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Transient receptor potential vanilloid-1 (TRPV1) antagonists are widely viewed as next-generation pain therapeutics. However, these
compounds cause hyperthermia, a serious side effect. TRPV1 antagonists differentially block three modes of TRPV1 activation: by heat,
protons, and chemical ligands (e.g., capsaicin). We asked what combination of potencies in these three modes of TRPV1 activation
corresponds to the lowest potency of a TRPV1 antagonist to cause hyperthermia. We studied hyperthermic responses of rats, mice, and
guinea pigs to eight TRPV1 antagonists with different pharmacological profiles and used mathematical modeling to find a relative
contribution of the blockade of each activation mode to the development of hyperthermia. We found that the hyperthermic effect has the
highest sensitivity to the extent of TRPV1blockade in the proton mode (0.43 to 0.65) with no to moderate sensitivity in the capsaicin mode
(—0.01 to 0.34) and no sensitivity in the heat mode (0.00 to 0.01). We conclude that hyperthermia-free TRPV1 antagonists do not block
TRPV1 activation by protons, even if they are potent blockers of the heat mode, and that decreasing the potency to block the capsaicin

mode may further decrease the potency to cause hyperthermia.

Introduction

The transient receptor potential vanilloid-1 (TRPV1) channel is
abundant in primary afferent neurons innervating both the skin
and the internal organs (Caterina et al., 1997; Sugiura et al.,
2007). The TRPV1 channel can be activated through three main
mechanisms: by heat, protons, and chemical ligands such as cap-
saicin (CAP) (Caterina et al., 1997; Jordt et al., 2000). Because
blocking the TRPV1 channel causes analgesia in several animal
models (Gavva et al., 2005; Ghilardi et al., 2005; Honore et al.,
2009), TRPV1 antagonists are widely viewed as next-generation
pain therapeutics (for review, see Romanovsky et al., 2009).
However, many new, highly selective TRPV1 antagonists of dif-
ferent chemotypes cause hyperthermia, an undesired, on-target
side effect, in laboratory animals (Gavva et al., 2007a,b, 2008;
Steiner et al., 2007; Lehto et al., 2008; Honore et al., 2009) and
human patients (Gavva et al., 2008). Of several strategies pro-
posed to overcome this side effect, one is based on the assumption
that the potency of an antagonist to cause hyperthermia may
correlate with its potency to block a certain mode (or modes) of
TRPV1 activation (for review, see Romanovsky et al., 2009). For
example, Lehto et al. (2008) have found that several doses of
AMGS8562, an antagonist that potentiates proton activation of
the rat TRPV1 in vitro, do not cause hyperthermia (but cause
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hypothermia) in rats. However, to what extent the ability of an an-
tagonist to block TRPV1 activation in each mode (viz., by heat, pro-
tons, or CAP) contributes to the hyperthermic response is unknown,
and a general rule for identifying hyperthermia-free TRPV1 antag-
onists based on standard activity tests in vitro does not exist.

Finding quantitative contributions of the blockade of each
mode of TRPV1 activation to the hyperthermic response was the
aim of the present study. The study consisted of a series of phar-
macological experiments, a comparative physiology analysis, and
mathematical modeling. In the pharmacological experiments, we
studied eight TRPV1 antagonists with different potencies to
block the activation of the rat TRPV1 channel by heat, protons,
and CAP (Table 1). We established dose—response curves for the
hyperthermic effect of these drugs and analyzed these curves
graphically to compare the potency of TRPV1 antagonists to
cause hyperthermia with their potency to block TRPV1 activa-
tion in each mode. In the comparative analysis, we studied the
thermal effect of the same TRPV1 antagonist (capsazepine, CPZ)
in two mammalian species with different TRPV1 channels: rats
and guinea pigs. CPZ is reasonably potent in inhibiting the pro-
ton activation of TRPV1 in guinea pigs (Savidge et al., 2002), but
not in rats (Gavva et al., 2005). Finally, we developed a mathe-
matical model and fit the data obtained in the pharmacological
experiments into the model to determine quantitative contributions
of different modes of TRPV1 activation to TRPV1 antagonist-
induced hyperthermia.

Materials and Methods

Animals. One hundred ninety-four adult male Wistar rats (Harlan), 15
adult male mice with or without a homozygous targeted null mutation of
the TrpvI gene (Trpvl '~ and Trpvl /", respectively) (Amgen colony at
Charles River Laboratories), and 14 adult male guinea pigs (Charles River
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Table 1. TRPV1 antagonists: their potencies to block the activation of the rat TRPV1 channel in different modes

