

At leastthree functionalmxlballelesare required for spinal cord glutamatergic neurotransmitter

phenotypes
As shown above (Fig. 1, Imx1baandIimxlbbare expressed in potentially overlapping

domains within the zebrafish spinal catdring thedevelopmentalime points that we detected
neurotransmittephenotypes inmxlbbmutants.This suggested that these two ohnologs might
function redundantly in the spinal cordherefore, we examined spinal cord neurotransmitter

phenotypes itmx1basingle andmx1ba;lmxXbbdouble mutants.

When we examinedmxlba single mutantsat 48 h we found that the number of
glutamatergic neurongerestatistically sigificantly reduced (p<0.001) compared to WT siblings
(Fig. 3e,e 6 g Table 5). Interestingly, the number of glutamatergic neurons lost imitida
mutant was almost identical to the number of glutamatergic neurons lost lmxheb mutant
(p<0.7) (Fig.3f, f 6 a Tadle 5h. More surprisingly, we also found that thember of spinal

cord glutamatergic neurons lost was not increasdcxiba;imx1lbbdouble mutants, but was
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equivalent to botltmx1basingle mutants (p<0.76andImx1bbsingle mutants(p<0.45) (Fig. 3g,
g 6 aTalle5) ;

Together, these results suggdsitimxlbaandImxlbbfunction partially redundantly in
the spinal cord and that at least three functibnal ballelesarerequired forcorrect glutamatergic
fates in a subset of spinal excitatory cells. To test this, we examined the number of glgiamater
spinal neurons inmx1ba;lmx1bbdouble heterozygous embryos and bimtix1baand Imx1bb
single heterozygous embryos. Consistent with our hypothesis, the reduction in the number of
glutamatergic neurons imx1ba;lmx1bbdouble heterozygous embryos waso equivalent to
Imx1bamutants (p<0.66)mx1bbmutants (p<0.38) andhx1ba;Imx1bldouble mutant§p<0.78)
(Fig. 3 d Tabled5® Haavavdr, nhithémxlbanor Imx1bbsingle heterozygous embryos
had a statistically significant reduction in the numbieglutamatergic neurons when compared to
WT siblings (p<0.72Zand p<0.3espectively (Fig. 3bc 6 g hable 5).

To test the possibility thaimxlba might compensate for the loss Whx1bbin the
repression of inhibitory neurotransmitter phenotypesalseanalyzed the expression €i€32al
in Imx1ba;lmx1bbdouble mutants. However, like thienxlbb single mutant results, the
Imx1ba;Imxlbldouble mutants had no change (p<0.94) in the number of spinatamiiineurons
(Fig. 3tk; Table 5). These data ggest thatimxlba and Imx1bb are not required for the
specification of inhibitory neurotransmitter phenotypes and that the reduction in spinal cord

glutamatergic cells in these mutants does not correlate with an increase in inhibitory cells.

Lmx1b functon is not required for spinal cord cell viability during at Idastfirst 72 hof

development
To test whether the reduction in glutamatergic neurons rbighh indirect consequence

of increasectell death, we usebloth acidine oranggAQO) and an activiied caspas8 antibody
[73,74] As the glutamatergic phenotygeomparable amongixl1ba;imx1bldouble mutants and

both single mutants, we uskdx1bbsingle mutants for these aatl subsequergxperiments.

AO is a vital dye that labels apoptotic cells in live zebrafish embfy8s7/5 78] as
demonstratd in our positive controsmootheneanutant embryos, where a lot of cells undergo
apoptosig73] (Fig. 4ab 6 We performedAO staining inlmx1bbmutants 836 h, when we first
observe a reduction in the number of glutamatergic spinal egltsat 48 h, when the loss of

glutamatergicspinal cord cells is more pronounced. At both of these time points there were no
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obvious differences in spinal cord AO staining in any of the live embryos derived from incrossess
of heterozygoubnxlbbmutants (Fig. 4¢ OFpllowing imaging and analysia,subset of embryos
were genotyped to confirm that we had analyzed both WTlmmdbb homozygous mutant
embryos. Thse analy®s demonstratdtiat there was napparentorrelation between the amount

of AO staining and embryo genotype.

To confirm these redts, we also assayed cell death using an activated caSpa#dody
that has previously been usedsuccessfully identify dying celis zebrafisnH79i 81]. Activated
caspase& immunohistochemistry was performedembryos at 36, hwhich is the first time point
we detected a reductiari glutamatergic neurons, 48when there is a larger nection,ard 72 h,
which is 36 hours after we first detected a reduatioglutamatergic neurons. At all of these stages
we found no significant difference in the number of activated caspasks when comparing WT
andImx1bbmutant embryos (p<0.63 at 36 h; p<@t448 h; p<0.46 at 72 h; Fig. 4 Table 6).
Taken together, these AO and activated caspasgeriments suggest that there is no increase in
cell death inmx1bbmutant spinal cordsat least betweeB6 hand72 h

VOv and dI5 cells form in normal nurals inlmx1bbmutants
Sincelmx1bbis co-expressed by botlhx1laexpressing di5 cells arel/xexpressing/Ov

neurongFig. 1g anch), we examined whethdioxlaor evx1+ evx2(a mixture of probes for both
genes, referred to here agX expression was altered imx1bbmutants. At48 hthere was no
change irthe number of cells expressitiixlaor evxin Imx1bbmutants compared to WAiblings
(Fig. 5a-d and g; Table ¥ Additionally, there was no change in the number of &fieled VOv
neurons inlmx1bbmutants crossed into tAg(evx1:EGFP)Y!transgenic line when compared to
WT siblings expressing the transgene (Flg-g; Table 4. These data suggest that Lmx1bb
function is not required for eithdoxlaor evxexpression and also thabV and dI5 cells form in
normal numbers itmx1bbmutants. This is consistent withur previoudy describedapoptosis
assays which suggest that spinal neurons are not dying in these rfitarts These results also
suggest that there are no prolifepatidefects inmxlbbmutants. Lastly, these findingsiggest
that VOv and dI5 cells are not transfating irdifferent cell types in the absence of Lmxlbb

function but rather they are just losing their glutamatergic fates.

Imx1bbis required forthe glutamatergic phenotype of at least a subset of VOv interneurons
As described abouvé-ig. 1h), we have shown for the first time in any animal that at least a

subset of VOv neurons exprdasx1bb To test if these cells in particulare affectedn Imx1bb
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mutants we created fish transgenic for boffg[slc17a6bloxP-DsRedloxP-GFP]"* and
To(evx1:EGFPjYtand heterozygous for th@x1bbmutation. Embryos from these parents express
DsRed in glutamatergic neurons and EGFP in VOv neufbh83,82,83] We then quatfied
doublelabeled neurons in WT anlinx1bb mutant embryos to determine if the number of

excitatory VOv neurons was reducedrmxlbbmutants.

We analyzed the number of glutamaterg@v cells at48 h 57 hand7 dpf At 48 hand
57 hwe didnot detect any significant differences between WT and mutant spina| pooably
because the DsRed protein is vergbst (data not shown). Howeveat 7 dpf therewas a
statistically significant reduction in the number of glutamatergic VOv neuroimsxibbb mutant
embryos compared to WT siblin¢fSig. 6; Table 7). SurprisinglyDsRed was not expressed in all
wild type VOv neurons as we predicted from previdescriptionsof these two transgenic lines
[11,33] However, not only was the number of excitatory VOv cells reducéaitbbmutants,
butthe percentage of excitatory VOv neureves also decesed comparetd WT siblings 42.8%
of WT VOv neurons were etabeledwith DsRed whereas 23.8% trhx1bbmutant VOv neurons

were celabeled.

Consistent with our previous results (Fig. 2g and 88, also observed a statistically
significant (p<0.08) redction in the overall number @lutamatergicDsRedlabeled neurons in
Imx1bb mutants when compared to WT siblings 7 dpf (Fig.6 b @and c;Table 7). The total
reduction was larger than the specific reduction in VOv cells, suggesting that at least ls@me ot
Imx1bexpressing cells are also Ingitheir excitatory phenotypdsiterestingly, we also observed
a slight but statistically significant (p<0.POreduction in the number of VOv (EGFP labeled)
neurons a7 dpfin Imxlbbmut ant s ( F iTghle 7)6 Hiovever,ahis dlight reduction in
the number of GFRabelled VOv neurong8.8 cells)was substantially less than the reduction in
glutamatergic VOv neurons (2lcells). Taken together, these results suggestlthaibb is
required to maintain th glutamatergic neurotransmitter phenotype of at least a sob§iv

neurons or specify a late forming subset of VOv neurons.

Imx1baandimxlbbexpression requiresvxlandevx2
Evx1 and Evx2unction partially redundantly to specify the glutamatergigrotransmitter

phenotype of VOv neurondl]. As demonstrated aboveigF 6), Imx1bbis requiredfor the

glutamatergic neurotransmitter phenotygdeat least a subset of VOv neuroasdevxlandevx2
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spinal cord expression is normallmxlbbmutants (Fig. 5@), showing that Evx1 and Evx2 do
not act downstream of Lmx1b ithe specification and/or maintenance of the glutamatergic
phenotype invOv cells. To determine whether Lmx1b acts downstream of Evx or in a parallel
pathway we examineldhx1lbgeneexpression irevxl;evxadlouble mutantsAt 30 hwe found that
there was a atistically significant reduction in the number lofix1lba (p<0.03) and Imx1bb
(p<0.001)expressing spinal cord cellsemx1;evx2louble mutants when compared to Ailings

(Fig. 7ae; Table 4). This suggests that these two genes require Evx functitrefioexpression

in VOv cells and thatheyare downstream avx1 and evxih these cellgFig. 71).

Discusson
In this paper we demonstrate th@itx1baandIimxlbb(zebrafish ohnologs dimx1h are

both expressed Igpinal cord interngrons during devefament (Fig. 1 and). This is consistent
with a previous report whetenxx1bbwas shown to be expressed by anterior spinal ne(i2dhs
but in contrast, the same report suggestedltmaibawas not expressed in the zebrafish spinal
cord [24]. Given that we have only detected very weak spinal cord staining witimaaitu
hybridizations forlmx1bg despite tying threedifferent RNAin situ probes(see methods), we

think that the spinal cord staining loix1bawas too weak to be easily detedin theearlier study.

Consistent with results in moufks,18,29,34,61,63,64yve demonstrate here tHatx1bb
is expressed by glutamatergipinal cord neurons (Fig.)1iOur resultsdemonstratehat at least
70% of Imx1bbexpressing @urons are glutamatergic (Fij; Table 3. In addition, we show that
only a small percentage tthx1bbexpressingells are inhibitoryTable 2) In our hands, we see
fewer labedd cells with theTg(slc17a6:EGFP)line than we do withn situ hybridization for
slc17a6 Therefore, we think that thisie does not label all spinal cord glutamatergitscat the
stages examined. This suggests that our ddabking results may be an underestimation and

that additionf and maybe mostmxlbbexpressing neurons mag glutamatergic (Table 3).

