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(Background: The contribution of TRPV1 trafficking to vanilloid-induced desensitization and tachyphylaxis remains
Results: Agonist exposure promotes TRPV1 internalization and degradation in nociceptors and HEK293 cells, in a time-, dose-,
Conclusion: Agonist-induced TRPV1 internalization and degradation notably contribute to long-term nociceptor

Significance: Modulation of surface TRPV1 levels could be a therapeutic approach for pain treatment.
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TRPV1 receptor agonists such as the vanilloid capsaicin and
the potent analog resiniferatoxin are well known potent analge-
sics. Depending on the vanilloid, dose, and administration site,
nociceptor refractoriness may last from minutes up to months,
suggesting the contribution of different cellular mechanisms
ranging from channel receptor desensitization to Ca®>* cytotox-
icity of TRPV1-expressing neurons. The molecular mechanisms
underlying agonist-induced TRPV1 desensitization and/or
tachyphylaxis are still incompletely understood. Here, we report
that prolonged exposure of TRPV1 to agonists induces rapid
receptor endocytosis and lysosomal degradation in both sensory
neurons and recombinant systems. Agonist-induced receptor
internalization followed a clathrin- and dynamin-independent
endocytic route, triggered by TRPV1 channel activation and
Ca®* influx through the receptor. This process appears strongly
modulated by PKA-dependent phosphorylation. Taken together,
these findings indicate that TRPV1 agonists induce long-term
receptor down-regulation by modulating the expression level of
the channel through a mechanism that promotes receptor endo-
cytosis and degradation and lend support to the notion
that cAMP signaling sensitizes nociceptors through several
mechanisms.

Persistent chemical or physical noxious stimulation attenu-
ates nociceptive sensory neuron excitability, making nocicep-
tors partially or totally refractory to subsequent stimuli.
Depending on the refractory period, which can range from
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minutes and hours up to days, this phenomenon is known as
acute desensitization, down-regulation, or defunctionalization.
Based on its ability to desensitize nociceptors, the irritant vanil-
loid capsaicin is therapeutically used in the treatment of post-
herpetic and trigeminal neuralgia, diabetic neuropathy, and
osteoarthritic pain (1, 2). On the other hand, peripheral injury
and inflammation can elicit an increase in peripheral nocicep-
tor sensitivity or responsiveness, thereby leading to hyperalge-
sia and/or allodynia (3). The cellular and molecular mecha-
nisms that elicit either type of adaptation, i.e. nociceptor
sensitization and refractoriness, substantially overlap with
those underlying neuronal plasticity in learning and memory
2,3).

The transient receptor potential vanilloid TRPV1? is a non-
selective cation channel, highly permeable to Ca®>*, that plays a
key role in the generation and maintenance of nociceptor sen-
sitization and desensitization (for review, see Refs. 4 and 5).
TRPV1 integrates multiple and diverse noxious stimuli includ-
ing physical (T =42 °C and voltage) and chemical (protons,
vanilloid compounds, and toxins) stimuli. Although under nor-
mal conditions TRPV1 activity is low and individual activators
gate the channel with low efficacy and potency, simultaneous
release of several mediators during inflammation synergisti-
cally acts on TRPV1, leading to enhanced nociceptor excitabil-
ity. Increased excitability can be achieved by several signaling
pathways that may lead to: (i) phosphorylation of TRPV1 that
reduces its activation threshold, (ii) recruitment of TRPV1
receptor to the plasma membrane, and (iii) long-term tran-
scriptional/transductional modification (4).

TRPV1 activation by capsaicin is followed by nociceptor
desensitization, a state characterized by the inability of the

