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Abstract
During development, circuits are refined by the dynamic addition and removal of synapses;
however, little is known about the molecular mechanisms that dictate where and when synaptic
refinement occurs. Here we describe transcriptional mechanisms that pattern remodeling of C.
elegans neuromuscular junctions (NMJs). The embryonic GABAergic DD motor neurons remodel
their synapses, while the later born VD neurons do not. This specificity is mediated by differential
expression of a transcription factor (HBL-1), which is expressed in DD neurons but is repressed in
VDs by UNC-55/COUP-TF. DD remodeling is delayed in hbl-1 mutants whereas precocious
remodeling is observed in mutants lacking the microRNA mir-84, which inhibits hbl-1 expression.
Mutations increasing and decreasing circuit activity cause corresponding changes in hbl-1
expression, and corresponding shifts in the timing of DD plasticity. Thus, convergent regulation of
hbl-1 expression defines a genetic mechanism that patterns activity-dependent synaptic
remodeling across cell types and across developmental time.

Introduction
A hallmark of all nervous systems is the dynamic addition and removal of synaptic
connections. Despite its universality, synaptic remodeling has primarily been studied in
vertebrates. In mammals, synaptic remodeling occurs in many, and perhaps all circuits. For
example, at the neuromuscular junction (NMJ), each muscle is initially innervated by
multiple axons, and the mature pattern of mono-innervation emerges following a period of
synaptic elimination (Goda and Davis, 2003; Luo and O’Leary, 2005; Purves and Lichtman,
1980). Similarly, in the cerebellum, Purkinje cells eliminate exuberant climbing fibers inputs
(Bosman and Konnerth, 2009). Live imaging studies in the mouse cortex also suggest that
dendrites continuously extend and retract spines during development (Holtmaat et al., 2005;
Trachtenberg et al., 2002; Grutzendler et al., 2002). From these and other studies, a great
deal has been learned about how changes in axonal and dendritic structures are patterned
during development.

Much less is known about the molecular mechanisms that pattern synaptic refinement in
vertebrates. In particular, several important questions remain unanswered. Although
remodeling occurs throughout the life of an animal, there is a general trend for increased
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plasticity earlier in development. For each circuit, plasticity often occurs during brief time
intervals, which are termed critical periods (Hensch, 2004). While remodeling occurs in
most, and perhaps all circuits, different cell types within a circuit exhibit the capacity for
plasticity at distinct times. For example, in the visual cortex, plasticity in layer 4 ends prior
to plasticity in more superficial layers (Jiang et al., 2007; Oray et al., 2004). How is
plasticity restricted to specific cell types and specific developmental times? In all known
cases, vertebrate synaptic refinement is highly dependent on circuit activity, which implies
that plasticity is dictated by competition between cells in these circuits. A few activity-
induced genes have been implicated in synaptic refinement. For example, ocular dominance
plasticity is correlated with activity-induced changes in the expression of CREB and BDNF
(Hensch, 2004). However, activity induces CREB and BDNF expression in many (perhaps
all) neurons, including dissociated neurons in culture (Cohen and Greenberg, 2008; Lonze
and Ginty, 2002). How does altered expression of general activity induced genes confer cell
and temporal specificity on circuit refinement? Because circuit refinement plays a pivotal
role in shaping cognitive development, there is great interest in defining the molecular and
genetic mechanisms that determine how refinement is patterned.

To address these questions, we exploited an example of genetically programmed synaptic
remodeling in C. elegans. During the first larval stage (L1), the DD GABAergic motor
neurons undergo a dramatic remodeling whereby synapses formed with ventral body
muscles in the embryo are eliminated and replaced by synapses with dorsal muscles (Park et
al., 2011; White et al., 1978; Hallam and Jin, 1998). DD remodeling occurs without
retraction or extension of neurite processes. Instead, the DD ventral process switches from
an axonal to a dendritic fate (and vice versa for the dorsal process).

Many aspects of C. elegans larval development are controlled by cell intrinsic
developmental timing genes, which are generically termed heterochronic genes (Moss,
2007). In particular, the heterochronic gene lin-14 controls the timing of hypodermal
development, whereby L2 hypodermal cell fates are expressed precociously during the L1 in
lin-14 mutants (Ambros and Horvitz, 1984). Similarly, lin-14 is expressed in DD neurons,
and DD remodeling occurs earlier in lin-14 mutants, initiating during embryogenesis
(Hallam and Jin, 1998). Thus, LIN-14 dictates when DD remodeling is initiated. This was
the first study to show that heterochronic genes play a role in post-mitotic neurons to pattern
synaptic plasticity. Because lin-14 orthologs are not found in other organisms, it remains
unclear if control of synaptic plasticity by heterochronic genes represents a conserved
mechanism. DD plasticity (like other forms of invertebrate plasticity) is generally
considered to be genetically hard wired, i.e. dictated by specific cell intrinsic genetic
pathways. Thus, it also remains unclear if activity-induced refinement of vertebrate circuits
and DD plasticity represent fundamentally distinct processes, which are mediated by distinct
molecular mechanisms.

Here we show that a second heterochronic gene, hbl-1, regulates several aspects of DD
plasticity. The hbl-1 gene encodes the transcription factor HBL-1 (Hunchback like-1) (Fay
et al., 1999). We show that convergent pathways regulate hbl-1 expression in D neurons,
conferring cell and temporal specificity and activity dependence on D neuron plasticity.
Thus, our results define a cell intrinsic genetic pathway that dictates a form of activity
dependent synaptic refinement.

Results
VD neurons undergo ectopic synaptic remodeling in unc-55 mutants

The DD motor neurons are born during embryogenesis, and remodel their synapses during
the L1. A second class of GABAergic motor neurons, the VD neurons, is born during the
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late L1 stage but does not undergo remodeling. VD neurons share many other characteristics
with DD neurons, including similar cell body positions, similar axon morphologies, similar
roles in controlling locomotion, and similar expression profiles (Jorgensen, 2005). Like
DDs, VD neurons initially form ventral synapses; however, unlike the DDs, VD neurons
retain these ventral synapses in the adult. VD and DD neurons also differ in that a
transcriptional repressor (UNC-55) is expressed in the VD but not in the DD neurons, and
this difference has been proposed to explain the disparity in their ability to undergo synaptic
remodeling (Shan et al., 2005; Walthall, 1990; Walthall and Plunkett, 1995; Zhou and
Walthall, 1998).

