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ABSTRACT

The family of Transient Receptor Potential (TRP) ion channels is constituted by 7 subfamilies among
which are those that respond to temperature, the thermoTRPs. These channels are versatile
molecules of a polymodal nature that have been shown to be modulated in various fashions by
molecules of a lipidic nature. Some of these molecules interact directly with the channels on
specific regions of their structures and some of these promote changes in membrane fluidity or
modify their gating properties in response to their agonists. Here, we have discussed how some of
these lipids regulate the activity of thermoTRPs and included some of the available evidence for the
molecular mechanisms underlying their effects on these channels.

Introduction

Transient Receptor Potential (TRP) ion channels were
first discovered in the fruit fly, Drosophila. In this
organism, it was shown that the #rp mutation led to
the transient receptor potential phenotype' and the
gene responsible for this phenomenon was cloned by
Montel and collaborators in 1989.” Since then, the
field of study of TRP channels has actively generated
an extensive amount of work that has led to the eluci-
dation of the roles of these proteins in cellular
processes.

TRP channels are present from simple unicellular
algae to vertebrates and involved in a wide variety of
physiological functions that include taste, smell,
vision, touch, audition, temperature detection, pain
and itch sensations, among others.” The TRP family
of ion channels is subdivided into 7 subfamilies:
TRPC (canonical), TRPA (ankyrin), TRPM (melasta-
tin- related), TRPV (vanilloid), TRPN (no mechanore-
ceptor potential C), TRPP (polycystin) and TRPML
(mucolipin).’

By taking advantage of the polymodal nature of
several of the members of the TRP family of ion chan-
nels, organisms are able to respond to a plethora of
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endogenous and exogenous signals, some of these are
potentially noxious.

Among TRP channels, there are those which are
intrinsically sensitive to temperature, the thermoTRPs.
These proteins allow organisms to detect a broad
range of changes in temperature, from cold to hot and
allow Ca*" influx through the membranes of sensory
neurons, leading to depolarization and action poten-
tial transmission. Neurons that allow the detection of
sensory stimuli are located in the dorsal root ganglia
(DRG) and in the cranial nerve ganglia of which tri-
geminal ganglia (TG) are part. Nociceptive neurons
permit the detection of noxious chemical, mechanical
and thermal signals.

Among the thermoTRPs are TRPA1, TRPM2-5,
TRPMS and TRPV1-4* and several of these channels
been associated with pathophysiological
processes.’

TRP channels are not only polymodal in their acti-

have

vation in response to different stimuli, but their func-
tion can be modulated by molecules of diverse origins.
This review will focus on the most recent advances on
the study of the role of some molecules of a lipid
nature on the function of thermoTRPs. The roles of
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arachidonic acid, diacylglycerol and polyunsaturated
fatty acids (PUFAs) have been studied extensively and
thus, we would like to refer the reader to a recent
review on this subject.® Thus, here we will specifically
discuss how thermoTRPs are regulated by phospholi-
pids, lysophospholipids, monounsaturated fatty acids
and cholesterol.

Phosphatidylinositol 4,5-bisphosphate (PIP,)

PIP, is an acidic phospholipid (Fig. 1) which is found
in the plasma membranes of cells,” albeit less abun-
dantly than phosphatidylinositol monophosphate.
PIP, is cleaved by phospholipase C (PLC), resulting in
the generation of inositol 3-phosphate (IP;) and diac-
ylglycerol (DAG).® PIP, has been shown to regulate
the function of several transporters and ion channels,
including thermoTRPs, as will be discussed below.

TRPV subfamily

The TRPV1 channel is mainly expressed in small-
diameter neurons from DRG and TG, although it is
also found in the central nervous system and in cells
from the liver, smooth muscle and immune system.®
Activation of TRPV1 by temperatures near 42°C as
well as by pungent compounds such as capsaicin, res-

iniferatoxin and allicin,® makes this channel an
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important target in the pathway of pain generation.
PIP, has been reported to modulate the activity of
TRPV1 in an intricate fashion. In whole-cell experi-
ments, PIP, hydrolysis (e.g. depletion of PIP,) by PLC
leads to the release of the channel from PIP, inhibition
and to its sensitization by capsaicin.'’ In this study,
Prescott and Julius describe a region with a stretch of
positively-charged residues in the C-terminus of
TRPV1 which is putatively responsible for interaction
of the channel with this molecule that they describe as
an inhibitor of the activity of TRPV1."® On the other
hand, several groups have described positive modula-
tion of TRPV1 by PIP,. Stein and collaborators
showed that application of PIP, to excised inside-out
membrane patches from mice DRG neurons is neces-
sary for full activation of TRPV1 by capsaicin,'’ a
result that is in agreement with experiments per-
formed by Liu et al,, in TRPVI-expressing HEK293
cells, where synthesis of PIP, is required for recovery
of TRPV1 from desensitization."? Interestingly, Lukacs
and colleagues have proposed dual effects for PIP, on
TRPV1. In this scenario and in accordance with the
results by Liu and collaborators,'? these authors pro-
pose that capsaicin-induced signaling desensitizes
TRPV1 through the activation of PLC which results in
the depletion of PIP, in the membrane.'” The complex
role of phosphoinositides on TRPV1 (and on other

LPC

s A~y
Palmitoleic acid

[e]

SAAATTAAAA

Oleic acid

Cholesterol

Figure 1. Chemical structures of lipid molecules that regulate the function of thermoTRPs.
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TRP channels) function has recently been discussed by
Tibor Rohacs.'* Finally, the Gordon laboratory has
shown that membrane asymmetry is a factor that
must be considered in studying the apparent affinity
of PIPs for TRP-channel regulation. Recent work
from this group includes experiments where a water-
soluble analog of PIP, was applied to the inner and
outer faces of the channel. In this case, PIP, functions
as an inhibitor when present in both the extracellular
and intracellular leaflets of the membrane. Moreover,
patch-fluorometry experiments using a fluorescent
PIP, analog, show that incorporation of this molecule
to the extracellular leaflet of the membrane is
necessary for the inhibitory effects of PIP, on TRPV1
channel activation. They also conclude that dose-
response curves for activation of TRPV1 have
underestimated the selectivity of PIP, for this

channel®”

and that PIP, incorporation to the intracel-
lular plasma membrane leaflet leads to potentiation of
capsaicin-activated currents.'® Moreover, in another
study by the Gordon group, it was shown that the
TRPV1 channel displays specificity for regulation of
capsaicin activation by PIP, since phosphatidylinositol
4-phosphate (PI(4)P) does not support activation of
the channel by this vanilloid compound.'”

