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The transient receptor potential vanilloid-1 (TRPV1) ion channel is
essential for sensation of thermal and chemical pain. TRPV1
activation is accompanied by Ca?*-dependent desensitization;
acute desensitization reflects rapid reduction in channel activity
during stimulation, whereas tachyphylaxis denotes the diminution
in TRPV1 responses to repetitive stimulation. Acute desensitization
has been attributed to conformational changes of the TRPV1 chan-
nel; however, the mechanisms underlying the establishment of
tachyphylaxis remain to be defined. Here, we report that the de-
gree of whole-cell TRPV1 tachyphylaxis is regulated by the
strength of inducing stimulation. Using light-sheet microscopy
and pH-sensitive sensor pHluorin to follow TRPV1 endocytosis
and exocytosis trafficking, we provide real-time information that
tachyphylaxis of different degrees concurs with TRPV1 recycling to
the plasma membrane in a proportional manner. This process con-
trols TRPV1 surface expression level thereby the whole-cell noci-
ceptive response. We further show that activity-gated TRPV1
trafficking associates with intracellular Ca* signals of distinct ki-
netics, and recruits recycling routes mediated by synaptotagmin 1
and 7, respectively. These results suggest that activity-dependent
TRPV1 recycling contributes to the establishment of tachyphylaxis.
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Transient receptor potential vanilloid-1 (TRPV1) is a Ca®*-
permeable cation channel expressed in sensory nerves spe-
cialized for pain detection (1, 2). Ca** influx upon TRPV1
activation induces channel desensitization, with acute desensiti-
zation referring to the rapid reduction in the evoked inward
current, and tachyphylaxis denoting current diminutions over
repetitive stimulation (1, 3, 4). Desensitization can be leveraged
to treat clinical pain. For instance, the TRPV1 agonist capsaicin
has been used as a therapeutic analgesic (5, 6).

The mechanism underlying TRPV1 acute desensitization has
been widely explored and converged on agonist-induced con-
formational changes at the channel level (1, 2). In this regard,
TRPV1 interacts in a Ca®"-dependent manner with either
or both calcinerin (7), calmodulin (8), and phosphatidylinositol
4,5-bisphosphate (9), to regulate channel gating and inactivate
response. Relatively, much remains to be understood on the
mechanisms underlying the establishment of tachyphylaxis. Early
studies show that phosphorylation of TRPV1 by protein kinase A
and mutation at the corresponding phosphorylation site affect
the induction of tachyphylaxis, which yet display little effect on
acute desensitization (1, 7, 10). Likely, the establishment of
tachyphylaxis recruits other mechanisms besides those assigned
for acute desensitization.

Here, we observed by whole-cell patch clamp that the extent of
tachyphylaxis is regulated by the strength of inducing stimula-
tion. Imaging TRPV1 exocytosis and endocytosis trafficking in
real time by light-sheet microscopy and a pH-sensitive sensor, we
show that TRPV1 channels undergo activity-dependent recycling
to control their surface expression thereby the strength of whole-
cell desensitization. We also show that stimulation of different
strengths elicits intracellular Ca** signals of different kinetics
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and regulates TRPV1 recycling via distinct routes mediated by
synaptotagmin 1 and 7, respectively. These results suggest the
contribution of TRPV1 trafficking to the establishment of
tachyphylaxis.

Results

Whole-Cell Tachyphylaxis Is Stimulation Strength Dependent. TRPV1
tachyphylaxis is a Ca>*-dependent process and has been induced
by saturated doses of capsaicin (1, 4, 9). We applied different
doses of capsaicin to induce desensitization in TRPV1-expressing
HEK 293 cells. A reference current was evoked by 1 pM capsaicin
in the absence of Ca®" at the beginning. Then in the presence of
external Ca®* (Fig. 1 A-D, color bar), capsaicin stimulation led
whole-cell responses to a tachyphylaxis state. Subsequent stimu-
lation by similar doses only elicited a much reduced response (Fig.
1 A-D). Tachyphylaxis is known to reduce the agonist affinity of
TRPV1, rather than its loss of function (1). Indeed, follow-
ing low (0.3 or 1 pM) capsaicin-induced tachyphylaxis, in-
creasing subsequent stimulation to supramaximal range (5-
100 pM capsaicin) evoked whole-cell currents approaching
the pretachyphylaxis level (Fig. 1 4, B, and E, blue and green
vs. black).