Prior studies suggested that VD neurons undergo ectopic remodeling in unc-55 mutants
(Shan et al., 2005; Walthall and Plunkett, 1995; Zhou and Walthall, 1998). These studies
showed that adult unc-55 mutant VD neurons lacked ventral axonal varicosities and ventral
GFP-tagged synaptobrevin (SNB-1) puncta, consistent with the idea that ventral VD
synapses in unc-55 had been eliminated due to ectopic expression of the DD neuron
remodeling program (Shan et al., 2005; Walthall and Plunkett, 1995; Zhou and Walthall,
1998) (Fig. 1a). To confirm these results, we analyzed VD synapses in adult unc-55 mutants
by both imaging and electrophysiology. To image these synapses, we expressed two GFP-
tagged pre-synaptic proteins (UNC-57 endophilin and SNB-1 synaptobrevin) in the D
neurons (using the unc-25 GAD promoter). In wild type adults, both UNC-57 and SNB-1
were expressed in a punctate pattern in the nerve cords, and these puncta were closely
apposed to post-synaptic sites in body muscles (labeled with mCherry-tagged UNC-49
GABAA receptors) (Fig. S1a and data not shown). These ventral cord puncta likely
correspond to VD NMJs, since the VDs are the only neurons that form ventral GABAergic
synapses in adults (White et al., 1986). In unc-55 adults, the density of UNC-57 puncta in
the ventral cord was significantly reduced compared to wild type controls (Fig. 1b–c). By
contrast, pre-synaptic (UNC-57) and post-synaptic (UNC-49 GABAA) puncta densities were
significantly increased in the dorsal cord of unc-55 adults (Fig. 1d–e, Fig. S1b–c). To assay
the function of GABAergic synapses, we recorded inhibitory post-synaptic currents (IPSCs)
from adult ventral and dorsal body muscles. In unc-55 mutants, ventral IPSC rates were
significantly reduced (33 Hz wild type, 0.1 Hz unc-55, p <0.0001), whereas dorsal IPSC
rates were significantly increased (33 Hz wild type, 65 Hz unc-55, p <0.0001 Student’s t
test) (Fig. 1f–i). Thus, inactivation of unc-55 shifts GABAergic NMJs from ventral to dorsal
muscles, as assessed by both imaging and electrophysiology. The rates and amplitudes of
excitatory post-synaptic currents (EPSCs) were indistinguishable in wild type and unc-55
ventral body muscles (Fig. S1d–f), suggesting that cholinergic transmission was unaltered.
Consequently, the loss of ventral synapses in unc-55 mutants was specific for GABAergic
(i.e. VD) synapses.

The absence of ventral GABAergic NMJs in unc-55 adults could result from decreased
formation or decreased retention of ventral NMJs. To assay ventral synapse formation, we
imaged ventral GABAergic synapses in L2 larvae. We observed similar patterns of closely
apposed pre-synaptic (UNC-57) and post-synaptic (UNC-49 GABAA receptor) puncta in the
ventral cord of unc-55 and wild type L2 larvae, indicating that inactivation of unc-55 did not
disrupt ventral synapse formation by VD neurons (Fig. S1g–j). These ventral NMJs in L2
animals were detected using transgenes driving UNC-57::GFP expression in both DDs and
VDs (using the unc-25 promoter; Fig. S1g–h), and those driving expression in VD and AS
neurons (using the unc-55 promoter; Fig. S1i–j). The AS neurons are cholinergic neurons
that form dorsal NMJs (White et al., 1986); consequently, the ventral puncta labeled by both
transgenes likely correspond to ventral VD synapses. Collectively, these results suggest that
VD neurons initially form ventral synapses in unc-55 mutants but that these ventral synapses
are subsequently removed by ectopic expression of the DD remodeling pathway, as
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proposed in the prior studies (Shan et al., 2005; Walthall and Plunkett, 1995; Zhou and
Walthall, 1998).

The unc-55 gene encodes an orphan nuclear hormone receptor that is expressed in the VD
but not the DD motor neurons (Zhou and Walthall, 1998). Several results suggest that
UNC-55 acts as a transcriptional repressor. In VD neurons, UNC-55 represses expression of
the proneuropeptide gene flp-13 (Shan et al., 2005; Melkman and Sengupta, 2005).
Furthermore, UNC-55 orthologs in mammals (COUP-TF) and Drosophila (Sevenup) both
function as transcriptional repressors (Pereira et al., 2000; Tsai and Tsai, 1997; Zelhof et al.,
1995). These results lead to the hypothesis that UNC-55 inhibits remodeling of VD synapses
by repressing expression of target genes required for remodeling (Zhou and Walthall, 1998).

UNC-55 inhibits hbl-1 expression in VD neurons
In Drosophila, Sevenup represses expression of the C2H2-type Zinc finger transcription
factor hunchback (Kanai et al., 2005; Mettler et al., 2006). Prompted by the Sevenup data,
we considered the possibility that the C. elegans hunchback ortholog (hbl-1) is an UNC-55
target (Fay et al., 1999). Consistent with this idea, the hbl-1 promoter contains four
predicted UNC-55 binding sites, and similar binding sites were found in promoters of hbl-1
orthologs in C. remanei, C. briggsae, C. brenneri, and C. japonica (Fig. S2a). Furthermore,
we found that expression of the hbl-1 mRNA (as assessed by qPCR) was increased in whole
worm lysates isolated from unc-55 mutants, compared to wild type controls (14±1.7%
increase, p < 0.01). Based on these initial results, we did several further experiments to test
the idea that hbl-1 is an UNC-55 target.

If hbl-1 is an UNC-55 target, then hbl-1 expression in DD neurons should be greater than
that found in VDs. To test this idea, we analyzed expression of two GFP reporter constructs
containing the hbl-1 promoter (Fig. 2). To distinguish between transcriptional and post-
transcriptional regulation of hbl-1, the reporter constructs contain 3′ UTR sequences derived
from either a control (unc-54 myosin) or the hbl-1 mRNA (HgfpC and HgfpH, respectively).
VD and DD neurons were identified using a GABA marker (mCherry expressed by the
unc-25 GAD promoter) and were distinguished based on the position and morphology of
their cell bodies (detailed in the methods). We compared hbl-1 reporter expression in VD10
and DD5, which have adjacent cell bodies in the ventral cord. For both reporters, DD5
expression was significantly higher than that observed in VD10 (DD5/VD10 fluorescence
ratios: HgfpC 6.6±0.8, p <0.0001 paired Student’s t test; HgfpH 3.6±0.7, p <0.05 paired
Student’s t test; Fig. 2c). Similar results were observed when reporter expression was
compared in all DD and VD neurons (DD/VD fluorescence ratios: HgfpC 5.6 ±0.5, p
<0.0001 paired Student’s t test; HgfpH 2.6±0.4, p <0.005 paired Student’s t test; Fig. 2a–b,
S2b,d). These results indicate that the hbl-1 promoter is expressed at significantly higher
levels in DD neurons than in VD neurons.

