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The TRPV1 ion channel is a membrane protein that is expressed in primary afferent nociceptors, where it is activated 
by a diverse array of stimuli. Our prior work has shown that this channel is activated by lysophosphatidic acid (LPA), an 
unsaturated lysophospholipid that is produced endogenously and released under certain pathophysiological conditions, 
resulting in the sensation of pain. Macroscopic currents activated by saturating concentrations of LPA applied to excised 
membrane patches are larger in magnitude than those activated by saturating concentrations of capsaicin, which causes 
near-maximal TRPV1 open probability. Here we show that activation of TRPV1 by LPA is associated with a higher single-
channel conductance than activation by capsaicin. We also observe that the effects of LPA on TRPV1 are not caused 
by an increase in the surface charge nor are they mimicked by a structurally similar lipid, ruling out the contribution 
of change in membrane properties. Finally, we demonstrate that the effects of LPA on the unitary conductance of 
TRPV1 depend upon the presence of a positively charged residue in the C terminus of the channel, suggesting that LPA 
induces a distinct conformational change.
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Introduction
Phospholipids, such as phosphatidylinositol 4,5-bisphosphate 
(PIP2) and other lipid molecules, have arisen as modulators of the 
activity of several types of ion channels (Hille et al., 2015). Actions 
on their target molecules are exerted by either direct interaction 
or binding and/or through the modulation of second messenger 
pathways, which in turn regulate ion channel function.

Lysophosphatidic acid (LPA) is among the lipids that have 
recently been identified as regulators of the function of ion 
channels through direct or indirect actions. LPA is a phospho-
lipid with biological activities that include platelet aggregation 
(Schumacher et al., 1979), cell proliferation, differentiation, and 
migration (Sheng et al., 2015) and has been linked to pathologies 
such as breast, prostate, and pancreatic cancers (Yamada et al., 
2004; Liu et al., 2009) as well as to neuropathic pain (Inoue et 
al., 2004). Its activities are known to be mediated by at least six 
known G protein–coupled receptors, named LPA1–6 (Yung et al., 
2014). LPA contains a glycerol backbone, a free phosphate group 
in position sn-3, and one fatty acid chain of varying length in 
either positions sn-1 or sn-2 that can be saturated or unsaturated. 
This gives rise to the different species of LPA, which have varied 
affinities for LPA receptors (van Corven et al., 1989).

Interestingly, LPA can interact with other types of proteins 
such as gelsolin and villin and shares the same binding site with 
PIP2, another negatively charged phospholipid, in each of these 
proteins (Goetzl et al., 2000; Kumar et al., 2004).

In recent years, there has been growing evidence that LPA di-
rectly modulates the activity of ion channels. Examples include 
members of the two-pore domain potassium channel family 
(Chemin et al., 2005), voltage-gated ion channels (Stirling et al., 
2009), ligand-gated ion channels (Jans et al., 2013), and tran-
sient receptor potential (TRP) ion channels (Chemin et al., 2005; 
Nieto-Posadas et al., 2012; Kittaka et al., 2017).

For several years, LPA was thought to produce pain solely 
through the activation of specific G protein–coupled receptors. 
Recently, our group described that LPA can effectively activate 
the TRPV1 channel when applied to either the intracellular or 
extracellular faces of the membrane and that the response to 
LPA is dose dependent. Moreover, using a combination of bio-
chemical and electrophysiological approaches, we also showed 
that LPA relies on at least one positively charged residue (K710) 
in the proximal C terminus of the TRPV1 channel to directly gate 
TRPV1. This activation by LPA is physiologically relevant since it 
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leads to the generation of action potentials in dorsal root ganglia 
neurons and to pain in mice (Nieto-Posadas et al., 2012).

By further examining the effects of LPA on TRPV1-medi-
ated currents, in this study we observed that LPA promotes an 
increase in the amplitude of macroscopic and single-channel 
currents, as compared with capsaicin. Changes in the surface 
charge or/and changes in the membrane properties caused 
by the insertion of negatively charged LPA molecules as well 
as a change in the permeability of the ion channel are mecha-
nisms that could explain such an increase in the magnitude of 
TRPV1-mediated currents in response to LPA. Moreover, recent 
studies have proposed that the pore of TRPV1 and other TRP 
channels is dynamic and flexible, and it can adopt different con-
formational states in the presence of different ligands TRPV1 
(Cao et al., 2013). Thus, in the present study we explored all of 
these possibilities in order to try to pinpoint the mechanism by 
which LPA produces an increase in the unitary conductance of 
the TRPV1 channel.

Materials and methods
Cell culture and transfection
The HEK293 cells (American Type Culture Collection; CRRL-
11268) were maintained in standard cell culture conditions (37°C, 
5% CO2) in supplemented Dulbecco’s modified Eagle’s medium 
(DMEM; Gibco) with high glucose and complemented with 10% 
FBS (HyClone) and 100 U/ml of penicillin-streptomycin (Gibco). 
Cells were tested for mycoplasma and found free of infection 
(ATCC; 30-1012K). Cells were subcultured every 3 d using 0.05% 
(wt/vol) trypsin-EDTA solution and plated in coverslips pre-
treated with poly-D-lysine. Cells were cotransfected one day later 
with the pcDNA3.1 plasmid with WT rTRPV1 or rTRPV1-K710D 
and pIRES-GFP plasmids using JetPei (Polyplus transfection), ac-
cording to manufacturers’ instructions.

Site-directed mutagenesis
Point mutations in rTRPV1-pCDNA3.1 were made by a two-step 
PCR as previously described (Rosenbaum and Gordon, 2002).