However, as for the tachyphylaxis induced by relatively high
doses of capsaicin (3-10 pM), the supramaximal stimulations
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Fig. 1. Tachyphylaxis is regulated by the strength of preimposed stimula-
tion. (A-D) Representative traces showing repetitive activation of TRPV1
channels after desensitization induced by 0.3 uM, 1 pM, 3 pM, and 10 pM
capsaicin in the presence of Ca** (1.8 mM), as indicated by the color bars.
Responses shown under gray bars were recorded in the absence of external
Ca%* to prevent further desensitization and gain whole-cell responses. A
small current appeared upon the washing out of Ca®*, reflecting its in-
hibitory effect on TRPV1 activity as reported (42). The pipette solution
contained no adenosine triphosphate (ATP). (E) Dose-response curves for
whole-cell TRPV1 currents obtained before and after tachyphylaxis in-
duction. Data are shown as relative values to the reference current evoked
by 1 pM capsaicin at the beginning of each recording. Solid lines are fits to
Hill equation (n = 7-18 cells for each condition). (F) Dose-response curves
normalized to their intrinsic maximum. Recordings were from transiently
transfected HEK 293 cells held at —60 mV. Cap, capsaicin. Error bars, SEM.

could not trigger currents close to the pretachyphylaxis level
(Fig. 1 C and D). The derived dose-response curves ended at a
much lower level than that observed for low capsaicin-induced
tachyphylaxis (Fig. 1E). Hence, the degree of tachyphylaxis,
namely the inhibitory effect on whole-cell TRPV1 current, is
dependent on the strength of the inducing stimulation.

Notably, though 1 pM and 3-10 pM capsaicin all lie in the
saturation range in evoking TRPV1 whole-cell current under
control condition (Fig. 1E, gray square), they induced tachyphy-
laxis to different extents (Fig. 1E, blue vs. reddish). Apart from
the subsaturation dose (Fig. 1F, green), all saturated doses of
capsaicin (1-10 pM) caused an almost identical right-shift in
normalized dose-response curves (Fig. 1F, blue and reddish),
indicating a similar reduction in the agonist affinity of TRPV1.
Thus, tachyphylaxis of varied degrees induced by distinct satu-
rated doses of capsaicin, could not be explained by the reduction
in TRPV1 agonist affinity and would have recruited other
mechanistic pathways.

Light-Sheet Imaging of TRPV1 Trafficking. TRPV1 expression level
at the plasma membrane is another factor in shaping whole-cell
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nociceptive responses (11, 12) and has been suggested to be
regulated by TRPV1 exocytosis and endocytosis (13, 14). To
explore TRPV1 trafficking in real time, we engineered a TRPV1
fusion protein comprising the pH-dependent green fluorescent
protein (GFP) mutant pHluorin that is green fluorescent in a
neutral condition and dim in an acidic environment (15). The
electrophysiological property of TRPV1 was unaffected by the
insertion of pHluorin (SI Appendix, Fig. S1). In our configura-
tion, TRPV1-pHluorin is dim when trapped into acidic traf-
ficking vesicles and of high fluorescence upon exocytic insertion
into the plasma membrane (SI Appendix, Fig. S24). We could
then follow TRPV1 surface expression and subcellular traffick-
ing by dynamic imaging of pHluorin fluorescence.

To gain high-quality imaging, and avoid potential phototox-
icity of laser scanning microscopy, we have used light-sheet mi-
croscopy that enables scanless optical sectioning and wide-field
image acquisition by digital camera (16). Light sheet of pm-scale
thickness and perpendicular to the optical axis of imaging ob-
jective, was generated via an orthogonally placed excitation ob-
jective (SI Appendix, Fig. S2B). The thin light sheet evidently
improved the image quality of TRPVI1-pHluorin-expressing
HEK cells relative to conventional epifluorescence (SI Appen-
dix, Fig. S2B, Right). A supramaximal dose of capsaicin caused a
pronounced diminution in TRPV1-pHluorin fluorescence fol-
lowed by a gradual recovery (SI Appendix, Fig. S2C), reflecting
the retrieval of TRPV1 channels by endocytosis and their rein-
sertion by subsequent exocytosis. Inhibiting general endocytosis
pathways by hypertonic solution (17) largely blocked the
capsaicin-evoked fluorescence diminution (SI Appendix, Fig. S2
D and F), with a transient increase unmasked that implies the co-
occurrence of exocytosis. Further, omission of external Ca**
inhibited both the exocytosis and endocytosis of TRPVl-leuorln
(SI Appendix, Fig. S2 E and F), confirming the Ca? -dependence
of TRPV1 recycling (1, 18, 19). Together, light-sheet imaging of
TRPV1-pHluorin enables real-time mapping of TRPV1 traffick-
ing and surface expression.

