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Abstract

Most neurons are not replaced after injury and thus possess robust intrinsic mechanisms for
repair after damage. Axon injury triggers a calcium wave, and calcium and cAMP can aug-
ment axon regeneration. In comparison to axon regeneration, dendrite regeneration is
poorly understood. To test whether calcium and cAMP might also be involved in dendrite
injury signaling, we tracked the responses of Drosophila dendritic arborization neurons to
laser severing of axons and dendrites. We found that calcium and subsequently cAMP accu-
mulate in the cell body after both dendrite and axon injury. Two voltage-gated calcium chan-
nels (VGCCs), L-Type and T-Type, are required for the calcium influx in response to
dendrite injury and play a role in rapid initiation of dendrite regeneration. The AC8 family
adenylyl cyclase, Ac78C, is required for cAMP production after dendrite injury and timely ini-
tiation of regeneration. Injury-induced cAMP production is sensitive to VGCC reduction,
placing calcium upstream of cAMP generation. We propose that two VGCCs initiate global
calcium influx in response to dendrite injury followed by production of cAMP by Ac78C. This
signaling pathway promotes timely initiation of dendrite regrowth several hours after den-
drite damage.

Author summary

To last a lifetime, neurons must have robust stress and injury response pathways. While
axon regeneration has long been appreciated as an important neuronal repair pathway,
dendrite regeneration has only recently emerged as a potential contributor to neuronal
health. The first step in mounting an injury response is detecting the injury. We ask
whether axonal injury signals calcium and cAMP also play a role in sensing dendrite
injury. We show that, although axon and dendrite injury trigger different growth path-
ways, they both elicit similar global calcium and cAMP elevation in the minute following
injury. We identify the proteins responsible for this early calcium and cAMP rise in
response to dendrite injury and show that they are important for rapid initiation of den-
drite outgrowth. This characterization of early events in the dendrite injury response is an
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Introduction

The ability of individual neurons to mount repair programs after injury is critical for long
term nervous system function. Axon regeneration in the vertebrate peripheral nervous system
allows recovery of function after nerve damage [1,2,3,4] and has been intensively studied for
over a hundred years. More recently, axon regeneration has been detected in invertebrate
model systems, and genetic studies in Drosophila and C. elegans have provided key insights
into conserved signaling pathways that activate axon regeneration [5,6,7,8,9]. In contrast, den-
drite regeneration was first detected in Drosophila [10,11], and more recently was shown to
occur in the vertebrate central nervous system [12]. Very little is known about signals gener-
ated by dendrite injury that initiate regeneration [13].

The most general cellular injury signal is rapid calcium influx through damaged plasma
membrane, and this is required for rapid closure of the membrane breach [14,15,16]. Calcium
has additional roles in the axon injury response. In cultured Aplysia neurons calcium at the
injury site helps establish a new growth cone within minutes [17] and in mammalian periph-
eral neurons local calcium helps remodel microtubules near the injury site to facilitate growth
[18]. Calcium signals also propagate away from the axon injury site to activate more global sig-
naling. A wave of high calcium moving away from the damaged axon towards the cell body
has been visualized in C. elegans [19] and mammalian [18,20,21] neurons. This wave was
shown to reach the cell body in rodent neurons [18,21]. Voltage-gated calcium channels
(VGCCs) are required for the broad injury-induced calcium increase [19,20,22], and blocking
VGCCs reduces regeneration in C. elegans [19] and cultured sympathetic neurons [23]. Cal-
cium release from the endoplasmic reticulum (ER) may contribute to the early calcium wave
[19,20], but has also been proposed to function locally in the growth cone at a later step [24].

Another second messenger linked to axon regeneration is cyclic AMP (cAMP). In 1972,
cAMP addition to dorsal root ganglion explants was shown to enhance axon outgrowth [25]
and cAMP levels were found to increase in sciatic nerves after crush [26]. Pre-injury levels of
cAMP were later correlated with ability of axons to regenerate onto inhibitory substrates [27]
and exogenous cAMP was found to promote axon regeneration in the CNS, where regenera-
tion is normally poor [28,29]. Moreover, genetically increasing cAMP levels in C. elegans and
Drosophila increases axon growth in the first day after injury [19,30].

It has been suggested that the early calcium rise that occurs seconds to minutes after injury
activates adenylyl cyclase to generate cAMP [2,19]. However, the only studies to show that
cAMP levels increase in response to axon injury have been performed on the hours timescale
and agree that cAMP levels proximal to the injury site are elevated 24 hours after damage
[26,29]. One of the studies analyzed earlier time points and found no change [26]. The timing
of the reported axonal cAMP increase is consistent with increased adenylyl cyclase activity in
ligated nerves 8-24 hours after injury [31], but not consistent with being an output of the ini-
tial calcium increase. The relationship between early increases in calcium and the effect of
cAMP on axon regeneration therefore remains unclear. A specific adenylyl cyclase responsible
for increasing cAMP in response to axon injury has not been identified.

It has recently been shown that dendrite damage can trigger regenerative outgrowth in
invertebrate [10,11,32] and vertebrate [12] model systems. Moreover, regeneration of sensory
dendrites in Drosophila [33] and C. elegans [34] allows function to recover. Signals that initiate
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dendrite regeneration have not been identified. As calcium is a very general injury signal and
cAMP has been linked to outgrowth induced by axon injury, we wished to test whether these
second messengers might be involved in the response to dendrite injury.

Drosophila sensory neurons are the best-established system in which to study dendrite
regeneration [13]. The highly branched dendrites of nociceptive neurons (Class IV dendritic
arborization neurons) innervate the Drosophila larval epidermis [35,36]. After removal of the
entire dendrite arbor, dendrites regrow to cover their territory within 96 hours [11]. Growth
initiates very rapidly and by 24 hours after injury an arbor about 200 microns in diameter has
extended [37]. Also by 24 hours after injury the neurons regain competency to trigger escape
behavior with similar efficiency to uninjured neurons [33]. We therefore chose to investigate
calcium and cAMP injury signaling in these cells using laser microsurgery. We first confirmed
that, as in C. elegans and mammalian neurons, axon injury of the nociceptive ddaC neuron
results in a calcium transient on the seconds time scale. Dendrite injury elicits a calcium
increase of similar magnitude. VGCCs Ca-01D (L-type) and Ca-alT (T-type) were both
required for the response after dendrite injury. To determine whether injury causes a rapid
increase in cAMP, we monitored it using a genetically encoded sensor. Both axon and dendrite
injury increased cAMP, with levels in the cell body peaking about a minute after transection.
Moreover, VGCC knockdown reduced the increase in cAMP after dendrite injury demon-
strating that calcium influx in response to dendrite injury acts upstream of cAMP production.
To test functional importance of calcium, we examined dendrite regeneration in VGCC
knockdown backgrounds. Initiation of growth was delayed, consistent with a role for calcium
in early injury signaling. To determine whether cAMP is a key effector of calcium after den-
drite injury we performed a candidate screen to identify the adenylyl cyclase that acts in
response to dendrite severing. We found that the AC8 family member, Ac78C, is required for
cAMP production after dendrite injury and, like VGCCs, is required for timely initiation of
regrowth. We conclude that calcium entry through VGCCs acts upstream of Ac78C to help
initiate dendrite outgrowth after injury.

Results

Axon and dendrite injury cause similar calcium increases in the neuronal

cell body

Axons and dendrites contain different sets of channels to allow for integration of electrical sig-
nals in dendrites and transfer of signals over long distances in axons. As global calcium eleva-
tion in response to axon injury involves VGCCs, and some VGCCs function specifically in
axons, it is not clear whether dendrite injury also results in global calcium increases. To assess
whether calcium could alert the cell body to dendrite damage, we imaged Drosophila ddaC
(class IV) nociceptive neurons expressing GCaMP6f [38] while axons or dendrites were sev-
ered with a pulsed UV laser (Fig 1A). The standard injury paradigm for axons involves sever-
ing axons tens of microns to millimeters from the soma, while most studies on dendrite injury
remove dendrites near the cell body. Because we were particularly interested in signals that ini-
tiate dendrite regeneration, we chose to injure dendrites near the soma as this very reliably
elicits regeneration. For comparison purposes, we also injured axons near the soma. GCaMP6f
fluorescence in the cell body was strongly increased on the seconds time scale in response to
axon injury (Fig 1C and 1D and S1 Movie). A response of similar magnitude was seen after
dendrite injury but decayed slightly faster than after axon injury (Fig 1B, 1D, and 1E and S2
Movie). After both types of injury, the somatic calcium increase was accompanied by increased
GCaMPé6f signal in dendrites (Figs 1B and S1 and S1 and S2 Movies). When we examined the
first few frames in more detail, there was often a slight global increase in GCaMP fluorescence
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Fig 1. Calcium influx during axon and dendrite injury to class IV (ddaC) neurons. (A) Diagram of location of ddaC neurons in larvae and
location of laser cuts of the neurons. We severed either axons or dendrites of ddaC neurons with a UV laser and monitored calcium levels in the
soma simultaneously with the GCaMP6f calcium sensor. Example time series of GCaMP6F fluorescence during dendrite (B) and axon (C) injury.
Cut site is labeled with a white arrow. Axonal compartment is labeled with a red dashed line, and the dendritic compartments are labeled with
blue dashed lines. GCaMPé6f fluorescence increased 4-5 fold within 10-15 seconds after injury. Average normalized fluorescence intensities of the
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cell body are shown (D). The peak fluorescence of each injured neuron is graphed (E), and this is not different between axon and dendrite injuries
with a Mann-Whitney test. Error bars for (D) are omitted for clarity, but relevant error information is contained in (E), where bars represent
standard deviation.

https://doi.org/10.1371/journal.pgen.1011388.9001

in the first frame (S1 Fig). This was then followed by a wave of higher fluorescence sweeping
across the cell body from the base of the injured neurite. The wave was more visible in some
neurons; several examples where it could be clearly observed are shown in S1 Fig. After the ini-
tial wave, fluorescence remained evenly high in the cell body and then gradually diminished
(S1 and S2 Movies). We did not detect any distinct calcium entry at the wound site that was
separable from the wave that spread away from it (Figs 1 and S1 and S1 and S2 Movies).
Importantly, the peak did not represent saturation of GCaMP6f. In this study, as in our previ-
ous characterization of axon and dendrite injury responses [11,39,40] we attenuated the pulsed
UV laser to the point where it could just sever the neurite. We have previously observed that
using higher laser power can cause what we term an “explosion cut”. This is distinguished by a
bright flash likely due to generation of a laser cavitation bubble, a type of injury that has been
associated with cellular calcium entry even at large distances from the injury site [41]. Indeed,
explosion type cuts adjacent to the dendrite (sham) caused calcium elevation in the neuron,
while the type of “soft” cuts we use routinely did not (S2 Fig). When we used GCaMP¥6f to
monitor calcium after explosion injury, its fluorescence increased higher than after our stan-
dard axon or dendrite injury (S2 Fig) indicating that the sensor is not saturated under normal
injury conditions.

In these experiments we severed the axon or a single dendrite. Although removing a single
dendrite can elicit regeneration in Drosophila nociceptive neurons [10], most studies use com-
plete arbor removal [11,42]. To test whether performing multiple cuts on the same cell would
lead to different calcium dynamics in the cell body, we compared GCaMP6f fluorescence after
cutting a single dendrite or all dendrites (S3A Fig). Peak fluorescence and decay time were
similar in both scenarios (S3B Fig). The apparently earlier peak after cutting all dendrites was
due to the time needed to complete the additional injuries before starting to image. Previous
studies on calcium entry after axon injury damaged the axon more distally [18,19,20,21], so we
wished to compare calcium effects of proximal injury to more distal ones. While both proximal
and distal axon injury can lead to regeneration, injury closer than about 50 microns from the
cell body favors growth of a new axon from a dendrite, while more distal injury favors
regrowth from the cut stump in Drosophila and rodent neurons [40,43]. Increasing the injury
distance from within 10 microns of the cell body to 40 microns reduced the amplitude of
GCaMPéf signal in the cell body, and this reduction was stronger in dendrites than axons, but
peaks were still present (S3C-S3E Fig). At 80 microns from the cell body, dendrite injury led
to a much smaller somatic peak (S3D Fig). We conclude that both axon and dendrite injury
lead to calcium elevation in the neuronal cell body, although this is reduced when dendrites
are injured far from the cell body.