Also consistent with results in amniofd$,18,29,34,61,63,64dur analysesuggesthat
a subset ofmx1bexpressing spinal cord celise probablhydI5 cells. dI5 cellsonstitute about a
third of allLbx1-expressingpinal cord cells and they are atke only excitatorylLbxl-expressing
spinalcells [81 10,16]. We find that atleast 4% of Imx1bbexpressing spinal cells eaxpress

Ibx1laand that these eexpressing cells constitute about a third oflthkdaexpressing cells (Fig.

110



1g; Table 2). Together with the fact that mbaklbbexpressing cells are glutamatergic, this
suggests that the cells thatexpresdmxlbbandlbxlaare dI5 cells.

However, in contrast to previous reports in amniotes, we find that a substantial proportion
of Imx1bbkexpressing spinal cells (at le&8%) are VOv neurongFig. 1h; Table 2)This is the
first time thatimx1bbexpression has been described in this cell type in any animal. However, a
small subset of Lmx1b cells are located in the ventral spinal cord of E12.53#]aa a region
similar to where Evx1, a VOv marker, is expresget]. Therefore, it is possible thatrme mouse
VOv neurons may also express LmxlIriierestingly, at the stages that we examined only a subset
of zebrafish VOv neurons expressx1bb(Fig. 1h). This suggests thimxlbbmay be expressed
by a specific subset of VOv interneurons. Interesting&tou and colleagues have shown that VOv
neurons can be divided into three subsets based onnbeghology[33]. Alternatively, it is
possible that all VOv cells exprelssx1bh but only transntly (so that only a subsetas-labelled
at any particular time).

While we were unable to successfully perfatoublelabeling experiments witthmx1ba
andimx1bh due tovery weak staining with oumx1baRNA probes, our results suggest that these
two genes are expressed by the sapiaal cord neurons. Firstly, their spinal caxpression
patterns arevery similar, althoughmxlbais expressed later thamx1lbbin most spinal cord
domains (Fig. 1af, 7a andc). Secondly,Imxlba single mutant,Imxlbb single mutant,
Imx1ba;Imx1lbbdowble mutant andmxlbb;imxlbadouble heterozygous embryos all have the
same spinal cordphenotype & similar reduction in the number of glutamatergic neurons)
suggesting that the two ohnologs have at least partially redundant fupatdriherefore museb
co-expressed in at least some cells (Biglnterestingly otherstudies usingebrafish to examine
Imx1baandimxlbbfunctions in the isthmus, diencephalon and eye htsafound that thesevo
geneshave overlapping expression afuhction redundantlyin those tissuef21,23,24] Finally,
in evx1;evxdouble mutantshe number of cells expressing eitlix1lbaor Imx1bbexpression
is redwced (Fig.7). Given thakevxlandevx2are only expressed in VOv neurons in the spinal cord,

this strongly suggests that both of thexlbohnologs are expressed in VOv cells.

In this chapter we demonstrate thixhx1bis likely required to maintain the glutamatergic
neurotransmitter phenotype afsubset of excitatorgpinal cord neurons (Fig. 2@3). Prior to

this study Lmx1bhad been implicated inorrectmigration, correctneuronal connectivity and
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neuronal viability [18,61] but no specific role in neurotransmitter fate specification or
maintenance had been shownthe spinal cordinterestingly, wherLmx1bwas conditionally
ablated specifically in the mouse spinal cordEaB.5 therewasa reduction in the number of
glutamatergic neurons and no change in the number of inhibitory newiaiok is reminiscent of
our results in zebrafish (Fig. 2 ai®) [18]. However, the authors of this study attributed this
reduction in glutamatergic cells to cell deb#tause of an observed increase in caspassitive
neurons. Despite thishe authorsspeculagd that Lmx1b may function in the maintenance of the

neurotransmitter phenotype prior to the death of these[&8lls

Our results differ from this mouse study because we do not see any evidence of an increase
in cell deathn the spinal cord ofebrafishmxlbbmutants, at least betwe86 hand72 h even
though we sestatistically significant reductions glutamaergic cells at these stages. It is possible
that the slight reduction BGFRlabdled VOv cells that we see at 7 dpfght be due toall death,
but in this case iis a much later phenotype apdtentiallya secondary phenotype due to the loss
of propemeurotransmitter fates. The lack of cell death at earlier stagespmmsiblybe the result
of different developmental strategies betweeruse and zebrafisim zebrafish embryos, with the
exception of Rohon Beard cells, there is very little apoptosise spinal cord during development
[84], compared tsubstantiallynoreprogramed cell death in the mouse spinal ¢8&i 87]. It is
possible that this is due to the fast development and/or smaller size of zebrafish embryos making
it difficult to utilize a strategy ofmaking and pruningxcess neuron#n this casemicemight be
better equipped to eliminate neurons with incorrect functional characteristics than zebrafish.
Consistent with this hypothesis, in an earlier study when we removed Pax2 and Pax8 function in
zebrafish severalsubsets of spinal interneurons lost their litloiry neurotransmitter phenotypes
but they were still present in normal numbers and had normal morphologies and axonal trajectories
[7], suggesting that their viability was not affect&imilarly, in zebrafishevx1;evx2double
mutants, VOv spinal neurons switch their neurotransmitter phenotypes from excitatory to
inhibitory but they retain normal axon projections uatilleast48 h, again suggesting that their

viability is not affected11].

Regardless of the reason, we do not see any evidence of increased cell death in the spinal
cord of zebrafistmxlbbmutants betwee®6 hand72 h Instead, our results suggest that Lmx1b

is required to maintain the glutamatergic phenotypa subset of spinal neurons. This would be
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consistent with Lmx1b function in sa@rother regions of the CNS, specifically the mousgehe
nucleus and trigeminal brainstem complexhere Lmx1b is required to maintaispecific
neurotransmitter phenotypésiang et al., 2012a; Zhao et al., 2006{pwever,in the case of the
raphe nucleus it is a serotonergicenotype rather than a glutamatergic phenotigpé Lmx1b
maintains Together these data provide evidence that Lmxlb functions to maintain
neurotransmitter phenotypes in multiple CNS tissues.

While these results suggest Lmxlba and Lmxlbb likely maintains glutamatergic
neurotransmitter phenotype inlaist a subset of spinal neurons we cannot completely rule out
the possibility that they may specify the glutamatergic phenotype for a subset of later born spinal
neurons. It is difficult to rule out this possibility because we havéotiotved Imx1bbexpressing
neurons to prove maintenance by determinen¥lbbexpressing neurorihat wereoriginally
glutamatergidost that phenotype at a later time point. Additionally, the fact that all Mwons
do not lose their glutamatergic neurotransmitter phgre makes it difficult to distinguish
between the maintenance and specification possibiliHesvever,we do not believe Lmx1b
specifies glutamatergic phenotypes of later born neubaesusehe number of neurons that
express DsRed (glutamatergic) in VEidImx1bbmutant embryos at 57 h (@4 and 241cells
respectively) iquivalentto the number of glutamatergic neurons in WT embryos labeled by
situ hybridization at 48 h (24&ells). Since DsRed expression is apparently delayed in the
Tg[slc17a6b(vglut2a):loxsRedloxP-GFP]""s**embryos we believe the expressi at 57h in
the transgenic embryos may represent the expression of glutamatergic neurons lalséled by
hybridization sometimaear48 h. Furthermore, we know that DsRed eagsion is stable and
persists because we do not detect a significant change in the number ofddpReEssingells in
Imx1bbmutantsat 48 h and 5%, although we do know it is reduced by 7 @pfy. 6). Therefore,
if Lmx1b is specifying the glutamatergic neurotransmitter phenotype of later born neurons we
would not expect to see equivalent numbers of Ds&gulessing cells in both WT artehx1bb
mutant embryos at 5[ because those cells would have never expressed DERglititly, we
would expect to see a reductiohat about42 DsRedexpressing cells ilmx1bbmutants at 5T
if Lmx1b specifies glutamatergic fates of later born neurblesvever, sn\ce we do nobbservea
change in the number &sRed expressing cells imx1bbmutantsat 57 hand we know DsRed
expression persists, we beliemex1bbexpressing cells were correctly specified but they fail to

maintain the glutamatergic neurotransmitter phenotype for a subset of spinal cord neurons.
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Totest ifimx1bbis spediically requiredfor glutamatergic phenotypes of particular sets
of VOv neurons, we investigatedhether thepercentage of excitatory VOv neurotscreases in
Imx1bbmutants.We found that there is a statistically significaatiuction in the number afo-
labelled glutamatergic VOv cells imx1bbmutants at 7dpf. Thisuggests that the reduction of
glutamatergic cellss specifically occurring im population ofmx1bbkexpressing cells and further
confirmsthatat least most of these cells are not dyswgn by 7 dpf.

We were surpsed in the experiments that used transgenic lindabel glutamatergic
neuronghatnot all VOv neuronsvere labeled with thelc17a6transgenic marker, D&l in WT
embryos This was particularly surprising becayseviows reports have shown that all VOv cells
are excitatory and have claimed that frgfslc17a6b(vglut2a):loxPDsRedloxP-GFP]"4line
labels all excitatory cellgl1,33]. However, vhen we counted the number of BRpositive cells
in this transgenic line and the number of glutamatergic cells labeledldiya6 in situ
hybridization at the san#8 h stagehere were fewer DsRed positive cells tisérl7a6positive
cells (data not shown)his suggests that, at least in our hanlds Tg[slc17a6b(vglut2a):loxP
DsRedloxP-GFP]""4line does not label all glutamatergic spinal neurons. In contvest,
observed the same numberevixexpressingells byin situ hybridization as GFpositive cells
in Tg(evx1:EGFPj''embryos(Fig. 5¢g; Table 4), suggesting that this transgenic tioes label
all VOv cells, even at later stages of developn{éBth)as has previously been shown for earlier
stageg11].

