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■ Abstract The TRP (transient receptor potential) superfamily of cation channels
is present in all eukaryotes, from yeast to mammals. Many TRP channels have been
studied in the nematode Caenorhabditis elegans, revealing novel biological functions,
regulatory modes, and mechanisms of localization. C. elegans TRPV channels function
in olfaction, mechanosensation, osmosensation, and activity-dependent gene regulation. Their activity is regulated by G protein signaling and polyunsaturated fatty acids.
C. elegans TRPPs related to human polycystic kidney disease genes are expressed
in male-specific neurons. The KLP-6 kinesin directs TRPP channels to cilia, where
they may interact with F0/F1 ATPases. A sperm-specific TRPC channel, TRP-3, is required for fertilization. Upon sperm activation, TRP-3 translocates from an intracellular
compartment to the plasma membrane to allow store-operated Ca2+ entry. The TRPM
channels GON-2 and GTL-2 regulate Mg2+ homeostasis and Mg2+ uptake by intestinal
cells; GON-2 is also required for gonad development. The TRPML CUP-5 promotes
normal lysosome biogenesis and prevents apoptosis. Dynamic, precise expression of
TRP proteins generates a remarkable range of cellular functions.

OVERVIEW: C. ELEGANS AS A MODEL SYSTEM
FOR UNDERSTANDING TRP FUNCTION
An astonishing variety of biological functions are associated with the conserved
TRP (transient receptor potential) channel superfamily, a class of channels defined by sequence similarity to the Drosophila phototransduction channel TRP
(1, 2). TRPs assemble into homo- and heterotetramers to form cation-selective
ion channels that can be regulated by thermal stimuli, mechanical stimuli, lipids,
lipid derivatives, voltage, pH, phosphorylation, and intracellular Ca2+ stores (3).
Some TRPs serve as integrators of multiple regulatory pathways, and others are
activated by one predominant pathway. TRP proteins are linked to many sensory
modalities: vertebrate heat sensation (4–8), cold sensation (9, 10), osmosensation
(11, 12), pheromone sensation (13) and hearing (14); insect phototransduction (1,
15, 16), mechanosensation (17), thermosensation (18) and hearing (19); and nematode olfaction, mechanosensation, and osmosensation (20–22). Although TRP
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functions have been studied most extensively in sensory neurons, vertebrate TRP
channels also regulate cardiovascular (23, 24), renal (25), and lysosomal functions
(26).
The TRP superfamily can be divided into seven families of channels based
on sequence similarity. In humans, six TRP families encode a total of 28 channel subunits: TRPC (classical/short; seven members including a pseudogene),
TRPV (vanilloid; six members), TRPM (melastatin/long; eight members), TRPML
(mucolipin; three members), TRPP (polycystin; three members), and TRPA (one
member) (27). Nonmammalian vertebrates also have a TRPN family (one member) (28). All TRP members have six predicted transmembrane domains; several
families have a variable number of ankyrin motifs, suggested to participate in
protein-protein interactions (Figure 1). Outside of these core regions, members
of individual TRP families may share other motifs, such as coiled-coil domains.
Caenorhabditis elegans has members of all seven known TRP families as well
as novel TRP genes (Figure 1), and mutants are available for many of these loci.
Because of the simple anatomy of C. elegans, the functions of these channels can
be studied at single-cell resolution. Several C. elegans TRP channels have been
studied in nonneural tissues, which may provide insight into analogous cellular
functions of mammalian relatives. C. elegans studies of TRP channels have focused
less on the molecular gating and biophysical properties of the channels and more
on their integration into cellular pathways and neural circuits. As such, they are
a useful complement to biophysical and pharmacological studies of mammalian
counterparts.

C. ELEGANS TRPV CHANNELS FUNCTION
IN OLFACTION AND NOCICEPTION
The TRPV gene osm-9 was identified contemporaneously with its mammalian
homolog TRPV1 (VR1), defining the first typical family beyond TRPC channels
(4, 20). osm-9 mutants have abnormal olfactory responses to all odors sensed by
a class of ciliated neurons referred to as AWA neurons (20). The OSM-9 protein
is localized to AWA sensory cilia (Figure 2), consistent with a role in olfactory
signal transduction. In addition, osm-9 mutants have a near-complete defect in the
functions of ciliated sensory neurons called ASH neurons that act as polymodal
nociceptors. ASH neurons mediate behavioral avoidance of high osmolarity, mechanical stimuli, noxious odors, heavy metals, bitter substances, and acid pH (20,
29–31). The OSM-9 protein is localized to ASH sensory cilia and is required for
primary ASH sensory signal transduction—a nociceptive function analogous to
the function of mammalian TRPV1 (32).
In addition to osm-9, the C. elegans genome encodes four other TRPV genes:
ocr-1, ocr-2, ocr-3, and ocr-4 (21). Each ocr gene is expressed in a subset of the
cells that express osm-9, suggesting that ocr genes usually function together with
osm-9. This prediction is valid for the ocr-2 gene, which is expressed with osm-9
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Figure 1 TRP structure and select C. elegans TRP channels. (A) Schematic domain
structures for selected C. elegans TRP proteins. The cytoplasmic N region of several TRP families contains a variable number of ankyrin repeats (green circles). The
TRPP protein LOV-1 has a large extracellular domain containing serine/threonine-rich
(green) and GPS (yellow) regions as well as a total of 11 predicted transmembrane
domains. Channel regions have six transmembrane domains, with S5 and S6 gate domains flanking a pore-loop selectivity filter. The transmembrane domains and pore loop
have the strongest conservation among TRP family channels. The cytoplasmic C region varies among families and may contain lipid-binding motifs (orange box), coiledcoil domains (red coil), or other functional structures. (B) Alignment of C. elegans
TRP channels. Conserved transmembrane regions were identified with SMART analysis and
refined with NCBI CDD/reverse psi-BLAST. ClustalW was used to align transmembrane
domains, and the results are presented as a phylogram. C. elegans has at least six candidate
TRP genes from novel families that are entirely uncharacterized; these are omitted from the
figure for clarity and are not discussed in the text.

in the ASH and AWA sensory neurons (Figure 2). Animals mutant for ocr-2 have
defects in nociception and olfaction that are similar to, though slightly less severe
than, the defects in osm-9 mutants. The similar mutant phenotypes of osm-9 and
ocr-2 suggest that these genes may form heteromeric channels in ASH and AWA,
although there is no direct biochemical evidence for this association. Increasing
evidence suggests that many TRP channels may be heteromeric, including channels
combining Drosophila TRP and TRPL as well as channels combining mammalian
TRPC1 and TRPC5 (33, 34).
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Figure 2 C. elegans TRPV proteins are expressed in sensory cilia. (A) Schematic diagram
of a hermaphrodite C. elegans, highlighting a subset of anterior neurons with TRPV channel
expression that are mentioned in the text (AWA, green; ASH, orange; ADF, purple; ASE,
pink; AWC, yellow; OLQ, blue). (B) Confocal image of an AWA olfactory neuron expressing GFP driven by the odr-10 promoter. The axon (red arrow), dendrite (yellow arrows),
and sensory cilia (white arrow) are visible. (C) Confocal image of ASH and AWA sensory
neurons expressing an OCR-2::GFP fusion protein. Note prominent expression of the OCR2 protein in cilia (arrowhead) and cell bodies; the axons and dendrites have little OCR-2
protein.

