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Development/Plasticity/Repair

Calcium and Cyclic AMP Promote Axonal Regeneration in
Caenorhabditis elegans and Require DLK-1 Kinase

Anindya Ghosh-Roy,' Zilu Wu,"2 Alexandr Goncharov,'? Yishi Jin,? and Andrew D. Chisholm'

'Division of Biological Sciences, Section of Neurobiology and 2Howard Hughes Medical Institute, University of California San Diego, La Jolla,
California 92093

Axons of adult Caenorhabditis elegans neurons undergo robust regenerative growth after laser axotomy. Here we show that axotomy of
PLM sensory neurons triggers axonal calcium waves whose amplitude correlates with the extent of regeneration. Genetic elevation of
Ca”" or cAMP accelerates formation of a growth cone from the injured axon. Elevated Ca>* or cAMP also facilitates apparent fusion
of axonal fragments and promotes branching to postsynaptic targets. Conversely, inhibition of voltage-gated calcium channels or calcium
release from internal stores reduces regenerative growth. We identify the fusogen EFF-1 as critical for axon fragment fusion and the basic
leucine zipper domain (bZip) protein CREB (cAMP response element-binding protein) as a key effector for branching. The effects of elevated
Ca*" or cAMP on regrowth require the MAPKKK (mitogen-activated protein kinase kinase kinase) DLK-1. Increased cAMP signaling can partly
bypass the requirement for the bZip protein CEBP-1, a downstream factor of the DLK-1 kinase cascade. These findings reveal the relationship

between Ca”"/cAMP signaling and the DLK-1 MAPK (mitogen-activated protein kinase) cascade in regeneration.

Introduction

The ability of a neuron to undergo regenerative growth after
injury is governed by the interplay between its intrinsic growth
capacity and the local extracellular environment. In adult mam-
mals, the peripheral nervous system is able to regenerate (Chen et
al., 2007), whereas central (CNS) axons do not regrow efficiently.
This distinction between central and peripheral axon regenera-
tion reflects differences both in glial microenvironment (Yiu and
He, 2006) and in intrinsic growth abilities (Filbin, 2003). How-
ever, the variables determining a neuron’s intrinsic regrowth ca-
pacity remain poorly defined at a molecular level.

Calcium and cAMP signals have been implicated in axonal
regeneration in many systems. Extensive studies of axotomy re-
sponses in cultured Aplysia neurons have shown that axonal in-
jury results in a rapid increase of axonal Ca*" (Ziv and Spira,
1995). This Ca™ transient is thought to be attributable to a com-
bination of Ca’* diffusion through membrane breaches,
depolarization-dependent influx via voltage-gated calcium chan-
nels (VGCCs) (Kulbatski et al., 2004), and Ca**-induced Ca**
release from internal stores (Ziv and Spira, 1993). Subsequent
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Ca**-triggered activation of multiple signal transduction pro-
cesses initiates repair. In vitro, the levels of calcium signaling can
affect whether a severed axon can convert its stump into a new
growth cone (Kamber et al., 2009).

One effect of increased Ca** is to activate Ca*"-dependent
enzymes such as adenylate cyclase (AC). Axonal injury has been
shown to cause an increase in axonal AC activity and cAMP levels
for several hours (Appenzeller and Palmer, 1972; Carlsen, 1982).
These observations raise the question of whether cAMP levels
might be rate limiting in axonal regeneration. Some zebrafish
spinal neurons with poor intrinsic regrowth capacity can be in-
duced to regrow by exogenous cAMP (Bhatt et al., 2004). Exog-
enous dibutyryl-cAMP or stimulation of AC via forskolin also
enhances regeneration in rat sciatic nerve (Pichichero etal., 1973)
and of CNS axons in inhibitory microenvironments (Spencer and
Filbin, 2004). Injection of cAMP mimics the growth-promoting ef-
fects of conditioning lesions (Neumann et al., 2002), suggesting
cAMP levels are determinants of regrowth in dorsal root ganglion
(DRG) neurons.

In other neurons, cAMP is not sufficient to enhance regrowth
but can play a facilitating role. cAMP does not promote regener-
ation of axotomized retinal ganglion cells but can potentiate ef-
fects of growth factors on neuronal survival (Park et al., 2004).
cAMP has a mild effect on regeneration of sensory neurons into
spinal cord lesions (Lu et al., 2004). It is unclear whether cAMP
can promote axonal regeneration independent of modulating re-
sponsiveness to extrinsic factors, such as neurotrophins or mye-
lin inhibitors, and whether it plays a permissive or rate-limiting
role in vivo.

Caenorhabditis elegans neurons have a robust capacity to re-
grow after femtosecond laser surgery (Yanik et al., 2004; Wu etal.,
2007), allowing the pathways regulating intrinsic regrowth ca-
pacity to be mapped out in detail. We show here that laser axo-
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tomy triggers axonal Ca*”" transients whose
dynamics correlate with subsequent re-
growth. We find that Ca*>*/cAMP signals
promote axonal regrowth, reconnection
of axonal fragments, and formation of
branches to the target region. These as-
pects of regenerative growth involve dis-
tinct effectors and are dependent on the
DLK-1 pathway.

