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2.2 Analysis of the transgenic worms

Transgenic worm preparations were mounted on 4 % agar pad glass slides containing 1 mM So-
dium azide for immobilization and viewed under the Zeiss LSM 500 Confocal Microscope. The image
stacks were collected using the Zeiss 510 software (version 2.8) and hardware. Z-stacks were made ana-
lyzed and collapsed onto a single plane to make a projection for presentation. Images were exported to

Adobe Photoshop for final modifications.

23 Intensity Measures and Statistical analysis

The position of each motor neuron on the projection was compared to the previously mapped
positions to annotate each motor neuron (Sulston et al., 1983, Mclintire et al., 1997) . In addition to ex-
pression in the motor neurons, all of the reporters were expressed in neurons in either the head or tail
ganglia. This expression was independent of unc-30 and served as fiducial markers in allowing us to
measuring relative changes in intensity. Intensity measures were made for each worm as follows: the
intensity of a single head neuron in the anterior ganglion was normalized to the highest intensity by
changing the brightness and the contrast settings. The intensity of each neuron was then measured and
the change in intensity with respect to the head neuron was calculated. The average change in intensity
of a particular neuron was calculated and compared to the average change in intensity of the same neu-
ron in the wild type background. This was plotted on graph. The significance was calculated using Stu-

dent’s t-test (* p<0.05, ** p<0.005, *** p<0.001) (Price, 2011).

2.4 Bioinformatics analysis

2.4.1 Sequence Isolation and inter-species conservation
The upstream regulatory regions (2000 bp from the +1 TSS) as well as the first exon and intron of

the reporters were copied from WormBase (WS230). A comparative bioinformatics approach was used
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Figure 3.19 : (A, B, C) Comparison of expression in wild type pflp-11::gfp, unc-30 (e191) and double mu-
tants, unc-30 (e191); alr-1 in L2 stage. Left is anterior, right is posterior, dorsal is up and ventral is down
in all the preps. Scale is 50 um. (D, E) Graphs represent the change in the intensity in the DDs and VDs at
L2 stage with respect to the head neuron. n=19, 21 and 16 for wt, e191 and e191; alr-1 double mutant
backgrounds. Significance calculated using the student’s t test where * p<0.05, ** p<0.005, *** p<0.001.
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3.3.2 punc-5::gfp reporter

3.3.2.1 Control punc-5::gfp

In the L1 stage, Seventeen punc-5::gfp animals were observed. Each of the wild type animals
showed gfp expression in the four DDs and also in six DAs and five DBs (Figure 3.20 A).

Four punc-5::gfp worms were analyzed in L2 and older animals. Two animals showed expression
in four DDs and nine VDs. In addition to these thirteen cells, an additional cell was seen in each case.
These cells could be AS7 and AS10 in either case based upon the position. The third animal expressed
gfp in ten cells (DD2-3, DD5 and VD3-VD6, VD9-11). Expression was not seen in the mid body region due
to auto fluorescence. The fourth animal was a younger animal and showed expression in all the VDs
except VD4-5 which could not be observed because of the background and in DD2. The other DDs were

also not seen.

3.3.2.2 punc-5::gfp; unc-30(e191)

In the L1 stage, in the e191 mutant, five out of eighteen animals showed a complete loss of ex-
pression in the DD mns in the VNC. The loss of expression in the other DDs was variable. Figure 3.20B
shows one animal with loss of expression in all DDs except DD2. The loss in intensity was found to be
significant in each of the DDs (Figure 3.20 D).

In the L2 stage, punc-5::gfp in the e191 background, the number of cell bodies as well as the in-
tensity of expression was seen to be significantly reduced. Out of the four animals analyzed, one showed
complete loss of expression, another showed nine neurons presumably two DDs (DD2 and DD5) and
seven VDs (VD2-4, VD6-9), the third animal had expression in each of the nine VDs and DD2 and DD4
and an additional AS3 in the anterior. In the fourth animal, expression could be seen only in the region

around and posterior to the gonadal primordium in the VD6-11 and in AS6, 8-11.
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3.3.2.3 punc-5::gfp; unc-30 (e191); alr-1 (oy42)

The punc-5::gfp reporter showed a decrease in expression in both the GABAergic and choliner-
gic mns in the L1 stage just as observed in the single mutant backgrounds (Figure 3.20 C). The decrease
in expression in the DD mns ranged from partial to complete as shown in Figure 3.21 D. Twenty eight
double mutant animals were observed. A reduction was seen in the intensities of the DD mns (Figure
3.20 C, D) however the intensities were generally higher in the double mutants. This result suggests that
the presence of the ALR-1 amplifies the absence of e191 (Figure 3.20D).