3 The abbreviations used are: TRPV1, transient receptor potential vanilloid;
DRG, dorsal root ganglion; RTX, resiniferatoxin; Dyn, dynamin; BAPTA, 1,2-
bis(o-aminophenoxy)ethane-N,N,N',N'-tetraacetic acid; BAPTA-AM, 1,2-
bis(o-aminophenoxy)ethane-N,N,N’,N'-tetraacetic ~ acid-acetoxymethyl
ester; LC3, light chain 3; Sucr, sucrose; Chpz, chlorpromazine; FSK, forskolin;
EGFR, epidermal growth factor receptor; Caps, capsaicin; DMSO, dimethyl
sulfoxide.
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receptor to respond to the vanilloid capsaicin or other noxious
stimuli. TRPV1 desensitization is a process markedly depend-
ing on Ca®>" and involves various intracellular signaling path-
ways (6). Thus, dephosphorylation by the phosphatase cal-
cineurin of TRPV1 previously phosphorylated by protein
kinase A (PKA) or Ca®>*-calmodulin-dependent kinase II leads
to TRPV1 desensitization (7-10). Several other mechanisms
like binding of molecules such as calmodulin (11-13), ATP
(13), or AKAP150 (14) or the depletion of phosphoinositol 4,5-
diphosphate from the plasma membrane (15-18) also modu-
late receptor desensitization. A simplified hypothesis considers
that Ca®>" -dependent binding of calmodulin to TRPV1 modu-
lates the fast component of desensitization that relies on Ca®>*
influx through the channel, whereas Ca®>"-dependent phos-
phorylation/dephosphorylation processes may mediate the
slow component of TRPV1 desensitization or tachyphylaxis (7).
In contrast to acute TRPV1 desensitization, the mechanisms
involved in capsaicin-induced long-term TRPV1 desensitiza-
tion are poorly understood. Because proinflammatory sensiti-
zation of nociceptors results in TRPV1 recruitment to the
plasma membrane, we hypothesized that capsaicin-induced
neuronal desensitization may involve TRPV1 withdrawal from
the cell surface. Similar to members of other receptor families
(19, 20), an activity-dependent tight control of plasma mem-
brane-resident receptors may involve TRPV1 endocytosis fol-
lowed either by receptor recycling to the plasma membrane or
by its degradation through the proteasomal or lysosomal path-
way. This would lead to short- or long-term down-regulation,
respectively. Here, we report that dose- and time-dependent
capsaicin-induced endocytosis of TRPV1 is involved in its
pharmacological desensitization. Vanilloid-evoked receptor
internalization required TRPV1 channel activity and the influx
of Ca?* and was modulated by PKA phosphorylation. Analysis
of the vanilloid-induced internalization mechanism showed
that it occurs through a clathrin-independent pathway that tar-
gets the channel for lysosomal degradation in both DRG neu-
rons and TRPVI1-expressing HEK293 cells. Taken together,
these results indicate that capsaicin-induced TRPV1 endocyto-
sis and degradation in nociceptors notably contribute to the
long-term neuronal tachyphylaxis induced by vanilloids.

EXPERIMENTAL PROCEDURES

Chemicals and Antibodies—All drugs and antibodies were
from Sigma unless otherwise stated. Anti-TRPV1 serum (21),
anti-TRPV1 (extracellular) (a-TRPV1e) (Alomone), monoclo-
nal Na*-K™ ATPase (Abcam, Cambridge, UK), and polyclonal
anti-calnexin (Chemicon, Billerica, MA) were used. Secondary
antibodies were from Jackson ImmunoResearch Laboratories
(West Grove, PA).

Plasmids—Rat wild type TRPV1 (TRPV1-WT) and
TRPV1,0reLess Mutant were as described in Ref. 22. The non-
desensitizing mutant TRPV1-S116D was obtained by site-di-
rected mutagenesis. GFP-tagged wild type and dominant-neg-
ative dynamin constructs (GFP-Dyn-WT and Dyn-K44A) were
gifts from M. McNiven (Mayo Clinic), and clathrin light chain
(mLCA-DsRed) was from I. Pérez-Otano Centro de Investi-
gacion Médica Aplicada (CIMA).
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Cell Culture—Primary cultures of neonatal DRG neurons
were prepared as in Ref. 23. HEK293 cells were cultured as
described (24) and used 48 h after transfection with TurboFect
(Fermentas Life Sciences) following the manufacturer’s
instructions.

Immunofluorescence-based Internalization Assays—Differ-
ential labeling of surface and internalized TRPV1 was obtained
as in Ref. 25. Briefly, surface receptors of live cells in DRG pri-
mary cultures or transiently TRPV1-expressing (TRPV1™")
HEK293 cells were labeled 1 h at 4 °C with a-TRPV1e, an anti-
body recognizing an extracellular epitope. Cells were then incu-
bated 20 min at 37 °C with different capsaicin concentrations
(10 nM to 1 um) or vehicle (0.01% EtOH) to allow internaliza-
tion. Control cultures were maintained at 4 °C, a condition non-
permissive for internalization. Surface receptors were stained
with an A488 secondary antibody for 1 h at 4 °C. After washing
at4 °C, cells were fixed with 4% paraformaldehyde and permea-
bilized, and internalized receptors were stained with an A568
secondary antibody, mounted, and analyzed by confocal
microscopy (Leica TCS; Leica Microsystems, Wetzlar,
Germany).

For subcellular colocalization of internalized receptors,
HEK293 cells were co-transfected with TRPV1-WT or TRPV1-
S116D and DNA encoding organelle-specific fluorescent fusion
proteins (mLCA-Red, GFP-Dyn-WT, or GFP-Dyn-K44A). Sur-
face receptors, previously labeled at 4 °C with TRPV1e anti-
body, were incubated at 37 °C with different capsaicin con-
centrations or vehicle. Later, cells were fixed with 4%
paraformaldehyde, permeabilized, and stained with a fluores-
cently labeled secondary antibody. Samples were analyzed by
confocal microscopy.