Solutions
Stock solution of capsaicin (Sigma-Aldrich) was prepared at 
10  mM in ethanol, and stock solutions of 1-bromo-3-(S)-hy-
droxy-4-(palmitoyloxy)butyl phosphonate (BrP-LPA; Echelon 
Biosciences; part L-7416) at 1  mM and tetrapentylammonium 
(TPA; Sigma-Aldrich; part 258962) at 200 mM were prepared in 
deionized water. Lysophosphatidic acid 18:1 (Avanti Polar Lipids; 
part 857130), LPA 18:0 (Avanti Polar Lipids; part 857128), and ly-
sophosphatidylcholine 18:1 (LPC; Sigma-Aldrich; part L-1881) 
stocks were prepared at a concentration of 10 mM by dissolv-
ing the lipids in DMEM with 1% BSA. Stocks for LPA and LPC 
were vortexed 10 min, incubated 1 h at 37°C, and sonicated with 
a Branson 1510 bath ultrasonicator at 40 KHz for 15 min before 
being aliquoted and frozen in liquid nitrogen and stored at −70°C. 
Before using the aliquots for electrophysiological experiments, 
these were vortexed to thaw and incubated at 37°C for 20 min. 
The reagents were diluted to the desired concentration in re-
cording solution.

Electrophysiological recordings
Currents were obtained from excised membrane patches in the 
inside-out patch clamp configuration, in isometric recording 
solutions containing 130 mM NaCl, 3 mM HEP​ES, and 1 mM EDTA 
(Sigma-Aldrich) adjusted to pH 7.2, unless otherwise stated. The 
borosilicate pipettes used had an average resistance of 5 MΩ for 
macroscopic currents and 10 MΩ for single-channel recordings. 
Currents were recorded using an EPC10-USB amplifier (HEKA 
Elektronic), filtered at 2 kHz (low-pass Bessel filter) and sam-
pled at 10 kHz for macroscopic currents and filtered at 3 kHz and 
sampled at 50 kHz for microscopic currents. Data were acquired 
using either Pulse or Patchmaster software (HEKA Elektronic) 
and analyzed in Igor Pro (Wavemetrics Inc.). Solutions were 
changed using an RSC-200 rapid changer (Biological).

For macroscopic currents, the voltage protocol consisted of a 
holding potential of 0 mV for 10 ms followed by a square pulse 
to −60 and then another to +60 mV for 100 ms each and back to 
0 mV for 10 ms. For every membrane patch, first we recorded 
the current in the absence of agonist in order to account for the 
leak current, then we recorded the current elicited by 4 µM cap-
saicin (a saturating concentration). After the membrane patch 
was washed with recording solution (until the seal resistance 
was close to values before capsaicin exposure), it was exposed to 
a saturating concentration of LPA (5 µM; EC50 is 754 nM; Nieto-
Posadas et al., 2012), and the current elicited by LPA was normal-
ized to that elicited by capsaicin. Mean current values for LPA 
were measured after channel activation had reached the steady 
state (∼3–5 min).

We measured the voltage dependence of the entry rate of the 
blocker TPA to the pore of the channels, as previously described 
(Jara-Oseguera et al., 2008). For these experiments, the patches 
were exposed first to 4 µM capsaicin or 5 µM LPA, washed, and 
reexposed to the agonists concomitantly with 20 µM TPA. After 
washing off the ligand, just before the beginning of each exper-
iment with blocker, we obtained three leak traces, which were 
averaged to reduce noise. This leak average was subtracted from 
the experimental traces.

Currents were recorded in response to square voltage pulses 
where the voltage was held at 0 mV for 10 ms, then stepped from 
40 to 140 mV in 20-mV intervals for 100 ms and then returned 
to 0 mV for 10 ms. For every voltage used, three current traces 
were averaged in the presence of the blocker and fitted to a sim-
ple exponential to obtain the block rate (s−1  M−1). The voltage 
dependence of the blocking reaction was calculated by plotting 
the block rate (kb) versus voltage and by fitting the data to the 
following function:

	​​ k​ b​​  = ​ k​ b​​(0 ) ⋅ exp ​​(​​​ 
− ​Z​ app​​ V

 _ KT ​​ )​​​,​� (1)

where kb(0) is the rate constant at 0 mV, Zapp is the apparent 
charge associated with the blocking reaction, K is the Boltzmann 
constant, T is the temperature (298°K), and V is the voltage ap-
plied. To calculate the magnitude of the expected effect of surface 
charge, the surface potential was calculated from the Grahame 
equation for one electrolyte (Latorre et al., 1992):

	​​ ϕ​ s​​  =  (2RT / ​z​ i​​ F ) ln​​[​​X + ​
2
 √ 
_

 (​X​​ 2​ + 1) ​​]​​​,​� (2)
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where ​X  = ​ √ 
_

 136σ / ​C​ i​​ ​​; σ is the surface charge; zi is the charge of 
the main electrolyte (Na+); Ci is the concentration of the main 
ions (NaCl); R is the gas constant, T is the absolute temperature 
in Kelvin, and F is Faraday's constant.

To determine whether LPA produced a change in the perme-
ability of TRPV1 channels in response to activation by LPA, we 
measured the bi-ionic reversal potential (Erev) between Na+ and 
the organic monovalent cation, NMDG (∼4.54 Å) when channels 
were activated with capsaicin or LPA. In these experiments, the 
pipette (extracellular solution) contained (in mM) 10 NaCl, 3 
HEP​ES, 1 EDTA, and 120 NMDG. For the bath (intracellular solu-
tion), we used (in mM) 130 NaCl, 3 HEP​ES, and 1 EDTA; both solu-
tions were adjusted to pH 7.4. The liquid junction potential (LJP) 
was corrected by measuring voltage in the current clamp mode 
in symmetric solutions and then again in asymmetrical solutions; 
the difference between the two voltages is the LJP. The typical LJP 
for NMDG solutions was 3.9 mV. The Erev value from three voltage 
ramps (−120–120 mV, 1 V/s) from inside-out membrane patches 
was averaged, and the leak and LJP were subtracted before calcu-
lating the relative permeability with the Goldman–Hodgkin–Katz 
(Hille, 1971) equation:

	​​ E​ rev​​  = ​  RT _ zF ​ ln ​​(​​​ ​​[​​N ​a​​ +​​]​​​ o​​ ​P​ Na​​ + ​​[​​​X​​ +​​]​​​ o​​ ​P​ x​​  _______________  ​​[​​N ​a​​ +​​]​​​ i​​ ​P​ Na​​ + ​​[​​​X​​ +​​]​​​ i​​ ​P​ x​​ ​​)​​​,​� (3)

where R is the gas constant, Erev is the reversal potential, F 
is the Faraday constant, T is absolute temperature (room 
temperature, 298°K), and [X+] is the concentration of ion X+. 
Note that the extracellular solution contained 10  mM Na+, 
which is necessary to maintain normal gating of TRPV1 (Jara-
Oseguera et al., 2016).