In the older stages punc-5::gfp expression was seen in the DDs and VDs in each of the fourteen
preps in the double mutant. No expression was observed in the ASs suggesting that ALR-1 is necessary

for expression in the AS mns (Figure 3.21).
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Figure 3.20: (A, B, C) Comparison of expression in wild type punc-5::gfp, unc-30 (e191) and in double
mutants unc-30 (e191); alr-1 in L1 stage. Left is anterior, right is posterior, dorsal is up and ventral is
down in all the preps. Scale is 50 um. (D) Graph represents the change in the intensity in the DDs at L1
stage with respect to the head neuron. n=17, 18 and 28 for wt and e191, alr-1 double mutant back-
grounds. Significance calculated using the student’s t test where * p<0.05, ** p<0.005, *** p<0.001
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Figure 3.21 : Expression in punc-5::gfp double mutants unc-30 (e191); alr-1 in L2 stage. Left is anteri-
or, right is posterior, dorsal is up and ventral is down. Scale is 50 um. n=14.

3.3.3 punc-104::gfp reporter

3.3.3.1 Control punc-104::gfp
In the L1 stage, in the wild type animals, expression was seen in fifteen cells: four DDs, six DAs
and five DBs in each of the twenty one animals (Figure 3.22 A).
In the L2 stage, a more variable expression pattern was observed. Fourteen controls were ana-
lyzed. In six control animals, one to three DDs were absent and up to 7 VDs were missing (Figure 3.23
A). But in most animals cells corresponding to the positions of the ASs were observed. AS2 was on in 14

%, AS3 was on 36%, AS4, AS 8 and AS 10 were on 21% and AS5 was on 36% of the time.

3.3.3.2 punc-104::gfp; unc-30 (e191)
In L1 stage, punc-104::gfp,; unc-30 (e191) mutant background, the DDs showed a reduction in
the intensity of expression and the number of cells as compared to the wild type. Twenty worms were

analyzed. DD2 lacked GFP expresssion 65% of the time whereas the other DDs failed to express GFP less
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than 25 % of the time (Figure 3.22 B, D). The expression in the cholinergic mns (DAs and DBs) was not
affected.

In the L2 stage, in the sixteen animals in the e191 background, zero to four DDs and zero to five
VDs were missing in some preps. There was loss of intensity of expression in some of the D mns (Figure
3.23 B, D, E). Additional cells: ASs were also observed as in the wild type. AS 2 and AS5 were seen in
25%, AS4 and AS9 in 12.5%, AS8 in 62% and AS10 in 44% of preps observed. In addition to the ASs, one

or two additional cells were observed along with AS10 in three worm:s.

3.3.3.3 punc-104::gfp; unc-30 (e191); alr-1 (oy42)

The reporter punc-104::gfp in the double mutant background in the L1 stage too showed the
loss of expression in the cholinergic mns and a loss of expression in most DDs as seen in the single mu-
tant backgrounds in each of the twenty five worms analyzed (Figure 3.22 C and D). Figure 3.22 C shows
one such double mutant worm in which the expression is lost in DD2-6 and all the cholinergic mns. The
decrease in intensity in each mn was found to be highly significant (Figure 3.22 D).

In the L2 stage in the punc-104::gfp worms, the D mns as well as the AS mns expressed the re-
porter. But in the doubles, expression observed in some of D mns but was completely lost in the AS mns.
Four out of the twelve animals showed a complete loss of expression in the D mns as well. The other
eight showed partial loss (Figure 3.23 C). There was also a decrease in intensities in some of D mns,

which was more significant than it was in e191 background (Figure 3.23 D, E).
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Figure 3.22 : (A, B, C) Comparison of expression in wild type punc-104::gfp, unc-30 (e191) and in double
mutants unc-30 (allele e191); alr-1 in L1 stage. Left is anterior, right is posterior, dorsal is up and ventral
is down in all the preps. Scale is 50 um. (D) Graph represents the change in the intensity in the DDs at L1
stage with respect to the head neuron. n=21, 20 and 25 for wt, €191 and e191, alr-1 double mutant
backgrounds. Significance calculated using the student’s t test where * p<0.05, ** p<0.005, *** p<0.001
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Figure 3.23: (A, B, C) Comparison of expression in wild type punc-104::gfp, unc-30(e191) and in double
mutants unc-30 (e191); alr-1 in L2 stage. Left is anterior, right is posterior, dorsal is up and ventral is
down in all the preps. Scale is 50 um. (D, E) Graph represents the change in the intensity in the DDs at L2
stage with respect to the head neuron. n=14, 16 and 12 for wt, e191 and e191, alr-1 double mutant
backgrounds. Significance calculated using the student’s t test where * p<0.05, ** p<0.005, *** p<0.001



