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Abstract: Receptors of the transient receptor potential (TRP) channels superfamily are expressed in
many tissues and have different physiological functions. However, there are few studies investigating
the role of these channels in cardiorespiratory control in mammals. We assessed the role of central and
peripheral TRPV1 receptors in the cardiorespiratory responses to hypoxia (10% O2) and hypercapnia
(7% CO2) by measuring pulmonary ventilation (V̇E), heart rate (HR), mean arterial pressure (MAP)
and body temperature (Tb) of male Wistar rats before and after intraperitoneal (AMG9810 [2.85 µg/kg,
1 mL/kg]) or intracebroventricular (AMG9810 [2.85 µg/kg, 1 µL] or AMG7905 [28.5 µg/kg, 1 µL])
injections of TRPV1 antagonists. Central or peripheral injection of TRPV1 antagonists did not
change cardiorespiratory parameters or Tb during room air and hypercapnic conditions. However,
the hypoxic ventilatory response was exaggerated by both central and peripheral injection of
AMG9810. In addition, the peripheral antagonist blunted the drop in Tb induced by hypoxia.
Therefore, the current data provide evidence that TRPV1 channels exert an inhibitory modulation on
the hypoxic drive to breathe and stimulate the Tb reduction during hypoxia.
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1. Introduction

Breathing is a vital behavior that is generated by a medullary region, called the preBötzinger
Complex (preBötC), and is regulated by a complex system that depends on chemical feedback
of the carotid body (peripheral chemoreceptors) and central chemoreceptors [1–3]. Hypoxia and
hypercapnia are potent chemical stimuli to the respiratory system, which, in turn, is modulated by
many neurotransmitters and receptors, including the transient receptor potential (TRP) channels [4,5].

The TRP superfamily consists of a large number of nonselective cation channels that are activated
by several stimuli, including heat, acid, pressure, shear stress, mechanical stretch, oxidative stress,
phospholipids, etc. [4,6–8]. TRPC1/3/4/5 and 6 channels are expressed in the carotid chemosensory
pathway [9], and also contribute to acid sensing in a respiratory chemosensitive nucleus [4], suggesting that
these channels can be involved in the ventilatory response to hypoxia and hypercapnia. Of interest here
are the vanilloid-1 (TRPV1) channels, which are capsaicin-sensitive, heat-sensitive, and proton-activated
calcium channels that have a significant role in thermoregulation in response to changes in environmental
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and body temperatures [10–12]. TRPV1 receptors are widely expressed in peripheral and central locations,
including the dorsal horn of the spinal cord [13], the brainstem and forebrain [14–18]. The expression of
these receptors in regions such as the preBötC, parafacial respiratory region, locus coeruleus, nucleus of
solitary tract [19–21], and also in petrosal neurons innervating carotid body glomus cells [22], suggests a
role in the control of breathing and chemoreception.

Supporting the role of TRPV1 channels in respiratory modulation, bath application of capsaicin
(TRPV1 agonist) in the medulla of a brainstem-spinal cord preparation has many effects on the
respiratory center, including potent (but transient) inhibitory and subsequent excitatory effects on the
respiratory rhythm and the periodical augmentation of the inspiratory burst pattern [20]. More recently,
Barrett et al. [23] demonstrated that peripheral activation of TRPV1 receptors by piperine in neonatal
rats prior to heat exposure enhances the ventilatory response to hyperthermia, which is attenuated by
the TRPV1 antagonist, AMG9810. Nevertheless, no studies have assessed the participation of these
channels in breathing control in unanesthetized adult rats.

Emerging evidence also supports the role of the TRPV1 as an important regulator of cardiovascular
function, having a protective role against cardiovascular injury [24]. In agreement, Sun et al. [25]
showed that TRPV1 is expressed along the entire baroreceptive afferent pathway. Blockade of TRPV1
receptors significantly blunts the baroreflex and decreases the maximum gain of baroreflex function in
the high blood pressure range, indicating that TRPV1-expressing baroreceptive afferents are important
for the feedback control of blood pressure stability [25].

TRPV1 antagonists have been considered a novel tool for pharmacological manipulation of pain.
AMG9810 is a selective and competitive TRPV1 antagonist of capsaicin activation and blocks all
known modes of TRPV1 activation, including protons, heat and endogenous ligands, anandamide,
N-arachidonyl dopamine and oleoyldopamine [26], whereas AMG7905 is a potent blocker of the
capsaicin mode and potent potentiator of the proton mode of TRPV1 activation [27,28], and possibly
of the heat mode [27]. However, as side effect these drugs can cause hyperthermia associated with
increased thermogenesis and skin vasoconstriction [10,29–31] or, in some cases, hypothermia [28].
Nevertheless, it is still unclear if the TRPV1 channels have effects on cardiorespiratory control in basal,
hypoxic and hypercapnic conditions. Therefore, in the present study, we used a pharmacological
approach, where intracerebral and peripheral injections of the TRPV1 antagonists were used to
investigate the role of TRPV1 in cardiorespiratory control in unanesthetized adult rats.