Materials and Methods

C. elegans genetics. Nematodes were raised on

nematode growth medium agar plates between

15 and 25°C using standard procedures. We used

the following mutants: egl-19(ad695gf, ad1006lf),

unc-36(e251), unc-2(e55), itr-1(sa73), crt-1(bz29),

unc-68(e540), pde-4(ce268, tm2536), gsa-

1(ce94gf), acy-1(md1756gf), kin-2(cel79),

epac-1(0k655), eff-1(0k1021), aff-1(tm2214), nsf-

1(ty10), crh-1(tz2), jun-1(gk551), dik-1(ju476),

cebp-1(tm2807), atf-5(0k576), atf-6(0k551), atf-

7(gk715). All strains were confirmed by PCR

genotyping or sequencing. We used the following

transgenes: Pmec-7-GFP (muls32), Pmec-4-GFP

(zdIs5),and Pmec-7-GFP:RAB-3 ( jsIs821) (Bou-

noutas et al., 2009). E
Plasmid and transgene construction. For touch

neuron-specific expression, we generated Gate-

way (Invitrogen) entry cDNA clones for the gene

of interest by PCR and recombined them with a

Pmec-4 destination vector, pPCZGY533, to gener-

ate the constructs detailed in supplemental Table

1 (available at www.jneurosci.org as supplemen-

tal material). For pan-neural expression of
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PDE-4, we used Prab-3-PDE-4 plasmid KG203
(Charlie et al., 2006). Transgenes were generated
by standard methods with P#tx-3-REP or -GFP as
coinjection marker; total DNA concentration
was 150 ng/ul.

Laser axotomy and quantitative imaging. We
performed laser axotomy essentially as described
previously (Wu et al., 2007). Green fluorescent
protein (GFP)- or G-CaMP-expressing animals
were imaged using 491 nm laser excitation, a
Yokogawa CSU-XA1 spinning-disk confocal
head, and a Photometrics Cascade II EMCCD
camera (1024 X 1024), controlled by uManager
(www.micro-manager.org). For live imaging of
G-CaMP fluorescence, we collected 114 ms expo-
sures every 230 ms using the spinning-disk confocal head. Femtosecond laser
power varied between 140 and 180 mW with a shutter opening time of
1.2-1.5 ms. We used MetaMorph (Molecular Devices) for fluorescence
quantitation. Average fluorescence was measured in two equivalent regions
of interest (ROIs), one centered on the PLM process and the other centered
just outside the process. Net fluorescence ( F) in a given ROI was obtained by
subtracting background fluorescence. Baseline fluorescence (F,) was ob-
tained by averaging the fluorescence in five consecutive frames before axo-
tomy. The change in fluorescence AF was expressed as the ratio of change
with respect to the baseline (F, — F,/F,). To follow AF/F, over time at dif-
ferent distances from the axotomy site, we drew 2 wm ROIs at intervals of 5
um. As G-CaMP intensity typically increased over a 10—12 wm axonal re-
gion within the first 230 ms of axotomy, we selected a 12-um-long ROI to
compare the initial AF/F between different conditions. As controls, we mea-
sured fluorescence in processes without performing axotomy or on axoto-
mized GFP-labeled processes (supplemental Fig. 1 A-C and supplemental
Video 2, available at www.jneurosci.org as supplemental material).

To quantify axon regrowth, we measured the total length of the PLM
or ALM process (including all branches) from projections of confocal

Figure 1.
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PLM neurons generate an axotomy-induced calcium transient that correlates with successful regrowth. 4, Confocal
projection and tracing of PLM morphology (zd/s5) showing site of axotomy (red X). Anterior is to the left and dorsal is up in all
images. Scale bar, 10 wm. B, PLM axon-expressing Pmec-4-G-CaMP 2.0 ( jufx2116) severed using the femtosecond laser and
imaged live. Within 230 ms of axotomy, the increased G-CaMP fluorescence extends 10 ..m on both sides of the cut site (arrow).
€, Plot of relative change in G-CaMP fluorescence intensity (AF/F,) over time in ROIs at three distances from the cut site. The peak
change is highest closest to the cut site. D, Analysis of wave speed (position of maximal AF/Fy) in a single axon. Values were
robustly fitted to a nonlinear one-phase decay. The mean initial velocity (n = 11) in the first second is 20.3 um's ~, decelerating
(A)at3.5 ums ~ 2 E, Correlation between AF/F, (ina 12 wm ROl adjacent to the axotomy site at 230 ms) and total regrowth at
10h. F, Chelating Ca* by incubation in BAPTA-AM reduces axonal regrowth (zdls5). Numbers in bars indicate the total number of
axons from at least two independent experimental groups. ANOVA; *p << 0.05; ***p << 0.001.

z-stacks. The distance from cut site to the point where the axon meets the
soma was measured immediately after cutting and subtracted from the
total length at the time of interest (typically 10 or 24 h after axotomy) to
yield the length of regenerated processes. We also took into account the
high rate of process fusion in some backgrounds: instances of axonal
fusion were not included in the measures of average regrowth.

Statistical analysis. All statistical analyses used GraphPad Prism. Two-way
comparisons used the Student’s  test, Mann—Whitney test, or Fisher’s exact
test for proportions. Comparisons in which the design involved more than
two conditions used ANOVA and a Tukey’s or Dunnett post test.