For single-channel recordings, the borosilicate pipettes were 
covered with wax to reduce stray capacitance. To obtain the sin-
gle-channel current amplitude in response to different agonists, 
the voltage protocol consisted of a series of 60-mV rectangular 
pulses lasting 1 s, with a holding potential of 0 mV for 10 ms. Once 
we obtained an inside-out membrane patch with only one TRPV1 
channel, it was exposed to 4 µM capsaicin, then it was washed 
with recording solution until no openings were observed, and 
then it was exposed to one of the following conditions: (a) capsa-
icin + 0.0005% BSA in DMEM, as a control for the vehicle used for 
LPA; (b) LPA 5 µM; (c) BrP-LPA 5 µM, which is an LPA analogue 
we had previously reported as a TRPV1 activator (Nieto-Posadas 
et al., 2012); or (d) LPC 2.5 µM + 4 µM capsaicin, because LPC is a 
lipid with a geometry similar to LPA (Sprong et al., 2001; Biswas 
et al., 2007) but is not a TRPV1 agonist.

To obtain current–voltage curves for a single channel, we used 
inside-out membrane patches containing a single TRPV1 channel 
and exposed it to either 4 µM capsaicin or 5 µM LPA. To construct 
the current–voltage curve, we applied 500-ms pulses from −100 
to +100 mV in 40-mV steps; the voltage was held at 0 mV during 
5 ms before and after each pulse. For the analysis, 5–10 traces in 
which openings and closings were clearly observed were used to 
build all-points histograms after accounting for the leak current. 
The histograms were fitted to a Gaussian function where the 
peak corresponded with the unitary channel current amplitude. 
The presented current–voltage curves represent the average of 
three independent experiments.

Single-channel kinetics
Half-amplitude threshold crossing analysis (Colquhoun and 
Sigworth, 1985) was used to idealize single-channel recordings 
for kinetic analysis using custom-written programs in IgorPro 
software (Wavemetrics Inc.). Open and closed dwell times are 
presented as histograms according to the Sine–Sigworth trans-
form (Sigworth and Sine, 1987). The filter dead time is calculated 
as Td = 0.179/fc. At fc = 3 kHz, Td = 63 µs. Events shorter than 100 
µs were discarded. Open and closed time histograms were fit to 
sums of exponential components to extract time constants from 
the distributions. The burst length was calculated for bursts of 
openings, which are defined as groups of openings separated by 
closures shorter than a critical time Tcrit. The value of Tcrit was 
calculated by solving

	​​ e​​ −​t​ crit​​/​τ​ f​​​  =  1 − ​e​​ −​t​ crit​​/​τ​ s​​​,​� (4)

where τf and τs are the time constant of the fast and slow compo-
nents of the closed time histograms, respectively. The open prob-
ability (Po) was calculated for each sweep from idealized data, as 
the sum of the total open time divided by the sweep duration.

Statistical analysis
The data were subjected to Student’s t test; P < 0.05 was consid-
ered statistically significant. Data are presented as mean ± SEM.

Results
Effects of LPA on TRPV1 unitary currents
As previously reported, TRPV1 is directly activated by LPA (Nieto-
Posadas et al., 2012). Because of the fact that experiments with 
lysolipids are technically difficult, since the amphipathic char-
acter of these molecules affects membrane stability, we initially 
interpreted the increased currents with LPA as membrane patch 
instability. It was not until we performed experiments blocking 
the macroscopic currents in response to LPA and single-channel 
recordings that we were effectively able to discern that there is an 
increase in the magnitude of these currents that was not caused 
by disruption in the integrity of the membrane patches. We can 
now assert that indeed, LPA induces currents with a larger mag-
nitude than those elicited by capsaicin. This is demonstrated in 
Fig. 1 A, which shows TRPV1 currents in the same patch, elicited 
by a square voltage pulse to −60 mV followed by a pulse to 60 
mV, in the presence of either capsaicin or LPA. The average mac-
roscopic currents of eight independent experiments with LPA 
(5 µM) was 1.36 ± 0.1–fold larger at −60 mV (P < 0.01) and 1.36 
± 0.056–fold larger at +60 mV (P < 0.01) compared with nor-
malized currents elicited by capsaicin (4 µM; Fig. 1, B and C). In 
general, the macroscopic current (I) depends on the number of 
channels (N), which is unlikely to change substantially during 
inside-out recordings; on the open probability (Po); and on the 
unitary current (i). We performed single-channel recordings to 
see which parameter was changing. In our experiments, the av-
erage single-channel current at 60 mV when TRPV1 is activated 
by capsaicin is 6.84 ± 0.2 pA.