In AWA and ASH neurons, both OSM-9 and OCR-2 proteins are enriched in sensory cilia (21). OSM-9 and OCR-2 mutually depend on each other for localization
to cilia rather than to the cell body. Some neurons normally express the osm-9
gene in the absence of any ocr gene, and in these neurons, OSM-9 protein is found
in the cell body. However, ectopic expression of OCR-2 in one such cell class,
the AWC chemosensory neurons, is sufficient to drive OSM-9 to the cilia. These
findings suggest a physical interaction between the OSM-9 and OCR-2 subunits
that mediates their localization.
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G PROTEIN–COUPLED LIPID SIGNALING PATHWAYS
REGULATE TRPV CHANNEL SIGNALING
OSM-9 and OCR-2 have not been amenable to electrophysiological analysis in heterologous cells, and as a result, the molecular regulation of OSM-9/OCR-2 is only
partly understood. In AWA olfactory neurons, osm-9 and ocr-2 act downstream
of G protein–coupled odorant receptors, probably as the olfactory transduction
channel (20, 35). A similar role downstream of G protein–coupled receptors is
likely in some forms of ASH nociception, particularly the avoidance of noxious
odors (36). The role of OSM-9/OCR-2 in detecting physical stimuli such as high
osmolarity and nose touch may mean that these channels directly sense force. The
cytoplasmic OSM-10 protein is required only for osmosensation, suggesting that
a specialized sensory apparatus helps OSM-9/OCR-2 sense osmotic stimuli (37).
Genetic analysis indicates that sensory G proteins may activate OSM-9 and
OCR-2 by mobilizing specific polyunsaturated fatty acids (PUFAs). C. elegans
mutants in the omega-3 lipid desaturase enzyme fat-3 are deficient in long-chain
PUFAs. Like TRPV mutants, fat-3 mutants show pronounced defects in ASH
nociceptive behaviors and AWA olfactory behaviors as well as primary defects
in ASH sensory transduction measured by Ca2+ imaging (38). PUFAs stimulate
rapid, TRPV-dependent Ca2+ transients in the ASH neurons and induce TRPVdependent avoidance behaviors indicative of ASH activation. A battery of PUFA
biosynthetic mutants, as well as acute rescue of fat-3 mutants with dietary lipid
supplementation, have implicated the omega-3 and omega-6 PUFAs arachidonic
acid and eicosapentaenoic acid in OSM-9 TRPV signaling. The exact enzyme that
mobilizes these PUFAs downstream of G proteins is unknown. The physiological
mechanisms underlying the documented human health benefits of dietary omega-3
fatty acids are mysterious. By analogy with C. elegans, TRP channels that act in
inflammation and cardiovascular regulation may represent molecular targets for
dietary PUFAs in humans.

TRPV CHANNELS REGULATE TRANSCRIPTION
AND MODULATE COMPLEX BEHAVIORS
In addition to their roles in sensory transduction, osm-9, ocr-2, and ocr-1 regulate the transcription of sensory genes. osm-9 and ocr-2 mutants have reduced
expression of the G protein–coupled receptor ODR-10 (which recognizes the odorant diacetyl) in AWA olfactory neurons (21). ocr-1, which is expressed in AWA
but has no detectable role in AWA olfactory signaling, also affects the level of
odr-10 expression. osm-9 and ocr-2 also stimulate expression of the serotonin
biosynthetic gene tph-1 (encoding tryptophan hydroxylase) in ADF neurons, a
pair of ciliated chemosensory neurons (39). osm-9 and the ocr genes are likely to
act in activity-dependent gene expression pathways that link sensory stimulation
to patterns of gene expression. The Ca2+ /calmodulin-dependent kinase CaMKII
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functions downstream of OSM-9 and OCR-2 in the signaling pathway from sensory transduction to gene expression in ADF neurons (39). In one straightforward
model, Ca2+ entry through OSM-9/OCR-2 channels could activate CaMKII to
initiate transcriptional changes.
The ability of OCR-2 to regulate gene expression in ADF neurons can be
separated from some of its other sensory functions. A point mutation in an Nterminal helical region of OCR-2 eliminates its ability to stimulate tph-1 expression
but does not diminish AWA olfactory function or cilia localization of the OCR-2
protein (40). Conversely, inserting the N-terminal helical region of OCR-2 into the
related OCR-4 protein makes OCR-4 competent to stimulate tph-1 expression.
In addition to their primary sensory roles, OSM-9 TRPV channels can affect
sensory adaptation after prolonged exposure to an odor or taste. osm-9 is expressed
in many C. elegans ciliated neurons whose sensory transduction is mediated by
cGMP and cGMP-gated channels (20). In two of these cGMP signaling neurons, the
AWC olfactory neurons and the ASE gustatory neurons, osm-9 is not required for
primary sensory signaling but is required for sensory adaptation (41, 42). Neurons
that use TRPV channels in adaptation express only osm-9, whereas neurons in
which TRPV channels are primary transduction channels express both osm-9 and
at least one ocr gene. This distinction may be related to the preferential ciliary
localization of OSM-9/OCR-2 complexes, as described above.
Another modulatory function for osm-9 and ocr-2 is their ability to regulate
aggregation, or social behavior (43). Some natural isolates of C. elegans form aggregates of dozens of animals when they forage on bacteria, the “social” phenotype
(44). Mutations in osm-9 or ocr-2 suppress aggregation, at least partly because
of TRPV function in the ASH nociceptive neurons (43). Aggregation requires
at least three different classes of sensory neurons, including TRPV-dependent
nociceptive neurons, oxygen-sensing neurons that signal using a soluble guanylate
cyclase (45), and a third neuronal class (46). TRPV-dependent nociception, oxygen sensation, and signals from food are integrated to produce context-dependent
aggregation behavior.

