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Abstract

Dendrites are injured in a variety of clinical conditions such as traumatic brain and spinal

cord injuries and stroke. How neurons detect injury directly to their dendrites to initiate a
pro-regenerative response has not yet been thoroughly investigated. Calcium plays a critical role
in the early stages of axonal injury detection and is also indispensable for regeneration of the
severed axon. Here, we report cell and neurite type-specific differences in laser injury-induced
elevations of intracellular calcium levels. Using a human KCNJ2 transgene, we demonstrate that
hyperpolarizing neurons only at the time of injury dampens dendrite regeneration, suggesting
that inhibition of injury-induced membrane depolarization (and thus early calcium influx) plays a
role in detecting and responding to dendrite injury. In exploring potential downstream calcium-
regulated effectors, we identify L-type voltage-gated calcium channels, inositol triphosphate
signaling, and protein kinase D activity as drivers of dendrite regeneration. In conclusion, we
demonstrate that dendrite injury-induced calcium elevations play a key role in the regenerative
response of dendrites and begin to delineate the molecular mechanisms governing dendrite repair.

Keywords
Dendrite injury; Dendrite repair; Dendrite regeneration; Drosophila; Calcium; Injury detection

1. Introduction

Dendrites are injured during stroke, neurodegenerative disease, traumatic brain injury, and
other pathological insults to the CNS (Kiernan et al., 2011; Brown et al., 2007; Mauceri et
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al., 2020; Xiong et al., 2019). While considerable strides have been made in understanding
how neurites degenerate (reviewed in (Ding and Hammarlund, 2019; Furusawa and Emoto,
2021) and how axons regenerate (reviewed in (Mahar and Cavalli, 2018; Hao and Collins,
2017) after nervous system insult, the mechanisms under which dendrites detect injury and
initiate a regenerative response are not fully understood. Recent discoveries using highly
targeted laser injury to dendritic arborization (da) neurons of Drosgphila have illuminated
many processes underlying dendrite regeneration. The dendritic arborization (da) neurons
of Drosophila are genetically targetable peripheral sensory neurons that are grouped into
several classes (I-1V) and pattern the surface of the transparent larval body wall, making
them optically accessible (Grueber et al., 2002). This stereotyped anatomy makes them
easy to track over multiple days, and they regenerate their dendrites, albeit incompletely,
after highly targeted laser injury (Song et al., 2012; Stone et al., 2014; Thompson-Peer et
al., 2016). Coupled with the powerful genetic tools available to fly researchers, this model
system has allowed us to begin uncovering the molecular mechanisms underlying dendrite
regeneration.

Mechanistically, both dendrite and axon repair are sensitive to conserved cell cycle
regulators such as the PTEN/PI3K/AKkt pathway in flies (Song et al., 2012) and mammals
(Park et al., 2008). On the other hand, many lines of evidence suggest that neurons can
differentially detect and respond to axon or dendrite injury. For example, axon regeneration
requires DLK-1 (dual leucine zipper kinase-1, also known as Wallendain flies) in both
vertebrates and invertebrates, including the da neurons in Drosophila (Stone et al., 2014;
Hammarlund et al., 2009; Shin et al., 2012; Xiong et al., 2010; Yan et al., 2009), but
DLK-1/Wallenda is dispensable for dendrite injury detection and dendrite regeneration in da
neurons (Stone et al., 2014). Furthermore, relocalization of the endoplasmic reticulum (ER)
to the growing tip only happens during axon regeneration in da neurons, and is not observed
during dendrite regeneration (Rao et al., 2016). Kinetochore proteins are necessary for
dendrite regeneration, but dispensable for axon regeneration in da neurons (Hertzler et al.,
2020). Lastly, the neuronal cytoskeleton responds differentially to dendrite and axon injury,
with axon injury resulting in much greater levels of microtubule up-regulation compared

to dendrite injury (Stone et al., 2010). Together, these studies provide an explanation for
why regenerative mechanisms diverge and suggest that early-stage injury detection could be
different for dendrites and axons.

Multiple lines of evidence support the theory that a specific method of dendrite injury
detection must exist in neurons. First, in the absence of injury, the dendrites of class |

da neurons are mostly stable in number, developing a negligible number of branches over
late larval development. After complete dendrite removal, however, class | neurons do
initiate new branch formation and fully regenerate their original branch number (Stone

et al., 2014; Thompson-Peer et al., 2016). Second, in adult Drosophila, class IV neurons
maintain constant dendrite length over a week of adulthood, but dendrite removal triggers
these neurons to significantly recover dendrite length (DeVault et al., 2018). Lastly, dendrite
injury induces changes in gene expression that have regenerative consequences for injured
neurons (Hertzler et al., 2020). These studies together suggest that dendrite regeneration is a
phenomenon that is separable from dendrite development and dendrite dynamics; one that is
likely triggered by some injury detection mechanism.
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Before repair can begin, neurons must first sense that they have been injured. Axonal crush
injury has been shown to induce global membrane depolarization in neurons of the buccal
ganglion of the mollusc (Strautman et al., 1990), and elevation of intracellular calcium
levels have been observed after axonal transection to ex-vivo lamprey spinal axons and
cultured Aplysia neurons (Berdan et al., 1993; Ziv and Spira, 1993, 1995). /n-vivo studies
in C. elegans motor neurons support that this injury-induced rise in intracellular calcium is
necessary for axon regeneration, and further showed that it correlates to regenerated length
of the axon and is sufficient to drive enhanced repair (Ghosh-Roy et al., 2010). Axon injury
to dorsal root ganglia (DRG) neurons of mice also triggers elevations in calcium, which
activate PKCy (protein kinase C 4 PKD in flies) and subsequently drives axonal repair
(Cho et al., 2013). While these studies provide great insights into our understanding of
how neurons use calcium to detect and respond to axon injury, the extent to which calcium
contributes to dendrite injury detection and repair remains unknown.

Here, we use the Drosophila da neuron model system and 2-photon laser injury to
investigate whether early calcium influx after dendrite injury promotes dendrite repair and
how calcium channels and effectors influence regeneration. Our results demonstrate that
dendrite injury triggers global calcium influx into the cytosol. We observed that dendrite or
axon injury to the same cell type triggers varying degrees of intracellular calcium elevations.
Furthermore, we observe impaired calcium influx in chronically hyperpolarized neurons and
impaired dendrite regeneration in these neurons hyperpolarized only at the time of injury.
Lastly, RNAi-mediated knockdown of L-type voltage-gated calcium channels (VGCCs),
perturbations of I1P3 signaling, and inhibition of Protein Kinase D activity all dampen
dendrite regeneration. Altogether, these data suggest that early calcium elevations help drive
dendrite regeneration and provide novel mechanistic insights into dendrite injury detection
and repair.

2. Results

2.1.