The decreased hbl-1 reporter expression in VD neurons could result from UNC-55 mediated
repression of the hbl-1 promoter. To test this possibility, we analyzed expression of the
HgfpC reporter in unc-55 mutants. HgfpC expression in VD neurons was significantly
increased in unc-55 mutants (197% wild type levels, p<0.001 Student’s t test), indicating
increased transcription of the hbl-1 promoter in unc-55 mutant VD neurons (Fig. 2d, S2b–d).
The magnitude of the increased HgfpC expression differed in individual VD neurons. For
VD10, HgfpC expression in unc-55 mutants rose to the same level observed in DD5 neurons
(Fig. 2d); however, in most cases, HgfpC expression in unc-55 mutant VD neurons remained
significantly lower than that observed in DD neurons (DD/VD fluorescence ratio in unc-55:
HgfpC 2.3±0.4, p <0.001 Student’s t test; Fig. S2c–d). By contrast, HgfpC expression in
DDs did not increase in unc-55 mutants and instead was modestly decreased (Fig. 2d, S2d).
This is unlikely to be a direct effect of UNC-55 on the hbl-1 promoter because unc-55 is not
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expressed in DD neurons (Zhou and Walthall, 1998). Taken together, these data support the
idea that UNC-55 inhibits expression of the hbl-1 promoter in VD neurons and that hbl-1
expression in D neurons is likely regulated by additional factors beyond UNC-55.

In Drosophila, the UNC-55 ortholog (Sevenup) represses Hunchback (Hb) transcription
(Kanai et al., 2005; Mettler et al., 2006). As in Drosophila, the C. elegans hbl-1 promoter
contains four predicted UNC-55 binding sites, suggesting the hbl-1 could be a direct target
for UNC-55 repression. To test this idea, we mutated the UNC-55 binding sites in the hbl-1
promoter, and assayed its expression pattern. The mutant hbl-1 promoter (HmutgfpC) had a
significantly reduced DD5/VD10 expression ratio (HgfpC 6.6 ±0.8; HmutgfpC 2.7 ±0.3,
p<0.0001 Student’s t test) (Fig. 2e), which was not significantly different from the ratio
observed for the wild type reporter (HgfpC) in unc-55 mutants (1.8 ±0.3, p = 0.17, Student’s
t test) (Fig. 2f). Thus, the UNC-55 binding sites are required for differential expression of
the hbl-1 promoter in VD and DD neurons.

hbl-1 is required for ectopic remodeling of VD synapses in unc-55 mutants
If UNC-55 repression of hbl-1 prevents VD remodeling, we would expect that mutations
reducing hbl-1 activity would diminish ectopic remodeling of VD synapses in unc-55
mutants. In this scenario, unc-55; hbl-1 double mutant adults would have significantly more
ventral GABAergic synapses and fewer dorsal synapses than unc-55 single mutants. We did
several experiments to test this idea. For these experiments, we utilized the hbl-1(mg285)
mutation, which significantly reduces (but does not eliminate) hbl-1 gene function (Lin et
al., 2003). It was not possible to analyze hbl-1 null mutations as these mutants are not viable
(Lin et al., 2003; Roush and Slack, 2009).

We imaged both ventral and dorsal GABAergic synapses with the UNC-57::GFP pre-
synaptic marker (expressed in both DD and VD neurons). The unc-55; hbl-1 double mutant
adults had a significant increase in ventral UNC-57 puncta density and a corresponding
decrease in dorsal UNC-57 puncta density compared to unc-55 single mutants (Fig. 3a–d).
Thus, inactivation of hbl-1 in unc-55 mutants shifts GABAergic NMJs from dorsal to
ventral muscles. This shift could be caused by reduced remodeling of either DD or VD
synapses in unc-55; hbl-1 double mutants. We did two experiments to distinguish between
these possibilities. First, ventral and dorsal UNC-57 puncta density, and ventral and dorsal
IPSC rates were all unaltered in hbl-1 single mutants, suggesting that DD remodeling was
successfully completed in hbl-1 adults (Fig. 3a–h). Second, we selectively labeled DD
synapses with UNC-57::GFP (using the flp-13 promoter). Using this DD specific synaptic
marker, we did not detect any ventral synapses in hbl-1 adults (data not shown).
Consequently, defects in DD remodeling are unlikely to explain the dorsal to ventral shift of
GABA synapses in unc-55; hbl-1 double mutants. Instead, these results support the idea that
hbl-1 mutations decreased ectopic VD remodeling in unc-55; hbl-1 double mutants.

To assay the function of the ventral VD synapses, we recorded IPSCs from ventral and
dorsal body muscles. We found that, compared to unc-55 single mutants, unc-55; hbl-1
double mutants had a significantly higher ventral IPSC rate and a significantly lower dorsal
IPSC rate (Fig. 3e–h), both indicating decreased VD remodeling in double mutants. In both
dorsal and ventral recordings, unc-55 IPSC defects were only partially suppressed in unc-55;
hbl-1 double mutants. The dorsal IPSC rate observed in unc-55; hbl-1 double mutants
remained significantly higher than that observed in hbl-1 single mutants (Fig. 3g–h). By
contrast, the rates and amplitudes of excitatory post-synaptic currents (EPSCs) in ventral
body muscles (Fig. S3b–d) were unaltered in both hbl-1 single mutants and hbl-1; unc-55
double mutants, suggesting that cholinergic transmission was unaffected. The restoration of
ventral IPSCs in double mutants was partially penetrant, i.e. the increased ventral IPSC rate
was only observed in a subset of the double mutant animals (14 out of 43 recordings).
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Double mutant recordings fell into either of two categories, having ventral IPSC rates
similar to unc-55 or to wild type, while none had intermediate values (Fig. 3e–f). Incomplete
penetrance of ventral remodeling in double mutants was also observed by imaging. In
unc-55; hbl-1 double mutants, we observed patches of the ventral nerve cord that contained
an approximately normal number of synapses, while other regions totally lacked synapses
(data not shown). A transgene expressing hbl-1 in the VD and DD neurons of unc-55; hbl-1
double mutants (using the unc-25 promoter) decreased the ventral IPSC rate to that observed
in unc-55 single mutants (Fig. 3f) but did not rescue the non-neuronal hbl-1 defects (Fig.
S3a). These results suggest that HBL-1 acts in VD neurons to promote ectopic remodeling.

