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cGMP signaling is widespread in the nervous system. However,
it has proved difficult to visualize and genetically probe endog-
enously evoked ¢cGMP dynamics in neurons in vivo. Here, we
combine ¢cGMP and Ca®* biosensors to image and dissect a cGMP
signaling network in a Caenorhabditis elegans oxygen-sensing
neuron. We show that a rise in O, can evoke a tonic increase in
cGMP that requires an atypical O,-binding soluble guanylate cy-
clase and that is sustained until oxygen levels fall. Increased cGMP
leads to a sustained Ca?* response in the neuron that depends on
cGMP-gated ion channels. Elevated levels of cGMP and Ca?* stim-
ulate competing negative feedback loops that shape cGMP dynam-
ics. Ca?*-dependent negative feedback loops, including activation
of phosphodiesterase-1 (PDE-1), dampen the rise of cGMP. A dif-
ferent negative feedback loop, mediated by phosphodiesterase-2
(PDE-2) and stimulated by ¢cGMP-dependent kinase (PKG), unex-
pectedly promotes cGMP accumulation following a rise in O,, ap-
parently by keeping in check gating of cGMP channels and limiting
activation of Ca®*-dependent negative feedback loops. Simulta-
neous imaging of Ca%* and cGMP suggests that cGMP levels can
rise close to cGMP channels while falling elsewhere. O,-evoked
c¢GMP and Ca?* responses are highly reproducible when the same
neuron in an individual animal is stimulated repeatedly, suggest-
ing that cGMP transduction has high intrinsic reliability. However,
responses vary substantially across individuals, despite animals
being genetically identical and similarly reared. This variability
may reflect stochastic differences in expression of cGMP signaling
components. Our work provides in vivo insights into the architec-
ture of neuronal cGMP signaling.

he second messenger cyclic guanosine monophosphate (cGMP)

regulates a range of physiological processes. In nervous sys-
tems, it can transduce sensory inputs (1) and modulate neuronal
excitability and learning (2) and is implicated in control of mood
and cognition (3). Precise regulation of cGMP levels ([cGMP])
is thought critical for these functions. This importance has
prompted development of genetically encoded cGMP indicators,
with the goal of visualizing cGMP dynamics with high temporal
and spatial resolution (4, 5). Although these sensors have been
used to image pharmacologically evoked changes in cGMP in
cultured cells or tissue slices (6-10), endogenous cGMP dy-
namics have not been visualized and functionally dissected
in vivo in any nervous system (4, 5).

Local [cGMP] reflects the net activity of guanylate cyclases
(GCs) that synthesize cGMP (11) and phosphodiesterases (PDEs)
that degrade it (12, 13). Mammals have several families of GCs
(14, 15) and eight families of cGMP PDEs (16), each with dis-
tinct regulatory properties. Different PDE types are often coex-
pressed, but little is known about how they work together. cGMP
signaling alters cell physiology by controlling cGMP-dependent
protein kinases (PKG) (17, 18), cGMP-gated channels (CNGC)
(19), and cGMP-regulated PDEs (12). These ¢cGMP effectors
can also feed back to control cGMP dynamics.

c¢GMP is a major second messenger in Caenorhabditis elegans,
implicated in the function of a third of its sensory neurons, in-
cluding thermosensory, olfactory, gustatory, and O,-sensing neu-
rons (20). Genetic and behavioral studies suggest that cGMP
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mediates sensory transduction in many of these neurons (21-25).
Despite this pervasiveness, cGMP has not been visualized in any
C. elegans cell: genetic inferences about its roles in signal
transduction are untested, and we have no mechanistic insights
into cGMP signaling dynamics and feedback control. Consistent
with the prominence of cGMP signaling in the nematode, the C.
elegans genome encodes 34 GCs (26), six PDE genes, at least one
PKG (24, 27, 28), and six CNGC subunits (19, 21, 22, 29-31).

Here, we use cGMP and Ca>" sensors to visualize and dissect
c¢GMP signaling dynamics in a C. elegans O, sensor. We image
single and double mutants defective in a soluble guanylate cy-
clase (sGC), CNGC subunits, PDE-1, PDE-2, and PKG. Our
results reveal a signaling network of interwoven checks and
balances. Counterintuitively, cGMP activation of PDE-2 pro-
motes cGMP accumulation by controlling gating of CNGC and
limiting Ca?*-mediated negative feedback, including activation of
PDE-1. We show that cGMP signal transduction is highly reliable
when the same individual is stimulated repeatedly but, surpris-
ingly, is highly variable across genetically identical, similarly
reared animals. Finally, simultaneous imaging of O,-evoked
¢GMP and Ca”* responses suggests that cGMP dynamics can
differ in distinct subcellular compartments of a C. elegans neuron,
consistent with the existence of cGMP nanodomains.