PURSUING THE MAMMALIAN ANALOGY:
ORTHOLOGY BETWEEN TRPVS?
Sequence analysis suggests that the common ancestor of mammals and invertebrates had one or two TRPV genes; there are no clear orthologies between
individual mammalian and nematode TRPVs. Nonetheless, experiments using heterologous expression of mammalian channels in C. elegans neurons have revealed
functional analogies between different mammalian TRPVs and C. elegans TRPVs.
The first experiment of this type involved the expression of rat TRPV1 in
ASH nociceptive neurons (21). TRPV1 has a role in pain sensation, responding to
irritants such as capsaicin. Rat TRPV1 expressed in ASH functions as a capsaicingated channel and can cause C. elegans, which is normally oblivious to capsaicin,
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to avoid the irritant. The behavioral response to this artificial activation of ASH is
strikingly similar to the avoidance of repellents normally sensed by ASH. When
expressed in ASH, rat TRPV1 functions independently of native ASH signal transduction pathways and cannot substitute for the normal functions of either osm-9
or ocr-2 (21).
By contrast, expression of the rat osmosensory channel TRPV4 in ASH nociceptive neurons can rescue the osmosensitivity and mechanosensitivity of osm-9
mutants, although the channel cannot rescue their G protein–mediated odorant
responses (47). TRPV4 requires endogenous ASH signaling molecules to perform this function, but it changes the threshold for osmosensation to match the
mammalian threshold rather than that of C. elegans. Thus, TRPV4 functions as
a partial osm-9 ortholog, while retaining a distinct sensory signature. These results place TRPV4, and by implication OSM-9, very close to the primary event in
osmosensation.
Finally, expression of mouse or human TRPV2 in ADF neurons can partially
rescue the defect in tph-1 gene expression that is observed in ocr-2 mutants (40).
As does endogenous ocr-2, TRPV2 requires osm-9 for full function in ADF, again
suggesting that TRPV2 can be integrated into endogenous C. elegans signaling
pathways. The endogenous function of mammalian TRPV2 is not understood;
potential analogies with OCR-2 may be explored further.

TRPP CHANNELS ARE REQUIRED FOR
MALE MATING BEHAVIOR
Mutations in the two genes PKD1 and PKD2 account for 95% of the occurrences
of human autosomal dominant polycystic kidney disease, one of the most common
inherited genetic disorders (48). PKD1 and PKD2 encode the polycystins, large
multidomain proteins that define the TRPP family of channels. Polycystic kidney
disease is associated with fluid-filled cysts in the kidneys and other tissues. The
mammalian polycystin-1 and polycystin-2 proteins are present in the cilia of renal
cells (49, 50), where they have been proposed to act in intracellular traffic, fluid
accumulation, or ion transport, or as generators or sensors of force. C. elegans
has homologs of each of these genes, which are called lov-1 (PKD1) and pkd-2
(PKD2) (Figure 3). These TRPP proteins underlie the behavior that male worms
exhibit when they encounter a hermaphrodite.
Male C. elegans use an elaborate sensory apparatus in their tail to execute a
stereotyped search for the hermaphrodite vulva. This search is followed by spicule
insertion and sperm release (51). lov-1 and pkd-2 males have defective responses
to contact with a hermaphrodite, whereas other TRP mutants such as osm-9 have
normal male mating behavior (22, 52). lov-1 and pkd-2 are expressed in the cilia of
the male-specific CEM, HOB, and ray neurons, which may have mechanosensory
functions (22, 52). lov-1; pkd-2 double mutants show the same behavioral defects
as do the single mutants, consistent with the possibility that each has essential
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Figure 3 Polycystin localization in the cilia of male-specific neurons: (A) Schematic diagram of male tail, highlighting one of the ray neurons that expresses lov-1 and pkd-2 TRPP
proteins. The cilia extend into the fan-shaped male tail used for mating. (B) Enlarged view
of ray neuron sensory cilia and proposed LOV-1/PKD-2 interactions. The KLP-6 kinesin
is required for TRPP cilia localization, perhaps by transporting a LOV-1/PKD-2 complex
to cilia along microtubules (gray lines). Red coils, coiled-coil domains; orange box, PLAT
domain.