To further document the functional integrity of the ventral VD synapses, we analyzed the
locomotion behavior of unc-55; hbl-1 double mutants. A prior study showed that ectopic
remodeling of VD synapses in unc-55 mutants was accompanied by a locomotion defect
(Zhou and Walthall, 1998). During backward movement, unc-55 mutants assume a ventrally
coiled body posture, presumably due to the absence of inhibitory input to the ventral body
muscles (Fig. 3i). This unc-55 coiling defect was significantly reduced (but not eliminated)
in unc-55; hbl-1 double mutants (Fig. 3i). The coiling defect was restored by transgenes
driving hbl-1 expression in the D neurons (using either the unc-25 GAD or the unc-30
promoter) in unc-55; hbl-1 double mutants (Fig. 3i, S3e), as would be predicted if HBL-1
acts in VD neurons to promote remodeling. Thus, the imaging, electrophysiology, and
behavioral assays all support the idea that hbl-1 is a functionally important UNC-55 target
whose expression promotes ectopic remodeling of VD synapses in unc-55 mutants.

The partial suppression and incomplete penetrance observed in the unc-55; hbl-1 double
mutants indicate that the hbl-1(mg285) mutation did not completely abolish remodeling of
VD synapses. The persistent VD remodeling observed in double mutants could reflect
residual hbl-1 activity in hbl-1(mg285) mutants, or the activity of other UNC-55 target genes
(Lin et al., 2003). Consistent with the latter idea, transgenic expression of hbl-1 in DD and
VD neurons (with the unc-25 promoter) was not sufficient to cause ectopic remodeling of
VD synapses (Fig. S3f). Thus, hbl-1 is unlikely to be the only UNC-55 target involved in D
neuron remodeling.

DD remodeling occurs during a precise time window and is patterned spatially
Thus far, our results show that hbl-1 promotes ectopic remodeling of unc-55 mutant VD
neurons but that hbl-1 expression alone is not sufficient to cause VD remodeling. We next
analyzed DD remodeling, which occurs in wild type animals (Walthall, 1990; White et al.,
1978). Prior to hatching, DD neurons form ventral NMJs, which can be identified as ventral
UNC-57::GFP puncta. During the L1 stage, these ventral DD synapses are eliminated and
new dorsal synapses are formed (visualized as dorsal UNC-57 or RAB-3 puncta; Fig. 4a and
S4a). The UNC-57::GFP transgene is expressed in both DD and VD neurons; consequently,
we were unable to analyze loss of ventral DD synapses, due to the confounding signal of the
nascent ventral VD synapses. For this reason, we restricted our analysis to formation of new
UNC-57 puncta in dorsal cord DD axons during the L1. Using this assay, we followed the
time course of DD remodeling. The entire DD remodeling process occurred in a discrete
time window during the late L1 and early L2 stage (from 12–19 hours post-hatching; Fig.
4b), consistent with prior studies (Park et al., 2011; Hallam and Jin, 1998). The newly
formed dorsal DD synapses occur in a stereotyped spatial pattern, where dorsal cord
UNC-57 puncta adjacent to the commissures form first, while puncta in more distal axon
segments form later (Fig. 4a). These results suggest that formation of dorsal DD synapses
during remodeling occurs in a proximal-to-distal spatial pattern.
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DD remodeling is delayed in hbl-1 mutants
Our analysis of unc-55 mutants suggests that hbl-1 expression promotes ectopic VD
remodeling. Given these results, we wondered whether hbl-1 also plays a role in DD
remodeling. Consistent with this idea, the HgfpH and HgfpC reporters were expressed in six
GABAergic DD neurons of wild type L1 larvae, before the VD neurons are born (Fig. 4c,
and data not shown). Thus, hbl-1 is likely to be expressed in the DD neurons during the
remodeling period.

We next asked if HBL-1 is required for DD remodeling. At 12 hours post-hatching, DD
remodeling had been initiated in both wild type and hbl-1 mutants (data not shown),
implying that onset of remodeling had not been altered. By contrast, at 23 hours post-
hatching, nearly all wild type animals (81 ±5%) had completed remodeling, whereas
significantly fewer hbl-1 mutants (14 ±5%, p<0.0001 Student’s t test) had completed this
process (Fig. 4d–e and S4a). Similar delays were observed in strains containing two
independent hbl-1 alleles (mg285 and ve18), both of which reduce but do not eliminate hbl-1
gene activity (Abrahante et al., 2003; Lin et al., 2003; Roush and Slack, 2009). The hbl-1
delayed remodeling defect was rescued by a transgene containing the F13D11 cosmid
(which spans the hbl-1 gene; Fig. 4e). The effect of hbl-1 was not specific to the
UNC-57::GFP marker because similar delays in DD remodeling were detected using a
second synaptic marker (mCherry::RAB-3; Fig. S4a). Although remodeling was delayed,
hbl-1 mutants eventually completed DD remodeling, as hbl-1 adults had normal dorsal and
ventral NMJs as assessed by both imaging and electrophysiology (Fig. 3a–h). This persistent
remodeling activity could reflect residual gene activity in hbl-1(mg285) mutants or residual
expression of other remodeling factors.

Because hbl-1 is a heterochronic gene, the delayed DD remodeling in hbl-1 mutants could
be caused by a generalized delay in larval development. This seems unlikely because
inactivating hbl-1 causes several aspects of hypodermal development to occur earlier
(including seam cell fusions, alae formation, and division of vulva precursor cells), whereas
DD remodeling is delayed (Abrahante et al., 2003; Grosshans et al., 2005; Lin et al., 2003;
Nolde et al., 2007; Reinhart et al., 2000). These hbl-1 hypodermal defects occur later in
development, during the L2. Therefore, we did several additional experiments to control for
changes in the timing of L1 development in hbl-1 mutants. We used two developmental
landmarks during the L1: the onset of expression of the mlt-10 gene (which occurs at 11–14
hours post-hatching), and the Pn.ap neuroblast (hereafter referred to as the AS/VD
neuroblast) cell division (which occurs at 12.5–14 hours post-hatching) (Frand et al., 2005;
Sulston, 1976). The AS/VD cell division was monitored with a GFP reporter expressed in its
daughter cells (the VD and AS neurons) using the unc-55 promoter. Although completion of
DD remodeling was delayed by at least 20 hours in hbl-1 mutants, corresponding delays
were not observed for the onset of mlt-10 expression or for the timing of the AS/VD cell
division (Fig. S4b–d). Thus, a generalized delay in the timing of L1 development is unlikely
to explain the hbl-1 mutant delay in DD remodeling.

