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Octopamine (OA) appears to func-

tion as the invertebrate counter-
part of norepinephrine (NE) in the
modulation of a number of key behav-
iors. In C. elegans, OA signaling is com-
plex, mediated by at least three distinct
a-adrenergic-like receptors and appears
to activate more global peptidergic sig-
naling cascades that have the potential to
dramatically amplify the octopaminergic
signal. These OA-dependent peptider-
gic signaling cascades involve an array
of neuropeptides that activate recep-
tors throughout the nervous system
and have the potential to both directly
and indirectly modulate locomotory
decision-making. In this commentary
we highlight the use of C. elegans as a
model to expand our understanding of
noradrenergic signaling in mammals,
specifically as it relates to the role of NE
in anti-nociception.

Introduction

Catecholamines have long been impli-
cated in the modulation of pain. The
emergence of noradrenergic signaling in
our understanding of anti-nociception
fueled the discovery of selective noradren-
ergic ligands for use as analgesic agents.!
Although C. elegans contains only 302
neurons, it exhibits many complex behav-
iors, including chemotaxis, thermotaxis
and mechanosensation and its rapid rever-
sal in the presence of noxious stimuli can
be at least operationally defined as the per-
ception of pain. More importantly, these
complex behaviors can be modulated by
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an array of monoamines and neuropep-
tides and understanding how these ligands
interact to modulate fast neurotransmis-
sion mediated at the level of individual
neurons is one of the principle goals of
C. elegans systems neuroscience.”® In Mills
et al.,” we defined the role of OA in the
modulation of aversive behavior, as a pre-
lude to more in depth cell-based studies.
In this commentary, we further highlight
the similarities between noradrenergic sig-
naling in mammals and octopaminergic
signaling in C. elegans and the potential
utility of the C. elegans model to better
understand  monoaminergic/peptidergic
interactions and, more specifically, the
role of noradrenergic signaling in mam-
malian anti-nociception.

Octopaminergic Signaling in
C. elegans

C. elegans does not synthesize NE, but
contains a structurally similar molecule
OA that lacks the 3" hydroxyl of NE.
Given the structural similarity of NE and
OA and the conservation of their respec-
tive G-protein coupled receptors, OA has
been considered the invertebrate coun-
terpart of NE. In C. elegans, OA is syn-
thesized from tyramine (TA) in the two
RIC interneurons and the gonadal sheath
cells, based on the expression of tyramine
B-hydroxylase (TBH-1), the rate-limiting
enzyme for OA biosynthesis.® OA signals
nutritional status in C. elegans and appears
to increase with starvation, although this
has never been measured experimentally.
OA acts antagonistically to serotonin
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(5-HT) to modulate a host of key behav-
iors, including pharyngeal pumping, egg-
laying and locomotion”® In addition,
OA inhibits aversive behavior mediated
by the two ASH sensory neurons.® The
RICs receive limited sensory input from
the dopaminergic CEPs, required for
mechanical food sensation and the noci-
ceptive ADLs, form gap junctions with
the ASHs and AWBs, and synapse on a
limited number of synaptic partners, sug-
gesting the RICs not only signal synapti-
cally but also humorally.!" Indeed, OA
receptors appear to be expressed on many
neurons not directly innervated by the
RICs. Three OA receptors have been iden-
tified, SER-3, SER-6 and OCTR-1, that
appear to couple to Ga, Ga_ and Go,
respectively, based on heterologous expres-
sion and genetic analyses.®'*!3 All three
C. elegans OA receptors appear to be most
similar to mammalian o-adrenergic recep-
tors, with SER-6 most identical to mam-
malian o -receptors and OCTR-1 most
identical to mammalian «,-receptors. In
contrast to the situation in insects, no
B-adrenergic receptor ortholog has been
identified in the C. elegans genome. In
addition, although C. elegans contains
unique monoamine-gated Cl channels
specific for other monoamines, includ-
ing 5-HT, TA and dopamine (DA), no
OA-gated channel has yet been identified
and no OA-specific reuptake protein has
been identified in C. elegans, in contrast to
5-HT and DA, so that the mechanism of
OA inactivation is unclear.''® Given the
role of OA in modulating ASH-mediated
aversive behavior and NE in anti-noci-
ception in mammals discussed below, we
questioned whether the pathways of OA
and NE “inhibition” might be at least
partially conserved in these two distantly-
related organisms.