With respect to the molecular interactions of PIP,
with TRPV1, it has been proposed that this molecule
binds to the C-terminus of the channel. However, the
exact sites of interaction remain controversial. Pre-
scott and Julius as well as Cao et al., have shown that
the negatively-charged phosphate group of PIP,
interacts with a stretch of positively-charged amino
acids (777-820) in the C-terminus.'®'® Other groups
have proposed that PIP, interacts with a more proxi-
mal region of the C-terminus."” Specifically, it has
been shown that the important amino acid residues
for PIP, interaction with TRPV1 include R701 and
K710" and/or R721.2%*!

By utilizing a combination of mutagenesis, molec-
ular modeling and electrophysiological techniques,
Poblete and colleagues identified a PIP, binding site
located between the TRP box and the $4-S5 linker.*?
These authors showed that PIP, interacts with the
amino acid residues R575 and R579 in the S4-S5
linker and with K694 in the TRP box. They also con-
firmed that mutations in these sites reduce PIP,
binding affinity.”> Moreover, in silico mutations of
residues R575A, R579A, and K694A showed that the
reduction in PIP, binding affinity is due to a

delocalization of PIP, in the binding pocket. Molecu-
lar dynamics simulations performed by this group,
suggested that PIP, binding induces conformational
rearrangements of the structure formed by S6 and
the TRP domain,** leading to the opening of the
lower TRPV1 channel gate.”’

With respect to the role of PIP,-regulation of
TRPV1 activation by heat, Prescott and Julius also
reported that this molecule is involved in the thermal
sensitivity of TRPV1. These authors performed
experiments using the 777-820 TRPV1 deletion-
mutant TRPV1 channel and showed that this channel
displayed a marked thermal threshold shift toward
lower temperatures.'” They concluded that these
effects where due to the alteration of interaction sites
for PIP, in the TRPV1 channel."’

Finally, Wright and collaborators found that
PIP5K1C™~ mice, where PIP, production is expected
to be lower since lipid kinase PIP5K1C is an enzyme
that catalyzes the generation of PIP, by phosphorylat-
ing position 5 on the inositol ring of PtdIns(4)P),
exhibited reduced sensitivity to heat.?* In contrast,
Cao and collaborators performed experiments were
they incorporated purified TRPV1 into artificial lipid
vesicles and showed that, under conditions where
phosphoinositides were added, the sensitivity of the
channel to heat was decreased.”® Thus, the role of
PIP, on thermal sensitivity related to TRPV1 activa-
tion needs further clarification.

Although the focus of this review is not to detail
the role of thermoTRP regulation by lipids on
pathologies, it is interesting to note that, a link
between PIP, metabolism dysregulation and Alz-
heimer disease (AD) has been recently described
and its worth mentioning here. In its early stages,
AD is partly characterized by the accumulation of
amyloid-B oligomeric peptides (Af) and synaptic
modifications are associated to amnesic changes.
These oligomers affect the function of several types
of proteins including receptors that impact on neu-
rotransmission and that can lead to changes in Ca**
influx into the neurons. There are reports that
directly link AB peptides to the disruption of PIP,
metabolism,* thus it is not unwarranted that abnor-
mal regulation of the activity of some thermoTRPs
in neurons of the central nervous system (CNS)
could contribute to the development and progres-
sion of this complex pathology, specially under a
scenario where PIP, metabolism is altered. TRPM2,



a reactive oxygen species, (ROS)-sensitive channel,
has been involved in oxidative stress-induced cell
death®” and TRPV1 activation has been linked to
neurodegeneration.’

In the CNS, the TRPV1 channel has been shown
to be involved in synaptic plasticity, memory and
learning since this channel is expressed in the hippo-

campus.”®

Additionally, Mori and colleagues have
shown that TRPV1 plays a role in cortical excitability
by regulating glutamatergic synaptic transmission.”’
In a recent study, Eslamizade et al., 2015 have sug-
gested that AB could influence excitability of these
neurons through modification of the activity of
TRPV1.” They conclude that dysregulation of PIP2
metabolism by AB could be partly responsible for
neuronal death through changes in TRPV1 function.
PIP2 regulates the apparent affinity of the TRPM2

channel to Ca*™!

and, to further complicate this sce-
nario, it has been suggested that the amyloid protein
can be directly incorporated into neuronal membranes
and form Ca®'-permeable ion channels (amyloid
channels®?), which could also contribute to increases
in intracellular Ca®* and which could further activate
TRPM2 and cause neurotoxicity.

The TRPV2 channel is found in DRG and TG neu-
rons and is activated in response to temperatures near
52°C and to the synthetic ligands 2-aminoethoxyldi-
phenyl borate (2-APB) and probenicid.>> For this
channel it has been shown that, when the PIP2 mem-
brane-concentration is decreased, the channel is
desensitized in the presence of Ca** (in whole-cell
recordings;>*) and if PIP2 is applied to the inside-out
excised patches, currents through TRPV2 can be
recovered.”