Voltage-gated calcium channels mediate calcium influx during injury

There are two main ways calcium levels could enter the cytosol at sites distant from the injury:
efflux from endoplasmic reticulum (ER) stores, or influx via VGCCs. Release of calcium from
the ER is through the inositol trisphosphate receptor (IP3R) or the ryanodine receptor (RyR),
and both have been linked to the axon injury response [19,24]. Depletion of ER calcium stores
can lead to opening of the store-operated calcium entry (SOCE) channel composed of ER cal-
cium sensor Stim and plasma membrane channel Orai [44], and this could help sustain high
levels of cytosolic calcium. To test whether ER-derived calcium or SOCE was important for
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the response to axon or dendrite injury, we used the Gal4-UAS system to express hairpin
RNAs in nociceptive neurons. This method of cell type-specific RNAi is extremely useful for
investigating the function of genes, including essential genes, in specific cells in whole animals
[45]. We saw no significant difference between the peak GCaMP6f values of control, RyR,
IP3R, Stim or Orai RNAi neurons after dendrite or axon injury (S4A-S4C Fig). We then tested
whether these RNAi knockdowns affected dendrite regeneration. We assayed new arbor
growth 24 hours after removal of all dendrites from the ddaC neuron as this approach has pre-
viously proven useful for identifying genes involved in dendrite regeneration [37]. In most
cases we used two different RNA hairpins, labeled A and B (S4D Fig) to knock down targets.
We did not find any condition that significantly reduced growth (54D and S4E Fig). Because
we do not know how complete knockdown is using these hairpins, we also used an imaging
approach to test whether calcium was released from the ER. ER-GCaMP6-210 is a low affinity
version of GCaMP targeted to the ER lumen [46] that detects physiologically relevant changes
in ER calcium in Drosophila neurons [47]. If the ER was the source of the cytosolic calcium
detected in response to axon or dendrite injury, then fluorescence of ER-GCaMP6-210 would
be expected to decrease in the seconds after injury. We did not detect any decrease that could
not be accounted for by photobleaching after severing axons or dendrites (S5 Fig). Only posi-
tioning the pulsed UV laser within the cell body resulted in decreased fluorescence (S5 Fig).
Using these methods, we did not find evidence that ER-derived calcium contributes to axon or
dendrite injury-induced increases in somatic calcium. We therefore moved on to testing
VGCCs.

VGCCs contain a large ol subunit that has 24 transmembrane domains and makes up the
channel pore, as well as accessory  and 023 subunits [48]. The Drosophila genome contains
three alpha subunits (cac, Ca-01D and Ca-01T), three characterized 028 subunits (stj, stol and
Ca-Moa28), and one beta subunit (Ca-) [49,50,51]. The three alpha subunits in Drosophila
represent the three major classes of VGCCs in animals. Cac is the N/P/Q or Ca,2 representa-
tive, Ca-o1D is the L-type or Ca,1 representative, and Ca-o1T is the T-type or Ca,3 channel.
In general, L-type calcium channels are activated at relatively high voltages and tend to inacti-
vate slowly, while T-type channels are activated at more negative voltages and inactivate rap-
idly and the N/P/Q types are more variable and tend to be more neuron-specific [48]. Ca-ol T
has been shown to be a low-voltage activated channel in a motor neuron [52] and to mediate a
transient calcium current in a projection neuron [53] consistent with it behaving like T-type
channels characterized in other organisms. Cac localizes to neuromuscular junctions [54,55]
and is responsible for calcium-dependent neurotransmitter release [56]. The L-type channel
Ca-01D is the only one previously characterized in dendritic arborization sensory neurons; it
has been shown to propagate mechanical signals through the Class IV neuron dendrite arbor
[57], to mediate calcium transients in Class IV dendrite branches prior to pruning [58], and to
mediate global calcium transients during axon regeneration of Class IV neurons [59]. We used
cell type-specific RNAi to reduce each of the alpha subunits as well as two of the 028 subunits
and the beta subunit in neurons that expressed GCaMP6f. When we used two different RNAi
transgenes to target the same gene they are labeled A and B. We found RNAI hairpins targeting
both Ca-a1D and Ca-al1T, as well as accessory subunits Ca-P and stj, significantly reduced the
peak of the calcium influx occurring after dendrite injury (Fig 2A and 2C and S3 Movie). To
try to determine if we could distinguish between Ca-a1D and Ca-alT roles in the calcium
increase we scored each movie based on whether we could detect a wave of high calcium mov-
ing across the cell body. In control neurons about 80% of cells exhibited a detectable wave after
injury, with the remaining increasing in fluorescence globally at the same time (S6 Fig). In Ca-
01D and Ca-a1T RNAI, about half of the neurons did not have a detectable increase in calcium
and the other half still had a wave of signal spreading across the cell body, albeit dimmer that
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Fig 2. Voltage-gated calcium channels (VGCCs) are required for injury-induced calcium influx and dendrite regeneration. We performed
GCaMPéf live imaging while knocking down VGCC subunits with RNAi in ddaC neurons (see Reagent table (S2 Table) for specific tester line and
RNAi lines). Average GCaMP6f fluorescence is plotted over time for each genotype after dendrite injury (A) and axon injury (B). Peak fluorescence
values are plotted in (C). Peak values of Ca-a1D A, Ca-01T, Ca-B and stj RNAi neurons are significantly lower than control for the dendrite cut but
not axon cut condition. (D) Total dendrite regeneration length at 24HPD is shown for each RNAi line used. (E) Example dendrite regeneration
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images are shown 24h after dendrite removal. All statistics are Kruskal-Wallis one way analysis of variance (ANOVA), with Dunn’s multiple
comparisons test. *, p<0.05, **, p<0.01, ***, p<0.001. Error bars in (C) and (D) are standard deviations. Error bars are omitted in (A) and (B) for
clarity, but relevant error information is contained in (C).

https://doi.org/10.1371/journal.pgen.1011388.9002

in control neurons (S6B Fig). After axon injury, both Ca-a1D and Ca-a1T RNAi reduced the
number of neurons with a wave type increase (S6B Fig). Therefore, we could not determine
whether Ca-a1D and Ca-alT contribute in different ways to the somatic injury-induced
calcium.

The other two channel subunits, Cac and Ca-Moa:23 did not affect dendrite injury-induced
calcium elevation in the cell body (Fig 2A-2C) consistent with Cac function at the synapse
[54] and Ca-M028 in muscle [60]. No significant effects on the magnitude of calcium entry in
response to axon injury were observed (Fig 2B and 2C). This may reflect robustness of the
response to axon injury to partial knockdown of VGCCs, perhaps because of the ability of the
axon initial segment in these cells to cluster channels [61].

To address whether calcium influx in response to dendrite injury was functionally impor-
tant, we performed a laser-mediated cut at the base of every dendrite in VGCC knockdown
ddaC neurons and assayed outgrowth of new dendrites 24 hours later. Each RNA1i hairpin that
reduced the peak calcium response to dendrite severing also reduced the total length of the
new dendrite arbor (Fig 2D and 2E). These results indicate that a major pathway for calcium
entry to the cell body cytoplasm after dendrite damage is through VGCCs. Moreover, VGCCs
are required for robust outgrowth of a new arbor in the day after its removal.

Injury-induced calcium influx promotes initiation of dendrite regeneration

A partial reduction in dendrite regeneration 24 hours after injury with VGCC knockdown
suggests that either dendrites grow more slowly, or they initiate outgrowth later than control
cells. To distinguish between these two possibilities, we assayed neurons at different times after
injury. By 6 hours after injury all control neurons had started regenerating fine processes (Fig
3A and 3E) that on average measured 300 pum (Fig 3F) and included almost 20 branch points
(Fig 3G). In contrast, when we knocked down Ca-01D, Ca-a1T, and Ca-f fewer neurons
started to regenerate (Fig 3B-3E), and those that did had short, sparse arbors (Fig 3F and 3G).
This early reduction in outgrowth suggests VGCCs are important for initiation of regenera-
tion. One potentially confounding factor at this early time point is debris remaining from cut
off dendrites. It is not known whether dendrite debris might repel or inhibit new dendrites
from growing into the area. We therefore scored images from each genotype based on whether
they had no remaining debris, beaded debris, or regions with continuous debris (S7A-S7C
Fig). There was some variability in degeneration across genotypes (S7E Fig), so we wished to
test more directly whether slowing degeneration would inhibit regeneration. Dendrite degen-
eration is strongly delayed by expression of the Wallerian degeneration slow (Wlds) transgene
[62]. We therefore expressed Wlds in ddaC neurons and scored degeneration and measured
regeneration 6 hours after dendrite removal. As expected, cut off regions of dendrites
remained continuous in Wlds-expressing neurons (S7D and S7E Fig). However, regeneration
still initiated, with new dendrites often growing over remaining severed dendrites (S7D Fig).
No significant difference in regeneration length or branch number was found between control
and Wlds-expressing neurons (S7F and S7G Fig) suggesting that delayed degeneration does
not strongly affect initiation of dendrite regeneration. This finding supports the role of
VGCCs in initiation of dendrite regeneration, rather than influencing regeneration by a
change in rate of degeneration.
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Fig 3. VGCCs are required for early initiation of dendrite regeneration. We assayed ddaC dendrite regeneration at 6HPD and 72HPD in control and VGCC
RNAI neurons. Example images are shown for Control (A) and VGCC subunit RNAi (B-D) conditions. Green arrows highlight new dendrites and red arrows
show remaining degenerating dendrites. (E) The fraction of neurons with at least 1 new dendrite branch at 6HPD is shown. All three RNAi conditions are
significantly lower than control with individual Chi-square tests. Total regeneration length and total regenerated branch points at 6HPD are quantified in (F)
and (G) and compared with a Kruskal-Wallis one way analysis of variance (ANOVA), with Dunn’s multiple comparisons test. (H) We assayed dendrite
regeneration with these same RNAi lines at 72HPD and found little difference between conditions; example images for control and Ca-p RNAi are shown (H
and I). Red dashed lines show the approximate area originally occupied by dendrite. Total regeneration length and total regenerated branch points 72HPD are
quantified in (J) and (K) and both are compared with Kruskal-Wallis one way analysis of variance (ANOVA), with Dunn’s multiple comparisons test. For all
statistics, *, p<0.05, **, p<0.01, ***, p<0.001. Error bars are standard deviations.

https://doi.org/10.1371/journal.pgen.1011388.9003
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By 24 hours after injury most VGCC RNAI neurons had begun to grow new dendrites sug-
gesting that regeneration is delayed rather than eliminated in these genetic backgrounds. To
test whether VGCCs might also play a role in later stages of regeneration, we assayed regrowth
at 72 hours after dendrite removal. At this time arbors of Ca-a1D and Ca-} neurons were
almost indistinguishable from control arbors (Fig 3H-3K). To further test the specificity of
their function in early stages of dendrite regrowth, we imaged nociceptive (Class IV) sensory
dendrites in the adult abdomen. A subset of larval dendritic arborization neurons survives into
adulthood to innervate the body wall. During pupariation the larval dendrite arbor is pruned
and new dendrites grow into the remodeled body wall [63,64]. We imaged Class IV dendritic
arborization neurons in abdomens of young adult flies expressing control or VGCC RNA hair-
pins. In all genetic backgrounds, the abdomen was covered in branched sensory endings
(S8 Fig). We conclude that VGCCs help promote early initiation of injury-induced dendrite
regeneration, but do not seem as important for later stages of dendrite growth.