functions in the same signaling complex. Like their mammalian orthologs, PKD-2
and LOV-1 proteins are enriched in sensory cilia and require intact cilia for their
function (53, 54). Cilia morphology appears normal in lov-1 and pkd-2 mutants,
suggesting that they have an acute sensory role rather than a function in ciliogenesis.
The relationship between human kidney function and C. elegans mating is
most easily explained by suggesting a special relationship between TRPP channels and force-sensing cilia. In this scenario, TRPP channels sense both fluid flow
in the kidneys and mechanical stimuli during mating. A similar role is suggested
by the role of TRPP channels in early vertebrate development. Ciliated cells in
Hensen’s node of vertebrates establish the left-right asymmetry of the developing
embryo (55, 56). Some of these nodal cilia are motile, despite a 9 + 0 arrangement of microtubules that is typical for nonmotile cilia (a morphology shared by
C. elegans cilia). Mouse polycystin-2 mutants have defects in left-right asymmetry, and polycystin-2 is expressed in nodal cilia, consistent with a role in left-right
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patterning (57). The polycystin complex is thus a candidate to generate or sense
motility in nodal cilia.
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TRPP CILIA LOCALIZATION AND A POSSIBLE
RELATIONSHIP WITH THE F0/F1 ATPASE
The mechanisms by which membrane proteins such as LOV-1 and PKD-2 are localized to cilia are only partly understood. Targeted transport vesicles may carry
G protein–coupled receptors and TRPV channels from the Golgi to the base of the
cilia; an AP-1 adaptor complex appears to be essential for cilia-directed transport
(58). Within cilia, proteins are transported by the intraflagellar transport (IFT) protein complex, with kinesins that move to the cilia tip and a dynein that moves back
to the base of the cilia (59, 60). An uncharacterized transition occurs between the
dendrite and the base of the cilia to allow membrane proteins access to the cilia. A
genetic screen for mutants with pkd-2-like mating defects uncovered one potential
player in this process, the kinesin KLP-6, which affects PKD-2 localization to cilia
(61) (Figure 3). KLP-6 is related to the axonal synaptic vesicle transport kinesin
UNC-104/Kif1A. In klp-6 mutants, PKD-2 often accumulates at the base of the
cilia rather than the cilia proper, and it is also more prevalent in the dendrites. Cilia
morphology is normal in klp-6 mutants, implicating klp-6 in the function rather
than development of the cilia. lov-1, pkd-2, and klp-6 are all expressed in a subset of
ciliated neurons, most prominently in the male mating neurons. These results raise
the possibility that various motor proteins may have selective transport properties
in different ciliated cells.
A priority in the further understanding of TRPPs is the identification of additional signaling components in the TRPP complex. Within the LOV-1 (polycystin1) protein is a cytoplasmic loop called the PLAT (polycystin/lipoxygenase/a-toxin)
domain. A yeast two-hybrid screen with the LOV-1 PLAT domain yielded an F1
ATP synthase subunit, ATP-2 (62). Human polycystin-1 can also bind ATP-2. The
F0/F1 ATPase is an essential component of the mitochondrial respiratory chain,
and because mitochondria are absent from cilia, this interaction looks odd, perhaps spurious. However, unlike other mitochondrial enzymes, both ATP-2 and the
transmembrane F0 subunit ASG-2 can be detected in cilia, and surface expression of the F0/F1 ATPase has been reported in mammalian cells as well (63, 64).
Reducing ATPase function in male sensory neurons with RNAi attenuates male
mating, leading Hu & Barr (62) to suggest that ATPase function in cilia may promote LOV-1/PKD-2 function. The F0/F1 ATPase is best known for its coupling of
a mitochondrial pH gradient to ATP production in respiration, and the presence of
this ATPase in cilia may be indicative of a high ATPase requirement in this compartment (62). Alternatively, cilia may use the F0/F1 ATPase in a distinct capacity,
such as its capacity to act as an ATP- and pH-regulated molecular motor (65, 66).
Genetic and biochemical studies should identify additional components of the
TRPP signaling complex. For example, microarray analysis has identified four
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genes that are coexpressed with lov-1 and pkd-2 in male-specific neurons (67);
Portman & Emmons (67) propose that these novel secreted proteins are components
of an extracellular force-sensing matrix surrounding sensory cilia.
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TRPC AND TRPM CHANNELS: A FERTILE FIELD
The TRPC protein encoded by trp-3/spe-41 is found exclusively in sperm and is
required for a late step in fertilization (68) (Figure 4). Both male and hermaphrodite
C. elegans produce sterile sperm in trp-3 mutants. Unlike TRPP lov-1 and pkd2 mutants, male trp-3 mutants execute normal behavioral mating and transfer
sperm to hermaphrodites during mating. Moreover, trp-3 mutants have motile,
morphologically normal sperm. These sperm are even capable of competing with
other sperm for a position in the spermatheca, a small compartment near the oocytes
where hermaphrodites store sperm prior to fertilization. These experiments suggest
that trp-3 sperm have problems at a step between contact with the oocyte and
fertilization.
Ca2+ imaging of normal C. elegans sperm reveals increased Ca2+ influx if
internal Ca2+ stores are depleted with drugs such as thapsigargin (68). This influx
is diagnostic of store-operated Ca2+ channels, an important class of homeostatic
channels found in many cell types. In trp-3 mutant sperm, this influx is lost,
suggesting that TRP-3 functions as a store-operated channel in C. elegans sperm.
When heterologously expressed in HEK293 cells, TRP-3 promotes Ca2+ influx
in response to store depletion and Gq pathway activation. Studies of mammalian
TRPC subunits have provided conflicting evidence about the role of Ca2+ stores
in regulating this family (69), so it is gratifying to see that a native TRPC protein
functions as a store-operated channel in its endogenous context.
The subcellular localization of TRP-3 is developmentally regulated, providing an additional layer of channel regulation (68). The TRP-3 protein is found in
vesicular compartments of immature spermatids and translocates to the plasma
membrane in mature sperm during sperm activation. Mammalian TRPC5 and
Drosophila TRPL (TRP-like) dynamically regulate their subcellular localization
upon stimulation, and similar possibilities have been suggested for other TRP
channels as well (34, 70). Regulated surface expression may be an exciting common property of TRPC channels. It is intriguing that several TRPC subunits are
expressed in human sperm, hinting that C. elegans and humans may share ancient
cellular mechanisms of fertilization (71).
C. elegans has two other TRPC proteins encoded by trp-1 and trp-2. Mutant
phenotypes have not been described for these two genes. trp-1 is expressed in many
motor neurons and interneurons as well as vulval and intestinal muscles (20).
In a different fertility-related function, the TRPM family member gon-2 is
required during mid-larval stages for proper development of gonadal tissues (72).
In gon-2 mutants, germ cells fail to proliferate and mature, a defect that could be
either intrinsic to the germ cells or associated with other tissues that regulate the
germ line (73).
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Figure 4 TRP-3 functions as a store-operated channel in sperm. In immature spermatids, TRP-3 (green) is sequestered inside cytoplasmic membranous organelles (orange). Following sperm activation, TRP-3 is found on the plasma membrane of sperm,
including the pseudopod region. Upon contact with an oocyte, Ca2+ enters sperm
through TRP-3 channels, followed by fusion with the oocyte and fertilization. Figure
modified from Reference 68.
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Mutations in gem-4 suppress gon-2 reduction-of-function alleles, restoring the
mutants to fertility. gem-4 encodes a widely expressed member of the copine family
of Ca2+ -dependent phospholipid-binding proteins (74). gem-4 fails to suppress the
strongest gon-2 mutations, suggesting that it acts by modulating gon-2 activity.
Because of its lipid-binding, Ca2+ -binding, and Mg2+ -binding motifs, GEM-4 has
been suggested to regulate membrane trafficking of GON-2 (74).
Both GON-2 and the TRPM channel GTL-1 have roles in Mg2+ uptake by
intestinal cells and in Mg2+ homeostasis (74a). These channels are localized to
the apical surface of intestinal epithelial cells, in which they take up ions from
dietary sources. GTL-1 appears to form a constitutively active channel for Ca2+
and Mg2+ , whereas GON-2 forms an outwardly rectifying channel for Ca2+ and
Mg2+ that is strongly inhibited by intracellular Mg2+ . Animals with mutations
in both genes exhibit arrested development in low Mg2+ but can be rescued if
grown in high external Mg2+ . Mutations in the human TRPM6 gene result in
familial hypomagnesemia with secondary hypocalcemia owing to poor Mg2+ uptake in the intestine. Thus, for TRPM channels, as for TRPML channels (see
below), the physiological functions are strikingly comparable in nematodes and
humans.

cup-5: A LYSOSOMAL TRPML WITH LINKS
TO APOPTOSIS
Another family of TRP channels, the TRPMLs or mucolipins, is implicated in the
rare human familial disorder mucolipidosis type IV. Human patients exhibit earlyonset mental retardation and ophthalmic defects, including retinal degeneration,
owing to lysosomal sorting and lysosomal storage defects. TRPML channels may
be the most primitive of all of the TRPs, as yeast express a mechanosensitive,
Ca2+ - and pH-regulated TRP channel in the lysosome-like vacuole (75–77).
C. elegans has one TRPML gene, cup-5, whose reduction-of-function mutants
have an endocytosis defect in coelomocytes, scavenger cells that filter soluble proteins from the C. elegans body cavity (78). cup-5 is expressed in many cell types
and localizes to internal vesicles that are most likely to be lysosomes and late endosomes. cup-5 mutants have abnormally large internal vacuoles and an inappropriate
accumulation of proteins that should have been degraded in lysosomes. Animals
bearing null mutants in cup-5 have a maternal-effect lethal phenotype, with excessive apoptosis and many cells with large, malformed lysosomes and vacuoles (79).
On the basis of these cell-biological criteria, the C. elegans phenotype closely
matches the pathology of human mucolipidosis. Indeed, mammalian TRPML1
expressed from a heat-shock promoter rescues the lethality of cup-5 mutants, consistent with an orthologous function (79). Similarly, coelomocyte expression of
mammalian TRPML1 or TRPML3 rescues the cup-5 endocytosis defects (80).
Detailed analysis of cup-5 mutants, using subcellular markers and electron
microscopy, indicates that their primary cellular defect is in lysosome biogenesis
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and that the accumulated organelles in cup-5 mutants have mixed properties of late
endosomes and lysosomes (79, 80). Thus, human and C. elegans mucolipins may
share a function in lysosome biogenesis. Human TRPML1 expressed in liposomes
forms a cation channel that is inhibited at low pH (81); perhaps a change in CUP5/TRPML1 activity accompanies or defines the maturation of lysosomes.
cup-5 mutants have been isolated in a genetic screen for mutations that stimulate apoptosis (79). Animals bearing null mutants in cup-5 have high levels of
apoptosis even in the presence of a death-preventing bcl2 (egl-9) mutation. Hersh
et al. (79) suggest that apoptosis is secondary to the cup-5 defect in lysosome and
vacuole formation. A worm TRPM subunit, ced-11, has been identified as an apoptosis mutant with abnormal cell corpses (G. Stanfield & H.R. Horvitz, personal
communication), but the mechanism for this phenotype has not been described.