In addition toshowing thatmx1bbis expressed by VOv cells, our results also suggest that
Imx1baandlmx1kb expression in these cells requires Evx1 and Evx2 activity. When we examine
Imx1ba and Imx1bb expressionin evxl;evx2double mutant embryos we seestatistically
significant reduction in the number hx1baandImxlbbexpressing neurons (Figae; Table
4). Excitingly, our previous work has demonstrated that Evxl and Evx2 function partially
redundantly to specify the glutamatergneurotransmitter phenotype &0v neurons[11].
Combined with these earlier results, ouvrgtudystarts to elucidate a pathway of neurotransmitter
fate specification aridr maintenance foVOv cells, with Evx1l and Evx2 specifyg the
glutamatergic neurotransmitter phenotype as well as Lmx1ba and Lmx1bb expression. The Lmx1b
genes thetikely function to maintain the glutamatergic neurotransmitter phenotype for at least a
subset of VOv neuron&ig. 7f).
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Interestingly, our results alsdhew that someglutamatergic fatesequireat least three
functionallmxlballelesi n z e br af i g &em tb mattenhich Imxlibaetestbese are
(Fig. 3). This suggests théhx1baandlmxlbbare at least partially redunda@iven thatmxlba
andImxlbbare ohnologs that presumglarose in the teleost spBc genome duplication event
[89,90] this requirement for at least three functioin@1ballelesmust have arisen in the teleost
lineage. Interestingly, in humansaving justone mutant alleleof Lmx1bcauseghe autosomal
dominant disordenail-patella syndromeNPS), suggesting that gene dosage is also important in
humans[91,92]. Moreover, a quarter ofNPS patients experience peripheral neurological
symptoms with may be the result amproper specification of spinal cord neurdts,61,93],
suggesting that our results may have direct relevance to this human disorder

During these studies we also discovered she82al previously believed to be expressed

by all inhibitory neurons, does not label all inhibitory spinal neurods8dtin zebrafisnN58,65]

At 48 h slc32alexpressiornis restricted to a band of neurons in the middle of the doesdral
axis of the spinal cord (Fig2l), whereasthe GADs (markes of GABAergic cells)are also
expressed in more vial regions at this stagéig. 21 ando). At 27 hslc32alseems to be
expressed by all inhibitory neurons, as previously repdf8¢b5] However, at36 hslc32al
expression starts to be restricted to more dorsal inhibitory populasibthsugh sporadic ventral
slc32atexpressing cells are still detected. It is this sporadic vesit@2alexpression that likely
causeghe large variatiors in the number oflc32alexpressing cells detected at 36vhen
compared t®7 hand48 h (Fig. 2j and kTable 3).

Conclusion
In conclusion, we demonstrate thak1baandimxlbbare expressed by VOvaxl5 spinal

interneurons. These genes are required, partially redundantly, in-dejgesedent mannefigr the
glutamatergic neurotransmittéates of at least a subset of these cells. Howelrax1baand
Imx1bbare not required to repress inhibitory newmansmitter phenotypes as there is no increase
in inhibitory cells in eithetmx1baor Imx1bbsingle or double mutants. We also show thatlba
andimxl1bbrequired Evx1 and Evx2 for their expression in VOv neurons demonstrating that Evx1
and Evx2 not ol specify but perhaps indirectly, via Lmx1lb, maintain the glutamatergic

neurotransmitter phenotype of at least a subset of VOv neurons. Taken together, our results provide
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new and powerful insights into the mechanisms #pacify and/omaintain neurotrasmitter

phenotypes of spinal cord interneurons.
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Figures andLegends

Fig. 1: Imx1bexpression in zebrafish spinal cord
Lateral view of zebrafish spinal cord: 27 h (a &0 h(g, h, iand ), 36 h (c andl) and48 h(e

andf). Anterior left, dorsal topin situ hybridizationlmxlba(a, c ande) andimx1bb(b, d andf).

Black dashed line ¢§ is just below ventral limit of spinal cord, floor plate is right above this, in

the most ventral part of the spinal cord, roof plate is the most dorsal part of the spinBocdrie.

in situ hybridization Imx1bb (red) and Ibx1a (green) in WT embryo, mergedriew (g) and

magni fied single confocal -gdbinsitehybadizationtmklbbe dot t
(red) and EGFPimmunohistochemistrygreen)in Tg(evx1:EGFPj'! embryo, mergediew (h)

and magnified single confocallpane of whi t e dhd ©ih sitd hylridizatiom e gi o n
Imx1bb (red) and EGFP immunohistochemistrygreen)in Tg(slc17a6:EGFPembryq merged

image(i) andmagnifiedsingle confocal plane f whi t e d ot tiéeod) .b d¥8hedrteegi o n
line (i) marks the dorsal limit of the spinal coRled staining above the dashed line is outside the

spinal cordDoublein situ hybridizationimx1bb(red)andslc32al(green)in WT embryo, merged

image () andmagnifiedsingle confocal planef white dotted box e g i - ol @lljcéses (q)

* indicates celabeled cell, x indicates single labeledx1kb-expressing cell(k) Threeclass

ANOVA comparison of VOv cells (class,3junk cells (class 1) and albptmitotic neurons (class

2). p values test hypothesis that there is no differential expresmioongthe 3 classeolumns

represent individual microarray experiments. Rows indicate relative expression levels as
normalized data transformed to a mean of O and a standard deviation of +fb (®kdplue).
Imx1baandimxlbbare expressed by VOv neurons. Positive comtvalis also expressed by VOv

neurons. Negative controdsiglbandmyodlare expressed by other neurons (V1 cells) and trunk
cells respectively. x@aesged hy allpophladianScaldbare50iMm g g e n
(&f), 70oum(gj ) and -j)@6Pm (gb
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Fig. 2: Imx1bbmaintains glutamatergic phenotyleut does not represgibitory phenotyps
Lateral view of zebrafish spinal cord2t h(a,b, h and i), 36 h (c, d,gnd k) and 48 h (& |, m

and o-t), anterior left, dorsal topn situ hybridization forslc17a6at+ slcl17a6b(slc17a§ (a9,
slc32al(h-m), gadlb+ gad2(GAD) (o, p), slc6a5(q andr) andpax2a(sandt ) .andf ®d ar e
magnifiedviews ofblack dashedbox region in(e andf) respectivelyMeannumber of cells (y

axis) expressing markesfc17a6(g), slc32al(n) and GAD slc6a5or pax2aat 48 h(u) in spinal
cord region adjacent to somitesl8 in WT embryos(white) andimx1bbmutants (grey) (Gaxis).
Statistically significant (p<0.05) comparisons are indicated with square brackets anérstars.
bars indicate standard error of the meauamNer of embryos analyzed apdalues areprovided
in tables 3 & 4. Scale ba50um(af, h-m ando-t) and 25 pnm( eaddf 6 ) .
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Fig. 3: Three functionalmxlballeles are required tmaintainthe glutamatergic phenotype
Lateral view of zebrafish spinal cord 48 h (agd i, andj), anterior left, dorsal tapn situ

hybridization forslc17a6at slc17a6l(slc17a§ (a-g9 andslc32al(iandj ) .-g &)ar@gmified
views ofblack dashedbox regions in panels {@. Columnson left indicatelmx1baandimx1bb
genotype Meannumber of cells (3axis) expressinglc17a6(h) andslc32al(k) in spinal cord
regionadjacent to somites 80 at 48 h(x-axis).Square brackets and star in (h) indicates that each

of the first three columns is statistically significantly different from each of the last four columns

(p<0.05).Embryo genotypeis indicated below graph. Errdrars indicate standard error of the
mean. Nimber of embryos analyzed apdalues areprovidedin table 5. Scale bgg) = 50um (a
ggand 2 odampdgcaledbar (j) S0um(i, j).
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Fig. 4: No increased apoptosisimxlbbmutant betwee6 hand72 h
Lateral view of zebrafish spinal cord2f h(ab 636 h(ed 6 @md) 4&Mm(ef 6 ig J ,

anterior left, dorsal topAcridine orange AO) treatment (& 0 ) and act3 vat ed
immunohistochemistryas anterioiposterior montagegy-j 6 ) . in (&) iisha.sibling embryo to
smoothenechut ant - 6) (bBye MmMagnified view ofmumberrr espoc
of cells (yaxis) with activated caspaSestaining in WTembryos(white) andimx1bbmutants

(grey) (xaxis) atindicateddevelopmental times. Error bars indicate standard erroreofgman.

Number of embryos arglvalues areprovidedin Table 6.Scale bar 100pm (@ ) and -800m (
j o)
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Fig. 5: Imx1bbis expressed by dI5 and VOv neurons which are unaffecteakitbbmutants
Lateral view of zebrafish spinal cord4# h (af), anterior left, dorsal topn situhybridizationfor

Ibxlain WT (8 andimxlbbmutant §) embryosin situ hybridizationfor evx1+evxZevy in WT
(c) andimx1bbmutant () embryos Immunohistochemistrior EGFPin Tg(evx1:EGFPWT (€)
andImx1bbmutant ) embryos. §) Meannumber of cells (3axis)in WT embryos (white) and
Imx1bbmutants (greyexpressindbxla, evor Tg(evx1l:EGFP)n spinal cord region galcent to
somites 610 (xaxis), for n numbers anglvalues see Tables 2 and Btror bars indicate standard

error of the mearScale bar H0um (af)

__Ibxia Tg(evx1:EGFP)

- Imx1bb mutant

number of cells
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Fig. 6:Imx1bbmaintains the glutamatergic neurotransmitter phenotype for at least a subset of
VOv neurons
Lateral view of zebrafish spinal cord at 7 dpbjaanterior left, dorsal top. Immunohistochemistry

for EGFP (green) and DsRed (red) showing merged confocal planes in WT (ajxabdmutant

(b) Tg(slcl7a6b:loxpDsRedloxp-GFP);Tg(evx1:EGFP)embryos. Sigle magnified confocal
plane from whit e -addads hadenddd ohodx * r -mplkdocalla (imdates o
single labeled EGFRxpressingVVOv) cell. (¢) Mean number of cells {gxis) expressing DsRed
(glutamatergic), EGFP (VOv) and DsRed &P (celabeled) (xaxis) in WT (white) andmx1bb

mutants (grey)Error bars indicate standard error of the mdéann number ang valuesee Table
7. The glutamatergic and VOv numbers includdaiaelled cells. Statistically significant (p<0.05)

comparsons are indicated with square brackets and stars. Scale3bar@m (a, b) -and

b 6.0)
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Fig. 7: Evx1 and Evx2 are required fanxlbexpression
Lateral view of zebrafish spinal cord at 30 Fdjaanterior left, dorsal tojm situ hybridization for

Imx1ba(a, b) andmx1bb(c, d). Brown pigmentation is from melanocyté€s) Mean number of

cells (yaxis) that expredsnx1baandimxlbbin WT (white) andevx1;evxaloublemutants (grey)
(x-axis). Error bars indicate standard error ofetimean. Statistically significant (p<0.05)
comparisons are indicated with square brackets and stars, for n numbperadunelsee (Table 4).

(H Proposed mechanism for how at least a subset of VOv neurons specify and maintain their
excitatory (glutamaterg) neurotransmitter phenotypfl1l] demonstrated that Evxl & Evx2
specifies the excitatory (glutamatergic) neurotransmitter phenotype and represses the inhibitory
(glycinergic) phenotypes. This study demonstrated that Evx1 & Evx2 are also requiregiba

and Imx1bbexpression. Furtherme, this study shows that Lmx1bb is required to maintain the
excitatory (glutamatergic) neurotransmitter phenotype for at least a subset of VOv neurons. Scale

bar =50um
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Tables and Legends

Table 1:imx1baandimxlbbare expressed in the zebrafsginal cord
Mean number of interneurons (roof and floor plate expression is excluded) expiessihg

(columns 25) or Imx1bb(columns 689) at 27 h, 30 h, 36 h and 48 h in the spinal cord region

adjacent to somites-80. SEM indicates the standard error of the mean for each time point
analyzed. n is the number of embryos analyzed.

