Hysteresis of gating underlines sensitization of TRPV3 channels
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Vanilloid receptors of the transient receptor potential family have functions in thermal sensation and nociception.
Among them, transient receptor potential vanilloid (TRPV)3 displays a unique property by which the repeated
stimulation causes successive increases in its activity. The property has been known as sensitization and is observed
in both native cells and cells heterologously expressing TRPV3. Transient increases in intracellular calcium levels
have been implicated to play a key role in this process by mediating interaction of calmodulin with the channel.
In support of the mechanism, BAPTA, a fast calcium chelator, accelerates the sensitization, whereas the slow chelator
EGTA is ineffectual. Here, we show that the sensitization of TRPV3 also occurred independently of Ca®. It was
observed in both inside-out and outside-out membrane patches. BAPTA, but not EGTA, has a direct potentiation
effect on channel activation. Analogues of BAPTA lacking Ca**-buffering capability were similarly effective. The
stimulation-induced sensitization and the potentiation by BAPTA are distinguishable in reversibility. We conclude
that the sensitization of TRPV3 is intrinsic to the channel itself and occurs as a result of hysteresis of channel gat-

ing. BAPTA accelerates the sensitization process by potentiating the gating of the channel.

INTRODUCTION

Transient receptor potential vanilloid (TRPV)1-4 are
commonly activated by temperature with activation
thresholds coinciding with the physiological thermal
thresholds of peripheral sensory nerve fibers. Among
them, TRPVI and TRPV2 have been suggested to
mediate nociception above 40 and 50°C, respectively
(Caterina et al., 1997, 1999), whereas TRPV3 and
TRPV4 are responsible for warm sensation (27-42°C)
(Peier et al., 2002; Smith et al., 2002; Xu et al., 2002).
The vanilloid receptors constitute a subgroup in the
large transient receptor potential superfamily. They
have a membrane topology similar to voltage-gated
K" channels, with six transmembrane segments (S1-S6)
and a reentrant pore loop between S5 and S6, but con-
tain additional structure motifs in the two relatively
large intracellular termini, notably the ankyrin repeats
on the N terminus. Animals lacking TRPV1 and TRPV3
are deficient in thermal sensation and heat-induced hy-
peralgesia, supporting their roles in thermal sensation
and nociception (Caterina et al., 2000; Davis et al., 2000;
Mogqrich et al., 2005).

Besides thermal stress, the TRPVs respond to stimuli
of other modalities, in particular, the chemical cues that
are correlated to thermal perception. For example,
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capsaicin, the pungent ingredient of chili peppers, acti-
vates TRPV1 to give rise to a hot or burning sensation.
Oregano, savory, and thyme have actions on TRPV3 to
evoke a sense of warmth (Xu et al., 2006). The expres-
sion of TRPV3 is found in skin keratinocytes and tongue
and nose epithelium cells. Thus, its chemosensitivity
has also been linked to flavor sensations of plant de-
rivatives as well as skin sensitization.

Despite a sequence homology to other vanilloid re-
ceptors, TRPV3 exhibits a unique, somewhat unusual
property known as sensitization, by which the repeated
application of a stimulus leads to progressive increases
in its response (Peier etal., 2002; Xu et al., 2002; Chung
etal., 2004). Before sensitization, the channel generally
shows only a small activity. This sensitization behavior
appears to occur regardless of the modality of the stim-
ulus and is observed in both native and heterologously
expressing cells. One mechanism that has been put
forward involves Ca*-mediated interactions between
calmodulin (CaM) and the channel (Xiao et al., 2008;
Phelps et al., 2010). Ca* binding to CaM causes inhibi-
tion of the channel. Agonists such as 2-APB can induce
intracellular Ca* rises via cell surface and internal
TRPV3 channels. It also has nonspecific actions on
other channels; for example, it antagonizes IP3 recep-
tors (Maruyama et al., 1997), blocks gap-junctional
channels (Harks et al., 2003) and affects Orai channels
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(Lis et al., 2007). One key piece of evidence for the
mechanism is that the Ca*" chelators with different
buffering kinetics exhibit differential effects on sensi-
tization. The fast chelator BAPTA results in a more
rapid development of sensitization, whereas the slow
chelator EGTA has no effect. This functional difference
is correlated with the kinetic difference of Ca** chela-
tion because BAPTA but not EGTA may rapidly buffer
Ca” releases, thereby blocking the inhibition of the
channel by CaM.

Here, we show that the sensitization of TRPV3 ob-
served in intact cells is reproducible in excised mem-
brane patches. We found that the gating of the channel
itself exhibits strong hysteresis causing the apparent
sensitization. BAPTA exerts a direct effect on the chan-
nel by potentiating channel activation. The sensitization
induced by repeated stimulation and the potentiation
by BAPTA are distinguishable in that the sensitization
is irreversible while the potentiation effect is readily
washable. In further support of Ca®* independence, we
found that synthetic dipeptides that are structurally
similar to BAPTA but incapable of Ca** binding can also
both potentiate channel gating and accelerate sensitiza-
tion. Our results reveal that the gating of transient re-
ceptor potential channels can be plastic undergoing
irreversible structural adaptations.