Stimulation Strength Regulates TRPV1 Recycling. To examine
TRPV1 surface expression during strength-gated tachyphylaxis,
we imaged TRPV1- leuorln in HEK 293 cells upon 1 and
10 pM capsaicin stimulation in the presence of external Ca**
While both stimuli evoked an initial loss in TRPV1 surface ex-
pression followed by a subsequent recovery, the high-dose cap-
saicin induced a significantly greater reduction in TRPV1
expression (—0.68 = 0.04, vs. —0.43 + 0.03, P < 0.01) followed by
a much delayed recovery (Fig. 2 A-C). At 5 min after 1 pM
capsaicin stimulation, TRPV1 surface expression recovered to
about 95% of the control level, while with 10 uM capsaicin
stimulation, TRPV1 expression only recovered to 48% of the
initial level at the same time point (Fig. 2D, P < 0.01). Thus,
stimulation of distinct strengths evoked TRPV1 recycling in a
different manner and resulted in proportional loss in TRPV1
surface expression. The delayed recovery in TRPV1 surface ex-
pression level induced by high capsaicin renders the post-
tachyphylaxis currents persistently inferior to those obtained
after low capsaicin stimulation (Fig. 1E, red vs. blue).

The dependence of TRPV1 trafficking on stimulation strength
was further confirmed by using varied doses of capsaicin (Fig.
2E). A small overshoot was noted in recovery phase of 1 pM
capsaicin stimulation (Fig. 24), which in fact gradually went back
to the initial level as revealed by a longer period of imaging (Fig.
2F, 20 min). The transient overshoot, therefore, reflects a tran-
sitory step for TRPV1 expression recovery. In contrast, the loss
in TRPV1 expression caused by 10 pM capsaicin persisted even
over a long imaging period (Fig. 2F). Juxtaposing the time course
of patch-clamp current and the TRPV1-pHluorin fluorescence
validated the correlation between the loss in surface TRPV1 expres-
sion and the reduction in whole-cell response (SI Appendix, Fig. S3).
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Fig. 2. TRPV1 channels undergo activity-dependent endocytosis and exo-
cytosis recycling. (A) HEK cells expressing TRPV1-pHluorin and stimulated by
1 pM capsaicin. Each single trace was derived from an individual cell, with a
ring-shape region of interest (ROI) traced along the cell surface while ex-
cluding nucleus hole. Fluorescence change is expressed as dF/Fo with Fy as the
mean intensity of prestimulation baseline. (B) HEK cells expressing TRPV1-
pHluorin and stimulated by 10 uM capsaicin. (C) The peak loss in TRPV1-
pHluorin fluorescence for 1 uM (n = 10 cells) and 10 pM capsaicin (13 cells)
stimulation. (D) Recovery in TRPV1-pHIluorin level quantified as the fraction
to the prestimulation control level. The timing when the values were mea-
sured is indicated by blue arrowheads in A and B. (E) TRPV1-pHluorin recy-
cling triggered by varied doses of capsaicin (0.3-10 pM, n = 7-13 cells for
each condition). (F) Imaging of TRPV1-pHluorin trafficking for a long period
(20 min; n = 10 for 1 uM, and 8 for 10 uM capsaicin). (Scale bars, 10 pm.)

Collectively, we show that TRPV1 recycling is stimulation strength
dependent, which shapes the channel expression level and whole-
cell tachyphylaxis.