Drug experiments. BAPTA-AM, Nemadipine-A, forskolin, and H89
were obtained from Sigma and (with the exception of H89) were dis-
solved in DMSO before dilution in M9. H89 stocks were prepared in
water before dilution in M9. We incubated worms in drug solution (con-
taining Escherichia coli OP50) for 12 h before axotomy; control animals
were incubated in M9-containing DMSO solvent to the equivalent con-
centration to that used in the specific experiment.

In the course of these drug experiments, we found that animals incu-
bated in liquid consistently showed more PLM regrowth compared with
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Serial 50 nm sections were cut from the tail
toward the anterior until the regrown axon had
— Nemadipine-A  been completely sectioned.
Results
Laser axotomy of PLM neurons triggers
a calcium transient that correlates with
regenerative growth
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Figure 2.

not significant.

animals growing on agar plates (supplemental Fig. 1D, available at www.
jneurosci.org as supplemental material). Such differences may reflect the
different physiology and growth rates of animals grown in liquid versus
solid media, but their basis has not been explored in detail. All statistical
comparisons were between groups grown under the same culture condi-
tions and axotomized on the same day.

Electron microscopy. We cut the PLM axon in the L4 stage and imaged
regrowth at 6 and 24 h after axotomy. Animals were fixed for electron
microscopy at 24 or 36 h, as described previously (Pujol et al., 2008).

egl-19(gf) 3.5 h
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The L-type VGCC EGL-19 and internal stores contribute to the axotomy calcium transient and are required for re-
growth. A, Time frames from videos collected during axotomy performed on control and egl-79(ad695gf) worms expressing
Pmec-4-G-CaMP 2.0 ( juEx2116). B, Effects of egl-19(ad695gf) (blue trace) and the EGL-19 inhibitor Nemadipine-A (red trace) on
decay of the G-CaMP transient, measured close to the site of axotomy; representative traces are shown. C, egl-19(gf) mutants
displayincreased axon regrowth 6 and 24 h after axotomy. D, At 3.5 h, most wild-type animals do not show sprouting of the injured
stump (arrowhead), whereas ~50% of eg/-79(gf) animals display visible sprouting (arrowhead). Red arrows in D, F, and Hindicate
position of axotomy. E, Nemadipine-A (Nem-A) reduces regrowth of PLM axons at 10 and 24 h. F, PLM regrowth at 24 h in drug
control conditions and after Nemadipine-A treatment. G, Touch neuron-specific expression of super sponge transgenes ( ju£x2410)
has a stronger inhibitory effect than do control sponge transgenes ( jufx2412);zdls5 background. H, Representative PLM regrowth
in control sponge- and super sponge-expressing animals. Numbers in bars indicate the number of axons from at least two
independent experimental groups. Scale bars, 10 wm. Statistics: t test; *p << 0.05; **p << 0.01; ***p << 0.001. WT, Wild type; ns,

labeled PLM neurons in L4 stage C.
elegans, the stump of the proximal axon
forms a growth cone that then extends
~100 wm in 24 h (Wu et al., 2007). To
analyze how laser axotomy might affect
axonal calcium dynamics, we expressed
the GFP-based calcium sensor G-CaMP
2.0 (Nakai et al., 2001; Akerboom et al.,
2009) in touch neurons and imaged their
fluorescence after laser axotomy using
spinning-disk confocal microscopy. The
posterior touch neurons (PLM) are a bi-
laterally symmetric pair of cells whose cell
bodies lie in the lumbar ganglion and that
extend a single anterior neurite of average
length 300 wm (in L4 larvae), with a col-
lateral branch extending to the ventral
nerve cord to form synapses. Laser axo-
tomy of the PLM axon ~50 um from the
cell body (Fig. 1A) triggered a rapid local
increase in G-CaMP intensity that propa-
gated in a wave away from the cut site in
both proximal and distal fragments of the
axon (Fig. 1B; supplemental Video 1,
available at www.jneurosci.org as supple-
mental material). Fluorescence of GFP-
labeled processes was not affected by laser
axotomy (supplemental Fig. Sla,b and
3 supplemental Video 2, available at www.
jneurosci.org as supplemental material).
We measured the relative change in
G-CaMP fluorescence (AF/F,) as a func-
tion of time and distance from the site of
injury (see Materials and Methods) and
found that the amplitude and velocity of
the G-CaMP transient decayed away from
the cut site (Fig. 1C,D). Axotomy of PLM
at other distances from the cell body trig-
gered similar responses, as did laser sur-
gery of ALM neurons (data not shown).
We conclude that laser axotomy in vivo
triggers an axonal calcium transient that
can propagate along much of the cell.
The regrowth of G-CaMP-expressing
PLM neurons was not significantly differ-
ent from that of GFP-labeled axons (sup-
plemental Fig. 1C, available at www.
jneurosci.org as supplemental material) [Pmec-4-G-CaMP
juEx2116,124.1 * 49.7 um (mean * SD) in 24 h vs Pmec-7-GFP
muls32, 90.4 * 30.9 um/24 h), indicating that the G-CaMP re-
porters did not interfere with regenerative growth. Regrowth of
G-CaMP-labeled axons was variable, with SDs between one-half
and one-third of the mean regrowth, as has also been observed for
GFP-labeled C. elegans axons (Wu et al., 2007; Gabel et al., 2008).