Dendrite injury triggers rapid somatic calcium influx

To examine the extent of calcium influx following neurite injury, we used a 2-photon laser
to sever either a dendrite or an axon of larval da neurons expressing the genetically encoded
calcium indicator GCaMP7f (Dana et al., 2019). 2-photon laser injuries were conducted at
72 h after egg lay (AEL), and neurites were injured ~30-50um away from the cell body.
We chose this distance because axon severing closer to the cell body often fails to initiate

a regenerative program directly from the injured stump (Stone et al., 2010) and so that we
could effectively measure the temporal dynamics of calcium wave backpropagation after
injury to either neurite. Somatic calcium levels were continuously imaged for ~3 minutes

in live, intact animals, with injuries occurring approximately 7.25 seconds after the start of
the imaging session. Following live imaging, larvae were individually housed, then imaged
~24 h after injury to confirm neuronal survival and neurite severing. To quantify the extent
of calcium influx after targeted laser injury, we measured the somatic AF/Fg (see methods
for calculation) for each movie and plotted the AF/Fq calcium trace, peak AF/Fg, and time
to peak AF/Fy. A timeline of calcium imaging and regeneration assays used throughout the
study are provided in Fig. 1A; graphics of neurons used in this study are depicted in Fig. 1B.
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We first severed either a dendrite or an axon of the dorsal class | neuron ddak from
abdominal segment 2, 3, 4, or 5. We measured early calcium influx at the soma, as this

is where GCaMP signals accumulate. Axon injury to these da neurons triggered rapid
global calcium influx (Fig. 1C), which is in agreement with experiments in C. elegansand
mammalian cell culture (Ghosh-Roy et al., 2010; Wolf et al., 2001). We found that dendrite
injury also triggers a rapid global calcium influx (Fig. 1C). Quantification and plotting

of the somatic AF/Fq calcium traces show that dendrite and axon injuries produce similar
injury-induced calcium influx in class | da neurons (Fig. 1D), with similar average peak
somatic AF/Fq (Fig. 1E) and similar average time to peak AF/Fq (Fig. 1F). The variance

of peak somatic AF/Fq, however, was significantly greater after dendrite injury (Fig. 1E,
F-test = 7.0, p = 0.0022), likely due to differences in dendritic architecture among injured
neurons of the same type (class | da neurons), whereas injured axons share near identical
morphology. These data suggest that dendrite injury induces rapid elevations in intracellular
calcium that are temporally similar to axon injury-induced calcium influx.

Both class | and class IV da neurons regenerate dendrite branches after injury (Song et

al., 2012; Thompson-Peer et al., 2016). However, class | ddaE neurons exhibit inconsistent
axon regeneration from the injured axon stump, while class IV ddaC neurons more reliably
regenerate an axon from an injured stump (Rao and Rolls, 2017; Song, 2012). These ddaC
neurons also exhibit greater morphological complexity (Grueber et al., 2002), continuously
add branches throughout larval development, and serve different sensory functions for the
organism (Hughes and Thomas, 2007; Parrish et al., 2009; Xiang, 2010). To determine
whether class 1V da neurons exhibit any differences in injury-induced calcium influx, we
severed either a dendrite or an axon of the dorsal class IV neuron ddaC, again from
abdominal segments 2, 3, 4, or 5. In ddaC neurons, we observed that both axon and dendrite
injury triggers an increase in somatic calcium levels, but to different extents (Fig. 1G). Axon
injury induces significantly higher and faster somatic calcium influx than dendrite injury
(Fig. 1H), with a higher average peak somatic AF/Fq (Fig. 11) and a faster average time to
peak somatic AF/Fq for axon injury than dendrite injury (Fig. 1J). Compared to class | ddaE
neurons, these high levels of calcium influx after axon injury to class 1V ddaC neurons may
explain why they exhibit more consistent stump regeneration.

Class 1V da neurons are responsive to blue and UV light stimulation (Xiang et al., 2010) so
we performed control experiments in which the bleaching laser power was set to 0.02 %, a
power insufficient to produce injury, and imaged GCaMP levels as described in the methods.
Laser-scanning alone did not change somatic calcium levels in class | or class IV da neurons
(Supplemental Figure 1 A).

To determine whether injury-induced calcium influx has a regenerative consequence, we
simultaneously measured initial calcium entry and the resulting branch repair in two types
of class I neurons (dorsal ddakE and ventral vpda neurons) via co-expression of GCaMP7f
and a membrane-bound tdTomato fluorophore. GCaMP7 levels were imaged during distal
primary branch injuries, branch severing was confirmed 24 hours later, and regenerative
branch addition was assessed at 72 hours post-injury (P1). Neither ddaE nor vpda neurons
showed correlations between peak somatic AF/Fg and the number of regenerated branches
(Supp Figs. 1B and 1 C). These data suggest that injury-induced calcium influx may exhibit
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cell type and neurite specificity. Unlike axons, dendrite injury-induced calcium influx does
not correlate with the extent of dendrite regrowth.

In experimenting with class | vpda neurons, we occasionally observed that the GCaMP
signal would decrease as normal in the cytosol but persist in the nucleus (we refer to this

as cytosolic GCaMP clearance). This was observed in 58.33 % of neurons tested (7/12).
Representative images of class vpda neurons with and without cytosolic GCaMP clearance
are shown in Supp Fig. 1D. To the best of our knowledge, cytosolic GCaMP clearance, or
nuclear GCaMP persistence, has never been described in the context of injury. One study has
described aberrant nuclear GCaMP accumulation in the context of excitation-transcription
coupling in cortical neurons /in vitro (Yang et al., 2018). Nonetheless, our data suggest that
this observation did not affect regenerative outcomes.

2.2. Injury-induced calcium influx is not sensitive to distance in class | ddaE neurons, but
itis in class IV ddaC neurons

Electrophysiological recordings in the buccal ganglion of the mollusk have shown that
somatic membrane depolarization is substantially reduced in a distance-dependent manner
after axon injury (Berdan et al., 1993). Given this, we sought to determine whether the site
of dendrite injury affects injury-induced calcium influx. To determine how dendrite injury
at different sites along a dendrite arbor would affect calcium influx, we injured either a
terminal or proximal branch of class | ddaE neurons along the comb dendrite and measured
somatic calcium influx (Figs. 2A and 2B). Despite significantly different injury distances
between groups (Supp Fig. 2A), we were surprised to find that different injury distance
resulted in similar somatic calcium influx in these neurons (Fig. 2C-E). In class IV ddaC
neurons, however, we did in fact observe an injury distance-dependent effect on somatic
calcium influx (Fig. 2F).

Previous studies suggest that the presence of a dendrite stump 24 h after injury is
deterministic of whether a class IV neuron will regenerate from the site of injury (Song

et al., 2012). Therefore, we chose to injure class IV ddaC neurons right next to the cell
body leaving no stump (proximal “no stump” group), slightly farther away from the cell
body along a primary branch (“stump” group), or far from the cell body (“distal™) (Fig.
2E), which are injury distances significantly different from one another (Supp Fig. 2B).
Distal injuries produced dramatically lower AF/Fy compared to no stump and stump groups
(Fig. 2H), resulting in lower peak AF/Fq (Fig. 21) and longer time to AF/Fq (Fig. 2J). Thus,
injury-induced somatic calcium influx is sensitive to distance in class IV but not class |
neurons. Together, this suggests that different neuronal cell types have varying capacities for
calcium-mediated dendrite injury detection, with some neurons being highly responsive to
injuries anywhere along their arbor (class 1) while others may have an impaired ability to
detect dendrite injury at more distal regions (class 1V).