In parallel, we confirmed this phenomenon in primary dorsal
root ganglia (DRG) neurons that express endogenous TRPV1
channels. Similar to the above results, low-dose capsaicin (1 pM)
induced tachyphylaxis with whole-cell currents fully recovered by
supramaximal doses of capsaicin (SI Appendix, Fig. S4 A and C),
a process to counteract agonist affinity reduction that was fa-
cilitated by additive acidification (H*) (20). The same ma-
nipulation, however, failed to recover the whole-cell current
following high capsaicin-induced tachyphylaxis (10 pM, SI Ap-
pendix, Fig. S4 B and D), echoing the additional contribution of
the reduction in TRPV1 surface expression. As observed with
light-sheet imaging, low capsaicin induced a transient reduction
in TRPV1 expression that was followed by a quick recovery,
whereas high capsaicin evoked a more pronounced and per-
sistent loss in TRPV1 expression level (SI Appendix, Fig. S4 E
and F).

TRPV1 Exocytosis Assists Whole-Cell Current Recovery. During
tachyphylaxis induction, capsaicin elicited endocytosis retrieval
of surface TRPV1 followed by exocytosis-mediated recovery.
This process is regulated by the stimulation strength as de-
termined by both stimulation dose (Figs. 1 and 2) and duration
(Fig. 34 and B). We further pondered that suspending recording
for a brief period right after tachyphylaxis induction could

5172 | www.pnas.org/cgi/doi/10.1073/pnas.1819635116

facilitate the exocytic reinsertion of TRPV1 and the whole-cell
currents. As expected, a 5-min pause augmented the whole-cell
response after 1 pM capsaicin-induced desensitization, com-
pared with the condition without interim pause (Fig. 3 C and F,
blue vs. open circle). This observation is consistent with the al-
most full recovery of TRPV1 surface expression at ~5 min after
stimulation of low capsaicin (1 pM, Fig. 2D). A 5-min pause also
enhanced the whole-cell current over high capsaicin-induced
tachyphylaxis (Fig. 3 D and F, red vs. open square). Mirroring
the partial recovery in TRPV1 expression upon high capsaicin
stimulation (10 pM, Fig. 2D), the 5-min interim pause was still
unable to rescue whole-cell response to pretachyphylaxis level
(Fig. 3F, red vs. gray). As corroboration, adding another 5-min
pause (10 min, in total) further increased whole-cell current
following high capsaicin stimulation (Fig. 3 E and F, orange vs.
red). Together, these results consolidate that facilitating the re-
covery in TRPV1 surface expression helps to rescue the whole-
cell nociceptive response.

Ca?* Signals During TRPV1 Recycling. As Ca®* signal regulates
TRPV1 desensitization (1, 4) and subcellular trafficking (21), we
probed the Ca** kinetics over low and high capsaicin stimulation.
Dual-color light-sheet imaging was performed in HEK cells
expressing TRPV1-pHluorin and also loaded with a red-
fluorescent Ca** indicator Rhod-2, AM (Fig. 44). The absence
of their cross-talk was ensured by using spectrally excluded ex-
citation light and band-pass filters (SI Appendix, Fig. S54), and
also validated by imaging cells only harboring a single fluo-
rophore (SI Appendix, Fig. S5B). We observed over TRPV1
recycling robust Ca®* rises in response to both low and high
capsaicin stimulation (Fig. 4B). Notably, though the peak am-
plitude was similar for both stimuli, Ca”" rises evoked by high-
dose capsaicin appeared longer-lasting and remained high at
5 min after stimulation (Fig. 4C), corresponding to sustained loss
in TRPV1 surface expression (Fig. 4D). Hence, high-dose cap-
saicin triggers long-lasting Ca** signal along with delayed re-
covery of TRPV1 expression.

We also observed that reducing external Ca** concentration
prevented the loss in TRPV1 surface expression in response to
high capsaicin (Fig. 4F), suggesting the amount of Ca** influx
influences channel recycling. To evaluate directly the amount of
Ca®" influx triggered by low- and high-dose capsaicin, we
blocked the internal Ca** buffering process by inhibiting endo-
plasmic reticulum Ca** ATPase with thapsigargin (22). In this
condition, hi%h-dose capsaicin was found to evoke a higher
amount of Ca** influx than low-dose capsaicin (Fig. 4F; dF/F, =
0.86 + 0.06 for 10 Cap vs. 0.69 + 0.05 for 1 Cap, n = 8 cells for
each condition, P < 0.05). The slow recovery in high capsaicin-
induced Ca* signal could also be a reduction in the efflux of Ca**
from the cell. We therefore examined the activity of Na*/Ca**
exchanger (NCX), a principal pathway for activity-gated Ca**
export powered by Na* gradient across the plasma membrane
(23). Inhibiting NCX upon capsaicin stimulation would unmask
its operating activity as reflected by the slowing down in Ca®*
recovery rate. Inactivating NCX by omitting external Na*
[replaced by N-methyl-p-glucamine® (NMDG")] delayed Ca®*
recovery in response to both low and high capsaicin stimulation,
yet in the latter condition the recovery phase was less affected
(Fig. 4G; reduction in declining rate, 0.008 + 0.002 dF/Fy/min for
10 Cap, vs. 0.013 + 0.003 dF/Fy/min for 1 Cap vs.; n = 7 cells for
each condition, P < 0.05). This observation suggests that the
operating activity of NCX is compromised upon high capsaicin
challenge, which together with the greater amount of Ca** in-
flux, contributes to the delayed recovery in evoked Ca** signals.

