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The capsaicin receptor TRPV1 is the principal transduction channel
for nociception. Excessive TRPV1 activation causes pathological
pain. Ideal pain mangement requires selective inhibition of hyper-
active pain-sensing neurons, but sparing normal nociception. We
sought to determine whether it is possible to use activity-dependent
TRPV1 agonists to identify nerves with excessive TRPV1 activity, as
well as exploit the TRPV1 pore to deliver charged anesthetics for
neuronal silencing. We synthesized a series of permanently charged
capsaicinoids and found that one, cap-ET, efficaciously evoked
TRPV1-dependent entry of Ca?* or the large cationic dye YO-PRO-1
comparably to capsaicin, but far smaller electrical currents. Cap-ET-
induced YO-PRO-1 transport required permeation of both the ago-
nist and the dye through the TRPV1 pore and could be enhanced by
kinase activation or oxidative covalent modification. Moreover, cap-
ET reduced capsaicin-induced currents by a voltage-dependent block
of the pore. A low dose of cap-ET elicited entry of permanently
charged Na* channel blockers to effectively suppress Na* currents
in sensory neurons presensitized with oxidative chemicals. These
results implicate therapeutic potential of these unique TRPV1 ago-
nists exhibiting activity-dependent ion transport but of minimal
pain-producing risks.

activity-dependent capsaicinoids | hyperalgesia | ion permeation | selective
analgesia

Capsaicin, a small lipophilic molecule from hot chili peppers,
acts on sensory neurons by opening the TRPV1 channel.
TRPV1 is activated by noxious temperatures (>43 °C) and serves
as an integrator for major pain-producing signals (1, 2). In-
flammatory hyperalgesia is dramatically reduced in mice lacking
TRPV1 (3, 4). Besides being an attractive target for pain man-
agement, TRPV1 regulates autonomic function, such as body
temperature, blood vessel tone, and release of transmitters from
sensory nerves (5-9). TRPV1 activated by capsaicin at a con-
centration far below the pain-producing threshold triggers neu-
ropeptide release (7) and production of other second messengers
(10). In light of the complexity of TRPV1 actions in physiology,
one major challenge in developing TRPV1-based pain treatment
is to target therapeutic compounds to selectively inhibit hyper-
active nociceptive neurons while sparing nerves of normal thresh-
olds for pain detection.

Capsaicin is among the most powerful chemical agonists of
TRPV1. Being small and hydrophobic, capsaicin crosses the
plasma membrane readily to reach its intracellular ligand-binding
site on TRPV1 (11, 12), leading to channel activation and cation
permeation. TRPV1 activation rapidly depolarizes nerves to evoke
acute pain sensation and allows Ca®* entry to initiate downstream
signaling events such as neuropeptide release or production of
other second messengers. Nevertheless, TRPV1 activation facili-
tates cellular transport of organic cations such as tetraecthylammo-
nium (TEA), N-methylglucamine (NMG) (13), and the quaternary
ammonium Na* channel blocker QX-314 (14) or even larger
fluorescent organic dyes such as FM1-43 or YO-PRO-1 (15, 16).
Therefore, transmembrane cation transport in TRPV1-expressing
cells may provide an effective route for agonist-dependent delivery
of charged therapeutic molecules. The transport property coupled
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to TRPV1 activation allows application of capsaicin to load
membrane-impermeable QX-314 into primary sensory afferents to
suppress thermal nociception (14).

Selective silencing of hyperactive nociceptive neurons in pain
management requires use-dependent modulators that preferen-
tially affect aberrantly sensitized TRPV1. To develop such use-
dependent TRPV1 modulators, we synthesized chemical deriva-
tives of capsaicin (capsaicinoids) and asked whether they exhibited
activity dependence. We found several permanently charged
capsaicinoids activating TRPV1 via extracellular application, de-
spite their predicted inability to cross the plasma membrane.
Charged capsaicinoids retain substantial ability to induce Ca**
influx and to transport large cationic molecules, but evoke rather
small electric currents. Notably, activation of TRPV1 in intact cells
by such cationic capsaicinoids obligates their own entry via TRPV1
pores. This interesting pharmacokinetic property endows these
membrane impermeable water-soluble capsaicin derivatives the
potential to act as activity-dependent drugs, because these cationic
capsaicinoids will preferentially enter cells with elevated TRPV1
activity to perpetuate further increase of membrane permeability
to other therapeutic cations. Augmented permeation of large or-
ganic cations via TRPV1 sensitized by chemical messengers or
other signaling pathways during inflammation or neuropathic pain
may enable targeted delivery of cationic anesthetic compounds to
selectively tame neurons with hyperactive TRPV1.