ICs, (nw) for activation modes

Name, company  IUPACname Structure CAP (500 nm) pH (5.0) Heat (45°C)  Reference
AMG0347, (2E)-N-(7-Hydroxy-5,6,7 8-tetrahydro-1- OH 0701 08*+03 02=x01 Steineretal. (2007)
Amgen naphthalenyl)-3-(2-(1-piperidinyl)-6- F5C _
(trifluoro-methyl)-3-pyridinyl)-2- | H
propenamide Nx e N
O
AMG517, N-(4-((6-(4-(Trifluoro-methyl)phenyl)-4- E NHAc 1.0 x£0.7 05*x0.2 1507 Gavwaetal (2007b)
Amgen pyrimidinyl)oxy)-1,3-benzothiazol-2- 3C Nr:<
yl)-acetamide 0 S
7]
Ny N
AMG8163, tert-Butyl (2-(6-((2-(acetylamino)-1,3- NHAc 0.6 =03 06=*+03 02=*01 Gawaetal. (2007a);
Amgen benzothiazol-4-yl)oxy)-4-pyrimidinyl)- FsC N% Lehto etal. (2008)
5-(trifluoromethyl)phenyl)-carbamate 0 S
=
|
BocHN Ny N
A-425619, 1-(5-Isoquinolinyl)-3-(4-(trifluorom- o] 10£2 13+27 58*+4  Gawaetal. (2007a)
Abbott ethyl)- benzyl)-urea
y)-benzy) IS
H
| s CF;
N =
AMG9810, (2E)-3-(4-tert-Butyl-phenyl)-N-(2,3- H le) 79*9 39+66 9=*1 Gavva et al. (2007a)
Amgen dihydro-1,4-benzodioxin-6-yl)-2- N 3
propenamide 4 o)
@]
Y421, N-(4-((((4-tert-Butyl-benzyl)carbamo- S 8 >4000 >4000  Gavvaetal.(2007a)
Schwarz thioyl)-amino)methyl)-2-fluoro-phe- F J\
Pharma nyl)methanesulfon-amide 0. ,0 N™ "N
g’ H H
-~ “N
H
SB-366791, (2E)-3-(4-Chlorophenyl)-N-(3-methoxy- cl H 0 547 =231 >40000  >40000  Gavvaetal. (2005)
GlaxoSK phenyl)-acrylamide \©\/\WN\©/ =
=
0O
(Pz, N-(2-(4-Chlorophenyl)ethyl)-1,3,4,5- Cl 887 =340 >40000 6.0 =29 Gawaetal. (2005)
Sandoz tetrahydro-7,8-dihydroxy-2H-2- S (324 = 41) (355 =25) (<C1000)  Savidgeetal.
benzazepine-2-carbothioamide HO NJ\N (2002)°
L
HO

“This value was measured at a pH of 5.5 (no inhibition occurred at 5.0). °For comparison, the ICs, values for guinea pig TRPV1 are shown in parentheses (measured at a CAP concentration of 100 nw, pH of 5.5, and temperature of 50°C).

Laboratories) were housed individually at a 12 h light/dark cycle (lights
on at 6:00 A.M.). Standard rodent chow and tap water were available ad
libitum. All animals were extensively habituated to experimental setups.
All protocols were approved by the St. Joseph’s Hospital Animal Care and
Use Committee.

Surgeries. For drug delivery, each rat or guinea pig was implanted with
an intravenous catheter, and each mouse with an intraperitoneal cathe-
ter. During the same surgery, each guinea pig and mouse was also im-
planted with a miniature datalogger (Subcue Dataloggers) for recording
abdominal temperature. All procedures involved have been described
previously (Rudaya et al., 2005; Steiner et al., 2007, 2009).

Experimental setups. Pharmacological experiments in rats were con-
ducted in a thermocouple thermometry setup (Steiner et al., 2007), where
colonic (T,) and tail skin temperatures were recorded with copper-
constantan thermocouples fed into a datalogger (Cole-Parmer). T, was used
as a measure of deep body temperature; skin temperature was used to calcu-
late the heat loss index, a measure of the tone of tail skin vasculature (see
supplemental Materials and Methods, available at www.jneurosci.org as
supplemental material). A separate series of experiments was conducted in a

respirometry setup (Steiner et al., 2007), where, in addition to the two tem-
peratures, the rate of oxygen consumption (measure of thermogenesis) was
recorded by a multichannel respirometer (Sable Systems). In either setup,
the rats were loosely restrained with individual confiners and kept inside a
climatic chamber (model 3940; Forma Scientific). Unrestrained mice
(each in its home cage) and restrained guinea pigs were used in the
same climatic chamber; the abdominal temperature was recorded
with Subcue dataloggers, and no thermoeffector activity was moni-
tored. The exteriorized end of an intravenous or intraperitoneal cath-
eter was connected to a syringe filled with a drug of interest and placed
in an infusion pump (Stoelting), thus allowing the drug to be admin-
istered without disturbing the animal. Experiments in each species
were conducted under their thermoneutral conditions (Romanovsky
et al., 2002) verified by infrared thermography for each setup.

