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nimals have evolved multiple strate-
Agies for coping with the presence of
pathogenic microbes. The best character-
ized is the immune response where ani-
mals activate their physical and cellular
defenses to respond to invading micro-
organisms. However, behavioral changes
can also be triggered by exposure to
microbes and play an important role
in defending many species, including
humans, from pathogen attack. In our
recent study we demonstrate that, fol-
lowing infection, C. elegans uses the same
G-protein signaling pathway in neurons
and epithelial cells to coordinate avoid-
ance behaviors and immune responses.
Coordination of these responses allows
animals to mount an immune response
to the immediate threat while simultane-
ously taking action to remove the patho-
gen, however, the complicated nature
of the mammalian brain and immune
system has made it difficult to identify
the molecular mechanisms mediating
these interactions. With its simple, well
described, nervous system and a rapidly
growing understanding of its immune
system, C. elegans has emerged as an
excellent model to study the mechanisms
by which animals recognize pathogens
and coordinate behavioral and immune
responses to infection.

G Protein Signaling is Required
for Pathogen Avoidance

In its natural environment the C. elegans
nervous system is constantly sensing and
responding to attractive and aversive sig-
nals by altering its locomotion. Work
from several labs has defined a network
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of G-protein signaling pathways that
modulate release of the neurotransmit-
ter acetylcholine (ACh) in the motor
neurons to alter the worm’s locomotion
(Fig. 1).
act upon G-protein coupled receptors
(GPCRs) to regulate G-protein signal-

However, the signals which

ing, modulating the activity of cholinergic
motor neurons and altering locomotion
are less well understood. Our data dem-
onstrates that one of these signals is the
presence of pathogenic microbes.?

C. elegans can be easily infected with
a variety of natural and clinically-rele-
vant pathogens.> Previous studies by the
Ewbank, Kim® and Hodgkin® labs have
demonstrated that animals avoid some of
these pathogens. Aversive cues produced
by microbes are directly sensed by chemo-
sensory neurons located in the animal’s
head. In the case of the pathogen Serratia
marcescens, mutant library screening has
identified the secreted surfactant peptide,
serrawettin W2, as the aversive cue sensed
by C. elegans to trigger aversive behavior
to this microbe.® The receptors for these
pathogen-associated cues are unknown,
however, the neuropeptide GPCR NPR-1
is required to mediate avoidance of
Pseudomonas  aeruginosa.”® Furthermore
the G-protein ODR-3 and the TAX-2/4
c¢GMP gated channel are required to
mediate avoidance to S. marcescens' and
TAX-2/4 is also required for animals to
avoid Microbacterium nematophilum and
P. aeruginosa® implicating GPCRs in the
early stages of the response to at least some
of these pathogens.

We now show that avoidance of the
naturally-occurring pathogen M. nema-
tophilum requires increased release of ACh
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Figure 1. A G-protein network in the cholinergic motor neurons mediates neurotransmitter release. A model for G-protein networks acting within
C. elegans cholinergic motor neurons to regulate neuronal activity. Shown in blue are those proteins that increase neuronal activity (as defined by
increases in locomotion and/or ACh release), whereas those in red decrease neuronal activity. Not shown is Gas, whose role in control of cholinergic
motorneuron activity remains unclear. Modified from McMullan and Nurrish.!

from the cholinergic motor neurons and
changes in locomotion behavior that are
dependant on the activation of a EGL-30
(Gaq)-UNC-73 (Trio Rho GEF)-RHO-1
pathway.? Thus, in response to a pathogen
attack on C. elegans, G-protein signaling
is activated in the nervous system by inter-
nally generated signals and acts at a late
step in the avoidance response to infec-
tion. C. elegans avoids a number of other
pathogens and the role of cholinergic Gaq
signaling in avoiding these remains to be
determined, although it is tempting to
speculate that this late step in the avoid-
ance response is common to all pathogen
infections.

What are the signals that activate
GPCRs in the cholinergic neurons to
mediate aversive behavior? Identification
of the GPCR and its ligand that act
upstream of EGL-30 will be a significant
step toward understanding these behav-
iors. It is possible that following inges-
tion of microbes the intestine or rectal
epithelium produces secreted ligands that

activate neuronal GPCRs. These tissues
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express a number of antimicrobial pep-
tides following infection™'® which could,
in principle, act as ligands for neuronal
GPCRs. Alternatively these ligands could
be generated by the nervous system in
response to the sensing of aversive cues by
chemosensory neurons. This would allow
animals to respond to pathogen attack
before they become infected. Consistent
with this hypothesis the cGMP-gated
channel TAX-2/4, which acts in the che-
mosensory neurons, is required for avoid-
ance of M. nematophilum® and our data
does not exclude a role for Gaq signaling
in both the early and late stages of the
avoidance response. Indeed EGL-30 is
required in the sensory neurons to modu-
late ASH-mediated aversive responses.'!