Imx1baexpressing cells Imx1bbexpressingcells

27 h 30 h 36 h 48 h 27 h 30 h 36 h 48 h
Mean 3.5 8.6 11.8 22.5 31.1 37.6 57 80.4
SEM 1 1.8 0.5 2.4 14 1.7 1.3 1.9
n 4 5 4 4 11 15 4 5
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Table 2:Co-expression of other genesth Imx1bb
Number of cells detected in dabeling experiments. Mean number of cells that exgras$bb

(column 2), or gene being assessed feexpression (column 3) in the spinal cord region adjacent

to somites 610. Column 4 shows the number of these cellshtie¢ celocalized expressioisEM

values indicates the standard error of the mean for each value. n values are the number of embryos
counted for each experiment. % values indicatepéneentagef Imx1bbkexpressing cells that

have celocalized expressiowith other genes being assesgedlumn 2) or the % of cells that

expressed other genes that havdooalized expression wittmx1bb(column 3).
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Imx1bb+ Tg(slc17a6:EGFP)double labeling experiments

30 h Imx1bb Tg(slc1l7a6:EGFP) co-labeled
Mean 30 105.7 21

SEM 3 9.7 2.2

n 7 7 7

% 70% 20% n/a

Imx1bb+ slc32aldouble labeling experiments

30h Imx1bb slc32al co-labeled
Mean 28.3 142.7 3

SEM 1.2 24 0.6

n 6 6 6

% 10% 2% n/a

Imx1bb+ Tg(evx1:EGFP)double labeling experiments

30 h Imx1bb Tg(evx1l.EGFP) co-labeled
Mean 36 70.5 135

SEM 2.1 2.4 1.7

n 6 6 6

% 38% 19% n/a

Imx1bb+ Ibxladouble labeling experiments

30 h Imx1bb lbx1la co-labeled
Mean 29.4 40 13.3

SEM 1.7 2.7 1

n 7 7 7

% 45% 33% n/a
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Table 3: Lmx1bbmaintains excitatory and not inhibitory neurotransmitter phenotypes
Mean number o$lc17a6at slcl7a6b(slc17ag or slc32alexpressing cells counted in the spinal

cord region adjacent to somitesl8 in 27 h, 36 h and 48 h embryos. SEM is the standard error of

the mean. n is the number of embryos analyzed for each experpnatei s fr om a st uc

paired ttest comparingVT and Imx1bb mutantembryos Statistically significanip values are

indicated in bold.

27 h 36 h 48 h
Marker WT Imx1bb” | WT Imx1bb” | WT Imx1bb”
slc17a6 Mean 121.6 127.2 137.2 123.6 211 175
SEM 5.3 4.1 2.5 2.4 55 2.9
n 10 10 13 17 10 13
p value 0.411 <0.001 <0.001
slc32al Mean 149.7 148 173.2 169.7 210.5 202
SEM 2.7 5.8 10.9 17.1 4 10.8
n 10 6 14 7 12 6
p value 0.77 0.85 0.48
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Table 4:Expression of genes in WT ahtdxlbbor evxl:evxanutantembryos
Mean number ofgadlb + gad2 (GAD), slc6a5, pax2a, Ibxla, evxk* evx2 (evy,

Tg(evx1:EGFPY, Imxlbaand Imxlbbexpressing cells expressed in the spinal cord region
adjacent to somites- 80 in 30 h or 48 h embryos. SEM is the standard error of the mean. n is the
number of emlyos analyzed for each experimeptvaluei s fr om a sttestdent 0s
comparing WT antmx1bbmutantembryos Statistically significanp values are indicated in bold.
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Marker 48 h WT Imx1bly’”
GAD Mean 114.2 109.5
SEM 1.2 45
n 5 4
p value 0.54
slc6a5 Mean 208.3 201.2
SEM 4.9 6.2
n 6 6
p value 0.38
pax2a Mean 138 140
SEM 34 34
n 7 5
p value 0.7
Ibxla Mean 96.5 96.1
SEM 3.6 24
n 8 8
p value 0.93
evxl + evx2 Mean 90.9 92.1
SEM 1.9 3.9
n 10 6
p value 0.78
Tg(evx1:EGFPFY! Mean 94.9 96.3
SEM 2.6 0.94
n 8 8
p value 0.63
Marker 30h WT evxI-evx2"
Imx1ba Mean 8.6 4.8
SEM 0.81 11
n 5 6
p value 0.029
Imx1bb Mean 35.9 19.7
SEM 6.4 5.3
n 12 6
p value <0.001
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Table 5: Lmx1band Lmx1bb redundantiypaintain the glutamatergiteurotransmitter
phenoype in a dose dependent manner
Mean number o$lc17a6at slc17a6l(slc17ag or slc32atexpressing cells detected in the spinal

cord region adjacent to somite<l@ in 48 h embryos. Q& is the standard error of the mean. n is

the number of embryos analyzed for each experinewtlues ar e fr om stesudent O ¢
Statistically significantp values are indicated in boldp value 1 is from comparing WT
(Imx1bd™;Imx1bld"™*) embryospairwise with all other genotypep,value2 is from comparing

Imx1ba”™ ;Imx1bl”- embryos pairwise with all other genotypgsyalue 3 is from comparing
Imx1ba’";Imx1bb’- embryos pairwise with all other genotypes gnealue4 is from comparing

Imx1bd” ;Imxbb’” embryos pairwise with all other genotypes.

48 h SN SRS S R U T N i
EE|EE |EE|EE |EE|E E|EE
slcl7a6 | Mean 246.3 250.2 233.8 |196.4 199.4 2045 [193.1
SEM 7.4 5.9 4.5 5.5 10.4 10 6.2
n 8 5 4 8 11 9 13
pvaluel | n/a 0.72 0.3 0.001 0.001 0.002 |0.001
pvalue2 | 0.29 0.08 n/a 0.005 0.03 0.05 0.004
p value 3 ] 0.001 0.001 0.005 |n/a 0.66 0.38 0.78
p value4 ] 0.003 0.004 0.05 0.38 0.7 n/a 0.45
slc32al | Mean 179.8 188.5
SEM 12.9 14.1
n 6 6
pvaluel | n/a 0.94
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Table 6: Activated caspaskis not inceased in zebrafidmx1bbmutants during the first2 hof

development
Mean number of activated caspasexpressing cells at 36 h, 48 h and 72 h within the entire spinal

cord. SEM is the standard error of the mean. n is the number of embryos analyzed for each

experimentpvaluei s fr om a s-test compating WT gnaryos amik1bbmutants.
36 h 48 h 72 h
Marker WT Imx1bb” | WT Imx1bb” | WT Imx1blby’”
Activated | Mean []1.1 1.8 2.8 1.8 0.4 1
Caspase3 | SEM 0.77 0.94 0.95 0.58 0.24 0.68
n 8 7 6 5 6 5
p value | 0.63 0.4 0.46

Table 7: Lmx1b maintains thrgdutamatergighenotype in a subset of VOv neurons
Mean number of cells expressing DsRed, EGFP or both in the spinal cord region adjacent to

somites 610 in 7 dpf embryos. SEM is the standard error of the mean. n is the number of embryos

analyzedpvaluei s fr om a s iestdomparing $VT endpos rarelchxlhbmutants.

Statistically significant values are indicated in bold.

DsRed (glutamatergic) | EGFP (VOv) co-labeled

WT Imx1bb” | WT Imx1bb” JWT Imx1bb”
Mean 132.6 105.3 100.1 91.3 42.9 21.8
SEM 5.5 5.2 14 2.1 4.9 2.7
n 9 12 9 12 9 12
p value 0.005 0.002 <0.001
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CHAPTER FOUR

Skor Genes May Function Downstream of Evx1 and Evx2 in the VOv Glutamatergic
Neurotransmitter Specification Pathway

[Fig. 4c, f, i and 84y] arefrom JuarezMorales et al. Neural Development (2016) 11:5 DOI
10.1186/s1306916-00599 and areused fere n line withBioMed Central's Open Data Polity
| performed most of the experiments in this chapter includingskue gene expression and -taralization
experiments, thekorlmorpholino experiments, thekor CRISPR designs and injections, sler CRISPR T7 and
restriction enzyme analyses, some of gher HRMT analyses and thskor2 thlastn analysis; Christiane Voufu
performed mosbf the HRMT analygs under my guidance; Sam England, PhD worked withtangenerate the
skorlal, skorlbl andskor21l CRISPR constructs; Billy Hawand José L. Juareklorales, PhDassessedkor

expression irevx1l/2mutants. Kate Lewis, PhBesigned and directed the study.

149


http://www.biomedcentral.com/new-content-item-1-/733990

Abstract
Background

It is well established that cascades of transcriptional regulators function to specify many
cell types. In the CNS, a lot of research has been conducted to try and identifyhgespscify
particular neurons and/or particular neuronal characteristics. However cadeades of
transcription factors that specifiye glutamatergic neurotransmitter phenosjpethe spinal cord
arenot well understood. Work in previous chapters as aglivork from others has started to
identify transcription factors that specify and/or maintain the glutamatergic neurotransmitter
phenotype for a specific glutamatergic spinal neuron population (VOv cells). In this chapter, | begin
to address whether adidihal genesgkorla, skorlbandskor?d may be functioning in this cell

specific glutamatergic neurotransmitt@esification/maintenance pathway

Methods

In this chapter we usm situ hybridization and transgenic zebrafish to characterize the
expressio ofskorla, skorllandskor2.Additionally, mutant zebrafisare creatednd morpholino

oligonucleotides are used to investigskerla, skorllandskor2gene function in the spinal cord.

Results

The skor family of transcription factor genes are expresgedvOv (glutamatergic)
interneurons in the zebrafish spinal cord as well as additional, as yet unidentified, cell types. Evx1
and Evx2, genes exclusive to VOv neurons in the spinal cord, are required for the expression of
skorla, skorllandskor2in a sulset of spinal cord cells, presumably Vi@surons Additionally,
in the spinal cord, there is aafistically significantreduction of glutamatergic neurons when
skorlaandskorlbare knockeedown using antisense morpholinos. Lastly, mutationskorla
andskorlbgenes were gerated with CRISPR constructs and we attempted to geneskte2a

mutant.

Conclusions

This chapter demonstrates thsiorla, skorlband skro2 are all expressed in VOv
interneurons as well as other unidentified neuron population(isg¢ zebrafish spinal cord. In VOv
neurons, all threskorgenes are downstream of Evx1 and Evx2, which specify the glutamatergic
neurotransmitter phenotype of these cells. Excitingfprlaandskorlbmay be required for the

glutamatergic neurotranstter phenotype in the spinal cord suggesting they may function
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downstream of Evx1l and Evx2 in the VOv neuron glutamatergic neurotransmitter specification

cascade.

