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Abstract Transient receptor potential (TRP) channels form a
diverse family of cation channels comprising 28 members in
mammals. Although some TRP proteins can only be found on
intracellular membranes, most of the TRP protein isoforms
reach the plasma membrane where they form ion channels and
control a wide number of biological processes. There, their
involvement in the transport of cations such as calcium and
sodium has been well documented. However, a growing num-
ber of studies have started to expand our understanding of
these proteins by showing that they also transport other bio-
logically relevant metal ions like zinc, magnesium, manga-
nese and cobalt. In addition to this newly recognized property,
the activity and expression of TRP channels can be regulated
by metal ions like magnesium, gadolinium, lanthanum or
cisplatin. The aim of this review is to highlight the complex
relationship between metal ions and TRP channels.
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Introduction

Some trace metals like zinc (Zn*"), iron (Fe*"/Fe®™) or copper
(Cu*/Cu") are involved in a wide diversity of biological
processes. Other metal ions like cadmium (Cd*") or lead
(Pb*") have only toxic properties, at least in vertebrate cells.
The molecular mechanisms by which these cations enter into
cells are still not fully understood. Among the various actors
participating in the uptake of trace metal ions, ion channels
represent an important class of metal-transporting proteins as
they permit the import (or export) of ions moving according to
their electrochemical gradients. Trace metal ions are common-
ly described as potent blockers of ion channels, but in fact,
they exert more subtle actions on membrane conductances.
When considering ion channels, four types of responses have
been described when trace metal ions are applied extracellu-
larly: (i) blockade, (ii) modulation, (iii) activation of ion
channels and, in some instances, (iv) permeation through the
channels [31, 44, 97, 98]. Even though permeation is not as
well documented as the other three processes, L-type voltage-
gated calcium (Ca”") channels and ionotropic glutamate chan-
nels (AMPA and NMDA channels) are probably the best-
known metal-conducting channels, being permeable to a wide
variety of cations such as ferrous iron (Fe*"), Cd*" and Zn*"
[16, 57, 65, 127, 161]. Some transient receptor potential
(TRP) channels have been shown to be permeable to trace
metal ions, and it has been demonstrated in some cases that
TRP channels are important for the physiological uptake of
trace metal ions. In mammals, the TRP superfamily is
subdivided into six families named TRPA, TRPC, TRPM,
TRPML, TRPP and TRPV, each family comprising up to
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eight members [154, 171, 212]. With the exception of TRPM4
and TRPMS5, which are monovalent-selective cation channels
[72, 110], TRP channels conduct Ca®". Most of them are
located in the plasma membrane, but some are found both in
the plasma membrane and in intracellular membranes (e.g.
TRPM1, TRPM2, TRPM7, TRPMS, TRPC3, TRPV1 and
TRPV4) and still others are exclusively found on intracellular
membranes (e.g. TRPML channels; reviewed in [41]). The
main aim of this review is to summarize recent studies show-
ing that TRP channels can transport trace metal ions into the
cytosolic compartment. In order to keep this review focussed,
we will not discuss the transport and the regulatory effects of
Ca”" ions on TRP channels. In addition, we will only briefly
summarize the transport of Zn>" ions by TRP channels, as this
topic has recently been covered [16]. This review also high-
lights another interesting characteristic of metal ions that has
come into focus recently: their ability to regulate the expres-
sion of some TRP channels.

Transport of metal ions through TRP channels
Transport of metal ions through TRPA channels

TRPA1 is the only member of the family of TRPA channels in
mammals. Its function has mainly been studied in dorsal root
ganglia (DRG) where TRPA is found in a subset of nocicep-
tive neurons [11]. It can be activated by an enormous variety
of noxious or irritant substances [11, 153] and has thus been
identified to play important roles in acute and chronic, inflam-
matory pain [153]. The pore of TRPA1 is highly permeable to
Ca”" and, somewhat less, to magnesium (Mg”") [92]. This
was also confirmed on the single-channel level, where it was
additionally demonstrated that TRPA1 channels conduct bar-
jum (Ba*") [14]. This is in agreement with an earlier report
showing that extracellular Ba** potentiates TRPA1 channels
similarly to Ca®" ions, an effect that was thought to require
permeation of these ions [227]. Furthermore, based on mea-
surements with a Zn?*-selective fluorescent indicator, murine
TRPA1 was found to be permeable to Zn** [77]. Importantly,
the D915A mutation in the pore region of TRPA1 abolished
Zn*" permeability [227]. TRPA1 channels display a basal
level of constitutive activity (like many other TRP channels,
reviewed in [116]). In the presence of extracellular Zn", the
basal activity of TRPA1 channels permits entry of Zn>" ions.
Once on the intracellular side, Zn>" ions bind to sites located
in both the C- and N-termini of TRPA1 and sensitize the
channels effectively augmenting their activity (see section
“Activation and potentiation of TRPA channels”). The injec-
tion of Cd*" into the skin also elicits pain [55, 77]. The
mechanism proposed is very similar to the one for Zn>":
Cd*" ions also permeate TRPA1 channels and then positively
modulate their activity [136]. The effects of Cd*" are also
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dependent on the aspartate in position 915, indicating that
indeed, divalent permeation through TRPA1 is important
[136]. The permeability of TRPA1 channels to trace metal
ions may therefore have pathophysiological importance.

Transport of metal ions through TRPC channels

Canonical TRP (or TRPC) proteins represent a prominent
class of the TRP superfamily. Like most TRP proteins, they
form Ca**-conducting channels allowing the entry of Ca**
into the cytosol. Among the seven isoforms (TRPCI1—
TRPC7), TRPC6 is the only TRPC channel known to trans-
port physiologically relevant trace elements. Specifically, it
allows the uptake of iron (Fe*" and Fe*™) and Zn*" [50, 143].
TRPC6 is commonly described as a second messenger-
operated channel that can be activated by diacylglycerol [37,
73]. In PC12 cells, TRPC6 channels permit entry of iron (Fe*"
and Fe’") independently of transferrin and its receptor [143].
PC12 is a pheochromocytoma cell line used as a model to
study neuronal differentiation and ion channel expression
[52]. When grown in the absence of the nerve growth factor
(NGF), PC12 cells have a rounded shape and divide continu-
ously. However, when treated with NGF, they form long and
branched processes. Moreover, they become electrically ex-
citable and exhibit properties similar to sympathetic neurons
[52]. The NGF-induced morphological differentiation of
PC12 cells is associated with a marked enhancement of the
expression of TRPC6 [143, 201]. Transfection of HEK-293
cells with a plasmid expressing TRPC6 promotes the entry of
Fe?* or Fe®* [143]. It is interesting to note that overexpression
of TRPC channels can influence the Ca*" and Zn*" load of the
host cells. For instance, overexpressing TRPC3 channels in
HEK-293 cells reduces the size of their intracellular Ca®"
pools [122]. On the other hand, the overexpression of TRPC6
channels in HEK-293 cells provokes an intracellular accumu-
lation of Zn*" (and reduces the copper content) [24, 50].
TRPC6 overexpressing HEK-293 cells is more sensitive to
oxidative insults and has larger pools of mobilizable Zn*".
Live cell-imaging experiments and whole-cell patch-clamp
recordings show that TRPC6 channels, but not TRPC3 chan-
nels, can transport Zn" ions and this TRPC6-dependent Zn*"
uptake regulates the size of the internal pools of mobilizable
Zn*" in neurons [50]. Whether additional TRPC channels can
facilitate the uptake of Zn>* has not been reported so far.

For many TRPC channels, permeability for Ba>" and man-
ganese (Mn”") has been demonstrated in imaging experiments
using fluorescent indicator molecules. Mn?", for instance,
quenches Fura-2 fluorescence, which can conveniently be
monitored at 360 nm, the isosbestic wavelength of Fura-2. It
has thus been demonstrated that TRPC3, TRPC4, TRPCS,
TRPC6 and TRPC7 channels are permeable for Mn>* [38, 73,
160, 245]. Ba>* entry can also be monitored with Fura-2, and
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this has been used to show that TRPC3, TRPC6 and TRPC7
channels conduct Ba®" ions [120, 129, 211].

Transport of metal ions through TRPM channels

The mammalian subfamily of TRPM channel proteins com-
prises eight members that are, based on their primary amino
acid sequence, broadly divided into two groups: TRPMI,
TRPM3, TRPM6 and TRPM7 forming one group, and
TRPM2, TRPMS, TRPM4 and TRPMS5 forming the second
group. The first TRP channel investigated with respect to trace
metal permeation was TRPM7 [137, 144]. It displays a high
permeability for Mg”* ions, which once they accumulate
intracellularly, also regulate the channel activity (see section
“Inhibition of TRP channels by magnesium ions”). Therefore,
currents through TRPM7 channels have also been named
“magnesium nucleotide-regulated metal currents” (MagNuM
[144]) or “magnesium-inhibited current” (MIC [168]). Subse-
quent studies showed that TRPM7 channels are permeable to
a wide variety of divalent cations, including physiologically
important trace metal ions, such as cobalt (Co*"), Mn*" and
most importantly Zn®*, which seems to permeate TRPM7
channels particularly well [118, 137, 204]. In addition, poten-
tially toxic divalent cations, such as nickel (Ni*"), strontium
(Sr*") and Cd**, permeate TRPM7 channels. The permeation
of TRPM7 by these divalent ions has been well established
under experimentally simplified, so-called bi-ionic, condi-
tions. This, however, does not necessarily mean that TRPM7
channels participate in the cellular uptake of all these divalent
ions to a meaningful extent under physiological conditions. In
the presence of physiological concentrations of Ca>", other
divalent ions may not be able to compete for access to the
channel pore. For Mg”*, however, a number of publications
demonstrated that cells without TRPM7 channels or with non-
functional TRPM?7 channels have a substantially diminished
Mg>" content and therefore stop proliferating [178, 183] (but
see also [86]). Since this phenotype can be rescued by sup-
plying high amounts of extracellular Mg>", it appears that the
function of TRPM?7 proteins as cellular Mg®" uptake channels
is of high physiological relevance. Similarly, it has been
argued that TRPM7 channels provide an important pathway
for neuronal Zn>" uptake and subsequent cell death in the
pathophysiological context of ischemic stroke [80]. However,
since previous studies have also implicated TRPM7 in the
Ca**-mediated neuronal injury after ischemic stroke [1], fur-
ther work will be needed to clarify which of the two proposed
cations flowing through TRPM7 is (more) responsible for the
pathological consequences of stroke. In addition, TRPM7
channels have been used experimentally to increase Zn>"
uptake in HEK293 cells [76]. Finally, some pharmacological
evidence has been put forward that TRPM7 channels are
important in cellular Cd*" and Mn*" uptake [62, 126]. Alto-
gether, the available data strengthen the hypothesis that

TRPM?7 channels provide a pathway for trace metal ion up-
take also in vivo, under physiological and pathophysiological
conditions.