Neurons with simple arbors also use VGCCs to initiate dendrite
regeneration

Nociceptive Class IV neurons like ddaC have the most complex arbors of the larval sensory
neurons. Class I dendritic arborization neurons including ddaE have simpler arbors [35], are
proprioceptive [65], and respond to folding of the cuticle during larval crawling [66,67]. ddaC
neurons continue to add branches throughout larval life, but ddaE neurons obtain their final
shape early in larval life before the time we injure them [11]. ddaE neurons respond to dendrite
removal by re-initiating branching and add branches to recapitulate the pre-injury number of
branch points [11,42]. If only one dendrite is removed, then the new branches are added to the
remaining dendrites and only minimal outgrowth is involved as the new branches are typically
very short [11,37,68]. As different types of neurons likely contain different sets of voltage-
gated channels, we wished to test whether calcium levels in the cell body would also increase
after axon and dendrite injury. Indeed, we found that GCaMP6f fluorescence followed a simi-
lar pattern after both types of injury in these cells (Fig 4A-4E). If VGCCs are important for
injury signaling and initiation of regeneration, rather than for large scale growth, ddaE neu-
rons might also exhibit a deficit in branch addition after removal of a single dendrite. We com-
pared branching in control, Ca-a1D and stj RNAi neurons 24 hours after removal of the large
comb-shaped dendrite. Control neurons added on average almost 6 new branches to the
arbor, and this number was reduced in Ca-o1D and stj RNAi neurons (Fig 4F and 4G). To test
whether regeneration would recover at later time points as in Class IV neurons, we assayed
branch addition 72 hours after removal of the comb dendrite. At this time, similar numbers of
branches were added in control, Ca-a1D and stj RNAi neurons (Fig 4H and 4I). This data is
consistent with VGCCs promoting early dendrite injury responses across multiple cell types.

ACS8 family member Ac78C promotes dendrite regeneration

cAMP promotes axon regeneration, and we therefore wished to determine whether it might
also be involved in dendrite regeneration. cAMP is produced by adenylyl cyclases (ACs) and
eliminated by phosphodiesterases. To probe broadly whether cAMP levels might influence
dendrite regeneration, we knocked down and overexpressed the phosphodiesterase dunce
(dnc) and measured regeneration diameter 24h after injury (Fig 5A). Regeneration seemed
slightly elevated in the RNAi condition and slightly reduced in the overexpression background,
but neither result was significant. We therefore moved on to testing specific ACs. In mammals
there are nine classes of transmembrane ACs, which are typically regulated by heterotrimeric
G proteins acting downstream of G protein coupled receptors. However, three classes (AC1,
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Both Ca-a1D and Stj RNAi regenerated significantly fewer branch points than control. The statistical test used was a Kruskal-Wallis one-way analysis of
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branches are indicated with green arrows to avoid obscuring the dendrite. Statistical analysis in I is the same as in G.

https://doi.org/10.1371/journal.pgen.1011388.9004
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Fig 5. Dendrite regeneration screen with adenylyl cyclase (AC) candidates. (A) Dendrites of ddaC neurons
expressing RNAi hairpins to target candidate ACs were severed at time 0. Maximum regeneration diameter was
measured 24HPD. (B) Representative images are shown for control, Ac78C A and Rut B RNAi lines. **, p < .01; ***, p
< .001 with a Kruskal-Wallis one-way analysis of variance (ANOVA), each condition compared with the control with
Dunn’s multiple comparisons test. (C) Morphology of uninjured ddaC neurons is shown for control, Ac78C A and Rut
B RNAI lines. Dendrites of Rut B RNAi neurons did not reach the edge of the territory, had sparse coverage and extra
branching near the soma. Error bars in (A) are standard deviations.

https://doi.org/10.1371/journal.pgen.1011388.9g005
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AC3 and AC8) can also be activated by calcium [69,70]. The Drosophila genome encodes 13
putative ACs (flybase.org). We prioritized genes expressed in neurons that could be targeted
by RNAi transgenic lines available from the Bloomington Drosophila Stock Center (BDSC).
All ACs belonging to the mammalian calcium regulated families were included: AC1 (rut),
AC3 (Ac3) and AC8 (Ac78C). We also included Ac13E, ACXA and ACXB even though they
are not in the calcium regulated families because they are significantly expressed in neurons
based on publicly available transcriptome data (flybase.org). Two different RNAi hairpins tar-
geting Ac78C and one hairpin targeting rut reduced dendrite regeneration (Fig 5A and 5B).
When performing the rut RNAi injuries with the RNAI line that reduced regeneration, we
noticed that the morphology of uninjured neurons was disrupted with more branching close
to the cell body and sparse coverage in distal regions of the arbor while morphology of Ac78C
RNAI neurons was normal before injury (Fig 5C). Because Ac78C specifically affected dendrite
regeneration, we chose to focus our analysis on it rather than rut, which may more broadly
affect dendrite growth.

cAMP is produced by Ac78C after dendrite injury and promotes early
dendrite outgrowth

To determine whether Ac78C produces cAMP in response to dendrite injury, we first had to
characterize cAMP levels after cutting. We therefore generated transgenic Drosophila that
express the cCAMP sensor Flamindo2 [71] under UAS control. Flamindo2 decreases in fluores-
cence in response to cAMP. To control for bleaching, we included a sham cut condition. For
the sham cut, we positioned the UV pulsed laser near, but not on, a neuron. This exposure
caused about 20% initial bleaching of Flamindo2 in the soma, with slower additional bleaching
due to confocal imaging (Fig 6A and 6B). In contrast, when we severed an axon or a dendrite
with the UV cutting laser there was a 30-40% initial decrease in fluorescence, which continued
to decrease until hitting a “peak” about 30-60 seconds after the injury (Fig 6B). While the
sham cut condition continued gradual photobleaching, the axon and dendrite cut conditions
recovered fluorescence, up to about 50% of pre-cut level by the end of the 5-minute video

(Fig 6A and 6B and S4 and S5 Movies). Both the deeper trough, and recovery of fluorescence
strongly suggest that cAMP is being produced in class IV neurons on the seconds timescale
after both axon and dendrite injury. To determine whether Ac78C was responsible for this
early cCAMP rise, we monitored Flamindo2 fluorescence in Ac78C RNAi neurons. Ac78C
RNAI eliminated the dip and rise of Flamindo2 after dendrite injury (Fig 6A, 6C, and 6D and
S6 Movie) indicating that cAMP production after dendrite injury requires Ac78C. The Fla-
mindo signal in response to axon injury was not changed by Ac78C RNAi so we do not know
which AC acts after axon injury.

To test whether Ac78C is involved in initiation of dendrite regeneration like VGCCs, we
first measured ddaC dendrite regeneration at 24h after arbor removal. The reduction in total
dendrite length (Fig 7A and 7B) 24 hours after dendrite removal was similar to that of VGCC
RNAI neurons suggesting that Ac78C may also act to promote timely initiation of dendrite
regeneration. We therefore assayed dendrite regeneration at 6h and 72h after arbor removal.
Like VGCC RNAI, Ac78C RNAIi neurons had reduced regeneration 6h after injury (Fig 7C-
7E), but normal levels of regeneration 72h after injury Fig 7F-7H). We conclude that cAMP
produced by Ac78C promotes timely initiation of dendrite regeneration.

cAMP is produced downstream of VGCC activation after dendrite injury

It has been suggested that cAMP is the effector of increased calcium after axon injury [2,19],
although the AC responsible for cAMP production has not been identified and there is no
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cuts (red and blue traces respectively) compared to a sham injury (gray trace). (C) Neurons expressing Ac78C RNAi were tested for dynamic cAMP levels after
injury. Note that the dendrite cut condition closely mirrors the sham cut condition, but axon cut response is largely unaltered. (D) Minimum fluorescence
values are shown for sham, dendrite, and axon cut conditions, Kruskal Wallis with Dunns multiple comparisons was used to compare control sham to control
dendrite cut and control sham to control axon cut. To compare control dendrite cut to Ac78C dendrite cut and control axon cut to Ac78C axon a Mann
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https://doi.org/10.1371/journal.pgen.1011388.9006

direct evidence to support this model. We wanted to directly assess whether calcium influx
was required for cAMP production after dendrite injury. To this end, we knocked down
VGCC subunits Ca-01D, Stj and Ca-f, and monitored cAMP levels with Flamindo2 after axon
and dendrite injury (Fig 8A). We saw no effect on cAMP production after axon injury

(Fig 8C), which is not surprising as these RNAi conditions did not block calcium elevation
after axon injury. However, cAMP production after dendrite injury was eliminated by Ca-a1D
and Ca-B RNAi (Fig 8A, 8B and 8D). Stj knockdown also reduced the decrease in fluorescence
after dendrite injury (Fig 8B and 8D) but using only the minimum values did not reach statisti-
cal significance (Fig 8D). This data shows that VGCCs are required to activate cAMP
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https://doi.org/10.1371/journal.pgen.1011388.9007

production after dendrite injury. We have thus demonstrated that calcium entry is upstream,
and essential for, CAMP generation during dendrite injury signaling.

Discussion

Axon and dendrite injury both result in regeneration, but we previously showed that DLK/
JNK/fos signaling is only activated by axon injury, and is neither activated by dendrite injury
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https://doi.org/10.1371/journal.pgen.1011388.g008

nor required for dendrite regeneration [11]. Whether other injury signals are shared between
axons and dendrites has not been determined. Here we show that both axon and dendrite
injury lead to similar calcium and cAMP peaks in the minutes after injury. We show that two
VGCCs, Ca,1 and Ca,3 (Ca-alD and Ca-alT, respectively), are required for calcium influx
after dendrite injury. We go on to show that these same channels are important for prompt ini-
tiation of regeneration in neurons with both simple and complex arbors, suggesting that their
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key role is in injury signaling rather than outgrowth. In genetic backgrounds where the early
calcium influx is reduced regeneration eventually catches up, consistent with a role in early sig-
naling rather than growth; this effect is therefore distinct from previously described roles of
calcium in dendrite growth [72]. A recently published study on calcium signaling after den-
drite injury in Drosophila sensory neurons identified a similar pattern of calcium elevation but
could not pinpoint the VGCCs required for the calcium rise [73]. They did find that Ca-01D
RNAI caused a slight reduction in ddaE dendrite regeneration 72h after injury [73], which is
different from our finding that, despite an effect on ddaE regeneration 24h after injury

(Fig 4G), regeneration was similar in Ca-al1D and control neurons 72h after dendrite injury
(Fig 4I). We are not sure about the cause of this discrepancy; it may be that their slightly differ-
ent quantitation method was more sensitive to a subtle difference, or that our use of RNAi
transgenes targeting different channel subunits for all experiments added additional rigor to
our findings.

We identify Ac78C as an adenylyl cyclase important for dendrite regeneration and show
that it is responsible for cAMP production in response to dendrite injury. Moreover, we dem-
onstrate that dendrite injury-induced cAMP production is blocked by VGCC RNAI, placing
VGCC-mediated calcium entry upstream of cAMP signaling. We propose a model in which
dendrite injury results in VGCC opening, which in turn activates Ac78C. cAMP then acts asa
major output of the calcium signal and stimulates outgrowth of new dendrites. The fact that
Ac78C RNAi strongly reduces cAMP after dendrite injury but does not result in a long-term
deficit in regeneration suggests that a parallel dendrite injury signaling pathway may exist.