C. ELEGANS TRPS AND OPEN QUESTIONS
The study of C. elegans has already shed light on numerous aspects of TRP channel
function and localization. The diverse C. elegans TRP channels offer avenues for
illuminating additional questions. Because it is relatively easy to examine subcellular localization of C. elegans proteins in live animals, this should be a particularly
valuable system for studying mechanisms of surface expression, trafficking to sensory cilia, and regulated translocation of TRP channels. An open area to explore
is the relationship between channel trafficking and cellular function. For example,
when channels such as TRP-3 in spermatids are contained in intracellular compartments, are they sequestered or are they actively producing cationic currents?
C. elegans has been an outstanding model for studying mechanosensation mediated by the Deg/EnaC channel family (reviewed in Reference 82); in the future, it
may be a useful model with which to study possible mechanosensory functions of
TRPs. One avenue to explore is the proposed mechanosensory and osmosensory
function of OSM-9/OCR-2 channels in ASH nociception. Other TRP channels
may also have mechanosensitive functions; for example, the TRPV gene osm-9
is expressed, together with the uncharacterized TRPV gene ocr-4, in OLQ, PVD,
and FLP mechanosensory neurons. Another candidate mechanosensor is the
C. elegans TRPN protein Y71A12B.4/trp-4, the ortholog of Drosophila and zebrafish mechanoreceptive channels of the nompC family (17). trp-4 is expressed
in CEP and ADE neurons, which are thought to detect the light mechanosensory
stimulus provided by a bacterial lawn (83). Mutants in ocr-4 and trp-4 have not
yet been described.
Several C. elegans TRP genes are completely uncharacterized. These include
one TRPA family member, C29E6.2, which shares 88% identity with the candidate Drosophila thermosensory channel ANKTM1, as well as several uncharacterized TRPC, TRPM, and TRPV family members. Six additional TRP genes in the
C. elegans genome are apparently unrelated to the existing seven TRP families, and
these could open up entirely new areas of TRP biology. The continuing analysis of
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C. elegans TRP channels should raise and answer new questions while providing
a physiological and cellular context for TRPs.

Annu. Rev. Physiol. 2006.68:719-736. Downloaded from arjournals.annualreviews.org
by Rockefeller University on 02/07/10. For personal use only.

ACKNOWLEDGMENTS
We thank Miriam Goodman, Yun Zhang, Greg Lee, Andy Chang, and Massimo
Hilliard for their critical comments on the manuscript; Gillian Stanfield and H.
Robert Horvitz for sharing unpublished results; and Kouichi Iwasaki for sharing
results prior to publication. C.I.B. is an Investigator of the Howard Hughes Medical
Institute.
The Annual Review of Physiology is online at
http://physiol.annualreviews.org
LITERATURE CITED
1. Montell C, Rubin GM. 1989. Molecular
characterization of the Drosophila trp locus: a putative integral membrane protein required for phototransduction. Neuron 2:1313–23
2. Hardie RC, Minke B. 1992. The trp gene
is essential for a light-activated Ca2+ channel in Drosophila photoreceptors. Neuron
8:643–51
3. Clapham DE. 2003. TRP channels as cellular sensors. Nature 426:517–24
4. Caterina MJ, Schumacher MA, Tominaga
M, Rosen TA, Levine JD, Julius D. 1997.
The capsaicin receptor: a heat-activated ion
channel in the pain pathway. Nature 389:
816–24
5. Caterina MJ, Rosen TA, Tominaga M,
Brake AJ, Julius D. 1999. A capsaicin-receptor homologue with a high threshold for
noxious heat. Nature 398:436–41
6. Peier AM, Reeve AJ, Andersson DA, Moqrich A, Earley TJ, et al. 2002. A heat-sensitive TRP channel expressed in keratinocytes. Science 296:2046–49
7. Smith GD, Gunthorpe MJ, Kelsell RE,
Hayes PD, Reilly P, et al. 2002. TRPV3 is
a temperature-sensitive vanilloid receptorlike protein. Nature 418:186–90
8. Xu H, Ramsey IS, Kotecha SA, Moran
MM, Chong JA, et al. 2002. TRPV3 is

9.

10.

11.

12.

13.

14.

a calcium-permeable temperature-sensitive
cation channel. Nature 418:181–86
McKemy DD, Neuhausser WM, Julius D.
2002. Identification of a cold receptor reveals a general role for TRP channels in
thermosensation. Nature 416:52–58
Peier AM, Moqrich A, Hergarden AC,
Reeve AJ, Andersson DA, et al. 2002. A
TRP channel that senses cold stimuli and
menthol. Cell 108:705–15
Liedtke W, Choe Y, Marti-Renom MA,
Bell AM, Denis CS, et al. 2000. Vanilloid receptor-related osmotically activated
channel (VR-OAC), a candidate vertebrate
osmoreceptor. Cell 103:525–35
Strotmann R, Harteneck C, Nunnenmacher
K, Schultz G, Plant TD. 2000. OTRPC4,
a nonselective cation channel that confers
sensitivity to extracellular osmolarity. Nat.
Cell Biol. 2:695–702
Liman ER, Corey DP, Dulac C. 1999.
TRP2: a candidate transduction channel
for mammalian pheromone sensory signaling. Proc. Natl. Acad. Sci. USA 96:5791–
96
Corey DP, Garcia-Anoveros J, Holt JR,
Kwan KY, Lin SY, et al. 2004. TRPA1 is
a candidate for the mechanosensitive transduction channel of vertebrate hair cells. Nature 432:723–30

6 Jan 2006 22:8

AR

ANRV265-PH68-26.tex

XMLPublishSM (2004/02/24)

P1: OKZ /NPC P2:
OJO

Annu. Rev. Physiol. 2006.68:719-736. Downloaded from arjournals.annualreviews.org
by Rockefeller University on 02/07/10. For personal use only.