DD remodeling occurs earlier in mir-84 mutants
In the hypodermis, hbl-1 expression is negatively regulated by the let-7 family of
microRNAs (Abrahante et al., 2003; Lin et al., 2003; Nolde et al., 2007; Abbott et al., 2005;
Roush and Slack, 2008). The 3′ UTR of the hbl-1 mRNA contains binding sites for three
let-7 paralogs (let-7, mir-48, and mir-84) (Roush and Slack, 2008). Prior studies showed that
mature miR-84 is expressed in the early L1, suggesting that let-7 microRNAs could regulate
hbl-1 expression in DD neurons during the remodeling process (Abbott et al., 2005;
Esquela-Kerscher et al., 2005). To test this idea, we analyzed expression of the HgfpH
reporter in mir-84 mutants (Fig. 5a–b). In the L1, HgfpH expression was significantly

Thompson-Peer et al. Page 7

Neuron. Author manuscript; available in PMC 2013 February 9.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



increased in mir-84 mutant DD neurons compared to wild type controls (7.5 fold increase in
median, p <0.0001 Kolmogorov-Smirnov test; Fig. 5a–b). By contrast, the mir-84 mutation
did not significantly change expression of the HgfpC reporter, which lacks the hbl-1 3′UTR
(Fig. 5c). These results suggest that miR-84 regulates hbl-1 expression in DD neurons when
remodeling is occurring.

If miR-84 inhibits hbl-1 expression in DD neurons during the remodeling period, we would
expect that the timing of remodeling would be altered in mir-84 mutants. Indeed, at 11 hours
after hatching, a significantly larger fraction of mir-84 mutants had completed remodeling
than was observed in wild type controls (Fig. 5d–e). These results suggest that completion of
DD remodeling occurs precociously in mir-84 mutants. Corresponding changes in the timing
of mlt-10 expression and of the AS/VD cell division were not observed in mir-84 mutants
(Fig. S5), suggesting that global changes in the timing of L1 development are unlikely to
explain the mir-84 remodeling defect. The earlier remodeling in mir-84 mutants could be
caused by increased hbl-1 expression in DD neurons. Consistent with this idea, the effect of
the mir-84 mutation on remodeling was eliminated in hbl-1; mir-84 double mutants (Fig. 5f–
g). These results suggest that mutations increasing and decreasing HBL-1 activity (mir-84
and hbl-1, respectively) produce opposite shifts in the timing of DD plasticity.

Changes in GABA release do not alter the timing of DD plasticity
In mammals, changes in GABA transmission regulates ocular dominance plasticity as well
as other aspects of synapse development (Hensch, 2004; Chattopadhyaya et al., 2007).
However, GABA release is unlikely to be required for DD plasticity, as a prior study
showed that DD remodeling was unaltered in unc-25 mutant adults (which lack the GABA
biosynthetic enzyme GAD) (Jin et al., 1999). To confirm these results, we analyzed unc-47
mutants (which lack the vesicular GABA transporter VGAT) and unc-25 GAD mutants for
DD remodeling defects in L1 and L2 larvae. We observed normal or slight changes in the
timing of DD remodeling in either GABA defective mutant (Fig. S6a–b), indicating that
GABA transmission does not play an important role in the timing of DD remodeling.

Circuit activity regulates hbl-1 expression and the timing of DD plasticity
Since synaptic refinement is often regulated by circuit activity, we wondered if changes in
activity would also alter the timing of DD remodeling (Hua and Smith, 2004; Sanes and
Lichtman, 1999). To test this idea, we analyzed mutants that have altered circuit activity.
For this analysis, we used mutations that either block or exaggerate synaptic transmission.
Mutants lacking UNC-13 and UNC-18 have profound defects in synaptic vesicle docking
and priming, which result in dramatically reduced rates of synaptic transmission (3% and
10% of wild type rates, respectively) (Richmond et al., 1999; Weimer et al., 2003; McEwen
et al., 2006). By contrast, mutations inactivating tom-1 Tomosyn and slo-1 BK channels
exaggerate synaptic transmission. In tom-1 mutants, the pool of fusion competent (i.e.
primed) synaptic vesicles is increased (Gracheva et al., 2006; McEwen et al., 2006). In slo-1
mutants, repolarization of nerve terminals is delayed, leading to prolonged neurotransmitter
release (Wang et al., 2001).

First, we compared expression of the hbl-1 promoter in these activity mutants. Expression of
the HgfpC reporter in DD neurons was significantly decreased in unc-13 mutants (Fig. 6a–
b), whereas increased HgfpC expression was observed in tom-1 mutants (Fig. 6c–d). Thus,
decreased and increased circuit activity were accompanied by corresponding changes in
hbl-1 promoter expression in DD neurons.

We next asked if circuit activity alters the timing of DD plasticity. The overall rate of larval
development was significantly delayed in both unc-13 and unc-18 mutants, presumably due
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to decreased feeding. To control for this general developmental delay, we synchronized
animals at a specific stage of L3 development, defined by the dorsal turn of the gonad arms.
In these late L3 larvae, unc-13 and unc-18 mutants had significantly delayed DD remodeling
compared to wild type L3 larvae (Fig. 6e–f). By contrast, remodeling occurred significantly
earlier in tom-1 and slo-1 mutants than in wild type controls (Fig. 6g–h). This earlier
remodeling phenotype cannot be explained by a general shift in developmental timing, as
neither the tom-1 nor slo-1 mutants had corresponding changes in the timing of other L1-to-
L2 developmental events (Fig. S6c–d). Thus, decreased and increased synaptic activity were
accompanied by corresponding changes in hbl-1 promoter expression in DD neurons, and
corresponding shifts in the timing of DD plasticity. The earlier remodeling phenotypes
observed in tom-1 and slo-1 single mutants were eliminated in double mutants lacking hbl-1
(Fig. 6i), suggesting that changes in hbl-1 activity are required for the activity-induced shifts
in the timing of DD plasticity.

Discussion
To investigate the genetic mechanisms that pattern synaptic plasticity, we analyzed the
developmentally programmed remodeling of D-type motor neuron synapses in C. elegans.
Our results, together with prior studies, show that DD plasticity is extensively regulated.
First, DD synapses are remodeled during a precise time window (12–19 hours post-
hatching). Second, circuit activity governs the timing of remodeling. Third, plasticity is
restricted to a specific cell type: the earlier born DD neurons undergo this plasticity while
the later born VD neurons do not. And fourth, remodeling is patterned spatially, with new
DD synapses forming in a proximal to distal order. Thus, DD plasticity shares many features
with other examples of developmental plasticity (including critical period plasticity in
mammals). Given these similarities, characterizing the molecular mechanisms that pattern
DD remodeling may provide insights into the mechanisms underlying circuit refinement
elsewhere.