MATERIALS AND METHODS

Cell culture and expression

HEK 293 cells were grown in Dulbecco’s modified Eagle’s me-
dium containing 10% fetal bovine serum (Hyclone Laboratories,
Inc.) and 1% penicillin/streptomycin and were incubated at 37°C
in a humidified incubator gassed with 5% CO,. Transfection was
made at a confluence of ~80% by calcium phosphate precipita-
tion. Monomeric red fluorescent protein (mRFP) was cotrans-
fected for laser beam positioning. Experiments took place usually
10-28 h after transfection. mMTRPV3 was provided by A. Patapoutian
(The Scripps Research Institute, San Diego, CA).

Electrophysiology

Patch-clamp recording was made in whole cell and excised patch
configurations. Currents were amplified using an Axopatch 200B
amplifier (Axon Instruments), low-pass filtered at 5-10 kHz through
the built-in eight-pole Bessel filter, and sampled at 10-20 kHz
with a multifunctional data acquisition card (National Instru-
ments). Data acquisition was controlled by custom-made software,
which was capable of synchronous I/0 and simultaneous control
of laser and patch-clamp amplifier. Patch pipettes were fabri-
cated from borosilicate glass capillary (Sutter Instrument) and
fire-polished to a resistance of <6 MQ when filled with 150 mM
CsCl solution. Pipette series resistance and capacitance were
compensated using the built-in circuitry of the amplifier (50-70%),
and the liquid junction potential between the pipette and bath
solutions was zeroed before seal formation. Currents were evoked
from a holding potential of +60 mV.

Bath solutions for whole cell recording consisted of (mM): 150
NaCl, 5 EGTA, and 10 HEPES, pH 7.4 (adjusted with NaOH).
Electrodes were filled with (mM): 140 CsCl, 10 HEPES, and
1 EGTA, pH 7.4 (adjusted with CsOH). For excised patches, sym-
metric solutions of 150 NaCl were used. When BAPTA was used, it
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replaced EGTA in the pipette (whole cell) or perfusion (excised
patch) solutions. The pH of the HEPES-buffered solutions changed
by <0.4 unit over 22-55°C. Chemicals including CaM inhibitors
calmidazolium and W-7 were purchased from Sigma-Aldrich.
Ophiobolin A was from VWR International. Synthetic peptides
were from AnaSpec.

Temperature jump

Temperature jumps were produced by laser irradiation as de-
scribed previously (Yao et al., 2010). In brief, a single emitter in-
frared laser diode was used as a heat source. Laser emission from
the diode was launched into a multimode fiber with a 100-pm
core diameter and 0.2 NA. The other end of the fiber was posi-
tioned close to cells as the perfusion pipette normally was. The
laser diode was driven by a pulsed quasi-CW current power supply
(Lumina Power). Pulsing of the controller was controlled from
computer through the data acquisition card using a custom pro-
gram. A green laser line (532 nm) was coupled to the fiber to aid
alignment. The beam spot on the coverslip was identified by illu-
mination of mRFP-expressing cells.

Constant temperature steps were generated by irradiating the
tip of an open pipette and using the current of the electrode as
the readout for feedback control. The laser was first powered on
for a brief duration to reach the target temperature and was then
modulated to maintain a constant pipette current. The sequence
of the modulation pulses was stored and subsequently played
back to apply temperature jumps to whole cells or membrane
patches. Temperature was calibrated offline from the pipette cur-
rent using the temperature dependence of electrolyte conductivity.

Online supplemental material

Fig. S1 shows the sensitization of TRPV3 resulting from sustained
stimulation and compares it with the sensitization induced by re-
petitive stimulation. Itis available at http://www,jgp.org/cgi/content/
full/jgp.201110689,/DC1.

RESULTS

Sensitization of TRPV3 and its dependence

on Ca?* chelators

We first examined the sensitization of TRPV3 and the
effects of Ca*" chelators using a stimulation protocol
as reported previously (Xiao et al., 2008). Fig. 1 A illus-
trates whole cell currents recorded from transiently
transfected HEK 293 cells (V, = —60 mV). The agonist
(30 pM 2-APB) was applied repeatedly, with each expo-
sure lasting for ~15 s followed by a complete washout
(with the bath solution). The response generally did
not reach a steady state within each stimulation, so we
compared the peak response at the end of each expo-
sure. The channel activity was initially small (~9 pA/pF)
but grew steadily in subsequent stimulations. In gen-
eral, this increase of response developed over a period
of many minutes (~10 min) before saturating. The time
course tended to be sigmoidal or sublinear. The extent
of the change was quite dramatic (~94-fold).

The sensitization of the channel was also observed
with heat activation. Fig. 1 B shows the temperature re-
sponse of TRPV3 after repeated stimulation by a same-
temperature jump from room temperature to ~53°C.
Each temperature jump had a rise time of 0.75 ms and
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lasted for 100 ms. The repetition resulted in a progres-
sive increase in the heat response (approximately four-
fold). Fig. 1 C compares the activation time course over
successive jumps. The current rose approximately lin-
early with time upon initial stimulation. After sensitization,
the activation became exponential. The half-time (t;,)
of activation decreased from ~29 to 8 ms (n = 10). The
sensitization was thus accompanied with marked changes
in activation kinetics in addition to peak responses. It
occurs regardless of the modality of the stimulus.