Calcium has long been linked to axon injury signaling, and several downstream pathways
have been delineated. At least one of these pathways relies on PKC and so is cAMP-indepen-
dent; PKCy is activated by VGCC and ER-derived calcium and phosphorylates HDAC5 to
modify axonal microtubules and facilitate transcriptional reprogramming [18,20]. While the
cAMP-regulated kinase PKA has been shown to act upstream of DLK to mediate axon regen-
eration [30], it has not been shown to depend on injury-induced calcium. It has not been pos-
sible to determine the relative importance of cAMP to calcium signaling after axon injury as
the injury-activated AC has not been identified. Our data suggests that after dendrite injury
cAMP is a key effector of calcium injury signaling as Ac78C RNAI had a similar effect on initi-
ation of dendrite regeneration to VGCC RNAi.

While we identified proteins responsible for the calcium and cAMP signals induced by den-
drite injury, we did not find genetic backgrounds that eliminated these signals after axon
injury. VGCCs have been shown to be required for axon injury signaling in C. elegans [19] and
mammalian neurons [20]. One possible explanation is that VGCCs are more robustly activated
by axon injury and so more complete channel reduction would be required to see an effect. In
Drosophila Class IV neurons Ca-o1D and Ca-f both play a role in generating calcium spikes
that are associated with regeneration; these occur beginning 24 hours after injury [59] and so
are distinct from the early calcium increase examined here. We did not systematically test ACs
for a function in axon injury signaling, so we can only say that knockdown of Ac78C is suffi-
cient to eliminate cAMP production after dendrite injury and did not affect cAAMP generation
after axon injury. It is possible that a different AC is activated by axon injury, or that several
may act in parallel.

We found that two VGCCs contribute to the increase in calcium after dendrite injury. Ca-
01D is the alpha subunit of the Ca,1 (L-type) channel in Drosophila and Ca-a1T is the alpha
subunit of Ca,3 (T-type). Ca,3 channels are typically activated by smaller voltage deviation
from resting membrane potential than Ca,1 channels and are rapidly inactivated [48], but we
could not clearly separate their function here. While there are multiple alpha subunits in Dro-
sophila, there is only one known beta subunit. While it is thought that beta, and to a lesser
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extent 029, subunits are generally important for trafficking of alpha subunits to the plasma
membrane [48], the subunit composition of channels in different cell types in Drosophila is
not well-defined. Calcium transients precede pruning in Class IV dendritic arborization neu-
rons, and these are partially reduced in Ca-a1D and cac (Ca,2) mutant clones and more
strongly reduced in Ca- mutant clones suggesting Ca-f may function with both of those
alpha subunits [58]. In Class IV neurons responding to axon injury, Ca-f and Ca-a.1D RNAi
had similar effects on calcium transients [59]. Thus Ca-01D and Ca- likely function together
in Class IV neurons, and it is possible Ca-f also works with Ca-o1T. The 028 subunit stj is
important for cac localization at synapses [74,75]. Stj has also been linked to currents produced
by Ca-alD in larval motor neurons [50], so may complex with Ca-a:1D in sensory neurons as
well.

After dendrite injury, the calcium influx mediated by VGCCs peaks around 10s. Down-
stream of calcium entry, Ac78C generates cAMP with highest levels 30-60s after injury. Pre-
sumably cAMP then activates a signaling pathway that results in more efficient initiation of
outgrowth several hours later. The canonical mediator of cAMP signaling is PKA (protein
kinase A). However, several other cAMP effectors including Epac, a guanine nucleotide
exchange factor for Rap type small GTPases, and cyclic nucleotide gated channels (CNG) have
been identified [76]. We have not identified the cAMP effector for dendrite injury. After axon
injury, PKA acts upstream of DLK [30], so if involved in dendrite regeneration, PKA would
need to have a different target. It is very intriguing that although axon and dendrite injury
result in similar increases in calcium and cAMP, they lead to different transcriptional
responses; for example, the AP-1 transcription factor fos acts only after axon injury to increase
levels of its downstream target puckered [11,77].

While Ac78C RNAi strongly reduced cAMP, the effect on dendrite regeneration was quite
mild: a delay in initiation. Several possibilities could account for this mild outcome. First, den-
drite regeneration could incorporate ongoing outgrowth of class IV neurons during larval
development. Indeed, a previous study found that regenerating class IV neurons grow a similar
total length to developing class IV neurons over a two day time window [42]. Perhaps after a
pause, class IV neurons simply resume ongoing growth after dendrite injury and cAMP pro-
motes rapid resumption. Second, additional injury signals could act in parallel to cAMP.
While DLK is absolutely required to initiate axon regeneration in larval class IV neurons in
Drosophila [11], in zebrafish it acts in parallel with a sister kinase LZK and only elimination of
both completely blocks axon regeneration of motor neurons [78] demonstrating proteins can
act in parallel to initiate regeneration. Other proteins that promote dendrite regeneration have
been identified, but these likely later during growth rather than early injury signaling [13]. For
example, cytoskeletal regulation including microtubule nucleation [37,68], microtubule minus
end growth [79], and Rac GTPase signaling [32] are critical for effective dendrite regrowth.
Similarly, interactions with the extracellular matrix regulate regrowth [80,81], as does cellular
metabolism [10] and exocytosis [82]. Determining whether additional signals communicate
dendrite injury to the soma in parallel to calcium and cAMP, and help distinguish it from
axon injury, remains a major challenge in the nascent field of dendrite regeneration.

Materials and methods
Drosophila stocks and rearing

All RNAi lines used in this study were obtained from the Bloomington Drosophila Stock Cen-

ter or the Vienna Drosophila Resource Center [45]. YTub37c VDRC#25271 is used as a control

as it is not expressed in somatic tissues [83]. Transgenic tester lines used in this study include:
UAS-dicer2 (second chromosome); ppk:Gal4, UAS:GCaMP6F/TM6B
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Ppk:Gal4, ppk:EGFP, ppk:CD4-tdGFP, UAS:dicer2-nlsBFP/TM3, Tb-RFP
UAS:Flamindo?2 (2™ chromosome); ppk:Gal4, UAS:dicer2-nlsBFP (third chromosome)
ppk:Gal4 (2™ chromosome)

Females of tester lines were crossed to males of RN A1 lines, or in the case of 17xUAS-ER-G-
CaMP-210, ppk:Gal4 females were crossed to males of 17xUAS-ER-GCaMP-210. For a com-
plete list of stocks, please see the Reagent table (S2 Table).

Animals were reared on standard Drosophila media either in vials or 35mm petri dishes.
They were incubated at 25C for all experiments. For 72h dendrite regeneration assays, den-
drites were severed at mid-second instar and were incubated at 25C until imaging 72h later.
For all other experiments with larvae mid third instar larvae were used and were kept at 25C
before and after injury. For the adult ddaC analysis recently eclosed flies (<24h) were used.

Generation of UAS-Flamindo2 transgenic Drosophila

The coding sequence of Flamindo2 was PCR amplified from addgene plasmid 73938 (https://
www.addgene.org/73938/) and inserted into the pUAST vector [84]. Embryo injections were
performed by BestGene (https://www.thebestgene.com/) and insertions were mapped based
on eye color.

Larval mounting and selection of neurons

There are 20 dorsal ddaC neurons in fly larvae, 10 on each side. For all experiments, neurons
from within abdominal segments 3 to 5 were used. No more than one neuron per animal was
injured/imaged for each experiment. For all experiments, larvae were placed on a microscope
slide on top of a small dried agar pad (for immobilization) and had a coverslip taped on top.
No anesthesia was used.

Image acquisition and analysis

The following Zeiss microscopes (Thornwood, NY) were used in this study:

1. LSM800 inverted confocal on an Axio Observer Z1 stand and equipped with GaAsP detec-
tors, a Zeiss Plan-APOCHROMAT 63x DIC (oil, 1.4NA) objective, and a MicroPoint UV
pulsed laser (Oxford Instruments);

2. LSMS800 upright confocal on an Axio Imager.Z2 stand and equipped with GaAsP detectors
and Zeiss Plan-APOCHROMAT 63x DIC (oil, 1.4NA) and Zeiss Plan-APOCHROMAT
DIC (UV) VIS-IR 40x (oil, 1.3NA) objectives;

3. Zeiss Axio Imager.M2 widefield equipped with an AxioCam 506 mono camera and Zeiss
Plan-APOCHROMAT 63x DIC (oil, 1.4NA), Zeiss EC Plan NEO FLUAR 40x (oil, 1.3NA)
objectives and a MicroPoint UV pulsed laser (Oxford Instruments).

4. LSM700 inverted confocal on an Axio Observer Z1 stand with standard detectors and a
Zeiss Plan-APOCHROMAT 63x DIC (oil, 1.4NA) objective.

The MicroPoint lasers were used to precisely sever axons or dendrites; microscope #1 was
used for Flamindo2 injury experiments and all other injuries were performed with microscope
#3. All GCaMP assays were done on scope #3. All Flamindo2 assays were done on scope #1.
Adult imaging assay was done on scope #1. Morphology of uninjured neurons was assessed
with microscope #2. For all dendrite regeneration assays (class I and class IV, for 6, 24, and
72hr), initial injury was performed with scope #3. For 6hr class IV and 24hr class I dendrite
regeneration experiments, image at t = 0 was on scope #3 and t = 24hr on either scope #2 or
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#4. For 24hr and 72hr class IV regeneration experiments, no image was acquired at t = 0 and
the image at t = 24/72hr was acquired on scope #2. All images were analyzed with Image]/Fiji
(https://fiji.sc/).

GCaMP6f imaging and quantitation

A MicroPoint UV pulsed laser (Oxford Instruments) mounted to a Zeiss Axiolmager.M2
widefield scope was used to sever axons or dendrites. The crosshairs were positioned over the
region of interest (ROI) on a neuron and image acquisition was started. The default GFP filter
was rotated out and a dichroic mirror was rotated in as the image was started. After filter
switching (1-2s after initiation of image acquisition), the UV laser was used to sever the ROI as
the image series was being acquired.

For the experiments presented in Figs 1, 4, and S2-54, images were acquired for 2 minutes
after injury; for experiments presented in Figs 2 and part of S6, a different dichroic mirror was
used and images were acquired for 1 minute after injury.

For quantification of GCaMP6f intensity, a polygon was drawn around the cell body and
fluorescence intensity was measured over time with the Time Series Analyzer plugin in Image].
Images were acquired at a rate of 3 frames per second (FPS). All images in movies for which
t<0 were normalized to a pre-cut image (i.e. image 1 fluorescence intensity = 1 and all subse-
quent images are normalized to 1). “Max normalized fluorescence” shown in Figs 1, 2, 4, and
S4 are the highest average fluorescence intensity of the whole cell body at any frame per video,
representing the “peak brightness” of the whole cell body. Class I and Class IV experiments
were performed and quantified identically. Raw measurements can be found in the Data table
(S1 Table). Because the dichroic mirror that allows laser cutting and imaging simultaneously
was changed during this project, absolute and relative intensities are different between experi-
ments in Figs 2 and S6 and all other GCaMP experiments presented here.

Class IV (ddaC) dendrite regeneration assay

This assay has been well described in our recent work [33,68,82]. Briefly, class IV dendrites are
severed at the base, 3-5 microns from the soma. Larvae are recovered from the microscope
slide and kept in a small piece of fly media for 24 hours, when the same neuron is imaged
again. We quantify regeneration diameter (longest line one can draw across regenerated
arbor), total regeneration length (sum of all neurites traced in Simple Neurite Tracer (SNT)
plugin in FIJT), and total branch points (also generated by SNT). All neurons were traced man-
ually in the SNT plugin [85]. The 6-hour and 72-hour dendrite regeneration assays were per-
formed identically, except neurons are imaged at 6 or 72HPD rather than 24HPD. SNT was
used to trace arbors.

Class I (ddaE) dendrite regeneration assay

We severed the dorsal comb-shaped dendrite of class I neurons before the first branch point
and took an image pre-cut. After removal of this dendrite, other dendrites add new branch
points [11] and we took another image at 24HPD and quantified the number of new branch
points at 24HPD.

