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Abstract

Absorption of ammonia from the gastrointestinal tract results in problems that range from
hepatic encephalopathy in humans to poor nitrogen efficiency of cattle with consequences
for the global climate. Previous studies on epithelia and cells from the native ruminal epithe-
lium suggest functional involvement of the bovine homologue of TRPV3 (bTRPV3) in rumi-
nal NH,* transport. Since the conductance of TRP channels to NH,* has never been
studied, bTRPV3 was overexpressed in HEK-293 cells and investigated using the patch-
clamp technique and intracellular calcium imaging. Control cells contained the empty con-
struct. Divalent cations blocked the conductance for monovalent cations in both cell types,
with effects higher in cells expressing bTRPV3. In bTRPV3 cells, but not in controls, men-
thol, thymol, carvacrol, or 2-APB stimulated whole cell currents mediated by Na*, Cs*,
NH,4* and K*, with a rise in intracellular Ca®* observed in response to menthol. While only
25% of control patches showed single-channel events (with a conductance of 40.8 + 11.9
pS for NH," and 25.0 + 5.8 pS for Na*), 90% of bTRPV3 patches showed much larger con-
ductances of 127.8 + 4.2 pS for Na*, 240.1 + 3.6 pS for NH,4*, 34.0 + 1.7 pS for Ca®*, and ~
36 pS for NMDG™. Open probability, but not conductance, rose with time after patch exci-
sion. In conjunction with previous research, we suggest that bTRPV3 channels may play a
role in the transport of Na*, K*, Ca®* and NH," across the rumen with possible repercus-
sions for understanding the function of TRPV3 in other epithelia.

Introduction

The transient receptor potential (TRP) multigene superfamily consists of 28 known sequences
that are subdivided into seven subfamilies, six of which are found in mammalian tissues and
encode for integral membrane proteins that function as cation-selective channels in extra- or
intracellular membranes [1, 2]. Possibly owing to the original discovery in the sensory system
of drosophila flies [3], most functional research to date has focused on the role of TRP chan-
nels in Ca** mediated sensory signaling cascades, such as those involved in the detection of
thermal signals, inflammation, or pain [4]. Intriguingly, the fragrant constituents found in
herbs have been found to interact in a specific manner with various members of the TRP
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channel family, triggering an influx of Ca®* and Na* [5, 6]. Since TRP channels are expressed
by almost every cell type of the body, this opens an exciting new field for pharmacological
interventions that are currently being explored [2].

In addition to what is by now classical role in cellular signaling, a direct role in epithelial
transport has been established for TRPV5 and TRPVE6 in the renal and intestinal transport of
Ca" [7, 8] with similar functions played by TRPM6 and TRPM? in the transport of Mg** [9,
10]. However, there is currently very limited information regarding the functional role of TRP
channels in the epithelial transport of monovalent cations and none concerning the physiolog-
ically important NH," ion.

Our own interest in TRP channels was sparked when attempting to identify proteins
involved in ammonia transport by gastrointestinal epithelia [11-13]. Large quantities of
ammonia are produced in the fermentative parts of the gut from microbial degradation of
nitrogenous compounds and subsequently absorbed. Since ammonia is highly toxic, it has to
be converted to urea or glutamine by the liver and excreted via the kidney [14], leading to mul-
tiple associated problems. In humans suffering from hepatic disease, high colonic absorption
of ammonia worsens cerebral function [15]. In patients with kidney dysfunction, uremia is
aggravated [16]. In livestock, absorption of ammonia from the gut decreases microbial protein
synthesis while increasing nitrogen emissions with subsequent formation of climate gasses.
The problems are formidable: cattle alone are accountable for about 30% of global nitrogen
emissions or twice the contribution of all oceans combined [17, 18].

A closer look is thus warranted and shows that matters are more complex since not all urea
that is generated from ammonia is renally excreted. Instead, variable quantities are recycled to
the gut via proteins such as UT-B that are specifically expressed for the purpose [19]. In con-
trast to the host animal, the bacteria of the gut can utilize urea as a source of nitrogen for the
generation of high-grade protein incorporating essential amino-acids, which, in the case of
cattle, can be fully digested and utilized [20, 21]. However, further amounts of the secreted
urea are again degraded to ammonia, reabsorbed, detoxified to urea, and re-secreted. This gas-
trointestinal recycling of nitrogen frequently exceeds 20 mol-day " in dairy cows [22], and it is
estimated that reconversion of ammonia to urea accounts for 10% of the total energy required
by the liver of cattle. Gastrointestinal recycling of nitrogen is also found across hindgut epithe-
lia of monogastric species such as the pig [12] or in humans [23]. It may be asked what purpose
it serves. A potential reason emerges when considering that for each mole of urea secreted into
the gut, two moles of the strong buffer NH; are formed. Accordingly and provided that the
subsequent absorption occurs in the protonated form as NH, " through suitable transport pro-
teins, gastrointestinal recycling of nitrogen might contribute to luminal pH homeostasis.
Finally, if the transport proteins were known, it might be possible to pharmacologically modu-
late ammonia absorption from the gut. There are thus multiple reasons why a more detailed
knowledge concerning the mechanisms behind the absorption of ammonia appears urgent.

It is by now well established that the high permeability of most cellular membranes to
ammonia is linked to the expression of various more or less specific transport proteins [14].
Ruminal physiologists were among the first to challenge the notion of non-specific diffusion of
the uncharged form (NH3) [24] and it has been shown that at physiological pH, transport
across the rumen occurs primarily in the form of NH," via cation channels [11, 25]. Subse-
quently, further studies of the ruminal epithelium on the level of the tissue and the cell demon-
strated that these channels are non-selective and sensitive both to divalent cations [13, 26, 27]
and to the TRPV3 channel agonists menthol and thymol [13]. In conjunction with mRNA
data from the native ruminal epithelium excluding TRPMS, the non-selective cation channel
TRPV3 has emerged as a possible candidate mediating the transport of cations across the
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tissue. However, the permeability of TRP channels in general and of TRPV3 in particular to
NH," has never been investigated [28]. The current study fills this gap.

On the basis of measurements in the whole cell and single-channel configuration of the
patch-clamp technique, we report that the bovine representative of this channel has a conduc-
tance to NH," that exceeds that of Na* and Ca**. To our knowledge, this is the first time that
the conductance of a homologue of TRPV?3 to either Ca®" or NH," has been studied on the sin-
gle-channel level. Based on data from whole cell and single-channel experiments, we further
report a marginal conductance to the organic cation NMDG". The bTRPV3 may thus play an
important role in mediating transport not just of Na* or Ca>*, but also to NH," and other
organic cations with possible repercussions for understanding the function of this poorly
understood protein in health and disease [29].

Material and methods
Cloning of bTRPV3 into pIRES2-AcGFP1 and pcDNA5/TO

The bovine sequence of TRPV3 (XM_015458625.1) with an N-terminal HA-Strep-tag was pro-
duced by gene synthesis (ShineGene Bio-Technologies Inc., Shanghai, China). The dual tag
was placed at the N-terminus in order to prevent possible interference with a C-terminal PDZ
binding motif found in some TRP channels [1]. The HA-Strep-bTRPV3 construct was then
subcloned into pIRES2-AcGFP1 (Clontech Laboratories, Mountain View, CA, USA) via Nhel
and EcoRI restriction sites and into pcDNA5/TO (Life Technologies, Darmstadt, Germany)
via the restriction sites HindIII and Kpnl.

Cell culture and transient transfection of bTRPV3

HEK-293 cells were cultivated in Dulbecco’s modified Eagle’s medium supplemented with
10% (vol/vol) fetal bovine serum, 4 mmol-1"! glutamine and 100 units-ml™ of both penicillin
and streptomycin (Biochrom, Berlin, Germany). Expression in both vector systems (pIRE-
S2-AcGFP1 and pcDNA5/TO) was confirmed by immunoblotting (Fig 1A and 1C). HEK-293
cells were transiently transfected using poly ethylene imine (PEI) either with the vectors har-
bouring the bTRPV3 construct or the respective empty vectors and grown for 24 hours. Cells
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Fig 1. Immunoblots and fluorescence microscopy images of HEK-293 cells expressing bTRPV3. a) Immunoblot of HEK-293 cell lysates 24 hours after transfection
with a pIRES2-AcGFP1 vector. The marker lane (M) is followed by a lane of control cells transfected with the empty pIRES2-AcGFP1 vector (no band), followed by lane
of strep-tagged bTRPV3-pIRES2-AcGFP1 cells. A strong band appears at ~ 90 kDa after staining with strep-antibody. b) Fluorescence microscopy image shows HEK-
293 cells reseeded at a lower concentration for patch clamp measurements after 48 hours of incubation with bTRPV3-pIRES2-AcGFP vector. Green fluorescence
indicates a successful expression of the bTRPV3-pIRES2-AcGFP vector. ¢) Immunoblot of HEK-293 cell lysates 24 hours after transfection with bTRPV3-pcDNA5/TO

vector.

https://doi.org/10.1371/journal.pone.0193519.g001
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were subsequently harvested, washed twice in ice-cold phosphate-buffered saline (PBS) and
resuspended in lysis buffer (50 mM Tris HCI pH 8.0, 150 mM NaCl, 1.2% Triton X-100, 0.1%
SDS, 1 mM EDTA). Lysis was performed for 30 min at 4°C with gentle agitation followed by a
clarifying spin (20 min, 14 000 rpm, 4°C). Proteins were resolved on 10% polyacrylamide-gels
(SDS-PAGE) and electroblotted onto polyvinylidene difluoride (PVDF) membranes. A pri-
mary mouse antibody directed against the Strep-tag (1:2500, Qiagen, Hilden, Germany) in
combination with a horseradish peroxidase (HRP)-conjugated secondary antibody (anti-
mouse, 1:2000; from Cell Signaling Technology, Frankfurt, Germany) were used to detect
bTRPV3. Proteins were visualized by use of the Clarity Western ECL Substrate (Bio-Rad,
Munich, Germany).

For patch-clamping, subcloning was performed into a bicistronic vector allowing the simul-
taneous expression of green fluorescent protein (pIRES2-AcGFP1). Since successfully trans-
fected cells emit a green fluorescent signal, they could be selectively targeted for patch-
clamping (Fig 1B). For controls, the empty pIRES2-AcGFP1 vector was used without the
inserted bTRPV3 gene. For each experimental day, HEK-293 cells from the same passage were
transiently transfected with either bTRPV3 or the empty control vector using PEI and studied
in parallel.

For calcium imaging, a tetracycline-regulated expression system was used for the transfec-
tion of HEK-293 cells (pcDNA 5/TO). Otherwise, the transfection procedure was as described
above. The best protein expression efficiency for the pcDNA 5/TO-vector was reached 24 h
post transfection (Fig 1C).

Patch-clamp measurements

Patch-clamp experiments were performed essentially as previously described [30, 31] in a con-
tinuously perfused bath chamber allowing artefact-free solution changes. Cells were monitored
with an inverted fluorescence microscope (Zeiss Axiovert). Borosilicate glass pipettes were
pulled to a resistance of 3-5 MOhm using DMZ Universal Puller (Zeitz Instruments, Munich,
Germany). Currents were recorded by an EPC 9 patch-clamp amplifier (HEKA Electronic,
Lambrecht, Germany).

Pulse generation, data collection, filtering with a 2.9 kHz Bessel filter, and the correction for
capacity and series resistance was automatically performed by Patchmaster Software (HEKA
Electronic). For whole cell measurements, the protocol editor of Patchmaster was pro-
grammed to automatically switch every 66 seconds from a continuous protocol for assessing
solution changes at low sampling rate (100 Hz) (protocol I, Fig 2B) to a classical pulse protocol
for assessing channel kinetics at high sampling rate (5 kHz) with automatic compensation for
capacitance and series resistance (protocol II, Fig 2D). Files from protocol I were subsequently
merged to yield traces like that in Fig 2C. All patch-clamp experiments were performed at
23°C. After each cell overexpressing bTRPV3, a control cell was measured. For single-channel
measurements, data were sampled at 10 kHz (protocol IIT).