The TRPV3 channel is expressed in DRG, TG and
spinal cord neurons as well as in cells from the skin,
tongue and brain.”® It is activated by temperatures that
range between 31-39°C and by compounds such as
camphor, thymol, carvacrol®® and by the endogenous
lipid farnesyl pyrophosphate or FPP.>” This channel
has been shown to be positively regulated by the deple-
tion of PIP2.>® Using excised inside-out membrane
patches of cells expressing TRPV3, it was demon-
strated that the application of an anti-PIP2 antibody
produced activation of the channel. Interestingly,
higher concentrations of PIP2 applied to the intracel-
lular face of the channel lead to decreased activity of
TRPV3 and, in contrast, the application of a hydrolysis
product of PIP2, phosphatidylinositol 3-phosphate
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(PI(3)P), resulted in an increase in the activity of the
channel. Moreover, a direct interaction of PIP2 with
basic residues located in the C-terminus, specifically
the TRP domain, of TRPV3 was also demonstrated.*®

TRPV4 is a channel activated by temperatures that
range from 27-42°C, by changes in osmotic pressure
and by molecules of a lipid nature which are down-
stream of the activity of PLC,”” among others. In this
case, binding of PIP2 to the N-terminus of TRPV4
was shown to be important for activation of the
channel by heat and hypotonic stimuli. By perform-
ing single-channel measurements, Garcia-Elias and
colleagues showed that PIP2 is required for activation
of TRPV4. Under their experimental conditions, acti-
vation of TRPV4 at 24°C was not possible indepen-
dently of the presence of PIP2 while at 38°C, the
open probability of the channel increased notably
with the presence of this molecule at the intracellular
side of the channel. These authors also performed
experiments where positive charges in positions 121-
125 of the N-terminus (where PIP2 may interact
with TRPV4), were neutralized and showed that
these are necessary for activation of the channel by
heat (and hypotonicity) but not by 4a-phorbol
12,13-didecanoate. Taking advantage of fluorescence
experiments where FRET (Forster Resonance Energy
Transfer) was measured using TRPV4 channels cou-
pled to fluorescent proteins, they were able to dem-
onstrate that the N-terminal domains exist in a more
compact conformation in the absence of PIP2 and, in
contrast, when PIP2 was applied, the N-terminal
domains expanded, leading to positive regulation of
channel function.*

As discussed by Steinberg et al., PIP2 binding to
TRP channels may favor reconfiguration of their
structural determinants in order to promote channel
activation.*' Nonetheless, it is evident that, structur-
ally, the regulation of TRPV4 activation by PIP2 seems
to involve a different mechanism to that described for
TRPV1, for example, since PIP2 binds to different
regions in these channels.

In contrast to what is discussed above, another
group found that the binding of PIP2 to the ankyrin
repeat domains (ARDs) of TRPV4, as revealed by a
crystal structure of the ARD in complex with the head
group of PIP2, negatively regulates TRPV4’s activity.**
In light of these contrasting results, further work will
be required to determine the role of PIP2 on the activ-
ity of the TRPV4 channel.



28 (&) S.L MORALES-LAZARO ET AL.

TRPA1 channels

The TRPA1 channel, is expressed by nociceptive neu-
rons of peripheral ganglia as well as in the tissue of the
inner ear.*>** It responds to noxious cold tempera-
tures (<18°C) and to pungent compounds such as
icilin, allicin, isothiocyanates and cinnamaldehyde.45
With respect to the response of TRPA1 to PIP2, it has
been shown that activation of PLC leads to a decrease
in this phosphoinositide and releases TRPA1 from the
PIP2-induced inhibition, consistent with a negative
regulatory role for PIP2 on this channel, as found by
another research group in HeLa cells expressing
TRPA1.%® In contrast, another study found that the
presence of a PIP2 scavenger, neomycin, promoted a
faster desensitization of whole-cell TRPA1 currents in
Chinese hamster ovary (CHO) cells expressing this
channel.*’” These authors also demonstrated that
desensitization was slower in the presence of intracel-
lular PIP2, arguing for a positive role in the regulation
of TRPA1 by this molecule.

It is important to note that several types of ther-
moTRPs are simultaneously expressed in primary
DRG cultures. Specifically, TRPA1 and TRPV1 are co-
expressed by small-diameter DRG neurons. This sug-
gests that the activity of one of these channels could
regulate the activity of the other. For example, it has
been shown that desensitization of TRPA1 in sensory
neurons can be caused by its agonist mustard oil
through a pathway that is independent of Ca** or by
a mechanism by which TRPV1 activation by capsaicin
leads to the entry of Ca®>" into the cell and promotes
Ca*"-dependent depletion of PIP2.*®

TRPM channels

The TRPM2 channel is expressed in the brain,
spleen, heart, bone marrow, liver, leukocytes and
lung® and activated by temperatures near 37°C,”° by
adenosine diphosphate ribose (ADPR), intracellular
Ca**",*>*! among other stimuli. This channel partici-
pates in glucose-induced insulin secretion, neuronal
apoptosis, phagocyte activation and oxidative stress.”
The TRPM2 channel exhibits rundown of its currents
in excised membrane patches. Toth and Csanady
showed that PIP2 binds to the TRPM2 channel with
high affinity, since trace concentrations of PIP2 are
able to sustain maximal activity of the channel, but
that PIP2 does not promote channel activation per
se. Moreover, these authors also showed that PIP2

regulates the apparent affinity of the channel to Ca**
(as well as to ADPR), without changing its sensitivity
to this cation.”*

The TRPM3 channel is expressed in somatosen-
sory neurons, in cells from the pancreas and kidney
and in the brain.”? This channel is responsive to preg-
nenolone sulfate and to temperatures near 40°C,
among other stimuli, and its activation results in pain
responses in mice.”

At first, it was shown that PIP2 binds to the N-ter-
minus of the TRPM3 where calmodulin also binds,™
but no function was described for this interaction. In
2015, Té6th and collaborators showed that application
of PIP2 and ATP to the intracellular face of TRPM3
(in membrane excised patches) promotes recovery of
the channel from desensitization. In this case, ATP
functions as a stimulator of phosphatidylinositol kin-
ases which allows for continued synthesis of PIPs in
the plasma membrane to ensure channel activity.”