TRPM6 is the closest homologue of TRPM?7, and the two
proteins are structurally similar. For example, they share the
highly unusual feature of a functional kinase domain attached
to the C-terminal of the protein [177]. While TRPM?7 seems to
be ubiquitously expressed [165, 176], TRPM6 proteins are
found mainly in the intestine and in kidneys [182, 224].
Human infants with loss-of-function mutations in TRPM6
develop severe hypomagnesemia with secondary hypocalce-
mia (HSH) [182, 224], indicating that TRPM6 is important for
Mg®" (re-) absorption in the intestine and in kidneys. Bio-
physical studies indicated that ion channels formed from
TRPM6 proteins, much like TRPM7 channels, are also per-
meable to many other divalent cations, like Ba2+, Ni2+, Cd2+,
Sr**, Mn?" and Zn** [118, 204, 217]. However, for undeter-
mined reasons, the reported permeability sequences differ
between these studies (see Table 1). One complicating factor
is the propensity of TRPM6 and TRPM7 proteins to form
heteromultimeric complexes [27, 118]. Homomeric channels
formed from only TRPM7 or TRPM6 proteins and
heteromultimeric channels formed from both proteins can be
distinguished from each other on biophysical and pharmaco-
logical grounds [117, 118]. With respect to the topic of this
review, the differential amplitude of currents carried by Ni*" is
of special interest [118].

Some mechanistic insight has been gained on the perme-
ation of divalent cations by TRPM7 and TRPM6. On removal
of divalent cations, channels formed by TRPM7 and TRPM6
proteins support large monovalent inward currents [85, 95,
103]. These monovalent inward currents are reduced by
adding divalent cations in a dose-dependent manner, arguing
that the classical concept of a permeant blocking ion that binds
inside the pore (“sticky pore concept”, [64]) also applies to
divalent cations permeating TRPM6 and TRPM7 channels. A
number of additional observations support this notion. First,
anomalous mole fraction behaviour could be demonstrated for
TRPM7 and TRPM6 channels [118, 144]. Second, increasing
the extracellular proton concentration reduces the apparent
affinity of the channel for divalent cations, arguing for a
competition between protons and divalent cations for the same
binding site [85]. Finally, mutating crucial glutamate residues
to glutamine in both TRPM6 and TRPM7, strongly reduces
divalent ion permeability and affinity of divalent binding to
the pore [117, 131]. A consequence of the sticky pore
concept is that divalent cations compete with each other
for permeation through the channel. Therefore, it is
unclear whether and how much a given species of trace
metal ions (that typically are present only in very low
concentrations) can compete with the physiologically
much more abundant ions Ca*" and Mg?" for access
to the channels. As mentioned above, some data on this
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Table 1 Rank orders of inward current amplitudes and relative permeability ratios of TRP channels to metal ions in comparison to other divalent cations

Channel Permeable metal ions and rank Rank order of relative References

order of inward current amplitudes permeability ratios®
TRPAI1 Ca**, Mg*', Ba**, Zn**, Cd**, Co** n.d. [14, 77, 92]
TRPC3 Ca**, Ba**, Mn** n.d. [73, 129, 245]
TRPC4/5 Ca*', Mn*" n.d. [73]
TRPC6 Ca*", Ba*", Mn*", Zn**, Fe*'/Fe** nd. [38, 50, 73, 120, 143, 160]
TRPC7 Ca®", Ba®", Mn*" n.d. [120]
TRPMI Ca”*>Ba®">Mg*" >Ni** Ba®">Ca®">Mg* >Ni*" [108]
TRPM2 Ca®*, Mg**, Ba*", Mn** Ca®"'~Mg* ~Ba>" [60, 105, 131, 167, 203,

205, 231]

TRPM3 2 Ca®">7Zn*" >Mg* >Ni*" Ni*">Mg?">7Zn*"'~Ca> >Ba*" [222]
TRPM6 Ba’ ' >Ni*">Mg*">Ca®>" Ni*">Mg*>">Ca*" >Mg*" [217]

Ba®>" >Ni*">Mg®">7n* ~Ca®" [204]

Zn* >Ba* >Mg*' ~Ca®">Sr* " >Cd* >Ni** [118]
TRPM7 Zn** ~Ni*">>Ba*">Co?">Mg* >Mn>" >Sr*" Ni**=Co?'=Ca®" >Mn*">Sr** [137]

>C dz+Z Ca2t >Ba2+:Mg2+
Ba®'>Ni*">Zn*" >Mg*">Ca*" [204]
NiZ*>Ba? =Mg* =Zn* =Sr*">Cd** [118]
Ca* ' =Mg*">Ba*" [131]

TRPMS Ca**, Mg*", Ba®>*, Mn** Ba®">Ca®" >Mg>" [131, 175]

Ca®">Sr*"=Ba*">Mn*" (in LNCaP cells) [202]
dTRPM Zn* >Co® =Mn* >Ni**=Ca?*>Ba>" n.d. [49]
GON-2 Ca*", Mg*" n.d. [199, 232]
GTL-1 Ca®*, Mg** n.d. [199, 232]
TRPMLI Fe*, Zn**, Mn*", Ca>*, Mg*", Ni?*, Co**, Cd** n.d. [39, 233]
TRPML2 Fe?* n.d. [39]
TRPML3 Ca*', sr*', Ba*", Mg*" Ca*'>Sr*">Ba*" [96, 233]
TRPP2 Ca**, Mg*", Ba** n.d. [6, 100]
TRPP3 Ca**, Ba*", S©¥'>Mg*" n.d. [23]

Ca**, Ba**, Mg*>", Mn** [197]
TRPP3+PKDILI Ca*", Ba*" Ca®"~Ba®" [32]
TRPP3+PKDIL3 Ca*", Mg*" n.d. [79, 240]
TRPV1 Ca*", Mg*", Co** Ca®">Mg>" [2, 21,47, 180]
TRPV2 Ca®", Mg** Ca*"'>Mg*" [20]
TRPV3 ca*', st [19]
TRPV4 Ca**, Mg*", Sr**, Mn*" Ca*'~Sr*">Ba*" [191, 219, 228]
TRPV5 Ca’">Ba”">Sr*">Mn*" Ca®">Mn*">Ba’"~Sr*" [213]

Zn**, Cd* [102]
TRPV6 Ca®">Sr*">Ba*" >Mn*" Ca®*>Sr*">Ba*">Mn*" [68, 241]

Zn2+> Cd2+> Ca2+; La3+, Gd3+

[101]

? Relative permeabilities were estimated from measurements of reversal potentials under bi-ionic conditions. Note that the precise conditions under which the
inward current amplitudes and relative permeabilities were determined vary widely between the different studies. Hence, only rank orders are given

question are available for TRPM7, but this is the ex-
ception rather than the rule. For the vast majority of
TRP channels, it is unknown if and to what extent the
permeability to trace metal ions results in influx of
these ions under physiological conditions.

The closest homologues of TRPM6 and TRPM?7 are
TRPMI1 and TRPM3, which can both be activated by the
endogenous steroid pregnenolone sulphate [42, 108, 223].
While TRPM1 channels are indispensable for the signal
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transduction in retinal ON bipolar cells [138], TRPM3 chan-
nels have been implicated in insulin release from pancreatic 3
cells and detection of noxious heat in cutaneous nociceptor
neurons [189, 221, 223]. Given their high degree of homolo-
gy, especially in the region of the primary sequence that is
thought to form the ion-conducting pore, it was expected that
those channels are also broadly permeable to divalent cations.
The situation is more complex than this, however, because
both TRPM1 and TRPM3 are subject to alternative splicing
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[46, 156—-158]. One site of alternative splicing, conserved in
TRPMI and TRPM3, affects the pore-forming region of the
proteins. For TRPM3 channels, this has been shown to lead to
protein isoforms that have distinctly different permeability
profiles (see Table 1). Channels with the short pore sequence
(the isoform TRPM3 2 was studied most) are highly perme-
able to a wide variety of divalent cations (Ca2+, Mg2+, Zn**,
Mn?*, Ba**, Ni*"), much like TRPM6 or TRPM7 channels,
but with a different permeability sequence [157, 222]. The
permeability to Mn®" has been exploited in imaging experi-
ments to quench Fura-2 [70]. On the contrary, TRPM3 chan-
nels with the long-pore sequence (named TRPM3«1), which
is 12 amino acids longer due to an insertion (and a further
amino acid is changed from proline to alanine), have a severe-
ly reduced divalent permeability (but this has only been tested
for Ca®" and Mg?" ions so far). The region of TRPM1 proteins
responsible for forming the pore is also subject to alternative
splicing [121]. The resulting short-pore TRPM1 channels
have a pore region that is longer than the short pore of TRPM3
(due to an insert of seven amino acids) but shorter than the
long TRPM3 pore [121, 158]. Short-pore TRPM1 proteins,
when heterologously overexpressed, form Ca”’-permeable
channels that, however, do not conduct Zn*" ions [108].
Instead, TRPM1 channels are inhibited by Zn*" ions (see
section “Inhibition of TRP channels by zinc ions”). The
permeability of the TRPMI1 pore to other divalent cations
has so far not been tested. Furthermore, no functional data
about long-pore TRPM1 channels have been published.
Short-pore TRPM1 and TRPM3 proteins are capable of
forming (at least in overexpression systems) heteromultimeric
channels that are not permeable to Zn>*. Thus, the pore of
TRPMI appears to be dominant over TRPM3 in this respect
[108].