Solutions. The conductance for NH," and the interaction between monovalent and diva-
lent cations was tested using a Na-gluconate (NaGlu) pipette solution that consisted (in
mmol-1™"): 122 NaGlu, 15 NaCl, 1 NaH,PO,, 5 KCl, 10 HEPES, 0.9 MgCl,, 5 EGTA. In a sec-
ond pipette solution designated as NMDG-gluconate or “NMDGGIu”, all but 1 mmol 1™ Na*
was replaced by NMDG™. The standard extracellular solution “NaCl” contained (in mmol1"):
137 NaCl, 5 KCl, 1 NaH,PQO,, 10 HEPES, 1.7 CaCl,, 0.9 MgCl,. Na* was replaced by NMDG"
or NH," in the solutions designated as “NMDGCI” or “NH,Cl”. In gluconate based solutions,
the Cl™ concentration was reduced from 142 to 21.8 mmol-1"" by replacement with gluconate™
using the commercial salt or via titration. Where indicated, 5 EGTA was used to replace Ca**
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Fig 2. Whole cell measurements of HEK-293 cells expressing bTRPV3. Cells were filled with a Na-gluconate pipette solution (a) and superfused with various bath
solutions as indicated. Cells were stimulated via consecutive application of the continuous pulse protocol I (b), subsequently merged. This yielded traces such as that in
(), which represents the original recording of one individual bTRPV3 cell. At regular intervals (66 s), pulse protocol I was briefly interrupted to run the high resolution
classical step protocol IT shown in (d), yielding current responses such as that shown in (e).

https://doi.org/10.1371/journal.pone.0193519.9002

in the continued presence of 0.9 mmol1™' Mg**. The Cl~ concentration was adjusted using
NMDGCI. In high Ca** solutions, NaH,PO, was omitted. The osmolality of all solutions was
adjusted to 300 mosmol-kg ™" using mannitol, the pH to 7.4 using Tris or HCL.

To investigate the action of agonists on bTRPV3, solutions from Macpherson et al. [32]
were used (in mmol-17"): pipette: 140 CsCl, 10 HEPES, 1 MgATP, 5 EGTA, pH 7.4; bath solu-
tion: 140 NaCl, 5 KCI, 2 MgCl,, 10 HEPES, 5 EGTA, pH 7.4. To assess the impact of menthol
and 2-APB on the conductance for K" and NH,", this recipe was varied in a few experiments
by replacing CsCl with K-gluconate in the pipette and NaCl with NH4Cl in the bath.

Menthol, thymol, and carvacrol were freshly dissolved in ethanol on each experimental day
and kept on ice until immediately prior to the experiment, when the stock solution was added
to the bath solution in the perfusion system at 1:1000. 2-Aminoethoxydiphenyl borate (2-APB)
was dissolved in methanol.
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Solutions for single-channel patch-clamp measurements were composed according to
Doerner et al. [33]. The “NaCl” pipette solution contained (in mmol-17"): 145 NaCl, 5 CsCl, 1
EGTA, 20 HEPES. NaCl was replaced by NH4Cl in the solution designated as “NH,CI”. In a
further solution (“NH,Glu”) 130 mmol-1"" of CI” were replaced by gluconate™. Both solutions
were also used in the bath, where indicated by these abbreviations. Additionally, the following
solutions were used: 1.) “NMDGGIu”: 5 CsCl, 1 EGTA, 20 HEPES, 15 NaCl, 130 NMDGGIu;
2.) “CaCl,”: 5 CsCl, 1 EGTA, 20 HEPES, 75.2 CaCl,; 3.) “MgCl,”™: 5 CsCl, 1 EGTA, 20 HEPES,
75.2 MgCly; 4.)“NH4Glu 1.5 Ca®*”: 5 CsCl, 1 EGTA, 20 HEPES, 1.5 CaCl,, 12 NH,CI, 131
NH,Glu, 5.) “NaCl 1.5 Mg**”: 5 CsCl, 20 HEPES, 1.5 MgCl,, 145 NaCl, 6.) “NaCl 1.5 Ca®*”: 5
CsCl, 20 HEPES, 1.5 CaCl,, 145 NaCl.

Data analysis. Data processing was performed using Igor Pro 6.2.2.2 (WaveMetrics Inc.,
Lake Oswego, USA) and Sigma Plot for Windows 11.0 (Systat Software 11.0, Erkrath, Ger-
many). All potentials were corrected for liquid junction potential [34].

Whole cell measurements: Where not indicated otherwise, the term “outward current” is
used to designate the current density at +100 mV. This reflects either cations (e.g. Na*) flowing
out of the pipette into the bath or anions (e.g. Cl") flowing out of the bath into the pipette or
the sum of both. Likewise, current densities designated as “inward currents” were measured at
—100 mV and reflect the reverse flow of anions and cations. To obtain current density, absolute
current values were divided by the capacity of each cell. Alternately, currents were normalized
to the initial current at +100 mV in NaCl solution, which was set to 100%. Continuous pulse
files (protocol I) were merged using Igor to yield an overview of the response of the cell to
changes in solution. For all other purposes, data were obtained from classical pulse files (proto-
col IT) via Patchmaster software, set to export the mean of the current response in the latter
third of each voltage step (from 60 ms to 72 ms). Reversal potentials were calculated by linear
interpolation between the points immediately above and below a current of zero in the corre-
sponding IV-curve. Measurements with a series resistance of under 4 or over 15 MOhm were
excluded as well as cells in which inward current in NMDG-gluconate solution was more neg-
ative than —75 pA/pF (measured at —120 mV) suggesting a leaky seal. In addition, one
bTRPV3 and one control cell were removed since the reversal potential in symmetrical Na-
gluconate was < —35 mV, indicating an error with offset correction. Assuming that the cations
do not interact with each other in the channel pore, the relative permeability ratios for mono-
valent ions and Ca** were calculated according to standard methods from the reversal poten-
tials using Goldman-Hodgkin-Katz theory [28, 35].

Single-channel measurements: An Igor macro was used to fit amplitude histograms to a
Gaussian distribution with the distance of the maxima giving the unitary current of one chan-
nel opening. These values were cross-checked by directly measuring the size of single-channel
openings in the original traces. The unitary currents were plotted against the pipette potentials
in IV-curves. For symmetrical solutions, the slope of the linear regression equals the conduc-
tance. For asymmetrical solutions, a Goldmann-Hodgkin-Katz (GHK) fit was used as follows:

Let P, and Pp designate the permeabilities of two cations A and B with activity coefficients
o4 and op and valencies z, and zg, while [cA]; and [cB]; are the concentrations in the pipette,
and [cA], and [cB], the concentrations in the bath. Further, let [A]; = z5- aa-[cAl;, [Al, = za-
oa-[cAlo, [B]; = zg- 0i-[cB]; and [B], = zg- ot-[cB],.

Again assuming no interaction between the cations, the resulting current is given by:

BB (P A)+ Py B = (P [A], + (P, - [Bl,) - exp(<E, - )

I= )
R-T 1—exp(—EP-;—T)
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Here, E,, designates the pipette potential (corrected for liquid junction potential), F the Fara-
day constant, and T the absolute temperature.
In symmetrical solution with just one ion ([X]; = [X],, no other ions), this equation can be
simplified to:
E -F

= b [X) @)

The values for P resulting from the fit of currents in asymmetrical solutions were used to pre-
dict the conductance C in symmetrical 145 mmol-1"" solution at a given concentration of the
ion ([X]):

F‘Z

= P [X) ()

C. I
= —
E,

Open probability (NPo) was evaluated for symmetrical NH,Cl and NaCl solutions by mea-
suring the area under the current trace and dividing it by the single-channel conductance for
the corresponding pipette potential. For comparisons, data were normalized to the value of
NPo at the beginning of the series.

Fura-2-assisted intracellular Ca®>" measurements

HEK-293 cells were transiently transfected with an empty vector control or the pcDNA5TO-
bTRPV3 vector using PEI for 24 hours as outlined above. As before, after each measurement
with overexpressing cells, control cells were measured. Cells were loaded in HBSS (Hanks bal-
anced salt solution) with 5 umol-1"" of the ratiometric, membrane-permeable calcium indicator
FURA-2 AM (Thermo Fischer Scientific, Bremen, Germany) at 37°C for 20 minutes. After-
wards cells were washed and incubated in HBSS for further 30 minutes at 37°C to allow com-
plete de-esterification of the dye. Loaded cells were centrifuged (3 min, 300 g) and
resuspended in Ca®*- and Mg**- free HBSS. Measurements were performed at 37°C in 3-ml
cuvettes containing 2 ml cell suspension under stirring. The 340/380 nm ratios were acquired
with a spectrofluorometer LS55 (PerkinElmer, Rodgau, Germany) equipped with a fast-filter
accessory at a sampling rate of 6.25 Hz.

After 300 seconds, 1 mmol-I"" menthol was added to the cuvette. For calibration, 50 ymol-I"*
digitonin was used to lyse the cells after which 1 mmol-I"" Ca®* was added to saturate all avail-
able Fura-2 with Ca®*, thereby yielding the maximum value. The minimum value was deter-
mined after addition of 50 mmol-1" Triton X-100 with subsequent addition of 50 mmol-1"*
EDTA to chelate all calcium in the suspension. Ca®" concentrations were calculated using the
FL WinLab software provided by the LS55 based on the method by Grynkiewicz [36] and using
a specific Kd value of 224 nM. After filtering the data using a 250 point median filter, each curve
was corrected for drift by subtracting the slope of the baseline before application of menthol
from all data (IgorPro).

Statistical analysis. Data were tested for normality using Kolmogorov-Smirnov test (Sig-
maPlot 11.0). Comparisons between two groups were performed using unpaired Student’s t-
tests if normally distributed, otherwise the Wilcoxon Signed Rank Test or Mann-Whitney
Rank Sum Test was used. In cases where different solutions were consecutively applied, nor-
mally distributed data were evaluated using one-way repeated measures ANOVA and the
Tukey Test for multiple pairwise comparisons. Not normally distributed paired data were
tested using ANOVA on Ranks followed by the Student-Newman-Keuls method for multiple
comparisons.
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Results
Whole cell experiments

Conductance to Na” and NH,". In a first series of whole cell experiments, the conduc-
tance to Na* and NH," was studied in HEK-293 cells transfected either with bTRPV3 or the
control vector. Cells were filled with a sodium gluconate (NaGlu) pipette solution and gluco-
nate was used to substitute for chloride in all bath solutions except for the initial standard
NaCl solution. Results of a representative measurement are shown in Fig 2, the mean IV-
curves in Fig 3, current densities in Table 1, and reversal potentials in Table 2. Table 2 also
gives the rectification index, which was calculated by dividing the current density at +100 mV
by the current density at —100 mV. Throughout, there was a trend for higher current density

in the bTRPV3 cells that reached significance level when divalent cations were removed from
the solution.
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Fig 3. Current-voltage plots of whole cell measurements from Fig 2. The figures give the mean current values (+ SEM) of control cells (a, c)
and cells expressing bTRPV3 (b, d) in Na-gluconate (a, b) or NH,-gluconate (c, d) bath solutions with (®) and without (o) divalent cations, as
indicated. (*: p < 0.05, tested for —100 mV and +100 mV).

https://doi.org/10.1371/journal.pone.0193519.g003
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In both types of cells, a switch from Cl™ to gluconate™ resulted in a significant reduction in
outward current with concomitant depolarisation of the reversal potential, reflecting a conduc-
tance to Cl". Interestingly, a switch from Na* to NMDG" induced a significant decrease in out-
ward current in bTRPV3 cells but not in controls, possibly reflecting a certain negative
interaction between the two ions in the channel pore of bTRPV3. As calculated from the shift
in reversal potential [35], relative permeabilities were p(Na")/p(NMDG") = 2.7 + 0.4 for
bTRPV3 with the value for control cells at 2.9 + 0.5 (p > 0.1). Notably, this value is calculated
at the reversal potential, where current through the channel is negligible so that the effects of a
negative interaction of the two ions cannot be assessed. Application of NH," induced a signifi-
cant rise in inward current with a concomitant depolarisation in both cell types, reflecting an
influx of the NH," ion. Outward current also rose, which may reflect effects of changes in pH
or volume on Na" conducting channels, or stimulatory effects of an increase in the concentra-
tion of permeant ions. Relative permeabilities were p(NH,")/p(NMDG") = 8.8 + 3.4 and
10.0 + 4.7, significantly higher than p(Na*)/p(NMDG") in both groups (p < 0.001 and
p = 0.007), but not different from each other (p > 0.1 versus bTRPV3).

After removal of divalent cations, inward and outward currents rose significantly in both
types of cells with effects significantly higher in cells expressing bTRPV3 (Table 1 and Fig 3).

Conversely, the reversal potential and thus the relative permeability ratio did not change.
This reflects the fact that efflux of Na* from the cells rose in proportion to the influx of NH,*
so that the overall membrane potential did not change. However, the rectification index
showed significant differences and approached unity in cells expressing bTRPV3 in line with
the non-selective nature of the conductance. Conversely, control cells expressed a significantly
lower relative conductance to Na™, leading to inward rectification. Both cell types had the high-
est rectification index in the bath solutions containing Ca®*, suggesting a voltage-dependent
interaction of Ca>* with the conductance for monovalents (Table 2).

Table 1. Outward currents and inward current densities in HEK-293 cells expressing bTRPV3 (n = 21) or the control vector (n = 13) (pipette solution: Na-

gluconate).