< e,
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The extent of regrowth 10 h after axotomy
was positively correlated with the ampli-
tude of the initial transient (Fig. 1E)
(Pearson r = 0.67; p = 0.006), suggesting
that variation in outgrowth may result
from differences in Ca®" levels after
axotomy. To address whether Ca®" is
required for PLM axon regrowth, we in-
cubated G-CaMP transgenic animals in
M9 buffer containing the membrane-
permeable Ca®* chelator BAPTA-AM
(Tsien, 1981). The AF/F, triggered by axo-
tomy in BAPTA was similar to that of con-
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to axotomy-induced calcium transient
and to regenerative growth
Increase in intracellular Ca>" after axonal
injury is thought to be caused by a combi-
nation of entry through the membrane
breach, influx via VGCCs and release
from internal stores. The VGCC «; sub-
unit EGL-19 is critical for Ca®* transients
in touch neurons (Suzuki et al., 2003). A
gain-of-function mutation, egl-19(ad695gf),
results in prolonged depolarization and
extended calcium transients in touch neu-
rons in response to touch stimuli or KCI (Lee et al., 1997; Kerr et
al., 2000). We found that axotomy of PLM in egl-19(gf) produced
alarger peak G-CaMP AF/F, compared with wild type (Fig. 2A).
The peak AF/F, in egl-19(gf) animals was 1.5 = 0.08 compared
with 1.21 * 0.08 in the wild type (1 > 25 per genotype; p < 0.01,
Mann—Whitney test). G-CaMP transients in egl-19(gf) decayed
more slowly than in the wild type (Fig. 2 B) and extended more
broadly along the axon. Axonal regrowth at 6 and 24 h after
axotomy was significantly increased in egl-19(gf) animals (Fig.
2C). This increased growth in egl-19(gf) appears to be attributable
to a combination of a reduced delay between axotomy and
growth cone formation (Fig. 2D) and more rapid movement of
the growth cone once formed. PLM axon length was slightly in-
creased in egl-19(gf) mutants compared with zdIs5 controls; how-
ever, other mutants described here do not affect touch neuron
development (supplemental Fig. 2, available at www.jneurosci.org
as supplemental material). In all experiments, >90% of injured
neurons survived and formed new growth cones from the stump
of the severed axon. Thus, elevated calcium can promote re-
growth independent of effects on neuronal survival.

egl-19 is essential for embryonic development (Lee et al.,
1997), and a viable partial loss of egl-19 function mutation did
not significantly affect G-CaMP responses or regeneration (sup-

Figure 3.

H89 (mM)

Elevation of cAMP promotes regrowth in a PKA-dependent manner. 4, Regeneration response of PLM in wild type
(zdls5) when cut proximal to the synaptic branch. No visible growth cone is observed at 6 h after axotomy; axons form small
randomly directed branches (arrow) or no branches by 24 h. Asterisks indicate the cut site at 0 h. Scale bar, 10 m. B, Axotomized
PLM axons in pde-4(ce268If) display growth cones by 6 h (enlarged in inset). A branch extends to the ventral cord by 24 h.
€, Quantitation of PLM regrowth at 24 h in mutants that either elevate or reduce neuronal cAMP signaling. Loss of neuronal
phosphodiesterase 4/PDE-4 or gain of function in adenylyl cyclase/ACY-1 or G, /GSA-1 increases total regrowth. Loss of function
of the inhibitory subunit of PKA, KIN-2, promotes regrowth, and overexpression of PDE-4 ( ju£x2419) in touch neurons reduces
regrowth; n = 1131 total axons per genotype. D, Treatment with the ACactivator forskolin can overcome the regeneration block
caused by IP; super sponge transgenes ( jufx2410). E, F, Inhibition of PKA by H89 blocks regrowth in a dose-dependent manner.
Statistics: ¢ test; *p << 0.05; **p << 0.01; ***p < 0.001. ns, Not significant.

plemental Fig. 3A, B, available at www.jneurosci.org as supple-
mental material). We therefore used a specific antagonist of EGL-19,
Nemadipine-A (Kwok et al., 2006), to inhibit VGCC function in
adult animals. Nemadipine-A treatment did not affect baseline
G-CaMP fluorescence (supplemental Fig. 3C, available at www.
jneurosci.org as supplemental material) but significantly reduced
AF/F, after axotomy (Nemadipine-A, 0.95 = 0.07 vs M9 plus
DMSO, 1.37 = 0.1; n > 16 per condition; p < 0.01, t test).
Nemadipine-A significantly reduced axonal regrowth at 10 and
24 h (Fig. 2 E, F), indicating that EGL-19-mediated Ca?" influx s
important for axonal regrowth. In contrast, animals lacking the
UNC-36 «,/8 accessory channel subunit or the non-L-type
VGCC «, subunit UNC-2 did not display significantly reduced
regrowth (supplemental Fig. 3D, available at www.jneurosci.org
as supplemental material), suggesting EGL-19 is responsible for
most of the Ca®" influx in the axotomy-triggered transient.

We next tested the role of internal stores in axotomy-triggered
calcium dynamics and regrowth. The inositol trisphosphate (IP5)
receptor is critical for calcium-induced calcium release from in-
ternal stores (Berridge, 1993). Complete loss of function in the C.
elegans 1P, receptor gene itr-1 retards animal development (Dal
Santo et al., 1999), and itr-1 partial loss-of-function adults dis-
played normal PLM regrowth (supplemental Fig. 3D, available at
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tion of endogenous IP;. As low-affinity
IP, sponge transgenes have some effect on
regrowth, these constructs may inter-
fere with additional roles of the ITR-1
N-terminal domain.