TRP CHANNELS IN C. ELEGANS
15. Niemeyer BA, Suzuki E, Scott K, Jalink
K, Zuker CS. 1996. The Drosophila lightactivated conductance is composed of the
two channels TRP and TRPL. Cell 85:651–
59
16. Xu XZS, Chien F, Butler A, Salkoff L,
Montell C. 2000. TRP gamma, a Drosophila TRP-related subunit, forms a regulated cation channel with TRPL. Neuron
26:647–57
17. Walker RG, Willingham AT, Zuker CS.
2000. A Drosophila mechanosensory transduction channel. Science 287:2229–34
18. Tracey WD Jr, Wilson RI, Laurent G, Benzer S. 2003. painless, a Drosophila gene
essential for nociception. Cell 113:261–73
19. Kim J, Chung YD, Park DY, Choi S, Shin
DW, et al. 2003. A TRPV family ion channel required for hearing in Drosophila. Nature 424:81–84
20. Colbert HA, Smith TL, Bargmann CI.
1997. OSM-9, a novel protein with structural similarity to channels, is required for
olfaction, mechanosensation, and olfactory
adaptation in Caenorhabditis elegans. J.
Neurosci. 17:8259–69
21. Tobin DM, Madsen DM, Kahn-Kirby A,
Peckol EL, Moulder G, et al. 2002. Combinatorial expression of TRPV channel proteins defines their sensory functions and
subcellular localization in C. elegans neurons. Neuron 35:307–18
22. Barr MM, Sternberg PW. 1999. A
polycystic kidney-disease gene homologue
required for male mating behaviour in
C. elegans. Nature 401:386–89
23. Zygmunt PM, Petersson J, Andersson DA,
Chuang H-H, Sorgard M, et al. 1999. Vanilloid receptors on sensory nerves mediate
the vasodilator action of anandamide. Nature 400:452–57
24. Hassock SR, Zhu MX, Trost C, Flockerzi V, Authi KS. 2002. Expression and
role of TRPC proteins in human platelets:
evidence that TRPC6 forms the storeindependent calcium entry channel. Blood
100:2801–11
25. Mochizuki T, Wu G, Hayashi T, Xeno-

26.

27.

28.

29.

30.

31.

32.

33.

34.

733

phontos SL, Veldhuisen B, et al. 1996.
PKD2, a gene for polycystic kidney disease
that encodes an integral membrane protein.
Science 272:1339–42
Sun M, Goldin E, Stahl S, Falardeau JL,
Kennedy JC, et al. 2000. Mucolipidosis
type IV is caused by mutations in a gene
encoding a novel transient receptor potential channel. Hum. Mol. Genet. 9:2471–
78
Montell C, Birnbaumer L, Flockerzi V,
Bindels RJ, Bruford EA, et al. 2002. A
unified nomenclature for the superfamily
of TRP cation channels. Mol. Cell 9:229–
31
Sidi S, Friedrich RW, Nicolson T. 2003.
NompC TRP channel required for vertebrate sensory hair cell mechanotransduction. Science 301:96–99
Hilliard MA, Bargmann CI, Bazzicalupo P.
2002. C. elegans responds to chemical repellents by integrating sensory inputs from
the head and the tail. Curr. Biol. 12:730–
34
Sambongi Y, Nagae T, Liu Y, Yoshimizu
T, Takeda K, et al. 1999. Sensing of cadmium and copper ions by externally exposed ADL, ASE, and ASH neurons elicits
avoidance response in Caenorhabditis elegans. NeuroReport 10:753–57
Kaplan JM, Horvitz HR. 1993. A dual
mechanosensory and chemosensory neuron in Caenorhabditis elegans. Proc. Natl.
Acad. Sci. USA 90:2227–31
Hilliard MA, Bergamasco C, Arbucci S,
Plasterk RH, Bazzicalupo P. 2004. Worms
taste bitter: ASH neurons, QUI-1, GPA3 and ODR-3 mediate quinine avoidance
in Caenorhabditis elegans. EMBO J. 23:
1101–11
Strubing C, Krapivinsky G, Krapivinsky L,
Clapham DE. 2001. TRPC1 and TRPC5
form a novel cation channel in mammalian
brain. Neuron 29:645–55
Bahner M, Frechter S, Da Silva N, Minke B,
Paulsen R, Huber A. 2002. Light-regulated subcellular translocation of Drosophila TRPL channels induces long-term

6 Jan 2006 22:8

734

35.

Annu. Rev. Physiol. 2006.68:719-736. Downloaded from arjournals.annualreviews.org
by Rockefeller University on 02/07/10. For personal use only.

36.

37.

38.

39.

40.

41.

42.

43.

AR

ANRV265-PH68-26.tex

KAHN-KIRBY



XMLPublishSM (2004/02/24)

P1: OKZ /NPC P2:
OJO

BARGMANN

adaptation and modifies the light-induced
current. Neuron 34:83–93
Roayaie K, Crump JG, Sagasti A,
Bargmann CI. 1998. The Gα protein ODR3 mediates olfactory and nociceptive function and controls cilium morphogenesis in
C. elegans olfactory neurons. Neuron 20:
55–67
Fukuto HS, Ferkey DM, Apicella AJ, Lans
H, Sharmeen T, et al. 2004. G proteincoupled receptor kinase function is essential for chemosensation in C. elegans. Neuron 42:581–93
Hart AC, Kass J, Shapiro JE, Kaplan JM.
1999. Distinct signaling pathways mediate touch and osmosensory responses in a
polymodal sensory neuron. J. Neurosci. 19:
1952–58
Kahn-Kirby AH, Dantzker JL, Apicella AJ,
Schafer WR, Browse J, et al. 2004. Specific
polyunsaturated fatty acids drive TRPVdependent sensory signaling in vivo. Cell
119:889–900
Zhang S, Sokolchik I, Blanco G, Sze
JY. 2004. Caenorhabditis elegans TRPV
ion channel regulates 5HT biosynthesis in
chemosensory neurons. Development 131:
1629–38
Sokolchik I, Tanabe T, Baldi PF, Sze
JY. 2005. Polymodal sensory function of
the Caenorhabditis elegans OCR-2 channel arises from distinct intrinsic determinants within the protein and is selectively
conserved in mammalian TRPV proteins.
J. Neurosci. 25:1015–23
Colbert HA, Bargmann CI. 1995. Odorantspecific adaptation pathways generate olfactory plasticity in C. elegans. Neuron 14:
803–12
Jansen G, Weinkove D, Plasterk RH. 2002.
The G-protein gamma subunit gpc-1 of the
nematode C. elegans is involved in taste
adaptation. EMBO J. 21:986–94
de Bono M, Tobin DM, Davis MW, Avery L, Bargmann CI. 2002. Social feeding
in Caenorhabditis elegans is induced by
neurons that detect aversive stimuli. Nature
419:899–903