Pipette: outward current (+ 100 mV) pA-pF"' inward current (- 100 mV)

NaGlu pA-pF!

bath: bTRPV3 control p bTRPV3 control P
NaCl 40.7 + 8.8° 249+ 6.8° 0.34 -36.5+9.1° -18.9 + 6.0% 0.32
NaGlu 322+7.1° 174 +59° 0.18 -323+83° -15.8 +5.8" 0.40
NMDGGlu 27.2+5.8° 16.6 +5.4° 0.46 2172+ 4.6° 92+38 0.46
NH,Glu 43.6 +8.4° 32.8+8.9° 0.48 -36.5 + 8.7° -22.9 +9.4¢ 0.62
NH,Glu 82.4 + 14.5¢ 40.0 +5.2¢ 0.04 -113.6 + 17.84 -79.8 +10.4° 0.24
0 Ca**OMg**

NH,Glu (2) 69.3 + 11.9° 34,5 + 4,3 0.06 732+ 16.4° -20.6 + 3.3 0.16
NMDGGlu (2) 432+7.4F 20.8 +2.9° 0.06 -31.4+83f -10.1 +2.1° 0.98
NaGlu (2) 52.0 + 10.4° 20.7 +3.0° 0.07 -50.9 + 13.6° -14.3 + 3.0 0.15
NaGlu 67.9 + 15.6° 25.0 + 4.0° 0.02 -76.8 + 18.5° -323+6.3F 0.06
0 Ca®* OMg**

NaGlu (3) 56.4 + 14.9° 21.1+32° 0.07 54,6+ 17.7° -16.6 + 3.3% 0.20
NaCl (2) 61.8 +18.3° 241+39° 0.31 -58.3 +20.5° -19.5 + 4.1%° 0.33

Values are given as means = SEM.

Different superscripts refer to significant differences within one column (p < 0.05).

P values are given for control versus bTRPV3.

The numbers in parentheses reflect repeated application of the same bath solution.

https://doi.org/10.1371/journal.pone.0193519.t001
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Table 2. Reversal potentials and rectification index of cells expressing bTRPV3 (n = 21) or the control vector (n = 13) (pipette solution: Na-gluconate).

Pipette: Reversal Potential Rectification Index

NaGlu mV 1(100mV)/1(-100mV)

Bath: bTRPV3 control p bTRPV3 control P
NaCl -15.0 + 2.6 -11.0 £ 0.6 0.57 2.0+04° -1.9+0.4% 0.67
NaGlu 20+1.8° -13+1.6° 0.57 2.2+0.5° -1.7 £ 0.4° 0.46
NMDG Glu -23.0 + 4.0° -22.0 + 4.4° 0.62 -6.6+2.8" -42+15° 0.92
NH4Glu 135 +2.04 15.1+2.49 0.99 -32+0.9° -22+0.5° 0.62
NH4Glu 17.6 +1.0° 20.4 +2.0° 0.13 -1.0 £0.3° -0.5+0.1¢ 0.01
0 Ca**OMg**

NH,Glu (2) 172 +1.0° 18.1 +2.4° 0.80 2.8+0.8 2.1+04° 0.07
NMDGGlu (2) 153 +2.8° -14.5+2.8° 0.41 -48+13° 2.9 +0.5f 0.34
NaGlu (2) 0.8+1.7 25+2.1°F 0.75 -3.1+0.9¢ 2.0 £0.4° 0.13
NaGlu 12+1.7° L1+1.7 0.74 -1.2+0.2° -1.1+0.38 0.17
OCa>*0 Mg**

NaGlu (3) 3.1+ 1.1f 3.0+22f 0.67 29+1.0° -1.8+0.3% 0.89
NaCl (2) 74 +148 7.3 +2.08 0.85 22405 -1.7£0.3% 0.93

Values are given as means + SEM.
Different superscripts refer to significant differences within one column (p < 0.05).
P values are given for control versus bTRPV3.

The numbers in parentheses reflect repeated application of the same bath solution.

https://doi.org/10.1371/journal.pone.0193519.t002

In conjunction, both bTRPV3 expressing cells and controls expressed a considerable con-
ductance to NH,", suggesting a participation of endogenous channels to total conductance
[37]. However, the membrane conductance of cells expressing bTRPV3 showed a greater
response to the removal of divalent cations, reflecting a higher contribution of the non-selec-
tive bTRPV3 channel.

Effects of various agonists on bTRPV3. The human homologue of TRPV3 can be stimu-
lated by a variety of agonists that include menthol, thymol, 2-APB, and carvacrol 32, 38]. Cells
expressing bTRPV3 and controls were filled with a CsCl solution and superfused with a Ca**-free
NaCl bath solution, all as reported by Macpherson et al. [32]. In a first series, menthol (1 mmol-17"),
thymol (1 mmol-1"), and 2-APB (300 umol-I"") were added consecutively via continuous perfusion
with washout steps in between (Fig 4). Cells expressing bTRPV3 (n = 16) showed an inward cur-
rent at —100 mV of —144 + 54 pA-pF~’, an outward current at +100 mV of 161 + 57 pA-pF ", and
a reversal potential of 7.6 + 0.7 mV, reflecting that permeability to Cs™ (p(Cs")) was greater than
that to Na*(p(Na")) (Table 3). Values measured in control cells (n = 11) were similar (—141 + 24
pA-pF !, 157 £ 27 pA-pF ', -7.3 £ 1.4 mV,all p > 0.1 versus bTRPV3). In both cell types, replace-
ment of Na* by NMDG" resulted in a significant hyperpolarisation of reversal potential to similar
values (-21.0 £ 1.5 and —19.1 + 3.3 mV for bTRPV3 and control) with the permeability ratio p
(Na")/p(NMDG") at 1.7 + 0.1 and 1.6 + 0.1, respectively.

Pronounced differences between the two types of cells emerged during stimulation with the
agonists. In cells expressing bTRPV3, the addition of menthol had a significant effect on inward
current (—249 + 59 pA-pF ', p < 0.001) and outward current (289 + 62 pA-pF ", p < 0.001) with
partial washout after return to NaCl (Fig 4A). In contrast, control cells were not affected by the
addition of menthol (~143 + 27 pA-pF ', 168 + 33 pA-pF ', p > 0.1) (Fig 4B). After application
of menthol, the reversal potential of bTRPV3 cells was significantly lower (8.7 + 0.9 mV) than
in controls (-7.3 £ 1.4 mV, p = 0.03). Since Cl™ concentrations were identical in the solutions
used, this argues for a higher conductance of bTRV3 cells to the Cs" in the pipette solution.
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Fig 4. Response to various agonists of bTRPV3. Cells were filled with a CsCl pipette solution and stimulated with the continuous pulse protocol I. a) Original
recording of a cell expressing bTRPV3, showing the response to application of menthol, thymol (both 1 mmol-I™"), and 2-APB (0.3 mmol-1"") in NaCl bath solution. In
response to 2-APB, the current rose dramatically, requiring an interruption of the measurement to readjust the gain (arrow). b) Original recording of a control cell

transfected with the empty vector.

https://doi.org/10.1371/journal.pone.0193519.g004

Similarly, thymol and 2-APB significantly stimulated currents in bTRPV3 expressing cells, but
not in controls, with differences in current densities passing testing for significance after applica-
tion of 2-APB (bTRPV3: —292 + 46 pA-pF " and 356 + 56 pA-pF ' versus control: =97 + 23
pA-pF "and 112 + 27 pA-pF ', p < 0.005). After normalization to the initial current in NaCl
solution at +100 mV, all differences between the response of overexpressing cells and controls
tested for significance (Table 3). Likewise, carvacrol (1 mmol-1™") significantly enhanced inward
and outward current in bTRPV3 cells, but not in controls (Table 3). In conjunction, while con-
trol and bTRPV3 cells had similar overall conductance levels, only the conductance of cells
expressing bTRPV3 could be stimulated by menthol, thymol, carvacrol, or 2-APB.
Subsequently, further six cells expressing bTRPV3 were investigated using a more physio-
logical K-gluconate pipette solution. Replacement of Na* in the bath by NH," resulted in an
increase in inward current at —100 mV from —70.3 + 30.4 pA-pF ' to —97.9 + 34.9 pA-pF ",
while reversal potential depolarised from —17.5 + 3.5 mV to —6.3 + 3.1 mV, both reflecting
influx of NH,* (all p < 0.05). Outward current at +100 mV rose from 78.6 + 30.8 pA-pF " to
98.9 +29.4 pA-pF~" (p < 0.05). Application of menthol (1 mmol-1"") resulted in a further
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Table 3. Effects of TRPV3 agonists on whole cell currents of HEK-293 cells expressing bTRPV3 or the control vector (pipette solution: CsCl).

Pipette: current at + 100 mV Cont. vs bTRPV3 current at—100 mV Cont. vs bTRPV3 number of cells
CsCl % of initial current % of initial current n

bath: bTRPV3 control P value bTRPV3 control P value bTRPV3 control
NaCl (1) 100 + 0° 100 + 0° -86 + 3% -88 + 3% 0.604 16 11
Menthol 195 + 22° 103 +5° 0.001 -150 +20° -88 + 4° 0.008 16 11
NaCl (2) 146 + 16° 105+ 7° 0.087 -119 +12° -89 + 6° 0.087 15 11
NMDG Cl 130 +11° 97 + 8* 0.057 -74 + 8° 65+ 7° 0.537 16 10
NaCl (3) 147 + 134 102 +1° 0.022 121 + 10%° -126 + 4° 0.098 16 9
Thymol 251 + 34° 106 + 1° 0.001 -188 + 234 -143 + 5° 0.020 13 9
NaCl (4) 161 +21¢ 107 £ 1° 0.082 -128 + 16° -141 £ 5° 0.249 12 8
2-APB 657 + 11° 96 + 1* 0.002 -521 + 82°¢ 81+ 1% 0.001 8 7
NacCl (5) 642 + 374 95+ 1% 0.002 -550 + 33¢ -81+1° 0.009 8 7
NaCl (1) 100 + 0° 100 + 0° -81+6° -74 £ 10° 0.730 5 4
Carvacrol 284 + 30° 104 + 6% 0.016 2210 +31° =77 7% 0.016 5 4
NaCl (2) 159 + 15° 102 £ 7° 0.016 -118 £ 19°¢ -75 £7° 0.190 5 4

Values are given as means + SEM.

Different superscripts refer to significant differences within one column (p < 0.05).

P values are given for control versus bTRPV3.

The numbers in parentheses reflect repeated application of the same bath solution.

https://doi.org/10.1371/journal.pone.0193519.t003

increase in inward and outward currents to —130.7 + 36.8 pA-pF ™' and +136.2 + 32.5 pA-pF ",
respectively (p < 0.05), with values of —=123.0 + 35.2 pA-pF ' and 125.9 + 29.9 pA-pF '
observed after washout of menthol with NH,Cl solution (p > 0.05). Reversal potential depo-
larised to —2.0 £ 2.7 mV, with return to —4.1 + 2.5 mV after washout (both p < 0.05). Subse-
quent application of 2-APB (300 pumol-1™" in NH,Cl solution) led to increases in both inward
current (—512.6 + 144.0 pA-pF "), outward current (437.8 + 112.5 pA-pF "), and reversal
potential (~2.0 + 2.3 mV) with return to values of —177.6 + 39.6 pA-pF ", 189.0 + 33.2 pA-pF ',
and —6.4 £ 2.7 mV after washout (all p < 0.05). In four cells, menthol could be subsequently
applied a second time, yielding similar results. In conjunction, these values suggest that HEK-
293 cells expressing bTRPV3 conduct NH," with p(NH,")/p(Na™) = 1.5 + 0.1. Menthol or
2-APB reversibly stimulated both the influx of NH," and the efflux of K" with p(NH,")/p
(Na") rising significantly by a factor of about 2 (or 1.90 + 0.22 and 1.88 + 0.15, respectively).