Results

In Vivo Imaging of 0,-Evoked cGMP Responses in PQR and AQR Neu-
rons. Several cGMP sensors based on Forster resonance energy
transfer (FRET) have been developed that report cGMP changes
in real time. These sensors vary in their dynamics, binding af-
finity, and cyclic-nucleotide specificity (4). We fused cDNA en-
coding three of the sensors to the gcy-37 promoter, to drive
expression in the AQR, PQR, and URX O,-sensing neurons. Two
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Fig. 1. O,-evoked cGMP dynamics in PQR. (A and B) Average fluorescence
ratio (CFP/YFP) changes evoked by a 7%-21%-7% O, stimulus in PQR neurons
expressing cGi500. (A) In 72% of animals, the sensor reports an increase in
[cGMP] when [O,] rises to 21%. (B) In 28% of animals, it reports a decrease. In
this and all figures, n = number of animals assayed, and the blue area indicates
when [0,] was 21%. The solid line shows the average ratio and the shading
around it the SEM. The fluorescence ratio is plotted as CFP/YFP for conve-
nience: an increase in this ratio indicates an increase in [cGMP]. (C) Quantifi-
cation of the responses in A and B. R, is the mean fluorescence ratio at 7% O,
measured in the 30 s before the switch to 21% O,. R¢is the mean fluorescence
ratio at 21% O,, measured during the last 30 sat 21%. AR is R¢ — R,. In this and
subsequent figures, each dot indicates one recording, and black bars indicate
average AR/R, + SEM. (D) Histogram showing interindividual variation in
cGMP responses evoked in PQR by a 7%-21% rise in O,. The y axis is frequency
of occurrence. (E) Scatter plot comparing inter- and intraindividual variation
in cGMP responses evoked by repeated stimulation with a 7%-21% rise in O,.
Each color represents one animal. The x axis indicates iterative stimulation.
The 96.9% of the total variance is due to interindividual variation (P < 0.0001
**%); the remainder includes all other variation (two-way random effect
ANOVA). (F) Histogram showing interindividual variation in Ca* responses
evoked in PQR by a 7%-21% rise in O,. Data are from immobilized animals.
(G) Scatter plot comparing inter- and intraindividual variation in Ca®*
responses evoked by repeated stimulation with a 7%-21% rise in O, in freely
moving animals. Each color represents one animal; the x axis indicates round
of stimulation. The 88.5% of the total variance is due to interindividual var-
iation (P = 0.007 **); the remainder includes all other sources of variation
(two-way random effect ANOVA). (H and /) Average fluorescence ratio (CFP/
YFP) traces during persistent exposure to 21% O,. Sustained high [O,] elicits

E3302 | www.pnas.org/cgi/doi/10.1073/pnas.1217428110

sensors, cCGES-DE2 and cGES-DES (32), expressed poorly or
formed aggregates. By contrast, the cGi500 cGMP sensor based
on cGMP kinase Ia (33) (Fig. S14) showed diffuse, cytoplasmic
fluorescence as expected for a soluble protein (Fig. S1B). cGi500
expression did not alter the anatomy of URX, AQR, and PQR
(Fig. S1B) or disrupt O,-evoked behavioral responses mediated
by these neurons in animals defective in npr-1 (neuropeptide
receptor-1) (Fig. S1 C and D), suggesting that it did not com-
promise neuron function. In npr-1 mutants, O,-sensing neurons
control locomotory activity according to ambient O, levels (34).

Binding of O, to an sGC consisting of GCY-35 (GCY,
guanylate cyclase) and GCY-36 is proposed to stimulate cyclase
activity and raise [cGMP] in PQR (35-37). To visualize O,-
evoked cGMP responses, we exposed animals expressing pgey-37::
¢Gi500 to a 7%-21%-7% O, cycle and measured fluorescence
changes in the PQR cell body. A rise in [O,] usually elicited a
decrease in the YFP/CFP FRET ratio, as predicted for the cGi500
sensor if the stimulus led to a rise in [cGMP] (Fig. S1E). As
expected for a FRET sensor, ratio changes reflected reciprocal
variation in YFP and CFP emission intensities (Fig. S1E). For
clarity, in subsequent traces, we have plotted CFP/YFP ratios
because increases in this ratio correspond to increases in [cGMP]
(Fig. 14). The average response to a 7%-21% O, stimulus was
13.5% (Fig. 1 A and C), and the maximum response was reached
within 2 min of stimulus onset (Fig. 14). When [O;] returned to
7%, [cGMP] fell back to baseline within 3 min (Fig. 14). Thus, in
most animals (72%, Fig. 1 4, C, and D), arise in [O;] evoked a rapid
rise in [cGMP] in PQR, consistent with increasing [O,] stimulating
c¢GMP production.

Unexpectedly, in the remaining 28% of animals, the same O,
shift evoked small but significant decreases in reported [cGMP]
(Fig. 1 B and D). The average peak magnitude of these responses
was —2.9% and occurred ~1 min after the O, switch (Fig. 1 B and
(). Like positive responses, negative responses reflected reciprocal
changes in CFP and YFP fluorescence (Fig. S1F), suggesting that
they reported genuine changes in [cGMP]. Responses of opposite
signs did not reflect animal-to-animal variation in sensor ex-
pression: the magnitude of responses evoked by a 7%-21% O,
change did not correlate with cGi500 levels (Fig. S1G) or with
absolute FRET ratio at 7% [O,] (Fig. S1H). However, because
high sensor expression might buffer cGMP, throughout our study,
we imaged animals with similar and intermediate sensor levels.

To extend our study and further test cGi500 use in C. elegans
neurons, we imaged O,-evoked responses in the AQR neuron.
The responses we obtained were similar to those we saw in PQR:
a 7%-21% rise in O, could evoke cither a rise or a fall in cGMP
(Fig. S1 I-K).