Biotin Labeling of Surface Proteins—Adult rat DRG cultures
or HEK293 cells transiently expressing TRPV1-WT or the
mutants TRPVI1poreress (22) or TRPV1-S116D (7) were
exposed to the agonist capsaicin (or resiniferatoxin (RTX)) for
different time spans at 37 °C, in the presence or absence of
different drugs. Control samples were incubated with vehicle in
the same conditions. Surface proteins were biotinylated as
in Ref. 24. The absence of contaminating intracellular proteins
in membrane fractions was verified by testing the presence of
actin. Immunoblots were digitized and quantified.

Ca®" Imaging—TRPV1-WT- or TRPV1-S116D-transfected
HEK293 cells were loaded for 1 h at 37 °C with 10 um Fura-
2/AM ester (Biotium, Hayward, CA) in Buffer Solution (in mm:
140 NacCl, 4 KCl, 2 CaCl,, 2 MgCl,, 10 HEPES, 5 p-glucose,
pH = 7.4, and osmolarity set at 320 mosm/kg with mannitol) as
in Ref. 24. For acid solution, HEPES was replaced with MES,
and pH was adjusted to 5.5. The applied protocol consisted of
two 1-min pulses of acid solution interspersed by a 20-min
incubation with either capsaicin or vehicle. For testing endocy-
tosis, cells were pretreated for 30 min (and then maintained
throughout the experiment) with 50 um chlorpromazine or
with a hyperosmotic solution (600 mosm/kg), created by sup-
plementing 250 mm sucrose in the Buffer Solution. Fluores-
cence measurements were performed as in Ref. 24.

Electrophysiology—Currents were recorded at 22 °C in the
perforated patch configuration using an EPC-10 amplifier
(HEKA, Lambrecht, Germany). Continuous voltage linear
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ramps from —60 to +60 mV applied every 3 s, from a holding
potential of 0 mV, were recorded throughout the entire proto-
col (two 1-min pulses of pH = 6.0 interspersed by a 20-min
treatment with capsaicin or vehicle). Buffer Solution was used
as control bath solution. For acid pH solution, 50 um amiloride
was included to block Acid-sensing ion channels. Pipette solu-
tion contained (in mm): 144 KCl; 2 MgCl,; 10 HEPES; 5 EGTA,
pH 7.2, with KOH; ~295 mosm/kg, supplemented with 240
pg/ml amphotericin B. The desensitization rate was calculated
from normalizing the current magnitude of the second acid
application (/,;;,) obtained at +60 mV to the first (I,11), Ippi,
pH1. The Ca®*-free external solution (0Ca®?") contained no
added Ca®>* and 1 mm EGTA to chelate ambient Ca®". The role
of intracellular Ca®>* was tested after a 1-h preincubation with
50 um BAPTA-AM (Calbiochem) in serum-free medium at
37 °C before recording in 0Ca>".

Statistics—Data are given as mean *+ S.E. with # = number of
cells and N = number of experiments. For statistical analysis,
the nonparametric Mann-Whitney test or Student’s ¢ test was
applied. *, p < 0.05; **, p < 0.01, ***, p < 0.001.

RESULTS

Capsaicin Induced TRPV1 Internalization in a Dose- and
Time-dependent Manner—Exposure of nociceptors to capsai-
cin produces an initial excitation followed by a subsequently
attenuated, or even abolished, response to additional noxious
stimuli (1, 26). To evaluate the contribution of TRPV1 endocyto-
sis to nociceptor desensitization, we initially used a differential
immunocytochemical approach to discriminate surface-resident
from internalized TRPV1 (25). Specifically, agonist-induced
TRPV1 internalization in live DRG neurons was visualized by
prelabeling surface receptors at 4 °C in nonpermeabilized cells
with an antibody that recognizes an extracellular epitope and
then incubating cells with vehicle (0.01% EtOH) or with 100 nm
capsaicin for 20 min at 37 °C. Plasma membrane-resident and
internalized receptors were differentially stained by first using
an A488 secondary antibody in nonpermeabilized cells and,
after fixation and permeabilization, labeling internalized recep-
tors with an A568-labeled secondary antibody (25). Although at
4 °C labeled TRPV1 remained at the plasma membrane, incu-
bation at 37 °C led to a partial internalization of receptors from
the plasma membrane, as evident from a clear intracellular
staining pattern (red) (Fig. 14). Importantly, receptor endocy-
tosis was significantly accelerated when neurons were exposed
to 100 nMm capsaicin. Note that although only small fluorescent
clusters were observed close to the membrane under control
conditions at 37 °C, exposure to capsaicin led to a drastic
decrease of plasma membrane receptors (green), and large
intracellular clusters containing TRPV1 emerged (red). Similar
effects were observed in TRPV1-expressing HEK293 cells.
Because different cell-specific factors/pathways might shift the
EC,, for capsaicin and hence heterologously expressed TRPV1
may not be as sensitive as the native receptor in neurons,
TRPV1" HEK293 cells were exposed to 1 um capsaicin (Fig.
1B). Altogether, these results indicate that exposure to capsai-
cin induces a significant TRPV1 channel internalization in both
native and recombinant systems.
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FIGURE 1. Prolonged exposure to capsaicin promotes cell surface TRPV1
internalization. A, representative images of neonatal rat DRG neurons show
thatincubation with 0.1 um capsaicin for 20 min redistributes TRPV1 from the
cell surface to an intracellular reservoir of large deep clusters as compared
with vehicle (0.01% EtOH). A differential labeling method based on Ref. 25
was used. Nonpermeabilized live cell membranes were immunolabeled with
anti-TRPV1e (23) and incubated for 20 min at 37 °Cin the presence or absence
of 0.1 uM capsaicin, and surface receptors (green) were stained with an A488-
labeled secondary antibody at 4 °C. Cells were then fixed, permeabilized, and
internalized receptors stained in red. Bar, 20 um. B, representative images in
HEK293 cells transiently expressing the TRPV1 receptor and incubated in the
absence or presence of 1 um capsaicin for 20 min at 37 °C. The same labeling
procedure was employed to differentially label internalized receptor from
surface receptor. As control, cells were incubated at a temperature (4 °C) that
blocks endocytosis. Bar, 10 um.