Our above experiments were conducted with 5 mM
EGTA in the pipette solution (no Ca* in bath, pipette,
and perfusion solutions). We further examined the
sensitization using another Ca** chelator, BAPTA. Fig. 1 D
shows the resulting 2-APB responses, which also in-
creased progressively over repeated stimulations (30 pM,
same as in Fig. 1 A). Notably, the sensitization became
more rapid. The peak current increased superlinearly
with time (Fig. 1 G) and reached saturation approximately
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twice as fast as with EGTA. In addition, the initial 2-APB
activity appear to be much larger (EGTA: 9 + 3 pA/pF,
n = 10; BAPTA: 248 + 144 pA/pF, n = 16), so that the
actual increase of the current before and after sensiti-
zation is considerably less than with EGTA (Fig. 1 H).
Similar changes were observed with heat responses
(Fig. 1, E, F, I, and ]). The initial response, relative to
the final sensitized response, was ~72% as compared
with ~27% when EGTA was used.

Sensitization is membrane delimited

To discern whether the sensitization is dependent on
intracellular signaling, we repeated the experiments in
excised membrane patches. Fig. 2 A shows the response
of the channel to 30 pM 2-APB recorded from an out-
side-out patch at —60 mV. The pipette solution con-
tained 5 mM EGTA. The current was initially small
(~126 pA) but increased with repeated stimulation.
The final response reached ~2 nA, giving an ~20-fold
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Sensitization of TRPV3 in intact cells. (A) Exemplar trace of channel activity evoked by repeated application of 30 pM 2-APB.

(B) Heat-evoked currents in response to repeated temperature jumps (temperature was stepped from room temperature to 53°C in 0.75 ms
and then clamped for 100 ms). (C) Normalized heat response showing the change of the activation time course in successive stimula-
tions (each trace was normalized by its own maximum response). (D-F) Parallel recordings of 2-APB (D) and heat (E and F) responses
using 5 mM BAPTA instead of EGTA for intracellular Ca** buffering. (G=J) Time course and extent of sensitization using different Ca**
chelators: (G and H) 2-APB; (I and J) heat. For the time course, currents were normalized by the maximum values after sensitization.
For the extent of sensitization, the relative increase of currents obtained during the first and the last stimulation was plotted. For the
half-time (t;/9) plot, the ratio for the half-activation time of the last stimulation to the first one was shown. Recordings were from tran-
siently transfected HEK 293 cells held at —60 mV. The pipette solution contained 5 mM EGTA (A and B) or 5 mM BAPTA (D and E).

The extracellular solution is Ca®* free (buffered with 5 mM EGTA).
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increase before and after sensitization (Fig. 2 J). The
heat activation (53°C) was similarly sensitized. The first
temperature jump produced a small and slowly devel-
oped current (t;,5 of ~33 ms, I, of ~820 pA). After
sensitization, the activation was accelerated to t; 9 = 5 ms,
and the peak response was increased to ~5 nA. These
changes were reminiscent of those in whole cell experi-
ments. In the outside-out configuration, the sensitiza-
tion of the 2-APB response took ~17 repetitions (each
~15s) (Fig. 2 I) and the heat response took ~20 expo-
sures (each 100 ms) (Fig. 2 K), comparable to those in
the whole cell condition.

The differential effects of BAPTA and EGTA were
also observed in isolated patches. Fig. 2 (C and D) shows
2-APB and heat responses from outside-out patches with
5 mM BAPTA in the pipette solution. The sensitization
of the 2-APB response took three to four stimulations
to reach a half-maximum value (Fig. 2 I), whereas the
heat response (53°C) needed two to three repetitions
(Fig. 2 K). Both responses were sensitized more rapidly
than when EGTA was used. After sensitization, the peak
current of the channel was increased, respectively, by
approximately fivefold for 2-APB and ~1.5-fold for heat
(Fig. 2, J and L). These changes were also consistent
with the respective whole cell measurements.
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To further ensure that the excised membrane patches
are free of intracellular Ca* stores, we repeated the
experiments in the inside-out configuration so that the
cytosolic face of the membrane is accessible to direct
washout. As illustrated in Fig. 2 (E-H), these experi-
ments resulted in similar observations to those in out-
side-out recordings. Both 2-APB and heat responses
remained sensitized regardless of Ca®* chelators (EGTA:
48 + 18—fold for 2-APB, n = 15, and 7 + 1-fold for heat,
n=4; BAPTA: 11 + 4-fold for 2-APB, n=11, and ~1.5-fold
for heat, n = 6). BAPTA caused more rapid sensitization
and a larger initial response (Fig. 2, I-L).

Sensitization involves hysteresis of gating

The above experiments suggest that the sensitization of
TRPV3 does not require the whole cell environment.
Instead, it appears to be intrinsic to the channel itself.
To distinguish whether the sensitization results from
changes in gating or conductance, we measured single-
channel activity. Fig. 3 A shows unitary currents in
response to 2-APB in an outside-out patch before and
after sensitization (induced by repeated applications
of 300 pM 2-APB, which sensitized the channel more
rapidly than 30 pM 2-APB, as illustrated in Fig. 3 J).
The i-V curves virtually overlap (Fig. 3 B), indicating
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Sensitization of TRPV3 in membrane patches. (A and B) Current traces recorded in outside-out configuration, evoked

by repeated applications of 30 pM 2-APB (A) or fast temperature jumps (53°C; B). The pipette solution contained 5 mM EGTA.
(C and D) Similar recordings but with 5 mM BAPTA instead of EGTA. (E-H) Recordings of sensitization in inside-out patches.
(E and F) 5 mM EGTA. (G and H) 5 mM BAPTA. The chelators were included in the perfusion solution. (I-L) Summary plots of time
course and extent of sensitization: (I and J) 2-APB response; (K and L) heat response. Membrane patches were excised from TRPV3-
expressing HEK 293 cells. Hold potential was —60 mV (outside-out) and +60 mV (inside-out).
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that the sensitization results from changes in gating,
not conductance.