Uninjured ddaC dendrite morphology

For Fig 5, baseline ddaC morphology was captured by mounting a 3™ instar larvae slightly
tilted to one side (as distal dendrites are located more laterally and can be hard to acquire with
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larvae mounted straight and upright), and acquiring a tiled image large enough to capture the
full neuron and all its dendrites on scope #2.

Flamindo2 cAMP assay

The microscope used for these experiments was the LSM800 inverted confocal. Since simulta-
neous UV laser cutting and imaging is not possible on this setup, we took a close-up image of
the neuron before any injury. We then used a MicroPoint UV laser to sever dendrites or axons
before switching the light path from eyepieces to camera as quickly as possible. Because of this
limitation, the image acquisition was started 3-6 seconds after the injury. For sham cuts, the
UV laser was aimed within a few microns of the cell body but not on any axonal or dendritic
process, as a control for bleaching from the UV cutting laser that happens during injury.

After dendrite, axon, or sham cut, we imaged the neuron for 5 minutes at a frame rate of
about 0.55FPS (172 frames in 310 seconds). Because the frame rate was so slow, keeping the
soma perfectly in focus was extremely difficult. The extra 10 seconds was built into the acquisi-
tion settings to have 6 “free” frames-if the neuron went out of focus for a frame, that frame
could be deleted to improve the quality of the quantification. Thus, all videos have up to 6 out-
of-focus frames deleted to maintain a total video time of 5 minutes.

For quantification, the fluorescence intensity of the soma in each post-injury image was
normalized to the fluorescence intensity of its respective pre-injury image. To better help with
comparing traces of data from a biosensor that goes down in fluorescence upon substrate
binding (as opposed to going up, like GCaMP), we quantified the “minimum fluorescence
value” to be an analog of the “peak” of a GCaMP trace. This quantification is the lowest average
fluorescence intensity of the cell body within the first 120 seconds of video (as “peaks” seem to
be somewhere in the 30-90 second range).

Statistics, graphs and figures

All statistics and graph preparation were done in GraphPad Prism. Statistical tests are
described in figure legends. *, p < 0.05, **, p < 0.01, ***, p = 0001. Error bars in all figures are
standard deviations. For GCaMP6f and Flamindo2 traces, error bars are omitted for clarity of
visualization. Figures were prepared in Adobe Illustrator.

Supporting information

S1 Fig. Examples of GCaMP6f signal at early timepoints after axon and dendrite injury.
Example frames from movies of GCaMP6f fluorescence in control neurons. These examples
are from the set of movies used for the quantitation in Fig 1. GCaMP6f was expressed in Class
IV neurons and images were acquired at a rate of 3 per second using a widefield microscope
equipped with a pulsed UV laser for severing. Some regions are out of focus because this is a
single focal plane from a widefield microscope. These examples show that the timing of how
the calcium spreads through the cell has some variability and often combines fairly global
increases with a wave that spreads across the cell body from the injury site. The top two exam-
ples show dendrite injury and the lower two show axon injury.

(TIF)

S2 Fig. “Soft” cuts of axons or dendrites do not saturate GCaMP6f or the microscope
detectors. “Explosion” cuts cause a destructive cavitation bubble (A, top, red dotted circle),
while the “soft” cuts we use for injury throughout the manuscript are capable of severing neur-
ites without such destruction (A, bottom). Explosion cuts cause a significantly higher signal in
ddaC neurons expressing GCaMP6f than “soft” cuts: graphed is the maximum fluorescence
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value of the brightest pixel in the soma for each condition (B). Sham cuts in which the laser
was positioned adjacent to the dendrite were also included. The sham soft cut condition did
not result in calcium elevation in ddaC indicating that the calcium signal in axon and dendrite
cut conditions is due to direct damage of the neuron. ***, p < .001 with a Kruskal-Wallis one-
way analysis of variance (ANOVA), each condition compared with the control with Dunn’s
multiple comparisons test. Error bars are standard deviations. Note that standard axon and
dendrite cut fluorescence of GCaMP6f is below levels observed with explosion cut and so is
not saturated.

(TIF)

S3 Fig. Neuronal calcium response to multiple cuts and cuts of varying distances from the
soma. Example images of ddaC neurons expressing GCaMP6f after cutting a single dendrite
or all dendrites (full cut) are shown in (A). Cut dendrites are signified by red dashed line and,
in the single cut condition, intact dendrites are marked by a green dashed line. Cut sites are
indicated with red arrow heads. Single dendrite cuts and full dendrite cuts produced very simi-
lar GCaMP6f responses, though offset based on time taken to perform cutting (B) (see meth-
o0ds). (C) Schematic of proximal (such as cuts shown in (A) and all other figures), medium,
and distal cuts of both the dendrite arbor and axon. Average GCaMPéf traces of these cuts of
varying distances is shown in (D) for dendrites and (E) for axons. Note that access to the distal
axon is limited past 40-50pum, and as such a distal axon cut is not as far as a distal dendrite cut.
Error bars are omitted for clarity.

(TIF)

$4 Fig. The calcium spike after neuronal injury and dendrite regeneration are not sup-
pressed by ER calcium channel RNAi. We knocked down RyR, IP3R, Stim, and Orai using
RNAI hairpins expressed specifically in Class IV neurons (see Reagent table (52 Table) for spe-
cific tester line and RNAI lines) and assessed calcium influx during neuronal injury with
GCamPé6f in ddaC neurons. Average GCaMP6f normalized fluorescence intensity in the soma
during the 2 minutes after dendrite (A) or axon (B) injury is shown, with peak fluorescence
values plotted in (C). (D and E) Dendrite regeneration was assayed 24 hours after all dendrites
were removed (24 HPD). Note that control dendrite regeneration data in (C) is from the same
set as displayed in Fig 2. ddaC neurons expressed cell shape markers as well as dicer2 and
RNAI hairpins targeting a control gene not expressed in somatic cells (yYTub37C) or hairpins
targeting the indicated proteins. For each arbor the maximum diameter was measured and
this is plotted in D. No significant effects on dendrite regeneration were found using Kruskal-
Wallis one-way analysis of variance (ANOVA). Each experimental genotype was compared
with the respective control with Dunn’s multiple comparisons test. Error bars are omitted in
(A) and (B) for clarity, but relevant error information is contained in (C), which are standard
deviations. Error bars in (D) are standard deviations.

(TIF)

S5 Fig. Lumenal ER-GCaMP shows no meaningful change during axon or dendrite injury.
17xUAS-ER-GCaMP-210 localizes to the inside of the endoplasmic reticulum. We performed
cuts with the UV laser on axons, dendrites, and directly on the soma of ddaC neurons express-
ing ER-GCaMP-210. (A) Axon and dendrite cuts (blue and red trace) did not show any appre-
ciable decrease in fluorescence below uncut control (black trace). In contrast, soma cut caused
arapid decrease in fluorescence (green trace) indicating calcium efflux from the ER lumen. (B)
The average minimum fluorescence value within the first 10 seconds for videos in each condi-
tion is plotted. No cut, Dendrite Cut, and Axon Cut are all significantly higher than Soma Cut
with a Mann-Whitney test. Example time series images of soma cut (C) and dendrite cut (D).
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% of fluorescence lost compared to pre-cut image over the first 10 seconds of imaging is
shown in top right of each frame. Error bars for (A) are not included for clarity, though rele-
vant error information is shown in (B). Error bars in (B) are standard deviations.

(TIF)

S6 Fig. Categorization of initial GCaMP6f increase in control and VGCC RNAi neurons.
(A) Example images of the timeline of calcium increase in neurons expressing RNAi against
Ca-alT and Ca-alD B. Top: example of a “wave increase”, note how the upper part of the
soma gets brighter first. Middle: example of “global increase”, note how the soma increases in
brightness uniformly. Bottom: example of “no increase”, as soma does not get brighter after
cut, though calcium increase is visible in the severed portion of dendrite (right side). (B) Pro-
portion of videos that display each of these three categories of fluorescence increase in class IV
neurons expressing control and VGCC RNAI hairpins, for both dendrite and axon cut condi-
tions. (C) Comparison of the type of GCaMP6f increases in class I and class IV neurons for
both dendrite and axon cut conditions. The data set for Class IV neurons in (C) is a different
data set than that in (B). These were collected at different times with different microscope
hardware (dichroic mirror); the set in (C) was taken with the same hardware as the Class I
data in (C).

(TIF)

S7 Fig. Dendrite degeneration is not strongly associated with failure to initiate regenera-
tion 6h after dendrite removal. Example images of control neurons 6 hours after dendrite
arbor removal (HPD) are shown (A-C) to demonstrate different degeneration scores: (A)
score 0—no trace of degenerating dendrites, (B) score 1- degenerating dendrites still observed
but without continuous regions, and (C) score 2 -degenerating dendrites observed with con-
tinuous regions present. (D) Example neurons expressing the Wallerian degeneration slow
(Wlds) protein are shown at 6 HPD. Note that some newly grown dendrites seem to overlap
the degenerating dendrites. Degeneration scores for all genotypes assayed at 6 HPD are sum-
marized in (E). Numbers on the bars are numbers of cells analyzed for each condition. Total
regeneration length and total regenerated branch points 6HPD are quantified in (F) and (G)
and both are compared with a Mann-Whitney test. Control data is the same set shown in

Fig 7D and 7E. No significant difference was found between control and Wlds OE. Error bars
are standard deviations.

(TIF)

S8 Fig. Adult v’ada neurons do not display obvious morphology deficits with VGCC and
AC RNAI. Shown are example overviews of uninjured v’ada neurons in abdomens of adult
Drosophila expressing control (A), Ca-a1D (B), Ca-B (C), and Ac78C (D) RNAi. White square
denotes area magnified in second row of images. No obvious defects in tiling or complexity
are observed.

(TIF)

S1 Table. Source data for all graphs. The data table includes source numbers for all main fig-
ures and supplemental figures.
(XLSX)

$2 Table. Reagent Table. Drosophila RNAi, overexpression, tester, and source lines are listed.
(XLSX)

S1 Methods. Methods used in Supplemental Figures. This file includes a description of the
additional methods used to acquire data presented in the Supplemental Figures.
(DOCX)
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S1 Movie. GCaMP6f fluorescence in the cell body of ddaC during the dendrite injury
response. Representative video of GCaMP6f during dendrite injury. The cut was on the den-
drite at left out of frame. This movie is one of the ones that was quantitated for Fig 1.

(MP4)

$2 Movie. GCaMP6f fluorescence in the cell body of ddaC during the axon injury response.
Representative video of GCaMP6f during axon injury. The axon is towards the bottom of the
movie. This movie is part of the data set quantitated for Fig 1.

(MP4)

$3 Movie. GCaMP6f fluorescence in the cell body of a ddaC neuron expressing Ca-a1D A
RNAIi during dendrite injury response. Representative video of GCaMP6f fluorescence in the
cell body after dendrite injury. The dendrite on the right side was severed. The neuron
expressed Ca-alD A RNAj, and this is part of the data set for Fig 3.

(MP4)

S4 Movie. Flamindo2 fluorescence in a ddaC neuron after dendrite injury. Representative
video of the cAMP biosensor Flamindo2 in the soma of a ddaC neuron after dendrite injury.
This reporter fluoresces less as cCAMP increases. This movie is part of the data set quantitated
in Fig 6.

(MP4)

S5 Movie. Flamindo2 fluorescence in a ddaC neuron after axon injury. Representative video
of cAMP biosensor Flamindo2 in the soma of a ddaC neuron after axon injury. This movie is
part of the data set quantitated in Fig 6.

(MP4)

S$6 Movie. Flamindo2 fluorescence in a ddaC neuron expressing Ac78C RNAI after den-
drite injury. Representative video cAMP biosensor Flamindo2 in the soma of a ddaC neuron
after dendrite injury. The neuron expressed Ac78C RNAI hairpins, and is part of the data set
quantitated in Fig 6.