A conserved role for heterochronic genes in circuit development
In both worms and flies, the timing of many aspects of development is controlled by
transcriptional cascades that confer temporal cell fates. In worms, these cascades are
generically referred to as heterochronic pathways. A prior study showed that LIN-14, a
heterochronic transcription factor, acts cell autonomously in DD neurons, where it
determines when remodeling is initiated (Hallam and Jin, 1998). Here we show that a
second heterochronic gene (hbl-1) also acts cell autonomously to pattern remodeling.
Several aspects of these results are significant. First, unlike lin-14, hbl-1 orthologs are found
in other organisms and Drosophila Hunchback plays an analogous role in regulating
temporal cell fates in neuroblast lineages (Mettler et al., 2006; Kanai et al., 2005). Thus, our
results strongly suggest that heterochronic genes represent a conserved mechanism for
patterning the timing of circuit development. Second, different heterochronic genes control
different aspects of plasticity. LIN-14 determines when DD remodeling is initiated while
HBL-1 determines when remodeling is completed. Third, a heterochronic gene can have
opposite effects on developmental timing in different tissues. Inactivating hbl-1 caused
delayed DD plasticity whereas hypodermal fates occurred precociously (Abrahante et al.,
2003; Lin et al., 2003). By contrast, inactivating lin-14 caused precocious expression of both
DD plasticity and hypodermal development (Hallam and Jin, 1998; Ambros and Horvitz,
1987). Fourth, increased and decreased HBL-1 expression produce opposite shifts in the
timing of DD plasticity. Identifying genes that mutate to opposite phenotypes has
historically been utilized in developmental genetics as a criterion to identify the key
regulatory elements in a process. Thus, our results identify HBL-1 as a critical genetic
determinant patterning DD plasticity.
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The role of UNC-55 COUP-TF in circuit development
During development, maturing circuits are modified by the addition of newly born neurons,
and by refinement of connectivity. We propose that the UNC-55/COUP-TF family of
transcriptional repressors plays an important role in both of these aspects of circuit
development. In C. elegans, synaptic remodeling is restricted to the earlier born DD neurons
because UNC-55 COUP-TF represses hbl-1 expression in the later born VD neurons.
Inactivating UNC-55 orthologs in other organisms alters the timing of other aspects of
neural development. In Drosophila, Sevenup repression of Hunchback allows neuroblast
daughters to adopt later cell fates (Mettler et al., 2006; Kanai et al., 2005). Similarly,
knocking down both mouse UNC-55 orthologs (COUP-TF1 and COUP-TFII) prolongs the
generation of early-born neurons at the expense of later cell types (Naka et al., 2008).
Collectively, these results suggest that UNC-55 orchestrates how newly born neurons are
integrated into circuits, and the capacity of developing circuits to undergo plasticity. In this
respect, it is intriguing that a mouse UNC-55 ortholog (COUP-TFII) is expressed in several
classes of GABAergic cortical interneurons (Armentano et al., 2007; Kanatani et al., 2008;
Tripodi et al., 2004). Like UNC-55, COUP-TFII is selectively expressed in a sub-population
of interneurons that have later birth dates (Zhou et al., 2001). We speculate that COUP-TFII
expressing interneurons (like the VDs) will have a more limited capacity to undergo
synaptic refinement compared to interneurons that are born earlier.

What role does HBL-1 play in synaptic remodeling?
HBL-1 acts cell autonomously to promote ectopic synapse remodeling of VD neurons in
unc-55 mutants. We were unable to directly test if HBL-1 also acts cell autonomously for
DD remodeling because the hbl-1 rescuing transgenes silence expression of the synaptic
markers utilized to score remodeling (data not shown). Nonetheless, several results support
the idea that HBL-1 also acts autonomously for DD remodeling. The hbl-1 promoter is
expressed in DD neurons during the remodeling period. Increased hbl-1 expression in DD
neurons (in mir-84 and tom-1 mutants), and decreased expression (in unc-13 mutants) cause
opposite shifts in the timing of DD plasticity. These results favor the idea that HBL-1 acts
autonomously in both VD and DD neurons.

HBL-1 expression could reprogram VD neurons to adopt the DD cell fate, thereby causing
ectopic expression of the remodeling program. This scenario seems unlikely because
bidirectional changes in hbl-1 expression produce corresponding shifts in the timing of DD
plasticity. If HBL-1 were inducing the DD cell fate, we would not expect HBL-1 expression
to bidirectionally alter the timing of DD remodeling. HBL-1 activity could accelerate DD
remodeling by regulating expression of factors that directly mediate synapse elimination and
formation. Finally, HBL-1 could be part of a timing mechanism that dictates when
remodeling occurs. The effects of UNC-55 orthologs (COUP-TFs and Sevenup) and an
HBL-1 ortholog (Hb) on developmental timing in flies and mice provide support for HBL-1
function as part of a conserved timing mechanism. Ultimately, identifying the relevant
HBL-1 transcriptional targets will be required to distinguish between these models.

microRNA control of circuit refinement
Many aspects of early neuronal development are regulated by microRNAs (e.g. neuronal
fate determination, neural tube closure, and mitotic exit) (Fineberg et al., 2009; Fiore et al.,
2008). microRNAs have also been implicated in the functional plasticity of mature circuits
(Fineberg et al., 2009; Fiore et al., 2008; Simon et al., 2008). Our results show that
microRNAs play an important role in restricting when plasticity occurs during development.
In particular, we show that miR-84 regulates the timing of DD plasticity, and that it does so
by regulating hbl-1. The Drosophila microRNA Let-7 plays a similar role in dictating the
timing of NMJ growth during larval development (Sokol et al., 2008; Caygill and Johnston,

Thompson-Peer et al. Page 10

Neuron. Author manuscript; available in PMC 2013 February 9.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



2008). It is interesting that Let-7 and miR-84 are paralogs that bind to related seed
sequences in target mRNAs. Thus, Let-7 microRNAs (and their targets) represent an ancient
mechanism for determining the timing of circuit development.

HBL-1 mediates the effects of activity on circuit refinement
Perhaps the most surprising aspect of our results is that the timing of DD plasticity is
regulated by activity. Mutations increasing and decreasing circuit activity had opposite
effects on the timing of DD plasticity. These results are significant because they suggest that
DD plasticity (and other forms of genetically programmed plasticity) and activity-dependent
circuit refinement are not necessarily distinct processes, and may utilize similar genetic
pathways. In this context, it is noteworthy that all of the genetic factors we identify
(UNC-55/COUP-TF, HBL-1, and miR-84) are conserved in vertebrates, and vertebrate
orthologs are all expressed in the CNS. It will be interesting to see if these molecules also
play a role in refining vertebrate circuits. Several forms of plasticity are triggered by
changes in the activity of the post-synaptic targets. Post-synaptic activity is unlikely to play
a role in this case as mutations blocking GABA transmission had no effect on the timing DD
plasticity.