These results suggest that ALR-1 acts synergistically with UNC-30 to regulate the expression of

punc-104::gfp in the D mns but not in the punc-5::gfp and pfip-11::gfp.
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4 DISCUSSION

The analysis of the role of a terminal selector UNC-30 in the regulation of genes expressed in
multiple classes of neurons revealed that UNC-30 contributed to the activation in the D mns. However,
the importance of the contribution of UNC-30 for expression in the D mns varied. Mutations in both al-
leles of unc-30, based upon the lesions, would be expected to make little if any functional protein. Nev-
ertheless in both mutants, pflp-11::gfp and punc-5::gfp reporters showed occasional expression in the D
mns neurons, regulated by the terminal selector gene, unc-30. pfip-11:: gfp, normally expressed in
three of the eight mn classes showed dramatic decrease in intensity and the number of detectable D
mns. In punc-5::gfp, expressed in five of eight mn classes, a significant decrease in the intensity and
number of D mns was noted as well.

The effect of the mutated form of UNC-30 appeared to have the least impact on the expression
of the pan-neuronal gene unc-104 where the comparisons showed subtle differences. Interestingly, the
expression of punc-104::gfp in the unc-30;alr-1 double mutant was decreased more than it was in a sin-
gle mutant of unc-30 suggesting that UNC-30 and ALR-1 may act together to regulate this gene reporter.
Another possibility is that ALR-1 would regulate the expression of unc-30 in the DD mns. In the absence
of alr-1, the expression of punc-30::gfp was variable. In some animals, all the D mns were positive for
punc-30::gfp while in the others, the GFP expression was diminished (Topalidou et al., 2011). ALR-1 has
been implicated in the expression of chemosensory, mechanosensory and mns to play regulatory roles.

In the mechanosensory neurons, it appears to play an important role in the maintenance of the differ-
entiated state (Topalidou and Chalfie, 2011). Our result suggests that ALR-1 acts as a modulator of gene
transcription enabling some genes to be greatly expressed whereas, suppressing levels of gene expres-
sion for other genes. ALR-1 thus decreases variability of expression by assisting the terminal selector

UNC-30 to define characteristics to the D mns (Topalidou et al., 2011).
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Our analysis with unc-25, flp-11 and unc-5 revealed that these genes are spatially regulated in
the embryonic mns from the anterior to posterior of the animal in both L1 and L2 stages (more distinctly
in the L1 than in L2). The DDs near the head are regulated by UNC-30 to a lesser degree than the poste-
rior DDs as seen by the decrease in intensity of GFP expression in the absence of unc-30 (both e191 and
0k613) or the alr-1, unc-30 (e191) doubles, along the length of the animal.

The spatial regulation of the embryonic mns can be attributed to either one or a combination of
the three possibilities. The first possibility being, differences in developmental origins among the DDs
cause the DDs to be more strongly regulated in the posterior than the anterior of the animal by UNC-30.
DDs originate from different |/r divisions of the founder cell AB.p . The anterior DDs, DD1 and DD2, are
distant cousins originating from the anterior division of symmetric I/r founder cell whereas DD 3-6 are
from the posterior divisions of these symmetric divisions of posterior |/r AB.p cells. Another possibility
could be the involvement of heterochronic genes in the regulation of these genes. Heterochronic genes
are known to regulate temporal expression. One such heterochronic transcription factor, Hunckback
like-1 (HBL-1), is responsible for spatial patterning during DD remodeling. In the L1 stage, the DD inner-
vate ventral muscle. As the animal molts, these synapses are eliminated from the ventral side and trans-
ported to the dorsal side. hbl-1 is expressed in the DDs but its expression is suppressed in the VDs by
UNC-55. In an hbl-1 mutant background, newly translocated dorsal synapses form near the commissures
first, and then proceeded towards the distal axon. This suggests that remodeling in the DDs occursin a
spatial pattern from proximal to distal (Thompson-Peer et al., 2012). Another heterochronic gene lin-14
determines the timing of DD remodeling. In the absence of lin-14, DD remodeling occurs early, initiating
during embryogenesis instead of being initiated during late L1 (Hallam and Jin, 1998, Thompson-Peer et
al., 2012).