44. de Bono M, Bargmann CI. 1998. Natural
variation in a neuropeptide Y receptor homolog modifies social behavior and food
response in C. elegans. Cell 94:679–89
45. Gray JM, Karow DS, Lu H, Chang AJ,
Chang JS, et al. 2004. Oxygen sensation
and social feeding mediated by a C. elegans guanylate cyclase homologue. Nature
430:317–22
46. Coates JC, de Bono M. 2002. Antagonistic
pathways in neurons exposed to body fluid
regulate social feeding in Caenorhabditis
elegans. Nature 419:925–29
47. Liedtke W, Tobin DM, Bargmann CI,
Friedman JM. 2003. Mammalian TRPV4
(VR-OAC) directs behavioral responses
to osmotic and mechanical stimuli in
Caenorhabditis elegans. Proc. Natl. Acad.
Sci. USA 100(Suppl. 2):14531–36
48. Igarashi P, Somlo S. 2002. Genetics and
pathogenesis of polycystic kidney disease.
J. Am. Soc. Nephrol. 13:2384–98
49. Newby LJ, Streets AJ, Zhao Y, Harris PC,
Ward CJ, Ong AC. 2002. Identification,
characterization, and localization of a novel
kidney polycystin-1-polycystin-2 complex.
J. Biol. Chem. 277:20763–73
50. Yoder BK, Hou X, Guay-Woodford LM.
2002. The polycystic kidney disease proteins, polycystin-1, polycystin-2, polaris,
and cystin, are co-localized in renal cilia.
J. Am. Soc. Nephrol. 13:2508–16
51. Liu KS, Sternberg PW. 1995. Sensory
regulation of male mating behavior in
Caenorhabditis elegans. Neuron 14:79–
89
52. Barr MM, DeModena J, Braun D, Nguyen
CQ, Hall DH, Sternberg PW. 2001. The
Caenorhabditis elegans autosomal dominant polycystic kidney disease gene homologs lov-1 and pkd-2 act in the same
pathway. Curr. Biol. 11:1341–46
53. Qin H, Rosenbaum JL, Barr MM. 2001. An
autosomal recessive polycystic kidney disease gene homolog is involved in intraflagellar transport in C. elegans ciliated sensory
neurons. Curr. Biol. 11:457–61
54. Haycraft CJ, Swoboda P, Taulman PD,

6 Jan 2006 22:8

AR

ANRV265-PH68-26.tex

XMLPublishSM (2004/02/24)

P1: OKZ /NPC P2:
OJO

TRP CHANNELS IN C. ELEGANS

Annu. Rev. Physiol. 2006.68:719-736. Downloaded from arjournals.annualreviews.org
by Rockefeller University on 02/07/10. For personal use only.

55.

56.

57.

58.

59.

60.

61.

62.

63.

Thomas JH, Yoder BK. 2001. The 64.
C. elegans homolog of the murine cystic
kidney disease gene Tg737 functions in a
ciliogenic pathway and is disrupted in osm5 mutant worms. Development 128:1493–
65.
505
Nonaka S, Tanaka Y, Okada Y, Takeda S,
Harada A, et al. 1998. Randomization of
left-right asymmetry due to loss of nodal 66.
cilia generating leftward flow of extraembryonic fluid in mice lacking KIF3B motor
protein. Cell 95:829–37
McGrath J, Somlo S, Makova S, Tian X,
Brueckner M. 2003. Two populations of 67.
node monocilia initiate left-right asymmetry in the mouse. Cell 114:61–73
Pennekamp P, Karcher C, Fischer A,
Schweickert A, Skryabin B, et al. 2002. 68.
The ion channel polycystin-2 is required for
left-right axis determination in mice. Curr.
Biol. 12:938–43
Dwyer ND, Adler CE, Crump JG, L’Etoile 69.
ND, Bargmann CI. 2001. Polarized dendritic transport and the AP-1 mu1 clathrin
adaptor UNC-101 localize odorant recep- 70.
tors to olfactory cilia. Neuron 31:277–
87
Vale RD. 2003. The molecular motor toolbox for intracellular transport. Cell 112: 71.
467–80
Orozco JT, Wedaman KP, Signor D, Brown
H, Rose L, Scholey JM. 1999. Movement
of motor and cargo along cilia. Nature
398:674
Peden EM, Barr MM. 2005. The KLP-6 ki- 72.
nesin is required for male mating behaviors
and polycystin localization in Caenorhabditis elegans. Curr. Biol. 15:394–404
73.
Hu J, Barr MM. 2005. ATP-2 interacts with
the PLAT domain of LOV-1 and is involved
in Caenorhabditis elegans polycystin signaling. Mol. Biol. Cell 16:458–69
Moser TL, Kenan DJ, Ashley TA, Roy JA, 74.
Goodman MD, et al. 2001. Endothelial cell
surface F1-F0 ATP synthase is active in
ATP synthesis and is inhibited by angiostatin. Proc. Natl. Acad. Sci. USA 98:6656–
61
74a.

735

Martinez LO, Jacquet S, Esteve JP, Rolland
C, Cabezon E, et al. 2003. Ectopic betachain of ATP synthase is an apolipoprotein
A-I receptor in hepatic HDL endocytosis.
Nature 421:75–79
Stock D, Leslie AG, Walker JE. 1999.
Molecular architecture of the rotary motor
in ATP synthase. Science 286:1700–5
Rondelez Y, Tresset G, Nakashima T,
Kato-Yamada Y, Fujita H, et al. 2005.
Highly coupled ATP synthesis by F1ATPase single molecules. Nature 433:773–
77
Portman DS, Emmons SW. 2004. Identification of C. elegans sensory ray genes
using whole-genome expression profiling.
Dev. Biol. 270:499–512
Xu XZS, Sternberg PW. 2003. A C. elegans
sperm TRP protein required for spermegg interactions during fertilization. Cell
114:285–97
Nilius B. 2004. Store-operated Ca2+ entry channels: still elusive! Science STKE
2004:pe36
Bezzerides VJ, Ramsey IS, Kotecha S,
Greka A, Clapham DE. 2004. Rapid vesicular translocation and insertion of TRP channels. Nat. Cell Biol. 6:709–20
Castellano LE, Trevino CL, Rodriguez D,
Serrano CJ, Pacheco J, et al. 2003. Transient receptor potential (TRPC) channels
in human sperm: expression, cellular localization and involvement in the regulation of
flagellar motility. FEBS Lett. 541:69–74
Sun AY, Lambie EJ. 1997. gon-2, a gene
required for gonadogenesis in Caenorhabditis elegans. Genetics 147:1077–89
West RJ, Sun AY, Church DL, Lambie EJ.
2001. The C. elegans gon-2 gene encodes
a putative TRP cation channel protein required for mitotic cell cycle progression.
Gene 266:103–10
Church DL, Lambie EJ. 2003. The promotion of gonadal cell divisions by the
Caenorhabditis elegans TRPM cation
channel GON-2 is antagonized by GEM4 copine. Genetics 165:563–74
Teramoto T, Lambie EJ, Iwasaki K. 2005.

6 Jan 2006 22:8

736

Annu. Rev. Physiol. 2006.68:719-736. Downloaded from arjournals.annualreviews.org
by Rockefeller University on 02/07/10. For personal use only.

75.

76.

77.

78.

79.