(MP4)

Acknowledgments

We are grateful to Richard Albertson for subcloning Flamindo2 into the pUAST vector, Sophia
Landaeta for initial testing of Flamindo2 and Rolls lab members for helpful discussions
throughout. Stocks obtained from the Bloomington Drosophila Stock Center (NTH
P400D018537) were used in this study as were stocks from the Vienna Drosophila Resource
Center (VDRC, www.vdrc.at).

Author Contributions

Conceptualization: J. [an Hertzler, Melissa M. Rolls.

Data curation: ]. Ian Hertzler, Jiajing Teng, Melissa M. Rolls.

Formal analysis: ]. Ian Hertzler, Jiajing Teng, Gibarni Mahata, Nitish Kumar.
Funding acquisition: Melissa M. Rolls.

Investigation: J. Ian Hertzler, Jiajing Teng, Annabelle R. Bernard, Michelle C. Stone, Hannah
L. Kline, Gibarni Mahata, Nitish Kumar.

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1011388  August 26, 2024 24/29


http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1011388.s012
http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1011388.s013
http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1011388.s014
http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1011388.s015
http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1011388.s016
http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1011388.s017
http://www.vdrc.at/
https://doi.org/10.1371/journal.pgen.1011388

PLOS GENETICS

Calcium and cAMP signals help initiate dendrite regeneration

Supervision: Melissa M. Rolls.

Validation: Jiajing Teng.

Visualization: J. Ian Hertzler, Jiajing Teng.

Writing - original draft: J. Ian Hertzler, Melissa M. Rolls.

Writing - review & editing: Jiajing Teng, Melissa M. Rolls.

References

1.

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

Chen ZL, Yu WM, Strickland S. Peripheral regeneration. Annual review of neuroscience. 2007; 30:209—
33. https://doi.org/10.1146/annurev.neuro.30.051606.094337 PMID: 17341159

Mahar M, Cavalli V. Intrinsic mechanisms of neuronal axon regeneration. Nature reviews Neuroscience.
2018; 19(6):323-37. https://doi.org/10.1038/s41583-018-0001-8 PMID: 29666508

Smith TP, Sahoo PK, Kar AN, Twiss JL. Intra-axonal mechanisms driving axon regeneration. Brain
Res. 2020; 1740:146864. https://doi.org/10.1016/j.brainres.2020.146864 PMID: 32360100

Winter CC, He Z, Jacobi A. Axon Regeneration: A Subcellular Extension in Multiple Dimensions. Cold
Spring Harb Perspect Biol. 2022; 14(3). https://doi.org/10.1101/cshperspect.a040923 PMID: 34518340

Brace EJ, DiAntonio A. Models of axon regeneration in Drosophila. Experimental neurology. 2017; 287
(Pt 3):310-7. https://doi.org/10.1016/j.expneurol.2016.03.014 PMID: 26996133

Hao Y, Collins C. Intrinsic mechanisms for axon regeneration: insights from injured axons in Drosophila.
Curr Opin Genet Dev. 2017; 44:84-91. https://doi.org/10.1016/j.gde.2017.01.009 PMID: 28232273

Chen L, Chisholm AD. Axon regeneration mechanisms: insights from C. elegans. Trends in cell biology.
2011;21(10):577-84. https://doi.org/10.1016/j.tcb.2011.08.003 PMID: 21907582

Byrne AB, Hammarlund M. Axon regeneration in C. elegans: Worming our way to mechanisms of axon
regeneration. Experimental neurology. 2017; 287 (Pt 3):300-9. https://doi.org/10.1016/j.expneurol.
2016.08.015 PMID: 27569538

Hammarlund M, Jin Y. Axon regeneration in C. elegans. Current opinion in neurobiology. 2014; 27:199—
207. https://doi.org/10.1016/j.conb.2014.04.001 PMID: 24794753

Song Y, Ori-McKenney KM, Zheng Y, Han C, Jan LY, Jan YN. Regeneration of Drosophila sensory neu-
ron axons and dendrites is regulated by the Akt pathway involving Pten and microRNA bantam. Genes
& development. 2012. https://doi.org/10.1101/gad.193243.112 PMID: 22759636

Stone MC, Albertson RM, Chen L, Rolls MM. Dendrite injury triggers DLK-independent regeneration.
Cell reports. 2014; 6(2):247-53. https://doi.org/10.1016/j.celrep.2013.12.022 PMID: 24412365

Stone MC, Seebold DY, Shorey M, Kothe GO, Rolls MM. Dendrite regeneration in the vertebrate spinal
cord. Developmental biology. 2022; 488:114-9. https://doi.org/10.1016/j.ydbio.2022.05.014 PMID:
35644253

Hertzler JI, Rolls MM. Out with the old, in with the new: dendrite degeneration and regeneration. In:
Tran TS, Yaron A, editors. Wiring the nervous system: mechanisms of axonal and dendritic remodeling
in health and disease: River Publishers; 2024. p. 107-34.

McNeil PL, Steinhardt RA. Plasma membrane disruption: repair, prevention, adaptation. Annu Rev Cell
Dev Biol. 2003; 19:697—-731. https://doi.org/10.1146/annurev.cellbio.19.111301.140101 PMID:
14570587

Mencel ML, Bittner GD. Repair of traumatic lesions to the plasmalemma of neurons and other cells:
Commonalities, conflicts, and controversies. Front Physiol. 2023; 14:1114779. https://doi.org/10.3389/
fphys.2023.1114779 PMID: 37008019

Nakamura M, Dominguez ANM, Decker JR, Hull AJ, Verboon JM, Parkhurst SM. Into the breach: how
cells cope with wounds. Open Biol. 2018; 8(10). https://doi.org/10.1098/rsob.180135 PMID: 30282661

Ziv NE, Spira ME. Localized and transient elevations of intracellular Ca2+ induce the dedifferentiation of
axonal segments into growth cones. The Journal of neuroscience: the official journal of the Society for
Neuroscience. 1997; 17(10):3568-79.

Cho'Y, Cavalli V. HDACS is a novel injury-regulated tubulin deacetylase controlling axon regeneration.
The EMBO journal. 2012; 31(14):3063-78. https://doi.org/10.1038/emboj.2012.160 PMID: 22692128

Ghosh-Roy A, Wu Z, Goncharov A, Jin Y, Chisholm AD. Calcium and cyclic AMP promote axonal
regeneration in Caenorhabditis elegans and require DLK-1 kinase. The Journal of neuroscience: the
official journal of the Society for Neuroscience. 2010; 30(9):3175-83.

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1011388  August 26, 2024 25/29


https://doi.org/10.1146/annurev.neuro.30.051606.094337
http://www.ncbi.nlm.nih.gov/pubmed/17341159
https://doi.org/10.1038/s41583-018-0001-8
http://www.ncbi.nlm.nih.gov/pubmed/29666508
https://doi.org/10.1016/j.brainres.2020.146864
http://www.ncbi.nlm.nih.gov/pubmed/32360100
https://doi.org/10.1101/cshperspect.a040923
http://www.ncbi.nlm.nih.gov/pubmed/34518340
https://doi.org/10.1016/j.expneurol.2016.03.014
http://www.ncbi.nlm.nih.gov/pubmed/26996133
https://doi.org/10.1016/j.gde.2017.01.009
http://www.ncbi.nlm.nih.gov/pubmed/28232273
https://doi.org/10.1016/j.tcb.2011.08.003
http://www.ncbi.nlm.nih.gov/pubmed/21907582
https://doi.org/10.1016/j.expneurol.2016.08.015
https://doi.org/10.1016/j.expneurol.2016.08.015
http://www.ncbi.nlm.nih.gov/pubmed/27569538
https://doi.org/10.1016/j.conb.2014.04.001
http://www.ncbi.nlm.nih.gov/pubmed/24794753
https://doi.org/10.1101/gad.193243.112
http://www.ncbi.nlm.nih.gov/pubmed/22759636
https://doi.org/10.1016/j.celrep.2013.12.022
http://www.ncbi.nlm.nih.gov/pubmed/24412365
https://doi.org/10.1016/j.ydbio.2022.05.014
http://www.ncbi.nlm.nih.gov/pubmed/35644253
https://doi.org/10.1146/annurev.cellbio.19.111301.140101
http://www.ncbi.nlm.nih.gov/pubmed/14570587
https://doi.org/10.3389/fphys.2023.1114779
https://doi.org/10.3389/fphys.2023.1114779
http://www.ncbi.nlm.nih.gov/pubmed/37008019
https://doi.org/10.1098/rsob.180135
http://www.ncbi.nlm.nih.gov/pubmed/30282661
https://doi.org/10.1038/emboj.2012.160
http://www.ncbi.nlm.nih.gov/pubmed/22692128
https://doi.org/10.1371/journal.pgen.1011388

PLOS GENETICS

Calcium and cAMP signals help initiate dendrite regeneration

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Cho'Y, Sloutsky R, Naegle KM, Cavalli V. Injury-induced HDACS5 nuclear export is essential for axon
regeneration. Cell. 2013; 155(4):894—908. https://doi.org/10.1016/j.cell.2013.10.004 PMID: 24209626

Mandolesi G, Madeddu F, Bozzi Y, Maffei L, Ratto GM. Acute physiological response of mammalian
central neurons to axotomy: ionic regulation and electrical activity. FASEB J. 2004; 18(15):1934—6.
https://doi.org/10.1096/f].04-1805fje PMID: 15451889

Sattler R, Tymianski M, Feyaz |, Hafner M, Tator CH. Voltage-sensitive calcium channels mediate cal-
cium entry into cultured mammalian sympathetic neurons following neurite transection. Brain Res.
1996; 719(1-2):239-46. https://doi.org/10.1016/0006-8993(96)00125-4 PMID: 8782889

Kulbatski I, Cook DJ, Tator CH. Calcium entry through L-type calcium channels is essential for neurite
regeneration in cultured sympathetic neurons. J Neurotrauma. 2004; 21(3):357—74. https://doi.org/10.
1089/089771504322972130 PMID: 15115609

Sun L, Shay J, McLoed M, Roodhouse K, Chung SH, Clark CM, et al. Neuronal regeneration in C. ele-
gans requires subcellular calcium release by ryanodine receptor channels and can be enhanced by
optogenetic stimulation. The Journal of neuroscience: the official journal of the Society for Neurosci-
ence. 2014; 34(48):15947-56.

Roisen FJ, Murphy RA, Pichichero ME, Braden WG. Cyclic adenosine monophosphate stimulation of
axonal elongation. Science. 1972; 175(4017):73—4. https://doi.org/10.1126/science.175.4017.73 PMID:
4332820

Appenzeller O, Palmer G. The cyclic AMP (adenosine 3',5’-phosphate) content of sciatic nerve:
changes after nerve crush. Brain Res. 1972; 42(2):521—4. https://doi.org/10.1016/0006-8993(72)
90553-7 PMID: 4340461

Cai D, Qiu J, Cao Z, McAtee M, Bregman BS, Filbin MT. Neuronal cyclic AMP controls the developmen-
tal loss in ability of axons to regenerate. The Journal of neuroscience: the official journal of the Society
for Neuroscience. 2001; 21(13):4731-9.