Because the LPA stock was prepared in DMEM with 1% BSA, 
we also measured unitary currents activated with capsaicin 
+ 0.0005% BSA, which is the same final amount of BSA in ex-
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periments with phospholipids. For these experiments, we al-
ternated treatments by applying only capsaicin (representative 
black traces, Fig. 2, left), washing with recording solution, and 
then adding the agonist (color traces, Fig. 2, middle). As shown 
in Fig.  2, A and E, no increase in the current amplitude was 
found under these conditions (6.57 ± 1.08 pA with capsaicin + 
0.0005% BSA [yellow trace] vs. 6.84 ± 0.2 pA [black trace; P > 
0.01] for capsaicin alone). Remarkably, 5 µM LPA elicited a sta-
tistically significant increase in TRPV1 unitary current (Fig. 2, B 
and E; 9.66 ± 0.22 pA vs. 6.84 ± 0.23 pA for capsaicin; P < 0.01). 
1-bromo-3-(S)-hydroxy-4-(palmitoyloxy) butyl phosphonate 
(BrP-LPA; 5 µM), which activates TRPV1 by binding to the same 
residue in the C terminus as LPA does (Nieto-Posadas et al., 2012), 

also produced an increase in unitary current amplitude, albeit 
smaller than that observed with LPA (Fig. 2, C and E; 8.97 ± 0.27 
pA vs. 6.84 ± 0.23 pA for capsaicin; P < 0.01).

LPA and BrP-LPA are phospholipids than can get inserted in 
the cell membrane and might change its mechanical properties 
and/or shape. Therefore, we tested the effect of LPC, which has 
been shown to produce changes in the curvature of membranes 
(Lundbaek and Andersen, 1994). Because we had reported that 
this phospholipid does not activate TRPV1 (Morales-Lázaro et 
al., 2014), LPC was coapplied with capsaicin (4 µM capsaicin + 
2.5 µM LPC). These experiments show no significant changes 
in the unitary current (Fig. 2, D and E; 7.34 ± 0.41 vs. 6.84 ± 0.23 

Figure 1. Macroscopic currents in WT TRPV1 activated by 4 µM capsaicin 
or 5 µM LPA. (A) Representative currents at −60 and +60 mV. The gray lines 
correspond to the leak current, the black lines are the response to capsaicin, 
and the red lines are the response to LPA. The dashed line indicates zero cur-
rent. (B) Paired data for eight independent experiments at −60 and at 60 mV. 
Each color represents one membrane patch. (C) The bar graph corresponds to 
the normalized currents of data in (B). Data obtained in the presence of LPA 
5 µM are normalized to the current elicited by 4 µM capsaicin, where values 
for currents elicited by the latter agonist were set to 1 (gray bars). The increase 
elicited by LPA was 1.36 ± 0.1–fold larger at −60 mV (*, P < 0.01, n = 8) and 
1.36 ± 0.056–fold larger at +60 mV (*, P < 0.01, n = 8), as compared with cap-
saicin. Recordings were performed in the inside-out configuration of the patch 
clamp, the holding potential was 0 mV, and 60 and −60 mV square pulses 
lasted 100 ms. Leak currents were obtained first; then capsaicin was applied 
to obtain the currents elicited by this agonist; then capsaicin was washed; and 
finally, currents in the presence of LPA were obtained. Agonists were applied 
using a rapid solution changer, as described in the Materials and methods 
section. Group data are reported as the average ± SEM.

Figure 2. LPA produces an increase in single-channel currents in TRPV1 
channels heterologously expressed in HEK293. (A–D) Representative 
traces from single-channel recordings of TRPV1 channels in the inside-out 
configuration, as compared with capsaicin. The letters c and o represent the 
closed and open state levels shown in the histograms. The vertical dotted 
lines represent the average single-current amplitude elicited by capsaicin 
(6.84 ± 0.23 pA; n = 24) before the application of treatment. (A) Capsaicin 
4 µM + BSA 0.0005% (6.57 ± 1 pA; n = 4). (B) LPA 5 µM in BSA 0.0005% (9.66 
± 0.23 pA; n = 10). (C) BrP-LPA 5 µM (8.97 ± 0.27 pA; n = 6). (D) Capsaicin 5 µM 
+ 2.5 µM LPC (7.34 ± 0.41 pA; n = 3). (E) Summary of the results in A–D. Lines 
between the symbols indicate average ± SEM. *, statistical significance P < 
0.01. The fold increase in current amplitude in each case is as follows: capsa-
icin + BSA, 0.96 ±0.16; LPA 5 µM, 1.41 ± 0.03; BrP-LPA 5 µM, 1.31 ± 0.04; and 
LPC 2.5 µM + capsaicin 4 µM, 1.07 ± 0.05. Recordings were made applying a 
series of 1-s-long, 60-mV square pulses from a 0-mV holding potential; data 
were sampled at 50 kHz and filtered with at 3-kHz low-pass Bessel filter. 
Each seal was exposed to 4 µM capsaicin, washed, and then exposed to the 
indicated lipid by perfusion using a rapid solution changer.
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for capsaicin alone; P > 0.01) when channels were exposed to 
LPC and capsaicin.

These experiments support the hypothesis that LPA produces 
its effects on single-channel current amplitude through a mecha-
nism that probably does not involve changes in membrane phys-
ical properties.

The effects of LPA on single-channel current amplitude dis-
cussed above (Fig. 2, B and E) were evaluated at a voltage of +60 
mV. We next wondered whether this effect was present when 
TRPV1 channels were activated with LPA and challenged at dif-
ferent voltages. Thus, we compared the single-channel ampli-
tudes of current–voltage relationships for TRPV1 activation by 
capsaicin or LPA. The data in Fig. 3, A–C, show that at all the volt-
ages tested (−100 to 100 mV), the unitary currents produced by 
LPA activation were larger than the ones produced by capsaicin, 
indicating that the LPA effect is not voltage dependent.

Gating of channels by LPA and capsaicin
At saturating concentrations of capsaicin (4 µM) or LPA (5 µM), 
channels gate in a very similar way (Fig. 4, A–D). The Po values 
are 0.81 ± 0.02 (n = 3) and 0.78 ± 0.04 (n = 3) in capsaicin and 
LPA, respectively, and do not exhibit significant differences (P > 

0.01) but indicate that LPA is a full agonist of TRPV1. The burst 
length distribution has at least three components, indicating a 
complex gating mechanism. The LPA-activated channels show a 
slight preponderance of longer bursts (Fig. 4, C and D). At sub-
saturating concentrations of both capsaicin (50 nM) and LPA 
(1 µM), the gating behavior is again complex (Fig. 4, E–H). Burst 
length is diminished, such that individual bursts can be clearly 
discerned (Fig. 4, F and H). Three types of bursts are present in 
the distributions, with LPA again showing a higher proportion 
of longer and intermediate bursts (see Table 1 for values). The 
values of all the fit parameters are collected in Table 1.