2.3. Dendrite injury at different sites triggers varying levels of dendrite regeneration

Regenerative outcomes of both class | and class IV da neuron axons have been shown to
differ as a function of distance from the cell body (Rao and Rolls, 2017). Axon injury near
the soma resulted in more instances of dendrite-to-axon conversion while distal injuries
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resulted in more instances of regeneration from the injured axon stump, observations noted
in both class | and class IV neurons (Rao and Rolls, 2017). To determine whether injury
distance influences regenerative outcomes for these neurons, we chose to sever them at
varying distances from the cell body as in Figs. 2A and 2E.

For class | neurons, we measured regeneration by normalizing for the number of branches
lost. In other words, if a neuron had 5 branches removed, regeneration was measured by
branch number (BN) at 72 h Pl — (BN before injury — 5). Regenerative outcomes after a
single branch injury to ddaE neurons are typically observed as short branches being added
to the spared dendrite arbor. We refer to this as “regeneration”, not “sprouting”, based on
terminology used in the field of axon regeneration (Tuszynski and Steward, 2012). As the
primer outlines, the term sprouting is reserved for compensatory growth of uninjured axons
after injury to neighboring axons. In contrast, regrowth observed from the injured axon but
at a location distinct from the site of injury, as we see here with our ddaE dendrites, is still
referred to as regeneration. We keep this framework in mind for these experiments and for
subsequent experiments utilizing single branch injuries to class | ddaE neurons. Neurons
regrew significantly more dendrite branches after proximal injury compared to terminal
branch injury (Figs. 3A and 3B). Moreover, the location of growth was different: proximal
injuries also triggered more instances of regenerative growth from the site of injury (6/14
neurons or 43 %) while terminal branch injuries never triggered regrowth from the site of
injury (Fig. 3D). These data suggest that the amount of dendrite regeneration in class | ddaE
neurons depend on the proximity of injury, or the number of branches removed. Further,
injury proximity may confer a neuron with the ability to regenerate from the injured stump.

Class 1V ddaC neurons typically extend longer primary branches than class | ddaE neurons,
so they served as an excellent model for testing whether a spared stump would facilitate
regeneration from the injury site. As for Fig. 2f—j, we again injured next to the cell body
(“no stump™), near to the cell body (“stump”), or far from the cell body (“distal”). After
each of these injuries, we observed growth of new dendrite branches. In the no stump group,
11/13 (85 %) neurons completely failed to regenerate from the site of injury (Figs. 3D and
3E). The two neurons that were included in the “Yes” group completely remodeled their
dendritic arbors after injury to only one branch, but indeed regenerated from the injury site.
For both the stump and distal groups, over 70 % of neurons regenerated from the site of
injury (Figs. 3D and 3E). Previous data has suggested that reversal of dendritic microtubule
polarity (retrograde to anterograde, or minus-end out to plus-end out) is necessary for
regeneration from the site of injury (Song et al., 2012). Given our data, the sparing of a
dendritic stump after injury may facilitate this microtubule polarity reversal in the injured
stump.

2.4. Hyperpolarized neurons experience shunted injury-induced calcium influx

Several studies in both mammalian and invertebrate systems have used a human KCNJ2/
KiR2.1 transgene to determine how electrical activity affects neuronal repair. Each of
these studies concluded that electrical activity supports neurite repair, as evidenced by
suppressed axon (Li et al., 2016; Wang et al., 2023) or dendrite (Thompson-Peer et al.,
2016) regeneration in neurons expressing the transgene. The original paper that first cloned
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this transgene showed that it inhibits neuronal activity by hyperpolarizing the membrane

to about —85 mV in aCC motoneurons of the Drosophila embryonic CNS (Baines et al.,
2001). Previous work in the field of calcium-mediated axon injury detection suggested

that axon injury triggers membrane depolarization, which is essential for injury-induced
calcium influx (Wolf et al., 2001; Mandolesi et al., 2004). Given this, we hypothesized

that expressing KCNJ2 in neurons might cause diminished regeneration due to inhibition of
injury-induced calcium influx.

To test this hypothesis, we expressed a human KCNJ2/KiR2.1 transgene in class | and class
IV neurons and assessed dendrite injury-induced calcium influx and dendrite regeneration.
The original KCNJ2 transgene widely used in previous studies contains a GFP-tag, so we
opted to use an HA-tagged KCNJ2 transgene. Prior to injury, we observed an elevation of
the baseline GCaMP7f signal in class | ddaE neurons expressing this KCNJ2.HA transgene
(Supp Fig. 4A). Like the experiments in Fig. 1, we opted to injure dendrites further

from the cell body for two reasons: to allow for the backpropagation of a calcium wave,
and because this is the observed standard in measuring injury-induced calcium responses
after axotomy (Ghosh-Roy et al., 2010; Cho et al., 2013). In class | ddaE neurons, injury-
induced somatic AF/F values were drastically lower in KCNJ2.HA-expressing neurons
compared to controls (Figs. 4A and 4B), and peak somatic AF/Fq were significantly lower
in KCNJ.HA-expressing neurons (Fig. 4C). To determine whether this injury method also
resulted in a reduction in dendrite branch regeneration, we assessed regeneration in neurons
expressing KCNJ2.HA using a distal primary branch injury (Fig. 4D-E). Like our proximal
injuries from Fig. 3A, this injury also results in regeneration of small branches, but injured
neurons typically over add branches compared to uninjured controls. Dendrite injury results
in regeneration, and in fact in branch over-addition compared to uninjured controls. We
confirmed that we delivered the same type of dendrite injuries to both wild-type and
KCNJ2.HA-expressing neurons (the number of branches removed, length of dendrites
removed, and injury distance were not different between groups (Supp Fig. 4 C-E). After
injury, we found that KCNJ.HA-expressing neurons regenerated significantly less branches
than their wild-type counterparts, and branch addition was indistinguishable from their
uninjured counterparts (Fig. 4E). We also assessed injury-induced calcium influx in class 1V
ddaC neurons expressing KCNJ2.HA and found that these neurons also experience shunted
injury-induced calcium influx (Fig. 4H-J). Together, these data suggest that KCNJ2 inhibits
regeneration in part via the shunting of injury-induced calcium influx.

Since KCNJ2 expression was also shown to impair axon regeneration (Li et al., 2016;
Wang et al., 2023), we also conducted calcium imaging experiments after axon injury.
Peak somatic AF/Fq was also significantly reduced after axon injury in class | ddaE
neurons expressing the KCNJ2. HA transgene (Supp Fig. 4B). Since this KCNJ2.HA-
tagged transgene is a newer transgenic tool to hyperpolarize the neuron, we also sought
to reproduce previous findings that fully balded class I or class IV neurons expressing
KCNJ2.GFP regenerated less than wild-type counterparts (Thompson-Peer et al., 2016).
These are experiments where we severed all the dendrite branches, not just one. Our
results after balding KCNJ2. HA neurons were congruent with evidence published using
the KCNJ2. GFP transgene: both class | and class IV neurons expressing KCNJ2.HA
regenerated less well than their wild-type counterparts after balding injury (Supp Fig. 4 F-J).
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We also conducted calcium imaging experiments using the traditional GFP-tagged KCNJ2,
which has been previously shown to inhibit regeneration in these neurons and found that
KCNJ2.GFP also reduced injury-induced somatic calcium influx (Supp Fig. 4 K-M).