Drugs. The TRPV1 antagonists used (Table 1) were synthesized by
Amgen. Six different vehicles were used to deliver these compounds; the
total number of treatments (different doses of antagonists and vehicles)
studied was 49 (supplemental Materials and Methods, available at www.
jneurosci.org as supplemental material).
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A Heat B protons Ccar supplemental material). We also studied
the response to the same dose of AMG517
AMG0347 H*M_. "M M (but administered intraperitoneally) in
AMG517 H_,,("H H“‘"-H H_yr"H Trpvl ~'~ mice. Whereas the hyperther-
mic response of Trpvl /" mice to
AMEE103 w w m AMG517pwas similar topthat ofrats (0.7 =
A-425619 e e e 0.3°C, p < 0.0001), Trpvl ~'~ mice were
AMG810 M ‘M M thermally insensitive to AMG517 (supple-
mental Fig. 1C, available at www.

JyL1421 . . .
H—‘*’*\.‘ H"‘N\-, H‘*\.‘ jneurosci.org as supplemental material).
SB-366791 4 4 4 H Hence, AMG517 is the second TRPV1 an-
CPZ s + 4 200°C x min tagonist shown to cause hyperthermia by
LR T R A R T T S R T SERRTRT R acting on the TRPV1 channel. That
24 20 24 2 2m 20 24 22 2 2 TRPV1 antagonist-induced hyperthermia
AMG0347-equivalent dose (nmolkg) is an on-target effect was first shown for

AMGO0347 (Steiner et al., 2007).
Figure1. Thedose dependence of the hyperthermiceffect H of TRPV1 antagonists. A-C, Doses of each antagonist are expressed

as doses of AMG0347 needed to equipotently block TRPV1 activation in the heat (4), proton (B), or CAP (€) mode (see Materials and
Methods, Data processing and analysis). If the potency of TRPV1 antagonists to cause hyperthermiais determined by their potency
to block a certain mode of TRPV1 activation, the panel corresponding to this mode of activation should have all red symbols located

on the red background, and all blue symbols on the blue background.

Data processing and analysis. The data processing algorithm for body
temperature data is depicted in supplemental Figure 1 (available at www.
jneurosci.org as supplemental material) using the response to AMG517
as an example. Individual T curves and effector responses to AMG517
(256 nmol/kg) or its vehicle are shown in supplemental Figure 1 A (avail-
able at www.jneurosci.org as supplemental material). From individual T,
curves, a mean (=SE) T, curve was calculated for each dose of AMG517
and for its vehicle. The mean T curve for the response to the vehicle was
then subtracted from the mean T curve for the response to each dose of
AMGS517, as shown for the 256 nmol/kg dose administered to rats (sup-
plemental Fig. 1B, available at www.jneurosci.org as supplemental ma-
terial). Each mean T_ difference curve was then integrated over 0—180
min to give a hyperthermic response H value (°C X min), and the H
values were used to determine the dose dependence of the hyperthermic
response to AMG517 (supplemental Fig. 1 D, available at www.jneurosci.
org as supplemental material). The H values for all antagonists used are
reported in supplemental Table 1 (available at www.jneurosci.org as sup-
plemental material). The deep body temperature and effector responses
were compared by two-way ANOVA with post hoc comparisons (Statis-
tica AX’99, Statsoft).

To quantify the contributions of the blockade of each mode of TRPV1
activation to the hyperthermic effect, the H values were fit into a math-
ematical model (see supplemental Model, available at www.jneurosci.org
as supplemental material). The model used a sigmoid nonlinearity to
describe the dependence of the hyperthermic response H on the dose of
an antagonist and expressed the interaction among the three modes of
TRPV1 activation as a weighted sum, where each weight was propor-
tional to the relative sensitivity k of the response H to the extent of TRPV1
blockade in the corresponding mode. After the k values for all modes
were found, they were subjected to a statistical analysis using a Monte-
Carlo simulation technique.

Results

Pharmacological experiments: AMG517 causes an on-target
hyperthermic effect

The thermoregulatory effect of AMG517, the antagonist used
in clinical trials (Gavva et al., 2008), was characterized in more
detail. In rats, AMG517 caused dose-dependent hyperthermia
at doses >16 nmol/kg, with a saturation of the response occurring at
doses >256 nmol/kg (supplemental Fig. 1D, available at www.
jneurosci.org as supplemental material). At 256 nmol/kg, AMG517
caused a moderate increase in T, (0.7 = 0.1°C, p < 0.0001) pre-
ceded by tail skin vasoconstriction and activation of thermogen-
esis (supplemental Fig. 1B, C, available at www.jneurosci.org as

Pharmacological experiments:
antagonism of proton activation is
important for the development

of hyperthermia

As in the past (Steiner et al., 2007),
AMGO0347 caused hyperthermia at 32-512 nmol/kg. AMG8163,
A-425619, and AMG9810 caused hyperthermia in the following
dose ranges: 64-1024, 1024—8192, and 32,768-131,072 nmol/
kg, respectively. SB-366791 and CPZ were administered each at
the highest feasible dose (32,768 and 65,536 nmol/kg, respec-
tively) and caused no significant changes in T in rats. In agree-
ment with previous studies (Suh et al., 2003; Gavva et al., 2007a),
JYL1421 was thermally ineffective in a wide dose range (1024 —
32,768 nmol/kg). However, at higher doses, JYL1421 caused hy-
pothermia, which is a novel observation.