To quantify the gating change, we measured the tem-
perature response curve of TRPV3. Fig. 3 (C-E) illustrates
temperature responses in an inside-out membrane
patch evoked by a family of temperature jumps ranging
from 30 to 54°C. Before sensitization, the activation was
slow and had a relatively high threshold (>40°C). After
sensitization (induced by repeated jumps to 53°C), sig-
nificant activity started at ~30°C. The threshold of acti-
vation was considerably reduced. Fig. 3 F plots the
temperature dependence of the current. Before sensiti-
zation, the curve follows two linear fits where the fit in
the high temperature range was strongly temperature
dependent, reflecting the gating of the channel, whereas
the fit in the low temperature range corresponds to the

leakage current. From the slope of the fit we estimated
a temperature coefficient of the channel at about Q
of ~39. After sensitization, the temperature coefficient
was reduced to Qo of ~4. The sensitization of the chan-
nel thus involves a profound reduction in the temperature
dependence in addition to the threshold of activation,
suggesting that its occurrence was accompanied with
substantial structural changes.

The sensitization, albeit influenced by BAPTA, oc-
curred regardless of whether Ca®* chelators were used.
Fig. 3 (G-I) shows the 2-APB response from an inside-
out patch recorded without the addition of either EGTA
or BAPTA in the pipette solution. By repeated applica-
tions of 30 pM 2-APB, the channel remained sensitized
progressively as occurred in the presence of Ca®* chela-
tors. The time course of the sensitization tended to be
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Figure 3. Sensitization is gating dependent. (Aand B) Single-
channel currents of TRPV3, showing no significant change
in the unitary conductance of the channel before and after
sensitization. Currents were evoked by 10 and 3 pM 2-APB,

304 312 320 328

1000/T (K™)
G NoCa” chelator H .o I 120
0.8
% 80
S <
|_“"A T 02 ad
1 min 0.0 0
0 5 10 15 20
Stimulation Number
J 2-APB 2-aPB K
300:M 30uM 1g (ng
= = = = =3 == '9 6
@ 4
X 5 9) (8)
04 | s W E— |
L} T !1\
\\\ \\)b Q%:;N
|1nA ']Sg%\ ﬁyggx\_@ q??@
1
o M

respectively, before and after sensitization and were from
inside-out membrane patches of HEK 293 cells at the in-
dicated potentials. Sensitization was induced with 300 pM
2-APB. (C-F) Heat-evoked currents and their temperature
dependence before and after sensitization: (C) tempera-
ture jumps (30-54°C); (D) responses at control (before
sensitization); (E) responses to same temperature jumps
after sensitization (induced by repeated temperature stim-
ulation at 53°C); and (F) temperature dependence before
and after sensitization. Linear fits: Q;, of ~65 (before) and
~4 (after). The fit for the leakage at control in the low
temperature region had Q) of ~2. Data were recorded
from inside-out patches at +60 mV. (G-I) Sensitization in the
absence of Ca* chelators. Currents were in response to 30 pM
2-APB recorded from an inside-out patch at +60 mV. The
perfusate was free of EGTA and BAPTA. (J and K) Sen-
sitization induced by a single application of 2-APB at a
supramaximal concentration (300 pM). A subsequent ap-
plication of 300 pM 2-ABP ensured that the channel was
fully sensitized. After sensitization, the channel exhibited
stable responses to repeated applications of 2-APB at a sub-
maximal concentration (30 pM). Recordings were made in
outside-out patches at —60 mV.
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sigmoidal, resembling that with EGTA (Fig. 3 H), al-
though the extent appeared larger (Fig. 3 I). The heat
response was similarly sensitized (not depicted). These
data indicate that Ca* chelators are not necessary for
the occurrence of sensitization.

The sensitization appears to be activity dependent
and independent of stimulation protocol. Instead of
repeated brief stimulation, we tested the sensitization
with a single prolonged application of 2-APB at a super-
maximal concentration. Fig. 3 J illustrates such a con-
tinuous treatment with 300 pM 2-APB in an outside-out
patch. At this relatively high concentration, the response
of the channel increased steadily until saturation. After
the treatment, the channel became significantly more re-
sponsive to 2-APB at lower concentrations (e.g., 30 pM),
confirming that it was indeed sensitized. Furthermore,
the repeated application of 2-APB at either high or low
concentrations did not incur further increases in re-
sponses (Fig. 3, ] and K), indicating that the gating did
not undergo further hysteresis. Prolonged stimulation
at low concentrations was also able to sensitize the chan-
nel (Fig. S1), although it took a much longer duration,
on the order of several minutes. This time course was
similar to that when the same concentration of agonist
was applied repetitively, suggesting that the sensitiza-
tion involves slow activation of the channel. The extent
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of the sensitization, estimated as the increase of the
current relative to the initial response, was also compa-
rable. Thus, the prolonged stimulation was equally ef-
fective as the repeated brief stimulation in sensitizing
the channel. That the sensitization does not require
Ca*-buffering reagents and is independent of the
stimulation protocol indicates that the sensitization is
intrinsic to the gating of the channel itself.