Synaptotagmin Regulation of TRPV1 Recycling. To understand the

mechanism underlying Ca®*-regulated TRPV1 recycling over
tachyphylaxis induction, we studied the role of synaptotagmin
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Interim pause facilitates the restoration of whole-cell TRPV1 currents. (A) Whole-cell recording of a TRPV1-expressing HEK 293 cell. Desensitization was

induced by 10 uM capsaicin (1.8 mM Ca?*) over shorter periods (12 s, Top; 6 s, Bottom). (B) Dose—response curves of whole-cell currents during tachyphylaxis
period. Data from briefer stimulation are compared with those obtained after normal stimulation durations (~60 s, gray traces). (C) After tachyphylaxis induced by
1 uM capsaicin, current was hardly triggered by similar stimulation. A 5-min pause helped the recovery of whole-cell current to the pretachyphylaxis level. (D)
Facilitating effect of interim pause seen for 10 pM capsaicin-evoked desensitization. The facilitation was further enhanced by a longer pause period (5 min + 5
min; E). (F) Dose-response curves of whole-cell TRPV1 currents of different conditions, normalized to their initial reference current. Solid lines are fits to the Hill
equation (n = 6-10 cells for each condition). The pipette solution contained 3 mM Na,ATP and 3 mM Mg ATP. Error bars, SEM.

(Syt) proteins that serve as Ca®* sensors in subcellular trafficking
(24). Sytl and Syt9 have been shown to interact with TRPV1 at
the protein level by coimmunoprecipitation (co-IP) (18). We
confirmed this result (Fig. 54), and further found that Syt9
showed little effect on whole-cell TRPV1 responses during
tachyphylaxis (SI Appendix, Fig. S6 A and B). Expression of Sytl
together with TRPV1 in HEK cells, albeit still leaving unchanged
tachyphylaxis responses induced by high capsaicin (10 pM), fa-
cilitated the current recovery for low capsaicin-induced tachy-
phylaxis (1 pM, Fig. 5 B and C, light blue vs. gray circle). Thls
effect was prevented when mutating Sytl to inactivate its Ca®*
-binding site [Syt1(4D/N)] (25) (Fig. 5C). Moreover, light-sheet
imaging revealed a facilitating effect of Sytl on TRPV1 expres-
sion recovery following 1 pM, but not 10 uM capsaicin stimula-
tion (Fig. 5 D and H). These results suggest that Sytl regulates
fast TRPV1 recycling as triggered by low-dose capsaicin, while
playing a marginal role in the slow recycling process following
high capsaicin stimulation. This resembles the established role of
Sytl in regulating fast exocytosis near the plasma membrane
(24). We also noted that Syt1 was preferentially expressed on cell
surface (SI Appendix, Fig. S7), suggesting the subplasmalemmal
occurrence of fast TRPV1 recycling.