The multiexponential nature of the burst duration histo-
grams indicates the presence of multiple open and closed states 
and is characteristic of allosteric gating (Hui et al., 2003; Liu et 
al., 2003; Latorre et al., 2007; Baez et al., 2014). Interestingly, the 
data indicate that all open states with LPA have the same conduc-
tance and that this phospholipid increases the conductance of all 
open states as well. LPA also seems to favor longer bursts at both 
subsaturating and saturating concentrations.

A change in membrane surface charge does not account for the 
effects of LPA on TRPV1-mediated currents
Up to this point, the data show that LPA produces an increase 
in the single-channel conductance, as compared with capsaicin. 
Also LPA seems to dissociate more slowly from its binding site as 
indicated by an increased burst length. A possible mechanism for 
the increase in single-channel conductance is that because LPA 
has a negatively charged polar head and can be inserted into the 
membrane, increasing the surface charge and generating a neg-
ative surface potential might increase the local concentration of 
permeant ions at the intracellular pore entrance, as predicted by 
the Gouy–Chapmann–Stern theory (Oldham, 2008).

Assessing the role of increased surface charge on the conduc-
tance and gating of several ion channels has been achieved in part 
thanks to a strategy that involves the use of divalent or multi-
valent ions at high (mM) concentrations to screen the surface 
charge (Hille et al., 1975). However, this is not an option when 
studying TRPV1, because it has been extensively described that 
divalent (i.e., Ca2+) and multivalent ions produce block or desen-
sitization of the channel (Koplas et al., 1997; Ahern et al., 2005; 
Mergler et al., 2011; Samways and Egan, 2011). Thus, to determine 
the role of an increase in surface charge by LPA, we used a strat-
egy based on applying pore blockers whose actions are voltage 
dependent. If the increase in conductance is simply caused by 
LPA producing a local negative potential and thus increasing the 
local concentration of Na+ near the pore entrance, one should ex-
pect that this surface potential will also increase the rate of chan-
nel block by a positively charged pore blocker (Park et al., 2003; 
Jara-Oseguera et al., 2008). Thus, to test for this possibility, we 
used TPA block as a probe of the local surface charge, as has been 
reported previously (Thompson and Begenisich, 2000; Oseguera 
et al., 2007; Jara-Oseguera et al., 2008). Fig. 5 A shows represen-
tative macroscopic currents obtained at different voltages in the 
presence of 20 µM intracellular TPA and 4 µM capsaicin (Fig. 5 A, 
top) or 5 µM LPA (Fig. 5 A, bottom), as well as in the average re-
lationship between the voltage and the blocking rate (Fig. 5 B). 
Although it is evident that the block rate is voltage dependent, 

Figure 3. LPA induces an increase in current at both positive and nega-
tive potentials. (A and B) Representative traces for the currents elicited by 
4 µM capsaicin (A) or by 5 µM LPA (B) at different potentials. The dashed line 
indicates zero-current level. (C) Summary of the microscopic current–voltage 
relations for capsaicin-elicited currents (black circles) and LPA-elicited cur-
rents (red triangles). Data are presented as mean ± SEM., n = 5. The increase 
in current is significant P < 0.05 at −100, −60, −20, 60, and 100 mV (Student’s 
t test). Single-channel recordings were performed in the inside-out configura-
tion of the patch clamp, with a holding potential of 0 mV and increasing square 
voltage pulses as indicated.
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the voltage dependence of blockade is not different for capsaicin 
and LPA, as the Kb(0) (Eq. 1) are 1.106 ± 4.6 105 s−1 M−1 for capsaicin 
and 1.32 × 106 ± 3.5 × 105 s−1 M−1 for LPA activation. The apparent 
charge associated with blocking of the channel is 0.43 ± 0.08 for 
capsaicin and 0.34 ± 0.05 for LPA.

What is the expected effect of an increased negative surface 
charge on the TPA blocking rate? The partition coefficient, K, 
of LPA in the lipid membrane is not known, but we can use the 
value of K = 12 × 103 M−1 for a similar lysophospholipid, LPC16, 
as an approximation (Henriksen et al., 2010). With this value, a 

Figure 4. Single-channel gating of TRPV1 channels with capsaicin or LPA. (A) Representative segments of single-channel records in the presence of capsa-
icin 4 µM. The dashed and dotted lines represent the zero-current level and the current level when the same channel is opened by LPA, respectively. (B) Burst 
length distribution. The continuous line on top of the histogram is the fit to a sum of three exponentials, which are shown individually by the gray dotted lines. 
(C) A single TRPV1 channel opened by LPA 5 µM. Representative openings with the dashed and dotted lines indicating zero-current and open current levels, 
respectively. (D) Burst length distribution. The continuous line on top of the histogram is the fit to a sum of three exponentials, which are shown individually 
by the gray dotted lines. (E) Representative segments of a single-channel recording with subsaturating 50 nM capsaicin. Lines have the same meaning as in 
A. (F) Burst length distribution. The continuous line on top of the histogram is the fit to a sum of three exponentials, which are shown individually by the gray 
dotted lines. (G) Recordings from a single channel activated by 1 µM LPA. The lines indicate current levels as in C. (H) Burst length distribution. The continuous 
line on top of the histogram is the fit to a sum of three exponentials, which are shown individually by the gray dotted lines. The parameters of the exponential 
fits are compiled in Table 1. Recordings were made applying up to 100 3-s-long, 60-mV square pulses from a 0-mV holding potential; data were sampled at 50 
kHz and filtered with a 3-kHz low-pass Bessel filter. Capsaicin and LPA were applied by perfusion with a rapid solution changer.
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per lipid area of 70 Å2, and a typical patch area of ∼12 × 108 Å2, we 
can calculate the expected number of LPA molecules partitioned 
into the membrane in our inside-out patches to be ∼106. This gives 
an expected surface charge density of ∼80 × 10−5 eo/Å2. Using the 
Grahame equation with our ionic conditions (Grahame, 1947), this 
surface charge should produce an equivalent surface potential of 
approximately −15 mV. In Fig. 5 B, we plot the expected increase of 
the blocking rate (gray dotted line). It can be seen that if LPA has 
any effect in blocking rate, it is to diminish it at positive voltages.