While our data provide a mechanism for why KCNJ2-expressing neurons regenerate less
well, the constitutive expression does not allow us to rule out the possibility that KCNJ2
expression either during development or during the regenerative period may be impairing
regeneration. Thus, we next sought to control KCNJ2 expression in a temporal manner using
a temperature-sensitive Gal80® (McGuire et al., 2003).

2.5. Temporal expression of KCNJ2/KiR2.1 at the time of injury blocks dendrite
regeneration

To determine whether KCNJ2.HA expression only at the time of injury is sufficient to
impair regeneration, we temporally expressed the transgene using the temperature-sensitive
Gal80 repressor (Gal80) in class 1V neurons. We chose to return to the KCNJ2.GFP
transgene as it does not present a confound for these experiments and because it is the most
widely-published KCNJ2 transgene, with 257 citations, compared to the new KCNJ2.HA
transgene. At a permissive temperature of 18°C, Gal80' binds the UAS upstream of the
KCNJ2 transgene, thereby preventing binding of Gal4 so that KCNJ2/KiR2.1 will not

be expressed in class IV neurons. At a restrictive temperature of 29.5°C, the Gal80' is
unable to bind to UAS, allowing for binding of Gal4 and KCNJ2/KiR2.1 expression. Since
temperature affects the rate of larval development, we adjusted the injury timepoint so that
animals would be roughly comparable in developmental stage to prior experiments (early
third instar; Fig. 5A). We chose to perform these experiments only in class IV neurons
because we had a CD4-tdGFP fluorescent marker fused directly downstream of the class
IV-specific ppk promoter (ppk-CD4-tdGFP). This direct fusion is critical as Gal80' would
suppress a fluorescent marker downstream of a UAS sequence (UAS-CD4-tdTom as in class
| ddak neurons) upon transfer of organisms to an 18 C incubator. At the time, we were
unaware of constructs with a fluorescent marker fused directly downstream of a class |
promoter.

In uninjured neurons, we found that temporally inducing expression of the KCNJ2.GFP
transgene did not alter dendrite arbor size at 192 h AEL (the timepoint corresponding to 96 h
PI; Figs. 5B and 5C). We did observe some morphological differences in uninjured neurons
such as blebbing of some distal dendrites and elongated terminal branches, both of which
are characteristic of Kir2.1 expression in class IV da neurons. These phenotypes, however,
were not as drastic as those seen in neurons with constitutive expression of Kir2.1. This
gave us confidence that KCNJ2 was transiently expressed. In injured neurons, we found that
wild-type injured neurons regenerated significantly more than injured neurons expressing
KCNJ2.GFP only around the time of injury (Fig. 5B, C). Neither genotype was able to
regenerate a large enough dendrite arbor to cover the same size as uninjured controls, which
is supported by previous findings in wild-type neurons (Thompson-Peer et al., 2016). This
data confirms our hypothesis that KCNJ2 expression only at the time of injury is sufficient
to inhibit repair, likely due to diminished injury-induced calcium influx.
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2.6. Dendrite regeneration is sensitive to L-type VGCCs and intracellular IP3 signaling

L-type voltage-gated calcium channels (VGCCs), also known as CaV; », have been
established as mediators of extracellular calcium entry and axonal regrowth after axon
injury in NT2 cells, superior cervical ganglion neurons, and in C. elegans PLM neurons
(Ghosh-Roy et al., 2010; Wolf et al., 2001; Kulbatski et al., 2004). Additionally, these
channels regulate dendrite morphogenesis in the PVD neurons of C. elegans (Tao et al.,
2022). To determine whether L-type VGCCs are involved in dendrite injury-induced calcium
and repair in our da neurons, we knocked down transcripts of the Ca-a 1D gene using

RNA.I. This gene codes for the main pore-forming subunit of L-type VGCCs. To avoid

the developmental confounds associated with branch dynamics during larval development

in class IV neurons, these experiments were conducted solely in class | ddaE neurons that
establish and maintain branch number throughout larval development (Stone et al., 2014).

In uninjured neurons, expression of this RNAI did not change total branch number nor

total dendrite length at 144 h AEL (Supp Figs. 6A and 6B). In injured neurons, we found
that RNAI expression resulted in significantly less branch regrowth after injury (Figs. 6A
and 6B). We confirmed that there were no differences in the type of injury delivered to wild-
type versus RNAI neurons, by measuring number of reduced branches, length of dendrites
removed, and injury distance (Supp Fig. 6 C-E). We did not observe any differences in

peak somatic AF/Fqy (Supp Fig. 6 F-G). Taken together, these data suggest that L-type
VGCCs may be mediators of dendritic regrowth after dendrite injury, but they alone are not
responsible for injury-induced calcium influx.

In addition to calcium entry from outside the cell, intracellular, ER-bound calcium release
channels (namely IP3 receptors and ryanodine receptors) are involved in intracellular
calcium elevations after axon injury (Wolf et al., 2001) and promote axon repair /77 vivo
(Ghosh-Roy et al., 2010; Sun et al., 2014). Studies examining stimulation-induced calcium
release in hippocampal neurons have noted that these calcium release channels are localized
to dendritic branch points (Fitzpatrick et al., 2009), suggesting a possible role in dendrite
morphogenesis or dendrite regeneration. To test whether the IP3 signaling affects dendrite
regeneration, we expressed a dominant-negative 1P3 sponge transgene in class | ddaE
neurons (Usui-Aoki et al., 2005). In uninjured neurons, we observed no differences in

total branch number nor total dendrite length at 144 h AEL (Supp Figs. 6 H and 61). In
injured neurons, we observed a significant decrease in dendrite branch regrowth for neurons
expressing the IP3 sponge (Figs. 6C and 6D). For this dataset, the number of branch and
total dendrite length removed were no different between groups (Supp Figs. 6 J and 6 K).
However, IP3 sponge neurons were injured slightly further from the cell body compared to
wild-type neurons (Supp Fig. 6 L). While we showed that injury distance has regenerative
consequences, those experiments used either proximal or terminal branch injuries, each of
which are drastically different from one another (Supp Fig. 2A). Thus, we believe that the
difference in injury distance for this dataset did not play a significant role in regenerative
outcomes. Lastly, we found no differences in injury-induced somatic calcium influx nor
peak somatic calcium influx with this transgene. This was an interesting finding because
previous studies using this same 1P3 sponge in PLM neurons of C. elegans did report
reduced GCaMP transients in the severed axons of sponge-expressing neurons (Ghosh-Roy
et al., 2010).
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PKD activity regulates dendrite regeneration

Drosophila have a single protein kinase D (PKD) gene with high sequence similarity to
the three human PKD isoforms PKD1/PKCy, PKD2, PKD3/PKCv. Maier et al., (2006). In
murine hippocampal culture, protein kinase C mu (PKCp) has been shown to associate
with the Golgi-apparatus to regulate neuronal polarity and the trafficking of dendritic
membrane proteins (Czéndor et al., 2009; Yin et al., 2008). Further, a RhoA-Rho kinase
signaling pathway regulates the formation of polarized Golgi outposts in dendrites of
cultured hippocampal neurons and Golgi outposts have been shown to regulate dendritic
arborization in da neurons (Quassollo et al., 2015; Ori-McKenney et al., 2012; Zhou et al.,
2014). In mouse DRG neurons, axon injury triggers calcium-dependent PKCy activation
that is essential for axonal repair (Cho et al., 2013; Cho and Cavalli, 2012). Given both the
developmental and regenerative roles for PKD in nerve cells, we posited that PKD may be
involved in dendrite repair.