These results indicate that calcium re-
lease from internal stores is involved in
the axotomy-induced Ca*" transient and
that this release is important for regener-

* ative growth. The endoplasmic reticulum
chaperone calreticulin (CRT-1) and the

N ryanodine receptor UNC-68 promote
Ca?" release from internal stores in ne-
crotic cell death of touch neurons (Xu et
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al., 2001). However, crt-1 or unc-68 null
mutants displayed normal axonal regrowth
(supplemental Fig. 3D, available at www.
jneurosci.org as supplemental material),
suggesting the mechanisms of axotomy-
triggered calcium release differ from those
involved in necrosis.
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Figure 4.

www.jneurosci.org as supplemental material). We therefore at-
tempted to interfere with ITR-1 function specifically in touch
neurons using a dominant-negative approach. Overexpres-
sion of the N-terminal IP;-binding domain of ITR-1 can cell-
autonomously inhibit ITR-1 function; such “IP; sponges” likely
act, in part, by titrating endogenous IP; (Walker et al., 2002). We
expressed either the wild-type ITR-1 IP;-binding domain, or
low-affinity (“control sponge”) and high-affinity (“super
sponge”) mutant forms of the domain, in touch neurons. These
IP; sponge constructs did not affect development of the touch
neurons but significantly reduced the G-CaMP transient after
axotomy (super sponge transgenes, 0.75 * 0.9 vs Pmec-4-G-
CaMP alone, 1.16 = 0.1; n > 15 per condition; p < 0.01, Mann—
Whitney test). Presence of sponge transgenes strongly reduced
regrowth (Fig. 2G,H). The super sponge (high IP; affinity)
caused the strongest reduction in regrowth; low-affinity IP,
sponge transgenes had a smaller effects on regrowth. The differ-
ent effects of the low- and high- affinity IP, sponges suggest that
some growth-inhibiting effects of these constructs reflect titra-

Pmec-7-GFP

Reconnection of axotomized axon fragments is promoted by Ca™ and cAMP and involves EFF-1. 4, Types of recon-
nection or contact observed between regrowing axons and distal fragments (examples from pde-4(If) zdls5 background; confocal
projections). Type 1 contact, Proximal and distal stumps reconnect without formation of a growth cone; Type 2 contact, the
proximal stump forms a new growth cone that extends before turning (2a) or branching (2b) to fuse collaterally with the distal
fragment. The dotted red line indicates the region of an EM section in C. Scale bar, 10 m. B, Type 2 reconnection occurs in <<5%
of zdls5 control animals and is elevated in egl-19(gf), pde-4(If), and kin-2(If) mutants (Fisher's exact test; number of axons are
shown in bars). Reconnection occurs in ~25% of control muls32 animals, is slightly elevated in pde-4(If), and is significantly
inhibited by touch neuron-specific expression of PDE-4 (Pmec-4-PDE-4). C, Electron micrographs of the junction of the distal
fragment (blue shading) and regrowing axon (yellow) from the animal shown in A4; the inset shows continuity of cell membranes
at fusion (arrow). Scale bar, 100 nm (inset). D, Type 2 contacts in muls32 background are reduced in animals lacking eff-7 and are
unaffected by loss of function in aff-1 or nsf-1. *p << 0.05, ***p < 0.01, Fisher's exact test. ns, Not significant.

ronal cAMP is rate limiting for regrowth
in C. elegans axons, we tested a gain-of-
function mutation in the neuronal AC
acy-1 and loss-of-function mutations in
the neuronal phosphodiesterase pde-4
(Charlie et al., 2006). We also tested an
activating mutation in the neuronal Gag
subunit gsa-1, which acts upstream of
acy-1 (Schade et al., 2005). gsa-1(gf), acy-
1(gf), and pde-4(If) mutants all displayed
increased regrowth 24 h after axotomy,
comparable to egl-19(gf) (Fig. 3A-C).
PLM regrowth was not further enhanced
in pde-4(If) egl-19(gf) double mutants,
consistent with Ca®" and cAMP acting in
a common pathway to promote regrowth. Treatment with the
AC activator forskolin caused a small increase in total regrowth
that was not statistically significant (data not shown). However,
forskolin treatment significantly overcame the block to regener-
ation caused by ITR-1 super sponge expression (Fig. 3D); after
incubation in 100 uM forskolin, super sponge-expressing PLM
axons regrew 84.6 = 11.5 um/24 h (mean * SEM) compared
with super sponge-expressing axons incubated in M9 buffer
(54.4 £ 6.9 um/24 h) (p < 0.05, t test). Conversely, pde-4 mu-
tants displayed normal Ca** dynamics after axotomy (data not
shown). These results are consistent with cAMP acting down-
stream or in parallel to Ca** in regrowth.

We focused on pde-4 mutants to further dissect the effects of
elevated cAMP on regeneration. In the wild type (zdIs5), under
our conditions of axotomy, the new growth cone formed by PLM
does not begin to extend until 2—6 h after cutting. At 7 h after
axotomy, wild-type axons had regrown 10.5 = 2.5 um (n = 11),
whereas pde-4(ce268) mutants displayed 21.2 = 2.7 um regrowth
(n=19;p <0.001, ttest). These findings suggest that elevation of
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cAMP promotes a more rapid initiation of
growth cone formation, and subsequently
more rapid axonal elongation than in the
wild type. We next wanted to address
whether lowering cAMP levels would im-
pede regrowth. To titrate endogenous
cAMP, we overexpressed PDE-4 in touch
neurons and found that this significantly
reduced axonal regeneration (Fig. 3C).
Together, these results suggest that cAMP
is both necessary and can be rate limiting
for PLM regenerative growth.