Neumann S, Bradke F, Tessier-Lavigne M, Basbaum Al. Regeneration of sensory axons within the
injured spinal cord induced by intraganglionic cAMP elevation. Neuron. 2002; 34(6):885-93. https://doi.
org/10.1016/s0896-6273(02)00702-x PMID: 12086637

Qiu J, Cai D, Dai H, McAtee M, Hoffman PN, Bregman BS, et al. Spinal axon regeneration induced by
elevation of cyclic AMP. Neuron. 2002; 34(6):895-903. https://doi.org/10.1016/s0896-6273(02)00730-4
PMID: 12086638

HaoY, Frey E, Yoon C, Wong H, Nestorovski D, Holzman LB, et al. An evolutionarily conserved mecha-
nism for cAMP elicited axonal regeneration involves direct activation of the dual leucine zipper kinase
DLK. eLife. 2016; 5. https://doi.org/10.7554/eLife.14048 PMID: 27268300

Carlsen RC. Axonal transport of adenylate cyclase activity in normal and axotomized frog sciatic nerve.
Brain Res. 1982; 232(2):413-24. https://doi.org/10.1016/0006-8993(82)90284-0 PMID: 6200180

Brar HK, Dey S, Bhardwaj S, Pande D, Singh P, Dey S, et al. Dendrite regeneration in C. elegans is con-
trolled by the RAC GTPase CED-10 and the RhoGEF TIAM-1. PLoS Genet. 2022; 18(3):e1010127.
https://doi.org/10.1371/journal.pgen.1010127 PMID: 35344539

Hertzler JI, Bernard AR, Rolls MM. Dendrite regeneration mediates functional recovery after complete
dendrite removal. Developmental biology. 2023. hitps://doi.org/10.1016/}.ydbio.2023.03.001 PMID:
36870669

Brar HK, Dey S, Singh P, Pande D, Ghosh-Roy A. Functional recovery associated with dendrite regen-
eration in PVD neuron of C. elegans. eNeuro. 2024.

Grueber WB, Jan LY, Jan YN. Tiling of the Drosophila epidermis by multidendritic sensory neurons.
Development. 2002; 129(12):2867—-78. https://doi.org/10.1242/dev.129.12.2867 PMID: 12050135

Hwang RY, Zhong L, Xu Y, Johnson T, Zhang F, Deisseroth K, et al. Nociceptive neurons protect Dro-
sophila larvae from parasitoid wasps. Current biology: CB. 2007; 17(24):2105-16.

Nye DMR, Albertson RM, Weiner AT, Hertzler JI, Shorey M, Goberdhan DCI, et al. The receptor tyro-
sine kinase Ror is required for dendrite regeneration in Drosophila neurons. PLoS biology. 2020; 18(3):
€3000657. https://doi.org/10.1371/journal.pbio.3000657 PMID: 32163406

Chen TW, Wardill TJ, Sun Y, Pulver SR, Renninger SL, Baohan A, et al. Ultrasensitive fluorescent pro-
teins for imaging neuronal activity. Nature. 2013; 499(7458):295-300. https://doi.org/10.1038/
nature12354 PMID: 23868258

Stone MC, Nguyen MM, Tao J, Allender DL, Rolls MM. Global up-regulation of microtubule dynamics
and polarity reversal during regeneration of an axon from a dendrite. Molecular biology of the cell. 2010;
21(5):767-77. https://doi.org/10.1091/mbc.e09-11-0967 PMID: 20053676

Rao KS, Rolls MM. Two Drosophila model neurons can regenerate axons from the stump or from a con-
verted dendrite, with feedback between the two sites. Neural Development. 2017; 12(1). https://doi.org/
10.1186/s13064-017-0092-3 PMID: 28818097

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1011388  August 26, 2024 26/29


https://doi.org/10.1016/j.cell.2013.10.004
http://www.ncbi.nlm.nih.gov/pubmed/24209626
https://doi.org/10.1096/fj.04-1805fje
http://www.ncbi.nlm.nih.gov/pubmed/15451889
https://doi.org/10.1016/0006-8993%2896%2900125-4
http://www.ncbi.nlm.nih.gov/pubmed/8782889
https://doi.org/10.1089/089771504322972130
https://doi.org/10.1089/089771504322972130
http://www.ncbi.nlm.nih.gov/pubmed/15115609
https://doi.org/10.1126/science.175.4017.73
http://www.ncbi.nlm.nih.gov/pubmed/4332820
https://doi.org/10.1016/0006-8993%2872%2990553-7
https://doi.org/10.1016/0006-8993%2872%2990553-7
http://www.ncbi.nlm.nih.gov/pubmed/4340461
https://doi.org/10.1016/s0896-6273%2802%2900702-x
https://doi.org/10.1016/s0896-6273%2802%2900702-x
http://www.ncbi.nlm.nih.gov/pubmed/12086637
https://doi.org/10.1016/s0896-6273%2802%2900730-4
http://www.ncbi.nlm.nih.gov/pubmed/12086638
https://doi.org/10.7554/eLife.14048
http://www.ncbi.nlm.nih.gov/pubmed/27268300
https://doi.org/10.1016/0006-8993%2882%2990284-0
http://www.ncbi.nlm.nih.gov/pubmed/6200180
https://doi.org/10.1371/journal.pgen.1010127
http://www.ncbi.nlm.nih.gov/pubmed/35344539
https://doi.org/10.1016/j.ydbio.2023.03.001
http://www.ncbi.nlm.nih.gov/pubmed/36870669
https://doi.org/10.1242/dev.129.12.2867
http://www.ncbi.nlm.nih.gov/pubmed/12050135
https://doi.org/10.1371/journal.pbio.3000657
http://www.ncbi.nlm.nih.gov/pubmed/32163406
https://doi.org/10.1038/nature12354
https://doi.org/10.1038/nature12354
http://www.ncbi.nlm.nih.gov/pubmed/23868258
https://doi.org/10.1091/mbc.e09-11-0967
http://www.ncbi.nlm.nih.gov/pubmed/20053676
https://doi.org/10.1186/s13064-017-0092-3
https://doi.org/10.1186/s13064-017-0092-3
http://www.ncbi.nlm.nih.gov/pubmed/28818097
https://doi.org/10.1371/journal.pgen.1011388

PLOS GENETICS

Calcium and cAMP signals help initiate dendrite regeneration

41.

42,

43.

44.
45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

Shannon EK, Stevens A, Edrington W, Zhao Y, Jayasinghe AK, Page-McCaw A, et al. Multiple Mecha-
nisms Drive Calcium Signal Dynamics around Laser-Induced Epithelial Wounds. Biophys J. 2017; 113
(7):1623-35. https://doi.org/10.1016/j.bp}.2017.07.022 PMID: 28978452

Thompson-Peer KL, DeVault L, Li T, Jan LY, Jan YN. In vivo dendrite regeneration after injury is differ-
ent from dendrite development. Genes & development. 2016; 30(15):1776-89. https://doi.org/10.1101/
gad.282848.116 PMID: 27542831

Gomis-Ruth S, Wierenga CJ, Bradke F. Plasticity of polarization: changing dendrites into axons in neu-
rons integrated in neuronal circuits. Current biology: CB. 2008; 18(13):992—-1000.

Prakriya M, Lewis RS. Store-Operated Calcium Channels. Physiol Rev. 2015; 95(4):1383—436.

Dietzl G, Chen D, Schnorrer F, Su KC, Barinova Y, Fellner M, et al. A genome-wide transgenic RNAI
library for conditional gene inactivation in Drosophila. Nature. 2007; 448(7150):151-6. https://doi.org/
10.1038/nature05954 PMID: 17625558

de Juan-Sanz J, Holt GT, Schreiter ER, de Juan F, Kim DS, Ryan TA. Axonal Endoplasmic Reticulum
Ca(2+) Content Controls Release Probability in CNS Nerve Terminals. Neuron. 2017; 93(4):867-81 e6.
https://doi.org/10.1016/j.neuron.2017.01.010 PMID: 28162809

Oliva MK, Perez-Moreno JJ, O’'Shaughnessy J, Wardill TJ, O’Kane CJ. Endoplasmic Reticulum
Lumenal Indicators in Drosophila Reveal Effects of HSP-Related Mutations on Endoplasmic Reticulum
Calcium Dynamics. Front Neurosci. 2020; 14:816. https://doi.org/10.3389/fnins.2020.00816 PMID:
32903680

Catterall WA. Voltage-gated calcium channels. Cold Spring Harb Perspect Biol. 2011; 3(8):a003947.
https://doi.org/10.1101/cshperspect.a003947 PMID: 21746798

Chorna T, Hasan G. The genetics of calcium signaling in Drosophila melanogaster. Biochim Biophys
Acta. 2012; 1820(8):1269-82. https://doi.org/10.1016/j.bbagen.2011.11.002 PMID: 22100727

Heinrich L, Ryglewski S. Different functions of two putative Drosophila alpha(2)delta subunits in the
same identified motoneurons. Sci Rep. 2020; 10(1):13670.

Littleton JT, Ganetzky B. lon channels and synaptic organization: analysis of the Drosophila genome.
Neuron. 2000; 26(1):35—43. https://doi.org/10.1016/s0896-6273(00)81135-6 PMID: 10798390

Ryglewski S, Lance K, Levine RB, Duch C. Ca(v)2 channels mediate low and high voltage-activated cal-
cium currents in Drosophila motoneurons. J Physiol. 2012; 590(4):809-25. https://doi.org/10.1113/
jphysiol.2011.222836 PMID: 22183725

Iniguez J, Schutte SS, O’'Dowd DK. Cav3-type alpha1T calcium channels mediate transient calcium
currents that regulate repetitive firing in Drosophila antennal lobe PNs. J Neurophysiol. 2013; 110
(7):1490-6.

Kawasaki F, Zou B, Xu X, Ordway RW. Active zone localization of presynaptic calcium channels
encoded by the cacophony locus of Drosophila. The Journal of neuroscience: the official journal of the
Society for Neuroscience. 2004; 24(1):282-5.

Gratz SJ, Goel P, Bruckner JJ, Hernandez RX, Khateeb K, Macleod GT, et al. Endogenous Tagging
Reveals Differential Regulation of Ca(2+) Channels at Single Active Zones during Presynaptic Homeo-
static Potentiation and Depression. The Journal of neuroscience: the official journal of the Society for
Neuroscience. 2019; 39(13):2416-29.

Kawasaki F, Felling R, Ordway RW. A temperature-sensitive paralytic mutant defines a primary synap-
tic calcium channel in Drosophila. The Journal of neuroscience: the official journal of the Society for
Neuroscience. 2000; 20(13):4885-9.

Liu Z, Wu MH, Wang QX Lin SZ, Feng XQ, Li B, et al. Drosophila mechanical nociceptors preferentially
sense localized poking. eLife. 2022; 11. https://doi.org/10.7554/eLife.76574 PMID: 36200757

Kanamori T, Kanai MI, Dairyo Y, Yasunaga Kl, Morikawa RK, Emoto K. Compartmentalized Calcium
Transients Trigger Dendrite Pruning in Drosophila Sensory Neurons. Science. 2013. https://doi.org/10.
1126/science.1234879 PMID: 23722427

Trombley S, Powell J, Guttipatti P, Matamoros A, Lin X, O’'Harrow T, et al. Glia instruct axon regenera-
tion via a ternary modulation of neuronal calcium channels in Drosophila. Nat Commun. 2023; 14
(1):6490. https://doi.org/10.1038/s41467-023-42306-2 PMID: 37838791

Reuveny A, Shnayder M, Lorber D, Wang S, Volk T. Ma2/d promotes myonuclear positioning and asso-
ciation with the sarcoplasmic reticulum. Development. 2018; 145(17). https://doi.org/10.1242/dev.
159558 PMID: 30093550

Jegla T, Nguyen MM, Feng C, Goetschius DJ, Luna E, van Rossum DB, et al. Bilaterian Giant Ankyrins
Have a Common Evolutionary Origin and Play a Conserved Role in Patterning the Axon Initial Segment.
PLoS Genet. 2016; 12(12):e1006457. https://doi.org/10.1371/journal.pgen.1006457 PMID: 27911898