Results

Extracellular Application of Charged Capsaicinoids Activated TRPV1.
The capsaicinoids shown in Fig. 1 were prepared by alkylation of
the potassium phenolate salts of capsaicin, as described in S/
Materials and Methods. Three hydrophilic quaternary ammo-
nium capsaicin derivatives were synthesized: capsaicin O-ethyl
(trimethylammonium) acetate (cap-ET), capsaicin O-butyl(trime-
thylammonium) acetate (cap-BT), and capsaicin O-tetraethy-
lammonium acetate (cap-ETEA) (Fig. 14). All compounds were
purified by reverse phase chromatography under conditions that
ensured their complete separation from any remaining capsai-
cin, and all showed satisfactory proton NMR and mass spectral
analysis. These three capsaicin derivatives are fully charged cat-
ionic quaternary ammonium salts, using the same functionality
that renders the cysteine-reactive reagent MTSET membrane
impermeable (17, 18). Cap-ET and cap-BT differ in the distance
of the trimethylammonium group from the vanilloid ring, whereas
cap-ETEA is a more hydrophobic triethylammonium derivative.
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Fig. 1. Charged capsaicin derivates stimulate TRPV1-dependent calcium
influx but fail to induce electrical currents. (A) Three tetraakylammonium
capsaicin derivatives bearing permanent positive charges are shown. (B)
Representative traces of normalized Ca?* signals induced by extracelluar
application of capsaicin or derived analogs. Signals were normalized to the
values from final application of a saturating dose of capsaicin. (C) Dose-
response curves of evoked Ca* signals of three capsaicin analogs are over-
laid for comparison with the parental compound capsaicin. (D) A total of 100
pM cap-ET applied directly to the cytoplamsic side of an inside-out patch
from a HEK cell expressing rat TRPV1 induced a barely detectable electric
current compared with full activation of TRPV1 by 30 pM capsaicin. The
TRPV1 current sensitized by 10 uM PAO, an oxidative chemical that poten-
tiates the receptor, exhibited a recordable but small current activated by
100 pM cap-ET.

On the basis of water/octanol partitioning, cap-ET is over 300-fold
more hydrophilic than capsaicin (Table S1).

When applied extracellularly, capsaicin readily crosses the
plasma membrane to reach its intracellular ligand-binding site
on TRPV1 to activate the receptor to prompt a large intracellular
Ca®" rise, evidenced by a robust fluorescent signal in ratiometric
fura-2 imaging (Fig. 1B). We predicted that extracellular applica-
tion of permanently charged capsaicinoids would fail to activate
TRPV1, because the agonists would fail to access intracellular
vanilloid binding sites. Surprisingly, extracellular application of
cap-ET, cap-BT, or cap-ETEA still effectively raised intracellular
Ca** levels (Fig. 1B). The activation is absolutely extracellular
Ca®* dependent, with cap-ET being the most potent and effica-
cious among the three (Fig. 1C and Figs. Sland S2). Comparable
to previous studies, alkylation of capsaicin at the phenolic oxygen
reduces the potency of these compounds relative to capsaicin (19):
cellular responses evoked by charged TRPV1 agonists exhibited
much slower kinetics even when these agonists were applied at
several orders of magnitude higher concentration than capsaicin.
Direct application of cap-ET to excised inside-out membrane
patches from HEK cells, in contrast, opened TRPV1 with no delay
by electrophysiological measurements (Fig. 1D and Fig. S3).
However, ionic currents evoked by 100 pM cap-ET were much
smaller than those by capsaicin (Icappr/lcap = 1.1 + 0.3% at
—60 mV, n = 11) even under recording conditions in which no
receptor desensitization occurs. The low efficacy of cap-ET to in-
duce currents persisted even for TRPV1 maximally sensitized by
phenylarsine oxide (PAO), a cysteine-reacting chemical mimicking
cellular oxidative stress (Icap-er/lcap = 3.0 £ 0.9% at —60 mV, n =
6, after a 5-min PAO sensitization, Fig. 1D) (20). Slow activation
kinetics of cationic capsaicin analogs in Ca?* imaging is, therefore,
not a trivial outcome of reduced potency or efficacy of charged
capsaicinoids, but more likely a consequence of delayed access of
these agonists to their intracellular ligand binding sites. Even
though the permanently charged capsaicinoids have dramatically
reduced hydrophobicity, which is generally considered to be im-
portant for agonist efficacy of TRPV1 ligands (19, 21, 22), their

8498 | www.pnas.org/cgi/doi/10.1073/pnas.1018550108

successful activation of TRPV1 predicts sufficient cellular bio-
availability, therefore, potential therapeutic usefulness of these
compounds.