Endogenously expressed TRPM3 channels in pancreatic 3
cells [223] transport Zn>" ions well even in the presence of
physiological concentrations of Ca®>" and Mg®" [222]. This
has been taken as evidence that TRPM3 channels in pancre-
atic 3 cells are not heteromultimers of TRPM3 and TRPM1
proteins. No data on the permeability of trace metal ions of
endogenously expressed TRPM1 channels are available so
far. Recently, TRPM3 channels have been found to have a
secondary ion-conducting pathway akin to “w pathways” in
voltage-gated cation channels [220]. This w-like pathway
opens when TRPM3 channels are stimulated with pregneno-
lone sulphate and a second chemical agonist like clotrimazole
[220]. However, this secondary ion-conducting pathway has
been described as monovalent selective and sodium preferring
[220], making it unlikely that it contributes to the transport of
trace metal ions.

A single TRPM gene is present in the genome of Drosoph-
ila melanogaster. It encodes for a channel (d{TRPM) perme-
able to many divalent cations, like Ca®", Mg**, Mn**, Co*",
Ni?" and, importantly, Zn>" [49]. The permeability sequence

of'this channel is given in Table 1. Mutant flies not expressing
functional dTRPM channels show a growth defect and die as
larvae [49, 71]. On the cellular level, these animals show
reduced cell sizes and an abnormal Zn>" homeostasis. A
partial rescue of the cellular defects of the mutant larva was
obtained by supplementing the food with high levels of Zn**
(but not Mg*") [49].

From the second subgroup of TRPM channels, TRPM4
and TRPMS are thought to be monovalent selective because
they do not conduct Ca*" ions [72, 110]. Although not for-
mally shown yet, it seems very likely that these channels also
do not conduct other divalent ions such as trace metal ions.
TRPM2 channels activated by cADPR or H,0, are permeable
to Ca®*, Mg*", Mn*" and Ba®" [60, 105, 131, 167, 231], and
again, these permeation properties can be influenced by mu-
tating acidic residues in the presumed pore region [131, 231].
Mg** permeability has also been demonstrated for heat-
activated TRPM2 [203] and on the single-channel level
[205]. All studies found that the permeability of TRPM2
channels to divalent is modest (less than the permeability to
Na' ions), and most researchers agree that the permeability for
Mg”" ions is still somewhat less than that for Ca®" ions [105,
203, 205, 231] (but see [131]). Equally, the menthol-activated
channels formed by TRPMS are distinctly permeable to Ca”",
Mg®" and Ba®" ions [130, 131]. Mn>" ions also seem to
permeate TRPMS channels, and this can be utilized to quench
Fura-2 fluorescence [175]. TRPMS8 channels endogenously
expressed in the prostate cancer cell line LNCaP display
strongly divergent biophysical properties compared to
TRPMS channels in DRG cells (e.g. they have an inward
rectifying I/V relationship) but also appear to be permeable
to Ca”*, Sr**, Ba®" and Mn*" [202].

The TRPM channels GON-2 and GTL-1 of Caenorhabditis
elegans are permeable for divalent cations and conduct Mg2+
under bi-ionic conditions [199]. However, it is unclear whether
Mg?" can also be conducted by these channels under physio-
logical Ca®" concentrations [232]. Nevertheless, worms lack-
ing both GON-2 and GTL-1 display a severe lack of Mg”",
indicating that these channels are important for intestinal Mg**
uptake. In addition, animals deficient in GON-2 and GTL-1 are
resistant to Ni**, suggesting that these channels transport this
toxic metal ion. A further TRPM channel from C. elegans,
GTL-2, has been implicated in Mg®" excretion, but its Mg**
permeability has not been measured with direct methods [200].

Transport of metal ions through TRPV channels

The family of TRPV channels comprises six members in
mammals. The first four members (TRPV 1-4) display marked
sensitivity to temperature and are therefore counted among the
“thermoTRPs” [162]. In general, the permeability profile of
the thermosensitive TRPV channels (TRPV1-4) is only poor-
ly known, and that is also true for the otherwise well-studied

@ Springer



1148

Pflugers Arch - Eur J Physiol (2015) 467:1143-1164

TRPV1 channel. Before TRPV1 was cloned [21], the endog-
enously expressed vanilloid receptor in DRG cells was known
to conduct Co®" ions [147], and the capsaicin-induced uptake
of Co”" has been used in a number of studies to probe for
TRPV1 activity (e.g. [180]). Heterologously expressed
TRPV1 is known to be permeable to Mg”" with a somewhat
lower permeability compared to Ca®* [2, 21, 47]. The perme-
ability to Mg”" is affected by mutating an asparagine residue
in the pore region (D646; [47]). Since the pore diameter of
TRPV1 channels is large (accommodating large organic cat-
ions; [13, 134]) especially when dilated upon prolonged ago-
nist stimulation [28], it is rather likely that these channels—at
least under some conditions—also conduct other divalent
cations, but this has not yet been demonstrated experimentally.

TRPV2 channels have also been shown to conduct Mg*"
with a slightly lower permeability than Ca®* [20], while recent
data on TRPV3 channels indicate that they are inhibited by
Mg?" ions [125]. TRPV3 channels, however, have been found
to be permeable to Sr** ions, which is exploited to artificially
activate oocytes, where TRPV3 is strongly expressed [19].
TRPV4 channels, again, conduct Mg®" ions, and the perme-
ability of this channel to Mg*" is specifically abolished by a
double mutation in the pore region, which does not severely
affect the permeability to Ca** [219]. Reversal potential anal-
ysis determined that the permeability of TRPV4 to Ca®" and
Sr** was higher than that to Ba*" [191]. Finally, Fura-2
quench was used to show that TRPV4 channels conduct
Mn?" and have a basal, unstimulated channel activity [228].
Other trace metal ions have not been studied with respect to
their permeability for TRPV1-+4.

TRPVS and TRPV6 are closely related to each other and
unique among all TRP channels as they are—under physio-
logical ionic conditions—very Ca**-selective and display an
inward-rectifying I/V curve [67, 68, 163, 164, 213]. It was
recognized early on that these channels conduct a variety of
divalent cations (Ba>*, Sr**, Mn*") but not Mg?" (which was
found to inhibit currents through TRPVS and TRPV6, see
below, section “Inhibition of TRP channels by magnesium
ions”). Interestingly, an ortholog of TRPV6 that does conduct
Mg?" has recently been cloned from Xenopus laevis [30]. The
strong selectivity of the mammalian channels for Ca®* (among
the physiological divalent cations) led to the conclusion that
these channels are important for Ca®" (re-) uptake in the
intestine and in the kidneys, where they are strongly expressed
[67, 163, 164]. These early reports also indicated that Ca**
uptake through TRPVS and TRPV6 was inhibited by a large
number of other divalent and trivalent cations (see section
“Inhibition of TRP channels by metal ions™). Recently, how-
ever, a re-evaluation of this question provided evidence that
TRPV6 is also permeable to Zn*" and Cd*" and, surprisingly,
also to lanthanum (La>") and gadolinium (Gd*"), but not to
mercury (Hg?"), Co*" and Ni*" [101]. The authors propose
that, since TRPV6 channels are highly expressed in the
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placenta [164, 229], they could constitute an important route
participating in the transplacental transport of trace elements.
Similarly, TRPVS has also been shown to be permeable to
Cd*" and Zn®' [102]. A calcium-restricted diet has been
shown to increase both intestinal TRPV6 (also called CaTl)
and intestinal Cd*" absorption. This supports the hypothesis
that TRPV6 channels may be causally responsible for the
enhanced uptake of this poisonous trace metal under condi-
tions where Ca®" is in short supply [135]. Interestingly, a
strongly increased plasma Zn>* concentration in Ca**-restrict-
ed animals has also been noted, which may have been caused
by an increased uptake of Zn®" through TRPV6 channels
[135].