If the ligand for the cholinergic Gag-
coupled GPCR is neuronal it should be
possible to use mutants defective in neu-
ronal function and avoidance behaviors
together with previously described tools
such as the calcium sensor cameleon to
investigate a complete neuronal circuit
that begins with recognition of microbial
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cues by the chemosensory neurons and
ends with activation of the cholinergic
motor neurons resulting in movement.
These types of studies are already being
to describe the neural circuits
required for responses to food and touch'

used

and understanding how the nervous sys-
tem integrates these different behaviors as
the worm responds to its environment will
be an exciting challenge for the future. In
this context, it is interesting that C. elegans
appears to be able to modify its behavior
following exposure to pathogens, learning
to avoid pathogenic bacteria while becom-
ing attracted to non-pathogenic food.”

G Proteins Mediate the C. Elegans
Immune Response to Infection

While the neuronal EGL-30 (Gagq)-
UNC-73 (Trio Rho GEF)-RHO-1
pathway is required for avoidance of
M. nematophilum, the same pathway
is required in non-neuronal cells to
mediate the immune response.” Upon
M. nemarophilum infection of wild-type
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C. elegans, the pathogen adheres to the
cuticle surrounding the rectal opening
giving rise to swelling around this opening
known as the deformed anal region (dar)
phenotype. This mitigates the effects of
infection and forms part of the innate
response.”®  While perform-
ing behavioral assays on M. nematophi-
lum infected egl-30 and unc-73 mutants
we noticed that the dar phenotype was
significantly decreased. Unlike avoid-
ance behavior, which requires G-protein

immune

signaling in the cholinergic motor neu-
rons, the EGL-30 (Gaq)-UNC-73 (Trio
Rho GEF)-RHO-1 pathway acts in the
rectal epithelium altering the shape and
size of these cells to cause the dar pheno-
type and mediate the immune response
(Fig. 2).2 M. nematophilum infection can
also trigger changes in the expression of
antimicrobial peptides including CLEC-
60 and F53A9.8° Using a heat shock
inducible constitutively active version of
RHO-1" we observe an increase in the
expression of F53A9.8 but not CLEC-60
(A. Anderson and R. McMullan, unpub-
lished observation) suggesting that the
RHO-1 pathway may be required for
other components of the innate immune
response.

EGL-30 (Gaq) is also required in
intestinal cells for the immune response
to P aeruginosa'® During P. aerugi-
nosa infection EGL-30 (Gaq) acts via
the phospholipaseC-B EGL-8."° EGL-8
mutants were also isolated by the Hodgkin
lab in a screen for animals that fails to
develop the dar phenotype following
M. nematophilum infection.® Our data
places EGL-8 downstream of EGL-30 in
this response. In addition we have shown
that Rho signaling acts downstream of
EGL-30 to trigger the immune response
to M. nematophilum. This is the first dem-
onstration of a role for RHO-1 signaling
in the C. elegans immune response, how-
ever, the RHO-1 mammalian ortholog
RhoA is a key regulator of mammalian
immune responses acting to regulate Toll
receptor signaling, leukocyte migration,
and phagocytosis of pathogens'” suggest-
ing further parallels between mammalian
and C. elegans innate immunity.

In the motor neurons, neurotransmis-
sion is modulated by a G-protein signal-
ing network' (Fig. 1). Does the rectal
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Figure 2. Gag-Rho GEF Trio-Rho signaling and Ras converge on Raf to regulate morphology
during the immune response to infection. Following pathogen infection RHO-1 is activated in the
rectal epithelial cells by multiple upstream regulators including EGL-30 (Gaq) and UNC-73 (Trio).
Together with Ras, Rho signaling converges on Raf to activate the MAPK pathway. Activation of
these pathways, together with at least one other, in the rectal epithelial cells leads to the changes
in morphology that occur as part of the immune response.?