Reliability of 0,-Evoked cGMP Signaling. We were surprised that the
same O, stimulus evoked cGMP responses of opposite signs in
both AQR and PQR in genetically identical animals grown un-
der standard conditions. To explore this observation further, we
examined cGMP responses in PQR in animals subjected to re-
peated cycles of a 7%-21%—7% O, stimulus. The sign and shape
of cGMP responses evoked in PQR in an individual animal were
highly reproducible across trials (Fig. 1E and Fig. S2 4 and B).
Of the total variance, 96.9% reflected interindividual differ-
ences; only 3.1% was due to intraindividual variation plus other
sources of variation. Thus, cGMP signal transduction in POR is
highly reliable within an individual but varies across animals.
To extend our analysis, we examined intertrial variation in the
Ca%* responses evoked in PQR by the same 7%-21% O, switch,
using a pgey-32::YC3.60 cameleon transgene. The magnitude and

tonic elevation of [cGMP] in PQR in the majority of animals (H). In a subset of
individuals, cGMP levels fall and then gradually return to baseline after
a switch from 7% to 21% O, (/).
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Fig. 2. cGMP-gated channel activity limits accumulation of cGMP. (A) Disrupting the gcy-35 soluble guanylate cyclase abolishes O,-evoked cGMP responses in
PQR. In this and subsequent figures, traces from N2 control animals imaged in parallel are in blue, with negative and positive responses separated into two
average traces. Traces from mutants are in red with genotype indicated. Because gcy-35 mutants show no O,-evoked response in PQR, only a single average
trace is shown. (B) Quantification of the response amplitude from A. gcy-35 mutant animals show no O,-evoked cGMP responses. n.s., not significant; ***P <
0.001; **P < 0.01, *P < 0.05 (two-tailed Student t test), in this and subsequent figures. (C) Average cGMP traces recorded in PQR for N2 and unc-13 mutants.
(D) The amplitude of cGMP responses in PQR of unc-13 mutants is not significantly different from that of N2 animals. Like N2 animals, unc-13 mutants exhibit
occasional falls in cGMP following a rise in O,. (E, G, and /) O,-evoked cGMP responses in PQR in mutants defective in the TAX-2 cGMP-gated channel g subunit
(E), and the TAX-4 (G) and CNG-1 (/) a subunits. (F, H, and J) Quantification of the responses in E, G, and /, respectively. Trace amplitudes in channel subunit
mutants are significantly larger than in wild type, and negative responses are absent.

shape of Ca®* responses varied substantially across isogenic,
identically reared individuals (Fig. 1F). Moreover, 28% of ani-

mals showed a response amplitude of less than 10% and a lack

of anticorrelation between CFP and YFP fluorescence changes.

Couto et al.

These results suggest that, in a quarter of animals, a 7%-21% O,
shift failed to evoke a Ca®* response in PQR.

To compare inter- and intraanimal variation in O,-evoked Ca®*
responses in PQR, we stimulated freely moving animals twice
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with a 7%-21% O, shift. We used freely moving animals to
minimize animal handling. To control for variation introduced
by the protocol, when imaging an animal for the second time,
we repeated the set-up sequence as if imaging a new animal.
ANOVA indicated that 88.5% of the total variance reflected
interindividual differences (Fig. 1G); 11.5% included all other
sources of variance (Fig. 1G). These data mirror the cGMP
imaging results: signal transduction in PQR is highly reliable in
an individual but varies across individuals, presumably due to
difference in PQR signaling state.

High [0,] Evokes Sustained Increases in [cGMP] in PQR. Ca®* imaging
indicates that PQR signals continuously at high [O,] (38). Sus-
tained signaling 1nvolves a relay of cGMP-gated channels, L-type
voltage-gated Ca®* channels, inositol 1,4,5-trisphosphate (IPs)
and ryanodlne receptors. Relay act1V1ty is tlghtly coupled to [02]
a drop in [O;] evokes a rapid drop in [Ca~"] (34). To examine
whether these properties reflected tonic control of [cGMP] by
O,, we exposed animals to a 7%—-21%-7% O, stimulus but kept
them at 21% O, for 20 min while imaging cGMP. Animals that
responded with a rise in cGMP retained elevated [cGMP] as long
as [O,] was 21%, and [cGMP] promptly fell to baseline when [O,)]
returned to 7% (Fig. 1H). In animals where the shift to 21% O,
evoked a drop in [cGMP], this initial decrease was followed by a slow
rise that returned [cGMP] to baseline (Fig. 1/). We detected no
significant fluctuation in cGMP in POR when animals were kept at
7% O, for 20 min. These data indicate that [O;] can tonically
regulate [cGMP] in PQR and that, following a rise in [O,],
increases in [cGMP] are stable over time.

0,-Evoked Changes in PQR [cGMP] Require GCY-35 but Not Synaptic
Input. We examined whether O,-evoked cGMP responses in PQR
required the gcy-35 sGC. In gcy-35 deletion mutants expressing the
pgcy-37::¢Gi500 transgene, the FRET ratio in POR was unrespon-
sive to changing [O,] and was at values similar to those observed in
wild-type animals held at 7% O, (Fig. 2.4 and B). Thus, GCY-35
is necessary for measurable O,-evoked cGMP signaling in PQR.
The loss of positive and negative FRET responses in gey-35 mu-
tants suggests that both reflect O,-evoked changes in [cGMP].
To investigate whether O,-evoked cGMP responses in PQR
required synaptic input, we monitored cGMP responses in unc-
13 mutants, which are defective in synaptic release (39). FRET
responses in unc-13 mutants resembled wild-type controls after
a 7%-21% O, switch (Fig. 2 C and D), suggesting that synaptic
input into PQR does not strongly influence cGMP signaling.