Transport of metal ions through TRPML channels

The only known intracellular TRP channels involved in the
homeostasis of trace metal ions are TRPMLI (also named
mucolipin-1 or MCOLN1) and TRPML2 (or MCOLN2) [39],
which both belong to the mucolipins (TRPML). Three
TRPML proteins have been identified in mammals: TRPMLI,
TRPML2 and TRPML3 (or MCOLN3) [171, 212]. TRPMLI1
is a 580-amino acid glycoprotein with a molecular mass of
65 kDa present in membranes of endo-lysosomal compart-
ments [109, 169, 242]. Northern blot analysis of various
human tissues showed that TRPMLI is expressed almost
ubiquitously with the exception of the colon and thymus
tissues [10]. Mutations in the gene coding for TRPMLI cause
mucolipidosis type IV (MLIV) [10, 195], a lysosomal storage
disorder characterized by the accumulation of lipids and sol-
uble substances [242]. This autosomal recessive disease is
associated with visual, motor and mental impairments [3,
169, 242]. TRPMLI function was inferred from its perme-
ation profile and from physiological consequences of its ge-
netic ablation. Mounting evidence points to a role of TRPML1
and its relatives in trace metal ion permeability. By means of
electrophysiological methods and *>Fe*" uptake measure-
ments, Dong et al. [39] showed that TRPML1 and TRPML2
can transport this metal out of endo-lysosomal compartments.
The channels are also permeable to a wide range of cations
including Zn2+, Mn2*, Ca2+, Mg2+, Ni*", Co**, Cd*" and
Ba®*, but they are not permeable to Fe** and Cu®". Surpris-
ingly, TRPMLS3, a closely related TRPML member, does not
transport Fe** [39] (although it does conduct Ca>*, Sr**, Ba*"
and Mg”" as determined in the varitint waddler mutant that is
trafficked to the plasma membrane [96, 233]). Skin fibroblasts
from MLIV patients have a higher lysosomal iron content than
control cells [39]. Recent evidence connects TRPMLI loss to
Fe?*-dependent buildup of reactive oxygen species and mito-
chondrial damage [29]. The impact of Fe*" accumulation or
oxidative stress on tissues affected by MLIV is presently
unknown.
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Of note, recent experiments showed that knocking down
the expression of TRPMLI in HEK cells mimics the MLIV
phenotype with large lysosomes and membranous vacuoles
accumulating chelatable Zn®" [43]. This is specific to
TRPMLI1 because suppressing the expression of TRPML2
does not reproduce this effect. The authors observed higher
levels of chelatable Zn”* in fibroblasts from MLIV patients
and also higher brain levels of Zn®" in TRPML1 " mice.
They concluded that TRPML1 interferes with the homeostasis
of Zn®" since loss of TRPMLI function is associated with
higher levels of chelatable Zn>" in large lysosomes and vac-
uolar structures. But, in contrast to Dong et al. [39], they did
not observe any modification in the size of the pool of
mobilizable Fe*" [43]. The role of TRPMLI in regulating
cellular Zn** was recently explored in another set of studies.
In agreement with the above-mentioned observations, it was
found that TRPML1-deficient cells accumulate Zn** in the
lysosomes, in a manner that requires or is regulated by a
cytoplasmic step [106].

The data discussed above indicate that TRPMLI is respon-
sible for the regulation of the lysosomal Fe** and Zn*" con-
tent. TRPML1 permeability to Fe*" and Zn>" suggests its role
in Fe’" and Zn®" leak from the lysosomes, which may be
important in tissues that lack other lyso/endosomal divalent
transporters such as DMT1. However, the recent evidence of
the role of TRPMLI in lysosomal secretion [132, 179] sug-
gests an alternative explanation for the metal buildup in
TRPMLI1-deficient cells: Without the proper functioning of
TRPMLI channels, the Ca*"-dependent exocytosis of
lysomes is impaired which could by itself lead to reduced
excretion of the metal ions that have accumulated in the
lysosomes. Thus, the true impact of TRPMLI1 permeability
to Fe”" and Zn>" on cellular function remains to be identified.

Transport of metal ions through TRPP channels

TRPP2 proteins (also called PKD2 or PC2) form Ca*"-perme-
able ion channels [6, 34, 59] that are capable to co-assemble
with members of the PKD1 family of large glycoproteins [59,
208]. On their own, TRPP2 proteins reside intracellulary in the
ER membrane and form cation-permeable ion channels that
conduct Ca*’, Ba*" and Mg”" ions [6, 100]. The related
proteins TRPP3 (also called PKD2L1 or PKD-L) form chan-
nels that are, in addition to Ca*", also permeable to Ba**, Sr**,
Mg>" and Mn?* [23, 197]. Chen et al. [23] found that macro-
scopic (whole-cell) Mg** currents through TRPP3 channels
were much smaller than Ca®" currents. This was, however,
only partly reflected in the single-channel conductance of
TRPP3 channels that was only 20 % smaller for charge carried
by Mg>" compared to Ca®" ions [197]. TRPP3 proteins are
capable of forming complexes with PKDIL3 proteins that
have a 3:1 stoichiometry [240] and respond to the removal of
acidic solutions with an “off response” [79]. Because of this

sensitivity to pH changes and their co-expression in a specific,
proton-sensitive subgroup of taste receptor cells [78, 84, 123],
these proteins have been implicated in the sensation of sour
taste [78, 84]. However, sour-sensitive taste cells possess a
proton-influx channel that is specifically active when exposed
to a low extracellular pH [22]. The channel complex of
PKDI1L3 and TRPP3, on the other hand, is inhibited during
exposure to extracellular protons and only opens with an “off
response’” when the proton concentration drops [79, 94]. Fur-
thermore, single and double knockout mice in which PKD1L3
and TRPP3 proteins have been inactivated still respond to
acidic tastants in electrophysiological experiments albeit with
reduced intensity compared to wild type [75, 151]. It is there-
fore unclear whether and to what extent TRPP3-PKD1L3
complexes contribute to the transduction channels in sour-
sensitive taste cells. Overexpressed TRPP3-PKD1L3 channel
complexes conduct Ca®" and Mg>" [79, 240]. Through specific
mutations in the putative pore regions of TRPP3 and PKD1L3,
the altered permeability to Mg®" has been used to determine
that both proteins participate in the ion-conducting pore [240].

In primary cilia, TRPP3 channels form complexes with
PKDIL1, another member of the PKD1 family [33]. These
channels are divalent permeable and have the same relative
permeability for Ca®" and for Ba®" [32].

An overview of the data discussed in this section is given in
Table 1. It contains the list of the metal ions transported by
TRP channels and, when established, their permeability se-
quence. As can be seen, Zn>" jons are, after the well-studied
Ca®" and Na' ions, the most frequently studied ions. They
permeate members of most TRP subfamilies (TRPA, TRPC,
TRPM, TRPML and TRPV). However, permeability for Zn**
cannot be regarded as a general and common property of
Ca*"-conducting TRP channels (see, e.g. TRPM1). Table 1
illustrates that TRP channels are capable to finely tune their
ion selectivity and to discriminate precisely between different
divalent cations.

Activation and potentiation of TRP channels by metal ions

Like other ion channels, TRP channels can be differentially
affected by trace metal ions. Often, they are inhibited (see
section “Inhibition of TRP channels by metal ions”) or—
much more rarely—activated or potentiated by these ions. In
the next section, we will summarize these rare examples,
which are also summarized in Table 2 and are graphically
illustrated in Fig. 1.

Activation and potentiation of TRPA channels

The trace metal Zn>" is the only physiologically relevant trace
metal that activates TRPA1 channels [77] or any other TRP
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Table 2 TRP channels activated

or potentiated by metal ions Channel Metal ions Effect References
TRPA1 Cu?', Zn*", Cd** Activation [4, 77]
TRPC5 Pb** Activation [194]
and / or La>", Gd** Activation or Potentiation [88, 181, 186, 234]
TRPC4 mercurial compounds Activation [235]
TRPV1 Ccu*t, Mg, Fe*t, Zn®", Ni** Activation [2, 18, 124, 174, 238]
Cu®*, Mg**, La™", Gd** Potentiation [207, 226]
TRPV6 Zn*", La** Potentiation [101]

channel. TRPA1 channels are activated by intracellular Zn**
ions in a concentration range from >1 to 1,000 nM [4, 77]. In
rat DRG sensory neurons, elevation of the intracellular con-
centration of free Zn>" to 10-20 nM activates TRPA1 chan-
nels, and such an activation also occurs with Cu®" (with an
ECsg of ~0.6-1 uM), Cd*" (with an ECsy of ~1-2 uM) and
Ba®" (without quantification, [227]). On the other hand,
TRPAI channels are not activated by Fe**, Na* [4] or Mg**
[227]. Interestingly, Zn”" ions that activate TRPA1 channels
may have entered the cell through TRPA1 channels them-
selves, as the potentiation by trace metals (or Ca’") is
abolished [77] by a mutation (D918A) that strongly reduces
Ca”" permeability of the channels (see section “Transport of
metal ions through TRPA channels™) [227]. This property is of
physiological relevance because injection of Zn>* in mice
elicits nociceptive responses, dependent on TRPA1 expres-
sion [77]. The Zn*" (and Cd*") sensitivity of TRPA1 is not
shared by other TRP channels expressed in nociceptor neu-
rons (TRPV1, TRPV2, TRPV3, TRPV4 and TRPMS), mak-
ing this channel the physiologically relevant Zn*"-sensitive
detector for nociception. The patho-physiological relevance of
trace metal-activated TRPA1 channels has recently been con-
firmed in the respiratory system [55]. TRPA1 channels are
expressed by a sub-population of capsaicin-sensitive pulmo-
nary neurons, and therefore, the application of Zn”>* ions (but
also of Cd*" or Cu®") gives rise to an inward current mediated
by TRPAI channels. On the whole animal level, Zn**

Zn?*, Cu2*, Cd?* Pb?, Hg?",

La®, Gd>*

LX)
[

C553+ E543+
extracellular C558 E595

intracellular

TRPA1

TRPC4/5

Fig.1 Activation or potentiation of TRP channels by divalent or trivalent
trace metal ions. Indicated are the TRP channels for which an activation
or potentiation has been positively identified. Please note that activating
effects of Ca®" ions (described for TRPV1) are not depicted. Where
identified, amino acid residues important for the activation or potentiation
of the channel activity are indicated. Due to the tetrameric symmetry of
TRP channels, the shown residues are found on each subunit but are
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exposure causes a marked depression of the respiratory rate
in wild-type mice but not in TRPA1” mice [55].