We then evaluated the kinetics of TRPV1 internalization and
its dependence on the agonist concentration in TRPV1™"
HEK?293 cells (24). These cells were exposed to increasing cap-
saicin concentrations ranging from 0.1 to 100 uMm for 20 min at
37 °C, and surface proteins were then biotinylated with a cleav-
able biotin label and pulled down with streptavidin-agarose. As
shown in Fig. 24, the vanilloid produced a noticeable decre-
ment of surface TRPV1 in a dose-dependent manner, with an
apparent EC., of 0.5 uM and a maximum surface receptor loss
of 90%. The internalization kinetics of plasma membrane
TRPVI at 1 uM capsaicin is shown in Fig. 2C. Receptor endo-
cytosis displayed relatively slow kinetics with an apparent time
constant of about 15 min and reached a plateau at roughly 30
min. Extended times did not provoke additional receptor endo-
cytosis, suggesting a tight dependence on the capsaicin
concentration,

The responsiveness of remaining receptors, which may have
been partially desensitized by capsaicin application, was
assessed by Ca®" microfluorography using an experimental
paradigm based on the combined application of a supramaxi-
mal capsaicin concentration (100 um) plus acid pH (pH 5.5),
pH+100Caps (18), after a 20-min incubation with different
capsaicin concentrations. Fig. 2B (left) shows representative
traces illustrating a dose-dependent reduction of the transient
Ca*>”" influx obtained upon pH+100Caps pulse that correlates
with reduced membrane receptors.
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FIGURE 2. Extended incubation with vanilloids leads to TRPV1 down-reg-
ulation. A, dose-dependent effects of capsaicin on surface and total TRPV1
expression resolved by cell surface biotinylation assays. TRPV1" HEK293 cells
were incubated with capsaicin in 0.01% EtOH (ranging from 0.1 to 100 um) or
as control in vehicle (V)( 0.01% EtOH) for 20 min at 37 °C. Representative blot
(IB) from four independent experiments shows TRPV1 plasma membrane and
total expression (left) and band density quantification (right). **, p < 0.01, ***,
p < 0.001.B,left, representative recordings from Ca®* influx measurements in
TRPV1™ cellsillustrate the maximum responsiveness, obtained by short pulse
of high capsaicin (100 um) plus low pH (5.5) (pH+100Caps), after incubation
for 20 min at various capsaicin concentrations. Right, correlation of the
pH+100Caps responsiveness to increasing agonist concentrations (n = 150,
n = 3).C, time course effect of 1 um capsaicin incubation from 5 minupto 1 h.
n=4.%%p<0.01,** p<0.001.D, dose-dependent effects of RTX on TRPV1
surface and total expression were assayed applying RTX concentrations from
1nmto 1T umfor 20 min (n = 3). Data represent the mean = S.E., and nonpara-
metric Student'’s t test was applied. **, p < 0.01.