Ca?*-Dependent Negative Feedback Loops Cause 0,-Evoked Decreases
in [cGMP]. A simple explanation for why rising O, can elicit either
an increase or a decrease in [cGMP] in PQR is that high [O;]
activates not only cGMP production but also cGMP degradation,
via negatwe feedback loops One such feedback signal could
be an increase in [Ca®*] following gating of CNGC and sub-
sequent opening of L-type voltage-gated Ca®* Channels IP; and
ryanodine receptors. In this model, variation in Ca*>* entry helps
explain variation in cGMP accumulatlon in the cell body. This
hypothesis predicts that disrupting Ca®* entry should eliminate
negative cGMP responses and increase the magnitude of positive
ones. POR expresses at least three cGMP-gated ion channel
subunits—the chemotaxis abnormal (TAX)-4 and CNG-1 «a
subunits, and the TAX-2 f subunit (20 21). Mutating any of
these three subunits disrupts the Ca** influx evoked by a 7%-
21% rise in [O;] (36, 37). In tax-2, tax-4, or cng-1 loss-of-function
mutants, we never observed a decrease in [cGMP] in PQR in
response to a 7%—-21% O, stimulus (Fig. 2 E-J). Moreover, O,-
evoked [cGMP] responses were significantly larger in these
mutants than in wild-type controls. These data support the no-
tion that Ca®" influx following gating of CNGCs stimulates
negative feedback loops that limit cGMP accumulation in PQR.
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Simultaneous Imaging of cGMP and Ca?* Responses Suggests Com-
partmentalization of cGMP Signaling in PQR. To probe the rela-
tlonshlp between Ca”* and cGMP when a rise in O, evoked a
fall in cGMP, we simultaneously imaged both messengers by
combining the cGi500 cGMP reporter with the spectrally dis-
tinct R-GECO1 (red 1nten510metrlc genetically encoded Ca2+-
indicator for optical imaging) Ca®* indicator (40) (Materials and
Methods). We found that negative cGMP responses were in-
variably associated with a concurrent sharp rise in Ca®* in the
cell body of POR (Fig. 3). In cases where PQR did not show a
Ca?* response, we also failed to see changes in [cGMP]. These
data are consistent with negative cGMP responses being due to
Ca**-mediated negative feedback mechanisms. They also imply
that different parts of PQR can have distinct cGMP dynamics
because O,-evoked Ca?* increases in PQR require the gating of
CNGC by binding of cGMP. To explain our data, we propose
a model where cGMP rises at the membrane in the vicinity of the
prenylated soluble guanylate cyclases and the cGMP-gated ion
channels, but occasmnally falls in the cell body due to strong
cytosolic Ca**-mediated negative feedback loops.

C. elegans PDE-1 is a Ca®*-Activated Dual Specificity cGMP/cCAMP PDE
and Participates in a Negative Feedback on [cGMP]. One of the six
PDEs in C elegans PDE-1, is orthologous to PDE1, the mam-
mahan Ca**/calmodulin- dependent PDE, and could contribute
to Ca”*-mediated negative feedback on cGMP accumulation. In
genetic screens for mutations that disrupted O,-evoked C. elegans
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Fig. 3. Simultaneous imaging of Ca%* and cGMP. Traces for individual ani-
mals showing simultaneous imaging of Ca?* and cGMP responses evoked
by a 7%-21%-7% O, stimulus train. Ca®* responses are measured using
R-GECO1. cGMP responses are measured using cGi500. Scales for responses
are shown bottom right as % fluorescence change AR/Ro (R-GECO1) and CFP/
YFP fluorescence ratio (cGi500).
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behaviors, we identified an allele of pde-1, pde-1(db40), that was
associated with an H373Y amino acid substitution (Materials and
Methods). In mammalian PDEL1, the residue equivalent to H373
chelates a Zn** ion essential for PDE activity (16, 41). pde-I
(db40) is therefore likely to be a strong hypomorphic or null
allele. As expected if PDE-1 participated in Ca®*-dependent
negative feedback on cGMP signaling in PQR, we did not observe

Couto et al.

at 7% O,.

decreases in cGMP following a rise in O, in pde-1(db40) mutants
(Fig. 4 A-C) or in a pde-1 deletion mutant, pde-1(0k2924) (Fig. 4
D-F). Interestingly, for both pde-1 alleles, the changes in [cGMP]
evoked when [O;] increased from 7% to 21%, or decreased from
21% to 7% occurred as rapid as in wild type. Baseline [cGMP] at
7% O,, reported by the absolute value of the CFP/YFP FRET
ratio, was only slightly elevated in pde-1(db40) mutants compared
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with controls (P < 0.05), and this elevation was not observed in
pde-1(0k2924) mutants (Fig. 4 A-F). As well as implicating PDE-
1 in negative feedback control of [cGMP], these data suggest that
at least one other PDE degrades cGMP in PQR.

To investigate how loss of PDE-1 altered PQR excitability, we
imaged O,-evoked Ca' responses in pde-1(0k2924) mutants
using yellow cameleon 3.60 (YC3.60). As expected from imaging
cGMP, loss of pde-1 did not significantly alter baseline [Ca®*] in
PQR in animals kept at 7% O, and the onset and offset of the
Ca** responses evoked by a rise or fall in JOz] remained rapid.
However, the average magnitude of the Ca** increase evoked by
a switch from 7% to 21% O, was reduced in pde-I mutants
compared with wild type (Fig. 4 G and H). These results suggest
that a compensatory mechanism mitigates the consequences of
loss of PDE-1, to prevent hyperactivation of the neuron (see
below). Consistent with the decrease in O,-evoked Ca®* respon-
ses in PQR, disrupting pde-1 blunted the speed increase elicited in
npr-1 animals when O, rises from 7% to 21% (Fig. 41) (38).