The ability of permanently charged capsaicinoids to access
the intracellular ligand-binding site via extracellular application
raises the question of how these charged molecules cross bio-
logical membranes. Carrying the same positive tetraalkylammo-
nium groups that severely impaired membrane permeability when
attached to methanesulfonate (MTS) reagents, these synthetic
cationic capsaicinoids cannot cross the lipid bilayer efficiently
by passive diffusion. We thus consider two other alternative en-
try pathways: active transport across the bilayer or permeation
through the channel pore.

Capsaicin-Induced Cellular YO-PRO-1 Entry Is a Consequence of
YO-PRO-1 Permeation Through the TRPV1 Pore. The TRPV1 pore
is nonselective enough to allow the passage of structurally un-
related organic cations including TEA and NMG (13). Capsaicin
activation of TRPV1 was noted to elicit cellular entry of even
larger cationic molecules including the quaternary ammonium
Na™ channel blocker QX-314 (14), the biscationic styryl dye FM1-
43 (15), and the di-cyanine dye YO-PRO-1 (16). It is conceivable
that charged capsaicinoids of comparable molecular weights may
enter TRPV1-expressing cells via the same mechanism for trans-
port of other organic cations. We thus used YO-PRO-1 as a re-
porter to elucidate the general mechanism of TRPVI1-agonist
dependent organic cation transport. YO-PRO-1 entered cyto-
plasm of TRPV1-expressing cells upon agonist treatment, whereas
control cells without TRPV1 showed little YO-PRO-1 accumula-
tion (Fig. 2 A and B and Movie S1 and Fig. S4). Receptor activa-
tion is essential because capsaicin failed to elicit YO-PRO-1
transport in HEK cells expressing rTRPV1 Y511A (Fig. S4).
Capsaicin-induced YO-PRO-1 fluorescence developed much
slower compared with Ca* transients as expected from a larger
molecular size of YO-PRO-1.

We tested whether the TRP channel pore blocker ruthenium
red (RR, 10 pM) inhibits YO-PRO-1 transport and found that
RR effectively suppressed YO-PRO-1 entry (Fig. 2C). We then
pretreated TRPV1-expressing cells with 50 pM capsaicin for 1 h
and found that they could efficiently take up YO-PRO-1 even
without concurrent presence of extracellular capsaicin afterward
(Fig. 2C). In contrast, application of 10 pM RR following pre-
treatment with capsaicin for 1 h caused an immediate and strong
inhibition of YO-PRO-1 transport afterward. An open TRPV1
pore rather than an unrelated transporter activated downstream
of the TRPV1 signaling pathway appears to be the major de-
terminant for the cellular transport of large organic cations. This
predicts that cells pretreated with both 50 uM capsaicin and
TRPV1 blockers should resume YO-PRO-1 transport as soon as
the blocker is removed. Ruthenium red, however, has a relative
high affinity to TRPV1; RR cannot be effectively washed out to
reverse the inhibition. We hence used Ba®*, a divalent ion that is
more reversible but still effectively blocks YO-PRO-1 transport,
to test whether the reversal of TRPV1 pore block restored per-
meation of large organic cations. Preincubation of cells in 50 pM
capsaicin and 200 pM Ba®* blocked subsequent YO-PRO-1
transport. Inhibition of transport could be partially reversed by
removing Ba®* from the extracellular solution and almost com-
pletely recovered by incubating the cells pretreated with capsaicin
and Ba** in the chelator EGTA (Fig. 2D). We conclude that Ba**
functions as a blocker within the TRPV1 pore to hinder YO-
PRO-1 transport via the permeation pathway. We also recorded
a reversible block of capsaicin-evoked TRPV1 currents by YO-
PRO-1, further suggesting a direct interaction of this dye with
the pore (Fig. 2E). Agonist-dependent transport of large organic
cations in TRPV1-expressing cells is mediated by their perme-
ation through the channel pore, which could be the mechanism
used by charged capsaicinoids for cellular entry.
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Fig. 2. Capsaicin opensthe TRPV1 pore to facilitate cellular entry of YO-PRO-
1. (A) 1 pM capsaicin induced YO-PRO-1 uptake in rat TRPV1-expressing cells.
(B) The fluorescent signals were quantified with plate-reader assays. TRPV1-
dependent fluorescent signals, indicating YO-PRO-1 entry, were concentra-
tion dependent. (C) Application of the TRPV1 pore blocker ruthenium red
(RR, 10 pM) suppressed capsaicin-mediated YO-PRO-1 uptake (Upper, gray
trace). To test the time dependence of ruthenium red block, cells were pre-
incubated in capsaicin for 2 h and then the agonist was removed before the
subsequent YO-PRO-1 uptake experiments. Ruthenium red (10 pM), when
applied concurrently with YO-PRO-1, quickly and effectively blocked the
uptake (comparing the two black traces in the chart). (D) Pretreatment with
200 uM Ba?* also blocked capsaicin-induced YO-PRO-1 uptake (72.1 + 0.7%
block, n = 3 wells). Ba®* effects could be completely reversed (94.7 + 3.4%
recovery, n = 3 wells) by coapplying 1 mM EGTA, a chelator for this divalent
cation, with YO-PRO-1. (E) 5 pM YO-PRO-1 reversibly blocked TRPV1 currents
evoked by 10 pM capsaicin in an inside-out patch. The i-V plot shows a weak
voltage dependence of YO-PRO-1 block.