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1011388  August 26, 2024 27/29


https://doi.org/10.1016/j.bpj.2017.07.022
http://www.ncbi.nlm.nih.gov/pubmed/28978452
https://doi.org/10.1101/gad.282848.116
https://doi.org/10.1101/gad.282848.116
http://www.ncbi.nlm.nih.gov/pubmed/27542831
https://doi.org/10.1038/nature05954
https://doi.org/10.1038/nature05954
http://www.ncbi.nlm.nih.gov/pubmed/17625558
https://doi.org/10.1016/j.neuron.2017.01.010
http://www.ncbi.nlm.nih.gov/pubmed/28162809
https://doi.org/10.3389/fnins.2020.00816
http://www.ncbi.nlm.nih.gov/pubmed/32903680
https://doi.org/10.1101/cshperspect.a003947
http://www.ncbi.nlm.nih.gov/pubmed/21746798
https://doi.org/10.1016/j.bbagen.2011.11.002
http://www.ncbi.nlm.nih.gov/pubmed/22100727
https://doi.org/10.1016/s0896-6273%2800%2981135-6
http://www.ncbi.nlm.nih.gov/pubmed/10798390
https://doi.org/10.1113/jphysiol.2011.222836
https://doi.org/10.1113/jphysiol.2011.222836
http://www.ncbi.nlm.nih.gov/pubmed/22183725
https://doi.org/10.7554/eLife.76574
http://www.ncbi.nlm.nih.gov/pubmed/36200757
https://doi.org/10.1126/science.1234879
https://doi.org/10.1126/science.1234879
http://www.ncbi.nlm.nih.gov/pubmed/23722427
https://doi.org/10.1038/s41467-023-42306-2
http://www.ncbi.nlm.nih.gov/pubmed/37838791
https://doi.org/10.1242/dev.159558
https://doi.org/10.1242/dev.159558
http://www.ncbi.nlm.nih.gov/pubmed/30093550
https://doi.org/10.1371/journal.pgen.1006457
http://www.ncbi.nlm.nih.gov/pubmed/27911898
https://doi.org/10.1371/journal.pgen.1011388

PLOS GENETICS

Calcium and cAMP signals help initiate dendrite regeneration

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

Tao J, Rolls MM. Dendrites have a rapid program of injury-induced degeneration that is molecularly dis-
tinct from developmental pruning. The Journal of neuroscience: the official journal of the Society for
Neuroscience. 2011; 31(14):5398—-405.

Shimono K, Fujimoto A, Tsuyama T, Yamamoto-Kochi M, Sato M, Hattori Y, et al. Multidendritic sensory
neurons in the adult Drosophila abdomen: origins, dendritic morphology, and segment- and age-depen-
dent programmed cell death. Neural Dev. 2009; 4:37. https://doi.org/10.1186/1749-8104-4-37 PMID:
19799768

Williams DW, Truman JW. Mechanisms of dendritic elaboration of sensory neurons in Drosophila:
insights from in vivo time lapse. The Journal of neuroscience: the official journal of the Society for Neu-
roscience. 2004; 24(7):1541-50.

Hughes CL, Thomas JB. A sensory feedback circuit coordinates muscle activity in Drosophila. Molecu-
lar and cellular neurosciences. 2007; 35(2):383-96. https://doi.org/10.1016/j.mcn.2007.04.001 PMID:
17498969

Vaadia RD, Li W, Voleti V, Singhania A, Hillman EMC, Grueber WB. Characterization of Proprioceptive
System Dynamics in Behaving Drosophila Larvae Using High-Speed Volumetric Microscopy. Current
biology: CB. 2019; 29(6):935—-44 e4.

He L, Gulyanon S, Mihovilovic Skanata M, Karagyozov D, Heckscher ES, Krieg M, et al. Direction
Selectivity in Drosophila Proprioceptors Requires the Mechanosensory Channel Tmc. Current biology:
CB. 2019; 29(6):945-56 e3.

Hertzler JI, Simonovitch SI, Albertson RM, Weiner AT, Nye DMR, Rolls MM. Kinetochore proteins sup-
press neuronal microtubule dynamics and promote dendrite regeneration. Molecular biology of the cell.
2020; 31(19):2125-38. https://doi.org/10.1091/mbc.E20-04-0237-T PMID: 32673176

Halls ML, Cooper DMF. Adenylyl cyclase signalling complexes—Pharmacological challenges and
opportunities. Pharmacol Ther. 2017; 172:171-80. https://doi.org/10.1016/j.pharmthera.2017.01.001
PMID: 28132906

Ostrom KF, LaVigne JE, Brust TF, Seifert R, Dessauer CW, Watts VJ, et al. Physiological roles of mam-
malian transmembrane adenylyl cyclase isoforms. Physiol Rev. 2022; 102(2):815-57. https://doi.org/
10.1152/physrev.00013.2021 PMID: 34698552

Odaka H, Arai S, Inoue T, Kitaguchi T. Genetically-encoded yellow fluorescent cAMP indicator with an
expanded dynamic range for dual-color imaging. PloS one. 2014; 9(6):e100252. https://doi.org/10.
1371/journal.pone.0100252 PMID: 24959857

Lohmann C, Wong RO. Regulation of dendritic growth and plasticity by local and global calcium dynam-
ics. Cell Calcium. 2005; 37(5):403-9. https://doi.org/10.1016/j.ceca.2005.01.008 PMID: 15820387

Duarte VN, Lam VT, Rimicci DS, Thompson-Peer KL. Calcium plays an essential role in early-stage
dendrite injury detection and regeneration. Progress in neurobiology. 2024; 239:102635. https://doi.org/
10.1016/j.pneurobio.2024.102635 PMID: 38825174

Ly CV, Yao CK, Verstreken P, Ohyama T, Bellen HJ. straightjacket is required for the synaptic stabiliza-
tion of cacophony, a voltage-gated calcium channel alpha1 subunit. The Journal of cell biology. 2008;
181(1):157-70. https://doi.org/10.1083/jcb.200712152 PMID: 18391075

Dickman DK, Kurshan PT, Schwarz TL. Mutations in a Drosophila alpha2delta voltage-gated calcium
channel subunit reveal a crucial synaptic function. The Journal of neuroscience: the official journal of
the Society for Neuroscience. 2008; 28(1):31-8.

Sassone-Corsi P. The cyclic AMP pathway. Cold Spring Harb Perspect Biol. 2012; 4(12). https://doi.
org/10.1101/cshperspect.a011148 PMID: 23209152

Xiong X, Wang X, Ewanek R, Bhat P, Diantonio A, Collins CA. Protein turnover of the Wallenda/DLK
kinase regulates a retrograde response to axonal injury. The Journal of cell biology. 2010; 191(1):211—
23. https://doi.org/10.1083/jcb.201006039 PMID: 20921142

Adula KP, Shorey M, Chauhan V, Nassman K, Chen SF, Rolls MM, et al. The MAP3Ks DLK and LZK
Direct Diverse Responses to Axon Damage in Zebrafish Peripheral Neurons. The Journal of neurosci-
ence: the official journal of the Society for Neuroscience. 2022; 42(32):6195-210.

Feng C, Thyagarajan P, Shorey M, Seebold DY, Weiner AT, Albertson RM, et al. Patronin-mediated
minus end growth is required for dendritic microtubule polarity. The Journal of cell biology. 2019. https://
doi.org/10.1083/jcb.201810155 PMID: 31076454

DeVaultL, Li T, Izabel S, Thompson-Peer KL, Jan LY, Jan YN. Dendrite regeneration of adult Drosoph-
ila sensory neurons diminishes with aging and is inhibited by epidermal-derived matrix metalloprotei-
nase 2. Genes & development. 2018; 32(5-6):402—14. https://doi.org/10.1101/gad.308270.117 PMID:
29563183

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1011388  August 26, 2024 28/29


https://doi.org/10.1186/1749-8104-4-37
http://www.ncbi.nlm.nih.gov/pubmed/19799768
https://doi.org/10.1016/j.mcn.2007.04.001
http://www.ncbi.nlm.nih.gov/pubmed/17498969
https://doi.org/10.1091/mbc.E20-04-0237-T
http://www.ncbi.nlm.nih.gov/pubmed/32673176
https://doi.org/10.1016/j.pharmthera.2017.01.001
http://www.ncbi.nlm.nih.gov/pubmed/28132906
https://doi.org/10.1152/physrev.00013.2021
https://doi.org/10.1152/physrev.00013.2021
http://www.ncbi.nlm.nih.gov/pubmed/34698552
https://doi.org/10.1371/journal.pone.0100252
https://doi.org/10.1371/journal.pone.0100252
http://www.ncbi.nlm.nih.gov/pubmed/24959857
https://doi.org/10.1016/j.ceca.2005.01.008
http://www.ncbi.nlm.nih.gov/pubmed/15820387
https://doi.org/10.1016/j.pneurobio.2024.102635
https://doi.org/10.1016/j.pneurobio.2024.102635
http://www.ncbi.nlm.nih.gov/pubmed/38825174
https://doi.org/10.1083/jcb.200712152
http://www.ncbi.nlm.nih.gov/pubmed/18391075
https://doi.org/10.1101/cshperspect.a011148
https://doi.org/10.1101/cshperspect.a011148
http://www.ncbi.nlm.nih.gov/pubmed/23209152
https://doi.org/10.1083/jcb.201006039
http://www.ncbi.nlm.nih.gov/pubmed/20921142
https://doi.org/10.1083/jcb.201810155
https://doi.org/10.1083/jcb.201810155
http://www.ncbi.nlm.nih.gov/pubmed/31076454
https://doi.org/10.1101/gad.308270.117
http://www.ncbi.nlm.nih.gov/pubmed/29563183
https://doi.org/10.1371/journal.pgen.1011388

PLOS GENETICS

Calcium and cAMP signals help initiate dendrite regeneration

81.

82.

83.

84.

85.

Soba P, Han C, Zheng Y, Perea D, Miguel-Aliaga |, Jan LY, et al. The Ret receptor regulates sensory
neuron dendrite growth and integrin mediated adhesion. eLife. 2015;4. https://doi.org/10.7554/eLife.
05491 PMID: 25764303

Swope RD, Hertzler JI, Stone MC, Kothe GO, Rolls MM. The exocyst complex is required for develop-
mental and regenerative neurite growth in vivo. Developmental biology. 2022; 492:1-13. https://doi.org/
10.1016/j.ydbio.2022.09.005 PMID: 36162553

Wiese C. Distinct Dgrip84 isoforms correlate with distinct gamma-tubulins in Drosophila. Molecular biol-
ogy of the cell. 2008; 19(1):368-77. https://doi.org/10.1091/mbc.e07-08-0801 PMID: 18003974

Brand AH, Perrimon N. Targeted gene expression as a means of altering cell fates and generating dom-
inant phenotypes. Development. 1993; 118(2):401-15. https://doi.org/10.1242/dev.118.2.401 PMID:
8223268

Longair MH, Baker DA, Armstrong JD. Simple Neurite Tracer: open source software for reconstruction,
visualization and analysis of neuronal processes. Bioinformatics. 2011; 27(17):2453—4. https://doi.org/
10.1093/bioinformatics/btr390 PMID: 21727141

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1011388  August 26, 2024 29/29


https://doi.org/10.7554/eLife.05491
https://doi.org/10.7554/eLife.05491
http://www.ncbi.nlm.nih.gov/pubmed/25764303
https://doi.org/10.1016/j.ydbio.2022.09.005
https://doi.org/10.1016/j.ydbio.2022.09.005
http://www.ncbi.nlm.nih.gov/pubmed/36162553
https://doi.org/10.1091/mbc.e07-08-0801
http://www.ncbi.nlm.nih.gov/pubmed/18003974
https://doi.org/10.1242/dev.118.2.401
http://www.ncbi.nlm.nih.gov/pubmed/8223268
https://doi.org/10.1093/bioinformatics/btr390
https://doi.org/10.1093/bioinformatics/btr390
http://www.ncbi.nlm.nih.gov/pubmed/21727141
https://doi.org/10.1371/journal.pgen.1011388