Strong stimulation has been found to trap TRPV1 channels in
intracellular endosomal and lysosomal networks (19). We ob-
served a delayed recycling of TRPV1 upon high-dose capsaicin
stimulation, which possibly involves the traveling through cyto-
solic compartments. Among Syt proteins, Syt7 orchestrates the
trafficking and fusion of endosomal and lysosomal compart-
ments (26, 27). We found that though not directly interacting
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with TRPV1 (Fig. 5E), Syt7 expression inhibited the recovery of
whole-cell TRPV1 current during high capsaicin-induced tachy-
phylaxis (Fig. 5 F and G, light red vs. - 87y triangle). This effect was
abolished by inactivating the Ca* —blndlng site [Syt7 (4D/N)]
(Fig. 5G), and not seen with the Ca**-insensitive Syt4 (28) (Fig.
SE and SI Appendix, Fig. S6 C and D). In contrast, Syt7 showed a
marginal effect on the desensitization responses evoked by low-
dose capsaicin (Fig. 5G). Light-sheet imaging showed that Syt7
selectively inhibited TRPV1 recycling upon high (10 uM), but
not low (1 pM) capsaicin stimulation (Fig. 5H vs. Fig. 5D). Given
the role of Syt7 in endosomal and lysosomal trafficking, our
results likely reflect that Syt7 via enhancing interorganelle fusion
hindered the targeted redelivery of TRPV1 to the plasma mem-
brane. Also distinct from Syt1, Syt7 was expressed throughout cell
cytoplasm, compatible with its role in intracellular trafficking (S7
Appendix, Fig. ST). Together, these results suggest that Syt7 regulates
slow TRPV1 recycling during high capsaicin-induced tachyphylaxis.

Discussion

Tachyphylaxis is therapeutically relevant for pain treatment, in
conditions barely tractable by conventional analgesics (3, 29).
We show here that stimulation strength shapes the extent of
whole-cell tachyphylaxis, as modulated by TRPV1 recycling (S
Appendix, Fig. S8). The observation that a persistent reduction in
TRPV1 responses requires high-intensity stimuli provides a
mechanistic basis for the need of large-dose capsaicin in tackling
neuropathic pains (29). Exocytic insertion of TRPV1 has been
suggested to tune channel expression levels in a Ca**- and
SNARE-dependent manner (1, 11, 13, 18, 30-32). Relatively,
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Fig. 4. Ca*' signals during stimulation strength-gated TRPV1 recycling. (A)
Representative images of HEK 293 cells expressing TRPV1-pHluorin and
loaded with the red Ca%* dye Rhod-2, AM. (B) Fluorescence time courses of
TRPV1-pHluorin and Rhod-2 in response to 1 pM and 10 pM capsaicin, re-
spectively. A single trace denotes an individual cell, and fluorescence change
is expressed as dF/Fq. (C) Peak amplitude of Ca?* signals and the Ca®* levels
at 5 min after the stimulation onset (n = 9 for 1 uM, 6 for 10 uM capsaicin).
(D) Scatter plot showing the apparent loss in TRPV1 surface expression
against the corresponding Ca?* levels, both measured at 5min post the
stimulation. (E) TRPV1-pHluorin recycling triggered by 10 pM capsaicin in
different concentrations of Ca®* (n = 6-8 cells for each condition). (F) Ca®*
signals evoked by 1 uM and 10 pM capsaicin in cells with ER Ca®* ATPase
inhibited by thapsigargin (0.5 pM, pretreatment 10 min, n = 8 cells for each
condition). (G) Differential alteration in the declining phase of low and high
capsaicin-evoked Ca®* signals upon NCX inhibition (n = 6-10 cells for each
condition). (Scale bar, 10 pm.)

little is known on TRPV1 endocytic retrieval, though steady-
state examination a few minutes apart showed intracellular
TRPV1 accumulation over capsaicin stimulation (19). Also,
previous results were mostly obtained from antibody-based
assays in fixed cells or extracted tissues. By light-sheet micros-
copy and TRPV1-pHluorin, we achieved real-time imaging of
TRPV1 recycling at layers away from the cell-coverslip adhesion
site. This helps to avoid potential interference of certain adhe-
sive substrates (e.g., polylysine) to TRPV1 activity (12).

We revealed a tunable coupling between TRPV1 endocytosis
and exocytosis over strength-memorizing tachyphylaxis. The time
scale of TRPV1 endocytosis is comparable to that found for
clathrin-mediated endocytosis, in the order of tens to one hun-
dred seconds (33). Activity-gated recycling imposes a net effect
on TRPV1 surface expression, whereby whole-cell responses
over tachyphylaxis. Recent study by total internal reflection
fluorescence microscopy reveals that mobile TRPV1 in the
plasma membrane becomes abruptly static upon activation (34),
implying a preceding step to confine TRPV1 on endocytic sites
for intracellular translocation. Fluorescence resonance energy
transfer unveiled TRPV1 in subplasmalemmal caveolar struc-
tures (35), suggesting their implication in channel endocytosis.