Cap-ET Crosses the TRPV1 Pore to Reach Cytoplasm for TRPV1
Activation. We then asked whether extracellular application of
permanently charged capsaicinoids could activate TRPV1 to
facilitate YO-PRO-1 transport. All three charged capsaicinoids
have considerable efficacies but show even slower kinetics
compared with capsaicin (Fig. 3 and Fig. S5). Because cap-ET
itself is a cation as large as YO-PRO-1, this charged capsaicinoid
may enter cells by crossing the TRPV1 channel pore and then
bind to its intracellular vanilloid-binding site to further increase
channel opening. We preincubated TRPV1-expressing cells in
cap-ET for 2 h to allow its accumulation inside cells, then re-
moved cap-ET and added 5 pM YO-PRO-1 extracellularly. Pre-
incubation of cap-ET enabled TRPV1-expressing cells to transport
YO-PRO-1 as effectively and more swiftly: The kinetics of YO-
PRO-1 fluorescence in cap-ET pretreated cells were much faster
than cells without pretreatment (5.37 + 0.99-fold decrease of ¢,
to maximal fluorescence, compared with 1.14 + 0.04-fold in
capsaicin treated wells, n = 3 for each group, P = 0.017, Fig. 44),
even though no extracellular cap-ET was given during the phase
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of the YO-PRO-1 transport experiment. This result implies that
cap-ET had been accumulated inside the cells to activate TRPV1
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predicted that coapplication of Ba*>" during the preincubation
phase of cap-ET should effectively block permeation of this li-
gand and the consequent TRPV1 activation, thereby ablating
YO-PRO-1 entry in the next step of experiments. Indeed, we
observed that cells pretreated with cap-ET in the presence of
200 pM Ba?* exhibited drastic reduction of YO-PRO-1 trans-
port afterward, whether 1 mM EGTA was provided during the
transport experiments or not (Fig. 4B). Coapplication of Ba**
during preincubation of cap-ET hindered its own transport so
much that an insufficient amount of agonist was accumulated
inside cells. Taken together, these data indicate that charged
capsaicinoids permeate the TRPV1 pore to access the intracel-
lular capsaicin-binding site. Activity-dependent entry of TRPV1
agonists via the channel pore might establish a positive feed-
back loop to sustain a long-lasting influx of YO-PRO-1 or other
therapeutic organic cations, even for an agonist that activates
electric currents poorly.