Noradrenergic Signaling
in the Modulation of Mammalian
Nociception

In mammals NE functions as both a neu-
rotransmitter and neuromodulator, has
wide-spread effects on a variety of physi-
ological systems, and noradrenergic agents
are used in the treatment of a number of
disease states, including anxiety, depres-
7" Adrenergic

sion, and schizophrenia.
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receptors are G-protein coupled and are
grouped into two families, @ and {3, con-
taining multiple subtypes. In general,
ABD) couple to Gaq, Q-
) to Ga, and B-receptors

a,-receptors (o
receptors (OLZA,B,C
(B, o Ga.*®
NE plays a complex role in the modu-
lation of nociception. In healthy tissues,
endogenous NE has little effect on the
perception of pain, but NE can initiate
either anti- or pro-nociceptive responses
during chronic pain or in inflamed or
injured tissues. For example, NE adminis-
tered in the spinal cord can initiate a pro-
nounced, dose-dependent anti-nociceptive
response that is mediated by  -receptors,
based on extensive behavioral and phar-
More
tantly, the release of endogenous NE in

macological analyses.” impor-
the spinal cord from descending axons
in the brainstem, such as those from the
locus coeruleus and the A5/A7 nuclei, is
also coupled to spinal anti-nociception
and this NE-dependent anti-nocicep-
tion is inhibited by a, -antagonists.***!
NE appears to function pre-synapti-
cally to inhibit nociceptive, substance
P-containing, afferent fibers through o,
receptors, since neurotransmitter release

from these fibers is inhibited both by
NE or a,-agonists, such as clonidine.?>*
As noted above, the tonic activity of this
intrinsic NE-mediated anti-nociceptive
pathway appears to be quite low and may
only be relevant with chronic injury or in
other disease states. In addition, NE also
appears to activate a number of additional
inhibitory anti-nociceptive pathways by
stimulating the o -dependent release of an
array of neuropeptides and other neuro-
active ligands, such as vy-aminobutyric
acid (GABA).?* For example, NE stimu-
lates the secretion of vasopressin from the
paraventricular nucleus of the hypothala-
mus and increases the pain threshold in a
dose-dependent manner.”® To summarize,
NE can suppress pain through the action
of inhibitory a -receptors (Gay-coupled)
directly on afferent nociceptors and by the
activation of a -receptors on inhibitory
peptidergic, GABAergic and glycinergic
interneurons (for review, see refs. 26 and
27). In contrast, NE-mediated pro-noci-
ceptive pathways have also been identified,
highlighting the complexity of norad-
renergic modulation, with NE increasing
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excitability of neurons in the dorsal root
ganglion (DRG) of nerve injured ani-
mals through the o -mediated-blockade
of N-type Ca?* channels and subsequent
inhibition of Ca?*-activated K* channels.?®
NE appears to increase subthreshold mem-
brane oscillation in the DRG suggesting a
basis for at least some of the NE-mediated
pronociceptive mechanisms operating in
the periphery.?” To summarize, the effects
of NE in the perception of pain in mam-
mals is complex and mediated by multiple
receptors.