Protein kinase A (PKA) and the cAMP-
GEF Epac are major cytosolic effectors of
cAMP signals. To test whether PKA can pro-
mote regeneration, we examined mutants
lacking the PKA regulatory subunit KIN-2
[kin-2(ce179)], which display constitutive
activation of PKA (Schade et al., 2005). The
effects of kin-2(ce179) on PLM regeneration
closely resembled those of pde-4(If), sug-
gesting PKA might mediate the effects of
cAMP on regrowth (Fig. 3C). As complete
loss of function in the PKA catalytic subunit
kin-1 results in lethality, we used the PKA
inhibitor H89 to reduce PKA activity and
found that this treatment reduced regrowth
in a dose-dependent manner (Fig. 3E, F). C.
elegans has a single cAMP-GEF, epac-1.
epac-1 null mutants displayed normal
regrowth after axotomy, and the en-
hanced regrowth of pde-4 mutants was not
suppressed in pde-4 epac-1 double mutants
(Fig. 3C). We conclude that PKA is the ma-
jor effector of cCAMP in PLM regrowth.

Reconnection of the regrowing axon
with the distal fragment is enhanced by
Ca’*/cAMP signaling and involves the
fusogen EFF-1

After axotomy, the proximal and distal
axon fragments occasionally reconnect by
apparent fusion, as judged by apposition
of GFP-labeled fragments and the failure
of the distal fragment to subsequently de-
generate. In some cases, the ends of the
two axon fragments reconnected without
extensive growth, which we term “type 17
connection. Most frequently, we observed
“end-to-side ” or “type 2” reconnection, in
which the regrowing process formed a
growth cone that extended before connect-
ing to the side of the distal fragment (Fig.
4A). In most cases, the regrowing axon ter-
minated when it met the distal fragment
(type 2a), but, occasionally, it extended a
collateral branch that appeared to be fused
with the distal fragment (type 2b). In a small
number of cases, the regrowing axon fascic-
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Figure5.  cAMP promotes regrowth of ventral synaptic branches in PLM. 4, Regrowing axons in pde-4) frequently extend ventrally directed
branches (arrow) that reach the ventral cord; the depth-coded projection of confocal z-stackis shown. Surface focal planesarered, and deep planesare
blue. The dotted line indicates the position of the section shown in Fand F'. B, The total length of ventral branches s increased in pde-4 mutants; this
effectis rescued by expression of PDE-4 under the control of the rab-3 or mec-4 promoters. €, Incubation in forskolin promotes PLM ventral branching
in wild-type (mufs32) animals; both 100 and 500 wum forskolin promote ventral branching, although this is significant only for 500
(Kruskal—-Wallis test). D, E, GFP::RAB-3 ( js/s821) is enriched at the tips of regrowing branches that reach the ventral cord (D, arrow) and not
in branches that extend laterally (E, arrow); the pde-4(If) background is shown. Autofluorescent scars from laser surgery are indicated. F,
Electron micrograph of aregrown PLM branch (shaded yellow). F’, enlargement of the presynaptic area. White arrow, Electron dense zone;
red arrow, ~35-nm-diameter synaptic vesicle-like structure. Scale bars; 4, D, E, 10 um; F, F', 100 nm. Statistics: ¢ test; *p << 0.05; ***p << 0.001.

ulated with the distal fragment, although no clear reconnection ~ Ben-Yakar, 2008; Guo et al., 2008). Under our axotomy condi-

could be seen.

tions, using the transgene zdIs5, ~5% of severed PLM axon frag-

The frequency of axonal reconnections in C. elegans dependson ~ ments reconnect, whereas in other transgenic backgrounds such
the transgenic background and method of axotomy (Bourgeoisand ~ as muls32, ~25% of PLM axons reconnect (Fig. 4 B). We took
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(Mohler et al., 2002). We found that type
1 and type 2 reconnection was almost
eliminated in eff-I null mutants com-
pared with controls (Fig. 4 D); instead, the
regrowing axon branched extensively or
fasciculated with the distal fragment (sup-
plemental Fig. 4A,B, available at www.
jneurosci.org as supplemental material).
Overall regrowth was reduced but not
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eliminated in eff-1 mutants (supplemen-
tal Fig. 4C, available at www.jneurosci.org
as supplemental material), indicating that
the regrowing axons are capable of con-
tacting the distal fragment but are specif-
ically unable to fuse.

crh-1 cebp-1

Elevated cAMP promotes regrowth of
ventrally directed synaptic branches

In normal development, PLM extends a
single ventral branch that forms synapses
with interneurons in the ventral cord (Fig.
1A). In the wild type, PLM only occasion-
ally regrew a branch toward the ventral
cord after axotomy, whereas in pde-4 mu-
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tants, the regrowing PLM processes ex-
tended or branched to the ventral cord ata
significantly higher frequency (compare
Figs. 5A,B, 3A,B). Transgenic rescue ex-
periments indicated that this effect of
pde-4 on ventral outgrowth was cell auton-
omous (Fig. 5B). Treatment with forskolin
also significantly increased the ability of re-
growing PLM neurons to form ventral
branches (Fig. 5C). To assess whether such

pdtla-4
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Figure 6.