Transport of cap-ET via the channel pore suggests that this
charged capsaicinoid should also reduce TRPVI1 current by
a pore blocking mechanism, in addition to its gating effect. Direct
application of cap-ET alone to the cytoplasmic surface of an
excised membrane patch induced rather small TRPV1 currents
that exhibited a voltage-dependent pore block. To more accu-
rately measure the extent of pore block by cap-ET, we used
capsaicin to activate the receptor (Fig. 5). A saturating concen-
tration of capsaicin robustly activated TRPV1 currents even in
the presence of cap-ET, supporting the notion that capsaicin does
interact with higher affinity to the vanilloid-binding site than cap-
ET. Coapplied cap-ET exerted a substantial pore block with
strong voltage dependence, whether cap-ET was administered to
the extracellular or the intracellular side. Given that cytoplasmic
cap-ET only suppressed outward capsaicin-evoked TRPV1 cur-
rents, the inability of internal cap-ET to effectively activate

external block internal block

20nA 10nA
100 ms 100 ms

| +100 mV +100 mV

== 30 uM Capsaicin +100 uM Cap-ET

Fig. 5. Cap-ET blocks TRPV1 pore in a voltage-dependent manner. Traces
from capsaicin-induced currents in the absence (gray) or the presence (black)
of cap-ET were displayed to demonstrate cap-ET block of capsaicin-induced
TRPV1 currents. A total of 100 pM cap-ET, when coapplied with 30 pM
capsaicin, exhibited a strong voltage-dependent block from either outside
(Left) or inside (Right). Cap-ET block was incomplete in either case. I-V curves
were generated by normalizing the current amplitude at each voltage to the
maximal TRPV1 current activated by 30 pM capsaicin at +100 mV.
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TRPV1 currents in the negative voltage range must result from
its low intrinsic efficacy. The voltage-dependent pore block by
extracellular cap-ET may further reduce any inward TRPV1
currents. The residual ionic currents at extreme membrane
potentials suggested that cap-ET block does not completely oc-
clude the pore. These observations are mostly consistent with the
idea that cap-ET, albeit a TRPV1 blocker, can still permeate an
open TRPV1 pore, provided that there is sufficient driving force.

TRPV1 Sensitization Augments cap-ET-Induced Cation Transport. In
many disease conditions, particularly the inflammatory states,
TRPV1 becomes hypersensitized and triggers excessive pain. An
agonist with the potential to stimulate activity-dependent thera-
peutic molecule transport will be most useful if it also exhibits
a parallel increase of potency or efficacy for sensitized versus
normal TRPV1. Protein kinase C activation (23-26) and oxida-
tive modification (20, 27, 28) are major biochemical pathways
that enhance TRPV1 sensitivity to chemical agonists. PDBu and
PAO, chemical activators stimulating PKC or mimicking cellular
oxidation, respectively, could elicit TRPV1-dependent intra-
cellular Ca®* rise (20, 29). They also dramatically shifted dose—
response curves of agonist-evoked YO-PRO-1 entry leftward
(Fig. 6 A and B and Fig. S6).

We therefore tested whether cap-ET could present a pro-
totype of TRPV1 agonists with therapeutic potential due to their
preferential targeting of pathologically sensitized sensory nerves
during inflammation or oxidative injuries. We recorded an ef-
fective reduction of voltage-gated Na™ currents by brief extra-
cellular application of QX-314 in PAO-sensitized neurons
pretreated with 10 or 50 uM cap-ET, whereas Na* current
densities from neurons treated with either PAO or cap-ET alone
were comparable to cells not exposed to QX-314 (Fig. 6C).
Taken together, TRPV1 sensitization could allow one to exploit
this ion channel as the permeation pathway to deliver membrane
impermeable local anesthetics preferentially into hyperactive
nociceptors to suppress their electrical activity.

Discussion

The identification of TRPV1 has facilitated the development of
novel analgesics (30, 31). However, most lead compounds de-
veloped for treating pain are TRPV1 antagonists that suppress
channel activity without discriminating between normal and hy-
peractive TRPV1. Alternatively, a permeation pathway for large
organic ions coupled to ligand-gated channel activity, similar to
that of ionotropic purinergic P2X receptors (32-34), represents
an attractive conduit to introduce charged therapeutics into
cytoplasms of select neuronal populations. For example, the
mustard oil receptor TRPAL1 responds to allyl-isothiocyanate to
mediate YO-PRO-1 transport (35, 36). Moreover, anionic trans-
mitters ATP or GABA can pass pores of pannexin or bestrophin,
respectively, underlying nonvesicular release of autocrine or
paracrine factors in synapses (37-41). Analogously, the remark-
able permeability of the TRPV1 pore presents a novel route for
delivery of membrane impermeable local anesthetics selectively
into pain sensing neurons (14).