Octopaminergic Inhibition
of Aversive Behavior Mediated
by the ASH Sensory Neurons

In C. elegans, OA delays aversive responses
to the volatile repellant, 1-octanol medi-
ated by the single pair of ASH sensory neu-
rons.® Upon the presentation of 1-octanol
on a hair in front of a forward moving ani-
mal, reversal is usually initiated in about
4-5 sec at 100% 1-octanol and in about
10 sec at 30% 1l-octanol, with the pres-
ence of food or exogenous 5-HT increas-
ing responses to 30% 1-octanol to about
4-5 sec.’®™ OA delays aversive responses
to both 100% 1-octanol and 30% 1-octa-
nol in the presence of food or 5-HT to
about 10 sec. Surprisingly, all three OA
receptors are involved in this OA “inhi-
bition.” OCTR-1 functions directly in
the ASHs to inhibit Ga signaling and
inhibit food or 5-HT stimulation. For
example, OA does not inhibit animals
with OCTR-1 or Ga, knocked down in
the ASHs.* Conversely, the ASH RNAi
knockdown of pde-4 that encodes a
cAMP phosphodiesterase increases aver-
sive responses in the absence of food and
this increase is abolished by OA, presum-
ably by decreasing the increased cAMP
signaling after pde-4 RNAi knockdown.*
Interestingly, this OA inhibition is abol-
ished by increasing the exogenous OA
concentration from 4 mM to 10 mM.
Apparently, increasing the OA concen-
tration activates a second ASH-expressed
OA receptor, SER-3 that antagonizes ASH
OCTR-1 signaling, highlighting the com-
plexity of octopaminergic modulation. A
similar situation has been observed for NE

modulation in the mammalian olfactory
bulb, where the differential affinities of
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«, and «, noradrenergic receptor subtypes
for NE have been postulated to account
for the differential modulation of GABA
release and olfactory processing.*
Interestingly, at higher levels of ASH
activation, OA inhibition also requires
the expression of SER-6 in the AWB,
ADL and ASI sensory neurons. SER-6
signaling requires an array of AWB,
ADL and ASI-expressed neuropeptides.
Surprisingly, the RNAi knockdown of
individual peptide-encoding genes in one
pair of sensory neurons can dramatically
reduce OA inhibition, while the expres-
sion of the same peptide-encoding gene
can rescue OA inhibition in a different
pair of sensory neurons in null animals.
How can a phenotype demonstrated by
RNAIi knockdown in one pair of neurons
in wild-type animals be rescued by expres-
sion (overexpression?) in a different pair of
neurons in null animals? We and others
have observed a similar phenomenon with
other neuropeptides, even after rigorously
excluding the potential for RNAI spread-
ing.** Monoamines or neuropeptides are
released both tonically and acutely in
response to internal and environmental
cues and activate a variety of extrasyn-
aptic receptors on multiple neurons, sug-
gesting that a changing “humoral” soup
of monoamines/neuropeptides may, at
least in part, define “behavioral state.”
The composition of this “soup” is depen-
dent on contributions from multiple neu-
rons, suggesting that small increases or
decreases in ligand release from any one
neuron pair has the potential to alter sig-
naling. Indeed, only 2-fold changes in the
expression level of the TA receptor tyra-3
can have profound effects on locomotory
behavior.** These observations suggest
that any overexpression in rescued ani-
mals has the potential to compensate for
an absence of release from other neurons.
This philosophy may also be potentially
extrapolated to neural circuits that are
modulated by multiple inputs, i.e., the
loss of one modulator can be masked by
the overexpression of another, i.c., neu-
ral circuits are not necessarily analogous
to enzymatic pathways with one rate-
limiting step operating at saturation. In
the past, cell-specific rescue has been the
“gold standard” for functional localization
and for structural proteins this is certainly
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true. However, we have observed potential
“off-target” phenotypes with the expres-
sion of many C. elegans G-protein coupled
receptors, presumably because ligands for
the receptors are either tonically released
or the receptors themselves exhibit con-
stitutive activity in the absence of ligand.
The effects of G-protein signaling on neu-
rotransmitter release in C. elegans are well
documented and we have observed that
the expression of many Ga, Go and Gay,
coupled receptors in interneurons or mot-
orneurons modulating locomotion often
yield artifactual locomotory phenotypes,
just as the expression of the gain-of-func-
tion G-proteins themselves. If neurotrans-
mitter release from any neuron in a circuit
has the potential to increase the output
of the circuit, then neuron-specific RNAi
knockdown may be more diagnostic than
rescue, highlighting the need for both
techniques in defining circuit modulation.