Uchida and collaborators showed that PIP2 is
necessary for PS-induced opening of TRPM3 channels
incorporated into planar lipid bilayers.”® In their
experiments, although addition of PIP2 resulted in a
weak activation of the channel by temperature, it
could not promote a fully open channel. The authors
also concluded that, under their experimental condi-
tions, the TRPM3 channel did not exhibit a strong
intrinsic  sensitivity to temperature, as the one
observed in other thermoTRPs.”®

The TRPM4 and TRPM5 ion channels are also
thermoTRPs which are activated at temperatures that
range from 15-35°C and are directly gated by intracel-
lular Ca** ions.”” TRPM4 can be activated by decava-
nadate and ATP® and is expressed by cells in the
liver, kidney, spleen, skeletal muscle, colon, heart, etc.,
where it mediates membrane depolarization.”” On the
other hand, TRPMS5 is expressed by taste receptor cells
(TRCs)”” where it participates in the detection of bit-
ter, sweet and umami tastes.”” TRPM4 depends on
PIP2 for recovery from rundown but this molecule
does not gate this channel.®® In a similar fashion,
Nilius and collaborators also showed that PIP2 is an
important positive regulator of TRPM4 and that the
pleckstrin homology domain in the C-terminus of this
channel is important for the actions of this molecule.®!

With regard to the molecular interactions of
PIP2 with the TRMP4 channel it has been shown
that the TRP domain is not fundamental for the
effects of this molecule®® and that interactions



occur with basic amino acid residues in the pleck-
strin homology domain® rather than with nega-
tively-charged residues.

With respect to TRPMS5, Liu and Liman showed
that the TRPMS5 is a cation channel activated by
micromolar concentrations of Ca** and that after acti-
vation, it undergoes fast Ca®>"-dependent desensitiza-
tion, which can be partially reversed by PIP2. These
authors also showed that PIP2 alters TRPM5 activity
by enhancing sensitivity of the channel to Ca**.%’
These authors proposed a model where, during desen-
sitization, Ca®>" induces an allosteric change in the
TRPMS protein that lowers its affinity for PIP2 which,
in turn, further promotes this conformational state of
the channel.®” This model is interesting as this channel
is a taste transducing molecule and, the data obtained
by these authors, allows them to implicate regulation
of TRPMS5 by Ca®* and PIP2 in sensory activation in
the taste system.

Finally, the TRPMS8 channel, a protein activated by
menthol and that responds to temperatures below
25°C and is expressed in sensory neurons as well as in
smooth muscle and the prostate,64 is another ther-
moTRP whose gating depends on PIP2. In contrast to
TRPM4 and TRPM5 channels, TRPMS8 channels can
be opened in the presence of PIP2.°° It is well known
that TRPMS suffers rundown when the membrane is
excised from the cell. This rundown can be prevented
by the application of intracellular PIP2 and high con-
centrations (20 mM) of this phosphoinositide can pro-
mote currents through TRPMS.%

Rohacs et al., have described for TRPMS that PIP2
putatively interacts with the TRP domain in the C-ter-
minus of the channel. These authors performed
experiments using mutations that neutralized positive
charges in the proximal C-terminus of TRPMS8
(K995Q, R998Q and R1008Q) and demonstrated that
the mutant channels exhibited decreased sensitivity to
PIP2.%°

For the TRPMS8 channel, contradictory results
have been reported regarding for the role of PIP2 on
its thermal sensitivity. Daniels and colleagues have
shown that PIP2 depletion does not alter the thermal
threshold of TRPM8% while Liu and Qin have shown
that rundown of responses to cold, possibly due to
PIP2- and other soluble factors-depletion, was slower
than that observed with menthol. Based on the differ-
ent effects that PIP2 has on TRPV1 and TRPMS,
these authors interestingly conclude that PIP2 may
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act as “bimodal switch” in the control of heat and
cold sensitivity in the nociceptors where they are
co-expressed.®

Lysophospholipids and thermoTRPs

Lysophospholipids are molecules with several
described bioactive properties that possess a single
carbon chain and a polar head group.*® These mem-
brane-derived molecules are subdivided into 2 large
groups that include those that possess a sphingoid
base backbone (lysosphingolipids) and those that con-
tain a glycerol backbone (lysoglycerophospholipids).
Diverse chemical and enzymatic pathways have been
described for the synthesis of lysophospholipids.
These include complete chemical synthesis of lyso-
phospholipids from glycerol or derivatives, enzymatic
transformation of natural glycerophospholipids using
specific enzymes such as phospholipases Al, A2
(PLA2) and D as well as the coupling of enzymatic
processes with chemical transformations.”” Most of
the literature points to a role of these molecules on ion
channels through the activation of GPCRs®® or even
through the modification of the curvature of the mem-
brane, which can influence ion channel activity.70
Next, we will describe some of the literature concern-
ing the modulation of thermoTRPs by lysophospholi-
pids. We will make special emphasis on
lysophosphatidylcholine (LPC) and lysophosphatidic
acid (LPA), a product that is synthesized from LPC
through the removal of the choline group by lysophos-
pholipase D or autotaxin.

LPC and regulation of the activity of thermoTRPs

LPC is the best-studied and most abundant lysophos-
pholipid in nature and it is involved in the regulation
of gene transcription, monocyte chemotaxis, mitogen-
esis, smooth muscle relaxation and platelet activation
and it accumulates in tissues during ischemia and in
the plasma, when inflammatory arthritis is present
(reviewed in ref. 69). LPC is released from the liver as
a product of hydrolysis by PLA2 or produced by the
enzyme lecithin/cholesterol acyl transferase in the
plasma. Importantly, LPC is converted by lysophos-
pholipase D to LPA(reviewed in ref. 69).