The values of the temperature response H determined in the
pharmacological experiments (supplemental Table 1, available at
www.jneurosci.org as supplemental material) were analyzed
graphically to find whether the potency of TRPV1 antagonists to
cause hyperthermia in vivo better corresponds to their potency to
block TRPV1 activation by heat (Fig. 1 A), protons (Fig. 1B), or
CAP (Fig. 1C) in vitro. Doses of each antagonist were expressed as
doses of AMGO0347 (the antagonist most studied by our group)
needed to equipotently block TRPV1 activation in the corre-
sponding mode. For this, each dose of each antagonist was
multiplied by a ratio between the IC,, value for AMGO0347 (nu-
merator) and the ICs, value for the antagonist of interest (de-
nominator) in the same activation mode. All IC;, values used
were determined in our recent studies (Table 1). In each panel,
the dose range at which AMG0347 caused hyperthermia is shown
in a red background; the dose range at which AMG0347 did not
cause hyperthermia is shown in a blue background. For each
antagonist, positive H values are shown as red circles; negative
and near-zero values are shown as blue triangles. If the potency of
TRPV1 antagonists to cause hyperthermia is determined by their
potency to block a certain mode of TRPV1 activation (e.g., by
heat), then in the corresponding panel (in our example, Fig. 1 A,
heat), all red symbols should be located on the red background,
and all blue symbols on the blue background. We found that the
proton mode was the closest to this ideal situation: only five blue
triangles “trespassed” into the red area, but even those were lo-
cated close to the borderline (Fig. 1 B). There were at least twice as
many nonconforming symbols in either the heat mode (Fig. 1A)
or CAP mode (Fig. 1C).
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Figure 2. A, B, The thermoregulatory effect of CPZ in guinea pigs (A) and rats (B). Guinea
pigs readily respond with hyperthermia to CPZ (dose indicated; n = 5), but not to its vehicle
(n = 9). Administration of the same dose of CPZ or its vehicle to rats (n = 8 in each group)
causes no significant changes in either T (top) or the heat loss index (bottom).

Comparative analysis: confirmation of the importance of the
proton mode

If our hypothesis that blocking the proton mode is important for
the development of hyperthermia is correct, guinea pigs should
be much more sensitive to the hyperthermic action of CPZ than
rats, because CPZ does not block TRPV1 activation in the proton
mode in the rat (IC5, > 40,000 nm), while it is reasonably potent in
inhibiting the same mode in the guinea pig (IC5, = 355 nMm), as
well as the two other modes (heat and CAP) in both species
(Table 1). This hypothesis was confirmed. In guinea pigs, CPZ
(65.5 umol/kg, i.v.) increased the abdominal temperature by
0.5 = 0.1°C (p < 0.005) (Fig. 2A), whereas in rats, it neither
changed T nor caused tail skin vasoconstriction, the first autonomic
cold-defense effector to be recruited in a response (Fig. 2 B).

Mathematical modeling: contributions of different TRPV1
activation modes to TRPV1 antagonist-induced hyperthermia
Two sets of data were fit into the mathematical model: with
and without JYL1421, the compound that caused hypother-
mia. If one assumes that the same TRPV1-dependent mecha-
nism underlies both the hyperthermic and hypothermic
effects of TRPV1 antagonists, then the JYL1421 data should be
included in the analysis. Such a hypothetical common mech-
anism may take place if, e.g., deep body temperature contin-
uously increases or decreases depending on whether proton
activation is inhibited or potentiated. However, the hypother-
mic and hyperthermic effects may occur via separate mecha-
nisms. For example, lipopolysaccharide-induced fever and
hypothermia have distinct biochemical (Steiner et al., 2009)
and neural (Almeida et al., 2006) pathways. If one assumes
that the mechanism of the hypothermic effect of JYL1421 dif-
fers qualitatively from that of the hyperthermic effect of other
TRPV1 antagonists, then the data obtained with JYL1421 can-
not be used to analyze the hyperthermic effect. Whether
TRPV1 antagonist-induced hyperthermia and hypothermia
occur via the same or different mechanisms is unknown.