In addition, we tested whether LPA 18:0, which does not acti-
vate TRPV1 but has the same amount of charge as LPA18:1 does, 
increased single-channel current amplitudes when coapplied 
with 50 nM capsaicin. Fig. 5, C and D, show that LPC 18:0 does not 
affect the conductance of the channel. These data and analyses 
suggest that LPA does not produce a change in the electric poten-
tial in the vicinity of the inner pore of TRPV1, thus ruling out a 
change in membrane surface charge as a cause for the increased 
conductance we observe with LPA.

Figure 5. Estimation of the effect of surface charge on the kinetics of block by TPA and single-channel conductance. (A) The TPA (20 µM) block kinetics 
with 4 µM capsaicin (top) or 5 µM LPA (bottom). The superimposed black and red lines represent the exponential fits. (B) Voltage dependence of block for 
currents elicited by capsaicin (circles, solid fit, n = 4) or LPA (squares, dashed fit, n = 8). Data are plotted as mean ± SEM. From the exponential fit we obtained 
the following parameters: kb(0) = 1.106 ± 4.6 105 s−1 M−1 for capsaicin, and kb(0) = 1.32 × 106 ± 3.5 105 s−1 M−1 for LPA (P > 0.01), while Zapp = 0.43 ± 0.08 for cap-
saicin, and Zapp = 0.34 ± 0.05 for LPA (P > 0.01). The dashed curve is the increase in the blocking rate expected if LPA contributes −14 mV of surface potential, 
as calculated in the text. This shows that the blocker entrance to the pore is electrostatically shielded from the membrane surface potential. (C) Representative 
traces from single-channel recordings of TRPV1 channels in the inside-out configuration at +60 mV, in response to 4 µM capsaicin (black) or 50 nM capsaicin 
+ 5 µM LPA 18:0 (orange). (D) Comparison of the single-current amplitude elicited by capsaicin alone (black) or in combination with LPA 18:0 (orange) for 
experiment shown in (C). The mean single-current amplitude elicited for four independent experiments was 7.33 ± 0.21 pA for capsaicin 4 µM and 7.27 ± 0.17 
pA for capsaicin in combination with LPA 18:0 (P > 0.01). Macroscopic current recordings were performed in the inside-out configuration of the patch clamp, 
the holding potential was 0 mV, and 100-ms-long square pulses from 40 to 140 mV (in 20-mV increments) were applied.

Table 1. Fit parameters for single-channel kinetic analysis

Condition Burst duration fits

A1 Tau1
a A2 Tau2 A3 Tau3

Saturating agonist

Capsaicin 4 µM 3.42 0.556 5.32 23.81 9.34 207.83

LPA 1 µM 7.23 0.215 7.57 13.81 20.75 239.69

Subsaturating agonist

Capsaicin 50 nM 6.19 0.841 7.23 17.61 8.20 222.35

LPA 1 µM 5.60 1.189 9.34 49.56 5.33 604.9

aTime constant units (Tau) are in milliseconds.
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The increased conductance with LPA is instantaneous and 
is not accompanied by a large change in ion selectivity 
to large cations
To assess if the increase in TRPV1’s single-channel conductance 
occurs immediately when the channel opens in the presence of 
LPA, we analyzed how the Po in response to activation by LPA 
changed with time and compared it with the value of the sin-
gle-channel current amplitude over a period of 500  s. LPA is 
a slower agonist of TRPV1 in comparison to capsaicin (Nieto-

Posadas et al., 2012), perhaps because it accesses its binding site 
from the lipid membrane. The Po of each sweep of 1 s duration 
was calculated and plotted as a function of the number of each 
500 sweeps. This analysis evidences the slow time course of 
increase in Po in response to LPA (Fig. 6 A, red crosses). How-
ever, the single-channel current amplitude remains constant 
through time (Fig. 6 A, black circles). This means that even the 
first, low open probability openings in response to LPA have an 
increased conductance.

Next, to assess whether the increased conductance of TRPV1 
with bound LPA is accompanied by a change in ion selectivity, we 
tested for changes in the permeability to NMDG (4.5 Å) relative 
to Na+ when the channel is activated by LPA or capsaicin. Fig. 6 B 
shows representative traces of inside-out membrane patches 
elicited by voltage ramps when exposed to capsaicin (black) 
or LPA (red) for 1 (solid lines) or 8 min (dashed lines). Fig. 6 B, 
right, shows that the Erev under each experimental condition in 
the presence of NMDG is not significantly shifted. Moreover, the 
experiments in Fig. 6 C show that when TRPV1 is activated with 
LPA, there is no increase in the permeability for the larger cation 
NMDG relative to Na+ through time starting from 1 min of ex-
posure to capsaicin or LPA (0.34 ± 0.009 with capsaicin vs. 0.36 
± 0.02 with LPA) up to 8 min of exposure to the agonists (0.33 
± 0.007 with capsaicin vs. 0.38 ± 0.02 with LPA). These results 
indicate that when TRPV1 is activated by LPA, there is a marked 
increase in conductance upon exposure to the ligand, but this is 
not accompanied by a change in selectivity, indicating that the 
integrity of the selectivity mechanism is conserved in both pore 
configurations.