In vitro studies have shown that C. elegans PDE-1 binds Ca**/
CaM (CaM, calmodulin), but did not examine whether this
binding stimulated phosphodiesterase activity (42). To test for
Ca* stimulation of PDE-1, we cotransfected human embryonic
kidney 293A (HEK293A) cells with DNA expressing the cGi500
c¢GMP sensor and either PDE-1 or an empty vector as a negative
control. We then stimulated cells with 50 pM sodium nitro-
prusside (SNP) to increase [cGMP], followed by 100 pM ATP to
increase cytosolic [Ca®*]. Both PDE-1 and vector-transfected
cells responded to SNP with a rapid rise in [cGMP] (Fig. S3 4
and B). However, whereas cells transfected with empty vector
did not respond to ATP addition (Fig. S3 4 and E), cells
transfected with PDE-1 showed a rapid decrease in [cGMP] (Fig.
S3 B and E), as expected if C. elegans PDE-1 were stimulated by
a rise in [Ca®*]. The decrease in [cGMP] could be reversed by
adding the competitive PDE inhibitor 3-isobutyl-1-methylxan-
thine (IBMX). These data suggest that C. elegans PDE-1 is a Ca®*-
stimulated cGMP phosphodiesterase. Similar experiments using
100 nM isoproterenol to stimulate cCAMP production and the
Epacl cAMP sensor (Fig. S3 C-E) indicated that, like mam-
malian PDE1, C. elegans PDE-1 is a Ca®*-activated dual speci-
ficity cGMP/cAMP PDE.

PDE-1 Acts Cell-Autonomously in PQR to Limit cGMP Accumulation.
To examine whether PDE-1 acts cell-autonomously in O,-sensing
neurons to shape cGMP responses, we asked whether expressing
pde-1 cDNA in these neurons restored O,-evoked negative
c¢GMP responses to pde-I mutant animals. A PQR-specific pro-
moter is not available, but we could restrict pde-1 expression to
PQR, AQR, and URX neurons using the gcy-32 promoter. The
incidence of negative cGMP responses in PQR following a rise in
O, was much higher in animals expressing the pgcy-32::pde-1
transgene than in sibling controls lacking the coinjection marker
(Fig. 4 J-L). These data are consistent with a cell-autonomous
role for pde-1 in PQR. They also suggest that potentiating PDE-1
negative feedback on cGMP, by overexpressing this gene, can
induce a gain-of-function phenotype in which a rise in O, is
much more likely to evoke a fall in cGMP in the cell body. These
data support a role for PDE-1 in a negative feedback loop that
limits cGMP accumulation following gating of cGMP channels.

Ca’*-Stimulated Negative Feedback on [cGMP] by PDE-1-Independent
Mechanisms. To investigate whether PDE-1 activation was the
only mechanism by which O,-evoked Ca®* entry inhibited cGMP
accumulation in PQR, we compared the cGMP responses of
pde-1 and pde-1; cng-1 double mutants. Although the baseline
[cGMP] reported by the ¢Gi500 sensor at 7% O, was similar in
the two strains, the magnitude of the cGMP response evoked
by a 7%-21% O, shift was significantly larger in pde-1; cng-1
mutants compared with pde-1 animals (Fig. 4 M-0). Thus,
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pde-1-independent mechanisms also play important roles to in-
hibit cGMP accumulation in PQR following O»-evoked Ca** entry.

PDE-2 Promotes ¢cGMP Accumulation in PQR by Limiting Ca®*-Mediated
Negative Feedback. In pde-1 mutants, [cGMP] in PQR decreased
rapidly when [O,] fell from 21% to 7%, suggesting that other
PDEs can act in this neuron to terminate responses. PDE-2 is
the C. elegans ortholog of mammalian PDE2, a dual specificity
PDE. It includes one N-terminal GAF (found in cGMP-specific
phosphodiesterases, adenylyl cyclases and FhlA) domain similar in
sequence and position to GAF-B, the second of two GAF
domains in mammalian PDE2 (Fig. S4). cGMP binding to GAF-B
stimulates mammalian PDE2, leading to negative feedback (16).

To test whether PDE-2 modified cGMP dynamics in PQR, we
compared cGMP responses evoked by a 7%-21%—-7% O, stim-
ulus in wild type and pde-2(tm3098) mutants. pde-2(tm3098) is
a deletion mutant that has an altered reading frame upstream of
the catalytic domain and is likely to be null. In pde-2 mutants,
a 7%-21% rise in [O,] evoked either a drop or no significant
change in [cGMP] (Fig. 5 A and C). Baseline [cGMP] in PQR at
7% O, was not significantly different in pde-2 compared with
wild type (Fig. 5 A and C). Thus, PDE-2, like PDE-1, regulates
c¢GMP dynamics in PQR. Counterintuitively, however, PDE-2
promotes rather than inhibits cGMP accumulation following
a rise in O,. The distinct effects of pde-1 and pde-2 mutations on
0O,-evoked cGMP dynamics suggest that these cGMP phospho-
diesterases play different roles in PQR.