Our results also identify HBL-1 as a molecular mediator of activity’s effects on DD
plasticity. HBL-1 expression is restricted to a specific set of neuronal cell types, and thus
could confer activity dependence in a cell and circuit specific manner. By contrast, it is
unclear how the general activity-induced genes that are implicated in ocular dominance
plasticity (e.g. CREB and BDNF) could mediate refinement in a cell and temporally
specified manner. This result also demonstrates that the effect of hbl-1 on developmental
timing is regulated by the nervous system. It will be interesting to see if the nervous system
also controls other heterochronic pathways.

In summary, we show that patterning of DD plasticity is achieved by the convergence of
multiple regulatory pathways on hbl-1. Convergent regulation of hbl-1 defines a cell
intrinsic pathway that confers cell and temporal specificity and activity-dependence on this
form of circuit refinement.

Experimental Procedures
Strains were maintained at 20°C using standard protocols, on lawns of OP50 for imaging
and behavior, and on HB101 for elecrophysiology. Strains are listed in the supplementary
material.

qPCR
Whole worm lysates of synchronized L3 animals were prepared by Trizol extraction
(Invitrogen). Three biological replicates of wild type and unc-55(e1170) samples were
collected on different days. cDNA library construction, primer validation, and quantitative
RT-PCR were carried out according to standard protocols. Changes in hbl-1 mRNA levels,
were normalized relative to rpl-32 levels.

HBL-1 Reporters
The hbl-1 reporters are similar to those used previously (Fay et al., 1999). These constructs
contain 7.7 kb, including 6.4 kb upstream and 1.3 kb of exons 1–4. These constructs encode
a protein containing the first 133 amino acids of hbl-1 fused to GFP-PEST, along with 1kb
of the hbl-1 3′UTR (HgfpH) or the control unc-54 3′UTR (HgfpC). In HmutgfpC, the four
6bp UNC-55 binding sites in the hbl-1 promoter were replaced with BamHI sites. Images
were collected on a laser-scanning Olympus FV1000 confocal microscope. To quantify GFP
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fluorescence, areas of interest were drawn around DD or VD neuron cell bodies (identified
by the unc-25 GAD mCherry signal) in a single plane through the center of the cell bodies,
and median GFP fluorescence was determined for that plane. DD neurons were
distinguished from VD neurons based on anterior-posterior position in the ventral nerve
cord, cell body size, and morphology (White et al., 1986). The ratio of GFP signal in DD5 to
VD10 was determined in each animal, log2 transformed, then averaged for all animals of a
genotype. To enhance our ability to detect increases in hbl-1 expression in mir-84 and tom-1
mutants, we used an HgfpH transgene (nuIs427) that has a low baseline expression level.

Electrophysiology
Electrophysiology was done on ventral and dorsal body muscles of dissected C. elegans
adults as described, using 1 mM Ca2+ in the external saline solution (McEwen et al., 2006;
Richmond and Jorgensen, 1999; Simon et al., 2008; Vashlishan et al., 2008). Ventral IPSC
rates in unc-55; hbl-1 could not be analyzed by Student’s t test because many recordings
totally lacked IPSCs; consequently, chi-squared tests were used to compare the number of
recordings with and without IPSCs for unc-55 single and double mutants.

Coiling Behavior
Young adult animals were assayed for the reverse coiling behavioral phenotype as described
(Walthall and Plunkett, 1995). Animals were scored as either fully coiling or not, with
partial coiling or failed coiling attempts scored as not coiling.

in vivo Fluorescence Microscopy and Image Analysis
Dorsal and ventral nerve cord synapses were imaged in animals expressing GFP-tagged
UNC-57/Endophilin or mCherry-tagged RAB-3 (nuIs279) using either a Zeiss Axioskop
widefield epifluorescence microscope (using an Olympus PlanAPO 100x 1.4 NA objective)
or an Olympus FV1000 confocal microscope (using an Olympus PlanAPO 60x 1.45 NA).
Pre-synaptic markers were expressed in GABAergic neurons using the unc-25 promoter (all
figures except S1i–j), or in the VD and AS neurons using the unc-55 promoter (Fig S1i–j).
Animals were immobilized with 30mg/mL 2,3-butanedione monoxime (Sigma). Image
stacks were captured, and maximum intensity projections were obtained using Metamorph
7.1 software (Molecular Devices). Line scans of ventral or dorsal cord fluorescence were
analyzed in Igor Pro (WaveMetrics) using custom designed software as described (Burbea et
al., 2002; Dittman and Kaplan, 2006).