A similar internalization effect was observed when RTX was
used (Fig. 2D). Because RTX is a higher affinity ligand, lower
RTX concentrations induced TRPV1 internalization (apparent
EC, of 5 nm). Also note that RTX induced the endocytosis of
up to 60% of membrane-resident TRPV1, as compared with the
90% removal promoted by capsaicin. This difference may be
attributed to the stronger desensitization promoted by RTX.
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FIGURE 3. TRPV1 internalized in response to vanilloids is targeted to lyso-
somes. A and B, representative blot (/B) from cell surface biotinylation assays
showing membrane (Memb) and total TRPV1 expression (upper panel) and
total band density quantification (lower panel) of TRPV1™ cells exposed to
vehicle (V) or T um capsaicin in the absence or presence of 200 ng/ml chloro-
quine (Chlor) (A) or 75 um leupeptin (Leup) (B) to inhibit lysosomal proteases.
Data represent mean = S.E., n = 3. **, p < 0.01. ns, not significant.

Other TRPV1 agonists such as phorbol esters also evoked
receptor endocytosis similar to vanilloids (not shown). Recep-
tor endocytosis evoked by prolonged exposure to TRPV1 ago-
nists was not due to unspecific membrane perturbations of
these compounds as evidenced by their lack of effect on the
endoplasmic reticulum membrane protein calnexin, a marker
of endoplasmic reticulum integrity, or by the lacking effect on
other plasma membrane proteins such as the Na*-K*-AT-
Pase (supplemental Fig. 1). Taken together, these results
indicate that agonist-evoked TRPV1 endocytosis is dose-
and time-dependent.

Unexpectedly, prolonged exposure of TRPV1™ cells to either
capsaicin or RTX drastically decreased the total amount of
receptors in a dose- and time-dependent fashion, roughly cor-
relating with the proportion removed from the membrane (Fig.
2, A, C, and D). This observation implies that recruited recep-
tors are targeted for degradation through the proteasomal or
lysosomal pathways.

Capsaicin-induced Lysosome-dependent Down-regulation of
TRPV1 Receptor Expression—Potential pathways possibly
involved in agonist-promoted degradation of TRPV1 protein
were tested using specific inhibitors. Because the proteasome
inhibitor MG132 did not inhibit TRPV1 degradation during
capsaicin exposure (not shown), we investigated whether inter-
nalized receptors were targeted to lysosomes by preincubating
TRPV1™" cells with chloroquine or NH,Cl, which alkalinizes
lysosomes and other acidic compartments, or with the protease
inhibitor leupeptin. As shown in Fig. 3B, leupeptin largely (80%)
stabilized total receptor protein. Interestingly, preincubation
with chloroquine also inhibited TRPV1 internalization (Fig.
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3A). Because excitotoxic insults in some neuronal primary cul-
tures lead to autophagy (27) and vanilloid exposure produced a
marked decrease in the expressed TRPV1 protein, the potential
role of an autophagic response in TRPV1 ™" cells challenged with
capsaicin was examined by monitoring the ratio of Phosphati-
dylethanolamine-conjugated microtubule-associated protein
light chain 3 (LC3-II) to endogenous LC3-I (28). Comparable
LC3-II/LC3-I ratios were obtained in vehicle- and capsaicin-
treated cells in three independent experiments, suggesting that
autophagy was not involved in this process (not shown). Col-
lectively, these results support the view that upon prolonged
exposure to agonists, membrane TRPV1 receptors are endocy-
tosed and targeted to lysosomes for degradation.

Agonist-evoked Membrane TRPV1 Internalization Follows a
Clathrin- and Dynamin-independent Pathway—The contribu-
tion of TRPVI internalization and kinetics was functionally
evaluated by Ca®>* imaging using a hypertonic solution
(+Sucr). Our experimental paradigm was based in the applica-
tion of two short acid pH pulses that activate TRPV1, inter-
spersed by exposure to 1 um capsaicin or vehicle for different
time spans. The ratio of pH responses (R ,;15/,111) Was used as an
indicator of the degree of desensitization. Fig. 4A illustrates
representative traces obtained upon a 20-min capsaicin incu-
bation in normosmotic and hyperosmotic conditions.
Although control incubations caused only minimal desensiti-
zation (data not shown), 5 min of exposure to capsaicin reduced
the relative pH response by 50% in both osmotic conditions
(Fig. 4A, lower panel). Notably, incubations from 20 min
onwards produced drastic differences in the R ;;,/,1;, virtually
abolishing the second pH response (R;15/p1; < 0.10) under
isotonic conditions (—Sucr), whereas R;1,/,11; persisted close
to 50% when exposed to hyperosmotic medium (+ Sucr).

Blockade of agonist-stimulated TRPV1 internalization under
hypertonic conditions was further corroborated by both bioti-
nylation and immunocytochemistry of surface receptors in live
cells (Fig. 4, B and E). Note that hypertonic solution also
reduced receptor degradation (Fig. 4B). Collectively, these
results suggest that upon long exposure to capsaicin, at least
~30% of the current loss was because of receptor withdrawal
from the plasma membrane.