We speculated that PDE-2 promoted O,-evoked cGMP ac-
cumulation in PQR by keeping in check the Ca**-mediated
negative feedback loops that operate following gating of CNGCs.
To test this hypothesis, we examined cGMP responses in pde-2
mutants defective in cng-1. In cng-1; pde-2 double mutants,
a 7%-21% O, stimulus elicited strong increases in [cGMP] in
PQR and no observable decreases in [cGMP] (Fig. 5 F, G, and I).
These data support the notion that PDE-2 limits Ca**-mediated
negative feedback on [cGMP] in wild-type animals, presumably
through its PDE activity controlling the gating of CNGCs.

To investigate the role of pde-2 in PQR signaling further, we
compared O,-evoked Ca** responses in PQR in wild type and
pde-2 mutants (Fig. 5 D and E). Baseline [Ca®*] at 7% O, was
slightly elevated in pde-2 mutants, and, of 18 animals tested, 10 re-
sponded to a switch from 7% to 21% O, with a rapid rise in Ca®>*
that promptly returned to baseline when [O,] was returned to
7%. However, the remaining 8 pde-2(—) animals failed to re-
spond to a rise in [O,] with a detectable [Ca®*] response. By
contrast, only 2/15 wild-type controls imaged in parallel failed to
respond. Thus, disrupting pde-2, like disrupting pde-1 (Fig. 4 G
and H), is associated with increased failure to evoke a Ca®*
response following a rise in O,.

To test whether the fall in [cGMP] evoked in pde-2 mutants by
a rise in [O,] reflected, at least in part, increased PDE-1 activity,
we built pde-1; pde-2 double mutant strains and imaged their O,-
evoked cGMP responses. The double mutants exhibited elevated
[cGMP] in PQR at 7% O, and showed negligible changes
in [cGMP] when we switched [O,] between 7% and 21% (Fig. 5
H-J). These results indicate that both PDE-1 and PDE-2 break-
down ¢cGMP in PQR. The absence of O,-evoked decreases in
[cGMP] in pde-1; pde-2 mutants is consistent with negative cGMP
responses reflecting excessive PDE-1 activity in pde-2 mutants.
Finally, although our results do not exclude that additional PDEs
act in PQR, they suggest that such PDEs, if they exist, are not
sufficient to regulate PQR ¢cGMP dynamics.

PKG Works with PDE-2 to Promote cGMP Accumulation After a Rise in
[0,]. Besides modulating cGMP-gated channels and PDEs, cGMP
regulates PKG. The C. elegans ortholog of PKG is egl-4 (24, 27),
which has previously been shown to be expressed in PQR (28).
We examined whether a loss-of-function allele of egl-4, egl-4
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Fig. 5. PDE-2 promotes cGMP accumulation by limiting Ca®

*-dependent negative feedback. (A) Average O,-evoked cGMP responses recorded from PQR in

pde-2(tm3098) mutants compared with N2 controls. In pde-2 mutants, a switch from 7% to 21% O, usually elicits a drop in [cGMP], unlike controls in which
arise in cGMP is usual. (B and C) Plot showing AR/R, (B) and the baseline fluorescence ratio at 7% O, (C) for responses from A. (D) Average O,-evoked Ca**

responses in PQR in pde-2(tm3098); npr-1(ad609) mutants and npr-1(ad609) controls. Loss of pde-2 reduces the average amplitude of Ca%*

responses evoked

by 21% O,. (E) Plot showing AR/Rq for individual Ca?* responses from D. (F-H) Average O,-evoked cGMP responses recorded from PQR in pde-2, pde-2; cng-1
and pde-1; pde-2 mutants. (/ and J) Plot showing AR/Ry (/) and the baseline fluorescence ratio at 7% O, (J) for individual cGMP responses from F, G, and H.

(n478), disrupted O,-evoked behaviors. egl-4(n478); npr-1 dou-
ble mutants moved slowly on food at 11% O,, like npr-1 animals.
However, a switch to 21% O, evoked a much smaller increase
in locomotory activity in egl-4; npr-1 animals than npr-1 con-
trols (Fig. 64). To 1nvest1gate this further, we examined how
disrupting egl-4 altered Ca** and cGMP responses evoked in
PQOR by a 7%- 21% 7% O, stimulus. Loss of egl-4 slightly
elevated the Ca®* baseline at 7% O, and reduced the average
Ca”* response evoked by a 7%-21% O, stimulus (Fig. 6 B and
C). This reductlon partly reflected increased failure of 0O,-
evoked Ca®* responses. Thus, the behavioral and the Ca** im-
aging phenotypes of egl-4 mutants recapitulate those observed in
pde-2 mutants.

To investigate this similarity further, we imaged O,-evoked
c¢GMP responses in PQR. Like in pde-2 mutants, a shift from 7%
to 21% O, very often evoked a decrease in [cGMP] in egl-4
mutants (compare Fig. 6 D-F with Fig. 5 A-C). egl-4 mutants
also showed higher [cGMP] at 7% O, compared with wild-type
controls. We could rescue these egl-4 ¢cGMP phenotypes by
expressing egl-4 cDNA specifically in the AQR, PQR, and URX

Couto et al.

neurons, using the gcy-36 promoter (Fig. 6 G-I), suggesting that
they reflected cell-autonomous function of egl-4 in PQR.