2. Results

2.1. Effect of icv Injection of AMG9810 and AMG7905 on
.

VE, MAP, HR and Tb in Normocapnic and
Hypercapnic Conditions

In room air conditions, microinjection of AMG9810 and AMG7905 had no effect on, MAP or HR
(Figures 1 and 2A). Hypercapnia induced a progressive increase in ventilation in all animals (effect of
time: p < 0.001; Figure 1), with no difference among groups.

MAP and HR were not affected by microinjection of TRPV1 antagonists in hypercapnic conditions.
In addition, hypercapnia did not influence cardiovascular variables (Figure 2A).

Under normocapnia and hypercapnia, neither vehicle nor AMG9810 or AMG7905 microinjection
affected Tb (Figure 2B).

2.2. Effect of icv Injection of AMG9810 and AMG7905 on
.

VE, MAP, HR and Tb in Normoxic and
Hypoxic Conditions

Hypoxia caused an increase in in all animals (effect of time: p < 0.001; Figure 3); however,
the hypoxic ventilatory response was significantly more pronounced in the animals that received
central injection of AMG9810 at 45, 50 and 60 min of hypoxic exposure (effect of treatment: p < 0.05;
Figure 3), due to a higher fR (effect of treatment: p < 0.01; Figure 3). Central AMG7905 did not change
the hypoxic ventilatory response.
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Figure 1. Effects of intracerebroventricular (icv) microinjection of vehicle (DMSO), AMG9810 (TRPV1 
antagonist—2.85 µg/kg, 1 µL) and AMG7905 (TRPV1 antagonist—28.5 µg/kg, 1 µL) on ventilation (

EV ), tidal volume (VT) and respiratory frequency (fR) of rats during normocapnia and hypercapnia 
(7% CO2). The arrow indicates the time of the microinjection. The hypercapnia duration is represented 
by a horizontal line on the graph. Values are expressed as mean ± S.E.M. 
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Figure 1. Effects of intracerebroventricular (icv) microinjection of vehicle (DMSO), AMG9810 (TRPV1
antagonist—2.85 µg/kg, 1 µL) and AMG7905 (TRPV1 antagonist—28.5 µg/kg, 1 µL) on ventilation
(

.
VE), tidal volume (VT) and respiratory frequency (fR) of rats during normocapnia and hypercapnia

(7% CO2). The arrow indicates the time of the microinjection. The hypercapnia duration is represented
by a horizontal line on the graph. Values are expressed as mean ± S.E.M.
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Figure 2. Effects of intracerebroventricular (icv) microinjection of vehicle (DMSO), AMG9810 (TRPV1 
antagonist—2.85 µg/kg, 1 µL) and AMG7905 (TRPV1 antagonist—28.5 µg/kg, 1 µL) on (A) mean arterial 
pressure (MAP) and heart rate (HR) and (B) body temperature (Tb) of rats during normocapnia and 
hypercapnia (7% CO2). The arrow indicates the time of the microinjection. The hypercapnia duration is 
represented by a horizontal line on the graph. Values are expressed as mean ± S.E.M. 
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Figure 2. Effects of intracerebroventricular (icv) microinjection of vehicle (DMSO), AMG9810 (TRPV1
antagonist—2.85 µg/kg, 1 µL) and AMG7905 (TRPV1 antagonist—28.5 µg/kg, 1 µL) on (A) mean
arterial pressure (MAP) and heart rate (HR) and (B) body temperature (Tb) of rats during normocapnia
and hypercapnia (7% CO2). The arrow indicates the time of the microinjection. The hypercapnia
duration is represented by a horizontal line on the graph. Values are expressed as mean ± S.E.M.
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Figure 3. Effects of intracerebroventricular (icv) microinjection of vehicle (DMSO), AMG9810 (TRPV1 
antagonist—2.85 µg/kg, 1 µL) and AMG7905 (TRPV1 antagonist—28.5 µg/kg, 1 µL) on ventilation (

EV ), tidal volume (VT) and respiratory frequency (fR) of rats during normoxia and hypoxia (10% O2). 
The arrow indicates the time of the microinjection. The hypoxia duration is represented by a 
horizontal line on the graph. Values are expressed as mean ± S.E.M. * Significant differences between 
AMG9810 with vehicle and AMG7905 groups. +Significant difference between AMG7905 and 
AMG9810 groups. 
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Figure 3. Effects of intracerebroventricular (icv) microinjection of vehicle (DMSO), AMG9810 (TRPV1
antagonist—2.85 µg/kg, 1 µL) and AMG7905 (TRPV1 antagonist—28.5 µg/kg, 1 µL) on ventilation
(

.
VE), tidal volume (VT) and respiratory frequency (fR) of rats during normoxia and hypoxia (10% O2).