Coactivation of TRPV1 with LPA and capsaicin
If the two ligands studied here are capable of stabilizing differ-
ent pore conformations, it should be possible to observe these 
conformations independently in a single channel in a coappli-
cation experiment. We found that the most favorable condition 
for this experiment was to keep both ligands at a subsaturating 
concentration. Fig. 7 A, left, shows the representative openings 
from a patch with a single channel to which 50 nM capsaicin, 
50 nM capsaicin + 1 µM LPA, and 1 µM LPA were applied, in that 
order. Notice that in the presence of both ligands, two types of 
events are detected, low and high conductance, which corre-
spond to the events detected with either capsaicin or LPA, re-
spectively. The experiment is quantitated in Fig. 7 A, middle. 
The amplitude of each detected opening event is plotted as a 
function of that event duration. It can clearly be observed that 
in this experiment, the amplitude of capsaicin-evoked events is 
small (mean 8 pA ± 0.23), while the average amplitude of LPA-
evoked events is 9.8 pA ± 0.31. In the presence of both ligands, 
the distribution shows two types of events corresponding to the 
amplitudes observed with capsaicin or LPA alone. This is also 
seen in the all-points histograms from selected opening events 
(Fig.  7  A, right). We made sure the patch contained a single 
channel by applying a saturating concentration of LPA at the 
end of the experiment and observing the absence of overlap-
ping openings. This experiment clearly indicated that the same 
channel can be activated to different open conformations by 
two different full ligands.

Figure 6. Relative permeability for large organic cations with respect to 
sodium. (A) Unitary current amplitudes (black circles) and open probability 
(red crosses) of TRPV1 in response to LPA relative to time. While the unitary 
current remains stable over time, the open probability increases with time 
until reaching a maximum after 3 min. (B) Representative traces elicited by 
voltage ramps (−120 to 120 mV) from inside-out membrane patches exposed 
to capsaicin (4 µM) for 1 min (solid black) and for 8 min (dashed black) and to 
LPA (5 µM) for 1 min (solid red) and 8 min (dashed red). The right graph zooms 
in the region of the curves where the Erev occurs for all four conditions stated 
above. (C) Relative permeability of NMDG (∼4.5A°) in response to capsaicin 
(black; n = 3) or LPA (red; n = 10). Lines between the symbols indicate mean 
± SEM. No statistical differences among permeabilities at the different times 
measured were found for this set of data; P > 0.01.
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LPA interacts with the K710 residue to promote changes in 
single-channel currents from TRPV1
So far we have shown that unspecific mechanisms (alteration of 
membrane physical properties and surface charge) are not re-
sponsible for the increased single-channel conductance elicited 
by LPA activation of TRPV1. This leaves a direct interaction of 
LPA with a binding site in TRPV1 (Nieto-Posadas et al., 2012) as 
a testable mechanism. To test this, we recorded single-channel 
currents from the charge-reversal mutant TRPV1-K710D in re-
sponse to saturating concentrations of capsaicin or LPA (Fig. 7). 
Single-channel current amplitudes from TRPV1-K710D–express-
ing membrane patches were recorded at a voltage of 60 mV. As 

shown in the representative recording (Fig. 7, B–D), the Po for 
activation by LPA is reduced to 0.25 ± 0.03, as compared with 
that of the WT TRPV1 channel (0.78 ± 0.04, P < 0.01). More-
over, comparing the single-channel current amplitudes elicited 
by LPA in TRPV1-K710D and in the WT TRPV1 channel, we ob-
served that there is a significant decrease in current amplitude 
in TRPV1-K710D (6.84 ± 0.59; Fig. 7, B–D) as compared with the 
WT TRPV1 (9.66 ± 0.02 pA, P < 0.01). As for capsaicin, no dif-
ferences in single-channel current amplitude were observed be-
tween TRPV1-K710D (6.25 ± 0.4 pA) and WT TRPV1 (6.84 ± 0.2 
pA; P > 0.01). These data are consistent with the interpretation 
that the change in single-channel current amplitude induced by 

Figure 7. A single channel can be activated to two conductance states by coapplication of LPA and capsaicin. (A) Left: Three classes of openings from 
the same single channel are observed. The low conductance and high conductance are prevalently observed with capsaicin or LPA, respectively. The two types 
are observed when capsaicin and LPA are applied together. Middle: To quantitatively evaluate the presence of the two levels of conductance, the amplitude of 
each detected event is plotted as a function of its duration. Capsaicin openings (black crosses) have mean amplitude of 8 pA; LPA openings (red squares) have 
amplitude of 9.8 pA. Openings elicited with capsaicin and LPA together show the presence of both types of openings (blue circles), with mean amplitudes 9.8 and 
8.3. The membrane potential is 60 mV. Right: All-points histograms of selected openings in the three conditions. The histogram with LPA + cap is wider because 
of the presence of the two types of openings with two different amplitudes. Gaussian functions have been fitted to the histograms with capsaicin and LPA alone, 
as a visual guide. The arrows indicate the mean amplitudes of the openings with capsaicin (black) or LPA (red). (B) Representative traces of single-channel cur-
rent elicited by capsaicin 4 µM (black) or 5 µM LPA (red) in the TRPV1 mutant K710D. (C) All-points histograms in the presence of capsaicin 4 µM (black) or 5 µM 
LPA (red) for TRPV1-WT (left) and for TRPV1-K710D (right). The value for single-channel current amplitude for TRPV1-WT in the presence of capsaicin 4 µM was 
6.84 ± 0.02 pA (n = 24) and 9.66 ± 0.02 pA (n = 10) in the presence of 5 µM LPA. For TRPV1-K710D the single-channel current amplitude elicited by capsaicin 
4 µM was 6.25 ± 0.4 pA (n = 6) and 6.84 ± 0.59 pA (n = 6) for LPA 5 µM. (D) Summary of the effects of LPA on the K710D mutant. Lines between the symbols 
indicate mean ± SEM. Recordings were made applying up to 100, 3-s-long, 60-mV square pulses from a 0-mV holding potential; data were sampled at 50 kHz 
and filtered with a 3-kHz low-pass Bessel filter. Capsaicin, LPA, and the combination of both agonists were applied by perfusion with a rapid solution changer.
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LPA is not caused by changes in the membrane physical prop-
erties produced by accumulation of LPA and that an increase in 
surface charge is not an underlying mechanism for this process. 
Because the concomitant addition of capsaicin and LPA elicits 
two different conducting states and the K710D mutant abolishes 
the increase in unitary conductance caused by LPA, we conclude 
that this phospholipid causes a different open conformation to 
that produced by capsaicin through a mechanism that requires 
the presence of K710.