BAPTA potentiates channel activation

To understand how BAPTA contributes to sensitiza-
tion, we examined whether it has a direct effect on
channel gating. Fig. 4 A shows its effects on the 2-APB
response in an inside-out patch. Here, we first sensi-
tized the channel by repeated stimulation with 100 pM
2-APB. After sensitization, we tested the response to
30 pM 2-APB with and without the addition of 10 mM
BAPTA. The presence of BAPTA considerably in-
creased the 2-APB response. Furthermore, after wash-
ing off BAPTA, 2-APB (BAPTA-free) invoked a similar
response to that before BAPTA treatment (Fig. 4 B),
suggesting that the potentiation effect of BAPTA is re-
versible. This is contrary to the sensitization, which
appeared irreversible and lasted for the whole experi-
mental time (>10 min). BAPTA (up to 30 mM) alone
did not activate the channel.

Figure 4. Direct effects of BAPTA on gating. (A and
B) BAPTA potentiates 2-APB response in a reversible
manner. After sensitization by repeated application
of 100 pM 2-APB, the channel was exposed to 30 pM
2-APB with or without 10 mM BAPTA. The average
plot compares the 2-APB response (30 pM) before and
after BAPTA treatment. (C) Dose dependence of BAPTA
effects on 2-APB response (30 pM). The solid line cor-
responds to a partial fit by Hill’s equation with ECjy, =
75+ 1.3mMand ny=1.1+0.3 (n=12). The BAPTA ef-
fects were measured after full sensitization of the chan-
nel by repeated stimulation with 2-APB as shown in A.
(D) Dose-response curves of 2-APB (black, EGTA; red,
BAPTA). The solid lines are fits to Hill’s equations with
ECs;) = 51 + 11 pM and ny = 1.5 + 0.3 for EGTA and
EC50 =6 + 2 pM and ny; = 1.6 + 0.3 for 10 mM BAPTA.
(E and F) Representative current trace showing that
BAPTA does not alter the maximum attainable re-
sponse of 2-APB. 300 pM 2-APB was first applied to
sensitize the channel and subsequently combined with
20 mM BAPTA for the potentiated response. At the end,
1 mM 2-APB was applied to ensure the attainment of
a maximum response. All recordings were from inside-
out membrane patches of HEK 293 cells held at +60 mV.

n=8
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Because the potentiation effect of BAPTA was revers-
ible, we examined it in more mechanistic detail. Fig. 4 C
shows its concentration dependence (measured after
the channel was sensitized). The potentiation of the 2-APB
response (30 pM) was increased in a concentration-
dependent manner. BAPTA was effective above 1 mM
and remained effective up to 40 mM with a half-maximal
concentration of ~8 mM. Fig. 4 D shows the change of
the dose-response curve of 2-APB. The application of
10 mM BAPTA leftshifted the 2-APB response curve
with EC;) reduced by approximately ninefold (control/
EGTA: ~51 pM; BAPTA: ~6 pM). The steepness of the
curve remains largely unchanged (control: ny of ~1.5;
BAPTA: ~1.6).

To determine whether BAPTA affects gating efficacy,
we measured the maximum response of 2-APB (Fig. 4,
E and F). After sensitization, 300 pM 2-APB produced a
maximum response (similar to that of 1,000 pM 2-APB).
The addition of BAPTA did not further increase the re-
sponse. This is observed for a range of BAPTA concen-
trations (5—20 mM). Thus, BAPTA mainly exerts an effect
on the sensitivity of the channel and does not impact
the efficacy of gating.

The heat response of the channel was also strongly
affected by BAPTA. Fig. 5 A shows the heat-evoked
current (51 and 54°C) from channels that have been
pre-sensitized. The addition of BAPTA considerably in-
creased the response, whereas the subsequent washout
of BAPTA restored the response before BAPTA treat-
ment. Thus, the potentiation effects of BAPTA on the
heat activation were also reversible.

We quantified the effects of BAPTA on the tempera-
ture dependence of the channel (Fig. 5, B and C). In
these experiments, the channel was first sensitized by

P N
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Control
100 ms
B T =34,38,41, C
43,46,49,51°C BAPTA (20mM)
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23°C L .
= \ <
£
Control

50 ms

W\\M‘ 0.1
e e 306 3.12 318 324
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repeated exposures to 100-ms-long temperature jumps
(50°C). After sensitization, we measured the heat-evoked
currents in response to a family of temperature jumps
ranging from 34 to 51°C. The resulting temperature
response curves showed similar slope sensitivity with
or without the addition of BAPTA (Fig. 5 C). At control,
a linear fit of the curve resulted in AH of ~23 kcal/mol,
whereas in the presence of BAPTA, the fit gave rise to
AH of ~27 kcal/mol. Hence, BAPTA did not perturb
the intrinsic temperature dependence of the channel,
which is contrary to the sensitization effect on the chan-
nel. The effects of BAPTA on both 2-APB and heat re-
sponses can be explained by a shift of the midpoint of
the activation curve.