The arrow indicates the time of the microinjection. The hypoxia duration is represented by a horizontal
line on the graph. Values are expressed as mean ± S.E.M. * Significant differences between AMG9810
with vehicle and AMG7905 groups. +Significant difference between AMG7905 and AMG9810 groups.

MAP and HR were not affected by microinjection of TRPV1 antagonists in hypoxic conditions.
In addition, hypoxia did not significantly influence cardiovascular variables (Figure 4A). Hypoxia
caused a similar decrease in Tb in all groups (p < 0.001; Figure 4B).
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Figure 4. Effects of intracerebroventricular (icv) microinjection of vehicle (DMSO), AMG9810 (TRPV1 
antagonist—2.85 µg/kg, 1 µL) and AMG7905 (TRPV1 antagonist—28.5 µg/kg, 1 µL) on (A) mean 
arterial pressure (MAP) and heart rate (HR) and (B) body temperature (Tb) of rats during normoxia 
and hypoxia (10% O2). The arrow indicates the time of the microinjection. The hypoxia duration is 
represented by a horizontal line on the graph. Values are expressed as mean ± S.E.M. 
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Figure 4. Effects of intracerebroventricular (icv) microinjection of vehicle (DMSO), AMG9810 (TRPV1
antagonist—2.85 µg/kg, 1 µL) and AMG7905 (TRPV1 antagonist—28.5 µg/kg, 1 µL) on (A) mean
arterial pressure (MAP) and heart rate (HR) and (B) body temperature (Tb) of rats during normoxia
and hypoxia (10% O2). The arrow indicates the time of the microinjection. The hypoxia duration is
represented by a horizontal line on the graph. Values are expressed as mean ± S.E.M.
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2.3. Effect of Intraperitoneal Injection of AMG9810 on
.

VE, MAP, HR and Tb in Normocapnic and
Hypercapnic Conditions

During normocapnia, intraperitoneal injection of AMG9810 did not affect
.

VE, MAP, HR or Tb
(Figures 5 and 6A,B). Hypercapnia caused an increase in ventilation in all groups (effect of time:
p < 0.001; Figure 5), with no difference between groups. Hypercapnia did not change MAP, HR or Tb,
and intraperitoneal injection of a TRPV1 antagonist did not significantly affect cardiovascular variables
or Tb in hypercapnic conditions (Figure 6A,B).

2.4. Effect of Intraperitoneal Injection of AMG9810 on
.

VE, MAP, HR and Tb in Normoxic and
Hypoxic Conditions

Hypoxia caused an increase in in all animals (effect of time: p < 0.001; Figure 7); however,
the hypoxic ventilatory response was significantly more pronounced in the animals that received
peripheral injection of AMG9810 at 30, 35, 40, 45, 50, and 60 min of hypoxic exposure (effect of
treatment: p < 0.02; Figure 7), due to a higher VT (effect of treatment: p < 0.03; Figure 7).

MAP and HR were not affected by peripheral injection of a TRPV1 antagonist in hypoxic
conditions. Additionally, hypoxia did not alter the cardiovascular variables (Figure 8A).

Hypoxia caused a decrease in Tb (effect of time: p < 0.001) that was attenuated by intraperitoneal
injection of AMG9810 at 35, 40, 45, 50 and 60 min of hypoxic exposure (effect of treatment: p < 0.04;
Figure 8B). Additionally, these effects of TRPV1 antagonism may be better evidenced in Figure 9,
in which the values of

.
VE by Tb are plotted under normoxic (20 min after ip injection, 5 min before

hypoxia) and hypoxic (5–35 min of hypoxia) conditions. It is possible to observe an increase in
ventilation, which achieves a plateau, while Tb continues to decrease in the vehicle group. On the
other hand, in the AMG9810 group, ventilation increases more, achieving higher levels without any
further decrease in Tb.