To test this, we first expressed a dominant-negative PKD transgene (PKD.DN) in class |
ddaE neurons and assessed regeneration using our distal primary branch injury assay. In
uninjured neurons, we found no differences in total branch number nor total dendrite length
at 144 h AEL (Supp Figs. 7D and 7E), nor did we observe any differences in branch
addition from 72 h AEL to 144 h AEL (Fig. 7B, uninjured neurons). In injured neurons,
expression of the PKD.DN transgene resulted in significantly less branch regrowth (Figs.
7A and 7B). In these experiments, we controlled for the number of branches removed

(4-7) and this, along with injury distance, was not different between groups (Supp Figs.

7A and 7 C). However, total length removed was significantly lower in neurons expressing
PKD.DN (Supp Fig. 7B). Together, these data implicate PKD in dendrite regeneration

but whether this is mechanistically occurring via impaired Golgi outpost formation as in
cultured hippocampal neurons or via injury sensing as in axotomized DRG neurons remains
unknown.

Because PKD has distinct localization patterns during development or nerve injury, we
sought to determine whether dendrite or axon injury to class | ddaE neurons triggers changes
in PKD localization. To do this, we expressed a GFP-tagged wild-type version of PKD

and injured either a dendrite or an axon of ddaE neurons. After injury to either neurite

type, we were unable to observe cytoplasmic to nuclear translocation of PKD. Following
dendrite injury, we occasionally observed the formation of PKD puncta either near the
nuclear compartment, or at sites along the dendrite arbor (Supplemental Figure 7 G; green
arrowheads). It is important to note that these observations were not consistent, but they do
suggest a possible role for dendrite injury-induced changes in PKD localization and warrant
further investigation into the mechanisms by which PKD affects dendrite repair. We also
assessed regeneration with this transgene as we are overexpressing levels of PKD. In these
experiments, we found no differences between neurons expressing this transgene in both the
uninjured or injured condition (Supp Fig. 71).

Lastly, we wanted to determine how the constitutively active PKD transgene (PKD.CA)
would affect dendrite regeneration. In uninjured neurons of the distal cut regeneration assay,
expression of this transgene did not change branch addition (Supp Fig. 7 J). Injured neurons
expressing PKD.CA were unable to add significantly more branches than their uninjured
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counterparts, but they did add a statistically comparable number of branches as wild-type
neurons (Supp Fig. 7 J). In uninjured neurons of the full balding assay, total branch number
was not significantly different (Supp Fig. 7 K). In injured neurons, expression of PKD. CA
impaired recovery of branch number relative to uninjured controls, an established phenotype
for this assay in wild-type neurons (Supp Fig. 7 K). Together, these data suggest that
constitutive expression of hyperactive PKD is also inhibitory to regeneration.

3. Discussion

Our work provides the first lines of evidence that dendrite injury triggers elevations in
calcium influx and that this influx is supportive of dendrite regeneration. In both class |
and class 1V neurons that are chronically hyperpolarized by the expression of KCNJ2, we
observed impaired calcium influx. Previous works have used this transgene to electrically
silence neurons and determine whether neuronal activity supports neurite repair. Our data
provides a mechanism by which this transgene may be shunting dendrite regeneration.
Importantly, temporal expression of KCNJ2 only around the time of injury was sufficient
to impair dendrite regeneration, suggesting that preventing neuronal depolarization during
and not after injury has consequences for dendrite regeneration. Additionally, we find that
dendrite regeneration is sensitive to levels of L-type VGCCs, IP3 signaling and PKD activity.
Together, our work demonstrates that calcium increases after injury have morphological
consequences for dendrite regeneration.

3.1. Injury-induced calcium elevations after neurite injury

Previous studies have quantified axon injury-induced calcium influx at or near the site

of injury (Ghosh-Roy et al., 2010), but axotomy-induced calcium waves are thought to
travel back to the cell body in order to initiate a regenerative response (Mahar and Cavalli,
2018; Rishal and Fainzilber, 2014). Because of this, we chose quantify axotomy-induced
and dendrotomy-induced calcium levels at the cell body, where the initiation of a pro-
regenerative transcriptional response is suggested to be induced by elevated calcium levels
(Mahar and Cavalli, 2018). We found that calcium levels rise much higher in class IV
neurons than in class | neurons after distal axon injury, suggesting that different neuronal
types may detect axon injury better than others. This notion is supported by studies showing
that distal injuries to class | axons yield less consistent regeneration from the injured stump,
while the same distal injury to class IV da neuron axons results in more consistent regrowth
from the site of injury (Rao and Rolls, 2017). Furthermore, axotomy-induced calcium influx
drives the formation of a regenerative axon growth cone in cultured Aplysia neurons and is
deterministic of whether an axon will regenerate (Kamber et al., 2009), supporting our idea
that class IV axons may exhibit regenerative resilience attributable to injury-induced calcium
influx in comparison with class I neurons.

Dendrites differ from axons in their highly branched morphology, which may change how
an injury signal is detected at the cell body. The 2-photon laser injury assay allows us to
distinguish the neuronal response to injury of various degrees of severity: severing more or
fewer branches, closer to or farther from the cell body, and with more or fewer branch points
between the site of injury and the soma. Injury at any distance from the cell body or to

Prog Neurobiol. Author manuscript; available in PMC 2024 August 07.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Duarte et al.

3.2.

Page 12

either cell type triggered elevation in intracellular calcium levels that was not confined to
the injured neurite or the cell body. This is reminiscent of the observation that axon injury
triggers global calcium influx (Wolf et al., 2001). With respect to dendrotomy-induced
calcium influx in class | ddaE neurons, dendrite injury to a proximal branch near the cell
body resulted in calcium influx with indistinguishable spatiotemporal kinetics as dendrite
injury to a terminal branch. This was in stark contrast to class IV ddaC neurons that
exhibited reduced levels of calcium influx in a distance-dependent manner. We speculate
that the differences in injury-induced calcium influx between class I and class IV neurons
may be due to unique biophysical properties of the dendrites or varying distribution of
calcium channels along the arbor, which may influence the backpropagation of this injury
signal back to the soma. In future studies, it may be of interest to incorporate newly
generated, ER-localized calcium indicators such a G-CatchER* (Reddish et al., 2021) to
examine how internal calcium stores deplete upon injury and replenish throughout the
regenerative process.