The role of LPC (Fig. 1) in regulating the function
of thermoTRPs has not been sufficiently explored;
some of the scarce published evidence will be dis-
cussed in this section. LPC has been shown to activate
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TRPMS channels in heterologous expression systems.
By performing single-channel experiments, Vanden
Abeele and collaborators showed that LPC increases
the open probability of TRPMS8 at 37°C,”" a tempera-
ture at which this channel exhibits poor activity. The
mechanism by which LPC exerts its effects on TRPM8
are not yet understood but they possibly involve
changes in the mechanical properties of the plasma
membrane an this phenomenon has been reported by
other authors.”” In a study performed by Gentry and
collaborators, the authors found that the inhibition of
a subtype of PLA2, iPLA2 with bromenol lactone,
blocked the development of cold hypersensitivity in
animals administered with intraplantar icilin.””> In
contrast, inhibition of iPLA2 did not affect menthol-
induced hypersensitivity. These results showed that
LPC can induce cold hypersensitivity and that activity
of TRPMS in vivo, and the response to pain in the
presence of noxious cold, is supported and modulated
by the activation of iPLA2. Furthermore, by perform-
ing studies on genetically modified mice, the authors
also demonstrated that the effects of icilin and LPC
were mediated by TRPMS but not by TRPA1.”?

In fact, contrary to what has been observed for LPC,
which can induce cold hypersensitivity through
TRPMS,” this lysophospholipid is thought to reduce
hypersensitivity to cold through TRPALI, although the
mechanisms for this phenomenon are not yet clear.”®

The literature to date is also scarce as for the role of
LPC on TRPV1 function. Nonetheless, it has been
suggested that TRPV1 activation is partly responsible
for LPC-induced monocyte migration, where Ca**
influx through non-selective cation channels has been
proposed to be important.”* However, the molecular
mechanisms by which LPC produces its effects on
monocyte function are no understood.

With respect to the role of LPC on TRPV1s temper-
ature sensitivity, Cao and collaborators found that
incorporating LPC into liposome patches expressing
this channel did not affect the temperature activation
of TRPV1."®

LPC is an endogenous activator of the TRPV2
channel that induces Ca** influx through this protein.
By activating Gq/Go-protein and phosphatidylinosi-
tol-3,4 kinase signaling, LPC causes translocation of
TRPV2 to the plasma membrane and leads to migra-
tion in cells of the prostate cancer cell line PC3.”> LPC
has also been shown to cause cytotoxicity in osteo-
blast-like forming cells by promoting a fast and

transient influx of Ca**. In a study by Fallah and col-
laborators, it was suggested that this occurs through
the activation of TRPV2 in these cells and it has been
hypothesized that this can be a cause for osteoporosis
in patients with atherosclerosis.”®

In the nervous system, expression and physiological
roles for TRPV?2 in the glia have been explored by Shi-
basaki and collaborators. These authors assessed the
functional expression of TRPV2 in astrocytes and
determined that, when this channel was activated by
LPC, large inward currents were generated. This
response was greatly diminished in astrocytes trans-
fected with a dominant-negative form of TRPV2 and
thus they suggested that astrocytic TRPV2 might regu-
late neuronal electrical activity in response to lipid
metabolism.”’

A link between LPC and AD has also been sug-
gested. Sheikh and colleagues have shown that LPC
can increase the oligomer formation process of the Ap
which promotes an increase in ROS. Moreover, ROS
production is also further enhanced by LPC. If not
through direct effects of LPC on thermoTRP channels,
this lysophospholipid can alter pathways (such as the
one related to AS formation) which, in turn, impacts
on PIP2 metabolism that directly regulates the activi-
ties of of some thermoTRP channels.”®

LPA and thermoTRPs

LPA is constituted by an 18-carbon acyl chain, with a
single unsaturation and a charged phosphate group””
(Fig. 1), which is produced from LPC (see above).
LPA has been shown to function as an important
intermediate in transmembrane signal transduction
processes mediated by platelet activating factor and in
the stimulation of cell proliferation. It thus regulates
the development and function of the nervous,
immune, cardiovascular and reproductive systems
(reviewed ref. 69).

An important regulator of axonal growth during
the development of the brain is intracellular Ca®"
signaling. In this sense, Ca’>" influx through TRP
channels can potentially be important for the develop-
ment of the brain and for other functions in this
organ. The TRPM2 channel is abundantly expressed
in the embryonic brain and pharmacological inhibi-
tion of these channels or its knockdown results in an
increased axonal growth. For example, it has been
observed that neurons from the brains of Trpm2~/~



mice have longer neurites than neurons from the
brains of wild-type mice.*” Conversely, overexpression
of this channel inhibits axonal growth. In vitro,
administration of ADPR, which activates TRPM2, to
PC12 cells leads to suppressed axonal growth.*® It has
also been found that TRPM2 participates in the neu-
ronal retraction induced by cerebrospinal fluid-rich
LPA, pointing to a role of LPA on neuronal develop-
ment through actions on TRPM2 channels.

A role for LPA on TRPV1 channels was described
by Pan and collaborators in 2010. These authors used
a bone cancer model (where LPA levels are increased)
generated by injecting mammary gland carcinoma
cells into the rat tibia. After bone cancer pain was
developed, they studied TRPV1 expression levels as
well as capsaicin-evoked currents and found these
were up- regulated in DRG neurons. They also sug-
gested that capsaicin-induced currents were potenti-
ated by LPA. By performing biochemical assays, the
authors also concluded that LPA potentiates TRPV1
currents through a protein kinase C epsilon-depen-
dent pathway and proposed this as a novel peripheral
mechanism responsible for the induction of bone can-
cer pain.®'

Our research group also performed experiments to
determine the role of LPA on the function of TRPV1
channels. LPA has been long proposed to participate
in neuropathic pain and has been suggested to do so
by interacting with specific GPCRs in the membranes
of neurons and TRPV1 has also been extensively
linked to this type of pain. With this in mind, we first
determined that in an animal model where the lipid
phosphatase 3, which breaks down LPA, was
knocked-out in the peripheral nervous system, mice
displayed exacerbated responses to heat and capsai-
cin-injection. We also found that injection of LPA
itself to the paws of wild-type mice produced pain-
related behavior, which was ablated in Trpvl ™'~ ani-
mals. We then sought to determine the molecular
mechanism underlying these effects. We tested for
activation of TRPV1 channels expressed in a heterolo-
gous expression system (HEK293) cells and found
that channels could be activated by LPA in a dose-
dependent fashion. By inhibiting GPCR- related sig-
naling pathways, we found that LPA did not act
through these receptors to modulate TRPV1 function.