Introduction
As discussed in chapter 1, VOv neurons are excitatory (glutamatergic) conahissur

neurons which reside in the ventral portion of the spinal ¢by2]. As part of the locomotor
circuitry, they are required for at least hind limb Jaght alterations during fast movemernts
mouse[3,4]. In order to properly function within locomotor circuitry these neurons must acquire
their glutamatergic eurotransmitter phenotype which, at least in zebrafish, reqive$ and

Evx2 [2]. Specifically, Evx1l and Evx2 function partially redundantly to specify a glutamatergic
phenotype and repressgycinergic phenotype in VOv neurons. Since neuronal characteristics,
particularly the neurotransmitt@henotype, argypically specified bycascads of transcription
factors, we questioned whether any other transcription factors, that are expressecsmwél

as other glutamatergic populations, may function in a cascade that specifies the glutamatergic
neurotransmitter phenotype in VOv neurons (discussed in chapter 1).

In this chapter, we investigate the expression of Skor transcription factbeszehrafish
spinal cord and begin testing whether they are required for correct neurotransmitter fate
specification.Drosophila have one Skor gene, Fuss, while mammals have two Skor paralogs,
Skorl and Skord5i 7]. Interestingly, zebrafish have twskorl genes,skorla and skorlh
presumably arising firm the extra genome duplication in the teleost lineage, but onlglare
genel8,9] (Table 4). The Skor genes are highly conserved showinga@bitto aciddentity in the
Sno homology domain, a domain shared amoe@tio/Ski, Dachsund and Slsubfamilies, when
comparingDrosophila Fuss and mouse Skorl and Sk¢rP In addition to the high protein
sequence conservation, neuronal expression dkbegenes has been conserved from the fly to
vertebrate$5i 7].

Functionally,in vitro assays (ceammunoprecipitéion and luciferase activity) show Skorl
interacts with Lbx1 to repress transcript{d@®]. Endogenously, Ska is expressed in mouse dl4
dI5 spinal cord neurons where Lbx1l is also expreqdd€dl17]. Lbx1 specifies inhibitory
neurotransmitter phenotypes in the mouse dl4 and dI6 spinal interneurons providing an intriguing
connection between Skorl and neusosmitter phenotype specificatifiB,19] Supporting this
intriguing connection, Skorl is directly upregulatedbyhAschland Ptfla but to higher degree
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by Aschl, which is required fagstablishing glutamatergic neurotransmitter phenotypeake
mouse spinal cordsuggesting Skorl mafgnction in neurotransmitter phenotype specification
pathway(s) (see chapters 1 and 2 for more defal$R2]. Also, our work in Chapter 2 identified
skorlgenes as being expressed higher in glutamatergic da@vikely more dorsapheurons than
inhibitory (V1, V2b and KA) neurons again, providing support for the idea these genes may specify
glutamatergic neurotransmitter phenotypes. Nonetheless, a direct role in neurotransmitter
specification and/or maintenance has not yet been established skotigenes.

Here we show thaskorla, skorllandskor2are all expressed in VOv as well as other, yet
unidentified, spinal neurons. The percentage of VOv neurons that expresskeagjene is
equivalent to the percentage of cells lost that expresss&achene inevxlevx2double mutants.

Since Evx1 and Evx2 are expressed only in VOv neurons within the spinal cord, we conclude that
eachskorgene requires Evx1 and Evx2 for its expi@ssn VOv neurons. By using morpholino
antisense knocklown technologies, we also denstrate thaskorlaandskorlbmay be required

for the glutamatergic neurotransmitter phenotype of a subset of spinal neurons. Furthermore, the
number of glutamatergic cells lost, via morpholino kndokvn, is equivalent to the number of
skorl-expressingells lost in theevx1;evx2louble mutant. Together, these results suggest that the
skor genes require Evx1l and Evx2 for their expressing in VOv neurons and asKeekhand

skorlb may function downstream of Evxl and Evx2 in the VOv neuron glutamatergic

neurotransmitter phenotype specification pathway/cascade.

Methods

Ethics approval
All zebrafish experiments in this research were approved by the Syracuse University

IACUC committee.

Zebrafish husbandry and fish lines
Zebrafish Danio rerio) were maintaiad on a 14our light / 18hour dark cycle at 28.5°C.

Embryos were obtained from natural paired and/or grouped spawnings eypaldWT) (AB,
TL or AB/TL hybrid) fish or identified heterozygousvx1?3%evx23'4° fish [2,23] or
To(slc17a6:EGFP)[formerly called Tg(vGlut2a:EGFP) [1,24i 26] or Tg(evx1:EGFPY! [2]
transgenic fish. Embryos from these fish were reare@8#°C and staged by hours post

fertilization or they were prim staged.
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CRISPR construct generation
CRISPR constructs were generated using two different metAdues first method is

outlined in[27] and wagperformed by Dr. England and mysédlasmids for this method (QRNA
DR274 and Cas®1LM3613) were purchaseddm Addgene. | identified the target specific guide
sequences using ZiFiT targeter software (http://zifit.partners.org/). | chose the target specific guide
sites to be within the DNA binding domainskorla,skorlbor skor2so that if any of these mutant
genes were translated their proteins wdikiely fail to interact with DNA(Fig. 1; Table 1). The
second method for CRISPR production followed the protocol outlind@8hand | used this
method to generate the additiors&br2 CRISPR constructsskor22 throughskor210; Fig. 1;

Table 1). | used the CHOPCHGBftware (http://chopchop.rc.fas.harvard.edu/) to identify target
specific guide sequences in this case. The guide sequences | chose were either within the DNA
binding domain or within the-8KI binding domain (Fig. 1; Table 1). Also, | designed guide
sequences that could function as pairs with the hope of Exgcall known functional domains

within exon one otheskor2gene (Fig. 1; Table 1).

Genotyping
DNA for genotyping was isolated from fin biopsies of anesthetized adult, supernatant of

homogenized -R day old embryos and dissected heads from fixed embryos. Genotypuglof
andevx2mutations from fin biopsies and dissected heads were performed by Mr. Haws and Dr.
JuarezMorales and has been previously describe@jr(Chapter 3). Embryo homogenates and

fin biopsies ofskorla, skorlkandskor2 CRISPR injected embryos/fisvere genotyped via T7
endonuclease digestion, restriction enzyme digestion and/ofrésglution melt temperature

(HRMT) analyses that were performed by Ms. Voufo or me.

FO embryos injected witbkorlal, skorlbl andskor21 CRISPRs were screened by T7
endonuclease and restriction enzyme assays. Specifsiadiflawas PCR amplified around the
CRISPR target site to yield a 215bp product. That product was digested with T7 endonuclease,
which cut heteroduplex DNA, as describied29]. Also, theskorlaproduct was digested with
BssHIlwhich cut WT DNA into 170bp and 45bp products while DNA mutated at that CRISPR
site did not cut. Similarlyskorlbwas PCR amplified around the CRISPR site ildya 270bp
product that was also digested with T7 endonuclease. Agaiskaéhtbproduct was digested with
BssHIlwhich cut WT DNA into 187bp and 83bp products while DNA mutated at that CRISPR
site remained 270bp. Lastlgkor2was PCR amplified arourtthe CRISPR site to yield a 164bp
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product that was digested with T7 endonuclease. Also, the PCR product was digesB=tYtith

WT DNA was cut into 95bp and 69bp products while DNA mutated at that CRISPR site remained
164bp. All the primers used for T7 emticlease and restriction enzyme digestion assays are listed
in (Table 1).

FO adult fin biopsies and all subsequent generations skamriaandskorlbinjected fish
as well asskor22 throughskor210 CRISPR injected FO embryos were genotyped via HRMT
analyses. HRMT relies on the principle that DNA with different compositions will have slightly
different denaturation temperatur§®0]. Therefore, using @8ioRad CFX96 reatime PCR
machineand Precision Melt Analysis software, we detected presumed mutants by identifying
CRISPR injected embryos that had different DNA denaturation temperatures tajected
control DNA denaturation temperature. Specifically,e timachine detected denaturation
temperatures by identifying the exact temperature at which a fully saturating DNA dye (BioRad,
1725112) was quenched. The specific primers used to amply DNA for the HRMT analyses are
listed in (Table 1). The PCR amplificaticand HRMT analysis program for all the CRISPRs

analysis was identical to the one[&1].

Genome analysis: tblastn & alignments
| performed a tblastn analysis (May, 2016) to identify any potesk@i2ohnologs in the

zebrafish genome by using a Natiofanter for Biotechnology Information (NCBI) web applet
(http://blast.ncbi.nim.nih.gov/Blast.cgi?PROGRAM=tblastn&PAGE_TYPE=BlastSearch&LINK
_LOC=blasthome). Zebrafish Skorla ENSDART00000100104 Skorlb
(ENSDART00000138103) and Skor2 (ENDART00000101289) genoversion (GRCz10);
mouse Skorl(ENSMUST0000055281) and Skor2 (ENSMUST00000166956) genome version
(GRCm38.p4); and human Skorl (ENST00000554054) and Skor2 (ENST00000620245) genome
version (GRCh38.p5) proteins were blasted against the translated zebeafishefz10). Also,
zebrafishskorlaandskor2 c-Ski domains were blasted against the translated zebrafish genome.
Blast results were then screened for poteskal2ohnologs. i.e. novel/uncharacterized zebrafish

proteins that share homology with the various Skor proteins

Additionally, the Sno homology domain of Zebrafish SkoERISDART00000100104
Skorlb  (ENSDARTO00000138103) and Skor2 (ENDART00000101289); mouse
Skal(ENSMUSTO0000055281) and Skor2 (ENSMUSTO00000166956); human Skorl
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(ENST00000554054) and Skor2 (ENST00000620245); and fly Fuss (FBtr0334625) proteins were
aligned using a Clustal Omega (http://www.ebi.ac.uk/Tools/msa/clustalo/) web applet.

in situ hybridization
Embryos were fixed in 4% paraformaldehyde and single and doubiti hybridization

experiments were performed by Mr. Haws, Dr. JulMerales or me as previously described

[32,33. Probes foin situ hybridization experiments were prepared using the following templates:
slcl7a6a /slc17a6f34,35] slc32al[36] andhmx3a[37]. Probes foiskorla, skorlkandskor2

were generated from cDNA as previously descrif&88]. The primers used to generaterla,
skorlbandskor2probes are listed in listed in (Table[2]. The probes for all thregkor genes

were targeted to the 36 UTR to avoid cross re

Gene knoclkdown with morpholinos
To knockdown gene fuction morpholinos designed to blockskorla

(AGCTGACTGGGTATCGACTCCATTC) and skorlb
(GCTGATTTGGGATAGATTCCATTCC) translation were purchased from Gene Tools, LLC. |

co-injected 20ng of thekorlamorpholino and 32ng of thekorlbmorpholino (approximately