Because hypertonic solution inhibits both clathrin-mediated
and clathrin-independent endocytosis (29-31), we investi-
gated next whether capsaicin-induced TRPV1 internalization
occurs through a clathrin-dependent pathway. For this pur-
pose, we first evaluated the effect of 50 um chlorpromazine
(Chpz), a reagent that prevents clathrin-mediated endocytosis
(32). As seen in Fig. 4C, Chpz did not affect the capsaicin-
evoked desensitization ratio estimated from Ca®" imaging
measurements as compared with Chpz vehicle (0.1% DMSO).
The implication of a clathrin-independent pathway was further
substantiated by evaluating the effect of coexpressing TRPV1
with a GFP-tagged dominant-negative dynamin mutant (GFP-
Dyn-K44A), which we compared with GFP-Dyn-WT as control
(33). The correct functionality of both dynamin constructs was
corroborated in our cell system by evaluating rhodamine-la-
beled transferrin endocytosis (not shown). As illustrated in Fig.
4D, neither dynamin construct significantly affected capsaicin-
induced desensitization, as evident from the desensitization
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ratio (R,i/pin = 0.16 = 0.01 and 0.15 = 0.01 in GFP-Dyn-
K44A and GFP-Dyn-WT, n = 180, n = 5). Furthermore, colo-
calization image analysis of labeled internalized TRPV1 with
both dynamin constructs displayed a clear distribution consist-
ent with the independence of a clathrin-mediated pathway (Fig.
4F). Therefore, our results imply that agonist-induced TRPV1
membrane removal follows a clathrin-independent internaliza-
tion mechanism.

Agonist-stimulated TRPV1 Down-regulation Requires Chan-
nel Activation and Ca”" Influx—Given that agonist-induced
TRPV1 internalization/degradation could be accomplished
either by vanilloid binding itself or/and by TRPV1 channel acti-
vation and subsequent Ca®" influx, we next explored whether
ion flux through the TRPV1 pore was required in this process.
First, capsazepine, a specific competitive antagonist with simi-
lar affinity as capsaicin (34), was used as a TRPV1 ligand that
does not open its pore. As shown in Fig. 54, incubation with
capsazepine alone evoked neither TRPV1 internalization nor
its degradation. However, when applied in combination with
capsaicin, capsazepine was able to prevent the capsaicin-in-
duced TRPV1 endocytosis. Together, these results indicate that
activation of TRPV1 was required to drive its endocytosis and
degradation. This notion was further supported by using a non-
conducting TRPV1 mutant (TRPV1pogperess), previously
shown to be assembly-competent and to be targeted to the
plasma membrane (22). As expected, prolonged exposure of
this mutant TRPV1 channel with either 1 um or 10 um capsai-
cin did not affect its surface and total expression (Fig. 5B).

Because TRPV1 channels are highly permeable to Ca®>" and
the divalent cation plays a pivotal role in acute desensitization
and tachyphylaxis, we addressed the role of receptor-mediated
Ca*>" influx in TRPV1 down-regulation upon prolonged ago-
nist exposure. As shown in Fig. 5C, capsaicin produced minor
TRPV1 internalization (~15%) in the absence of extracellular
Ca®>* (0Ca*>") as compared with >50% endocytosis in 2 mm
Ca?" (2Ca®"). We further evaluated a possible contribution
of Ca®* released from intracellular stores by preincubating cells
with BAPTA-AM to chelate cytosolic Ca*>* (0Ca®>*/BAPTA).
This procedure reduced capsaicin-induced TRPV1 internaliza-
tion to less than 10% of controls.

The contribution of endocytosis to overall receptor desensi-
tization was also assessed using the perforated patch configu-
ration to allow electrical access while maintaining the cellular
trafficking machinery virtually undisturbed. As shown in Fig.
5D, we characterized TRPV1 current responses by applying the
same protocol as employed for Ca®>" imaging recordings. As
expected, although the desensitization rate with vehicle was
~20% (not shown), it decreased up to 90% after capsaicin incu-
bation (I,y45/L,1; = 0.80 * 0.08, n = 10, versus 0.09 = 0.02, n =
5, respectively). Interestingly, when internalization was mostly
inhibited (+BAPTA), prolonged application of capsaicin
reduced the desensitization by up to 60% (5,1, = 0.36 =
0.05, n = 9) (Fig. 5D). Collectively, these findings demonstrate
that capsaicin-induced TRPV1 internalization requires recep-
tor activation and Ca®" influx, thus contributing to nociceptor
desensitization.