Distinguishing between injury types and their respective regenerative responses

One seeming quandary is how neurons differentiate between axon injury and dendrite injury
if both can cause similar increases in somatic calcium levels, as is the case in class | ddaE
neurons. Axon injury does not cause dendrite branch addition, aside from cases where

a dendrite is being converted into an axon (Rao and Rolls, 2017). However, axons also
require the activity of the dual leucine zipper kinase DLK-1/Wallenda to detect axon injury,
while dendrite injury does not activate DLK-1/Wallenda and dendrite regeneration can
occur independent of DLK-1/Wallenda (Stone et al., 2014). Perhaps severe and prolonged
injury-induced calcium rises cause dendrite regeneration, while the same calcium rises in
conjunction with DLK-1/Wallenda activity cause axon regeneration. Another possibility

is that there could be a calcium-regulated protein that is critical and specific to dendrite
regeneration. Cytoskeletal disruption has been posited to activate the axon injury sensing
DLK/INK pathway and drive axon regeneration of mammalian neurons (Valakh et al.,
2015). This must be a phenomenon specific to axons because dendrite injury also triggers
cytoskeletal disruption that does not result in activation of the INK pathway (Stone et al.,
2014). Interestingly, expression of dominant-negative JNK protein in the class | ddaE neuron
can change dendritic microtubule polarity, but this only happens for the lateral dendrite that
converts into an axon following proximal axotomy. This suggests that JNK signaling plays
a role in dendritic microtubule polarity, and that this axon injury-sensing pathway could
potentially intersect with dendrite injury-sensing.

Although injury detection gives rise to neurite-specific regrowth, crosstalk between the
axonal compartment and the dendrite compartment, and vice versa, after injury, remains
likely. Axon injury is known to cause simplification of the dendrite arbor in these class
IV neurons, as well as neurons in other systems (Chen et al., 2012). How dendrite
injury-induced calcium elevations drive dendrite regeneration while axon injury-induced
calcium elevations drive dendrite stabilization (i.e. removal) remains unknown. Indeed,
there is evidence that dendrite arbor stabilization after axon injury may be required for
axon regeneration (Beckers and Moons, 2019). Whether dendrite regeneration requires
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morphological or functional changes in the axonal compartment is an interesting question
for future research.

Our distance-dependent regeneration data in class I versus class 1V neurons (Fig. 3) yielded
perplexing results. In both of these cell types, microtubule orientation has been described
as primarily plus-end-out in axonal compartments, minus-end-out in proximal dendritic
compartments, and mixed in distal dendrites (Ori-McKenney et al., 2012; Rolls, 2007;
Stone et al., 2008). In class IV neurons, convincing evidence has been generated suggesting
that regenerative growth from an injured stump relies on microtubule polarity reversal in
that stump. If no regrowth occurs from the site of injury, microtubule polarity reversal

is observed in a neighboring branch whose dendrite arbor invades the enervated territory
(Song et al., 2012). Our data in class IV neurons suggests that injuries very close to

the cell body (leaving no stump) result in virtually no instances of regrowth from the

site of injury. Conversely, injuries close to the cell body that spare a stump dramatically
facilitates regrowth from the injury site. Strikingly, however, the opposite is true for class

I neurons. Terminal branch injuries resulted in zero instances of regrowth from the site

of injury, while neurons who received a proximal injury regrew dendrites from the injury
site about half the time. Regarding injury-induced microtubule dynamics in class | neurons,
global-upregulation of microtubule dynamics has been observed after axon injury but this
is not evident after proximal dendrite injury (Stone et al., 2010). The role of microtubule
dynamics and polarity reversal in these seemingly opposite responses to injury in class | and
class IV neurons is an interesting area of future research.

3.3. Manipulating electrical activity to study neural repair

Prior studies investigated whether electrical activity is either necessary for or contributes
to neuronal regeneration. Several lines of evidence suggest that electrical activity reduces
both developmental axon growth and regenerative axon growth due to the competing
functions of synaptic transmission and axonal extension (Cohan and Kater, 1986; Enes

et al., 2010). On the other hand, the application of functional electrical stimulation

(FES) as a therapeutic for neuromuscular disorders and FES’s preclinical, pro-regenerative
data suggest that stimulating neurons may enhance regeneration (Gordon, 2016; Jara et

al., 2020; Javeed et al., 2021; EIAbd et al., 2022). In Drosophila da neurons, chronic
inhibition of electrical activity blocks both dendrite and axon regeneration (Thompson-
Peer et al., 2016; Wang et al., 2023). When we consider, however, that injury-induced
depolarization is necessary for calcium entry to occur and that calcium entry has been
tightly linked to regenerative outcomes, this presents a confound. Inhibition of electrical
activity must be controlled in a temporal manner and its applications should be assessed
for changes in injury-induced calcium influx. In our study, we showed that preventing
injury-induced membrane depolarization via temporal expression of KCNJ2 was sufficient
to significantly impair dendrite regeneration, suggesting that depolarization-induced calcium
influx promotes dendrite regeneration.

3.4. Early-stage signaling with late-stage regenerative consequences

We have identified L-type VGCCs, IP3 signaling, and protein kinase D activity as molecular
mediators of dendrite regeneration. L-type VGCCs have long been appreciated for their
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roles in neurite outgrowth (Kulbatski et al., 2004; Robson and Burgoyne, 1989) and have
been shown to be essential mediators of dendritic development (Tao et al., 2022; Konur

and Ghosh, 2005), axonal repair (Ghosh-Roy et al., 2010), and stimulus-evoked sensory
processing (Suzuki et al., 2003). A handful of studies, however, have provided evidence that
the pore-forming subunits of L-type VGCCs are inhibitory to peripheral nerve regeneration
of DRG neurons and that accessory subunits (a28) of these channels are inhibitory to axon
regeneration in the CNS, albeit via N and P/Q-type channels (Enes et al., 2010; Tedeschi et
al., 2016). These conclusions suggest differential roles for VGCCs across different neuron
types within the context of neurite repair, and more careful dissection of their necessity for
dendrite injury-induced calcium influx and repair is warranted.

Relocalization of the ER and ER-resident IP3Rs to regenerating neurite tips is not evident
after dendrite injury in class | da neurons, but there did seem to be a global increase in

the smooth ER marker across the dendrite arbor after single-branch dendrite injury (Rao
et al., 2016). Additionally, IP3Rs and ryanodine receptors have recently been implicated
in stimulus-evoked calcium transients after noxious cold in class 111 da neurons (Patel et
al., 2022). Our results confirm that 1P signaling does play a role in dendrite regeneration.
Future studies may quantify whether global increases in the smooth ER marker are indeed
observed after dendrite injury, particularly because dendrite regeneration does not proceed
along a uniformly growing neurite as does axon regeneration. In the case of dendrites,
concentration of cellular materials at a growing tip may not be the most effective means of
regenerating lost dendrites.