NMDG-gluconate pipette solution. To assess permeation for NMDG" and Ca", the
pipette solution was changed to NMDG-gluconate. In NaCl solution, the reversal potential
was close to zero in both cell types, reflecting both influx of Na™ and influx of CI". In symmet-
rical NMDG-gluconate solution, current responses were highly variable and tended to increase
over time (Fig 5) (p < 0.1). These currents were clearly not pure leak currents since addition of
10 mmol- 1™ Ca** or Mg®" had clear, albeit variable, blocking effects (p < 0.05) (Fig 5A and
5B). In some cases, the blocking effects were almost complete, albeit transient, as could be seen
after application of Ca®" in Fig 5A. Conversely, the subsequent application of Mg”* in Fig 5A
was not sufficient to block the general trend for an increase in current amplitude. Again, both
the current kinetics and the appearance of tail currents argue against a simple leak and for a
current mediated by either gluconate™ or NMDG". Fig 5A clearly shows how in the presence
of Mg*", currents decreased after a hyperpolarising voltage step. Conversely, current ampli-
tude increased with time after depolarisation suggesting a release of blocking Mg** ions from
the pore of a channel permeable to NMDG". In addition, tail currents were visible after a
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Fig 5. Original recordings of two bTRPV3 cells filled with NMDG-gluconate solution. a) As before, replacement of chloride by gluconate resulted in a decrease in
outward current at positive potentials, suggesting expression of chloride channels. Both addition of Ca®* (10 mmol-I™") and replacement by Ca-gluconate, (60 mmol-1™")
had a strong blocking effect, with washout to levels higher than before. The current could be partially blocked by Mg, arguing against a rupture of the seal. Note the
current kinetics with amplitude decreasing after a hyperpolarising pulse suggesting that Mg*" is being drawn into the channel pore by the negative membrane voltage.
Conversely, a depolarising voltage pulse leads to a relief of the block. In both cases, the currents appear curved in contrast to the linear kinetics of currents in pure
NMDG-gluconate solution. b) Second cell, showing a spontaneous activation of inward and outward current amplitude by a factor of about four between the first set of
pulses in NMDG-gluconate EGTA solution (1) and a second set (2) that was run 100 seconds later. Current amplitude continued to increase both after addition of 10
mmol-1"! Ca** to the NMDG-gluconate solution, and after replacement of NMDG-gluconate by Ca-gluconate,. Both the current kinetics and the tail currents indicate a
partial voltage-dependent block. The arrows above the first set of pulses indicate the interval used for the determination of mean current amplitude for the current-
voltage plot, which is depicted in c), showing rectification as a further sign of a voltage-dependent block. The reversal potential in 60 mmol-1"' Ca-gluconate, solution
was 7.1 mV, revealing permeability to Ca>".

https://doi.org/10.1371/journal.pone.0193519.g005

return to the original voltage level, all in line with a model in which the interaction of the
blocking ion with the filter region is rapidly modulated by the membrane potential (see S1
Fig). Similar effects can be seen in Fig 5B, where the Ca>" is the blocking ion.

Both cell types were depolarised significantly (p < 0.01) by adding Ca** to an NMDG-glu-
conate solution. In bTRPV3 cells (n = 11), reversal potential rose from 2.1 + 2.3 mV (no Ca?)
t0 8.4 + 5.4 mV (10 mmol-1"* Ca**) to 10.6 + 3.0 (60 mmol-1"* Ca**). In control cells (n = 5),
effects of an addition of Ca®" were significantly higher, with reversal potential rising from
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0.1 +2.8 mV (no Ca**) to 12.7 + 4.5 mV (10 mmol-I"* Ca**, p = 0.04 versus bTRPV3) to
25.0 £ 8.1 mV (p = 0.11 versus bTRPV3). This result reflects the poor selectivity of cells
expressing the non-selective bTRPV3 channel.

As established in the field [28, 35] and using the shift in reversal potential after addition of
10 mmol-1™! Ca®*, we obtained relative permeability ratios of p(Ca2+)/p(NMDG+) =1.7+0.2
for bTRPV3 and 5.7 + 2.6 for control cells (p = 0.036). Similar values (2.1 £ 0.4 and 5.5 + 1.4)
were calculated from the experiments with 60 mmol-1"" Ca**. Using the data obtained for p
(Na*)/p(NMDG") above, it is possible to estimate p(Ca>*)/p(Na"), yielding ~ 0.77 for
bTRPV3 cells and ~ 1.97 for controls. As will be discussed, these values must be treated with
caution since Ca*" interacted with NMDG" so that the independence principle did not hold.

Inside-out configuration

NH,CI pipette solution. Patches from 21 bTRPV3 cells and 12 control cells were investi-
gated using the inside-out configuration of the patch-clamp technique using an NH,CI pipette
solution. At the single-channel level, patches were strikingly different. Only three patches from
control cells showed single-channel events in amplitude histograms, yielding a mean conduc-
tance of 40.8 + 11.9 pS for NH," and 25.0 + 5.8 pS for Na* (n = 3). Conductances in the remain-
ing nine control patches were sometimes considerable (Fig 6B), but could not be resolved in
amplitude histograms. In some cases, Ca>* had blocking effects, suggesting expression of a large
number of channels with a very low unitary conductance.

Conversely, 19 of 21 patches from bTRPV3 cells showed conductances of over 100 pS, with
a Goldman-Hodgkin-Katz fit of the data yielding mean values of 127.1 + 7.9 pS and 223.0 + 9.3
pS for Na* and NH,", respectively (Fig 6F to 6G and Fig 7A). When the bath solution was
switched to NH,Cl, a linear IV-relationship emerged with a slope of 240.1 + 3.6 pS (n = 7) (Fig
8F). In a pure 72.5 mmol-1"* CaCl, bath solution, Ca** inhibited the efflux of NH," at positive
potentials with conductance dropping significantly to 54.4 + 13.3 pS (n = 8, p < 0.001, Fig 7F).
At negative potentials, channel events reflecting an influx of Ca®* could be observed (Fig 7B
and 7C). GHK fits of the data yielded a conductance of 34.0 + 1.7 pS for Ca®* at 72.5 mmol-1™"
(Fig 7F). Normalized to the concentration, this yields p(Ca*")/p(Na*) = [34pS/72.5mmol17"]/
[127pS/145mmol-17'] ~ 0.53.

In one patch exposed to NMDGCI bath solution, clear channel activity emerged at negative
potential levels, suggesting influx of NMDG" (~36 pS) (Fig 7D, 7E and 7F). In two bTRPV3
patches, single-channel events with much lower conductances (39 pS and 73 pS for Na* and 44
pS and 67 pS for NH,") were observed. These lower conductances were judged to be endoge-
nous non-selective channels and not included in the averages given above.

NH,-gluconate pipette solution. A further 15 bTRPV3 inside-out patches were investi-
gated using an NH,-gluconate pipette solution, from which 8 seals were stable enough to allow
the consecutive application of NH,-gluconate, NaCl and NMDG-gluconate in the bath. In
symmetrical NH,4-gluconate solution, the IV-curve of the unitary currents was nonlinear with
a conductance of 224.6 + 5.4 pS at positive potentials (p = 0.06 versus the value in symmetrical
NH,Cl solution), while at negative potentials, a significantly lower conductance of 180.4 + 4.2
pS was obtained (p < 0.001). When the bath solution was switched to NaCl, the conductance
at positive potentials (reflecting efflux of NH,") was 218.2 * 5.4 pS. This value was not signifi-
cantly different from that measured in the presence of gluconate (p = 0.328), arguing against a
sizable influx of Cl™. At negative potentials, a conductance of 151.6 + 4.8 pS was measured,
reflecting influx of Na*. This value was significantly higher than that obtained in the previous
series of experiments (p = 0.01). The reason for the nonlinear IV-curve in symmetrical NH,-
gluconate solution and the shift in permeability towards Na™ is unclear, but interestingly,
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Fig 6. Inside-out patch-clamp measurements from control and bTRPV3 HEK-293 cells. All measurements were made with NH,Cl in the pipette and NaCl in the
bath, and exposed to the pulse protocol III shown in d. For clarity, only the current responses to the pulses at 60, —30, 0, +30, and +60 mV are shown in the figures. a)
patch from control cell, showing no clear sign of channel activity. b) patch from another control cell. Although no clear single-channel events can be seen, the kinetics of
the currents suggest activity of very small channels. c) patch from a third control cell. Multiple peaks emerged in the amplitude histograms of some traces, suggesting
single-channel activity. The conductances indicated are approximate values emerging from a GHK fit of the data. e), f), g): patches from three different cells expressing
bTRPV3. Large channel events are clearly visible in NaCl bath solution both at negative potentials (reflecting influx of Na* through channels into the pipette) and at
positive potentials (reflecting efflux of NH,"). h) IV-Plot of the single-channel currents in (e (o), f(z) and g (A)), jointly fitted to the Goldman-Hodgkin-Katz equation
and yielding the conductance indicated.

https://doi.org/10.1371/journal.pone.0193519.9006

changes in bTRPV3 channel characteristics after replacement of chloride by gluconate have
also been observed by others [39].

When NMDG-gluconate was applied, no channel events were observed at -60 mV. How-
ever, there was sufficient channel activity at lower negative potentials in four patches to allow a
GHK fit of the IV-curve, yielding a conductance of 256.5 + 10.0 pS for the efflux of NH," and
0f 48.1 £ 3.6 pS for influx of NMDG". Using the value for the conductance to Na* obtained
above (151.6 pS), a relative permeability of p(Na*)/p(NMDG™) ~ 3.2 is obtained.

NaCl pipette solution. In symmetrical NaCl solution, a single-channel conductance of
127.9 £ 4.2 pS (n = 20) was measured (Fig 8A to 8D). This value did not differ from p(Na*) mea-
sured in the asymetrical configuration with NH,4Cl in the pipette (p = 0.5). Two patches showed
the typical bTRPV3 conductance in the range around 125 pS in addition to conductances < 40
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Fig 7. Original recordings of one patch from a bTRPV3 cell with NH,Cl in the pipette. a) Channel events are clearly visible in NaCl bath solution in response to pulse
protocol III both at negative potentials and positive potentials, reflecting influx of Na* and efflux of NH,*. b) same patch in 72.5 mmol-1"! CaCl, bath solution. Ca*>* had a
clear blocking effect on the current level at positive potentials (efflux of NH,4"). ¢) Detail from (b), showing single-channel events at negative potentials, reflecting influx of
Ca* d) same patch in NMDGCI bath solution. e) Insert showing single-channel events at negative potential level, suggesting influx of NMDG". f) Current-voltage plot of
unitary current amplitudes from this individual patch, fitted with the current formulation of the Goldman-Hodgkin-Katz equation. The fit yields a conductance for Na* of
132 + 4 pS, for Ca®* of 21 + 3 pS, and for NMDG" of 36 + 3 pS. The conductance for NH,* was similar in NaCl and NMDGCl solution (250 + 3 pS or 264 + 3 pS,
respectively) but dropped to 88 + 4 pS with high Ca* in the bath.

https://doi.org/10.1371/journal.pone.0193519.9007

pS. These smaller conductances possibly reflected the expression of endogenous channels and
were thus not included in the average. Replacement of NaCl by Na-gluconate had no significant
impact on conductance (n = 6, p = 0.9). A switch to NH,Cl resulted in a conductance to Na* of
140.7 + 17.7 pS and a conductance to NH,* of 211.6 + 19.6 pS (n = 7, p = 0.016), essentially
reflecting the conductances measured with an opposite distribution of ions across the mem-
brane (p > 0.5).

Application of 1.5 mmol1™" Mg*" to the NaCl bath solution significantly reduced single-
channel conductance for Na* to 81.4 + 10.2 pS (n = 8, p = 0.047) with a return to the original
conductance level after washout. In two patches studied, a similar decrease in conductance
was observed after application of 1.5 mmol-1"' Ca**. Any sign of rectification was very discrete.
Times for washout were typically longer than those observed after extracellular exposure of
divalent cations.
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Fig 8. Inside-out measurements from cells exp
in a) symmetrical NaCl solution, b) NaCl solutio

ressing bTRPV3 in symmetrical solutions. Panels (a to d) show recordings from the same patch and identical scaling
n with 1.5 mmol-1 ~' MgCl, ¢) Na-gluconate solution without MgCl, and d) return to symmetrical NaCl solution. The

shift in the baseline at 0 mV pipette potential in (c) reflects the impact of the liquid junction potential. e) Patch from a second cell in symmetrical NH,Cl solution. For
clarity, this graph only shows currents at every other voltage step of pulse protocol III. f) Current-voltage plot of the unitary current amplitudes of the data from (a to e)

(linear fit).

https://doi.org/10.1371/journal.pone.0193519.9008

Although it sometimes appeared as if an exposure to solutions containing Ca** or Mg**
“triggered” a burst in channel activity, effects were not reversible. Since in general, open proba-
bility tended to increase over time, it was not possible to assess the impact of divalent cations
on open probability.

Changes in conductance and open probability. At the very beginning of the experiment,
open probability was frequently very low, making it difficult to measure single-channel con-
ductance. In most patches, open probability rose with the duration of the experiment, albeit to
a highly variable degree (Fig 9D and 9E). Open probability was also slightly voltage-dependent
with values higher around 0 mV. In long experiments with multiple solution changes, channel
conductance remained the same after a return to the original solution and no indication of a
time-dependent “pore dilation” could be observed (Fig 9A-9C).

Measurements of intracellular Ca>*

In a final series of experiments, the effect of menthol (1 mmol-1"") on intracellular Ca** ([Ca **];)
was studied using Fura-2 (Fig 10). Resting levels of [Ca®*]; were identical in both groups, but
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Fig 9. Effects of time after excision on NPo and single-channel conductance. a) Inside-out measurements from a further patch from a cell expressing bTRPV3 with
NH,Cl in the pipette and NaCl in the bath (shown at —60, —40, —20, -10, 0, 10, 30, and 50 mV). b) same patch in NaCl solution, 100 s later. c) current-voltage plot of
unitary currents of the measurements in (a and b). d) Open probability (NPo) of the traces in (a and b) at various voltages. e) The NPo at —40 mV of ten different
patches in symmetrical NaCl solution are plotted over the time, beginning with the first trace with channel openings in the amplitude histogram and ending with
rupture of the seal (p < 0.001 for consecutive measurements). For optimal representation of low and high values, a logarithmic scaling was chosen. f) Corresponding
single-channel amplitude of these ten patches calculated at the time points shown in (e) (no significant change over time, p = 0.9 for consecutive measurements).

https://doi.org/10.1371/journal.pone.0193519.9009

application of menthol induced a significantly higher rise in cells overexpressing bTRPV3 than in
controls. The slope in the 50 second interval after application of menthol was also significantly
larger in the bTRPV3 expressing cells.