5174 | www.pnas.org/cgi/doi/10.1073/pnas.1819635116

The present TRPV1-pHluorin labeling does not appear as an
idea ring on the cell surface, likely because the light sheet has a
thickness in the order of several microns and still collects certain
amount of out-of-focus fluorescence. Also, pHluorin could be
weakly fluorescent in organelles with moderate acidic levels (e.g.,
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Fig. 5. Synaptotagmin regulation of TRPV1 recycling. (A) Interaction of Syt1
and Syt9 with TRPV1. Immunoprecipitation (IP, with anti-FLAG) and immu-
noblot analysis (with anti-FLAG and anti-GFP) of HEK 293 cells transfected
with plasmids as indicated. Molecular weight standards (MW, in kDa) are
shown on the left. (B) Whole-cell currents in HEK cells coexpressing TRPV1
and Syt1 in response to 1 pM and 10 pM capsaicin, respectively. (C) Pooled
dose-response curves showing Syt1 facilitation of current recovery during
1 pM capsaicin-induced tachyphylaxis (blue vs. gray open circle, n = 6-7 cells
for each condition; solid lines are fitting by Hill equation). Gray traces are
without Syt1. (D) Low capsaicin-evoked TRPV1 recycling was facilitated by
Syt1, but not by Syt7 (n = 8-10 cells for each condition). TRPV1-pHluorin and
red fluorescent Syt1-tdTomato were coexpressed in HEK cells, with the ab-
sence of cross-talk verified (S/ Appendix, Figs. S5 and S7). (E-G) Parallel ex-
periments to examine the interaction of TRPV1 with Syt7 and Syt4, and
record their impact on whole-cell TRPV1 currents (n = 6-8 cells for the
pooled dose-response curves). (H) Light-sheet imaging of TRPV1 recycling
upon 10 pM capsaicin stimulation, which was retarded by Syt7 expression
(Syt7-tdTomato; n = 9-12 cells for each condition).
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~6.3 in endosomes) (36, 37), thereby adding background signals
to TRPV1-pHluorin imaging. We detected barely the recovery in
TRPV1-pHluorin fluorescence upon high capsaicin stimulation
in DRG neurons. It is possible that transfection of TRPV1-
pHluorin in neurons may not fully substitute endogenous TRPV1
channels. Their interaction with regulatory proteins for subcellular
trafficking (e.g., SNAREs and synaptotagmins) might also be
tighter than TRPV1-pHluorin, which to some extent compromises
the recycling rate of TRPV1-pHluorin.

Distinct Ca”* signals were found during tachyphylaxis in-
duction and TRPV1 recycling. High-dose capsaicin triggered
relatively greater Ca®* influx, reminiscent of TRPV1 pore di-
lation that is suggested to augment channel conductance and
alter ion selectivity upon strong stimulation (38) (but see ref. 39).
The effect of high-dose capsaicin on NCX Ca?* export could be
due to the possible disturbance of capsaicin, as a lipophilic
molecule (2), to the local lipid environment of NCX, a factor
known to alter its activity (40). In relaying Ca®* signals to sub-
cellular trafficking, members of Syt protein family behave as
Ca®* sensors (24). We show intriguingly that Sytl and Syt7
regulate the fast and slow TRPV1 recycling, respectively, in a
condition-specific manner. Thus, different trafficking routes are
recruited by stimuli of varied strengths to regulate whole-cell
TRPV1 tachyphylaxis (SI Appendix, Fig. S8). This finding also
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suggests the influence of Ca®* on TRPV1 trafficking going be-
yond the subplasmalemmal zone.

Materials and Methods

The wild-type rat TRPV1 cDNA was generously provided by Dr. Feng Qin
(State University of New York at Buffalo). TRPV1-615-pHluorin GFP (Insertion
of pHluorin GFP gene after No. 614 residue of TRPV1) was made using the
overlap-extension PCR method as previously described (41). Patch-clamp
recordings were made in whole-cell configuration using an EPC10 ampli-
fier (HEKA). Light-sheet imaging was performed using a wide-field upright
microscope (Zeiss Axioskop 50) and an independent optical module (Alpha3
light sheet add-on, Zeiss EC EPIPlan x10, 0.25NA) (S/ Appendix, Fig. S2A).
Detailed methods are provided in S/ Appendix.
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