Recently, TRPA1 channels have also been implicated in the
etiology of neuropathic pain induced by Pt**-containing anti-
cancer medication (cisplatin and oxaliplatin). These sub-
stances represent important chemotherapeutic agents com-
monly used for the treatment of various tumours [225]. How-
ever, they have major, potentially dose-limiting side effects
such as painful allodynia (cold allodynia is especially severe
with oxaliplatin treatment) and pronounced ototoxicity due to
death of cochlear cells (seen especially during treatment with
cisplatin). TRPA1 was specifically found to be necessary for
oxaliplatin-evoked cold allodynia, as the development of cold
allodynia was impaired or absent after pharmacological block-
ade of TRPA1 channels or in TRPA1-deficient animals [148,
149]. Cisplatin and oxaliplatin also activated overexpressed
TRPAT1 channel. TRPA1 activation was abolished by gluta-
thione, indicating that the Pt**-containing substances do not
activate TRPA1 channels directly, but rather cause the gener-
ation of reactive chemical species (for instance, reactive oxy-
gen species) that in turn activate TRPA1 channels [148]. In
isolated DRG neurons, Nassini et al. [148] did not observe
activation of TRPA l-expressing neurons by Pt**-containing
substances and therefore suggested that in vivo the reactive
chemical species are produced by other (non-neuronal) cells in
the surroundings of the TRPA 1-expressing nociceptors. Zhao
et al. [244], however, found in isolated DRG neurons that

Zn?*, Cu?, Cd%*, Mg?*, Ni#* Zn?*, Mn2*
La¥, Gd** La%*
[-X-} %o

o

N

TRPV1 TRPV6

depicted only on one subunit. For TRPA1, the aspartate 918 most likely is
important for the permeation of Zn>" and other divalent cations, and by
this means regulates their potentiating effect. For TRPCS, the indicated
cystein residues have been characterized to be important for the activation
by Hg2+, while the glutamate residues are important for the activation by
lanthanides and Pb**
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oxaliplatin treatment for 2—4 h increased the number of allyl-
isothionate (the prototypical TRPA1 agonist) sensitive cells
indicating that some of the effects of oxaliplatin may be cell
autonomous.

Activation and potentiation of TRPC channels

The trivalent “rare earth elements” (or lanthanide ions) La**
and Gd*" have been heavily used to inhibit most mammalian
TRP channels (see section “Inhibition of TRP channels by
lanthanides™). It is therefore surprising that these ions also
potentiate a small number of mammalian TRP channels. Nev-
ertheless, this behaviour has been very well documented for
TRPC4 and TRPCS5 channels pre-activated by GTPyS [181].
Additionally, heteromultimeric TRPC1-TRPCS5 channels are
also activated by La>* [192]. It was subsequently reported that
human TRPC5 channels can be directly activated by Gd*"
even without exogenous receptor activation [243]. The poten-
tiating effect of La®* on mouse TRPC5 channels expressed in
HEK cells are more pronounced at negative potentials and are
fully reversible upon washout [88]. This stimulating effect is
seen for concentrations of La** and Gd®" ranging from 1 to
1,000 M [88]. At still higher concentrations (5 mM), La**
blocks TRPCS5 current. Extracellular Ca®" ions are also capa-
ble of stimulating TRPCS channels (concentration range 2—
20 mM) [88, 243]. At 20 mM extracellular Ca**, La®" ions
were found not to have an additional potentiating effect,
indicating that Ca®" competes with La>" for the same binding
site [88]. Single-channel measurements reveal a complex
mode of action in which Gd** decreases the amplitude of
unitary currents through mouse TRPCS channels but simulta-
neously increases the open probability strongly, resulting in a
larger net current [88, 186]. Two negatively charged glutamate
residues (Glu>* and Glu>®), close to the extracellular mouth
of the pore, are controlling the positive regulatory processes
[88]. The same amino acids are also important for the activa-
tion of TRPC5 channels by Ca" ions [88].

Besides lanthanides, methyl mercury (MeHg) stimulates
the activity of some TRP channels. The application of MeHg
and divalent mercury (Hg*") gives rise to an influx of Ca*" in
HEK cells overexpressing human TRPC5 channels and in
cultured human umbilical vein endothelial cells, which en-
dogenously express TRPCS channels [235]. The response to
Hg?" was prevented by 2-APB, a blocker of many TRP
channels, and DTT. Consequently, the replacement of two
cysteine residues (C553 and C558) located near the third
extracellular loop (E3) abolishes the metal-dependent poten-
tiation of the Ca®" entry. These sites differ from the putative
lanthanide-binding site. Accordingly, the effects of mercurial
compounds, that act extracellularly, are additive with, and
hence independent of those of lanthanides [235]. Mercurial
compounds have also been shown to exert a positive regula-
tory effect on the closely related TRPC4 channel but not on

TRPC3, TRPC6, TRPV1 and TRPV2. Ni**, Cd*" and Zn**
do not mimic the effects of mercurial compounds. Lead ions,
however, at concentrations >5 uM augment Ca** entry
through TRPCS channels [194, 235], but the magnitude of
the effect reported was variable between the two studies. A
glutamate residue located at position 543 seems to control the
Pb**-dependent regulation of TRPC5 [194]. The molecular
effect of Pb** therefore seems similar to the one underlying
the stimulatory effects of lanthanides, as the same glutamate
residue appears to be involved.

Activation and potentiation of TRPV channels

Similar to TRPC4 and TRPCS, channels composed of TRPV 1
proteins also are activated by lanthanides. In HEK-293T cells
expressing recombinant rat TRPV1 channels, the application
of G&*' at concentrations of 10-1,000 uM elicits currents,
indicating direct activation of TRPVI channels by Gd*".
However, at concentrations >300 uM, the currents elicited
by Gd*" are reduced, indicating that Gd** causes an additional
block of TRPV1 currents at these high concentrations [207].
In addition, at concentrations lower than 100 pM, Gd** po-
tentiates TRPV1 activity induced by heat, protons and capsa-
icin. Again, however, at 1 mM, Gd*>" inhibits these agonist-
induced currents through TRPV1 channels. The Gd**-depen-
dent potentiation seems to involve two glutamate residues at
position 600 and 648. Mutating E648 to alanine severely
shifted the dose-response curve of Gd** to higher values,
while the corresponding mutation of E600 completely
abolished the activation of TRPV1 by Gd** [207]. Both of
these glutamate residues are thought to be located at the
extracellular side of the membrane and are implicated in the
activation of TRPV1 by protons [87]. Therefore, it was pro-
posed that Gd** might exert its activating effect similarly to
protons [207]. In the light of these results, it is surprising that
another study did not find that Gd** (up to a concentration of
100 M) affects Ca®* signals evoked by stimulating TRPV1
channels with protons (pH 5) or capsaicin [185].

Some other monovalent and multivalent cations activate
TRPV1 channels, most notably Mg*". This question was
studied in some detail by Ahern et al. [2] who found that
TRPV1 channels can be activated by Mg*", Ca*" and also
lithium ions (Li") with the following sequence: Ca’>'=
Mg*">>Li">>Na". As seen with Gd*", these cations exert
a direct effect on the gating of the channels but only at very
high concentrations (e.g. > 30 mM Mg*"). On the other hand,
they also sensitize TRPV1 channels already at lower con-
centrations (e.g. 3—5 mM Mg”>") by shifting the dose-
response of capsaicin (and endogenous ligands like AEA
and NADA) to lower values. MgSO, also induces pain
in vivo, as injecting it intraperitoneally caused writhing in
wild-type mice but not in TRPV1 ™" mice [2]. During
inflammation, these processes may have pathophysiological

@ Springer



1152

Pflugers Arch - Eur J Physiol (2015) 467:1143-1164

importance, as evidence was provided that TRPV1 chan-
nels, once sensitized with bradykinin, already react to Mg*"
ions at physiological concentrations [2]. Importantly, in
these sensitized TRPV1 channels, the temperature activa-
tion was shifted to lower temperatures by Mg®" [2]. Sub-
sequent works found that Cu?', Fe*', Zn2+, Ni** and Ba*"
ions all activate TRPV1 channels [18, 124, 174, 206, 207,
238]. The two glutamate residues (E600 and E648) that
mediate activation of TRPV1 by Gd*" are also important in
the regulation of TRPV 1 channels by other divalent cations. A
recent in-depth analysis, however, found that most extracellu-
lar regions of TRPV1 channels are involved in the regulation
by Mg”>" and Ba®* [238]. In this study, it was also shown that
Mg®" and Ba®" exerted their activating effect mainly by facil-
itating heat activation of TRPV1 and thereby lowering the
temperature threshold for activation [18, 238]. Mg?" was
shown to induce a conformational change similar to that
caused by heat [238]. An interesting species difference with
respect to Mg®" sensitivity of TRPV1 was discovered by
Wang et al. [226]. They found that external application of
5 mM Mg®" augments the basal current (without agonist
stimulation and at room temperature) through human TRPV1
channels much more effectively than through rat TRPV1
channels (which were studied in ref. [2]). At saturating capsa-
icin concentrations (which eliminate effects of sensitization of
the capsaicin effect), Mg®" still enhances human TRPV1
while it moderately blocks rat TRPV1. Wang et al. [226]
identified the protein region between transmembrane seg-
ments S5 and S6 as the molecular part of TRPV1 channels
controlling this species difference in Mg®" sensitivity.