Both when applied before application of menthol and afterwards, extracellular application
of Mg2+ to bTRPV3 expressing cells induced an immediate reduction of [Ca *];, with rapid
recovery to the original level (Fig 10D).

Discussion

To the best of our knowledge, this is the first study to rigorously investigate the permeability
of a member of the TRP channel family to the physiologically important ammonium ion
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Fig 10. Effects of menthol and Mg* on intracellular calcium [Ca®*];. a) Average of ten original recordings of control HEK-293 cells, showing a significant increase of A
[Ca®"]; in the 200 s interval after application of menthol (1 mmol-1™) (95% confidence interval in grey), with the timeline identical to that in b), showing the average [Ca*);
(+ 95%) of eleven recordings of HEK-293 cells overexpressing bTRPV3. While resting levels of [Ca*]; in bTRPV3 cells were not significantly different from those of control
cells, menthol led to a significantly higher A [Ca?"); in these cells (p =0.003). c) Boxplots comparing the slopes (A [Ca®"); /A t) of the graphs in (a and b) in a 50 s interval at the
beginning of the measurement and in the 50 s interval after application of menthol (differing letters above the boxes indicate p < 0.05). d) Average [Ca®*]; (+ 95%) of further
ten recordings of HEK-293 cells overexpressing bTRPV3. Application of 2, 5, and 10 mmol-1"" Mg?* induced a transient drop in [Ca*'];.

https://doi.org/10.1371/journal.pone.0193519.g010

(NH,"). We report that in symmetrical NH,Cl solution the bovine homologue of TRPV3
conducts ammonia with a single-channel conductance of 240.1 + 3.6 pS. Single-channel
conductance for Na* was 127.9 + 4.2 pS, that for Ca®* 34.0 + 1.7 pS. As reported for the
human homologue [32], menthol, thymol, carvacrol, and 2-APB stimulated the conduc-
tance for monovalent cations, including Na*, Cs*, K, and NH,". In Fura-2 experiments,
menthol was additionally shown to increase the uptake of Ca®". Both Ca®* and Mg**
blocked the conductance for monovalent cations. These characteristics precisely fit the pro-
file of the long sought for non-selective cation channel of the ruminal epithelium which has
functionally been shown to mediate the absorption of physiologically important cations
such as Na*, Ca®*, and NH,* across intact tissues and isolated cells from the native ruminal
epithelium in vitro [13, 26, 27, 40].
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HEK-293 cells express endogenous small conductance channels permeable
toNH,"

The transport of NH," by K™-selective and non-selective cation channels has been observed in
anumber of preparations in the past [41-43] and from the start we expected a background of
endogenous channels to contribute to transport of NH," in control cells. One clear result of
our study is that HEK-293 cells also express cation channels permeable to NH,", albeit with a
much lower single-channel conductance than bTRPV?3 cells. On the single-channel level,
HEK-293 cells have been shown to express several conductances under 50 pS [37, 44], most
likely reflecting expression of non-selective cation channels such as TRPM4 [44] and members
of the TRPC family [45] in addition to a plethora of small-conductance K™ channels [46, 47].
Probably due to these endogenous channels, differences between HEK-293 cells expressing
bTRPV3 and the empty vector were relatively discrete on the whole cell level, except when ago-
nists were applied. Menthol, thymol, carvacrol, and 2-APB enhanced whole cell currents of
bTRPV3 expressing HEK-293 cells in striking contrast to the absence of any effect in controls
(Fig 4 and Table 3). This result confirms previous reports that any endogenous expression of
TRPMS or TRPV3 by HEK-293 cells is very small [48, 49]. In cells filled with K-gluconate solu-
tion, menthol and particularly 2-APB also increased the influx of NH," and the efflux of K™ at
negative and positive potentials, respectively.

Expression of bTRPV3 induces a large single-channel conductance to Na™
and NH,"

Impressive differences between control and bTRPV3 cells emerged when patches were investi-
gated on the single-channel level. Nine out of ten patches from bTRPV3 expressing cells
showed large single-channel conductances with a permeability of 240 pS for NH," and 130 pS
for Na®. Interestingly, linear fits from symmetrical configurations yielded similar values as
GHK fits from asymmetrical configurations. This not only confirms the reproducibility of our
data but suggests that NH," and Na* do not interfere with each other in the channel pore [50]
with important implications for physiological situations with low NH,* and high Na* concen-
tration. In contrast, deviations from the independence principle were observed in configura-
tions where either cation interacted with Ca**, Mg>", or NMDG".

The value obtained for the conductance of Na* under symmetrical conditions in our
experiments was significantly lower than the 190 pS reported for the human homologue
under conditions identical to this study (145 mmol-1"" symmetrical NaCl, room tempera-
ture) [33]. However, it should be noted that Doerner et al. pretreated excised patches with
PI(4,5)P,-depleting agents and diC8-PI(4,5)P,. Xu et al. [35] measured a slightly lower con-
ductance of 172 pS using a Cs-methane-gluconate pipette solution in NaCl bath. Human
TRPV3 protein and the bovine homologue used in this study show a high similarity (96.8%)
and align perfectly in the pore region, including the filter [51] (see S1 File). The pore region
can therefore be ruled out as a reason for this difference. Likewise, the two residues (His**¢
and Arg®®) specifically required for sensitivity of TRPV3 to 2-APB [52] are conserved
between hTRPV3 and bTRPV3. Differences emerge in a key part of a calmodulin binding
domain between Arg'"® and Arg'** [39, 53], which reads RRKKRRLKKR in Homo sapiens,
RQKKKRLKKR in Mus musculus, and RRKKKRLKKR in the Bos taurus sequence of this
study (difference versus Homo sapiens underlined). Depending on how much Ca** is
bound, this cytosolic N-terminal region folds to obstruct the pore region, modulating con-
ductance. Intriguingly, studies of the murine homologue of TRPV3 report a lower conduc-
tances of 147 pS for Na* at positive potentials [54] and a lower value of 101 pS for Cs" in the
cell-attached configuration [55].
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Menthol and the regulation of [Ca*"];

The functional downregulation of Ca®*-permeable TRP channels by Ca**-calmodulin gener-
ally serves as an important negative feedback mechanism to prevent excessive Ca** influx into
cells, preventing toxicity [56] (see S1 Fig). Indeed, resting intracellular Ca" levels in bTRPV3
cells were maintained at levels comparable to those found in the control cells (Fig 10). Regula-
tion of channel conductance and open probability by this cytosolic Ca**-calmodulin complex
might also explain the transient nature of the Mg**-induced drop in [Ca®*]; observed via ratio-
metric calcium imaging (Fig 10D): after a drop in Ca®" influx (e.g. after extracellular applica-
tion of Mg** with obstruction of the TRPV3 pore via interaction with the channel pore [53,
57]), the Ca*"-calmodulin gate should reopen until [Ca®*]; returns to the initial “set” value, as
observed. In contrast to the transient effects of Mg**, the menthol-induced response persisted.
Interestingly, in TRPMS, menthol has been shown to slow down channel gating by stabilizing
the open state [58] but it is unclear if this stabilization involves effects on the calmodulin gate.
In TRPA1, menthol interacts with transmembrane domain 5 [59]. However, TM5 of TRPA1
does not align with that of TRPV3 and the ligand binding sites responsible for menthol effects
on TRPV3 remain to be identified [60].

The effect of menthol on [Ca*']; of control HEK-293 cells was unexpected but has been
reported previously [49] and probably reflects a release of [Ca®*]; from intracellular stores
unrelated to expression of membrane channels. Notably, ratiometric calcium imaging was car-
ried out at 37°C, where this pathway is active, whereas at the 23°C used in our patch-clamp
experiments, it is inactivated.

Single-channel conductance of bTRPV3 to Ca>*

This is also the first time that the single-channel conductance for Ca*>* has been directly mea-
sured for a TRPV3 homologue. As to be expected, the conductance of the channel for Ca**
(hydration energy: —1579 kJ-mol™") was lower than that for Na* (=406 kJ-mol™"). From the sin-
gle-channel conductance and normalized to concentration, we report a value of p(Ca**)/p
(Na") of ~ 0.5. However, this value is strikingly smaller than the generally quoted value of 10
to 12 [35, 57]. Notably, these “classical” values were not obtained from single-channel mea-
surements but from shifts in reversal potential measured in the whole cell configuration with a
Cs-gluconate or -aspartate pipette solution and an NMDGCI or NaCl bath, to which Ca** was
added in concentrations of 5 or 30 mmol-1™". In this configuration, addition of Ca** blocked
Cs" efflux and led to a shift in reversal potential that is entirely unrelated to the permeability of
bTRPV3 to Ca’*. A systematic overestimation of p(Ca*")/p(Na*) is therefore to be expected.
To avoid this problem, we used symmetrical Na- and NMDG-gluconate solutions in our
whole cell experiments, in which changes in the permeability of the monovalent cation will not
result in a shift of the reversal potential. Accordingly, our values for p(Ca**)/p(Na*) from
whole cell experiments were much lower than those in the literature and similar to those
obtained via direct measurements of single-channel activity. However, the application of Gold-
man-Hodgkin-Katz theory to a situation where the independence principle clearly does not
hold remains problematic [28].

Interaction with divalent cations

As observed in other studies of TRPV3 [39, 53, 61] as well as in the intact ruminal tissue [13,
26], divalent cations such as Ca®" and Mg*" inhibit monovalent currents (Table 1, Figs 2 and
3). Aspartate residues in the filter region (Asp®*') of TRPV3 have been implicated in what
appears to be a direct and voltage-dependent interaction of extracellular divalent cations with
the channel conductance [53] (see S1 File and S1 Fig). In NMDG solutions, the current
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kinetics became clearly visible (Fig 5), showing how at positive potentials the blocking effects
of divalent cations decreased over time whereas at negative potentials the block increased with
time. Most likely, this reflects an open pore blocking mechanism. Accordingly, a positive volt-
age pulse leads to a gradual relief of the block whereas a negative pipette potential serves as a
driving force for the insertion of blocking divalent cations into the channel pore. Conversely,
when Ca®* or Mg** were intracellularly applied, unitary conductance dropped but no obvious
sign of rectification could be observed (Fig 8F). The reason for this may be that on the cyto-
plasmic side, Ca** does not interact directly with the pore region but binds to the previously
mentioned N-terminal calmodulin-binding site, which then obstructs the pore region [39, 53].
Chemical or physical stimuli-such as patch excision—can interfere with this mechanism, sensi-
tize TRPV3, and decrease the voltage-dependence of a block by cytosolic Ca** [53].

The voltage-dependent block of TRPV3 by divalent cations may have consequences for
understanding the regulation of Na™ transport across the rumen in vivo. Thus, it has long
been known that when ruminants are switched from a (winter) diet of hay to spring grass, a
rise in intraruminal K* concentration occurs that can exceed 100 mmol-1* [62, 63]. A con-
comitant depolarization of the epithelium is observed in vivo [62, 64] and in vitro [65],
associated with an increase in the uptake of Na*, so that the sum of the two cations is main-
tained at a constant level. In vitro experiments in the Ussing chamber suggest that this
increase in Na™ absorption is related to the opening of a voltage-dependent cation channel
in the apical membrane of the epithelium [40]. Although lacking a classical voltage sensor,
TRPV3 appears as a suitable candidate. When the apical membrane is depolarised (e.g. by
application of a potential in vitro or high K* in vivo), the divalent cations that normally
block the pore are repelled, resulting in an increased permeation of monovalent cations
such as Na™. Accordingly, ruminal osmolarity is maintained even when dramatic changes
in the K™ concentration of the diet occur. It may be mentioned that in these feeding situa-
tions clinical problems can occur related to a decrease in the absorption of Mg>* (most
likely via TRPM6 [13] and TRPM?7 [9]).

A conductance for NMDG*?

Increasing physical disruption of the interaction of the Ca**-calmodulin complex with the
pore region may also be one reason why after excision, the open probability of bTRPV3 chan-
nels typically increased, coupled to a decrease in the small intrinsic voltage-dependence of the
channel in Ca®*-free solution (Fig 9D). Most likely, the increase in open probability at negative
potential levels was also the major factor leading to an increased influx of NMDG" (Figs 5D
and 7D). Since the single-channel conductance for Na* in Ca**-free solution did not change
during our experiments (Fig 9C), we would tend to argue that the conductance to NMDG"
was not a result of “pore dilation” [57, 66].