Garami et al. e Hyperthermia-Free TRPV1 Antagonists

When the same mechanism was assumed, and the JYL1421
data were included in the analysis, the thermoregulatory effect of
TRPV1 antagonists was found to be highly sensitive to the extent
of TRPV1 blockade in the proton mode (0.65 * 0.06) and nearly
insensitive to the blockade in either the CAP mode (—0.01 *+
0.00) or heat mode (0.01 % 0.00). All the sensitivity values (even
those close to 0) differed significantly from 0 ( p < 0.002) and
from each other (p < 0.001). More than 81% of the statistical
variance of the hyperthermic response H was determined by the
proton mode, whereas both the heat mode and the CAP mode
accounted for 1% each, and 16% remained unaccounted by the
model. The r* statistic (0.84) indicated a high quality of data
fitting. A graphical abstract of the modeling study is presented in
Figure 3.

When different mechanisms were assumed, and the JYL1421
data were excluded, the hyperthermic effect showed a high sensi-
tivity to the extent of TRPV1 blockade in the proton mode
(0. 43 = 0.08), a moderate sensitivity in the CAP mode (0.34 *
0.06), and no sensitivity in the heat mode (0.00 * 0.00). The sensi-
tivity values for the proton and CAP modes differed both from 0 and
from the sensitivity in the heat mode ( p < 0.005), but not from each
other. The proton mode accounted for 45% of the hyperthermic
response variance, the CAP mode for 35%, and the heat mode for
0%, whereas 20% of the variance was unaccounted by the model
(Fig. 3). The quality of data fitting remained high (r* = 0.80).

Discussion

The first finding of this study is that the blockade of TRPV1
activation in the heat mode does not contribute to the develop-
ment of TRPV1 antagonist-induced hyperthermia. Indeed, the
graphical analysis has found no correspondence between the po-
tency of an antagonist to cause hyperthermia and its potency to
block the heat mode (Fig. 1 A), whereas the mathematical model
has shown that the contribution of the blockade of the heat mode
to the hyperthermic effect is ~0 (Fig. 3). That the heat mode is
uninvolved agrees with our study with AMGO0347, in which no
positive correlation was found between the body temperature at
the time of drug administration and the magnitude of the hyper-
thermic response, thus suggesting that TRPV1 channels that
mediate AMGO0347-induced hyperthermia are activated by non-
thermal signals (Steiner et al., 2007).

Our second finding is that the potency of TRPV1 antagonists
to cause hyperthermia relates most closely to their potency to
block TRPV1 activation by protons. The importance of the pro-
ton mode was proposed earlier, based on an observation that
AMGS8562, an antagonist that potentiates TRPV1 activation by
protons, did not cause hyperthermia in rats (Lehto et al., 2008).
The present work determines the quantitative contribution of the
proton mode. The sensitivity of the hyperthermic response to the
blockade in this mode is the highest (0.43—0.65), regardless of
which set of data is fit into the model, and it accounts for 45—81%
of the variance of the thermoregulatory effect of TRPV1 antago-
nists (Fig. 3). Both the graphical (Fig. 1 B) and comparative (Fig.
2) analyses confirm the principal role of the proton mode. Guinea
pigs, the species in which CPZ blocks TRPV1 activation by pro-
tons, are more sensitive to the hyperthermic effect of this antag-
onist than rats, the species in which CPZ does not block the
proton mode.

Our third finding is that the blockade of the CAP mode either
does not contribute to TRPV1 antagonist-induced hyperthermia or
makes only a limited contribution. Depending on which dataset is
fit into the model, the sensitivity of the hyperthermic response to
the blockade of this mode is either negligible or moderate (Fig. 3).
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With JYL1421

0.01

0.65 -0.01

Without JYL1421 0.00 0.43 0.34

Figure 3.

Based on these three findings, the hyperthermic response to
TRPV1 antagonists is triggered by the blockade of the proton
mode of TRPV1 activation, either alone or together with the CAP
mode. Hence, it is likely that the body temperature is tonically
suppressed by alow tissue pH, either alone or together with endog-
enous ligands. Because TRPV1 antagonists cause hyperthermia by
acting within the abdomen (Steiner et al., 2007; McGaraughty et al.,
2009), it is of interest that two major intra-abdominal organs, the
stomach and colon, have an acidic environment (Holzer, 2007).
TRPV1 channels are abundant on dorsal-root and nodose affer-
ents innervating these organs and serve there as acidity sensors
(Holzer, 2007; Sugiura et al., 2007). By acting on two different
extracellular residues, the pH has a dual effect on the TRPV1
channel: at a low pH (<6), protons act as agonists and open
the channel; at a higher pH (6-7), protons lower the threshold
for TRPV1 activation (Jordt et al., 2000). One of these ligands,
oleoylethanolamide (OEA), is present in the intestinal wall at
concentrations comparable with its EC,, against TRPV1 (Fu et
al., 2003). At least some responses to OEA are ablated in CAP-
desensitized animals, thus suggesting an action on TRPVI-
expressing afferent fibers (Rodriguez de Fonseca et al., 2001).
OEA also causes hypothermia in mice (Watanabe et al., 1999).
Although TRPV1 activation by protons alone or in conjunction
with lipid mediators is a plausible scenario, other scenarios are
also possible. For example, multiple cationic stimuli (e.g., Ca*™,
Mg>*, Na ™, and polycations such as spermine) can directly gate
or sensitize the TRPV1 channel by interacting with the same sites
in the pore loop domain that are the targets for protons (Ahern et
al., 2005, 2006).