2.5. Effect of icv and Intraperitoneal Injection of AMG9810 on Blood Gases and pH in Normoxic, Normocapnic,
Hypercapnic and Hypoxic Conditions

Exposure of vehicle- and TRPV1 antagonist-injected groups to 7% CO2 caused a similar significant
increase in PaCO2 (p < 0.001) and PaO2 (p < 0.001) and a decrease in pHa (p < 0.001) (Table 1A). None of
the experimental conditions had any significant effect on plasma HCO3

– (Table 1A).
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Figure 5. Effects of intraperitoneal (ip) injection of vehicle (DMSO) and AMG9810 (TRPV1
antagonist—2.85 µg/kg, 1 mL/kg) on ventilation (

.
VE), tidal volume (VT) and respiratory frequency

(fR) of rats during normocapnia and hypercapnia (7% CO2). The arrow indicates the time of the
microinjection. The hypercapnia duration is represented by a horizontal line on the graph. Values are
expressed as mean ± S.E.M.
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Figure 6. Effects of intraperitoneal (ip) injection of vehicle (DMSO) and AMG9810 (TRPV1
antagonist—2.85 µg/kg, 1 mL/kg) on (A) mean arterial pressure (MAP) and heart rate (HR) and
(B) body temperature (Tb) of rats during normocapnia and hypercapnia (7% CO2). The arrow indicates
the time of the microinjection. The hypercapnia duration is represented by a horizontal line on the
graph. Values are expressed as mean ± S.E.M.
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Figure 7. Effects of intraperitoneal (ip) injection of vehicle (DMSO) and AMG9810 (TRPV1
antagonist—2.85 µg/kg, 1 mL/kg) on ventilation (

.
VE), tidal volume (VT) and respiratory frequency

(fR) of rats during normoxia and hypoxia (10% O2). The arrow indicates the time of the microinjection.
The hypoxia duration is represented by a horizontal line on the graph. Values are expressed as
mean ± S.E.M. * Significant difference between vehicle and AMG9810 groups.
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Figure 8. Effects of intraperitoneal (ip) injection of vehicle (DMSO) and AMG9810 (TRPV1
antagonist—2.85 µg/kg, 1 mL/kg) on (A) mean arterial pressure (MAP) and heart rate (HR) and
(B) body temperature (Tb) of rats during normoxia and hypoxia (10% O2). The arrow indicates the time
of the microinjection. The hypoxia duration is represented by a horizontal line on the graph. Values are
expressed as mean ± S.E.M. * Significant difference between vehicle and AMG9810 groups.
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PaO2, PaCO2 and HCO3– decreased (p < 0.05) and arterial pH increased (p < 0.05) during hypoxia 
in all groups, compared to normoxic conditions (Tables 1B and 2). Peripheral or central TRPV1 
antagonist injection did not change blood gases, pH or HCO3–. 

Table 1. Values of arterial pH (pHa), arterial carbon dioxide partial pressure (PaCO2), arterial oxygen 
partial pressure (PaO2) and plasma bicarbonate (HCO3–) of Wistar rats in vehicle (DMSO)- and 
AMG9810 (2.85 µg/kg)-treated groups before microinjection (b.m.), at the end of 20 min of 
normocapnia or normoxia after microinjection (a.m.) and at the end of hypercapnia (A) or hypoxia 
(B) exposure after microinjection (a.m.). 

A DMSO (n = 7) AMG9810 (n = 7) 

 Normocapnia 
(b.m.) 

Normocapnia 
(a.m.) 

Hypercapnia 
(a.m.) 

Normocapnia 
(b.m.) 

Normocapnia 
(a.m.) 

Hypercapnia 
(a.m.) 

pHa  7.44 ± 0.01 7.43 ± 0.01 7.30 ± 0.01 * 7.44 ± 0.01 7.43 ± 0.01 7.28 ± 0.01 * 
PaCO2 (mmHg) 27.2 ± 1.4 26.4 ± 1.5 42.0 ± 1.8 * 26.8 ± 1.3 25.3 ± 1.4 38.2 ± 0.8 * 
PaO2 (mmHg) 78.3 ± 1.9 80.1 ± 1.6 110.0 ± 1.3 * 76.0 ± 1.6 79.0 ± 1.4 110.3 ± 1.9 * 

HCO3−  18.7 ± 1.5 17.6 ± 1.2 20.9 ± 1.1 18.2 ± 1.1 16.9 ± 0.9 18.0 ± 0.7 
* Means statistical difference between the time before microinjection and at the end of hypercapnia 
exposure after microinjection in the same group. 
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Figure 9. Relationship between pulmonary ventilation (
.

VE; data from Figure 7) and body
temperature (Tb; data from Figure 8B) in rats treated with vehicle (DMSO) or AMG9810 (TRPV1
antagonist—2.85 µg/kg, 1 mL/kg). The direction of time is shown with arrows, and the times
corresponding to the earliest (5 min) and latest (35 min) hypoxia exposure data points are indicated.
Values are expressed as mean ± S.E.M.