epithelium use the same network to regu-
late the innate immune response? Other
G-proteins are required for immune
responses to different pathogens. During
P. aeruginosa infection, GOA-1 (Gao)
signaling in the nervous system regulates
the release of insulin-like neuropeptides
to alter expression of immunity-related
genes in the intestine.’® GOA-1 (Gao)
also influences the expression of the anti-
microbial peptide NLP-29 and expression
of this peptide in response to infection by
D. coniospora requires the G-protein GPA-
12 (Ga12).” It will be interesting to test
whether these G-protein networks play a
role in modulating the dar phenotype fol-
lowing M. nematophilum infection.
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Regardless of whether EGL-30 (Gaq)
acts alone or as part of a G-protein net
work the Gg-coupled GPCRs that trigger
the dar phenotype remain unidentified.
GPCRs and their ligands are of signifi-
cant interest in drug discovery and using
C. elegans to identify the GPCRs and
ligands required for immune responses to
clinically-relevant pathogens may define
new therapeutic targets. Expression of
EGL-30 in the cholinergic motor neurons
rescues the behavioral, but not immune,
response to infection in an eg/-30 mutant
whereas EGL-30 expression in the rectal
epithelium of ¢gl-30(2d805) animals is suf-
ficient to almost fully rescue this immune
response, but has no effect on avoidance
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behavior.? Therefore, our results demon-
strate separate sites of action for the behav-
ioral and immune responses to infection
and argue against a model where activa-
tion of the rectal epithelial cells by a ligand
produced as a result of Gaq signaling in
another cell is sufficient to trigger the dar
phenotype. Thus, Gq-coupled GPCRs
must be present on the rectal epithelial
cells. Animals lacking these GPCRs will
fail to trigger the dar response following M.
nematophilum infection. Only two GPCRs
have so far been associated with the C.
elegans immune response. The single C. ele-
gans leucine-rich-repeat (LRR)-containing
GPCR, FSHR-1, is required in the intestine
for the immune response to P. aeruginosa,™
while the catecholamine receptor OCTR-1
is required in the nervous system to sup-
press this response.”’ Even more elusive are
the ligands that activate GPCRs during the
immune response. Identifying the ligands
that activate the receptors coupled to EGL-
30 (Gaq) will provide important clues as to
how C. elegans recognizes that it has been
infected. It is possible that GPCRs act as
pathogen receptors recognizing pathogens
directly or pathogen-produced virulence
factors to trigger immune responses. To do
this, GPCRs must be expressed on tissues
such as the intestine or the hypodermis
that directly contact infectious microbes.
The apical surface of the rectal epithe-
lium is protected from the environment
by the cuticle, thus it is unclear whether
GPCRs expressed on the surface of these
cells can directly contact M. nematophilum.
One alternative hypothesis is that GPCRs
expressed on the rectal epithelium recog-
nize ligands produced internally by C. ele-
gans in response to infection. These ligands
may be produced by the hypodermal cells
themselves or by other tissues such as the
nervous system, which senses the presence
of infection via its chemosensory neurons.
This provides a mechanism for coordinat-
ing behavioral and immune responses to
infection and is discussed in more detail
below.

Immune Responses are Harder
to Trigger than Behavioral
Responses
During neurotransmission the EGL-30

(Gaq)-UNC-73 (Trio Rho GEF)-RHO-1
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pathway acts via a Diacylglycerol (DAG)
kinase to localize the DAG-binding pro-
tein UNC-13 and regulate ACh release,”
however UNC-13 mutants remain dar
following M. nematophilum infection
(A. Anderson, unpublished observation)
suggesting that this signaling pathway
has different downstream targets in the
nervous system and rectal epithelium.
We show that in rectal epithelial cells
the EGL-30 (Gaq)-UNC-73 (Trio Rho
GEF)-RHO-1 acts together with LET-
60 (Ras) to converge on LIN-45 (Raf)
(Fig. 2).? The requirement for convergent
RhoA and Ras signaling to activate Raf
has also been observed in mammalian
cells, where dominant negative forms of
RhoA blocked the ability of Ras to acti-
vate Raf, indicating that Rho signaling is
required for Raf activation, although the
mechanism is unknown.?? Alternative
interactions between Rho and Ras also
exist. During C. elegans vulval formation
RHO-1 appears to act upstream of LET-
60 (Ras)® suggesting that the Rho and
Ras signaling pathways can either act in
parallel or in series depending on the cell
type. Interactions between Rho and Ras
pathways appear to be essential during cel-
lular transformation and co-activation of
RhoA and Ras signaling can lead to dif-
ferent responses from those signaled by
either pathway alone.” It will be impor-
tant to identify the cell specific factors that
control the interactions between the Rho
and Ras signaling pathways. Infection of
C. elegans with M. nematophilum provides
a starting point for genetic screens to iden-
tify the molecular mechanisms by which
RhoA and Ras act together to activate Raf.
The factors that allow this co-operation
are likely to be critical in C. elegans and
mammals for signaling involved in innate
immunity and oncogenesis.