Regardless of approach, pain alleviation strategies exploiting
TRPV1 pharmacology still face two major issues: specificity and
side effects. Both are related to the electrical excitation of sensory
nerves downstream of TRPV1 activation. Indiscriminate sup-
pression of all TRPV1 by receptor antagonists or TRPV1 blockers
cripples its protective role in alarming imminent or existing tissue
damage. It is therefore advantageous to search for TRPV1 mod-
ulators that display activity-dependent efficacy. The strategy of
coadministering capsaicin or strong TRPV1 agonists with mem-
brane impermeable QX-314 to deliver local anesthetics into nerve
terminals to reduce pain cannot bypass initial electric excitation-
induced pain before sufficient accumulation of this Na* channel
blocker to suppress action potentials; one cannot ease pain with-
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Fig. 6. PKC activation and receptor oxidation enhanced cap-ET-evoked
cation entry. (A and B) Treatment of TRPV 1-expressing cells with 1 uM PDBu or
10 uM PAO increased the potency of capsaicin or cap-ET for YO-PRO-1 uptake.
(C) Cap-ET evoked substantial QX-314 entry in PAO sensitized neurons (filled
circles) to reduce the current density of voltage-gated Na* channels compared
with control groups (open circles) that showed no suppression (number of
recordings indicated in parentheses, P < 0.001, Mann-Whitney test). Repre-
sentative traces of Na* currents at =70, —10, and +20 mV from the medians of
the uninhibited and inhibited groups are shown at the Top of panel C.

out eliciting it first. Besides high specificity and selectivity, an ideal
TRPV1 agonist used for stimulating pore-mediated transport of
therapeutic organic cations should also retain the ability to acti-
vate chemical signals downstream of receptors, but cause little
electrical excitation.

In this study, we demonstrate the possibility of designing
TRPV1 drugs with these properties. Simple chemical modifica-
tion of the highly effective TRPV1 ligand capsaicin yields charged
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membrane-impermeable analogs. TRPV1 channels challenged
with charged capsaicin derivatives exhibit a dramatic reduction of
electrical current but preserve the ability to evoke Ca®* transients
and to transport large cationic molecules. Most importantly, the
efficacies of some charged analogs could approach that of cap-
saicin for Ca®* signaling and cation transport. The special phar-
macological property of these cationic capsaicin derivatives is
a consequence of their permeation through TRPV1: the receptor
ligand goes through the ion channel pore to directly access its
own binding site. An activity-dependent permeation pathway can
potentially permit sustained entry of externally applied charged
capsaicinoids and Na™ channel blockers preferentially into hy-
peractive neurons without causing excessive electrical excitation.

Although an open TRPV1 pore is reported to be wide enough to
accommodate large cations (13, 15, 16), the relative contribution
of permeation through the TRPV1 pore as a cellular transport
pathway of large cationic molecules has not been fully determined.
Our electrophysiological data provided direct evidence that YO-
PRO-1 and cap-ET do interact with the TRPV1 ion permeation
pathway. Two pore blockers, RR and Ba**, could also effectively
suppress capsaicin-mediated YO-PRO-1 uptake. Both the rapid
onset of RR block on capsaicin pretreated cells and the reversal
of Ba®* inhibition by its removal or EGTA chelation suggest that
the TRPV1 pore itself is the major entry pathway for YO-PRO-1
into the cell.

Cap-ET and related analogs have limited permeability across
the lipid bilayer. Even if these ligands may enter cells via TRPV1
pores, one might question how these hydrophilic agonists could
enter cells initially. Given that relative permeability of small metal
ions for activated TRPV1 is dependent on modes of channel ac-
tivation (2, 42), chemical modulators might activate specific modes
of TRPV1 opening and cause a rapid change of relative perme-
ability of large organic cations (16). Such dynamic permeability
change could not have happened before agonist application, that
is, for hydrophilic cap-ET at starting time points of our YO-PRO-1
transport experiments. It is more likely that initial cap-ET entry
was due to a sufficient basal channel activity of TRPV1 at room
temperature (43-45).