DD Remodeling
The timing of DD remodeling was analyzed in synchronized animals. Briefly, plates
containing isolated embryos were incubated at 20°C for 30 minutes and newly hatched L1
larvae were picked to fresh plates. DD remodeling was analyzed in resulting cohorts at
defined times after hatching. Each time point comprises 1 hour of development (due to the
time required for sample preparation and image acquisition). The extent of remodeling was
quantified by counting the number of asynaptic gaps in the dorsal cord, using the GFP-
tagged synaptic marker UNC-57 Endophilin expressed in the D neurons by the unc-25 GAD
promoter, unless noted otherwise. Each animal can have 0 to 5 asynaptic gaps (between the
6 DD neurons). Wild type adults often have one gap (opposite the vulva opening);
consequently, animals with zero or one gap were scored as completely remodeled. Images
were scored in random order by an investigator unaware of the animal’s genotype.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Ectopic VD remodeling in unc-55 mutants
(a) Schematic illustrations of VD neuron NMJs (filled ovals) in wild type and unc-55 adults
are shown. Dorsal is up and posterior is to the right in both illustrations; open circles are cell
bodies. In wild type adults VD neurons retain ventral NMJs, whereas in unc-55 mutants
ventral NMJs are eliminated and replaced with dorsal synapses. (b–e) Imaging of
GABAergic NMJs (using the UNC-57::GFP marker). Representative images and summary
data for ventral (b,c) and dorsal (d,e) GABAergic NMJs are shown for the indicated
genotypes. (f–i) Representative traces and summary data for endogenous IPSCs recorded
from adult ventral (f,g) and dorsal (h,i) muscles are shown for the indicated genotypes.
Summary data for IPSC amplitudes are shown in Fig. S3g–h. See also figure S1.
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Fig. 2. UNC-55 COUP-TF represses hbl-1 expression in VD neurons
(a–b) A representative image and summary data of hbl-1 (HgfpH, green) and GAD (red)
reporter expression in wild type L3 animals. Yellow arrows indicate DD cell bodies
expressing both markers, white arrows indicate DD cell bodies lacking HgfpH expression,
and carrots indicate VD cell bodies. HgfpH expression was significantly lower in VD than
DD neurons (p <10−5 by Kolmogorov-Smirnov test; 150 DD (black) and 260 VD (gray)
cells were analyzed). (c–f) HgfpC (c,d) or HmutgfpC (e) transcriptional reporter expression
(green) is compared for adjacent VD10 and DD5 neurons in wild type (c,e) and unc-55 (d)
mutant animals. Gray lines connect VD10 and DD5 cells in the same animal, black lines
connect median values (p-values by paired Student’s t test). Average log2 of the ratio of
DD5 to VD10 fluorescence for HgfpC and HmutgfpC was plotted in (f), and n = number of
animals analyzed (*, p<10−5 difference from WT; ns, p=0.2; by Student’s t test). Error bars
indicate SEM. See also figure S2.
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Fig. 3. Ectopic VD remodeling in unc-55 mutants requires HBL-1
(a–d) Imaging of GABAergic NMJs (using the UNC-57::GFP marker). Representative
images and summary data for ventral (a,b) and dorsal (c,d) GABAergic NMJs are shown for
the indicated genotypes. (e–h) Representative traces and summary data for endogenous
IPSCs recorded from adult ventral (e,f) and dorsal (g,h) muscles are shown for the indicated
genotypes. Summary data for IPSC amplitudes are shown in Fig. S3g–h. (i) The ventral
coiling phenotype of unc-55 adults during backward locomotion is shown and quantified.
The unc-55 coiling defect was partially suppressed by an hbl-1 mutation, and was restored
by transgenes containing either the hbl-1 cosmid or an hbl-1 cDNA expressed by a GABA
promoter (unc-25 GAD) (D neuron rescue). A single transgenic line is shown for each
rescue; similar results were obtained with multiple independent transgenic lines (Fig. S3e).
Error bars indicate SEM. Significant differences (p <0.01) are indicated as follows: *,
significantly different from WT; #, significantly different from unc-55 single mutants; ##,
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significantly different from unc-55; hbl-1 double mutants. The number of animals analyzed
(a–h) or replicate behavioral assays (20 animals/assay; i) is indicated for each genotype. See
also figure S3.
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Fig. 4. DD remodeling is delayed in hbl-1 mutants
(a) DD remodeling was visualized by dorsal synapse formation with the UNC-57::GFP
marker. Representative images of the dorsal cord during remodeling (above) and after
completion (below) are shown. During remodeling, DD neurons form en passant synapses
with the dorsal muscle. DD neuron commissures are indicated by dotted lines. (b) Summary
data illustrating the time course of DD neuron remodeling is shown. 15–30 animals were
analyzed for all time points except 12 hrs (where n= 160 animals). (c) The HgfpH reporter
(green) is expressed in DD neurons (identified with the GAD reporter, red) during the L1
when remodeling is occurring. A representative image of a wild type L1 larva is shown.
Arrows indicate the six DD cell bodies. (d and e) DD remodeling is delayed in hbl-1
mutants. Representative images of dorsal DD NMJs (d), and summary data (e) for
completion of DD remodeling are shown at 23 hours post-hatching. The majority of wild-
type animals have completed DD remodeling, whereas significantly fewer hbl-1 mutants
have finished this process (**, p <0.0001 Chi square test). This delay was rescued by a
transgene containing the hbl-1 cosmid. Error bars indicate SEM. See also figure S4.
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Fig. 5. The microRNA miR-84 regulates hbl-1 expression and the timing of remodeling
(a–b) Representative images (a) and summary data (b) are shown for HgfpH expression
(green) in DD neurons (labeled with the GAD reporter, red, and indicated by arrows) of L1
larvae. In mir-84 mutants, HgfpH expression was significantly increased (** p <0.0001 by
Kolmogorov-Smirnov test). (c) Summary data are shown comparing the fluorescent
intensity of the HgfpC reporter in DD neurons of wild type and mir-84(tm1304) mutants; no
significant difference was observed (p =0.1 Kolmogorov-Smirnov test). 54 wild-type and
118 mir-84 DD neurons were analyzed for median HgfpH expression (b); and 233 wild-type
and 379 mir-84 DD neurons were analyzed for HgfpC expression (c). (d–e) DD remodeling
occurs earlier in mir-84 mutants. Representative images (d) and summary data (e) are shown
for dorsal DD NMJs at 11 hours post-hatching. Remodeling was completed significantly
earlier in mir-84 mutants (*, p <0.01 Chi square test). (f–g) The impact of mir-84 on
remodeling was eliminated in hbl-1; mir-84 double mutants. Representative images (f) and
summary data (g) are shown for dorsal DD NMJs at 19 hours post-hatching. The extent of
remodeling in hbl-1 single mutants and hbl-1; mir-84 double mutants were not significantly
different. See also figure S5.
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Fig. 6. Circuit activity regulates HBL-1 expression to determine the timing of DD neuron
plasticity
(a–d) Representative images (a,c) and summary data (b,d) are shown for hbl-1 expression
(HgfpC, green) in DD neurons (labeled with the GAD reporter, red, indicated by arrows).
HgfpC expression significantly decreased in unc-13 mutants (a–b) and increased in tom-1
mutants (c–d; ** p <0.0001 Kolmogorov-Smirnov test; 72 wild type and 149 unc-13 L2 DD
neurons; 64 wild type and 179 tom-1 L1 DD neurons). Expression of HgfpC in DD neurons
was analyzed at different times in unc-13 and tom-1 mutants because the remodeling defects
observed in these mutants occurred at different times. (e–h) DD remodeling in unc-13 and
unc-18 mutants (e) or in tom-1 and slo-1 mutants (g). Representative images of dorsal
GABAergic NMJs (e,g), and summary data for completion of remodeling (f,h) in late L3
animals (e,f) or at 11 hours post-hatching (g,h). (i) Summary data for completion of DD
remodeling at 20 hours after hatching shows that the impact of slo-1 and tom-1 on
remodeling was eliminated in double mutants with hbl-1. (* : significantly different than
wild-type, p < 0.001, Chi squared test). Error bars indicate SEM, numbers indicate number
of animals analyzed. See also figure S6.
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