Site-directed mutagenesis as well as biochemical
experiments revealed that LPA could directly bind to
the TRPV1 channel. Our study revealed that the

TEMPERATURE (&) 31

charged phosphate group of LPA could interact with a
positively charged residue in the proximal carboxyl
terminus of the channel (K710) and lead to the open-
ing of TRPV1.*” We thus concluded that LPA could
directly interact with TRPV1 to produce pain.

Monounsaturated fatty acids and thermoTRPs

The following section will discuss the less studied role
of monounsaturated fatty acids (MUFAs) on the phys-
iology of these channels.

MUFAs are molecules that have one double bond
in their acyl chain and the rest of the carbon atoms
are single-bonded. Common MUFAs are: palmitoleic,
myristoleic, ricinoleic, elaidic, petroselinic, erucic,
nervonic and oleic acids. Very few of these have been
shown to exert changes in thermoTRPs functions, as
discussed below.

Palmitoleic acid

Palmitoleic acid (Fig. 1) is a common constituent of
glycerides in the human adipose tissue and specially
found in the liver. It is present in a variety of plant
and animal oils such as macadamia oil.

The TRPV1 channel has been shown to play impor-
tant roles in neurogenic inflammation and acute pan-
creatitis. TRPV1 is activated by ethanol and a recent
study has shown that, in a mouse model, administra-
tion of ethanol and palmitoleic acid (POA), which is a
non-oxidative metabolite of ethanol, causes acute pan-
creatitis, a phenomenon that is not observed neither
in Trpvl~'~ mice nor in wild-type mice injected with
ethanol or POA separately.”’ The mechanism by
which POA and ethanol together cause acute pancrea-
titis in this animal model is not yet completely
understood.

Ricinoleic acid

Pro- and anti-inflammatory effects of ricinoleic acid
(RA, Fig. 1), a fatty acid commonly found in castor
oil, have been investigated in an experimental model
of blepharitis (inflammation of the eyelids). Using
guinea pigs, Vieira et al., used topical treatment with
RA or capsaicin and reported that this caused eyelid
reddening and edema. These authors also used
dissociated rat DRG neurons and observed that RA
significantly inhibited the inward currents induced by
capsaicin and that it failed to induce currents when
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applied by itself,** similar to what we observed in
HEK293 cells expressing TRPV1.*> The authors
thus that RA does not
TRPV1-dependent inward currents in DRG neurons

concluded induce
and that, it in itself, lacks algesic properties in vivo and
that it rather acts by decreasing calcitonin gene-related
peptide release induced by capsaicin after a 24 hr
treatment in DRG neurons.**

Oleic acid

Oleic acid (OA), a naturally occurring long-chain
monounsaturated fatty acid that resembles LPA both
in acyl chain composition and in that it is negatively
charged. It is commonly found in oils of plant origin
as well as in animal cells.*

With respect to the role of OA in the regulation
TRP-channel function, in 2007, Matta and collabora-
tors demonstrated, using 2-electrode voltage-clamp
experiments in TRPV1-expressing Xenopus oocytes
that relatively high concentrations of OA (50 M)
could achieve small antagonistic effects upon capsaicin
activation of this channel.*”

Most recently, we have shown that OA can signifi-
cantly inhibit responses of heterologously- or
natively-expressed TRPV1 channels in excised mem-
brane patches of cells expressing these proteins. In our
study, we performed experiments where we applied
OA to both the intracellular and extracellular faces of
the channel and this resulted in an almost complete
inhibition of the channel’s response to capsaicin.
Moreover, we found that activation of TRPV1 by
intracellular acid pH, LPA and temperature was also
inhibited. By closely examining the molecular mecha-
nism underlying the inhibition of TRPV1 by OA we
found, in single-channel experiments, that OA pro-
duced a decrease in the open probability of the chan-
nel and that this occurred through the stabilization of
a closed state of TRPV1. Using a combination of site-
directed mutagenesis, biochemical and electrophysio-
logical techniques, we found that OA interacts with
the vanilloid binding pocket (VBP) of TRPV1.*® By
comparing the sequences of the chick TRPV1 channel
(CKTRPV1) that is insensitive to capsaicin with that
of the rat TRPV1 channel, we found that a residue in
the VBP, threonine in position 550 (T550), which cor-
responds to an alanine in position A558 of the
CKkTRPV1 channel, importantly contributes to the
binding of OA in TRPV1. This is consistent with the

observation that in the CKTRPV1, OA inhibits only a
fraction of the pH-induced TRPV1 currents and that
a mutant CKTRPV1 in which A558 is substituted for a
threonine (as in the rat TRPV1 channel), now renders
the chick channels sensitive to OA. We further
extended our study and showed that injection of OA
into mice paws and necks, could inhibit pain and itch
responses elicited by capsaicin and by histamine or
cyclic phosphatidic acid (cPA), a novel itch-inducer
which we also described in this study.®®

Another compound similar to oleic acid is nitroo-
leic acid, an oxidized lipid which is generated during
inflamamation-induced nitrative stress. This com-
pound activates TRPA1 and TRPV1 channels in DRG
neurons,®” possibly by a mechanism that involves
covalent modification of cysteine residues.

Cholesterol

Cholesterol is formed by a rigid structure region with
4 hydrocarbon rings, a hydroxyl group at position 3
and a side chain at carbon 17 (Fig. 1). Cholesterol is
an important component of membrane structure”™
and a molecule that actively modulates ion channel
function.