PaO2, PaCO2 and HCO3
– decreased (p < 0.05) and arterial pH increased (p < 0.05) during hypoxia

in all groups, compared to normoxic conditions (Tables 1B and 2). Peripheral or central TRPV1
antagonist injection did not change blood gases, pH or HCO3

–.

Table 1. Values of arterial pH (pHa), arterial carbon dioxide partial pressure (PaCO2), arterial oxygen
partial pressure (PaO2) and plasma bicarbonate (HCO3

–) of Wistar rats in vehicle (DMSO)- and
AMG9810 (2.85 µg/kg)-treated groups before microinjection (b.m.), at the end of 20 min of normocapnia
or normoxia after microinjection (a.m.) and at the end of hypercapnia (A) or hypoxia (B) exposure after
microinjection (a.m.).

A DMSO (n = 7) AMG9810 (n = 7)

Normocapnia
(b.m.)

Normocapnia
(a.m.)

Hypercapnia
(a.m.)

Normocapnia
(b.m.)

Normocapnia
(a.m.)

Hypercapnia
(a.m.)

pHa 7.44 ± 0.01 7.43 ± 0.01 7.30 ± 0.01 * 7.44 ± 0.01 7.43 ± 0.01 7.28 ± 0.01 *
PaCO2 (mmHg) 27.2 ± 1.4 26.4 ± 1.5 42.0 ± 1.8 * 26.8 ± 1.3 25.3 ± 1.4 38.2 ± 0.8 *
PaO2 (mmHg) 78.3 ± 1.9 80.1 ± 1.6 110.0 ± 1.3 * 76.0 ± 1.6 79.0 ± 1.4 110.3 ± 1.9 *

HCO3
− 18.7 ± 1.5 17.6 ± 1.2 20.9 ± 1.1 18.2 ± 1.1 16.9 ± 0.9 18.0 ± 0.7

B DMSO (n = 7) AMG9810 (n = 6)

Normoxia
(b.m.)

Normoxia
(a.m.)

Hypoxia
(a.m.)

Normoxia
(b.m.)

Normoxia
(a.m.)

Hypoxia
(a.m.)

pHa 7.44 ± 0.01 7.44 ± 0.01 7.58 ± 0.01 ** 7.46 ± 0.01 7.44 ± 0.01 7.58 ± 0.01 **
PaCO2 (mmHg) 29.3 ± 2.1 25.9 ± 0.8 14.8 ± 0.5 ** 28.4 ± 1.4 26.1 ± 0.7 13.7 ± 0.5 **
PaO2 (mmHg) 69.0 ± 2.2 76.0 ± 1.5 28.7 ± 1.2 ** 72.8 ± 2.1 78.8 ± 2.2 31.1 ± 1.3 **

HCO3
− 20.3 ± 1.8 18.3 ± 0.8 14.1 ± 0.3 ** 20.0 ± 0.9 17.8 ± 0.6 13.0 ± 0.4 **

* Means statistical difference between the time before microinjection and at the end of hypercapnia exposure after
microinjection in the same group. ** Means statistical difference between the time before microinjection and at the
end of hypoxia exposure after microinjection in the same group.
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Table 2. Values of arterial pH (pHa), arterial carbon dioxide partial pressure (PaCO2), arterial oxygen
partial pressure (PaO2) and plasma bicarbonate (HCO3

–) of Wistar rats in vehicle (DMSO)- and
AMG9810 (2.85 µg/kg)-treated groups before microinjection (b.m.), at the end of 20 min of normoxia
after microinjection (a.m.) and at the end of hypoxia exposure after microinjection (a.m.).

DMSO (n = 3) AMG9810 (n = 4)

Normoxia
(b.m.)

Normoxia
(a.m.)

Hypoxia
(a.m.)

Normoxia
(b.m.)

Normoxia
(a.m.)

Hypoxia
(a.m.)

pHa 7.46 ± 0.01 7.47 ± 0.01 7.65 ± 0.02 * 7.43 ± 0.01 7.46 ± 0.01 7.60 ± 0.02 *
PaCO2

(mmHg) 38.6 ± 2.2 36.9 ± 2.1 18.6 ± 1.4 * 35.4 ± 2.7 36.7 ± 1.3 14.0 ± 1.1 *

PaO2
(mmHg) 75.6 ± 2.2 76.3 ± 0.8 30.1 ± 1.0 * 70.5 ± 3.4 79.0 ± 3.6 32.7 ± 1.2 *

HCO3
− 27.8 ± 1.7 27.2 ± 1.2 17.6 ± 1.8 * 23.1 ± 2.2 28.9 ± 0.9 13.1 ± 0.6 *

* Means statistical difference between the time before microinjection and at the end of hypoxia exposure after
microinjection in the same group.