A third possibility would include the involvement of TCF/LEF1-like transcription factor POP-1 and

its cofactor B-catenin /SYS-1(Phillips et al., 2007). POP-1 is expressed in higher levels in anterior nuclei
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than the posterior nuclei in each cell division in the early embryo(Lin et al., 1998) while B-catenin /SYS-1
is distributed in a mirror-image asymmetric pattern (Phillips et al., 2007). Thus each cell experiences a
specific distribution of POP-1/SYS-1 regulatory signals in addition to defined transcription factors as it
undergoes a/p divisions. The interations between these need further investigation. But changes in the
activity of pop-1 at different stages of embryonic development and lineages have shown the ubiquitous
involvement of the POP-1 system in embryonic neuronal development (Bertrand and Hobert, 2009).

The postembryonic VD mns do not show such trends in the expression along the anterior-
posterior axis of the animal. Expression of UNC-30 is strongest in the early L1 and L2 stages, after which
it starts to decrease (WS210). This may attribute to the near constant expression observed in the later
stages.

Expression in DDs for the pan neuronal gene, unc-104, did not follow the spatial trend in the L1
stage. In fact, the intensities showed an opposite (increasing) trend in €191 allele or remained almost
the same in the 0k613 allele. In the L2, the intensity of expression in the DDs seemed to be showing a
similar decreasing trend but to a lesser degree in both mutant backgrounds. The expression in each VDs
remained almost equal. Butin the double mutants of alr-1 and unc-30 (e191), the unc-104 gene intensi-
ties in both D mns showed similar trends like the other reporters in both L1 and L2 stages. This suggests
that the regulation of genes occur not only in a class specific manner, but their expression is seen to be
graded along the length of the animal.

Transcription factors such as UNC-30 and ALR-1 and their cis regulatory elements are conserved
across species. UNC-30 has vertebrate and invertebrate orthologues. Included in the verterbrates are
Ptx1 (Lamonerie et al., 1996), RIEG/Ptx2/Brx1 (Semina et al., 1996, Gage and Camper, 1997, Kitamura et
al., 1997), Pitx2 (Logan et al., 1998, Piedra et al., 1998, Yoshioka et al., 1998) and Crx (Chen et al., 1997,
Furukawa et al., 1997) family of homeodomain proteins. Among the invertebrates is the bicod family of

transcription factors. The studied transcription factor binds to the core DNA at a site TAATCC (Lamonerie
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et al., 1996, Chen et al., 1997, Eastman et al., 1999). An orthologue of the transcription factor ALR-1,
aristaless is expressed in Drosophila (Schneitz et al., 1993, Topalidou et al., 2011), Arx in mouse and hu-
mans (Bienvenu et al., 2002, Kitamura et al., 2002, Yoshihara et al., 2005, Topalidou et al., 2011).

Mutations within functional cis elements interfere with gene regulation. Ge Shan altered the
unc-30 binding site in pfip-13::gfp animals and the expression was abolished in each of the animal (Shan
et al., 2005). Expression of genes may be thought of a probabilistic function. If so the terminal selector
genes change the likelihood of activation of the selected targets. The effect of such transcription factor
cannot be considered as all or none function.

A single transcription factor binds to a given cis-element. An exception to this rule are
mechanosensory neurons in which heterodimers composed of MEC-3 and UNC-86 bind synergistically to
control genes regulating touch reception (Xue et al., 1992, Duggan et al., 1998, Hobert, 2008). In AlY
neurons two terminal selector genes regulate differentiated gene expression: TTX-3 LIM homeodomain
protein and the CEH-10 Paired-type homeodomain protein (Wenick and Hobert, 2004). Loss of either of
the homeodomain proteins causes a loss of their identity but the pan neuronal genes are still expressed.
Position of cell bodies and morphology are not affected (Hobert, 2008).

Our analysis on the three reporters revealed a number of transcription factors apart from ALR-1
that would possibly be involved in the regulation the three reporters in the D mns network. A consorti-
um of laboratories working under the NIH called model system encyclopedia of DNA (modENCODE) have
performed chromatin immunoprecipitation experiments on the recognized transcription factors and
deposited the data in a publicly accessible database. This analysis revealed EOR-1, PHA-1, MEP-1, BLMP-
1, HLH-1, LIN-39, MAB-5, UNC-62, ZAG-1 and EGL-5 to be involved in the regulation of unc-5, EOR-1,
MEP-1, LIN-39; MAB-5; UNC-62; ZAG-1; EGL-5; CEH-30; CES-1; GEI-11; HLH-8; NHR-62; PES-1 and SKN-1
for unc-104 while flp-11 is regulated by ALR-1 alone. This analysis suggests that a complex of transcrip-

tion factors may be involved in gene regulation and increase the complexity.
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