4nL) together into oneell staged WT zebrafish embryos with @B% phenol red (Sigma
#P0290). Additionally, I canjected a combination 53 (20ng)[39], skorla(20ng)andskorlb
(30ng) morpholinos (approximately 4nL) with €013% phenol red (Sigma #P0290) into e
staged WT zebrafish embryos to prevent potential off target apof8#%is| chose these
concentrations by first @htifying the highest concentration of each individual morpholino that
resulted in fully developed embryos with intact the spinal cord. | nektjeoted morpholinos and
titrated back from their individual max amounts to identify the concentrations ribdiqged the
aforementioned phenotype. | then used those concentrations (listed above) in the experiments
discussed within the chapter.
DAPI staining

| performed DAPI staining on embryafterin situhybridization to aid in the identification
of the laeral line primordium for accurate prim staging (Fig. 2). Embryos were bathed in [1:1000]
DAPI:PBS + 1% Triton for 10 minutes. Embryos were then washed 2X5 minutes in PBST and

then imaged.
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Cell counts and statistics
Cell counts are for both sides of adisomite length of the spinal cord adjacent to somites

6-10. Values are reported as the mearth¢ standard error of the mean. Results were analyzed
usi ng t hteestslcourded entbryas from-tabeling experiments as well as the embryos
injected with morpholinos. Mr. Haws aridr. JuarezZMorales counted thgkorgenes irevxl;evx2
double mutants.
Imaging

Embryos within situ hybridization staining were mounted in 70% glycerol, 30% PBS and
differential interference contragDIC) pictures were taken using an AxioCam MRc5 camera
mounted on a Zeiss Axio Imager M1 compound microscope by Mr. HasmvSuarezZMorales or
me DAPI images were captured using epifluorescene on the Zeiss Axio Imager M1 compound
microscope by me. Zeiss LSM 710 confocal microscope was used to image fluorestsiit
and antibody experiments that | conducted. Images were processed using Adobe Photoshop
software (Adobe, In¢ GNU Image Manipulation Program (GIMP 2.6.1@p://gimp.org and
Image J sfiware (Abramoffet al., 2004). In some cases, different focal planes were merged to

show labeled cells at different medial lateral positions in the spinal cord.

Results

skorla, skorllandskor2are expressed in VOand other spinateurons
Our work in chapter 2 an@] identified genes expressed in VOv or VOv affth neurons

through microarray expression profiling. From that work, we identified sk family of
transcription factorsskorla, skorllandskor2(Fig. 3; Table 2). However, prior to this work, the
expression of these genes in zebrafish was unknolereTore, we performed situhybridization

experiments to confirm the microarray expression profiles of these genes (Fig. 4).

At 27 h all threeskorgenes are expressed in the zebrafish spinal cord. Specifsialhla
is expressed in a salt and peppattern in the middle of the dorsatntral axis of the spinal cord
along the entire anterigrosterior axis (Fig. 4a). Similarlgkorlbis expressed in a salt and pepper
pattern in the middle of the dorsantral axis of the spinal cord along the enéinteriofposterior
axis (Fig. 4b). Unlikeskorlaandskorlb, skords expressed in two distinct rows along the entire
anterior posterior axis of the spinal cord (Fig. 4c). Specifically, one row is in the middle of the
dorsalventral axis where the twskorl genes are expressed while the secskw2expressing

row is at the dorsal limit of the spinal cord (Fig. 4c).
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As mentioned above, the microarray expression profiling experiments suggested that these
genes are expressed in VOv neurons (Fig. 3;erapl Furthermore, then situ hybridization
expression (Fig. 4a) of these gnes are in similar positions genes known to be expressed in
VOv neurons. Therefore, | conducted doulalbeling experiments to verify whether VOv neurons
do express eacskorgene. Specifically, | performed am situ hybridization for eaclskor gene
and immunohistochemistry for EGFP Ty(evx1:EGFP)Y! embryos which specifically labels
VOv neuronswith EGFP[2]. From these experimentsconfirmed that VOv neurons express all
threeskorgenes. Specifically, 28% gkorlaexpressing neurons are VOv neurons (Fig. 4d; Table
3), 48% ofskorlbexpressing neurons are VOv neurons (Fig. 4e; Table 3) and 9&ko*
expressing neurons in the ventral row and (57.5% overall) are VOv neurons (Fig. 4f, Table 3)
Together, these results confirm the microarray expression profiles and demonstrateahhee all

skorgenes are expressed in at least some but not all VOv (glutamatergic) neurons.

To further confirm the microarray expression profiling data (Fig. 3; Table 2), | conducted
doublelabeling experiments between easitor gene and EGFP in thEg(slc17&:EGFP) line
which labels glutamatergic neurons. In doing that, | showed that 69%kopiaexpressing
neurons are glutamatergic (Fig. 4g; Table 3), 91%koflbexpressing neurons are glutamatergic
(Fig. 4h; Table 3) and 93% gkor2expressing neuronseaglutamatergic (Fig. 4i; Table 8].
Together these results demongrahat the skor genes are predominantly expressed by

glutamatergic neurons in the spinal cord.

Oneskor2gene in the zebrafish genome
Because of the extra genome duplication event in the teleost linage, there can often be a

duplicate gene in the zelfigh genome for every one gene in other vertebrgggk 42]. For
example, there are twakorlgenes gkorlaandskorlh while humans and mice only have one

[51 7]. However, only onskor2gene has been identified in the zebrafish genome. This raised the
guestion as to whether anottsor2gene is present in the zebrafish genome but has not yet been
identified. To address this, | performed a tblastn analysis (see methods). With the exception of
grapa, which only shares 29%mino acidhomology with zebrafislskor2,only knownSno/Ski,
Dachsuml and Skosubfamily members, which contain the Sno homology domain, were identified
(Table, 4)[43]. In conclusion, these analyses failed to identgkar2ohnolog suggesting there is

only oneskor2gene in zebrafish.
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skorlaandskorlbmay be required for the glutamatergic neurotransmitter phenotype in zebrafish

spinal cord
Since | confirmed that all threskorgenes are expressed by predominantly glutamatergic

neurons and these genes are expressed by VOv neurons and potentially other glutamatergic
neurons, | investigated whethekorla and skorlb specify glutamatergic neurotansmitter
phenotypes by using a gene knatwn technology, morpholinos. These experiments were only
meant to be a preliminary assessmenskdrl gene function. If | identified a phenotype by
knockingdown skorlaand skorlbl would next generate mutantsr eachskor gene and then
analyze their function in more detail using the mutants. In that essence, | only examined the
functions of theskorlgenes. Thekorlgenes were chosen becaG&erilwas identifiedas a direct

target of genes crucial for the astishment of neurotransmitter phenotypes in the mouse spinal
cord and so | thought they may be more likely to yield a neurotransmitter phenotysarn

[22].

As skorlaandskorlbgenes are mainly expressed by excitatory neurons (Fig. 4g and h;
Table 3), | first assessed the number of glutamatergic neurons, by counting cells that expressed
slcl7a6at slcl17a6k(a mixture of probes for both genes, referred to hesiedaga6 see mdiods),
in embryos injected with botekorlaand skorlb (referred to here askorldlb) morpholino
nucleotides and their dinjected siblings. There was a statistically significant reduction in the
number ofslcl17a6expressing neurons in both pr@n(26 h)and prim11 (27.5 h) embryos when
compared to wmnjected controls at the same stage (Figc58able 5). | next assessed the number
of slc32alexpressing (inhibitory) neurons to determine whether glutamatergic neurons might
switch to an inhibitory fate ienskorlaandskorlbare knockeedown. | detected nstatistically
significant change in the number of inhibitory neurons suggesting glutamatergic neurons do not
change their neurotransmitter phenotypakorla/lbmorphants (Fig. 5d; Table 5). However,
the number o§lc32altexpresisng neurons was slightly reduced in @imorphants. Therefore,
to further evaluate whethekorla/lbmorpholinos may have caused some-spacific apoptosis,
a typical phenomenon whearsing morpholino$39], | analyzed the expression lnnx3a,which
labels neurongdl2 & V1) thatl presumeddo not expresskorlaor skorlb(likely di4, dI5 and
VOv) (Cerda & England, unpublishe®l [10-13]; Appendix Ill). Interestingly, | detected a
significant reduction in the number dimx3aexpressing neurons in prih but not prim

1lembryos (Fig. 5¢; Table 5).It is important to note that these embryos were from the same
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experiment suggesting that therm® embryos were more severely affected by the morpholino

injection.

Since | observed a reduction in the numberhofx3aexpressing neurons in prith
skorla/lbmorphant embryos, | next performed rescue experiments uga@ morpholino to
block nonspecific cell death, a common d#rget effect observed when using morpholif8§.
Thisis a common approach used previously by other groups in cases when morpholinos induced
apoptoss [39,4448]. The triple knockdown resulted in a rescue of thenx3a reduction
phenotype in prin® embryos suggesting that thkeorla/lbmorpholinos caused some -aérget
apoptosis (Fig. 6a; Table 5).

| next assessed the number bitgmatergic neurons in triple knoclown(skorla, skorlb
andp53 morphants to evaluate whether the reduction of glutamatergic neurons was the result of
apoptosis. Consistent with ts&orla/lbmorphant results, | still detected a significant reduction
in the number of glutamatergic neurons in both giand primllin triple knockdown embryos
but to a lesser degree than in gk®rla/lbmorphants (Fig. 6b; Table 5). Interestingly, there was
an increase of 1Bmx3expressing cells and an increase ofilayhatergic neurons in triple knock
down embryost prim9 when compared tekorla/lbdouble knockdownmorphantssuggesting
that theincrease in glutamatergic neurons may be due toeg@ieof hmx3aexpressing neurons
compared tavhenskorlaandskorlbwere knockeedownin the absence of the p53 morpholino
(Table 5). In total, all these results suggest Siatrlaand skorlb may be required for the

glutamaterg neurotransmitter phenotype afsubset of spinal neurons.

Generatingskor mutants
Because my preliminary results suggest ghatlaandskorlbmay be required to specify

the glutamatergic neurotransmitter phenotype for a subset of spinal neurons, | have begun
generating zebrafish with mutations in gk@rla, skorllandskor2genes wih the CRISPR/Cas9
system (see methods). This approach will hopefully circumvent the presumed off target effect,
apoptosisaand any other offarget effectsallowing us to gain a better understandinglkargene

function in the spinal cord.

The skorlal and skorlbl CRISPR constructs produced presumptive mutations in the

skorlaandskorlbgenes, respectively, as assessed by T7 endonuclease and restriction enzyme
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digestion assays (Fig. 1d and e). These results were bolstered by HRMT analyses of FO fin
biopges, primarily conducted by Ms. Vofou, further suggesting that these constructs created
mutations. Specifically, these FO samples had a relative fluorescence that was 0.1 unit different
than the wild type controls which has previously been shown to aedelath mutant DNA31].

In total, Ms. Vofou found 25% (n=70) akorlaFO fish likely had mutations while only 3%
(n=248) ofskorlbFO fish had a presumptive mutation. Unfortunately, we have been unable to
recover zebrafish with a mutationskor2despie testing 10 different CRISPR constructs targeted

to several different locations within or around the gene (Fig. 1c, fand I; Table 1).