Notably, Doerner et al. also specifically reported having observed certain cells with an
inward current in NMDGCI solution [33]. Interestingly, our value of p(Na*)/p(NMDG") of ~
2.7 and 3.2 -obtained within the first 300 s from whole cell and single-channel data at room
temperature—corresponds reasonably well with the value reported by Chung et al. [57] ~ of 2.9
from whole cell experiments on murine TRPV3-HEK-293 cells after a heat stimulus.

A role for bTRPV3 in ruminal transport

In the current study, we demonstrate that HEK-293 cells overexpressing bTRPV3 share the
pharmacological properties observed in studies of Na*, K*, Ca**, and NH," transport across
intact tissues and cells isolated from the native ruminal epithelium [11, 13, 25, 27, 40]. In con-
junction with the high expression levels of mRNA found in this tissue and the observation that
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TRPV3 agonists stimulate the transport of Na*, NH,* and Ca" across the tissue in vitro [13],
bTRPV3 emerges as a main contributor to the divalent sensitive, non-selective cation conduc-
tance previously described [26, 27, 40]. However, it appears very likely that further (TRP-)
channels are involved. Given that any ruminal expression of the classical epithelial calcium
channels TRPV5 or TRPV6 is marginal at best [13, 67], bTRPV3 also appears as a suitable can-
didate for mediating ruminal Ca** absorption, which is essential for maintaining Ca>* homeo-
stasis in lactating animals. Our observation that Mg>" negatively interacts with uptake of Ca**
via bTRPV3 should be considered when discussing the interactions of high amounts of dietary
Mg** with Ca®" homeostasis in ruminants [68].

The finding that bTRPV3 can transport NH, " or possibly even larger cations such as
NMDG" is novel and can help to explain why losses of ammonia from the rumen are so high
even in feeding situations where ruminal pH is low. At first glance, loss of NH, " from the
rumen via bTRPV3 would appear to be detrimental to the animal, since the availability of
nitrogen for conversion to bacterial protein is reduced. However, bTRPV3 may contribute to
ruminal pH homeostasis, in particular in conjunction with urea recycling as discussed above
[20, 21]. Furthermore, a shift away from the absorption of (alkaline) NH; towards NH," will
decrease the pH of the portal blood and induce an activation of glutamine synthetase. This, in
turn, will increase the hepatic production of glutamine and reduce the production of urea [69].
Glutamine is not only an important source of energy for rapidly dividing cells, but can also be
utilized by the liver for the synthesis of other non-essential amino-acids. In catabolic states,
plasma levels of glutamine frequently drop considerably so that mobilization from muscle
stores is required, as around calving in ruminants [70]. Ultimately, it appears likely that a fine
balance has to be maintained between retention of ammonia in the rumen and absorption
either in the form of NH; or NH,*. Ruminants are known to be selective grazers with a prefer-
ence for certain plants [71], and it is intriguing to speculate on the role that selective uptake of
herbal compounds with action on TRPV3 may play for the health of free-ranging animals in
habitats with a diverse vegetation.

Given that ammonia is a ubiquitous by-product of protein metabolism, other implications
follow and the permeability of TRPV3 to NH," should be considered when discussing the
function of this poorly understood channel in other tissues, such as in the colon [72] or the
skin [29].

Supporting information

S1 Fig. Cartoon of TRPV3, depicting the six membrane-spanning domains with the pore
region between TM5 and TM6 [39, 52, 53, 55, 73]. Four of the depicted units associate to
form a channel. Extracellular Ca®" interferes with the permeation of monovalent cations by
binding to the filter region via a voltage dependent mechanism, with depolarization “kicking
out” the divalent cation and thus alleviating the block. Mg>" block is similar and may also
involve the same region. Intracellular Ca** modulates channel activity by binding to a calmod-
ulin domain that is found N-terminally. In addition, Ca®" modulates channel activation by
2-aminoethoxydiphenylboronate (2-APB).

(TIF)

S1 File. Alignment of Mus musculus Trpv3 (NM_145099), Bos taurus TRPV3
(XM_015458625.1) and Homo sapiens TRPV3 (NM_001258205.1). Conserved amino acid
residues are marked with an (*). Functionally important regions are color-coded as described
below.

(DOCX)

PLOS ONE | https://doi.org/10.1371/journal.pone.0193519 March 1,2018 23/28


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0193519.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0193519.s002
https://doi.org/10.1371/journal.pone.0193519

@° PLOS | ONE

The bovine TRPV3 as a pathway for the uptake of Na*, Ca®*, and NH,*

Acknowledgments

The expert technical help of Gisela Manz and Susanne Trappe is gratefully acknowledged. Dr.
M. Sommerer is thanked for his help in all matters relating to software. We also wish to thank
Prof. J.R. Aschenbach and Prof. S.A. Amasheh and numerous other members of our institute
for help in many ways.

Author Contributions
Conceptualization: Friederike Stumpff.

Data curation: Katharina T. Schrapers, Gerhard Sponder, Franziska Liebe, Hendrik Liebe,
Friederike Stumpft.

Formal analysis: Katharina T. Schrapers, Franziska Liebe, Friederike Stumpff.

Funding acquisition: Friederike Stumpff.

Investigation: Katharina T. Schrapers, Gerhard Sponder, Franziska Liebe, Hendrik Liebe.
Methodology: Gerhard Sponder, Friederike Stumpff.

Project administration: Katharina T. Schrapers, Gerhard Sponder, Friederike Stumpff.
Resources: Friederike Stumpff.

Software: Hendrik Liebe, Friederike Stumpff.

Supervision: Gerhard Sponder, Friederike Stumpff.

Validation: Gerhard Sponder, Franziska Liebe, Hendrik Liebe, Friederike Stumpff.
Visualization: Katharina T. Schrapers, Gerhard Sponder, Franziska Liebe, Friederike Stumpff.
Writing - original draft: Katharina T. Schrapers, Friederike Stumpff.

Writing - review & editing: Katharina T. Schrapers, Gerhard Sponder, Franziska Liebe, Hen-
drik Liebe, Friederike Stumpff.

References

1. Ramsey IS, Delling M, Clapham DE. An introduction to TRP channels. Annual Review of Physiology.
2006; 68:619—-47. Epub 2006/02/08. https://doi.org/10.1146/annurev.physiol.68.040204.100431 PMID:
16460286.

2. Nilius B, Szallasi A. Transient receptor potential channels as drug targets: from the science of basic
research to the art of medicine. Pharmacol Rev. 2014; 66(3):676—-814. Epub 2014/06/22. https://doi.
org/10.1124/pr.113.008268 PMID: 24951385.

3. Montell C. The history of TRP channels, a commentary and reflection. Pflugers Arch. 2011; 461
(5):499-506. Epub 2011/02/03. hitps://doi.org/10.1007/s00424-010-0920-3 PMID: 21287198.

4. Balemans D, Boeckxstaens GE, Talavera K, Wouters MM. Transient receptor potential ion channel
function in sensory transduction and cellular signaling cascades underlying visceral hypersensitivity.
Am J Physiol Gastrointest Liver Physiol. 2017; 312(6):G635-G48. https://doi.org/10.1152/ajpgi.00401.
2016 PMID: 28385695.

5. Vriens J, Nilius B, Vennekens R. Herbal compounds and toxins modulating TRP channels. Curr Neuro-
pharmacol. 2008; 6(1):79-96. Epub 2009/03/24. https://doi.org/10.2174/157015908783769644 PMID:
19305789; PubMed Central PMCID: PMC2645550.

6. Peier AM, Mogrich A, Hergarden AC, Reeve AJ, Andersson DA, Story GM, et al. A TRP channel that
senses cold stimuli and menthol. Cell. 2002; 108(5):705-15. Epub 2002/03/15. https://doi.org/10.1016/
S0092-8674(02)00652-9 PMID: 11893340.

7. HsuYJ, Hoenderop JG, Bindels RJ. TRP channels in kidney disease. Biochimica et biophysica acta.
2007; 1772(8):928-36. Epub 2007/03/10. https://doi.org/10.1016/j.bbadis.2007.02.001 PMID:
17346947.

PLOS ONE | https://doi.org/10.1371/journal.pone.0193519 March 1,2018 24/28


https://doi.org/10.1146/annurev.physiol.68.040204.100431
http://www.ncbi.nlm.nih.gov/pubmed/16460286
https://doi.org/10.1124/pr.113.008268
https://doi.org/10.1124/pr.113.008268
http://www.ncbi.nlm.nih.gov/pubmed/24951385
https://doi.org/10.1007/s00424-010-0920-3
http://www.ncbi.nlm.nih.gov/pubmed/21287198
https://doi.org/10.1152/ajpgi.00401.2016
https://doi.org/10.1152/ajpgi.00401.2016
http://www.ncbi.nlm.nih.gov/pubmed/28385695
https://doi.org/10.2174/157015908783769644
http://www.ncbi.nlm.nih.gov/pubmed/19305789
https://doi.org/10.1016/S0092-8674(02)00652-9
https://doi.org/10.1016/S0092-8674(02)00652-9
http://www.ncbi.nlm.nih.gov/pubmed/11893340
https://doi.org/10.1016/j.bbadis.2007.02.001
http://www.ncbi.nlm.nih.gov/pubmed/17346947
https://doi.org/10.1371/journal.pone.0193519

@° PLOS | ONE

The bovine TRPV3 as a pathway for the uptake of Na*, Ca®*, and NH,*

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

21,

22,

23.

24,

25.

26.

27.

Voets T, Janssens A, Prenen J, Droogmans G, Nilius B. Mg2+-dependent gating and strong inward rec-
tification of the cation channel TRPV6. The Journal of general physiology. 2003; 121(3):245-60. https://
doi.org/10.1085/jgp.20028752 PMID: 12601087.

Schweigel M, Kolisek M, Nikolic Z, Kuzinski J. Expression and functional activity of the Na/Mg
exchanger, TRPM7 and MagT1 are changed to regulate Mg homeostasis and transport in rumen epi-
thelial cells. Magnesium Research. 2008; 21(2):118-23. Epub 2008/08/19. https://doi.org/10.1684/mrh.
2008.0137 PMID: 18705540.

Monteilh-Zoller MK, Hermosura MC, Nadler MJ, Scharenberg AM, Penner R, Fleig A. TRPM7 provides
an ion channel mechanism for cellular entry of trace metal ions. The Journal of general physiology.
2003; 121(1):49-60. https://doi.org/10.1085/jgp.20028740 PMID: 12508053.

Abdoun K, Stumpff F, Wolf K, Martens H. Modulation of electroneutral Na transport in sheep rumen epi-
thelium by luminal ammonia. Am J Physiol Gastrointest Liver Physiol. 2005; 289(3):G508—20. Epub
2005/04/16. https://doi.org/10.1152/ajpgi.00436.2004 PMID: 15831711.

Stumpff F, Lodemann U, Van Kessel AG, Pieper R, Klingspor S, Wolf K, et al. Effects of dietary fibre
and protein on urea transport across the cecal mucosa of piglets. J Comp Physiol B. 2013; 183:1053—
63. Epub 2013/07/03. https://doi.org/10.1007/s00360-013-0771-2 PMID: 23812549.

Rosendahl J, Braun HS, Schrapers KT, Martens H, Stumpff F. Evidence for the functional involvement
of members of the TRP channel family in the uptake of Na(+) and NH4 (+) by the ruminal epithelium.
Pflugers Arch. 2016; 468(8):1333-52. hitps://doi.org/10.1007/s00424-016-1835-4 PMID: 27184746.

Weiner ID, Verlander JW. Ammonia Transporters and Their Role in Acid-Base Balance. Physiological
reviews. 2017; 97(2):465-94. https://doi.org/10.1152/physrev.00011.2016 PMID: 28151423; PubMed
Central PMCID: PMC5539407.

Ott P, Vilstrup H. Cerebral effects of ammonia in liver disease: current hypotheses. Metabolic brain dis-
ease. 2014. Epub 2014/02/04. https://doi.org/10.1007/s11011-014-9494-7 PMID: 24488230.

Ramezani A, Massy ZA, Meijers B, Evenepoel P, Vanholder R, Raj DS. Role of the Gut Microbiome in
Uremia: A Potential Therapeutic Target. American journal of kidney diseases: the official journal of the
National Kidney Foundation. 2016; 67(3):483-98. https://doi.org/10.1053/j.ajkd.2015.09.027 PMID:
26590448; PubMed Central PMCID: PMC5408507.

Behera SN, Sharma M, Aneja VP, Balasubramanian R. Ammonia in the atmosphere: a review on emis-
sion sources, atmospheric chemistry and deposition on terrestrial bodies. Environmental science and
pollution research international. 2013; 20(11):8092—131. Epub 2013/08/29. https://doi.org/10.1007/
511356-013-2051-9 PMID: 23982822.