Protein kinase D has developmental consequences for dendrite arbors (Cz6ndoér et al., 2009;
Yin et al., 2008; Bisbal et al., 2008) and regenerative consequences for axonal repair (Cho
etal., 2013). In our neurons, we did not observe any developmental differences in branch
number after expression dominant-negative, wild-type, or constitutively active forms of
PKD. While we did not observe any evidence of injury-induced nuclear accumulation of
PKD in our neurons, we occasionally saw evidence of puncta accumulation in the somatic or
dendritic compartments after dendrite injury. Critically, we were able to show that dendrite
regeneration is sensitive to normal PKD function as evidence by lower regenerative branch
growth in neurons expressing a dominant-negative PKD transgene. A RhoA pathway has
been implicated in dendritic Golgi outpost formation of cultured hippocampal neurons, with
PKD playing a curical role in controlling tubule fission by inactivating slingshot and cofilin
(Quassollo et al., 2015). Golgi outposts shape dendritic morphology, but how exactly this

is achieved is a subject of debate as some groups claim Golgi outposts serve as sites of
acentrosomal microtubule nucleation while others have generated evidence against this and
instead suggest that y-tubulin serves this function (Ori-McKenney et al., 2012; Zhou et al.,
2014; Nguyen et al., 2014). As a counter to RhoA’s potential to induce a pro-regenerative
response, studies in motor neurons of the mammalian spinal cord after brachial plexus
nerve injury revealed that cell type-specific knockout of RhoA prevented degeneration and
supported regeneration of dendritic arbors (Li et al., 2023), providing a clue to the molecular
mechanisms underlying dendritic arbor stabilization after axon injury. In all, we posit that
dendrite regeneration after dendrite injury is likely sensitive to RhoA signaling, but how
this mechanistically intersects with PKD, Golgi outpost formation, and »~tubulin-mediated
nucleation remains to be discovered.
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While our study revealed new fundamental insights into how neurons use calcium to sense
dendrite injury and initiate a regenerative response, there are many other cellular processes
affected by calcium such as gene expression (Puri, 2020), autophagy (Sukumaran et al.,
2021), stress responses (Carreras-Sureda et al., 2018), and mitochondrial energetics (Giorgi
et al., 2018). Assessing how these processes are affected by dendrite injury-induced calcium
influx will greatly enhance our understanding of dendrite regeneration.

Given the well-established differences in the regenerative potential of axons between
neurons in a PNS versus CNS environment, it would be interesting to determine whether
dendrite injury detection occurs differently in a CNS environment. While mammalian
sensory endings have different structures than the dendrites of the da neurons of Drosophila,
mammalian neurons in the CNS have similar elaborate morphologies. One recent study
using zebrafish motor neurons established that post-synaptic dendrites could regenerate and
that dendrite regeneration proceeds in vertebrate systems (Stone et al., 2022), together
suggesting that dendrite regeneration is possible for central neurons. We have yet to
determine whether dendrites with dendritic spines detect injury differently. Additionally,
aged dendrites might detect injury differently. Our evidence here demonstrates that dendrite
injury detection mechanisms are largely conserved across PNS neurons. Dissecting how
downstream cellular processes are affected by dendrite injury-induced calcium influx and
how they contribute to dendrite repair will be foundational to our understanding of neuronal
dendrite regeneration.

4. Materials and methods

4.1.

Drosophila strains

We used the following Drosophila strains: w!118:: UAS GCaMP7f (BDSC #80906), w118:
UAS-GCaMP7f (BDSC #79031), w*; betaTub60DPIn~ 1/CyQ; 2.21-Gal4 (BDSC #26259),
w*;; ppk-Gal4 (BDSC #32079), w*;; UAS-KCNJ2.GFP (BDSC #6595), wl118; ppk-CD4-
tdGFP (BDSC #35842) y1, w*; UAS-KCNJ2.HA (BDSC #92026), w*; tub-Gal80'/TM2
(BDSC #7017), y1, w*; UAS-PKD.GFP (BDSC #94614), y1, w*; UAS-PKD.KD.GFP
(BDSC #94615), y1, w*; UAS-PKD.SE.GFP (BDSC #94616). UAS-IP3-sponge.m49 was
provided by Dr. Andrew Frank (University of lowa) and originally generated by Dr. Daisuke
Yamamoto (Usui-Aoki et al., 2005).

4.2. Two-photon laser injury and imaging — Calcium imaging assay

Drosophila embryos were collected on grape plates with yeast paste for four hours to
synchronize the age of the animals. After 72 h after egg laying (AEL), larvae were
individually immobilized on agarose pads sandwiched between a slide and a coverslip

using glycerol as the mounting media. Dendrites or axons were imaged and severed from

da neurons using a MaiTai two-photon 900 nm laser mounted on a Zeiss 780/980 LSM
microscope using ZEN Black/Blue’s bleaching and regions functions. A bleaching power of
~780 mW was used on a 10x10 ROI focused on either a dendrite or an axon. Bleaching
window settings were as follows: start bleaching after 30 scans, 20 iterations, different

scan speed of 5 (pixel dwell time 12.61.5ec), safe bleach for GaAsP on, 900 nm laser

at 65 %. Neurons were imaged for ~3 minutes at 0.242fps (740 frames), and injuries
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occurred approximately 7.25 seconds into the imaging session (frame 30). For each animal,
one to two neuron(s) from abdominal segments 2-5 were injured and imaged before the
animal was subsequently returned to individual housing. At 24 or 72 hours after injury,
animals were re-mounted, and neurons were re-imaged to confirm neuronal survival and full
neurite severing. Only neurons with obvious survival and neurite severing were included in
subsequent analyses and presented data.

4.3. Two-photon laser injury and imaging — Regeneration assays

Drosophila embryos were collected and mounted as above. Dendrites were severed from
da neurons by focusing a MaiTai two-photon 900 nm laser mounted on an Zeiss 780 LSM
(Li et al., 2018). For experiments in class | neurons, for distal primary branch injuries,

we removed 4-6 dendrite branches mostly from the comb dendrite of ddag; for proximal
injuries, we injured the first dendrite branch point of either the comb or lateral dendrite
branch; for terminal injuries, a distal terminal branch located on the comb dendrite was
injured. For experiments in class IV neurons, we severed all dendrite branches near the

cell body. For both class | and class IV regeneration assays, neurons were re-imaged ~24 h
after injury to confirm that the dendrite branches had been severed, and again at 72 h after
injury to assess regeneration. Mock-injured control neurons are uninjured neurons from the
same larva. For each larva, two neurons from abdominal segments 2-5 were injured and one
neuron was used as an uninjured control.

For experiments with Gal80'S, embryos were collected as above, immediately placed into an
18°C incubator, and allowed to develop for ~84 h. Egg lay plates were then transferred into
a29.5°C incubator for ~12 h prior to laser injury. After injury at 96 h AEL, animals were
individually housed in an 18°C incubator, injury was confirmed 24 h PI, and regeneration
was assessed 96 h PI.

4.4. Quantification of calcium imaging and regeneration assays

Data were analyzed in ImageJ/Fiji. For the calcium imaging assay, we set 12x12 (class IV
neurons) or 10x10 (class I neurons) ROIs (regions of interest) at the soma and a region
adjacent to the soma with no detectable GCaMP7f signal as a background. Net fluorescence
(F) in the soma ROI was obtained by subtracting background fluorescence at each timepoint.
Baseline fluorescence (Fg) was obtained by averaging the net fluorescence in the five
consecutive frames before neurite injury (i.e., frames 26-30). The change in fluorescence
AF for each neuron was expressed as the ratio of change with respect to the baseline (F; -
Fo/Fo).

For regeneration assays in class | da neurons, Z-stacks of neuronal morphology were
converted into MIPs (maximum intensity projections). Dendrite arbors were traced from
MIPs using the Simple Neurite Tracer (Longair et al., 2011) plugin in Fiji. For injured
neurons, the change in branch number (BN) was expressed as an absolute value normalized
to the branch number after injury (BN at 72 h Pl — (original BN — severed BN)).For
uninjured neurons, the change in BN was expressed as an absolute value with respect to BN
at 72 h AEL (BN at 144 h AEL — BN at 72 h AEL).