Pharmacophore of BAPTA

BAPTA differs from EGTA in that it contains two benzene
rings, whereas EGTA has a linear structure (Fig. 6 A).
2-APB also carries two adjacent benzene rings (Fig. 6 A).
We hypothesize that the benzene rings may be respon-
sible for the potentiation effects of BAPTA. To test the
hypothesis, we designed two synthetic peptides contain-
ing ring structures; one is a diphenylalanine, and the
other is benzoyl-L-phenylalanine (Fig. 6 A). Fig. 6 (B-D)
shows that both compounds were indeed able to poten-
tiate the channel. 3 mM diphenylalanine increased the
2-APB response (30 pM) by approximately ninefold,
whereas 100 pM benzoylphenylalanine led to an approxi-
mately fivefold potentiation. By themselves, the com-
pounds did not evoke a significant activity. Fig. 6 (E-G)
illustrates the effects of the peptides on the sensitization
induced by repeated applications of 30 pM 2-APB. The
sensitization also became more rapid than control where
EGTA was used (Fig. 6 G). The effects of these compounds

Wash

Figure 5. Effects of BAPTA on
temperature gating. (A) Revers-
ible potentiation of heat activa-
tion by BAPTA. 20 mM BAPTA
was applied by brief perfusion
to the patch before tempera-
ture jumps. (B and C) Effects of
BAPTA on temperature depen-
dence. Temperature jumps are
1 shown on the top left. Linear
fitting of the temperature re-
sponse curves gave Qo of ~3.5
at control and ~4.4 after the
addition of 20 mM BAPTA. Re-
cordings were from inside-out
membrane patches of HEK 293
cells at +60 mV.

Control
—— BAPTA

1000/T (K™)
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were thus similar to those of BAPTA, indicating that the
aromatic rings of BAPTA are essential to its functions,
whereas the Ca*-binding moiety is not.

DISCUSSION

The sensitization resulting from repeated stimulation is
a characteristic feature of TRPV3 (Chung et al., 2004).
Its differential dependence on different intracellular
Ca* chelators has led to the proposition of a mechanism
involving Ca*-dependent intracellular regulation of the
channel (Xiao et al., 2008). In this mechanism, the ele-
vation of intracellular Ca** after activation of TRPV3
causes activation of CaM, and the binding of CaM to the

channel leads to inhibition of the channel. Such a sig-
naling cascade can be preferentially blocked by the
fast chelator BAPTA but not by the slow EGTA. Here,
we have proposed an alternative mechanism indepen-
dent of intracellular signaling. We suggest that the sen-
sitization is intrinsic to the gating of the channel itself.
We have provided several lines of evidence that the
sensitization of TRPV3 does not require intracellular
signaling. First, it can be replicated in membrane patches
at both inside-out and outside-out configurations. Such
patches are presumably free of internal Ca®* stores, espe-
cially for inside-out patches, which are under continuous
perfusion of solutions. Second, BAPTA remained effec-
tive on accelerating sensitization in membrane patches.
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0] HO,C  COzH
oL L
~ (0]
COOH COOH ~"o I
: !
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Figure 6. Pharmacophore of BAPTA.
2_APB (A) Structures of the synthetic peptides
30 uM Boc-p-3,3-diphenylalanine (di-PHE)
B and  Fmoc-4-benzoyl-L-phenylalanine
(benzoyl-PHE) compared with those of
BAPTA, EGTA, and 2-APB. (B) Poten-
tiation by di-PHE. The channel was first
sensitized by treatments with 100 pM
2-APB, followed by the application of
@R e 30 pM 2-APB to assess the potentiation
9 A 2 E@ED" effect of the peptide and its reversibil-
6 (15) " ; i ity. (C) Similar effects of benzoyl-PHE.
= == 0.5 —o— EGTA (D) Relative changes of the 2-APB re-
3 - _}.Ir —o— di-Phe sponse after the addition and wash-off
0 2 benzoyl-Phe of the compounds. (E-G) Acceleration
0.0- of sensitization by di-PHE and benzoyl-
> > @ ' L S TR PHE. Recordings were made in the
© 2 & XX g
006\ 8‘9‘0 .x{bé\ 000 ‘*9‘(\ qx'g’ 0 i 5 .10 il inside-out configuration from mem-
K@,‘\ (@0 ¢ Stimulation Number brane patches of HEK 293 cells and
v 4 were held at +60 mV.
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Such effects would be difficult to explain by a Ca*-
buffering mechanism because, even if intracellular Ca*"
stores were not completely washed off, Ca*" released
from these stores would be difficult to diffuse to the
plasma membrane domains at a high concentration.
Third, the effects of BAPTA are reversible and can be
mimicked by analogues that do not have the Ca®-
buffering capability, indicating that BAPTA has a direct
effect on channel gating.

Our data show that the gating of TRPV3 undergoes
strong hysteresis (irreversible changes). Although we
do not know the exact time scale of the hysteresis, it ap-
peared to last at least for the whole experimental time
(>10 min). The functional consequences of the hystere-
sis involve increases in both open probability and rate
of activation. These changes are parallel to the sensitiza-
tion effects in intact cells. Because the hysteresis is gat-
ing or activity dependent, any modulator of the channel
could potentially alter its extent or kinetics. Thus, the
seeming dependence of the sensitization on different
Ca” chelators can be accounted for by a direct effect of
BAPTA on channel gating itself rather than buffering of
intracellular Ca*".