We hypothesize that SER-6 mediated
G-protein signaling stimulates dense core
vesicle and neuropeptide release from
the ASI, ADL and AWB sensory neu-
rons, although peptide release has not yet
been measured directly. SER-6 appears
to couple robustly to Ga when heter-
ologously expressed in Xenopus oocytes,
based on the OA-dependent activation of
an endogenous Ca’*-gated CI' channel,
but SER-6 coupling in vivo is unclear,
especially given the previously described
role for Ga signaling in peptide release
in the ASHs.* It will important to identify
the specific role of G-protein signaling on
neuropeptide release from these neurons.
Interestingly, in Drosophila motorneu-
rons, OA-stimulated neuropeptide release
occurs in the absence of extracellular cal-
cium and requires synergistic Ga_ signal-
ing, the Ins(1,4,5)P, receptor and Ca*
mobilization from the endoplasmic reticu-
lum mediated by the ryanodine receptor.
This work suggests that neuropeptide
release may occur in the absence of activ-
ity-dependent Ca®* entry and that changes
in Ca?* dynamics examined by Ca’* imag-
ing may reflect more than simple neuro-
nal excitation, i.e., the GPCR-dependent
release of Ca’* from internal stores may
also be involved.”

Interestingly, some of the receptors
for these neuropeptides appear to be
expressed on additional sensory neurons
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mediating primarily attraction, not aver-
sion, suggesting that reversal may be also
facilitated by inhibiting tonic signaling
from neurons favoring forward locomo-
tion. Indeed, it appears that locomotory
decision-making requires the integration
of multiple tonic and acute sensory inputs
and the modulation of tonic signaling
from any of the C. elegans sensory neu-
rons may have the potential to modulate
locomotory behavior.’*¥ For example, the
C. elegans oxygen-sensing neurons func-
tion tonically to continuously monitor
environment PO, to modulate locomo-
tory behavior, and the ablation of these
oxygen-sensing neurons also modulates
aversive responsive responses to l-octa-
nol (Hapiak and Komuniecki, unpub-
lished).”® It will be important to define
the subtle interactions among the 14 pairs
of sensory neurons in the modulation of
locomotory behavior, once we know more
about how they signal and how they are
modulated by the complex and changing
mix of humorally-expressed monoamines
and neuropeptides.

C. elegans: A Model
for the NE-Mediated Modulation
of Nociception in Mammals?

As outlined above, the octopaminergic
modulation of ASH-mediated aversive
behavior appears to mimic the norad-
renergic modulation of chronic pain in
mammals (Fig. 1).° In mammals, Ga -
coupled o -receptors  presynaptically
inhibit sensory input and Ga -coupled o,
receptors activate more global inhibitory
signaling cascades. Similarly, in C. elegans
Ga, -coupled o -like receptors (OCTR-1)
presynaptically inhibit sensory input and
Ga-coupled o, -like receptors (SER-6)
activate more global inhibitory peptider-
gic signaling cascades. Finally, both OA
and NE are also capable of activating
pronociceptive pathways. Together these
observations suggest that understanding
the OA-dependent modulation of aversive
behavior in C. elegans may provide useful
mechanistic insights into the modulation
of chronic pain in mammals.
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Figure 1. Octopamine inhibition of aversive responses in C. elegans mimics noradrenergic anti-nociception in mammals. 5-HT, serotonin; CCK, chole-
cystokinin; DYN, dynorphin; ENK, encephalin; G, glutamate; GABA, y-aminobutyric acid; NE, norepinephrine; NPFF, neuropeptide FF; NT, neurotensin;

OA, octopamine; P, peptide.
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