Four of theskorlaFO fish with suggestive HRMT results were outcrossed to produce F1
generations. From these F1 fisle have identified potentially 12 different alleles. To date, from
these F1 fish we have recovered and confirmed by sequencing one allele with a 4bp deletion in the
DNA binding domain(at nucleotide 298yhich produces a premature stop codon within that
domain. We now have F2 fish with this mutation that are ready for further investigation (Fig. 1j;
7a). From all theskorlbFO fish, only one allele was recovered (Fifg). IThat allele is a one base
pair deletion(at nucleotide 297and an eight base pairsiertioncausing grameshiftmutation in
the DNA binding domain leading to a premature stop codon after8ke domain (Fig. b; 7b).

We currently have F1 fish with this mutation. We are now at a point in which we can begin
functionally analyzingskorlaand skorlbin neurotransmitter specification through the use of

mutant zebrafish.

skorgenes require Evx1 and Evx2 for their expression
We also examined the possibility that giergenes function in a pathway that specifies

the glutamatergic neatransmitter phenotype in VOv interneurons. We examined this possibility
because all thekorgenes are expressed in at least some VOv interneurons (Fig. 3-Grichiite

2). Furthermore, at leastkorla and skorlb seem to be required for the glutamatergi
neurotransmitter phenotype for a subset of spinal neurons (Fig. 5 and 6; Table 5). To begin
addressing this question, Mr. Haws and Dr. Julerales counted the numbersKorexpressing

cells in evxl;evx2(evx12) double mutants. This was done becalsgl and Evx2 function
partially redundantly to specify the glutamatergic neurotransmitter phenotype of VOv neurons so,
if the skor genes also function to do this in VOv neurons, we predicted they may be doing it

downstream of Evx1 and EvX2].
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As predicted, Mr. Haws observed reductions in the numbeskofla (p<0.001) and
skorlb-expressingells inevx1l/2mutants at 30 h (Fig. 7dand g; Table6 ¢ o u lacstoo@rit d o
T test for theskorlbresult as only have n¥2Consistent with these results, Dr. Juadvzrales
found a statistically significant reduction in the numbesl@ir2expressing cells iavx1/2mutants
at 30 h (Fig. 74y; Table 6)2]. Excitingly, the percentage skorexpressing cells lost in thex1/2
mutants is similar to the percentage of VOv neurons that expressleadene (Table 2 and 6).
Taken together, these results demonstrate that adkitragenes likely requirevxland evx2for
their expression in VOv neuros. Combining these results witskitrd a/1bmorpholino datathese
results raise the intriguing possibility that at ledsirlaandskorlbmayspecify the glutamatergic
phenotype downstream e¥xlandevx2in VOv neurons.

Discussion
In this chapter, | show that all threkorgenes are expressed in the zebrafish spinal cord

(Fig. 3, 4 and 8; Table 4P]. These results are consistent wkorland Skor2expression in
mammals andFussexpression in fly which are all expressed in the spinal cord/ventral nerve cord
[517,10] Moreover, in mouseSkorlis expressed by at leastibitory, dl4 andexcitatory,dI5
neuron populationd 0]. Here, | show that zebrafiskorlbandskor2are predominantly expressed

by glutamatergic neuron populations, 91% and 93.5% respectively (Fig.T4lble 3) [2].
However, just 69% o$korlaexpressing neurons are glutamatergic (Fig. 4g; Table 3). While 1
cannot confirm whéter these noglutamatergicskorlaexpressing neuronge dl4 inhibitory
neurons, the mouse results suggistt possibility. However, as discussed in chapter 3, the
Tg(slcl7a;EGFP)line, which was used to identify glutamatergic neurons, does not label all
glutamatergic neurons so it is quite possible that less than 3skodfaexpressing neurons are
inhibitory. However, having said thahe number of glamatergiacells labeled by the transgenic
line co-labeledwithin the skor genes in the&o-expression experiments (Fig.-#drable 3) were
similar among tlese experimentssuggesting that the naylutamatergic skorlaexpressing
neuronsare likelyinhibitory or they are in a different glutamatergic populatioain theskorlb
expressing celldn order to discriminatdetweenthese possibilities ctocalization experiments
between theskor genes and inhibitory markers will need to be conducted in the future.
Nevertheless, spinal cord/ventral nerve cord expression ekthigenes has been conged from

fly through vertebrates.
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| also demonstrate that all threkor genes are expressed in VOv (glutamatergic) neurons
(Fig. 3 and 4d; Table 2 and 3)2]. This is the first time any of these genes have been shown to
be expressed in VOv neurons. However, in E10.5 mouse spinal cords Mizuhara and colleagues
labelneurons irthe ventral spinal cord that expre&dsorlin a position consistent with where VOv
neurons are locatdd0,50] They argue that theSkortexpressing neurons have migratedi® t
ventral VOvlike position from their more dorsal di4/dI5 positions but they provide no direct
evidence supporting that claim. Furthermore, at E10.75 the proportion of ventrale€koessing
neurons appears to benilar to what | observe in zebrafighig. 4; Table 3J10]. Therefore, it is
possible that some ventral expression, presumably in VOv neuro8kpdfhas been conserved

in the vertebrate lineage.

As mentioned above&Skorlis expressed in dl4 and dI5 neurons in the mouse spinal cord
[51]. In this chaptel do not directly address whether the dorsal spinal cord expressskordf
has been conserved in zebrafish. However, it is quite probablskiidtaand skorlbare also
expressed ione or both of theggopulations. This is probable because 71%kafla-expressing
and 51% otkorlbexpressingheurons are not VOv suggesting at least one other neuron type must
express these genes. Furthermore, it is clear that th¥ ®grskorlaexpressing neurons are in
positions dorsal to the VOv population demoatitig that di4 or dI5 neurons could express this
gene (Fig. 4d). Also, 31% skorlaexpressing neurons did not-tacalize with GFP expressing
cells in Tg(slc17a6:EGFP)embryos suggesting they could be expressed by inhibitory (dl4)
neurons. Though, as Irgviously discussedthis may not be the case because the
Tg(slcl7a6:EGFP) line does not label all glutamatergic neurons. Again;localization
experiments betweeskorlaand inhibitory markers are needed to validate wheskerlais
expressed in inhibitry, presumably di4 neurons. In summary, | do not provide direct evidence
that theskorlgenes are expressed by dorsal populations but the fact that skairdlexpressing

neurons are VOv neurons suggests that some other neurons must express these genes.

| also do not provide any direct evidence supportindgpcalization among the threskor
gene. However, based on their expression pattern it is possible that these genes may be co
expressed in at least VOv neurons. Supporting this idelacatizationexperiments between each
skorgene and EGFP img(evx1l:EGFPembryos and the reduction of eagltor gene inevx1/2

mutants demonstrates that these genes are all expressed in VOv neurons. However, this does not
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prove that they are expressed by the samenéddwons at the same time. It is possible that these
genes could be differentially expressed within VOv neurons either by being expressed at different
times within VOv neurons or in different VOv subclasses. Also, my data suggestkdtiimay

be expressd in different neurons thaskorlbsince it is celocalized with glutamatergic markers

to a different degree thakorlb.Additionally, it is clear that the dorsskor2expressing neurons

are not the same as askorl-expresing neurondlonetheless, the degree oflocalization among
theskorgenes will need to be addressed in the future in order to adequately understand how these

genes function in the spinal cord.

Unlike mouse and humans, zebrafish havegkarlgenesskorlaandskorlb,which have
likely arisen from the extra genome duplication event in the teleost lingage,41,52]
Interestingly, | provide evidence that zebrafish have retained onlglan2 ohnolog (Table 4).
From blasting zebrafish, mouse and human Skor proteins against the translated zebrafish genome,
with the exception of Grapanly other known Sno homology domain containing family members
(Sno/Ski, Dachsund and Slksubfamily membersyere identified (Table 4)43]. Additionally, |
blasted the Ski domain, a hallmark of th8kiSnoand Skor subgroups but not thBachund
subgroup, of zebrafish Skorsmd Skor2 against the translated zebrafish genome. As predicted,
only other known €Ski containing proteins and again Grapa were identifsedpa likely is not
the missingskor2gene becausé only share26 of 92 amino acids within the zebrafish Skof2 ¢
Ski domain.Furthermore, Grapa is@RB2-related adaptor protein with annotated SH2 domains
but noidentifiedeSki domain in the identified, |domamol ogc¢
believegrapais the missingkor2ohnolog. Together, these results suggest that there is only one
skor2 ohnolog and all the other Sno homology domain containing proteins have likely been

identified in zebrafish.

Additionally, these tblastn seilts support the claim that the Skor proteins have a high
degree of homology across spedigs Explicitly, fly Fuss and mouse Skorl and Skor2 share 85%
amino acid identity in the Sno homology domégdih. In this study, | demonstrate that therais
77% amino acid identity conservation in the Sno homology domain among human, mouse, fly and
zebrafish Skor proteins (Fig. 9). Furthermore, this high degree of Skor homology among species
supports the idea that there is no otfli@r2ohnolog because itauld have likely been identified

in my tblastn analysis.
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Excitingly, we show that all thregkor genes require Evx1 and Evx2 for their expression
presumably in the VOv cells. Furthermore, thecpatage o$korla, skorllandskor2expressing
cells that ard&/0v neurons is equivalent to the percentage oftmdk that express easkorgene
in evxl;evx2double mutants. Together these results strongly suggest that alskauegenes
require Evx1 and Evx2 for their expression in M@aurons. However, it should be noted that in
this chapter | report percentages because the exact nundkerekpressing cells that eexpress
with VOv neurons and the numberskior-expressing cells lost Evx1;evxanutants do not exactly
match betwee the experiments. This is likely due to the fact that these experiments were not
conducted by one person but divided among three different people. Therefore, the exact
experimental conditions and methods used to count cells may have been different.ekjoreov
because the number of cells lost that express glamigene in theevxl;evx2mutants does not
exactly match the number of VOv neurons that express slamtgene and because we do not
directly identify which population(s) loskorexpression in thevx1;evx2mutants, we cannot rule
out the possibility thaskor expression is regulated cell rantonomoushby Evx1l and Evx2
Still, these similapercentages are telling and fit the idea that all tekkeegenes are downstream

of evxlandevx2in ameclanism specific td/0v.