Itis of note that although our results support a mem-
brane-delimited mechanism for the sensitization, they
do not necessarily refute the regulation of the channel
by intracellular signaling pathways. For example, the
evidence for the modulation of the channel by CaM is
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compelling (Xiao et al., 2008). In vitro binding assays
support a direct interaction between them. Pharma-
cology experiments also show that inhibiting CaM af-
fected the channel activity. Mutagenesis data further
locate the binding of CaM on the N terminus of the
channel. To test whether the sensitization occurring
in excised patches was a result of Ca**~CaM binding to
the channel that persisted after patch excision, we re-
peated our experiments in the presence of CaM inhibi-
tors. We tested several CaM inhibitors in inside-out
patches, including ophiobolin A, W-7, and calmidazolium,
which have been shown to regulate the sensitization of
TRPV3 in whole cells (Xiao et al., 2008). Surprisingly,
both ophiobolin A and W-7 showed similar effects to
BAPTA in inside-out patches (Fig. 7), albeit to a lesser
extent. They both potentiated the gating of the channel
and accelerated the sensitization. Their potentiation
effects were also reversible upon washout. However,
another inhibitor, calmidazolium, showed no effect on
either sensitization or potentiation of the channel in
inside-out patches, contrary to its actions in whole cells.
The differential effects of these inhibitors in excised
patches have several implications. First, they suggest
that the sensitization we observed in excised patches
was unlikely mediated by Ca**~CaM. Second, some CaM
inhibitors such as ophiobolin A and W-7 may directly
interfere with the gating of TRPV3. Third, the CaM-
dependent regulation remains a relevant mechanism of

Figure 7. Effects of CaM inhibitors.
(A) Ophiobolin A and W-7, but not
calmidazolium, potentiates TRPV3. The
channel was first sensitized by treatments
with 100 pM 2-APB, followed by the ap-
plication of 30 pM 2-APB in the absence
or presence of CaM inhibitors to test for
the effects of the inhibitors and their re-
versibility. (B-D) Ophiobolin A and W-7,
but not calmidazolium, accelerate the
sensitization of TRPV3 induced by 30 pM
2-APB. (E) Average plot for potentiation
of 2-APB responses (30 pM). The relative
increase of the current after the addition
of CaM inhibitors is shown. (F) Time
course of sensitization with or without
CaM inhibitors. Currents were normalized
by the maximum response after sensitiza-
tion. Responses for calmidazolium were
shown for the first 11 stimulation epochs
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only, because calmidazolium appeared to
cause patch-seal deterioration, making
long stable recording difficult. Data were
recorded in inside-out patches at +60 mV.
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sensitization in whole cells, as implied by the differen-
tial effects of calmidazolium in different patch configu-
rations. It appears that the sensitization in intact cells
involves both mechanisms: the membrane-delimited
hysteresis of gating and the regulation by intracellular
Ca” release. It is also possible that Ca**~CaM acts as a
negative modulator, slowing down the rate of sensitiza-
tion in a manner opposed to that of BAPTA and its
benzene ring—containing analogues. In this case, nei-
ther Ca**~CaM nor BAPTA is a direct cause of hysteresis
(which is intrinsic to TRPV3). Instead, they affect the
kinetics of hysteresis through negative and positive
modulation of channel gating, respectively.

Hysteresis occurs when the activation of a channel
involves transitions that are slow relative to detection
time. Most ion channels appear to be able to rapidly equili-
brate between different conformations. Nevertheless,
hysteresis has been observed for a few voltage-gated ion
channels. For example, Shaker Kv and hyperpolariza-
tion-activated, cyclic nucleotide—gated channels both
display a prepulse-dependent change in their Q-V rela-
tionships (Olcese et al., 1997; Mannikko et al., 2005).
For Shaker, the change has been linked to the slow
C-type inactivation resulting from structural changes in
the outer pore region. For hyperpolarization-activated,
cyclic nucleotide-gated channels, the hysteresis arises
because of a slow shift between two gating modes. An-
other voltage-gated channel, the HERG-like K' channel,
also shows hysteresis in the voltage dependence of open-
ing when exposed to a common test pulse from differ-
ent holding potentials (Pennefather et al., 1998; Zhou
et al., 1998). The origin of the hysteresis was related to
a slow inactivation component that takes minutes to
equilibrate, thus leading to protocol-dependent changes
in channel activity.