*¥p < 0.01; ***p < 0.001. ns, Not significant.

advantage of the low rate of reconnection in the zdIs5 back-
ground to test whether elevated Ca*>* or cAMP or activated PKA
could increase fusion rates. We found that egl-19(gf), pde-4(If),
and kin-2(If) mutants all displayed significantly elevated rates of
fusion (Fig. 4A,B). pde-4 mutants displayed slightly elevated
rates of reconnection in the muls32 background, whereas touch
neuron-specific overexpression of PDE-4 strongly inhibited fu-
sion (Fig. 4 B), suggesting that elevated cAMP can act cell auton-
omously to promote reconnection.

To determine whether such reconnections involved physical
fusion of cell membranes, we performed serial section electron
microscopy of a type 2a reconnection in a pde-4 mutant (Fig. 4 A).
We found that the plasma membrane of the regrown PLM axon
(Fig. 4C, yellow shading) was continuous with that of the distal
fragment (Fig. 4C, blue), confirming that the two cell fragments
had fused. To determine the cellular components involved in
fusion, we tested candidate fusogens. The membrane protein
EFF-1 promotes homotypic fusion of epithelial and muscle cells

pde-4dik-1 dlk-1 |

Effects of elevated cAMP require DLK-1kinase and are partly dependent on the bZip protein CEBP-1. 4, PLM regrowth
in mutants lacking bZip transcription factors crh-1 (CREB), atf-7 (ATF7), jun-1 (c-Jun), atf-5 (ATF5), and atf-6 (ATF6). Regrowth is
reduced in jun-7 mutants but not in other bZip mutants. B, €, Quantitation (B) and confocal images (C) of PLM regrowth in
pde-4(1f), cebp-1(If), and pde-4(If) cebp-1(If) double mutants. D, crh-1 suppresses the enhanced ventral branching of pde-4(If).
E, F, Confocal images (E) and quantitation (F) of PLM regrowth in dlk-1(ju476lf) and double mutants. Statistics: ¢ test; *p << 0.05;

regrown ventral branches formed presynap-
tic specializations, we first examined a pre-
synaptic marker, GFP:RAB-3, which is
concentrated at the synaptic branch in un-
operated PLM neurons (Bounoutas et al.,
2009). In regrowing pde-4 mutant PLM ax-
ons, GFP:RAB-3 became enriched at the
tips of new branches if they reached the ven-
tral cord, but not if they remained lateral
(Fig. 5D, E). Using electron microscopy, we
reconstructed a regrown ventral branch in a
pde-4 mutant and found that the branch tip contained multiple syn-
aptic vesicles and a presynaptic density-like structure apposed to a
neuronal process (Fig. 5F,F'). These observations suggest that in
pde-4 mutants, regrowing PLM ventral branches can reform synap-
tic connections to ventral cord neurons.

pde-4 gjk-1
egl-19(gf)

cAMP-enhanced regeneration requires the DLK-1 kinase and
involves its target basic leucine zipper domain protein CEBP-1
Some effects of elevated Ca*" or cAMP on axon regeneration
may be mediated at the transcriptional level (Cai et al., 2002). In
neuronal development and physiology, Ca** and cAMP often act
via basic leucine zipper domain (bZip) factors such as cAMP
response element-binding protein (CREB) (Sands and Palmer,
2008). Moreover, several bZip genes are upregulated after axonal
injury in vertebrates, including c-Jun and ATF3 (Tsujino et al.,
2000); c-Jun is partly required for regeneration of the facial nerve
(Raivich et al., 2004). We therefore tested a set of homologous C.
elegans bZip genes for requirements in axonal regeneration. jun-1
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mutants displayed significantly reduced regrowth, implying a
conserved requirement for c-Jun in regeneration (Fig. 6A). In
contrast, null mutations in crh-1 (CREB) or in several other bZip
genes did not affect PLM regrowth (Fig. 6A). We constructed
double mutants between pde-4 and null mutations in several
bZip genes. Loss of function in crh-1 did not affect the overall
increased regrowth of pde-4 mutants (Fig. 6 B). However, crh-
1(If) significantly suppressed the formation of ventral branches
caused by pde-4(If) (Fig. 6 D), suggesting that CRH-1 might me-
diate the effects of cAMP on ventral branching.

We recently showed that the bZip protein CEBP-1, which is a
member of the CCAAT/Enhancer-binding protein subfamily, is
required for C. elegans axon regrowth (Yan et al., 2009). CEBP-1
acts downstream of the DLK-1 MAP (mitogen-activated protein)
kinase cascade, which is essential for C. elegans motor and touch
axon regeneration (Hammarlund et al., 2009; Yan et al., 2009).
Loss of pde-4 function significantly suppressed the regeneration
block in cebp-1(tm2807), such that pde-4 cebp-1 double mutants
displayed a level of regrowth intermediate between either single
mutant (Fig. 6 B, C). In contrast, dlk- 1 double mutants with pde-4
or egl-19(gf) were indistinguishable from dlk-I single mutants in
their regrowth kinetics (Fig. 6 E, F). Axotomy-triggered G-CaMP
transients appeared normal in dlk-1 mutants (data not shown),
consistent with DLK-1 acting downstream or in parallel to Ca**
and cAMP signals. These findings suggest that cCAMP elevation
cannot bypass the requirement for DLK-1, but that increased
cAMP can promote activity of other DLK-1 targets besides
CEBP-1.