Like for pde-2 mutants, the switch in the sign of the cGMP
response in egl-4 mutants was reversed in egl-4; cng-1 double mu-
tants (Fig. 6 J, M, and N) These results suggest that the O,-evoked
decreases in [cGMP] in egl-4 mutants reflect Ca? -dependent
negative feedback. Supporting this, disrupting the Ca*-activated
PDE, pde-1, in egl-4 mutants also prevented O,-evoked decreases
in [cGMP] and resulted in cGMP responses similar to those
obtained in egl-4; cng-1 and pde-2; cng-1 double mutants (Fig. 6
K, M, and N). These data suggest that one role of EGL-4 PKG in
PQR is to positively regulate PDE-2. This hypothesis predicts
that the phenotypes of pde-2 and egl-4 would not be additive
because they act together. Consistent with this, O,-evoked cGMP
responses in pde-2; egl-4 animals resembled those of pde-2 and
egl-4 single mutants (Fig. 6 L-N). These data suggest that PKG
stimulates PDE-2 activity as cGMP rises. PKG-activated PDE-2
controls cGMP build-up and gating of CNGCs as O, rises, lim-
iting Ca** entry and preventing excessive Ca>*-mediated negative
feedback on [cGMP].
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Fig. 6. PKG acts with PDE-2 to limit Ca®*-dependent negative feedback on cGMP. (A) The egl-4(n478) loss-of-function allele reduces the locomotory
activity of npr-1 animals at 21% O,. (B and C) eg/-4(n478) reduces the Ca®* influx evoked in PQR by a switch from 7% to 21% O,. Average Ca®* traces
for egl-4; npr-1 mutants and npr-1 controls are shown in B. C shows the AR/R, calculated from B. (D-F) egl-4(n478) increases PQR [cGMP] at 7% O,
relative to wild type and leads predominantly to a fall in [cGMP] when O, rises from 7% to 21%. cGMP traces for eg/-4 mutants and N2 controls are
shown in D. E shows the AR/Rq calculated from D. F shows the baseline fluorescence ratio at 7% O, for cGMP responses in D. (G-/) Reintroducing wild-
type EGL-4 in eg/-4 mutant worms with a pgcy36::egl-4 construct restores positive cGMP responses to a rise in O, and shifts down baseline cGMP levels at 7%
0O, in PQR. G shows average traces in egl-4 nontransgenic (red) and transgenic (yellow) animals. H shows dR/R, from G, and / shows fluorescence ratio at 7%
from G. (J-L) Disrupting cng-1 (J) or pde-1 (K) eliminates the negative cGMP responses elicited in egl-4(n478) mutants by a rise in [O,] whereas disrupting pde-
2 does not (L). M shows the AR/R, calculated for each individual included in J-L. N shows the baseline fluorescence ratio at 7% O, for individual cGMP

responses from J-L.

Discussion
cGMP second messenger signaling is widespread in nervous
systems, but direct visualization and genetic dissection of en-
dogenous cGMP dynamics in neurons is lacking. Here, we image
in vivo cGMP and Ca”* dynamics in a genetically characterized
system, the PQR O,-sensing neuron in C. elegans, to gain insights
into the relationships of different cGMP signaling components.
A striking feature of cGMP signaling is numerous PDEs, each
with distinct regulatory properties (12, 13). Different PDEs are

E3308 | www.pnas.org/cgi/doi/10.1073/pnas.1217428110

often coexpressed in the same neuron, but how they work together
is poorly understood. C. elegans PDE-1 and PDE-2 are orthologs
of mammalian Ca®*-stimulated PDE1 and cGMP-stimulated
PDE2, respectively. Our data suggest that these two PDEs can
form mutually regulating negative feedback loops (Fig. 7). Our
data suggest a model in which rising cGMP stimulates PKG and
PDE-2, which feed back to dampen further cGMP increases.
This brake attenuates gating of CNGCs, controls the rise in Ca**,
and keeps in check Ca®*-dependent negative feedback loops
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www.pnas.org/cgi/doi/10.1073/pnas.1217428110

L T

/

1\

=y

that inhibit cGMP accumulation, including activation of PDE-1
(Fig. 7). Consistent with our model, negative cGMP responses
are not observed in mutants defective in cGMP-gated channel
subunits, and O,-evoked cGMP responses are substantially big-
ger in such mutants. The scheme of balanced negative feedback
loops that we propose may be widespread: in mammals, PDE1
and PDE?2 are coexpressed in many brain areas, including cortex,
hippocampus, and striatum (13). Moreover, PDES, like PDE2, is
stimulated by increases in ¢cGMP (13) and activated by PKG,
making interlocked PDE5-PDE-1 negative feedback loops an
alternative possibility.

Our data also suggest that cGMP dynamics can differ in dis-
tinct compartments of the POR neuron. Simultaneous imaging
of cGMP and Ca”" responses suggests that cGMP levels in the
PQR cell body can fall while Ca*" levels are rising sharply (Fig.
3). Because the Ca®* response depends on gating of CNGCs, the
simplest interpretation of these data is that cGMP rises locally in
a juxtamembrane nanodomain close to the CNGC while falling
in the cytoplasm. The sGCs GCY-35 and GCY-36 both have
a C-terminal isoprenylation signal, and we have shown that the
integrity of this signal is important for gcy-35 transgenes to res-
cue gcy-35 mutant phenotypes, suggesting that sGCs need to be
at the membrane to stimulate channel activity (40). Both the
sGC and the CNGC localize to the cilium of PQR although
whether they interact directly is unclear (43, 44). The subcellular
localization of PDE-1 and PDE-2 is unknown but may help ex-
plain how nanodomains with opposite cGMP dynamics can be
set up. Note also that our model is likely simplified: we infer, but
have not identified, additional Ca**-dependent negative feed-
back loops. These additional feedback mechanisms could in-
volve any of a number of Ca** binding proteins encoded by the
C. elegans genome, including neuronal Ca** sensors (NCS pro-
teins), calcineurin, and Ca**/calmodulin-dependent kinases.