Cholesterol and TRPM channels

The TRPM3 channel is not only important for nox-
ious heat perception (~40°C)> but it also plays piv-
otal roles in the vascular system where its activation
promotes contraction and suppresses cytokine secre-
tion from vascular smooth muscle cells.”" In these
cells, it has been shown that the depletion of choles-
terol by methyl-B-cyclodextrin (MBCD) results in
TRPM3 activation in the absence of its agonists and
that cholesterol abolishes TRPM3 activation by preg-
nenolone sulfate.”” From this results it was concluded
that endogenous cholesterol maintains TRPM3 in a
partially inhibited state and that conditions were there
is cholesterol overload, e.g., as in atherosclerothic pro-
cesses, TRPM3 function could be completely inhibited
in the cardiovascular system, resulting in failed cell
contraction and secretion of proinflammatory cyto-
kines.”' The mechanisms by which cholesterol inhibits
TRPM3 activity remains unclear and further efforts
must be directed to understand them.

As for the TRPMS channel, it has been shown that
it is also sensitive to cholesterol content in the plasma
membrane. In HEK293 cells and DRG neurons,



segregation of TRPMS into lipid rafts”
for channel function since lipid raft disruption
through the depletion of cholesterol enhances TRPM8
activation by menthol. It has also been shown that
when TRPMS is located outside of cholesterol-rich
micro domains, the thermal threshold for activation
of TRPMS is modified, consistent with the observation
that depletion of cholesterol shifts the temperature
activation curve of TRPM8 toward warm tempera-

is important

tures.”> Another report suggests that cholesterol
reduction stabilizes TRPMS in the plasma membrane,
increasing the number of channels in the membrane
without modifying biophysical properties such as its
open probability or unitary conductance.”

Regulation of TRPV channels by cholesterol

Since the TRPV1 ion channel is widely linked to pain
and other disorders, the discovery of molecules that
influence TRPV1 activity has received considerable
attention and contrasting evidence as to the effects of
this molecule on TRPV1 function have been
described.

The role of cholesterol on TRPV1 regulation was
initially resolved in DRG neurons by performing
experiments where the plasma membrane of these
cells was depleted of cholesterol. In these experiments
it was observed that capsaicin-dependent TRPV1 cur-
rents were significantly reduced as compared to
untreated cells.”* By analyzing the level of immunore-
activity to TRPV1 in DRG neurons, it was concluded
that cholesterol depletion resulted in a reduction of
the number of ion channels in these cells.”*

In another study, our group evaluated the effects of
cholesterol on TRPV1 function in excised membranes
patches of HEK293 cells transiently expressing rat
TRPV1 channels. In these experiments, we incubated
the membrane patches with a MBCD:cholesterol mix
and found that, under these experimental conditions,
there was a significant reduction in the magnitude of
TRPV1 currents, as compared to control cells.”® This
inhibition of TRPV1 activity by cholesterol did not
produce changes in the open probability or the con-
ductance of the channel and the reduction of TRPV1
currents by cholesterol was attributed to a decrease on
the number of functional ion channels in the mem-
brane patch, as analyzed by noise analysis and single
channel experiments.”
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By performing site-directed mutagenesis and bio-
chemical assays, we showed that cholesterol interacted
with a CRAC (cholesterol recognition amino acid con-
sensus)-like motif in the S5 transmembranal region of
TRPV1.”> The functional characterization of the rat
TRPV1 CRAC motif revealed that mutations of the
arginine (R579Q) or phenylalanine (F582Q) residues
yield channels where cholesterol inhibitory effects are
less pronounced. Furthermore, when we replaced a
leucine residue for isoleucine (L585I), the inhibitory
effects of cholesterol on rat TRPV1 activation by cap-
saicin, were abolished.

Docking simulations that we have now performed
using the recently published structure of TRPV1
(Fig. 2) suggest that, the leucine at position 585, as
well as other hydrophobic residues in the S5, promote
the presence of a cavity into which the aliphatic tail of
cholesterol can introduce itself, thus stabilizing the
lipid-protein interaction. Furthermore, we propose
that the hydroxyl group of cholesterol interacts elec-
trostatically with the arginine residue at position 579
and the phenylalanine at position 582 allows for cho-
lesterol stacking (Fig. 2).

It is also interesting to note that, in this study, we
also observed that there were species-specific interac-
tions of cholesterol with TRPV1. While the rat
TRPV1 was efficiently inhibited by cholesterol, we

Leu585

Figure 2. Colesterol interacts with a CRAC motif in the TRPV1
channel. Docking simulation of cholesterol’s interactions with the
CRAC motif in the S5 transmembrane segment of TRPV1. The
cryo-EM structure of TRPV1 in the closed state (PDB 3J5P, chain
A) was used and constructed using UCSD-Chimera.
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Table 1. Summary of tissue distribution, physiological relevance and lipid regulation of thermoTRP channels.

Positive lipid
Channel Tissue distribution Physiological relevance regulation Negative lipid regulation
TRPA1 (<18°C) Peripheral sensory neurons, inner Noxious chemical and cold sensation; PIP2% LPC"?
ear, ovary, spleen, testis**** mechanical and inflammatory thermal
hyperalgesia
TRPM2 (~37°C)  Fetal and adult brain, placenta, Heat sensation, glucose-induced insulin pIp23 LPAS0
spleen, heart, bone marrow, liver, secretion;*° neuronal apoptosis;®®
leukocytes, lung*® phagocyte activation; oxidative stress.?’”
TRPM3 (~40°C)  Somatosensory neurons, pancreas, Response to steroids (pregnenolone sulfate); ~ PIP2°® Cholesterol®**?
kidney, brain, pituitary® noxious heat>?
TRPM4 (15-35°C)  Liver, kidney, spleen, skeletal muscle, ~ Temperature sensation®’ pIp2°%’
colon, heart, brain, vascular
endothelium, prostate, testis>’
TRPM5 (15-35°C)  Taste receptor cells, intestine, liver, Detection of bitter, sweet, umami tastes; pIp2%3
lung®’ temperature sensation®’
TRPM8 (<25°C)  Peripheral sensory neurons, smooth  Noxious cold and chemical sensation®* PIP25>%7 LPC"'”3  Cholesterol®* %

muscle, prostate, liver®
Spinal cord, brain, peripheral sensory
neurons®
Spleen, lung, spinal cord, brain,
peripheral sensory neurons®*
Peripheral sensory spinal cord
neurons, skin, tongue, brain®
Brain, liver, fat, kidney, heart,
salivary gland, testis, trachea®