Apart from nociception, the activation of TRPV1 channels
by multivalent cations has also been discussed in the context
of taste sensation transmitted by the trigeminal system. Diva-
lent cations such as Cu®*, Fe*" and Zn?" are considered to be
complex tasting because at low concentrations, they elicit an
attractive response, while at higher concentrations, they are
aversive [174]. As TRPV1 channels are strongly expressed in
trigeminal fibres in the orofacial cavity (e.g. [82]), TRPV1
channels were good candidates for mediating the aversive
component of the taste of these salts. However, only for
FeSOy, a difference between TRPV1™™ and wild-type mice
could be established [174], and TRPV1-deficient mice still
show a strong aversion to all of these salts. This indicates that
other receptors for these salts are important in this system.
Given the fact that Zn>" strongly activates TRPA1 channels
[77], which are also expressed in trigeminal nociceptor neu-
rons, these proteins might be interesting candidates.

Mukherjea et al. [142] reported that the anti-cancer drug
cisplatin activates TRPV1 channels directly, leading to in-
creased Ca®" influx in immortalized organ-of-corti cells
(UB/OC-1). TRPV1 activation by cisplatin was therefore
implicated in cisplatin-induced hearing loss, and indeed, re-
ducing TRPV1 expression (by siRNA treatment) or TRPV1
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activity (by capsazepine or ruthenium red) in the inner ear
reduced cisplatin-induced hearing loss [142].

Human TRPV6 channels are modulated by Zn*". Low
concentrations of extracellular Zn*" (but also Mn*" and
La’") increase Ca®" currents or radioactive Ca®" uptake
through hTRPV6 channels slightly (<50 %) whereas at higher
concentrations, these metal ions depress hTRPV6-dependent
Ca*" currents [101].

Inhibition of TRP channels by metal ions

Divalent cations generally permeate channels by binding to
negatively charged amino acid residues located in the ion-
conducting pore. While this ensures their efficient permeation,
this process also prevents the permeation of other ions (for
instance, monovalent cations). This is the reason why all
permeating trace metal ions—at least to some degree—are
also inhibitors of the currents carried by monovalent cations
through these channels. In this section, we will, however,
concentrate on cases where inhibition of TRP channels by
trace metal ions appears to follow a different mechanism than
the concept of “sticky” permeant blockers [64].

Inhibition of TRP channels by lanthanides

La*" was already used to inhibit fly TRP channels well before
it was established that its mode of action is to block the
conduction of ions through plasma membrane channels [66].
It was later shown that 10-20 uM of La®" ions (and the related
Gd*" ions) strongly block TRP channels while leaving TRPL
channels almost unaffected [61, 152, 172]. In the following
years, almost all TRP channels identified were found to be
inhibited by these lanthanides, albeit within vastly differing
concentration ranges. This has been abundantly demonstrated
in TRPC channels, which are the mammalian TRP channels
most closely related to Drosophila TRP and TRPL channels:
TRPC1 [187, 247], TRPCS (but only at millimolar concen-
trations: [88]), TRPC6 [15, 81] and TRPC7 [160, 173] are
inhibited by lanthanides. Depending on the expression sys-
tem, TRPC3 responses were described as poorly sensitive or
fully blocked by La*>* [90, 245, 246]. It was later shown that,
at least in certain cell types, La>—and Gd**—can passively
enter into the cytosol where they exert a stronger inhibitory
effect compared to extracellular application [58]. Of note,
intracellularly, lanthanides bind to negatively charged com-
pounds and may act as complexes rather than as free ions [58].

TRPM channels have been generally found to be rather
poorly sensitive to lanthanides. TRPM2 channels appeared to
be essentially insensitive to external application of La*", as
1 mM La*" only caused a weak diminution of the current
through TRPM2 channels at most, irrespective of whether
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these channels were overexpressed in HEK293 cells or en-
dogenously expressed in microglia [54, 105]. TRPM3 chan-
nels, on the contrary, are reasonably well blocked by Gd*", as
100 uM were shown to inhibit the constitutive activity [53,
113], the sphingosine-induced activity [70] and the pregnen-
olone sulphate-induced activity [150]. Two different studies
found that TRPM4 channels are inhibited by Gd** or La®".
Approximately 50 % inhibition by 30 uM Gd*" was proposed
[139] when these channels were activated by mechanical
stretch—which is, however, not a generally accepted stimulus
to open TRPM4 channels [214]. Xu et al. described a Ca?'-
permeable channel after overexpression of TRPM4 that could
be inhibited by 80 uM La®>* or Gd*>* [236]. The situation is
similar for TRPMS, which was described as a store-operated
channel inhibited by 100 uM La*" [166]. However, nowa-
days, TRPM4 and TRPMS5 channels are considered to be
activated by Ca”*, but impermeable to this jon [72, 110, 155].
TRPM7 channels were found to be insensitive to 10 uM La**
or Gd*" [137]. At 10 mM, however, Gd** blocked inward and
outward currents completely [137]. La®" ions at 2 and 10 mM
were found to block inward currents through TRPM7 (almost)
completely, while outward currents were only partially
inhibited even at these very high concentrations [137, 176]. In
a similar vein, complete inhibition of TRPM7-induced cell
rounding was reported to require 2 mM La®* [193].

The icilin-activated TRPMS channels are blocked by 1 mM
La*" [26]. However, 10 uM La** was ineffective in blocking
menthol-activated TRPMS in an overexpression system [210].
Consistently, TRPMS channels in corneal epithelial cells were
recently found to be partially inhibited by 100 uM Gd*" [133].
Compared to the weak sensitivity to lanthanides of mamma-
lian TRPM channels, the TRPM channels of C. elegans, GTL-
1 and GON-2, are rather sensitive to La®" as they are inhibited
with an ICs, of approximately 5 uM [232].

In general, TRPV channels are inhibited by Gd** or La*".
However, these lanthanides are used rather seldom on TRPV1
channels because the members of this subfamily are more
sensitive to ruthenium red (which therefore has been preferred
for functional assays). It is commonly accepted that TRPV1 is
inhibited by Gd>" only at very high concentrations, if at all.
For example, Gd** reduced proton- and temperature-evoked
TRPVI currents only at 1 mM [185, 207]. On the other side,
La*" inhibited uptake of the fluorescent organic cation YO-
PRO-1 through TRPV1 with an ICsq of 74 uM [9]. It is
unclear whether this large difference in sensitivity is due to
differences between Gd*>* and La®*, or if the YO-PRO-1
uptake assay is particularly sensitive to lanthanides. La*" or
Gd®" at 100 1M blocks heat-activated rat TRPV2 by approx-
imately 60 % [114]. However, Juvin et al. [89] found that
mouse TRPV2 channels activated by 2-APB are not inhibited
by these lanthanides at the same concentration. Here again, it
is unclear what the reason is for this contradiction. TRPV3
channels seem to be more sensitive to Gd** than TRPV1

channels as they are inhibited by Gd*" at concentrations as
low as 10 uM [207]. TRPV4 channels are again rather poorly
sensitive to lanthanides. Early on, it was reported that 100 uM
Gd*" causes a 70 % inhibition of TRPV4 currents, while the
same concentration of La’" evoked only a 27 % inhibition
[190]. Liedtke et al. [119] reported a voltage-dependent block
(incomplete at outward currents) of 500 uM Gd**. More
recently, in CHO cells, overexpression of TRPV4 was shown
to allow regulatory volume decrease (RVD) upon exposure to
hyposmotic solution, and this TRPV4-dependent RVD could
be blocked by 100 uM Gd** [12]. Specific neuronal DRG
cells respond to hyposmotic stimuli with an inward current
that could not be detected in TRPV4-deficient mice. Surpris-
ingly, this inward current appears to be completely blocked by
the rather low concentration of 10 uM Gd*" [111].

Compared to TRPV1-4, TRPVS5 channels are highly sen-
sitive to lanthanides and are reported to be inhibited by La>"
with an ICs of 4.6 uM and by Gd*" with an ICsq of 1.1 pM
[215]. Similarly, TRPV6 channels are completely blocked by
10 uM La’** [17, 241].

TRPAI channels are inhibited by La*" and Gd** whereby
the ICs, value depends strongly on the extracellular Ca*"
concentration [8]. At approximately physiological Ca** con-
centrations (2 mM), ICs, values of 300 uM for La®>" and
167 uM for Gd** were reported. At 20 pM Ca**, however,
the lanthanides are much more potent (ICs, for La** of 54 uM
and for Gd*" of 24 uM) [8]. This finding agrees with earlier
data on the block of the uptake of the fluorescent dye YO-
PRO-1 (IC50=30-52 uM; [8, 9]) or allyl-isothiocyanate-
induced current (block by Gd®" with ICs,=0.1 uM; [145])
that were also obtained under low Ca*" or Ca** free conditions.

TRPMLI channels are inhibited by 100 uM La>" and Gd**
[40], while TRPML3 currents were reported by one study to
be much more sensitive with an ICsq of 15 uM for wild-type
channels and those that harbour so-called “varitint waddler”
mutations [ 146]. Another study, however, found only a partial
inhibition even with concentrations as high as 300 uM [56].
TRPP2 channels, either alone [6, 51] or in a heteromultimeric
complex with PKD1 [34] or TRPC1 [7], are inhibited by
Gd*". Interestingly, the heteromultimeric complexes were
found to be more potently blocked (ICs5y=22-32 uM, [7])
than the TRPP2 channels obtained from ER membranes of
TRPP2 overexpressing cells (IC50=206 puM, [6]).
Heteromultimeric channels formed from TRPP3 and PKD1L3
proteins are not inhibited by 100 uM Gd** [83]; however,
heteromultimeric complexes made of TRPP3 and PKDILI1
are strongly inhibited by Gd*" or La®" at 10 uM [32].