AR

ANRV265-PH68-26.tex

KAHN-KIRBY



XMLPublishSM (2004/02/24)

P1: OKZ /NPC P2:
OJO

BARGMANN

Differential regulation of TRPM channels governs electrolyte homeostasis in the
C. elegans intestine. Cell Metab. 1:343–
54
Palmer CP, Zhou XL, Lin J, Loukin SH,
Kung C, Saimi Y. 2001. A TRP homolog in Saccharomyces cerevisiae forms an
intracellular Ca2+ -permeable channel in
the yeast vacuolar membrane. Proc. Natl.
Acad. Sci. USA 98:7801–5
Zhou XL, Batiza AF, Loukin SH, Palmer
CP, Kung C, Saimi Y. 2003. The transient
receptor potential channel on the yeast vacuole is mechanosensitive. Proc. Natl. Acad.
Sci. USA 100:7105–10
Denis V, Cyert MS. 2002. Internal Ca2+
release in yeast is triggered by hypertonic
shock and mediated by a TRP channel homologue. J. Cell Biol. 156:29–34
Fares H, Greenwald I. 2001. Regulation of
endocytosis by CUP-5, the Caenorhabditis
elegans mucolipin-1 homolog. Nat. Genet.
28:64–68
Hersh BM, Hartwieg E, Horvitz HR. 2002.
The Caenorhabditis elegans mucolipin-

80.

81.

82.

83.

like gene cup-5 is essential for viability
and regulates lysosomes in multiple cell
types. Proc. Natl. Acad. Sci. USA 99:4355–
60
Treusch S, Knuth S, Slaugenhaupt SA,
Goldin E, Grant BD, Fares H. 2004.
Caenorhabditis elegans functional orthologue of human protein h-mucolipin-1 is required for lysosome biogenesis. Proc. Natl.
Acad. Sci. USA 101:4483–88
Raychowdhury MK, Gonzalez-Perrett S,
Montalbetti N, Timpanaro GA, Chasan B,
et al. 2004. Molecular pathophysiology of
mucolipidosis type IV: pH dysregulation of
the mucolipin-1 cation channel. Hum. Mol.
Genet. 13:617–27
Goodman MB, Schwarz EM. 2003. Transducing touch in Caenorhabditis elegans.
Annu. Rev. Physiol. 65:429–52
Sawin ER, Ranganathan R, Horvitz HR.
2000. C. elegans locomotory rate is modulated by the environment through a
dopaminergic pathway and by experience
through a serotonergic pathway. Neuron 26:
619–31

P1: JRX

January 18, 2006

10:52

Annual Reviews

AR265-FM

Annual Review of Physiology
Volume 68, 2006

CONTENTS
Annu. Rev. Physiol. 2006.68:719-736. Downloaded from arjournals.annualreviews.org
by Rockefeller University on 02/07/10. For personal use only.

Frontispiece—Watt W. Webb

xiv

PERSPECTIVES, David L. Garbers, Editor
Commentary on the Pleasures of Solving Impossible Problems
of Experimental Physiology, Watt W. Webb

1

CARDIOVASCULAR PHYSIOLOGY, Jeffrey Robbins, Section Editor
Cardiac Regeneration: Repopulating the Heart, Michael Rubart
and Loren J. Field
Endothelial-Cardiomyocyte Interactions in Cardiac Development
and Repair, Patrick C.H. Hsieh, Michael E. Davis,
Laura K. Lisowski, and Richard T. Lee
Protecting the Pump: Controlling Myocardial Inflammatory Responses,
Viviany R. Taqueti, Richard N. Mitchell, and Andrew H. Lichtman
Transcription Factors and Congenital Heart Defects, Krista L. Clark,
Katherine E. Yutzey, and D. Woodrow Benson

29

51
67
97

CELL PHYSIOLOGY, David L. Garbers, Section Editor
From Mice to Men: Insights into the Insulin Resistance Syndromes,
Sudha B. Biddinger and C. Ronald Kahn
LXRs and FXR: The Yin and Yang of Cholesterol and Fat Metabolism,
Nada Y. Kalaany and David J. Mangelsdorf

123
159

ECOLOGICAL, EVOLUTIONARY, AND COMPARATIVE PHYSIOLOGY,
Martin E. Feder, Section Editor
Design and Function of Superfast Muscles: New Insights into the
Physiology of Skeletal Muscle, Lawrence C. Rome
The Comparative Physiology of Food Deprivation: From Feast to Famine,
Tobias Wang, Carrie C.Y. Hung, and David J. Randall
Oxidative Stress in Marine Environments: Biochemistry and
Physiological Ecology, Michael P. Lesser

193
223
253

GASTROINTESTINAL PHYSIOLOGY, John Williams, Section Editor
Brainstem Circuits Regulating Gastric Function, R. Alberto Travagli,
Gerlinda E. Hermann, Kirsteen N. Browning, and Richard C. Rogers

279
vii

P1: JRX

January 18, 2006

viii

10:52

Annual Reviews

AR265-FM

CONTENTS

Interstitial Cells of Cajal as Pacemakers in the Gastrointestinal Tract,
Kenton M. Sanders, Sang Don Koh, and Sean M. Ward
Signaling for Contraction and Relaxation in Smooth Muscle of the Gut,
Karnam S. Murthy

307
345

NEUROPHYSIOLOGY, Richard Aldrich, Section Editor
CNG and HCN Channels: Two Peas, One Pod, Kimberley B. Craven
and William N. Zagotta

375

Annu. Rev. Physiol. 2006.68:719-736. Downloaded from arjournals.annualreviews.org
by Rockefeller University on 02/07/10. For personal use only.

RENAL AND ELECTROLYTE PHYSIOLOGY, Gerhard H. Giebisch, Section Editor
Claudins and Epithelial Paracellular Transport, Christina M. Van Itallie
and James M. Anderson
Role of FXYD Proteins in Ion Transport, Haim Garty
and Steven J.D. Karlish
Sgk Kinases and Their Role in Epithelial Transport, Johannes Loffing,
Sandra Y. Flores, and Olivier Staub
The Association of NHERF Adaptor Proteins with G Protein–Coupled
Receptors and Receptor Tyrosine Kinases, Edward J. Weinman,
Randy A. Hall, Peter A. Friedman, Lee-Yuan Liu-Chen,
and Shirish Shenolikar

403
431
461

491

RESPIRATORY PHYSIOLOGY, Richard C. Boucher, Jr., Section Editor
Stress Transmission in the Lung: Pathways from Organ to Molecule,
Jeffrey J. Fredberg and Roger D. Kamm
Regulation of Normal and Cystic Fibrosis Airway Surface Liquid Volume
by Phasic Shear Stress, Robert Tarran, Brian Button,
and Richard C. Boucher
Chronic Effects of Mechanical Force on Airways, Daniel J. Tschumperlin
and Jeffrey M. Drazen
The Contribution of Biophysical Lung Injury to the Development
of Biotrauma, Claudia C. dos Santos and Arthur S. Slutsky

507

543
563
585

SPECIAL TOPIC, TRP CHANNELS, David E. Clapham, Special Topic Editor
An Introduction to TRP Channels, I. Scott Ramsey, Markus Delling,
and David E. Clapham
Insights on TRP Channels from In Vivo Studies in Drosophila,
Baruch Minke and Moshe Parnas
Permeation and Selectivity of TRP Channels, Grzegorz Owsianik,
Karel Talavera, Thomas Voets, and Bernd Nilius
TRP Channels in C. elegans, Amanda H. Kahn-Kirby
and Cornelia I. Bargmann

619
649
685
719