Importantly, in this chapter | provide the first direct evidence skatl may function to
specify the glutamatergic neurotransmitter phenotype of a subset of spinal cord neurons. When |
knockeddownskorlaandskorlbtogether the number of glutamatergic neurons was significantly
reduced in both pril® and primll embryos (Fig. 5; table 5). Also, the number of inhibitory
neurons was not significantly changed wis&nrlaandskorlbwere knockeedown suggesting
that the ¢gutamatergic neurotransmitter phenotype had not changed (Fig. 5; Table 5). Furthermore,
the fact that inhibitory neurons were not significantly changed suggests that these results were
likely specific toskorlaand skorlbexpressing neurons. Though, it alib be noted that these
were preliminary experiments done only to be used to justify moving forward with generating
zebrafish with mutations iskorla, skorllandskor2.The idea being that, a thorough investigation
into the function of thekorgenes woul be done using mutants provided the preliminary results
warranted further examination. Given the suggestive nature of these, idsaNts moved forward

with the generation of zebrafish with mutationskorla, skorltandskor2.
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Again, | caution thathese preliminary results were generated with gene kdowakn
technologies that did not have all the proper control experiments performed. Explicitly, neither the
efficacy nor the specificity of thekorla/lbmorpholinos was directly assessed. Supportiegeh
concerns, | observed some potensiabrla/lboff-target effects. Specificalljymx3aexpressing
cells (dI12 and V1) were reduced skorla/lbmorphants (Fig. 5; Table 5; Cerda & England;
unpublished). Sinceskorlkexpressing neurons are expressed in @@d most likely di4/dI5
neurons[10], the hmx3areduction appears to be an-tdfget effect. Furthermorehdre is no
longer a significant reduction in the numbemhaix3aexpressing cells whengb3 morpholino is
added, which has been demonstrated to block nonspecific apoptosis caused by morpholinos,
despite there still being a significant reduction in the number of glutamatergic neurons (Fig. 6;
Table 5)[39]. However, | did not perform elocalization experiments between eakorlgene
andhmx3ato rule out the possibility that this reduction was a direct etié&isingskorlgenes
in either dI2 or V1 cellsFurthermore, if there weren-specific morpholinceffects, it does not
make sensthat the number of inhibitory cells was seemingly unchanged sk@maandskorlb
were knockeedown (Fig. 5; Table 5). Thus, | reiterate that these are preliminary results and
additional analyses are required to confirm whethersktol genes specify thglutamatergic

neurotransmitter phenotype.

To solidify whether theseskor genes do function to specify the glutamatergic
neurotransmitter phenotype and whether they do this downstreaaxafand evx2, | have
generated zebrafish with mutationssikorlaand skorlb.In this chapter, | demonstrate that we
haveskorlamutant fish with an allele containing a 4 base pair deletion causing a premature stop
in the DNA bindingdomain(Fig. 1j and 7a). There are potentially mgk@rlamutant alleles but
additiond work is need to recover and identify those alleles (Fig. 1g). | also demonstrate that we
haveskorlbmutant fish with an allele that causefameshiftmutationat nucleic acid 297hat
affects the DNA binding and 8ki domains leading to a premature stop codon following-tBlki c
domain. After screening all thekorlbF1 fish we have only been able to recover this skoglb
allele. Unfortunately, | have been unable to generatations inskor2despite trying ten different
CRISPR constructs targeting different region within and around the gene (Fig. 1c; Tahke 1).
cannot be sure that te&orlaandskorlb mutant alleles that we have found will lead twoanplete
loss of functiorbut we think that this is likely becauseboth cases he DNA binding domain and

c-Ski domains are affected.
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The reason for designing and attempting to generate CRISPR mutants for adlkiirree
genes is the concern that they may be able to compensatgefanother which would prevent us
from elucidating their functiongsing single mutants here are two reasswhy redundancys a
concern. One, these genes have very similar protein sequences, as discussed above (Fig. 9).
Specifically,zebrafishSkorla,Skorlb, and Skor2 share 88% homology in their DNA binding and
c-Ski domains (Fig. 9). The second reason we are concernedratantlancys that these highly
related genes are potentially-egpressed in some spinal cord cells, as discussed above)(Fig. 4
Togetherthesefacts suggest that the loss of any one of these genes could be compensated by one
or both of the otheskor genes, where they are -e@pressed, which would prevent us from
identifying their functions in the spinal cord. This is why we @tempting to generate zebrafish
mutants for all threskorgenesAs all three genes are on different chromosomes, we should be

able to combine single mutants to create double and triple mutants.

My inability to generate akor2mutanthighlightsthat the effectiveness of making mutants
is variable among genes which supports what has already been puf@i8hdche variability in
CRISPR effectiveness likely stems from several factors such as: sgR&design, rate of
homology directed repair (HDR) and targeting specifi¢é$]. Since | have only used one
CRISPR to targetkorlbit is difficult to assess which one of these factor(s) contributed tothe |
frequencyl/effectiveness of generating mutations. However, | have tried ten different CRISPR
constructs foskor2and none have been successful. This suggests that something intrinsic to the
skor2gene may be preventing mutagenesis rather than justgmget site selection and/or poor
targeting specificity. One Ippthesis for why | have beenabile to generatskor2mutants is that
the chromatin structure around thikor2gene is unfavorable for CRISPR targeting and function.
However, all the evidence dar suggests that chromatin structure does not impinge on CRISPR
effectivenes$b4i 56]. Alternatively, HDR, which is unfavorable for mutagenesis, may be favored
at theskor2gene. However, this would imply that there is something different, besides chromatin
structure, at thekor2gene which favor$iDR over the more error prone rbomologous end
joining repair (NHEJ). Regardless of the reason, | have been unable to generate zebrafish with

mutations irskor2though | have not been successful at generating mutatiskeribaandskorlb.
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Conclusions
In summary, all threeskor genes are expressed in the zebrafish spinal cord which is

consistent witlfSkor/fusexpression in all other species examined. Furthermore, in zebrafish these
genes are predominantly expressed in glutamatergic neurons, somelofanerVOv neurons.

Also, preliminary functional analysis suggests tlskiorla and skorlb may specify the
glutamatergic neurotransmitter phenotype of a subset of spinal neurons. Combining these results
with the fact that all threskorgenes require Evxand Evx2for their expressioin presumably

VOv neurons] predict that at leastkorlaandskorlbmay function downstream of Evx1 and Evx2

in the VOv glutamatergic neurotransmitter specification pathway. Lastly, we novskaneaand
skorlbmutant zebrafish to begin addressing this question in greater detail.
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Figures andLegends

Fig. 1: Assessment gkor CRISPR constructs
Schematic depicting location of CRISPR target siteskorla(a), skorlb(b) andskor2(c). Grey

oval signifies the DNA binding domain, the green rectangle signifies 8te domain and the red
triangles signify the CRISPR target sites. Numbers above the red triangles represent the CRISPR
construct listed in Table 1. Blue lines below scheersgnify exons. (ef) are electrophoresis gels
showing T7 endonuclease (top gel) and restriction enzyme digestion products (bottom gel). Lane
numbers are listed across the top and (L) signifies the lane which receiveeoipeNEB
nucleotide ladder. Nubers next to L lane signify the nucleotide length; .1 = 100 base pairs and .5
= 500 base pairs. (d) LanesBlareskorlal CRISPR injected embryo homogenates and lanes 9
and 10 are wmjected embryo homogenates. (d top) WT samples are 215bp in slzatidch)
BssHIlcuts WT DNA into 170 and 45bp products. (e) Lanésdreskorlbl CRISPR injected
embryo homogenates and lanes 8 and 9 aiejeicted embryo homogenates. (e top) WT samples
are 207bp in size, (e botto@}sHIIcuts WT DNA into 187 and 83hgroducts. (f) Lanes-6 are

skor21 CRISPR injected embryo homogenates and lanes 7 and 8 amgeected embryo
homogenates. (d and e) black triangle marks potential T7 endonuclease fragmentation of
heteroduplex DNA. (d and e) stars mark increases intubblA potentially from a disrupted
restriction enzyme site. {) HRMT analyses difference graph derived from the normalized data.
X-axis indicates temperature andaXis shows difference between the normalized WT relative
fluorescence unit (RFU) and easha mpl eds ( RFU) . Red |l ines are
represent potentially different alleles in CRISPR injected samplasatg HRMT analyses from

FO fin biopsies from fish injected witkkorlal (g), skorlkl (h) andskor2l (i) CRISPR
construcs. (j) is from F2 embryo homogenates which have the 4bp detsigginga frame shift
mutation at amino acid 99 amdpremature stop at amino acid 113 in the DNA binding dgmain
blue are homozygous and green/orange are heterozygous embryos which havenfieeed by
sequencing. (k) is from a F1 fin biopsy showing the 1bp deletion/8bp insertion mutaiking a
frameshift mutation at amino acid 100 in the DNA binding dormgiiaen is heterozygous which

has been confirmed by sequencing.

168



€0
“p L8| zdT4
gm - M
w? &
oo <€ 00
1o 1o
pronepenmces %8 z0
BAIND DUARING =)
o4
awAzua
Juonpuasal
LL

9}IS UdSIHD -
urewop IS-> NN
ujewop Bujpuiq yNG @l

spide oulwe GGz 9| spide oulwe 0G/L D Spide oulwe 0G/L ' e
ZAos qTi0)S eriods

169



Fig. 2: DAPIstaining outlines lateral line primordium
Lateral view of zebrafish spinal cord. Anterior left, dorsal top. (a) DIC image shawisgu

hybridization. (b) epifluorescent image showing DAPI staining. (c) merge image showing DAPI
staining overtop DIC imagdc) some somite boundaries and the lateral line primordium leading
process have been outlined with black lines or dashed black lines respectively to indicate how the

prim stage was calculated. Scale bar = 50um.
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Fig. 3:skorgenes are expressedatirely high in VOv neurons
Heat maps depicting the relative expression levekkofla, skorltandskor2in VOv, V1, V2a

and (V2b + KA) neurons from microarray experiments using the Agilent chip #027382. Pure
neuron samples were isolated from 27 h tranggzebrafish embryo3g(evx1:EGFP)Y! (VOv);
Tg(vsx2:LOXPDsRedLOXP-GFP);Tg(elavi3:EGFP) (V2a);
Tg(pax2a:GFP);Tg(Xla.Tubb:DsRed)/1); and Tg(gatal:GFP);Tg(Xla.Tubb:DsRedV2b +

KAA), via gross dissection and FA€brting. Columns represent individuahicroarray
experiments. Rows indicated relative expression levels as normalized data transformed to a mean
of zero and a standard deviation of +1 (higbkpressed, Red) td (weakly/not expressed, Blue)

sigma units. A tweclass eBays comparison of glutat@rgic and inhibitory populations was used

for statistical analysis. Probes for each gene are ranked by their mixing proportion which measures

their posterior probability which are listed in Table 2.

glutamatergic inhibitory

VOv V2a V1 V2b/KA

skor2
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Fig. 4:skorgenes are expressed in Vand other smial neurons
Lateral view of zebrafish spinal cord at 27 HYand 30 h (g). Anterior left, dorsal topin situ

hybridization forskorla(a), skorlb(b), andskor2( ¢ ) . bl ack dot t andsitul i nes
hybridization forskorla(d), skorlb(e) andskor2 (f) (red) and immunohistochemistry (green) in
Tg(evx1l:EGFPEmbryos, merged views-fland magnified single confocal planes of white dotted

box region (below).in situ hybridization skorla (g), skorlb (h) and skor2 (i) (red) and
immunohistochemistry (green) Tg(slc17a6:EGFPEmbryos, merged views-{and magnified
single confocal planes of white dotted region (below). * markiecalized cell, + marks cell only
expressingkorgene. Black dashed line marks vanhiimit of the spinal cord. Scale bar = 50um

(a-l) and 40um (magnified single confocal planes).
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