Inhibition of TRP channels by zinc ions
Zn*" ions are able to modulate the activity of numerous

voltage- and ligand-gated channels, and TRP channels are
no exception to this rule (Fig. 2). For instance, Zn>" ions
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Zn2t

extracellular
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o

TRPM1/2/5 TRPM3/6/7

Fig. 2 Inhibition of TRP channels by the physiologically relevant trace
metal ions Zn>" and Mg®", While Zn*" inhibits TRPM1, TRPM2 and
TRPMS5 channels from the extracellular side, Mg”" ions exert their effect
on various TRP channels mainly via the cytosolic side. Note that the

inhibit mouse TRPM1, and a molecular understanding of this
inhibitory property has been provided [108]. The pore of
TRPMI channel is permeable to Ca** but not to Zn>" ions
that instead block TRPM1 currents with an I1Cs of approxi-
mately 1 uM [108]. This is in stark contrast to TRPM3
channels that are very similar in the primary amino acid
sequence of the pore region but conduct Zn>" (see section
“Transport of metal ions through TRPM channels”). This
difference has been ascribed to a stretch of seven residues
(called the LYAMEIN motif) only present in the pore region of
TRPMI but not in TRPM3. Adding the LYAMEIN motif to
the pore of TRPM3 renders it susceptible to block by Zn*"
[108]. Beside the LYAMEIN motif, additional parts of the
channel seem important for the Zn>" sensitivity like the
residue histidine 1034 [108].

TRPM2 channels are inhibited by extracellular Zn*" [188].
In a more recent study, it was reported that these metal ions
induce an irreversible and concentration-independent depres-
sion of TRPM2-dependent currents [239]. Zn®" interacts with
the outer pore and induces conformational changes leading to
the inactivation of the channels [239]. It does not act on
channels in the closed state but only on open channels. Since
TRPM?2 is expressed in microglial cells and in neurons of the
hippocampus, a Zn”"-rich brain structure, the authors propose
that this mechanism of Zn**-dependent inhibition of TRPM2
channels could play a neuroprotective role [239]. This process
could also constitute a negative feedback mechanism regulat-
ing insulin secretion in the pancreas, where TRPM2 channels
are expressed in the Zn2+—releasing [ cells [203]. In addition,
TRPMS5 channels are inhibited by extracellular Zn** ions with
an ICsy of 4 uM, and amino acids important for this process
have been identified at the extracellular side of the ion-
conducting pore [209]. TRPM7 channels are inhibited from
the intracellular side by Zn>" (and other divalent cations like
Ba®" and Mn>"; see also section “Inhibition of TRP channels
by magnesium ions”) [103]. Altogether, Zn>" ions exert com-
plex actions on TRPM channels: Depending on the isoform,
they can inhibit (e.g. TRPM1 and TRPMSY) or inactivate
TRPM channels (e.g. TRPM2).
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inhibition of TRPV1 and TRPA1 channels by Mg?" is not depicted, as it
has only been described to occur at high concentrations (see text).
Indicated amino acid residues have been identified as crucial for the
depicted inhibitory effect

Zn*" ions exert a dual action on TRPV6 channels. Not-
withstanding the fact that Zn>" ions permeate through the pore
of TRPV6 channels, at low concentrations (20 uM and less),
they also augment currents carried by Ca®" through TRPVG,
whereas at concentrations larger than 20 puM, they exert an
inhibition [101], in agreement with older studies that found an
inhibition of Ca®" uptake by Zn>" [164]. It has therefore been
proposed that TRPV6 possesses two Zn?'-binding sites: an
activating (high affinity) and an inhibitory (low affinity) bind-
ing sites. From the same TRP subfamily, TRPV2 channels
activated with 2-APB are not sensitive to 100 pM Zn*" [89].

The acidity-evoked proton current in TRPP3-expressing
taste cells is strongly inhibited by 1 mM Zn** [22]. The “off
response” of heterologously expressed TRPP3-PKDIL3
channels (see section “Transport of metal ions through TRPP
channels”), on the other hand, was found to be unaffected by
Zn*" ions at the same concentration [83], again indicating that
heteromultimeric TRPP3-PKDI1L3 channels might not be
identical to the transduction channels in acid-sensitive taste
cells.

Inhibition of TRP channels by magnesium ions

Mg?" is an important biological metal ion involved in many
enzymatic reactions and playing crucial roles in cell signalling
[230]. It influences ion transport mechanisms by regulating
various ion channels, including some TRP channels (Fig. 2).
Inhibition of TRP channels by intracellular Mg®" was first
demonstrated for TRPM7 [144]. Subsequently, Mg®* was also
shown to inhibit native currents which are now believed to be
encoded by endogenously expressed TRPM7 channels [103,
104, 144, 168]. A controversy still exists as to whether
TRPM7 channels are also regulated by Mg** complexed to
nucleotides [35, 144] or whether the active species inhibiting
the channel is free Mg>" [103]. The closely related channel
TRPM6 is equally inhibited by intracellular Mg”* with an
ICs50 of 0.51 mM, and therefore at physiological concentra-
tions of intracellular Mg?* [217]. Mg®" inhibition of TRPM6
is a very fast process occurring within tens of milliseconds as
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shown by flash photolysis [217]. As Mg”" ions also permeate
TRPM7 and TRPMS6 (see section “Transport of metal ions
through TRPM channels”), inhibition of these channels by
intracellular Mg®" constitutes a direct negative feedback
loop. This is also true for TRPM3 channels, for which
inhibition by intracellular Mg®" in the physiological con-
centration range has been shown as well [157]. Interest-
ingly, not only the divalent permeable splice variant
TRPM3«2 is inhibited by intracellular Mg®", but also
the splice variant TRPM3«x1 that conducts divalent ions
only poorly [157]. The effects of intracellular Mg*" have
not yet been reported for heterologously expressed
TRPM1 channels. However, for the transduction current
in retinal ON-bipolar cells, which is believed to be medi-
ated by TRPMI channels [138], it has been reported that
the transduction channels are partially inhibited by intra-
cellular Mg®" and that this inhibitory effect can be mod-
ulated by PKC«x-dependent phosphorylation [170].

In TRPV5 and TRPV6 channels, intracellular Mg*" in-
duces a voltage-dependent block [216, 218] affecting outward
currents, possibly by binding to the intracellular side of the
ion-conducting pore. Intracellular Mg*" ions thus contribute
to the strong inward rectification of TRPV5 and TRPVG6,
although these channels also show intrinsic rectification in
the absence of any divalent cations. In addition to the fast
voltage-dependent inhibition by Mg*", intracellular Mg " ions
have been shown to induce a further, slow inactivation of
TRPVS5/6 channels [112, 216], which could be reversed by
increasing PIP, levels in the plasma membrane [112]. Voets
etal. [216] also observed that Mg " ions block inward currents
through TRPVS5/6 when applied extracellularly. From the
voltage dependence of this block, they inferred that inhibition
was less severe at strongly negative potentials, which might be
indicative of Mg2+ transport through the pore (“push
through”). However, extreme voltages exceeding the physio-
logical range were needed to observe this effect [216]. TRPVS
channels are also blocked by extracellular Mg”*, where the
ICs, value varied with extracellular Ca>* concentration [215].
A recent report indicates that TRPV3 channels are inhibited
by Mg”" from both the extracellular and intracellular side and
that, accordingly, two different binding sites for Mg>* on
TRPV3 exist [125]. Interestingly, Mg®" ions affect TRPV3
activity mainly by decreasing the single-channel conductance
in a voltage-dependent manner. From the cytosolic side, Mg**
ions reduce the outward currents more strongly then the
inward currents through TRPV3; from the extracellular side,
however, the inverse relationship was observed [125]. This
observation indicates that Mg " ions are under the influence of
the transmembrane electrical field. Consistent with this idea,
mutational analysis indicated that positively charged amino
acids at both sides of the ion-conducting pore (D641 for the
extracellular site and E679 together with E682 for the intra-
cellular site) are important for the inhibitory effect of Mg**

ions [125]. Overall, the effects of Mg>* on TRPV3 channels
were of moderate magnitude (<50 % inhibition at physiolog-
ical concentrations of extracellular Mg”") [125]. Also, very
recently, 100 mM Mg”" was shown to inhibit TRPV1 chan-
nels from the cytosolic side in inside out patches [238].
Whether this inhibition by Mg”* also occurs at physiologically
realistic concentrations is not yet known. Interestingly, Mg*"
from the extracellular and intracellular side reduces the single-
channel conductance of TRPV1 [18, 238], reducing the
apparent effect of activation of TRPV1 channels by extra-
cellular Mg** (see section “Activation and potentiation of
TRPV channels”).

TRPA1 channels are also inhibited by intracellular Mg*"
ions, however, only at high concentrations (>1.8 mM, [91,
227]). Nevertheless, since Mg*" ions permeate TRPA1 chan-
nels, the effects of Mg®" might occur under physiological
conditions, as the intracellular concentration in the vicinity
of the channels might be considerably higher than that in the
bulk of the cytosol [227].

Equally, TRPC5 channels (but not TRPC1-TRPCS
heteromultimeric channels) are inhibited by intracellular
Mg*", with an ICs, of 457 uM and therefore at physiologi-
cally relevant concentrations [159]. Interestingly, the inhibi-
tion by Mg®" was attenuated in a mutant where one acidic
amino acid (D633) at the intracellular side just distal to trans-
membrane domain 6 was mutated (to asparagine). This con-
trasts strongly with the situation in TRPV6 channels, where a
negatively charged amino acid in the ion-conducting pore was
found to be important for the inhibition by intracellular
Mg*" [216].

Inhibition of TRP channels by toxic metal ions

Toxic metal ions like Cd®>" and Ni** have long been used to
block voltage-gated Ca** channels. Most TRP channels have,
however, proved to be rather insensitive to these divalent
cations, possibly reflecting their much broader ionic selectiv-
ity profile. As outlined above (section “Transport of metal
ions through TRP channels”), some TRP channels are perme-
able also to these toxic substances or are even activated by
them (see section “Activation and potentiation of TRP channels
by metal ions”). Nevertheless, some TRP channels are also
inhibited by these ions, as described below.