Prog Neurobiol. Author manuscript; available in PMC 2024 August 07.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Duarte et al.

Page 17

For regeneration assays in class IV da neurons, raw tile-scan images were converted to
Imaris files and tiles were adjusted for animal movement during imaging using Imaris Tile
Stitcher. These corrected z-stacks were converted into MIPs in ImageJ and we used the
polygon selection tool to select and measure the total area of regenerated dendrites.

4.5. Statistical analyses

All statistical analyses were performed in GraphPad Prism. Two-way comparisons were

performed using a student’s t test with Welch’s correction, unless otherwise noted.
Experimental designs involving more than two groups were compared using a One-Way
Brown-Forsythe and Welch ANOVA test with Dunnett’s T3 multiple comparisons test or
ordinary one-way ANOVA with Sidak multiple comparisons test. All data are presented as
mean £ SEM unless otherwise noted.

Some schematics were created with Biorender.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Dendriteinjury triggersrapid somatic calcium influx.
(A) Timeline of experimental assays used throughout the study. (B) BioRender-generated

graphics of neuron types used in this study. Throughout the figures, magenta dashed circles
indicate the site of injury and cyan arrowheads indicate cell bodies. (C, G) Representative
images of class | ddaE or class IV ddaC neurons before, 18 s after, and 180 s after injury.
Scale bar, 15um. (D,H) AF/Fq Calcium traces after axotomy (black) or dendrotomy (orange)
of class | ddaE or class IV ddaC neurons. (E, F, 1, J) Quantifications of peak AF/Fy and time
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(sec) to peak AF/Fq. Values are plotted as mean £ SEM. **p < 0.01. *p < 0.05 by unpaired
(1) or Welch’s (E, F, J) t-test.
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Fig. 2. Injury-induced calcium influx is sensitive to distance in class 1V but not class| neurons.
(A, F) Graphics depicting different sites of injury to class | ddak and class 1V ddaC dendrite

arbors. (B) Representative images of the GCaMP7f signal in class | ddaE neurons before
injury, ~18 sec PI, and ~180 s PI. Maximum intensity projections with a membrane-bound
tdTomato label are also provided to visualize the injury site more clearly. Scale Bar = 10um.
(C) Somatic AF/Fg plot after proximal and terminal injuries. (D, E) Peak and time to peak
somatic AF/Fq plots. (G) Representative images of the GCaMP7f signal in class 1V ddaC
neurons before injury, ~18 s PI, and ~180 s PI. Maximum intensity projections with digitally
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enhanced GCaMP7f signal provided to visualize the injury site more clearly. (H) Somatic
AF/Fq plot after no stump, stump, and distal injuries. (I, J) Peak and time to peak somatic
AF/Fq plots.
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Fig. 3. Dendriteinjury at different sitestriggersvarying levels of dendriterepair.
(A) Representative images of class | ddaE neurons before proximal or terminal branch

injury, after injury with indication of severed branches (blue overlay), and 72 h P1 with
indications of regenerated branches (green arrowheads and total branches added in upper
right). (B) Quantified branch addition after injury to either proximal or terminal dendrite
branches. (C) Number of neurons displaying regenerative growth from the site of injury
after injury to either proximal or terminal dendrite branches. (D) Representative images of
class 1V ddaC neurons before injury, after injury, or 72 h Pl with indications for areas of
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regrowth or lack thereof. (E) Number of neurons displaying regenerative growth from the
site of injury after no stump, stump, and distal injuries.
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Fig. 4. KCNJ2-mediated electrical silencing shuntsinjury-induced calcium influx.
(A) Representative GCaMP7f images of wild-type or KCNJ2.HA-expressing class | ddaE

neurons before injury, ~12 s PI, and ~180 s Pl. Maximum intensity projections with digitally
enhanced GCaMP7f signal provided to visualize the injury site more clearly. Scale bars

=10 um. (B) Somatic AF/Fq calcium trace of wild-type (black) or KCNJ2.HA-expressing
neurons (orange). (C) Quantification of peak somatic AF/Fy. Values are plotted as mean +
SEM. **p < 0.01 by Welch’s t-test. (D) Representative images of class | ddaE neurons
expressing CD4-tdTomato before injury (magenta = traced dendrite arbor, scale bar =
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204m), after injury (blue = severed branches, scale bar = 20um), and 72 h PI (green
arrowheads denote regenerated branches, scale bar = 50um). (E) Quantified branch addition
in uninjured and injured neurons of both genotypes compared using ordinary one-way
ANOVA with Sidak multiple comparisons testing. (F) Representative GCaMP7f images of
wild-type or KCNJ2.HA-expressing class 1V ddaC neurons before injury, ~12 s PI, and ~180
s PI. Maximum intensity projections with digitally enhanced GCaMP7f signal provided to
visualize the injury site more clearly (scale bars = 10 ym). (G) Somatic AF/F calcium trace.
(H) Quantification of peak somatic AF/F. Values are plotted as mean £ SEM. *p < 0.05 by
Welch’s t-test.
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Fig. 5. KCNJ2 expression only at thetime of injury is sufficient to block dendrite regeneration.
(A) Timeline of the regeneration assay with Gal80®. KCNJ2. GFP expression was restricted

during development, induced 12 hours prior to injury, and restricted again immediately

after injury. (B) Representative images of wild-type or KCNJ.GFP-expressing class 1V ddaC
neurons at 24 h PI (scale bars = 25 gm), 96 h PI (scale bars = 50zm), or uninjured controls
at 192 h AEL (identical timepoint as 96 h PI; scale bars = 50um). (C) Quantification of

area coverage represented by magenta selection areas in (B). Values are plotted as mean +
SD. ****p < 0.0001, ***p < 0.001, **p < 0.01 by ordinary one-way ANOVA with Sidak
multiple comparisons test.
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Fig. 6. Knockdown of L-type VGCCsand inhibition of | P3 signaling impairsdendrite

regeneration

(A) Representative images of wild-type or Ca-alD.RNAi-expressing class | ddakE neurons
before injury (magenta = traced arbors; scale bar = 25um), after injury (blue = trace of
severed branches; scale bar = 25um), or 72 h Pl (magenta = traced arbors, green arrowheads
= regenerated branches; scale bar = 50 xm). (B) Quantification of added branches in
uninjured and injured neurons. (C) Representative images of wild-type or IP3-sponge
expressing class | ddakE neurons as in (A). (D) Quantification of added branches as in

Prog Neurobiol. Author manuscript; available in PMC 2024 August 07.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Duarte et al.

Page 32

(B). Values are plotted as mean + SEM. ***p < 0.001, **p < 0.01, *p < 0.05 by ordinary
one-way ANOVA with Sidak multiple comparisons test.
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Fig. 7. Protein kinase D activity regulates dendrite regener ation.
(A) Representative images of wild-type or PKD.DN-expressing class | ddakE neurons before

injury (magenta = traced dendrite arbor, scale bars = 25.m), after injury (blue = severed
dendrite branches, scale bars = 25um), or 72 h PI (green arrowheads = regenerated branches,
scale bars = 50um). (B) Quantification of added branches at 72 h PI for uninjured and
injured neurons. Values are plotted as mean + SEM. ***p < 0.001, **p < 0.01 by ordinary
one-way ANOVA with Sidak multiple comparisons test.
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