The hysteresis of TRPV3 differs from that of voltage-
gated channels on some important aspects. One is that
the hysteresis of TRPV3 occurs as though it is a perqui-
site step for the function of the channel. For example,
the first heat treatment does not activate an appreciable
channel activity at temperatures up to >50°C. A robust
response occurs only after repeated stimulation of the
channel. Similarly, the initial 2-APB treatment produces
a small response at concentrations that are nearly satu-
rating after the channel is sensitized (>100-300 pM).
Another difference is that the hysteresis of TRPV3
occurs only before the channel is sensitized. After sensi-
tization, the gating appears to be reversible. These fea-
tures of hysteresis may be understood qualitatively with
asimple state model as illustrated in Scheme 1 or 2 (the
models differ in whether the channel returns to an
intermediate closed state [Scheme 1] or a new resting
[closed] state [Scheme 2] after opening). In these
models, the rate constants ky and k; are driven by the
stimulus. The return rate to Cy is slow, so that the transition
from G, to C; or O is irreversible. Thus, after stimulation,
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the occupancy of the channel is shifted from C, to C;. The
stimulus drives the channel away from the initial resting
state. When the activation and deactivation rates (k;
and ko) of the channel are fast (relative to k), the oc-
cupancy in C; will determine the open probability of
the channel in response to a brief stimulation. As the C,
occupancy is gradually built up over repeated stimula-
tion, the channel activity increases successively, thereby
resulting in sensitization of the channel. So according
to the models, the hysteresis occurs because of the
nearly irreversible transition from C, to C;/O, whereas
the sensitization results from the accumulation of oc-
cupancy in the G, state. A reversible activation is reached
when C, becomes fully depleted. As an illustration, we
analyzed the sensitization of the channel with such
models. Fig. 8 shows that both models were able to reca-
pitulate the increase of the peak response upon re-
peated stimulation by 100 pM 2-APB. (We only fitted
the peak response because our perfusion apparatus had
a slow response time, inadequate to resolve the activa-
tion and deactivation time courses of the channel. The
fitted activation and deactivation time courses appeared
faster than the data, so the apparent time courses would
be determined by that of the instrument.) In spite of
the fit, the models are oversimplistic. For example, the
channel is a tetramer, comprising multiple agonist bind-
ing sites. The sensitization at low agonist concentrations
tends to have a sigmoidal time course (Figs. 1 and 2). To
account for such features, these models need to be ex-
panded, for example, by incorporating multiple kinetic
steps for hysteresis and by replacing the single-step
binding and gating (C;-O) with a concerted multistep

Figure 8. Analysis of sensitization by hysteresis-dependent
models. Solid lines, data traces; dotted lines, model traces (red,
Scheme 1; blue, Scheme 2). Data were repetitive 2-APB (100 pM)
responses in an inside-out patch at +60 mV. The model was fit to
the change of the peak currents. The time courses of activation
and deactivation of the model were constrained to be faster than
the data, so that the apparent time courses were that of the instru-
ment (i.e., the perfusion apparatus). Fitted parameters (k, k,
and kyins™"):0.02, 0.1, and 0.2 (Scheme 1); and 0.01, 0.2, and 0.2
(Scheme 2). The hysteresis step was assumed to be irreversible.



binding and gating model to reflect the tetramer con-
figuration of the channel. Despite the limitation, these
models provide a starting point for conceptually under-
standing the likely complex activation and sensitization
mechanisms of the channel.

Ky

CAAC

kﬂ[k
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k 1 K,
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The two Ca®* chelators BAPTA and EGTA differ
mainly in their binding kinetics. Their binding affinities
are similar. EGTA exists predominantly in the proton-
ated form at physiological pH and has a relatively slow
binding rate constant (k,, = 1.5 x 10°/M - s), whereas
BAPTA accelerates Ca* complexation (k,, = 9.105/M - s)
by preventing protonation at physiological pH. Al-
though the difference in their effects has been mostly
attributed to their distinct buffering kinetics and inter-
preted for the presence of localized fast Ca®" rises, sev-
eral reports have suggested that BAPTA can also exert
pharmacological effects that are unrelated to its Ca’-
binding properties. For example, BAPTA augments the
peak current and shifts the voltage sensitivity of Ca*
channels in bovine adrenal chromaffin cells (Bédding
and Penner, 1999) and has potent effects on the gating
of CI” channels (Sabanov and Nedergaard, 2007),
whereas BAPTA-AM, which is membrane permeable, in-
hibits the hERG potassium channels (Tang et al., 2007). In
rat sympathetic neurons, BAPTA interferes with the mus-
carinic signal transduction pathway, and the effect is
independent of Ca® chelation (Beech et al., 1991).
Dibromo-BAPTA inhibits exocytosis induced by guano-
sine 5'-O-(3-thiotriphosphate) (GTP[y-S]) in rat perito-
neal mast cells (Penner and Neher, 1988). In rat basophilic
leukemia cells, BAPTA prevents the PKC-mediated

inactivation of store-operated Ca®* currents (Parekh and
Penner, 1995). In most of these studies, the effects of
BAPTA are specific and not conferred by even a high
concentration of EGTA.

BAPTA is structurally different from EGTA with the ad-
dition of two benzene rings. Rousset et al. (2004) demon-
strate that these hydrophobic moieties can cause BAPTA
to directly interact with the plasma membrane, and such
interactions are Ca** dependent because they occur only
in its free form but not in the Ca*-bound form. As a re-
sult, BAPTA may act as a molecular shuttle to reduce the
Ca” ions at the membrane surface. The potentiation
effect of BAPTA on TRPV3, however, does not appear to
require Ca®, suggesting that the Ca*-dependent inser-
tion of BAPTA into membrane lipids is unlikely respon-
sible. On the other hand, the structure of BAPTA is
somewhat similar to 2-APB; they both possess di-benzene
rings, a critical feature not shared by EGTA. In examining
the importance of these hydrophobic moieties, we tested
two synthetic dipeptides with a di-benzene ring structure
but lacking Ca*-binding moiety. Both compounds were
able to potentiate the channel and the effects were wash-
able, similar to the effects of BAPTA. Thus, the effectiveness
of these diverse compounds hints on a structure—function
relationship involving the benzene rings.
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