At very high concentrations (3-6 mM), Ni*" was used to
inhibit TRPC3 channels activated by a store depletion proto-
col or by receptor activation [ 107, 245]. Earlier, already, it was
found that receptor-activated TRPC6 channels were inhibited
by Cd*" ions, with an ICsy of 253 uM [81], which again
represents a rather high value.

TRPM2 channels have been shown to be exceptionally
resistant to inhibition by toxic divalent cations such as Co”",
Ni?*, Cd*" as well as by essential metal ions like Cu>* and
Zn*" even at the high concentration of 1 mM, as the observed
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inhibition was less than 5 % [54]. Interestingly, however,
TRPM2 channels are blocked in experimental settings by
replacing extracellular Ca** with Ba®* [45, 63, 128]. It appears
that Ba®" cannot substitute for Ca>*, which is obligatory for
activating TRPM2 channels [128].

TRPV1 channels in single-channel recordings are blocked
by Ba®" from the intracellular side with an ICs, of 0.89 mM
[237]. From the extracellular side, trivalent aluminium ions
(AI*") inhibit at concentrations of 100 uM or more TRPV1
channel activity [207]. TRPV4 (outward and inward) currents
have been reported to be blocked by very high concentrations
(130 mM) of extracellular Ba®" [115] despite the fact that
others found that this cation also permeates through TRPV4
channels [191].

TRPVS5 and TRPV6 channels have, as mentioned above, a
high selectivity for Ca>" and as such exhibit a much higher
sensitivity to inhibition by other divalent cations. Accordingly,
Ca*" uptake through TRPV5 channels was found to be strong-
ly inhibited by 100 uM of Pb*>*, Cu*" and Cd**, and to a lesser
extent by Co”", Ni*" and Zn®" [101, 164]. Electrophysiolog-
ically, the inhibition of TRPV6 channels by Cd*" was found to
occur with an ICs, below 5 uM [69, 215].

Changes in expression of TRP proteins induced by metal
ions

So far, only few studies have provided data suggesting that
TRP channel expression is regulated by metal ions. The data
available cover a limited number of elements: lithium, gado-
linium, cobalt and platinum. The published results are sum-
marized in this section and in Table 3.

Changes in TRP channel expression induced by lithium

Li" is a metal ion used for decades in the treatment of some
mood disorders [184]. Interestingly, it seems to regulate the
expression of TRPC3 channels. Indeed, Li" chronically ap-
plied to human B lymphoblasts (for 7 days at a therapeutically
relevant concentration) diminishes TRPC3 expression [5].
This Li"-dependent regulation is specifically observed in B

Table 3 TRP proteins showing augmented expression after exposure to
metal ions

Channel Metal ions References

TRPAI pe* [198]

TRPC6 Co*", Gd** [25, 196]

TRPMS Pt [48, 198] but see [148]
TRPV1 Pt [140]

TRPV2 p?* [74]
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lymphoblasts from patients suffering from bipolar disorder but
not in B lymphoblasts from healthy control subjects. More-
over, this regulation by Li" seems to affect TRPC3 channels
with some specificity because the expression of TRPC4 is not
modified [5].

Changes in TRP channels expression induced by gadolinium
or cobalt

A recent report suggested that in rat neonatal ventricular
myocytes, Gd>", applied as a solution of GdCl;, enhances
the expression of TRPC6 channels via the activation of the
Ca**-sensing receptor [196].

Co”" ions have largely been used to mimic hypoxic condi-
tions. Of interest, in some adult brain tumours, solutions of
CoCl, augment the basal concentration of Ca®" by causing an
overexpression of TRPC6 channels (mRNA, protein level).
This effect is controlled by Notchl [25].

Changes in expression of TRP channels induced by platinum
compounds

In addition to their reported effects on the activity of TRPA1
and TRPV channels (see sections “Activation and potentiation
of TRPA channels” and “Activation and potentiation of TRPV
channels™), Pt*"-containing substances (cisplatin, oxaliplatin)
have also been shown to affect TRP channel expression.
Cisplatin augments TRPV1 expression in the organ of Corti,
and this process may play a role in cisplatin-induced cochlear
cell loss [142]. Up-regulation of TRPV1 expression was
dependent on ROS generation by NOX-3, as it could be
suppressed by scavenging ROS with lipoic acid, pharmaco-
logically inhibiting NOX-3 or by siRNA-mediated knock-
down of this enzyme [140, 142]. Interestingly, cisplatin-
induced TRPV1-dependent Ca®" influx seems to induce a
positive feedback loop by activating and inducing NOX-3
and STAT-1, as NOX-3 in turn augments TRPV1 expression
and activity [140, 141]. The STAT-1-induced inflammatory
processes finally cause cochlear cell death and ultimately lead
to hearing loss.

The mRNA levels of TRPMS were found to be increased in
oxaliplatin-injected animals [48]. Accordingly, the cold
allodynia induced by oxaliplatin could be prevented by
capsazepine, a blocker of TRPMS8 (and TRPV1) channels,
but not by 5’-iodoresiniferatoxin, a selective TRPV 1 blocker.
From these data, Gauchan et al. concluded that the cold
allodynia caused by oxaliplatin was partly due to the increased
expression of TRPMS8 channels in primary afferents [48].
However, this view has not been universally accepted.
Knowlton et al. [99] found that TRPMS8 was necessary for
oxaliplatin-induced cold allodynia, as TRPM&-deficient mice
did not develop this condition. However, acute blockade of
TRPMS channels (by PMBC; 1-phenylethyl-4-(benzyloxy)-
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3-methoxybenzyl(2-aminoethyl)carbamate) failed to amelio-
rate the oxaliplatin-induced cold allodynia [99]. In addition,
Ta et al. [198] showed that treatment of mice with cisplatin or
oxaliplatin up-regulates mRNA levels of TRPV1, TRPA1
and, only to a lesser extent, the mRNA levels of TRPMS.
These authors provided further evidence that the up-regulation
of TRPV1 expression seen at the transcriptional level is in-
volved in the heat hyperalgesia observed in mice suffering
from cisplatin-induced neuropathy. A Japanese herbal drug
(gosha-jinki-gan) was found to reduce oxaliplatin-induced
cold hyperalgesia and also the expression of TRPMS and
TRPA1 in rat DRG cells [93]. Another study found that the
intraperitoneal injection of cisplatin in rats up-regulates the
expression of TRPV2 in DRG cells, but not the expression of
TRPV1, as assayed immuno-histochemically [74]. A still
different picture was presented by Nassini et al. [148]. As
explained above (section “Activation and potentiation of
TRPA channels”), these authors favour a model in which
TRPAL is activated by GSH-sensitive compounds produced
during exposure to Pt**-containing compounds. A transient
increase in mRNA-encoding TRPA1 was also found after
treatment with oxaliplatin, but the authors concluded that it
is too short-lived to explain the allodynia that persisted for
days [148]. Finally, it should be noted that ion channels other
than TRP channels have also been implicated in cisplatin- or
oxaliplatin-induced hyperalgesia [36, 74].

In summary, the currently available data about the anti-
cancer drugs on the expression of TRP channels are inconsis-
tent and contradictory. Clearly, more experiments are needed
to identify whether changes in TRP channel expression are
functionally important and to disentangle the effects of in-
creased channel expression and regulation of channel activity.
Furthermore, the mechanism by which Pt**-based drugs influ-
ence TRP channel expression is still entirely unclear. Accord-
ingly, it is not understood why different Pt**-containing drugs
have different effects on TRP channels and what the precise
role of the different moieties of these compounds is.

Conclusions

A large number of proteins dedicated to the transport of
essential biological metal ions have been characterized,
among them many ion channels. Most of the data available
on the transport of trace metal ions by membrane channels
concern voltage-gated Ca”" channels and ionotropic gluta-
mate (AMPA and NMDA) channels. However, recent find-
ings have attracted attention to TRP proteins as new actors in
trace metal ion transport. They form a diverse superfamily of
cation channels widely expressed and fulfil various biological
roles. Besides their well-documented function of delivering Ca®*
and Na" ions to the cytosolic compartment (and depolarizing the

cellular membrane potential in the process), a growing num-
ber of experimental observations indicate a role of TRP chan-
nels in the transport of biologically relevant and toxic trace
metal ions.

However, as we have attempted to highlight in this review,
our knowledge of the interaction between TRP channels and
metal ions is still rudimentary. Strikingly, for many TRP
channels, it is unknown whether and to what extent they are
permeable to trace metal ions. Even less is known about their
permeability to these cations under physiological conditions.
Since these questions can be addressed by standard experi-
mental techniques, it is hoped that the present review stimu-
lates research in order to fill in these obvious gaps in our
knowledge. Such research would be of high relevance because
metal ions are not only necessary for all living cells, but some
of them are also environmental pollutants. Understanding the
molecular mechanisms participating in trace metal ion uptake
and delivery into cells is thus of crucial importance.

It is important to underscore the fact that metal ions exert
subtle and complex effects on TRP proteins, ranging from
short-term (permeation, block and inhibition) to long-lasting
responses (regulation of expression). In general, studies inves-
tigating the regulation of TRP channel expression have been
scarce, and it is therefore not surprising that the long-term
effects of metal ions on TRP channel activity have not been
explored in any detail. This field also deserves attention in
future studies. It thus appears that the complex relationships
between trace metal ions and TRP channels are in need of
further research on many levels, ranging from fast biophysical
processes (like permeation) to the long-term regulation of ion
channel protein expression. Important new discoveries with
considerable clinical implications can be expected in this
emerging area of research.
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