Discussion
The TRPV1 is an ion channel that exhibits an exquisite array of 
responses to different stimuli, with its activity being regulated 
by molecules that act as agonists or by modulators that influence 
the gating properties of the channel (i.e., PIP2; Ufret-Vincenty 
et al., 2011). LPA is a recently described agonist of TRPV1, which 
activates the channel through an interaction of this phospholipid 
with a positively charged amino acid in the C terminus, K710 
(Nieto-Posadas et al., 2012). Here, we have studied the effects of 
LPA on TRPV1 currents in detail.

An interesting feature of this channel is that it may adopt differ-
ent conformations in response to various agonists, as shown in re-
cent cryo-EM studies where structures of TRPV1 were obtained in 
the presence of distinct agonists (Cao et al., 2013; Liao et al., 2013).

The results of the present study show that besides increasing 
the open probability, LPA produces changes in the single-channel 
conductance of TRPV1. When we examined the effects of LPA on 
single-channel currents, we found that the current amplitude 
was increased by 41 ± 0.08%, as compared with that produced 
by capsaicin. Another similar phospholipid, LPC, which does not 
activate TRPV1 but has been shown to affect gramicidin chan-
nel conductance by altering membrane–channel hydrophobic 
matching (Lundbaek and Andersen, 1994), does not change 
TRPV1 single-channel conductance when applied together with 
capsaicin, suggesting that the LPA effects are specific and not 
related to its effects on bilayer physical properties. We also find 
that in experiments in which capsaicin was coapplied together 
with LPA 18:0, a lipid that does not activate the TRPV1 channel 
(Morales-Lázaro et al., 2014), the single-channel currents do not 
exhibit an increase in the conductance.

Finally, our results using voltage dependence of the blocking 
rate by TPA as a reporter of the surface potential show that the 
inner pore is essentially shielded from any membrane surface 
charge contributed by LPA, ruling out an electrostatic mecha-
nism for the increased conductance caused by LPA. Moreover, 
the fact that LPA increases single-channel current amplitude at 
negative and positive voltages, when applied to the intracellular 
side of TRPV1, is also consistent with the idea that its effects are 
not through a surface charge change mechanism because if this 
was the case, we would expect only the outward currents to be af-
fected. Together, all of these data support our conclusion that LPA 
18:1 produces an increase in the conductance of TRPV1 through 
a mechanism that is not dependent on the surface charge. It has 
been found that the increased conductance in BK channels ob-
served in the presence of phospatidylserine is not caused by in-
creased surface charge (Park et al., 2003).

How different are the open states induced by LPA and cap-
saicin? When we analyzed TRPV1 single-channel kinetics in the 
presence of either ligand, we found that LPA is a full agonist 
and that it promotes longer burst durations than capsaicin. It 
also indicates that both ligands promote occupancy of the open 
state by shifting gating to longer burst at higher agonist con-
centration. This suggests that the gating mechanism is similar 
for both ligands.

To assess the stability of the distinct open states induced by 
LPA and capsaicin, we measured the relative permeability to Na+ 
and NMDG when the channel is opened by capsaicin or LPA. The 
results of these experiments show that (a) long-lived exposure 
to capsaicin in the presence of NMDG did not produce changes 
in the relative permeability to Na+ in excised membrane patches 
and (b) exposure to LPA did not produce changes in the relative 
permeability to NMDG. These observations suggest the conclu-
sion that although the rate of ion conduction is increased by LPA, 
the structure of the pore remains selective.

Cao et al. (2013) had determined that different conforma-
tional states can be achieved in TRPV1 when the channel is in 
the presence of agonists such as the vanillotoxin together with 
resiniferatoxin as compared with capsaicin. By coapplication 
of capsaicin and LPA we found that two different single-chan-
nel conductances could be distinguished: one that corresponded 
in amplitude to that attained with capsaicin and one that cor-
responded to the one elicited by LPA. This result indicates that 
the channel can distinctly open to two open states with distinct 
conductances. The different open states can be accessed when 
the channel is opened by different agonists (Scheme 1).

The channel can have an opening transition to two open 
states indicated by On and O′n which have different single-chan-
nel conductance levels. Each agonist is capable of allosterically 
stabilizing each distinct set of open channels. The equilibrium 
constants L and L′ are shown as different because LPA promotes 
longer bursts than capsaicin.

Finally, we had previously reported that the Lys710 residue 
(Nieto-Posadas et al., 2012), located at the TRP box in the C-ter-
minal domain, is part of the binding site for LPA (Nieto-Posadas 
et al., 2012; Cao et al., 2013). When this residue is mutated, the 
channel responds poorly to LPA, although we had previously 
discussed that there are probably other residues involved in the 
interaction with the channel (Nieto-Posadas et al., 2012). In our 
single-channel experiments with the K710D mutant, we observed 

Simple allosteric model to explain the two conductance levels 
observed in TRPV1.
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not only that there was a significant decrease in the Po for acti-
vation by LPA but also that the single-current amplitude was no 
longer significantly increased when compared with capsaicin, 
further supporting our conclusion that LPA promotes an open 
state that is different to that supported by capsaicin.

In conclusion, we show that two different full agonists of 
TRPV1, LPA and capsaicin, produce activation of TRPV1 through 
an increase in the Po of the channel that is accompanied by dis-
tinct single-channel conductance levels. This observation is con-
gruent with recent structural work that suggests that the pore of 
TRP channels is dynamic and can adopt different conformations 
with different ligands.
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