3. Discussion

Several studies have reported the role of TRPV1 on thermoregulation and nociception; however,
none has addressed the influence of this channel on ventilatory and cardiovascular responses to
hypoxia and hypercapnia in unanesthetized rats. Our results indicate that central and peripheral
TRPV1 receptors play an important role in regulating breathing and body temperature during hypoxia,
since antagonism with AMG9810 caused a significant increase in ventilation and attenuation of Tb
reduction under hypoxic exposure. Nevertheless, we found that TRPV1 receptors do not participate in
cardiorespiratory control during room air and hypercapnic conditions.

In the current study, both central and peripheral administration of AMG9810 or central AMG7905
did not change ventilation or cardiovascular parameters during room air conditions, suggesting
that TRPV1 receptors may have no tonic role in cardiorespiratory control. The TRPV1 channel
is a polymodal signal detector that can be activated by heat, protons, and chemical ligands, such
as capsaicin [27,31–33]. In fact, capsaicin acting on the preBötC causes release of glutamate and
depletion of substance P, interrupting the respiratory rhythm in neonatal rat slices [34]. More recently,
Tani et al. [20], using brainstem-spinal cord preparations from newborn rats, demonstrated that
capsaicin caused a transient decrease, followed by an increase, in respiratory nerve activity.
The excitatory phase was partially blocked by AMG9810 (10 µM), whereas the initial inhibitory
effect was not suppressed by the TRPV1 antagonist. The authors found a cessation of breathing after
capsaicin application only when the parafacial nucleus was not present in the preparation. Our study
is the first to demonstrate in unanesthetized adult rats that the TRPV1 channel may not play a role in
breathing regulation during basal conditions.

In the current study, hypercapnia promoted an increase in ventilation (Figure 1) and respiratory
acidosis (Table 1A). As TRPV1 channels have H+ sensitivity [31,35], administration of a TRPV1
antagonist would result in a reduced hypercapnic ventilatory response. However, no difference in
CO2 ventilatory response was observed among groups, suggesting a lack of TRPV1 involvement in
the CO2-drive to breathe, at least at this level of respiratory acidosis (pH ~ 7.3). Indeed, previous
studies have demonstrated that TRPV1 is activated by pH ≤ 6 [35–37]. It is possible that other channels
are involved in the modulation of the central chemoreflex, at least in a more physiological pH range.
In fact, TRPC4 and TRPC5 are activated at pH 7.5–6.5 [38,39], and TRPC5 mediates the stimulatory
effect of hypercapnia on locus coeruleus neurons, a central CO2/pH chemosensitive area [4].

Regarding the hypoxic challenge, 10% inspired O2 promoted an increase in ventilation in the
vehicle-, AMG9810- and AMG7905-treated groups as a result of an increase in VT and fR. Central and
peripheral injection of AMG9810 increased the hypoxic ventilatory response, compared to the vehicle-
and AMG7905-treated groups. Since AMG9810 injection increased ventilation only during hypoxic
exposure and not during normoxia or hypercapnia, our data suggest that central and peripheral TRPV1
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channels exert a specific inhibitory modulation on the ventilatory response to lower O2 situations.
Interestingly, previous studies have demonstrated an attenuated hypoxic ventilatory in adult rats
treated with 50 mg/kg of capsaicin neonatally [40,41]. According to the authors, the blunted hypoxic
response in the capsaicin-treated rats could be due to either degeneration of unmyelinated carotid
body afferents and/or depletion of substance P from the carotid body. However, a more recent study
has demonstrated that central and peripheral chemoreceptors chemosensitivity was not decreased
by neonatal capsaicin treatment (25 mg/kg) in lambs [42]. According to the authors, the differences
observed between the studies might be due to the fact that unmyelinated fibers and SP are less important
within the afferent pathway leading from carotid body to respiratory neurons in sheep than in rodents.