In contrast to neurotransmission,
where  chromosomal  gain-of-function
EGL-30 (Gaq) mutations are sufficient to
increase ACh release and alter behavior,?
the same chromosomal gain-of-function
EGL-30 (Goq) mutations did not trigger
the dar phenotype suggesting that higher
levels of EGL-30 (Gaq) signaling are
required for the immune response than
the behavioral response.? In addition the
dar response requires coincident EGL-30
(Gaq) and LET-60 (Ras) signaling that is
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not required for the behavioral response.?
Thus immune responses appear harder to
trigger than behavioral responses. Perhaps
the consequences of inappropriate activa-
tion of the innate immune response are
more severe than inappropriate activation
of the behavioral response. For example
increases in locomotion and ACh release
can be short-term and reversible, whereas
we have not observed reversal of the dar
response once triggered, suggesting the
decision to trigger dar, once made, is prob-
ably irreversible. The coincident activa-
tion of multiple pathways could also allow
C. elegans to generate specific responses to
different pathogens; activation of either
the EGL-30 (Gaq) or LET-60 (Ras)
pathways is not sufficient to trigger a dar
response, thus only pathogen infections
that activate both pathways will cause a
dar phenotype.

C. Elegans as a Model to Study
Coordinated Behavioral and
Immune Responses to Infection

Although the behavioral changes follow-
ing infection is less well studied than the
immune response, they play an important
role in defending many species, includ-
ing humans, from pathogen attack. The
complicated nature of the mammalian
immune and nervous systems makes dis-
section of the relationships between these
two systems difficult. A growing inter-
est in the C. elegans immune response
together with its simple, well described,
nervous system make C. elegans a pow-
erful model system for dissecting these
interactions.

Our data suggests a mechanism by
which behavioral and immune responses
can be coordinated to allow animals to
simultaneously respond to the immediate
threat by mounting an immune response
as well as taking steps to avoid the patho-
gen. A single signal, produced in response
to infection, activates Gg-coupled GPCRs
present on both the cholinergic motor
neurons and the rectal epithelial cells.
Depending on the location of these
GPCRs activation will trigger either
behavioral or immune responses.?

Our results demonstrate separate sites
of action for the EGL-30 (Gaq) signal-
ing pathway in behavioral and immune
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responses to infection and argue against
a model in which EGL-30 (Gaq) signal-
ing acts in a single cell to produce further
secreted signals that are sufficient to trig-
ger the behavioral and immune responses
to infection. Although we cannot exclude
the possibility that neuronal signals are
able to modulate the immune response
or that feedback circuits exist that allow
the immune response to signal to the ner-
vous system our current data also argues
against a model whereby the dar response
triggers neuronal changes that alter behav-
ior and vice versa. This is in contrast to
previously published findings from the
Tan,?® Ewbank? and Aballay® labs that
have identified roles for the nervous sys-
tem in triggering the immune response.
During P. aeruginosa infection, release of
the insulin-like peptide, INS-7, from the
C. elegans nervous system is increased.
INS-7 acts in a neuroendocrine fashion
to activate the DAF-2 signaling pathway
and inhibit DAF-16-mediated expression
of antimicrobial genes in the intestine.?
P. aeruginosa is able to suppress this neu-
roendocrine  modulation of immune
function by inducing INS-7 expres-
sion, highlighting the importance of this
regulation.”® Because the release of neu-
ropeptides, such as INS-7, from dense
core vesicles is modulated by G-proteins
it is tempting to speculate that, follow-
ing M. nemarophilum infection, altered
neuronal Gaq signaling may lead to the
release of neuroendocrine factors that
regulate the epithelial immune response.
Neuroendocrine regulation of immune
responses is not restricted to the intestine.
Neuronally-derived DBL-1 is required to
regulate the expression of epithelial anti-
microbial genes during infection by D.
coniospora.”’

Communication between the nervous
and immune systems is not restricted to
C. elegans. In mammals, signaling between
these two systems is bi-directional with
immune cells producing neuropeptides
and cytokines capable of influencing the
nervous system and the nervous system
releasing factors, such as serotonin, that are
sensed by receptors expressed on immune
cells.? In humans, stress is associated with
immunosuppression” and in the future,
C. elegans studies will play an important
role in a more systematic investigation
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of the interplay between neuronal and
immune systems, which should provide
novel therapeutic approaches.
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