Potential TRPV1 antagonists are routinely screened by pharma-
ceutical companies in three main modes (heat, proton, and CAP),

2> Hyperthermic

H variance distribution

[[] Unaccounted

Contribution of different modes of TRPV1 activation to the development of TRPV1 antagonist-induced hyper-
thermia. Signals activating TRPV1 in the heat mode (red line), proton mode (blue line), and CAP mode (orange line) are
differentially blocked by TRPV1 antagonists (black lines) to cause the hyperthermic response H. The k;, k,, and k; values
are relative sensitivities of H to the extent of TRPV1 blockade in the heat, proton, and CAP modes, respectively. The
pie charts show relative contributions of each mode (and of factors unaccounted by the model) to the variance of H. Because
two sets of data were fit into the model (with JYL1421 and without JYL1421), two sets of k values and two pie charts are shown.
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and the corresponding IC;, data are avail-
able for a large number of compounds (see,
e.g., Table 1). Hence, the goal of the present
study was to find a general rule for identify-
ing hyperthermia-free TRPV1 antagonists
based on standard in vitro tests in the three
modes. The TRPV1 channel can also be ac-
tivated independently of the three main
modes, e.g., by ammonia or intracellu-
lar alkalization (Dhaka et al., 2009). The
potentiation effect of modest acidity on
vanilloid-evoked TRPV1 activation also
has a different substrate than the activa-
tion effect exerted by high concentrations of
protons (Jordt et al., 2000). How the po-
tency of TRPV1 antagonists to block these,
less studied, modes correlates with the
potency to cause hyperthermia remains
unknown.

As for the main modes of TRPVI
activation, our study shows that hyper-
thermia-free TRPV1 antagonists do not
block the proton mode, even if they po-
tently block the heat mode, and that de-
creasing the potency to block the CAP
mode of TRPV1 activation may further
decrease the potency to cause hyperther-
mia. This profile identified is similar to
the profile of CPZ, the first relatively se-
lective TRPV1 antagonist synthesized,
against the rat or murine TRPV1 channel
(Table 1). Indeed, although CPZ has been
used extensively in thermoregulation studies in rats and mice
(Dogan et al., 2004; Shimizu et al., 2005), it has not been reported
to cause hyperthermia. On the other hand, analgesic efficacy for
CPZ has been demonstrated in rat and murine models of chem-
ically induced hyperalgesia, inflammatory pain, and neurogenic
inflammation (Walker et al., 2003; Dinis et al., 2004; Hutter et al.,
2005), even though CPZ did not cause analgesia in some rat
models in the study by Walker et al. (2003).

Because eliminating the hyperthermic side effect requires a
drastic decrease in the potency to block TRPV1 activation by
protons and possibly by CAP, it is important to determine
under which conditions the blockade of thermal and, to a
lesser extent, chemical activation of TRPV1 provides sufficient
therapeutic benefits. Such conditions are likely to entail ab-
normal thermal stimulation (e.g., due to the perfusion of the
skin with the warm blood redirected from the body core, as
seen in hot flushes) or thermal hyperalgesia (which is promi-
nent in burns, frostbites, and peripheral neuropathies). In-
volvement of TRPV1 channels in some of these conditions has
been demonstrated (Walker et al., 2003; Bolcskei et al., 2005).
The significance of the present work, however, is limited to
identifying the pharmacological profile of hyperthermia-free
TRPV1 antagonists. For which conditions to use them is a
subject of future research.

TRPV1
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response H
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Supplemental Materials and Methods