Bouwman AF, Lee DS, Asman WAH, Dentener FJ, Van der Hoeck KW, JGJ O. A global high-resolution
emission inventory for ammonia. Global Biogeochem Cy. 1997; 11:561-87.

Marini J, Sands J, Van Amburgh M. Urea transporters and urea recycling in ruminants. In: Sejrsen K,
Hvelplund T, Nielsen M, editors. In: Ruminant Physiology. Wageningen, The Netherlands: Wagenin-
gen Academic Publishers; 2006. p. 155—71.

Harmeyer J, Martens H. Aspects of urea metabolism in ruminants with reference to the goat. J Dairy
Sci. 1980; 63(10):1707-28. https://doi.org/10.3168/jds.S0022-0302(80)83132-8 PMID: 7451710.

Reynolds CK, Kristensen NB. Nitrogen recycling through the gut and the nitrogen economy of rumi-
nants: an asynchronous symbiosis. J Anim Sci. 2008; 86(14 Suppl):E293-305. https://doi.org/10.2527/
jas.2007-0475 PMID: 17940161.

Delgado-Elorduy A, Theurer CB, Huber JT, Alio A, Lozano O, Sadik M, et al. Splanchnic and mammary
nitrogen metabolism by dairy cows fed dry-rolled or steam-flaked sorghum grain. J Dairy Sci. 2002; 85
(1):148-59. https://doi.org/10.3168/jds.S0022-0302(02)74063-0 PMID: 11862966.

Metges CC, Petzke KJ, EI-Khoury AE, Henneman L, Grant |, Bedri S, et al. Incorporation of urea and
ammonia nitrogen into ileal and fecal microbial proteins and plasma free amino acids in normal men
and ileostomates. Am J Clin Nutr. 1999; 70(6):1046-58. Epub 1999/12/03. PMID: 10584050.

Gértner K, von Engelhardt W. [Experiments concerning the resorption mechanism of ammonia through
the ruminal mucosa of ruminants]. Dtsch Tierarztl Wochenschr. 1964; 71(3):57-60. PMID: 5889460.

Bédeker D, Kemkowski J. Participation of NH4+ in total ammonia absorption across the rumen epithe-
lium of sheep (Ovis aries). Comp Biochem Physiol A Physiol. 1996; 114(4):305-10. Epub 1996/08/01.
https://doi.org/10.1016/0300-9629(96)00012-6 PMID: 8759280.

Leonhard-Marek S. Divalent cations reduce the electrogenic transport of monovalent cations across
rumen epithelium. J Comp Physiol (B). 2002; 172(7):635—41. hitps://doi.org/10.1007/s00360-002-
0292-x PMID: 12355232.

Leonhard-Marek S, Stumpff F, Brinkmann |, Breves G, Martens H. Basolateral Mg2+/Na+ exchange
regulates apical nonselective cation channel in sheep rumen epithelium via cytosolic Mg2+. Am J

PLOS ONE | https://doi.org/10.1371/journal.pone.0193519 March 1,2018 25/28


https://doi.org/10.1085/jgp.20028752
https://doi.org/10.1085/jgp.20028752
http://www.ncbi.nlm.nih.gov/pubmed/12601087
https://doi.org/10.1684/mrh.2008.0137
https://doi.org/10.1684/mrh.2008.0137
http://www.ncbi.nlm.nih.gov/pubmed/18705540
https://doi.org/10.1085/jgp.20028740
http://www.ncbi.nlm.nih.gov/pubmed/12508053
https://doi.org/10.1152/ajpgi.00436.2004
http://www.ncbi.nlm.nih.gov/pubmed/15831711
https://doi.org/10.1007/s00360-013-0771-2
http://www.ncbi.nlm.nih.gov/pubmed/23812549
https://doi.org/10.1007/s00424-016-1835-4
http://www.ncbi.nlm.nih.gov/pubmed/27184746
https://doi.org/10.1152/physrev.00011.2016
http://www.ncbi.nlm.nih.gov/pubmed/28151423
https://doi.org/10.1007/s11011-014-9494-7
http://www.ncbi.nlm.nih.gov/pubmed/24488230
https://doi.org/10.1053/j.ajkd.2015.09.027
http://www.ncbi.nlm.nih.gov/pubmed/26590448
https://doi.org/10.1007/s11356-013-2051-9
https://doi.org/10.1007/s11356-013-2051-9
http://www.ncbi.nlm.nih.gov/pubmed/23982822
https://doi.org/10.3168/jds.S0022-0302(80)83132-8
http://www.ncbi.nlm.nih.gov/pubmed/7451710
https://doi.org/10.2527/jas.2007-0475
https://doi.org/10.2527/jas.2007-0475
http://www.ncbi.nlm.nih.gov/pubmed/17940161
https://doi.org/10.3168/jds.S0022-0302(02)74063-0
http://www.ncbi.nlm.nih.gov/pubmed/11862966
http://www.ncbi.nlm.nih.gov/pubmed/10584050
http://www.ncbi.nlm.nih.gov/pubmed/5889460
https://doi.org/10.1016/0300-9629(96)00012-6
http://www.ncbi.nlm.nih.gov/pubmed/8759280
https://doi.org/10.1007/s00360-002-0292-x
https://doi.org/10.1007/s00360-002-0292-x
http://www.ncbi.nlm.nih.gov/pubmed/12355232
https://doi.org/10.1371/journal.pone.0193519

@° PLOS | ONE

The bovine TRPV3 as a pathway for the uptake of Na*, Ca®*, and NH,*

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

4.

42,

43.

44,

45.

Physiol Gastrointest Liver Physiol. 2005; 288(4):G630-45. https://doi.org/10.1152/ajpgi.00275.2004
PMID: 15550561.

Owsianik G, Talavera K, Voets T, Nilius B. Permeation and selectivity of TRP channels. Annu Rev Phy-
siol. 2006; 68:685—717. https://doi.org/10.1146/annurev.physiol.68.040204.101406 PMID: 16460288.

Nilius B, Biro T, Owsianik G. TRPV3: time to decipher a poorly understood family member! J Physiol.
2014; 592(Pt 2):295-304. Epub 2013/07/10. https://doi.org/10.1113/jphysiol.2013.255968 PMID:
23836684; PubMed Central PMCID: PMC3922494.

Georgi MI, Rosendahl J, Ernst F, Gunzel D, Aschenbach JR, Martens H, et al. Epithelia of the ovine and
bovine forestomach express basolateral maxi-anion channels permeable to the anions of short-chain
fatty acids. Pflugers Arch. 2014; 466(9):1689—712. https://doi.org/10.1007/s00424-013-1386-x PMID:
24240698.

Stumpff F, Georgi MI, Mundhenk L, Rabbani |, Fromm M, Martens H, et al. Sheep rumen and omasum
primary cultures and source epithelia: barrier function aligns with expression of tight junction proteins.
The Journal of experimental biology. 2011; 214(Pt 17):2871-82. https://doi.org/10.1242/jeb.055582
PMID: 21832130.

Macpherson LJ, Hwang SW, Miyamoto T, Dubin AE, Patapoutian A, Story GM. More than cool: promis-
cuous relationships of menthol and other sensory compounds. Mol Cell Neurosci. 2006; 32(4):335—43.
Epub 2006/07/11. doi: S1044-7431(06)00101-1 [pii] https://doi.org/10.1016/j.mcn.2006.05.005 PMID:
16829128.

Doerner JF, Hatt H, Ramsey IS. Voltage- and temperature-dependent activation of TRPV3 channels is
potentiated by receptor-mediated P1(4,5)P2 hydrolysis. The Journal of general physiology. 2011; 137
(3):271-88. https://doi.org/10.1085/jgp.200910388 PMID: 21321070; PubMed Central PMCID:
PMC3047606.

Barry PH, Lynch JW. Liquid junction potentials and small cell effects in patch-clamp analysis. J Membr
Biol. 1991; 121(2):101-17. https://doi.org/10.1007/BF01870526 PMID: 1715403.

Xu H, Ramsey IS, Kotecha SA, Moran MM, Chong JA, Lawson D, et al. TRPV3 is a calcium-permeable
temperature-sensitive cation channel. Nature. 2002; 418(6894):181-6. https://doi.org/10.1038/
nature00882 PMID: 12077604.

Grynkiewicz G, Poenie M, Tsien RY. A new generation of Ca2+ indicators with greatly improved fluores-
cence properties. J Biol Chem. 1985; 260(6):3440-50. PMID: 3838314.

Bugaj V, Alexeenko V, Zubov A, Glushankova L, Nikolaev A, Wang Z, et al. Functional properties of
endogenous receptor- and store-operated calcium influx channels in HEK293 cells. J Biol Chem. 2005;
280(17):16790-7. https://doi.org/10.1074/jbc.M500192200 PMID: 15741171.

Vogt-Eisele AK, Weber K, Sherkheli MA, Vielhaber G, Panten J, Gisselmann G, et al. Monoterpenoid
agonists of TRPV3. Br J Pharmacol. 2007; 151(4):530-40. Epub 2007/04/11. https://doi.org/10.1038/sj.
bjp.0707245 PMID: 17420775; PubMed Central PMCID: PMC2013969.

Phelps CB, Wang RR, Choo SS, Gaudet R. Differential regulation of TRPV1, TRPV3, and TRPV4 sen-
sitivity through a conserved binding site on the ankyrin repeat domain. J Biol Chem. 2010; 285(1):731—
40. https://doi.org/10.1074/jbc.M109.052548 PMID: 19864432; PubMed Central PMCID:
PMC2804222.

Lang |, Martens H. Na transport in sheep rumen is modulated by voltage-dependent cation conductance
in apical membrane. American Journal of Physiology. 1999; 277(3 Pt 1):G609-18. Epub 1999/09/14.
PMID: 10484386.

Weber A, Siemen D. Permeability of the non-selective channel in brown adipocytes to small cations.
Pflugers Arch. 1989; 414(5):564—70. PMID: 2476715.

Burckhardt BC, Fromter E. Pathways of NH3/NH4+ permeation across Xenopus laevis oocyte cell
membrane. Pflugers Arch. 1992; 420(1):83—6. PubMed PMID: Zentrum der Physiologie, Klinikum der
Johann Wolfgang Goethe- Universitat, Frankfurt/Main, Federal Republic of Germany. PMID: 1372714

Nagaraja TN, Brookes N. Intracellular acidification induced by passive and active transport of ammo-
nium ions in astrocytes. Am J Physiol. 1998; 274(4 Pt 1):C883-91. PubMed PMID: Department of Phar-
macology and Experimental Therapeutics, University of Maryland School of Medicine, Baltimore 21202,
USA.

Amarouch MY, Syam N, Abriel H. Biochemical, single-channel, whole-cell patch clamp, and pharmaco-
logical analyses of endogenous TRPM4 channels in HEK293 cells. Neurosci Lett. 2013; 541:105-10.
https://doi.org/10.1016/j.neulet.2013.02.011 PMID: 23428507

Zagranichnaya TK, Wu X, Villereal ML. Endogenous TRPC1, TRPC3, and TRPC?7 proteins combine to
form native store-operated channels in HEK-293 cells. J Biol Chem. 2005; 280(33):29559-69. https:/
doi.org/10.1074/jbc.M505842200 PMID: 15972814.

PLOS ONE | https://doi.org/10.1371/journal.pone.0193519 March 1,2018 26/28


https://doi.org/10.1152/ajpgi.00275.2004
http://www.ncbi.nlm.nih.gov/pubmed/15550561
https://doi.org/10.1146/annurev.physiol.68.040204.101406
http://www.ncbi.nlm.nih.gov/pubmed/16460288
https://doi.org/10.1113/jphysiol.2013.255968
http://www.ncbi.nlm.nih.gov/pubmed/23836684
https://doi.org/10.1007/s00424-013-1386-x
http://www.ncbi.nlm.nih.gov/pubmed/24240698
https://doi.org/10.1242/jeb.055582
http://www.ncbi.nlm.nih.gov/pubmed/21832130
https://doi.org/10.1016/j.mcn.2006.05.005
http://www.ncbi.nlm.nih.gov/pubmed/16829128
https://doi.org/10.1085/jgp.200910388
http://www.ncbi.nlm.nih.gov/pubmed/21321070
https://doi.org/10.1007/BF01870526
http://www.ncbi.nlm.nih.gov/pubmed/1715403
https://doi.org/10.1038/nature00882
https://doi.org/10.1038/nature00882
http://www.ncbi.nlm.nih.gov/pubmed/12077604
http://www.ncbi.nlm.nih.gov/pubmed/3838314
https://doi.org/10.1074/jbc.M500192200
http://www.ncbi.nlm.nih.gov/pubmed/15741171
https://doi.org/10.1038/sj.bjp.0707245
https://doi.org/10.1038/sj.bjp.0707245
http://www.ncbi.nlm.nih.gov/pubmed/17420775
https://doi.org/10.1074/jbc.M109.052548
http://www.ncbi.nlm.nih.gov/pubmed/19864432
http://www.ncbi.nlm.nih.gov/pubmed/10484386
http://www.ncbi.nlm.nih.gov/pubmed/2476715
http://www.ncbi.nlm.nih.gov/pubmed/1372714
https://doi.org/10.1016/j.neulet.2013.02.011
http://www.ncbi.nlm.nih.gov/pubmed/23428507
https://doi.org/10.1074/jbc.M505842200
https://doi.org/10.1074/jbc.M505842200
http://www.ncbi.nlm.nih.gov/pubmed/15972814
https://doi.org/10.1371/journal.pone.0193519

@° PLOS | ONE

The bovine TRPV3 as a pathway for the uptake of Na*, Ca®*, and NH,*

46.