Although crystallographic data are not currently available to
depict how organic cations permeate the TRPV1 pore, large ions
may pass the channel using a similar principle as adopted by the
more selective K* channels. That is, the entire permeation path-
way may simultaneously accommodate multiple cations, which
create local electrostatic interactions among different or the same
species of cations (46, 47). Charged capsaicinoids possess ali-
phatic tails that might mediate hydrophobic interaction with the
nonpolar residues lining the pore also. Multiple ion bindings in
the channel pore and hydrophobic interaction of aliphatic tails of
charged capsaicinoids with other regions of the pore may collec-
tively contribute to the permeation of cap-ET through TRPV1
channels. Further analysis will be required to delegate the con-
tribution of each of these factors in the permeation of a charged
capsaicinoid through TRPV1.

The charged capsaicinoids we synthesized are all partial ago-
nists. The relative reduction in efficacy, however, is assay de-
pendent. The remarkable permeability of TRPV1 to Ca®* and
receptor reserve may well be sufficient for a low efficacy agonist
like cap-ET to elicit substantial Ca®* rise to induce an effec-
tor response. The observation of a markedly reduced efficacy of
cap-ET in electrophysiological studies compared with that in YO-
PRO-1 transport experiments was, however, somewhat unanti-
cipated. It is worth noting that the ability of TRPV1 ligands to
cause electrical excitation depends critically on the Na™ influx per
second. In contrast, Ca>* entry and YO-PRO-1 transport reflect
the capacity of TRPV1 channels to serve as hydrophilic perme-
ation pathways to allow gradual accumulation of cations inside
cells over a long period. The relatively inefficient coupling to
electrical currents suggests an intriguing possibility to apply a
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chemical agonist with a pharmacological profile similar to cap-ET
to manage pain. In contrast with capsaicin that causes substantial
initial irritation, cap-ET will have reduced risk to evoke pain.
Despite the fact that cap-ET might still accumulate over a pro-
longed period to cause indiscriminate increase of membrane
permeability even in nonsensitized nociceptors, our neuronal data
suggested that cap-ET can distinguish sensitized versus non-
sensitized neurons if applied within an appropriate therapeutic
window. Charged capsaicinoids can also trigger Ca2+-dependent
desensitization, which may also blunt TRPV1’s ability to translate
pain-producing stimuli into electric excitation. Moreover, extra-
cellular cap-ET can block the inward current mediated by a
strong pain-producing chemical like capsaicin. Unlike partial
agonists generally exhibiting compromise in all downstream sig-
naling pathways coupled to receptors, these charged synthetic
ligands reveal an alternative and unconventional avenue for ag-
onist design. Their activity dependence for cellular entry and
differential alteration of agonistic efficacy highlights the possi-
bility to further engineer existing TRPV1 ligands into ideal anal-
gesics that can reduce pain arising from electrical activity without
impairing signaling critical for other TRPV1 functions.

Materials and Methods

Ca®* Imaging. HEK293 cells were loaded with 5 yM Fura-2 AM and 0.01%
pluronic acid in Ca* imaging buffer for 3 h. The imaging solution contained
8.5 mM Hepes, 140 mM Nadl, 3.4 mM KCl, 1.7 mM MgCl,, and 1 mM CaCl,, pH
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to 7.4 with NaOH. A 2x solution containing different concentrations of cap-
saicin and capsaicin analogs was pipetted into individual wells for agonist de-
livery. The images were acquired every 2 s for capsaicin and every 5 s for
synthetic analogs. The plots displayed mean + SEM values of F340/F380 (150-ms
exposure time for each wavelength) ratios from fields containing 180-400 cells.

YO-PRO-1 Imaging. Cells were plated in 96-well plates to near confluence.
Images were acquired at a rate of 1 frame per 15s. The fields were illuminated
for 2 s for each frame. The fluorescent intensity was measured at the emission
wavelength of 510/20 nm. A 2x concentration of agonists and 10 pM YO-
PRO-1 were mixed and added at equal volume to a bath solution with the
same electrolyte composition except omitting CaCl,.

Plate-Reader Assays. TRPV1 cell lines were passed into 96-well plates, grown to
confluence, and assayed in a physiological Ringer solution. A total of 50 uL of
solution as used for YO-PRO-1 imaging with agonists of various concen-
trations was added to each well. Fluorescence intensity (485-nm excitation,
516-nm emission) was monitored by Multidetection Microplate Reader (Bio-
Tek). For normalization, we fixed cells by 5% PFA at the end of experiments
and counted total fluorescence from each well after adding digitonin solu-
tion (Assay Designs) with 5 uM YO-PRO-1.
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