Drugs. Aliquots of an ethanolic stock solution of A-425619 (4.2 mg/ml), AMGO0347 (3.5 mg/ml),
AMG517 (3 mg/ml), AMG8163 (6.7 mg/ml), AMG9810 (33.2 mg/ml), JYL1421 (83.3 mg/ml), and
SB-366791 (7.1 mg/ml) were stored at —80°C. On the day of the experiment, the stocks of AMG0347,
AMG517, and AMG8163 were diluted with saline to achieve a 50% ethanol concentration. These
working solutions were infused to rats intravenously at a rate of 167 ul/kg/min for 2 min to deliver the
following doses: 8-512 nmol/kg for AMG0347, 16-1024 nmol/kg for AMG517, and 16-1024 nmol/kg
for AMG8163. To administer A-425619 (512-8192 nmol/kg), AMG9810 (4096-131072 nmol/kg),
JYL1421 (1024-262144 nmol/kg), and SB-366791 (32768 nmol/kg), either undiluted ethanolic stock
solutions were used, or the stocks were diluted with saline or 1,2-propanediol to achieve an ethanol
concentration of 50%. These solutions were infused at a rate of 33-167 pl/kg/min for 2-40 min. To
administer capsazepine (CPZ) to rats or guinea pigs intravenously, a working solution (18.5 mg/ml) in
100% ethanol was prepared extempore and infused at a rate of 33 pl/kg/min for 40 min, thus resulting
in a total CPZ dose of 65536 nmol/kg. To administer AMG517 intraperitoneally to mice, aliquots of an
ethanolic stock solution (3 mg/ml) were diluted with saline on the day of an experiment to achieve an
ethanol concentration of 10%, and AMG517 at a dose of 256 nmol/kg (or its vehicle in control
experiments) was injected as a bolus. In experiments in rats, a single dose of transient receptor potential
vanilloid-1 (TRPV1) antagonist was used when a further increase in the dose was impossible (due to a
solubility limit) or impractical. Control animals were infused with the corresponding vehicle (10, 50, or
100% ethanol in saline or 50% ethanol in 1,2-propanediol). Due to the use of very low infusion rates
and total volumes, none of these administration regiments caused any detectable hemolysis or other
sign of intoxication in the present and our previous (Steiner et al., 2007; Steiner et al., 2009) studies.

Formulas. The heat loss index (HLI) was calculated as:

HLI =M’
T, -T

c a

where Tg, Ta, and T, are skin, ambient, and colonic temperatures, respectively. The HLI changes
between 0 (maximum heat conservation due to skin vasoconstriction) and 1 (theoretical maximum heat
loss due to skin vasodilation) (Romanovsky et al., 2002).

The rate of oxygen consumption (VO,) was calculated by comparing the oxygen fraction in the
air exiting the chamber occupied by a rat (F) to the oxygen fraction in the air exiting an empty chamber
(Fo):

_ AR -F)
" M-FM(1+Q)’

2

where A is air flow, Q is the respiratory quotient (considered to be 0.71), and M is the animal mass
(Steiner et al., 2007).
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Supplemental Model

It was assumed that the hyperthermic effect H of a TRPV1 antagonist occurs due to a blockade of three
independent modes of TRPV1 activation: by heat (M;), protons (M), and vanilloids (Ms). Thus,
H= H(AMl, AMZ, AMg),
where AM; is the extent to which a TRPV1 antagonist blocks the i-th mode of activation (i is either 1, 2,
or 3). For the j-th antagonist (j is an integer between 1 and either 7 or 8, depending on whether the data
obtained with JYL1421 were excluded or included, respectively), the extent of blockade in each
activation mode was considered to be a function of the antagonist dose D;:
AMi = AMi(Dl, Dz, vany Ds).
Hence, the effect H was a function of those doses:
H= H(D]_, Dz, vany Dg) = H(AMl(Dl, D2, ceny Dg), AMZ(D]_, D2, . Dg), AMg(D]_, Dz, . Dg))
The H(Dy, Do, ..., Dg) function was tabulated for each antagonist based on the experimental data
presented in supplemental Table 1. It was required to find the sensitivity k; of the hyperthermic effect H
to the extent of blockade of each mode of TRPV1 activation:
_AH(UM,AM,, AM ;)
- UM, '
For this, we first presented the derivative of H with respect to the dose of the j-th antagonist as:
(D1, D;,.,...Dy) _ H(AMy, AM,, M) M, (D, D, .., D) |
D, oM, D,

H(4My, AM,, AM;) M, (Dy, D,,..., Dg) | AH (4, AM,, AM;) 24 (D;, D, .., Dy) '

o, D, oAM 4 D

J J

With j taking seven or eight different values, this gave us seven or eight equations, respectively, from
which the sensitivity measure k; for each activation mode was found based on an assumption that a
partial derivative dVli(D1, Dy, ..., Dg)/JDj is inversely proportional to djj, which is the 1Cs, value of the
j-th antagonist in the i-th mode of TRPV1 activation (Table 1). Then,

H ko ke ke

Dy dyy dyy dy
The tabular data on H(D, D>, ..., Dg) were approximated by a sigmoid function commonly used for
pharmacological dose-effect relationships:

k.

Vv
1
—(Wo+W; Dy +W, Dy +...4+Wg D, '
e(o 1D1+W, D; 88)+l

H(D,,D,,...,Dg) =V, +

Because the in vivo antagonist dose corresponding to djj was unknown, a simplifying assumption was
made that &H/AD; is proportional to w; with a proportionality coefficient independent of j. Since only
the relative sensitivity of the effect H to the blockade of each mode of TRPV1 activation was of
interest, the parameters wi, Wo, ..., Wg were expressed using the sensitivities ki, ko, and ks in the form of
the following system of seven or eight (one for each value of j) linear equations:

d;; dy; dg;
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Hence, H(D,, Dy, ..., Dg) was a function that contained six unknown parameters: the sensitivities ki, ko,
and ks and the constant parameters vy, vi, and wp, which were identified through best-fitting the
tabulated data to the mathematical model described above.