In the current study, the enhanced hypoxic ventilatory response was only observed with AMG9810,
and not with AMG7905, injection. Since AMG7905 is less specific and do not block endogenous ligands
of cannabinoid on TRPV1 receptors, the absence of response with the central injection of AMG7905
suggest that the results obtained with the antagonist AMG9810 during hypoxia is not mediated by
cannabinoid ligands. Therefore, it is possible that the activation of all modes of the TRPV1 channel
are needed to inhibit the hypoxic drive to breath, as demonstrated also by the action of AMG9810 as
an antihyperalgesic drug [26]. Since both intraperitoneal and icv application of AMG9810 promoted
41% and 24% increases in the ventilatory response to hypoxia, respectively, it is difficult to distinguish
whether the effect is central or peripheral. In this context, Gavva et al. [43] reported that small amounts
of even some peripherally restricted TRPV1 antagonists do cross the blood brain barrier; therefore,
we cannot completely rule out that peripherally-injected AMG9810 is acting centrally. In this regard, it
is well known that TRPV1 receptors are present in brainstem medullary neurons, and also the carotid
body [20,22], and both sites can contribute to the enhanced hypoxic ventilatory response. Interestingly,
central AMG9810 potentiates the hypoxic drive to breathe, mainly acting on respiratory frequency,
whereas peripheral AMG9810 increased tidal volume. These differences may be related to the fact
that peripheral AMG9810 is acting mainly on the carotid body, whereas central AMG9810 is acting on
brainstem areas that control breathing frequency, suggesting peripheral and central actions of TRPV1
channels on breathing control during low O2 conditions. In agreement with this hypothesis, Smith and
Mills [44] suggested that the carotid body mostly drives VT; therefore, peripheral TRPV1 antagonism
is possibly increasing the sensitivity of peripheral chemoreceptors. Previously, Roy et al. [22] have
demonstrated that TRPV1 receptors in the carotid body chemosensory afferents are mainly responsible
for the anandamide and heat sensitivity of the carotid body.

Regarding Tb, TRPV1 antagonists can cause hyper or hypothermia, depending on the activation
mode upon which they act. As previously cited, AMG9810 is a polymodal TRPV1 antagonist that
blocks all three modes of TRPV1 activation (proton, heat and capsaicin) [28] and causes hyperthermia
by disinhibiting thermogenesis and skin vasoconstriction. Previous studies suggested that the ability
of TRPV1 antagonists to cause hyperthermia relays to their potency to block TRPV1 activation
by protons [33], especially within the abdominal cavity [29]. In contrast, since the hyperthermic
effect is due to blockade of the proton mode, AMG7905 normally causes hypothermia because of
its potentiation of the proton mode [28]. In the current study, none of the antagonists affected Tb
in basal conditions. Regarding AMG7905, the lack of effect must be related to the site of injection
(central), since this antagonist acts mainly in the abdominal cavity [28] to cause hypothermia. As for
AMG9810, the dose used peripherally could be too low to cause hyperthermia (2.85 µg/kg) compared
to other studies [28,33]. Notwithstanding, this dose was sufficient to attenuate the drop in Tb caused by
hypoxia, similar to how too low doses of TRPV1 antagonists attenuate or prevent anesthesia-associated
hypothermia [45]. Considering a CSF volume of 90 µL in an adult rat [46] and that 3 mM of AMG9810
in the current study is totally diluted in this volume, the final concentration would be 0.032 mM, which
is 405 times the IC50 for in vitro capsaicin inhibition (79 × 10−6 mM) [10]. If the same calculation is
applied for AMG7905 (20 mM), the final CSF concentration would be 0.22 mM, which is 5.600 times
higher than the IC50 for in vitro capsaicin inhibition [27]. The possibility of total dilution in CSF could
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be happened, considering a CSF flow is 2 µL/min [47] and that the ventilatory responses to hypoxia
were only observed 40 min after drug injection.

It is well established that hypoxia reduces Tb by reducing heat production—which involves a
decreasing of the hypothalamic thermogenic threshold [48]—and increasing heat loss and cold-seeking
behavior [49–52]. Such evidence supports the idea of the hypoxia-induced Tb drop as a regulated
phenomenon [48,50,52–55]. The increase in hypoxic ventilatory response after peripheral application
of AMG9810 was higher (41%) compared to central (24%) injection, which, at least in part, possibly
involves a smaller reduction of Tb during a hypoxic challenge (Figure 9). Taken together our data
indicate that the activation of TRPV1 receptors not only induces a drop in Tb, but also inhibits the
energetically costly hyperventilation during hypoxia exposure, responses that are considered protective
during low O2 situations [52–55].

In conclusion, the present results provide evidence that central and peripheral TRPV1 receptors
play an important inhibitory modulation on breathing and body temperature during hypoxia,
suggesting a protective role during low O2 situations, reducing energetically expensive responses, such
as the hypoxic ventilatory response, but it does not play a role in cardiovascular regulation, at least
with the doses used in the present study.