VOLUME 287+NUMBER 23+JUNE 1, 2012



Agonist-induced TRPV1 Internalization and Degradation

pgh Cagsaicin pl=ll-i2 Membrane

-Sucr +Sucr
— - Sucr Caps " - 4+ '" o 4!
"am 100 kDa —
+ Sucr N .I_-. =I
: Total IB: a-TRPV1
......... e \' 100 kDa.I I
i IB: a-TRPV1
o 70 20 50 kDa| e s e ]
Time (mm) IB: a-Actin
= CJIMemb
*kk I Total
8 1.0 I -Sucr -%
g 22 +Sucr 2
o -
7 3
Q 1
x °
o o
2 N
= ©
©
o £
¥ o
\' 5 20 60 = V Caps V Caps+Sucr
Time (min)
C pH, Capsaicin pH, D pH, Capsaicin pH,
[=N: 1 a ac 1 a
Q 3
2581, 268y
a sy a
0.81 o2 ns 0.84 s . oz
3 -3 .
§ 0.6+ 00 N— % 0.64 L EOOTTTTWT Kaea
w Chpz L .,
o 0.4 o 0.4 aweeeteaae,
S 3
L Sumts [k
0.2+ 1 -Chpz e 0.24 =+ Dyn-WT
— +Chpz — Dyn-K44A
0.0 T r T 0.0 T T \
0 10 20 30 0 10 20 30
Time (min) Time (min)

GFP-Dyn WT ||GFP-Dyn K44A

F
....-';
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protein-mouse clathrin light A (mLCA-RED). TRPV1 was surface-labeled (green) and then allowed to internalize upon incubation with 1 um capsaicin for 20 min
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PKA Activity Modulates Agonist-induced TRPVI Inter-

nalization— cAMP-dependent phosphorylation by PKA, as
well as inhibition of the phosphatase calcineurin, potentiates
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TRPV1 activity (8). PKA phosphorylation has been also shown
to attenuate TRPV1 Ca®*-dependent desensitization (7, 8, 13).
More recently, PKA activation was reported to facilitate mem-
brane insertion of functional TRPV1 multimers (35). We there-
fore investigated the role of PKA in modulating agonist-in-
duced TRPV1 internalization in DRG neurons using surface
biotinylation. A 15-min pretreatment with 20 um forskolin
(FSK) reduced agonist-induced TRPV1 internalization ~2-fold
(Fig. 6A). This effect was abolished by a 1-h preincubation with
the PKA inhibitor H89 (10 um). To determine whether PKA
inhibits TRPV1 internalization by directly phosphorylating the
receptor, we mutated its known major PKA phosphorylation
site at Ser-116 located in its cytoplasmic N-terminal domain.
Specifically, we studied TRPV1-S116D, a point mutation that
emulates the PKA-phosphorylated receptor and that has been
reported to reduce desensitization (7-9). As illustrated in Fig.
6C, when applying our prolonged agonist exposure protocol (1
M capsaicin for 20 min), TRPV1-S116D-expressing cells dis-
played ~60% desensitization (R ;5,1 = 0.37 £ 0.01, n = 506,
n = 5) as compared with 90% observed with TRPV1-WT
(Ropo/prn = 0.10 = 0.01%, n = 409, n = 8). We then asked
whether the observed decrease in desensitization, which agrees
with results reported by others (8, 9), is because of decreased
internalization of the S116D mutant. Using surface biotinyla-
tion/avidin pulldown assays, we found that in contrast to wild
type channels, surface levels of TRPV1-S116D were not
affected by capsaicin incubation, as revealed by the levels of the
mutant protein, which remained similar to those of cells
exposed to vehicle (Fig. 6B). This result was further substanti-
ated by immunofluorescence labeling that illustrated that vanil-
loid had no effect on the internalization of surface-expressed
TRPV1-S116D receptors (Fig. 6D). Taken together, these
results suggest that capsaicin-induced endocytosis of TRPV1
channels is modulated by PKA phosphorylation of the cytosolic
N terminus domain of the protein.