To avoid a systematic approximation error in this nonlinear model, we accounted for the
statistical variance of H. Using a Monte Carlo simulation technique (Metropolis and Ulam, 1949), 1000
datasets (replicates) were generated randomly, according to the Gaussian probability distribution, with
the mean and SE values taken from supplemental Table 1. The datasets generated were used to find the
unknown parameters ki, ko, ks, vo, vi, and wp by applying the standard least squares technique
(Wolberg, 2006). Thus, 1000 sets of the six unknown parameters were obtained, from which the mean
value and the variance estimates were calculated for each sensitivity.

To estimate the corresponding number of observations N (required for statistical comparisons
between the mean values of the sensitivities), the following considerations were made. It was assumed
that the measurements on the dose-temperature effect produced by the drug and that produced by the
vehicle are mutually uncorrelated. Then, the statistical variance V of the difference between those
effects should be equal to the sum of the respective variances, Varug + Vienicle- At the same time, the
corresponding variance of the mean difference equals the sum of the respective variances of the mean
values of the drug and vehicle dose-temperature effects:

l — Vd& + Vvehicle
N N drug N vehicle

where Ngryg and Nyenicie are the numbers of observations related to a specific dose of a drug or vehicle,
respectively. Therefore,

Vdrug +Vvehic|e
N = v v .
d .
rug + vehicle

N drug N vehicle

The calculated sum of N values across all entries of H in supplemental Table 1 equals 210 (with
JYL1421) or 172 (without JYL1421). To find an equivalent for the number of observations, this sum
was divided by the number of freedom degrees corresponding to the set of the six unknown parameters.
To take into account any mutual cross-correlation between these six parameters, a significant
dimensionality of the linear space formed by these parameters was computed as described elsewhere
(Shimansky, 2006). A significant dimensionality was found to be 3.6, yielding an equivalent for the
number of observations of 58.2 (with JYL1421) or of 47.7 (without JYL1421). This equivalent was
used to perform statistical comparisons between the sensitivities.
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Supplemental Figure
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Supplemental Figure 1. The hyperthermic
response to AMG517 in rats and mice. A,
Recruitment of autonomic thermoeffectors in
the hyperthermic response of rats to AMG517
(individual curves). The hyperthermic response
(an increase in Tc) occurs in response to
AMG517 (dose indicated) but not its vehicle
(top panel). The response involves tail skin
vasoconstriction (a decrease in the HLI; middle
panel) and an increase in thermogenesis (VOy;
bottom panel). B, The difference in body
temperature between AMG517- and vehicle-
treated rats. The number of animals used is 6
and 8, respectively. C, The difference in body
temperature between AMG517- and vehicle-
treated mice with or without a homozygous
targeted null mutation of the Trpvl gene
(Trpvl™ and ™', respectively). Both AMG517
and its vehicle were injected to 5 Trpv1*"* mice
and 10 Trpvl” mice. The hyperthermic
response occurred in Trpvl*’™ (top panel) but
not Trpvl™ (bottom panel) mice. D, The dose-
dependence curve for the hyperthermic
response to AMG517 in rats. The measure of
the hyperthermic effect H was determined as a
time integral of the difference between the
mean T, curve of rats treated with a given dose
of a TRPV1 antagonist and the mean T, curve
of rats treated with the corresponding vehicle;
calculated over 0-180 min. Each point is the
result of 3-6 experiments with AMG517 and 8
experiments with the corresponding vehicle.
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Supplemental Table

Supplemental Table 1. The hyperthermic effect H (mean + SE) for different doses
of TRPV1 antagonists (°C x min)

Dose

nmol/kg AMGO0347 AMG517 AMGB8163 A-425619 AMG9810 JYL1421 SB-366791 CPz
8 -21+203
16 -95+16.4 -12.6+24.2 13.8+159
32 2584284 -222+20.0 -10.7+13.4
64 100.5+53.4 145+253 449+38.0
128 102.3+17.8 28.7+18.1 77.5+38.9
256 84.3+30.5 81.1+24.6 115.7+23.7
512 133.6+239 79.2+354 96.3+14.1 -29.5+21.6
1024 87.0+47.4 869+326 158+56.6 27.3+42.9
2048 44.6 + 34.7 30.4 £ 56.8
4096 319+£295 -6.2+31.2 355+29.7
8192 108.5+26.7 -0.8+39.6 21.6%25.2
16384 20.1+£32.3 -17.5+£237
32768 349+£29.6 -19.3+27.1 3.3+431
65536 127.8 +31.3 13.8 +24.2
131072 122.0+67.5
262144 -84.4 +29.2
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