47.

48.

49.

50.

51.

52,

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

Jiang B, Sun X, Cao K, Wang R. Endogenous Kv channels in human embryonic kidney (HEK-293)
cells. Molecular and cellular biochemistry. 2002; 238(1-2):69—79. PMID: 12349911.

Varghese A, Tenbroek EM, Coles J Jr., Sigg DC. Endogenous channels in HEK cells and potential roles
in HCN ionic current measurements. Progress in biophysics and molecular biology. 2006; 90(1-3):26—
37. https://doi.org/10.1016/j.pbiomolbio.2005.05.002 PMID: 15979128.

Hu HZ, Xiao R, Wang C, Gao N, Colton CK, Wood JD, et al. Potentiation of TRPV3 channel function by
unsaturated fatty acids. Journal of cellular physiology. 2006; 208(1):201—12. https://doi.org/10.1002/
jcp.20648 PMID: 16557504; PubMed Central PMCID: PMC4458145.

Mahieu F, Owsianik G, Verbert L, Janssens A, De Smedt H, Nilius B, et al. TRPM8-independent men-
thol-induced Ca2+ release from endoplasmic reticulum and Golgi. J Biol Chem. 2007; 282(5):3325-36.
https://doi.org/10.1074/jbc.M605213200 PMID: 17142461.

Hille B. lon Channels of Excitable Membranes. 3rd ed. Sunderland, Mass.: Sinauer Associates; 2001
2001.

Nilius B, Vriens J, Prenen J, Droogmans G, Voets T. TRPV4 calcium entry channel: a paradigm for gat-
ing diversity. Am J Physiol Cell Physiol. 2004; 286(2):C195—-205. https://doi.org/10.1152/ajpcell.00365.
2003 PMID: 14707014.

Hu H, Grandl J, Bandell M, Petrus M, Patapoutian A. Two amino acid residues determine 2-APB sensi-
tivity of the ion channels TRPV3 and TRPV4. Proc Natl Acad Sci U S A. 2009; 106(5):1626—31. Epub
2009/01/24. https://doi.org/10.1073/pnas.0812209106 [pii]. PMID: 19164517; PubMed Central PMCID:
PMC2635798.

Xiao R, Tang J, Wang C, Colton CK, Tian J, Zhu MX. Calcium plays a central role in the sensitization of
TRPV3 channel to repetitive stimulations. J Biol Chem. 2008; 283(10):6162—74. https://doi.org/10.
1074/jbc.M706535200 PMID: 18178557; PubMed Central PMCID: PMC2287377.

Chung MK, Lee H, Mizuno A, Suzuki M, Caterina MJ. 2-aminoethoxydiphenyl borate activates and sen-
sitizes the heat-gated ion channel TRPV3. J Neurosci. 2004; 24(22):5177-82. https://doi.org/10.1523/
JNEUROSCI.0934-04.2004 PMID: 15175387.

Grandl J, Hu H, Bandell M, Bursulaya B, Schmidt M, Petrus M, et al. Pore region of TRPV3 ion channel
is specifically required for heat activation. Nat Neurosci. 2008; 11(9):1007—13. Epub 2009/01/23.
https://doi.org/10.1038/nn.2169 [pii]. PMID: 19160498; PubMed Central PMCID: PMC2685190.

Sarria |, Ling J, Zhu MX, Gu JG. TRPM8 acute desensitization is mediated by calmodulin and requires
PIP(2): distinction from tachyphylaxis. J Neurophysiol. 2011; 106(6):3056—66. https://doi.org/10.1152/
jn.00544.2011 PMID: 21900509; PubMed Central PMCID: PMC3234095.

Chung MK, Guler AD, Caterina MJ. Biphasic currents evoked by chemical or thermal activation of the
heat-gated ion channel, TRPV3. J Biol Chem. 2005; 280(16):15928-41. https://doi.org/10.1074/jbc.
M500596200 PMID: 15722340.

Janssens A, Gees M, Toth Bl, Ghosh D, Mulier M, Vennekens R, et al. Definition of two agonist types at
the mammalian cold-activated channel TRPMS8. eLife. 2016; 5. https://doi.org/10.7554/eLife. 17240
PMID: 27449282; PubMed Central PMCID: PMC4985286.

Xiao B, Dubin AE, Bursulaya B, Viswanath V, Jegla TJ, Patapoutian A. Identification of transmembrane
domain 5 as a critical molecular determinant of menthol sensitivity in mammalian TRPA1 channels. J
Neurosci. 2008; 28(39):9640-51. https://doi.org/10.1523/JNEUROSCI.2772-08.2008 PMID:
18815250; PubMed Central PMCID: PMC2678945.

Billen B, Brams M, Debaveye S, Remeeva A, Alpizar YA, Waelkens E, et al. Different ligands of the
TRPV3 cation channel cause distinct conformational changes as revealed by intrinsic tryptophan fluo-
rescence quenching. J Biol Chem. 2015; 290(20):12964—74. https://doi.org/10.1074/jbc.M114.628925
PMID: 25829496; PubMed Central PMCID: PMC4432310.

Luo J, Stewart R, Berdeaux R, Hu H. Tonic inhibition of TRPV3 by Mg2+ in mouse epidermal keratino-
cytes. The Journal of investigative dermatology. 2012; 132(9):2158-65. https://doi.org/10.1038/jid.
2012.144 PMID: 22622423; PubMed Central PMCID: PMC3423538.

Sellers AF, Dobson A. Studies on reticulo-rumen sodium and potassium concentration and electrical
potentials in sheep. Res Vet Sci. 1960; 1:95-102.

Leonhard-Marek S, Stumpff F, Martens H. Transport of cations and anions across forestomach epithe-
lia: conclusions from in vitro studies. Animal. 2010; 4:1037-56. https://doi.org/10.1017/
S1751731110000261 PMID: 22444608

Dobson A. Active transport through the epithelium of the reticulo-rumen sac. J Physiol. 1959; 146
(2):235-51. PMID: 13655229.

Leonhard-Marek S, Martens H. Effects of potassium on magnesium transport across rumen epithelium.
Am J Physiol. 1996; 271(6 Pt 1):G1034-8. https://doi.org/10.1152/ajpgi.1996.271.6.G1034 PMID:
8997247.

PLOS ONE | https://doi.org/10.1371/journal.pone.0193519 March 1,2018 27/28


http://www.ncbi.nlm.nih.gov/pubmed/12349911
https://doi.org/10.1016/j.pbiomolbio.2005.05.002
http://www.ncbi.nlm.nih.gov/pubmed/15979128
https://doi.org/10.1002/jcp.20648
https://doi.org/10.1002/jcp.20648
http://www.ncbi.nlm.nih.gov/pubmed/16557504
https://doi.org/10.1074/jbc.M605213200
http://www.ncbi.nlm.nih.gov/pubmed/17142461
https://doi.org/10.1152/ajpcell.00365.2003
https://doi.org/10.1152/ajpcell.00365.2003
http://www.ncbi.nlm.nih.gov/pubmed/14707014
https://doi.org/10.1073/pnas.0812209106
http://www.ncbi.nlm.nih.gov/pubmed/19164517
https://doi.org/10.1074/jbc.M706535200
https://doi.org/10.1074/jbc.M706535200
http://www.ncbi.nlm.nih.gov/pubmed/18178557
https://doi.org/10.1523/JNEUROSCI.0934-04.2004
https://doi.org/10.1523/JNEUROSCI.0934-04.2004
http://www.ncbi.nlm.nih.gov/pubmed/15175387
https://doi.org/10.1038/nn.2169
http://www.ncbi.nlm.nih.gov/pubmed/19160498
https://doi.org/10.1152/jn.00544.2011
https://doi.org/10.1152/jn.00544.2011
http://www.ncbi.nlm.nih.gov/pubmed/21900509
https://doi.org/10.1074/jbc.M500596200
https://doi.org/10.1074/jbc.M500596200
http://www.ncbi.nlm.nih.gov/pubmed/15722340
https://doi.org/10.7554/eLife.17240
http://www.ncbi.nlm.nih.gov/pubmed/27449282
https://doi.org/10.1523/JNEUROSCI.2772-08.2008
http://www.ncbi.nlm.nih.gov/pubmed/18815250
https://doi.org/10.1074/jbc.M114.628925
http://www.ncbi.nlm.nih.gov/pubmed/25829496
https://doi.org/10.1038/jid.2012.144
https://doi.org/10.1038/jid.2012.144
http://www.ncbi.nlm.nih.gov/pubmed/22622423
https://doi.org/10.1017/S1751731110000261
https://doi.org/10.1017/S1751731110000261
http://www.ncbi.nlm.nih.gov/pubmed/22444608
http://www.ncbi.nlm.nih.gov/pubmed/13655229
https://doi.org/10.1152/ajpgi.1996.271.6.G1034
http://www.ncbi.nlm.nih.gov/pubmed/8997247
https://doi.org/10.1371/journal.pone.0193519

@° PLOS | ONE

The bovine TRPV3 as a pathway for the uptake of Na*, Ca®*, and NH,*

66.

67.

68.

69.

70.

71.

72.

73.

Ferreira LG, Faria RX. TRPing on the pore phenomenon: what do we know about transient receptor
potential ion channel-related pore dilation up to now? Journal of bioenergetics and biomembranes.
2016; 48(1):1-12. https://doi.org/10.1007/s10863-015-9634-8 PMID: 26728159.

Wilkens MR, Kunert-Keil C, Brinkmeier H, Schroder B. Expression of calcium channel TRPV6 in ovine
epithelial tissue. Veterinary journal. 2009; 182(2):294-300. https://doi.org/10.1016/j.tvjl.2008.06.020
PMID: 18701326.

Oehlschlaeger V, Wilkens M, Schréder B, Daenicke S, Breves B. Effects of 25-hydroxyvitamin D3 on
localisation and extent of gastrointestinal calcium absorption in dairy cattle. Animal Production Science
2014; 54(9):1394-8.

Taylor L, Curthoys NP. Glutamine metabolism: Role in acid-base balance*. Biochemistry and molecular
biology education: a bimonthly publication of the International Union of Biochemistry and Molecular Biol-
ogy. 2004; 32(5):291-304. https://doi.org/10.1002/bmb.2004.494032050388 PMID: 21706743.

Meijer GA, van der Meulen J, van Vuuren AM. Glutamine is a potentially limiting amino acid for milk pro-
duction in dairy cows: A hypothesis. Metabolism. 1993; 42:358—64. PMID: 8487655

Jerling L, Andersson M. Effects of Selective Grazing by Cattle on the Reproduction of Plantago mari-
tima. Holarctic Ecology. 1982; 5(4):405-11.

Ueda T, Yamada T, Ugawa S, Ishida Y, Shimada S. TRPV3, a thermosensitive channel is expressed in
mouse distal colon epithelium. Biochemical and biophysical research communications. 2009; 383
(1):130—4. https://doi.org/10.1016/j.bbrc.2009.03.143 PMID: 19336223.

Kim SE, Patapoutian A, Grandl J. Single residues in the outer pore of TRPV1 and TRPV3 have temper-
ature-dependent conformations. PLoS One. 2013; 8(3):59593. Epub 2013/04/05. https://doi.org/10.
1371/journal.pone.0059593 [pii]. PMID: 23555720; PubMed Central PMCID: PMC3608658.

PLOS ONE | https://doi.org/10.1371/journal.pone.0193519 March 1,2018 28/28


https://doi.org/10.1007/s10863-015-9634-8
http://www.ncbi.nlm.nih.gov/pubmed/26728159
https://doi.org/10.1016/j.tvjl.2008.06.020
http://www.ncbi.nlm.nih.gov/pubmed/18701326
https://doi.org/10.1002/bmb.2004.494032050388
http://www.ncbi.nlm.nih.gov/pubmed/21706743
http://www.ncbi.nlm.nih.gov/pubmed/8487655
https://doi.org/10.1016/j.bbrc.2009.03.143
http://www.ncbi.nlm.nih.gov/pubmed/19336223
https://doi.org/10.1371/journal.pone.0059593
https://doi.org/10.1371/journal.pone.0059593
http://www.ncbi.nlm.nih.gov/pubmed/23555720
https://doi.org/10.1371/journal.pone.0193519