Discussion

C. elegans has recently emerged as a tractable model for studies of
regenerative responses in neurons. Using imaging, genetics, and
pharmacology, we have shown that C. elegans neurons respond to
axotomy with a calcium transient whose magnitude is a critical
determinant of the ability of the damaged neuron to regrow. We
find that Ca*", cAMP, and PKA are both required and rate lim-
iting for normal PLM axon regrowth. Increased Ca*" or cAMP
signaling has strikingly similar effects on the PLM axonal re-
sponse to injury, including accelerated formation of motile
growth cones by the injured proximal stump, more rapid extension
of growth cones once formed, increased formation of synaptic
branches to the correct target area, and enhanced reconnection
between the damaged axon fragments. Overall, our data are con-
sistent with Ca®", cAMP, and PKA acting in a single pathway,
although we cannot exclude that Ca** and cAMP may also have
functions independent of each other.

We found that both the VGCC EGL-19 and the IP; receptor
ITR-1 contribute to the local calcium transient caused by laser
axotomy and to subsequent regrowth. These results imply that
both EGL-19 and ITR-1 are present in axons and are activated in
response to laser damage. The subcellular localization of EGL-19
in neurons has not yet been reported; in other organisms, there
are few examples of axonally localized VGCCs. However, stretch
injury of mammalian axons can trigger axonal calcium influx via
VGCCs (Wolf et al., 2001). Stretch injury is thought to activate
mechanosensitive Na * channels, causing membrane depolariza-
tion and opening of VGCCs. By analogy, we speculate that mem-
brane damage caused by laser axotomy locally depolarizes the
axon and triggers opening of VGCCs in the PLM axon. The Ca**
influx across the membrane could then trigger calcium-induced
calcium release from internal membrane stores in axons. Anti-
ITR-1 immunostaining is present in the C. elegans nerve ring,
consistent with axonal localization (Baylis et al., 1999). As C.
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elegans neurites appear to contain endoplasmic reticulum (Rolls
etal., 2002), ITR-1 is likely able to act locally to control calcium
dynamics after damage.

Elevation of Ca*>* and cAMP promotes reconnection by fu-
sion of the regrowing axon and its severed distal segment. Fusion
of severed axonal fragments was first inferred from electrophys-
iological observations in crayfish (Hoy et al., 1967) and has been
observed in annelid and mammalian axons (Lore et al., 1999). In
C. elegans, the rate of reconnection is sensitive to several variables,
including the mode of laser cutting, the method of immobiliza-
tion, and the transgenic background (Bourgeois and Ben-Yakar,
2008; Guo et al., 2008). The ability of the two fragments to fuse
implies that the damaged distal fragment maintains a level of
responsiveness to its environment. This possibility is consistent
with recent findings that axotomy stimulates translation in the
distal fragments of injured C. elegans axons (Yan et al., 2009),
suggesting mechanisms by which the distal fragment could ac-
tively participate in the fusion process. Furthermore, our obser-
vation that reconnection requires the membrane fusogen EFF-1
suggests that axonal fragments might directly activate fusogens or
their regulators to promote reconnection.

Elevated Ca*" or cAMP also stimulate regrowing PLM axon
branching and synaptogenesis in the appropriate target region.
The cues guiding the PLM ventral branching during develop-
ment are not yet known; nevertheless, our findings suggest that
such cues may persist in later stages. Although regrowing axons
do not appear to be sensitive to these cues in the wild type, their
sensitivity can be increased by elevated cAMP signaling. Loss of
function in crh-1 (CREB) did not affect developmental PLM
branching but abrogated the effect of elevated cAMP on ventral
branching of regrowing axons. CREB-dependent transcription
may be specifically involved in the increased responsiveness of
the regrowing axon to guidance cues.

The DLK-1 MAPKKK (mitogen-activated protein kinase ki-
nase kinase) cascade is essential for regrowth of C. elegans touch
neurons and motor neurons after injury (Hammarlund et al.,
2009; Yan et al., 2009). Mammalian zipper protein kinase/dual
leucine zipper kinase (DLK) has also been reported to be required
for DRG neuron regrowth in culture, suggesting DLK kinases
have a conserved role in regeneration (Itoh et al., 2009). We find
that DLK-1 is not required for the Ca®™ transient in response to
axotomy and that DLK-1 is required for regrowth even in condi-
tions with elevated Ca®>" or cAMP signaling. These results are
consistent with Ca*>* and cAMP signals either acting upstream of
DLK-1, or via a target of DLK-1. One interpretation of these
results is that DLK- 1 pathway activity is simply permissive for any
effects of Ca>*/cAMP signaling. However, we find that loss of
function in the DLK-1 target CEBP-1 can be partly bypassed by
elevated cAMP, although loss of function in CEBP-1 blocks re-
growth to a similar extent to DLK-1 (Yan et al., 2009). These
results suggest DLK-1 has other targets in addition to CEBP-1,
some of which can be activated by elevated cAMP signaling.
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