TRPV1 (~42°C)
TRPV2 (~52°C)
TRPV3 (31-39°C)

TRPV4 (22-42°C)

Noxious chemical and heat sensation;
inflammatory thermal hyperalgesia®
Noxious heat sensation®”

Temperature and chemical sensation®®

Pressure sensing (DRG), central nervous
system osmotic sensing, nociception,

PIP2' 17 L™t PIP2'%3 "3 Cholesterol®®

LPAZ? POA® RAB* OA®®
P|P227,28 LPC69—71
pIp2*

Cholesterol'”
pIp23334 pPIP23®

Cholesterol®!

warm temperature sensing

The temperatures at which each channel is activated are shown below each channel name. Some lipids are shown as positive and/or negative regulators of chan-
nel function due to contrasting experimental results from different research groups. Positive and negative regulation of ion channels include mechanisms where
the lipids interact directly with the proteins, membrane trafficking, or signaling pathways affecting the activity of the channels.

observed that the human TRPV1 channel was only
partially inhibited by cholesterol. We attributed these
differences to the presence of a valine at residue 585
rather than a leucine and our experimental data con-
firmed this hypothesis since a mutant construct of the
human TRPV1 channel where V585 was replaced by
L585, rendered the human TRPV1 channels sensitive
to cholesterol.”

Another study suggested that cholesterol deple-
tion from the plasma membrane modifies the per-
meability properties of TRPV1 channels®® by
decreasing the size of the ion conducting pathway
of TRPV1. Thus, TRPVI ion channels expressed in
cells with high cholesterol content should allow for
the flow of large cations. In our study,” we did not
perform experiments to explore the relationship
between cholesterol and pore dilation. Nonetheless,
a possible explanation for the fact that we did not
observe this phenomenon is the different recording
conditions. While Jansson and collaborators used
whole-cell recordings, we used excised membrane
patches. Moreover, our experiments were performed
using symmetrical Na* as a permeant ion, preclud-
ing the observation of a change in the reversal
potential, as suggested for pore dilation.”® It is also
possible that in whole-recording experiments pore
dilation can be observed due to existent interactions

between the channel and/or the cytoskeleton or a
soluble modulatory factor.

For the TRPV3 ion channel, cholesterol and farne-
syl pyrophosphate or FPP, an intermediary of the
same metabolic mevalonate pathway, act as positive
endogenous regulators of TRPV3 function.”

Enrichment of membranes expressing TRPV3 with
cholesterol modified the sensitivity of this channel to
its agonists (2-APB, carvacrol and thymol), resulting
in a leftward shift of the dose response curves to
these. Other experiments showed that cholesterol
enrichment increases heat-activated TRPV3 current
densities.””

Although the TRPV4 has a CRAC-like motif in
its sequence, no functional relevance for this fea-
ture has been demonstrated.”® However, TRPV4
co-localizes with caveolin-1, indicating that TRPV4
is present in caveolae, and this is highly dependent
upon cholesterol content since the treatment with
MBCD disrupts localization of TRPV4 in the
plasma membrane channel.’® Nevertheless, neither
the functional relevance nor the molecular mecha-
nism underlying this phenomenon have been clari-
fied as of yet.

As discussed here, thermoTRPs are regulated by
several lipids and Table 1 complies the effects of the
molecules discussed in this review.



Final remarks

During the last decade, the field of study of TRP chan-
nels has experienced and explosion on research related
to clarify the roles of lipids on the function of these
proteins. In some cases, the information available has
reported contrasting results and further studies are
needed to fully understand how these molecules pro-
mote changes in channel function. Moreover,
although the regulation of TRP channels by some lip-
ids has been demonstrated to have clear effects on the
physiology/pathophysiology of an organism (as is the
case of LPA that can produce pain through the activa-
tion of the TRPV1 channel), in many cases it has not
been clearly established how this regulation impacts
the function of the channels in all the tissues. Thus,
we will have to direct new efforts toward understand-
ing how complex regulation of TRP channels by these

molecules affects physiological processes.

Abbreviations

2-APB 2-aminoethoxyldiphenyl borate

ADPR Adenosine Diphosphate Ribose

ARD Ankyrin Repeat Domain

C-terminus  Carboxyl terminus

CkTRPV1  Chick TRPV1 channel

CRAC Cholesterol Recognition Amino Acid
Consensus

DAG Diacylglycerol

DRG Dorsal Root Ganglia

FPP farnesyl pyrophosphate

GPCR G protein-Coupled Receptor

HEK293 Human embryonic kidney cells 293

IP3 Inositol 3-phosphate

LPA Lysophosphatidic acid

LPC Lysophosphaditylcholine

MpBCD Methyl-Beta-Cyclodextrin

MUFA Monounsaturated fatty acid

N-terminus N-terminus

OA Oleic cid

PC12 Pheochromocytoma

PIP Phosphoinositide

PIP, Phosphatidylinositol 4,5-biphosphate

PI(3)P phosphatidylinositol 3-phosphate

PtdIns(4)P  phosphaditylinositol 4-phosphate

PIP5KIC  Phosphatidylinositol 4-phosphate 5-kinase
type-1 gamma

PLA2 Phospholipase A2

PLC Phospholipase C
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PS Pregnenolone sulfate

POA Palmitoleic acid

PUFA Polyunsatured fatty acid

RA Ricinoleic acid

TG Trigeminal Ganglia

TRP Transient Receptor Potential

TRPA Transient Receptor Potential-Ankyrin

TRPC Transient Receptor Potential-Canonical

TRPM Transient Receptor Potential-Melastatin

TRPML Transient Receptor Potential-Mucolipin

TRPN Transient Receptor Potential-No mech-
anoreceptor potential C

TRPP Transient Receptor Potential-Polycistin

TRPV Transient Receptor Potential-Vanilloid

VBP Vanilloid binding pocket
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