c¢GMP imaging shows that a rise in [O;] can trigger a rapid in-
crease in [cGMP] in PQR that is sustained while [O,] is high, but
falls when [O;] decreases. The rise in [cGMP] requires the O,-
binding atypical sGC GCY-35, suggesting that high [O;] tonically
stimulates this cyclase in vivo. Tonic signaling in the AQR, PQR,

L-type
Tax2. TAke Volage Gated
0, CNG-1 a annel
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membrane ‘

Soluble >
guanylate dv

cyclase "
GCY-35/36 ! > ca* caz
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Fig. 7. Model for architecture of cGMP signaling in PQR. In our model, an
[O,] increase persistently activates prenylated GCY-35/GCY-36 atypical solu-
ble guanylate cyclases located at the membrane. The resulting increase in
[cGMP] gates cGMP channels, promoting Na* and Ca®* entry. The rise in
[cGMP] and [Ca®*] stimulates competing negative feedback loops that
sculpt signaling dynamics. In one loop, increasing [cGMP] stimulates EGL-4
PKG and activates PDE-2. By destroying cGMP, PKG-PDE-2 negative feedback
acts as a smoothing filter, keeping in check CNGC gating. This control
mechanism limits Ca®*-dependent negative feedbacks on cGMP that are
mediated by PDE-1 and PDE-1-independent mechanisms. Depolarization
caused by sustained gating of CNGC activates L-type voltage-gated Ca®*
channels and leads to Ca®* release from intracellular stores via ryanodine
and IP3 receptors, and sustained signaling. A fall in O, results in decreased
production of cGMP, rapid cGMP breakdown by activated PDE-1 and PDE-2,
closure of ¢cGMP channels, and termination of signaling. Note that this
speculative model likely omits additional regulatory control.
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and URX neurons can elicit long-lasting changes in C. elegans
behavior (38). For example, npr-1 animals move quickly as long as
O, is at 21% but move slowly while O, remains at 7%. In-
termediate O, tensions elicit intermediate behaviors (34). These
graded behavioral responses mirror graded changes in the activity
of O, sensors (38). Some of the negative feedback loops implicated
in our study may help encode graded but persistent responses.

Disrupting PDE-2 or EGL-4 PKG increases the likelihood that
arise in [O;] will evoke a fall instead of a rise in [cGMP] in PQR.
Like in wild-type animals, this inhibition of cGMP accumulation
does not occur if pde-2 or egl-4 mutants are also defective in pde-1
or in CNGC subunits. Thus, one role of PKG and PDE-2 is to
control the rise in [cGMP] following a rapid increase in [O;] to
prevent excessive Ca>*-dependent negative feedback. In pde-1I;
pde-2 double mutants, [cGMP] is high regardless of [O;], and
changing [O] fails to evoke changes in [cGMP], suggesting that
these two enzymes account for most or all of the PDE activity in
PQR. PDE-2 has several predicted PKG phosphorylation sites
through which EGL-4 could stimulate PDE-2 activity (Fig. S4).

O,-evoked Ca* signaling in PQR fails in a substantial pro-
portion of wild-type animals, and this proportion increases in
pde-1, pde-2 and egl-4 mutants. Simultaneous Ca*>* and cGMP
imaging experiments in wild-type animals suggest that Ca®*
signaling failure is associated with a lack of measurable cGMP
responses in the cell body. The reason for failure is unclear be-
cause we cannot yet measure cGMP in the vicinity of the cGMP
channel or gating of this channel [the Ca®>* we measure reflects
downstream activation of the EGL-19 L-type voltage-gated Ca®*
channel, and the IP; and ryanodine receptors (38)]. One possi-
bility is that failure reflects excessive Ca”*-mediated negative
feedback that acts locally and shuts off cGMP signal transduction
before the L-type voltage gated Ca>* channels, IPs, and ryanodine
receptors can be activated.

The Ca®* and cGMP responses evoked in PQR when an in-
dividual wild-type animal is repeatedly exposed to the same [O;]
stimulus are highly reproducible, suggesting that the cGMP sig-
nal transduction mechanism per se is reliable. By contrast, PQR
responses to the same [O,] stimulus vary considerably among
wild-type individuals. This interanimal variation was surprising
because it occurs across a population of genetically identical
animals, grown in the same conditions. A potential explanation
for this variation is stochastic differences in the expression of
genes that mediate cGMP sensory transduction in PQR. It will
be interesting to examine whether these observations can be
extended to other sensory neurons and whether they provide
insight into the stochastic nature of behavioral responses.

The ¢Gi500 sensor is similar in dynamic range to first-gener-
ation Ca** sensors such as YC2.12 g45). Iterative improvements
have led to genetically encoded Ca”* sensors with large signal-
to-noise ratios that can be targeted to different subcellular regions
such as synapses (46) and ion channels (47). These improvements
have led to widespread adoption of these Ca>* sensors in biology.
c¢GMP sensors await similar improvement.

Materials and Methods

C. elegans strains were grown under standard conditions (48). The db40
allele was isolated in a screen for suppressors of aggregation, mapped to
pde-1, and confirmed by sequencing and failure to complement pde-1
(0k2924). Imaging was done as described previously (36), except for simul-
taneous imaging of Ca** and cGMP, which was done on a spinning disk
confocal. For detailed methods, a list of worm strains, and PCR primers, see S/
Materials and Methods.
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