DISCUSSION

Signaling events involved in TRPV1 tachyphylaxis have been
extensively investigated. However, the contribution of TRPV1
mobilization from the plasma membrane to intracellular reser-
voirs as a mechanism to attenuate nociceptor overactivity has
not yet been evaluated in detail. We and others have shown that
TRPV1 sensitization is achieved at least in part by rapid recruit-
ment of a subcellular population of vesicular TRPV1 that
becomes translocated to the plasma membrane by regulated
exocytosis under inflammatory conditions (21, 23, 36). There-
fore, the opposite mechanism, i.e. endocytic removal of TRPV1
from the plasma membrane, seems a plausible mechanism to
control nociceptor excitability when exposed to noxious stim-
uli. Interestingly, TRPV1 internalization triggers mustard oil-
induced TRPA1 receptor desensitization (37). Moreover, in
RTX toxicity, large and sustained Ca*>* influx (38) was accom-
panied by a =70% plasma membrane reduction and vesicula-
tion, whereas capsaicin and heat produced less damaging
effects and <10% of membrane capacitance changes (39). The
aim of the present study was to determine whether long agonist
exposure regulates cell surface expression of TRPV1 and
thereby underlies nociceptor desensitization.
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The most salient contribution of this study is the demonstra-
tion that prolonged incubation with capsaicin produces a dras-
tic reduction of TRPV1 receptors. Although we cannot exclude
that these treatments may additionally affect newly synthesized
receptors, we found that the down-regulation of TRPV1
affected both its total cellular pool, as well as the plasma mem-
brane population, i.e. the receptors that are directly relevant for
signaling. Indeed, a large proportion of internalized TRPV1 was
degraded. These effects were observed in both primary DRG
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neurons and recombinant systems. To gain insights into the
mechanisms involved, we used cells transiently expressing
TRPV1. They reproduced the robust TRPV1 nociceptor inter-
nalization and down-regulation upon long exposure to the ago-
nist. Interestingly, we previously demonstrated in our cell sys-
tem that in the absence of agonist, less than 5% of plasma
membrane TRPV1 was internalized even after 90 min (24). We
now found that TRPV1 internalization and down-regulation
were mediated not only by natural vanilloids such as capsaicin
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and RTX, but also by both PKC-stimulating and nonstimulat-
ing forms of phorbol 12-myristate 13-acetate (not shown). In
the presence of agonist, TRPV1 down-regulation was dose- and
time-dependent and required channel activation and Ca>"
entry to the cell. Once internalized, TRPV1 is targeted for ly-
sosomal degradation because treatment with different lyso-
somal inhibitors inhibits TRPV1 degradation.

We found here that upon prolonged agonist exposure,
TRPV1 internalization is mediated by a clathrin-independent
pathway. This was indicated by agonist-induced receptor endo-
cytosis in cells expressing the dominant-negative dynamin
K44A mutant, which blocks pinching of clathrin-coated pits.
This conclusion was further bolstered by other experiments
using chlorpromazine, a compound that inhibits the formation
of clathrin-coated invaginations. Interestingly, TRPV1 has
been shown to interact with the tyrosine kinase epidermal
growth factor (EGF) receptor (EGFR), facilitating EGFR ubigq-
uitylation (40), which seems to sequester EGFR in clathrin-in-
dependent routes (41). Whether prolonged agonist exposure
mediates TRPV1 internalization by clathrin-independent
endocytosis pathways like caveolae or involves small GTPases
(RhoA, CDC-42, or ARF-6) remains to be clarified. Impor-
tantly, dynamin-independent endocytotic routes have been
described in different cell types, e.g in astrocytes, as the major
pathway that is tightly regulated by cytosolic Ca®>" concentra-
tion and rab5 (42). Moreover, a dynamin- but Ca>"-independ-
ent endocytic mechanism was described in DRG neurons. It
was promoted by high frequency or extreme physiological stim-
ulation (42).

PKA signaling seems to play a key role in synaptic plasticity
for a number of receptors and ion channels and acts not only by
direct receptor or channel phosphorylation, but also by modu-
lating channel trafficking through other means (34, 43, 44).
TRPV1 is directly sensitized by cAMP-dependent PKA activa-
tion. Thus, PKA phosphorylation of amino acid Ser-116 in
TRPV1 attenuates desensitization (tachyphylaxis) (7), and
TRPV1 is dephosphorylated upon capsaicin activation. Fur-
thermore, PKA facilitates the insertion of functional TRPV1
multimers into the plasma membrane (35). We now found in
native nociceptor cultures that PKA activation significantly
inhibited the capsaicin-induced reduction of membrane-resi-
dent TRPV1. Although this effect might also be accounted for
by an increased membrane insertion rate, we found that plasma
membrane levels of TRPV1 were not increased in nociceptors
incubated only with FSK, suggesting that indeed agonist-in-
duced internalization is inhibited. Our use of the TRPVI1-
$116D mutant revealed a direct role of receptor phosphoryla-
tion and pinpointed the targeted amino acid. Hence, similar to
other ionotropic receptors, it seems likely that PKA phospho-
rylation/dephosphorylation of TRPV1 plays a key role in spec-
ifying trafficking to or from the plasma membrane, thus con-
tributing to sensitization/desensitization of nociceptors.

In conclusion, here we have reported that agonist exposure
of DRG neurons and TRPV1-expressing cells promotes recep-
tor endocytosis and down-regulation through lysosomal degra-
dation. This process requires Ca®>" entry and appears mediated
by an endocytotic mechanism that is independent of clathrin
and can be modulated by a PKA-dependent phosphorylation of
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serine 116. Our findings lend strong support to the notion that
the analgesic activity of capsaicin and RTX is at least in part due
to reduction of TRPV1 expression in nociceptors and substan-
tiate that modulation of receptor levels at the plasma mem-
brane as a valid therapeutic strategy for pain treatment.
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