4. Materials and Methods

4.1. Animals

Experiments were performed on unanesthetized adult male Wistar rats, weighing 300–350 g.
The animals had free access to water and food, and were housed in a temperature-controlled chamber
maintained at 24–26 ◦C (ALE 9902001; Alesco Ltd.a., Monte Mor, SP, Brazil) with a 12:12 h light:dark
cycle (lights on at 6:30 a.m.). The study was conducted in compliance with the guidelines of the
National Council for the Control of Animal Experimentation (CONCEA, MCT, Belo Horizonte Area,
Brazil) and with the approval of the local Animal Care and Use Committee (CEUA, FACV-UNESP
Jaboticabal; Protocol: 06585/14).

4.2. Surgeries and Microinjection

All surgical procedures were performed under anesthesia with 100 mg/kg of ketamine (Union
National Pharmaceutical Chemistry S/A, Embu-Guaçu, SP, Brazil) and 10 mg/kg of xylazine
(Laboratories Calier S/A, Barcelona, Spain), administered intraperitoneally (i.p.).

Seven days before the experiments, the head was shaved, and the skin was sterilized with
betadine solution and alcohol. Then, a guide cannula (0.7 mm o.d. and 15 mm in length) was
intracerebroventricularly (icv) implanted in the fourth ventricle (4V), using the following coordinates:
11.9 mm caudal from bregma, at the midline, and 7.4 mm ventral to the surface of the skull [56].
The displacement of the meniscus in a water manometer ensured correct positioning of the cannula
in the 4V. The cannula was attached to the bone using stainless steel screws and acrylic cement.
A tight-fitting stylet was kept inside the guide cannula to prevent occlusion. Postoperatively,
animals were treated with antibiotic (enrofloxacin, 10 mg/kg, intramuscular) and analgesic (flunixin
meglumine, 2.5 mg/kg, subcutaneous) agents.

One day before the experiments, rats underwent two surgeries under tribromoethanol anesthesia
administered intraperitoneally (10 mL/kg). First, a catheter [PE-10 connected to PE-50 (Clay Adams,
Parsippany, NJ, USA)] was inserted into the abdominal aorta through the femoral artery to measure
pulsatile arterial pressure and blood gases. The catheter was tunneled subcutaneously and exteriorized
through the back of the neck. On the following day, this catheter was connected to the pressure
transducer in a way that allowed free movement of the rat. The pulsatile arterial pressure was
measured using a pressure transducer (TSD 104A, Biopac Systems, Santa Barbara, CA, USA) connected
to an amplifier (DA 100C, Biopac Systems). Heart rate (HR) and mean arterial pressure (MAP)
were quantified from the pulsatile arterial pressure records using the same system (MP100 ACE,
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Biopac Systems). For body temperature (Tb) measurements, a temperature datalogger (SubCue Data
Loggers, Calgary, AB, Canada) was implanted in the abdominal cavity through a midline laparotomy.
The datalogger was programmed to acquire data every 5 min. These temperature values were used to
calculate pulmonary ventilation.

A 5-µL Hamilton syringe and a dental injection needle (200 µm o.d., Mizzy, Reno, NV-USA)
connected to a PE-10 tube was used to perform the microinjections into the 4V of unanesthetized rats.
A volume of 1 µL of vehicle or drug solution was injected over a period of 20 s, and the needle was
removed from the guide cannula after an additional 30 s to avoid reflux. All injections were performed
using a microinjector machine (model 310, Stoelting CO., Wood Dale, IL, USA). For ip injections,
the volume was established according to the animal’s body weight (1 mL/kg), and the injection was
performed over a period of 15 s.

4.3. Drugs and Gas Mixture

TRPV1 antagonists used, AMG9810 and AMG7905, were purchased from Enzo Life Sciences
(Farmingdale, NY, USA) and Glixx Laboratories (Hopkinton, MA, USA), respectively.

AMG9810 (2.85 µg/kg) was applied centrally (1 µL) and intraperitoneally (1 mL/kg),
and AMG7905 was only injected centrally (28.5 µg/kg, 1 µL) to verify possible nonspecific interaction
by cannabinoid ligands. Both antagonists were dissolved in dimethyl sulfoxide 50% (DMSO).

The hypercapnic (7% CO2, 21% O2, balanced with N2) and hypoxic (10% O2, balanced with N2)
gas mixture was purchased from White Martins Gases Industriais Ltd.a (Sertãozinho, SP, Brazil).

4.4. Determination of Pulmonary Ventilation

Measurements of pulmonary ventilation (
.

VE) were performed using the whole body
plethysmography method, based on the technique described by Drorbaugh and Fenn [57] and used
previously by our group [58–60]. In brief, freely-moving rats were kept in a 5-L chamber ventilated
with room air or a hypercapnic gas mixture containing 7% CO2 (White Martins, Sertãozinho, Brazil)
or a hypoxic gas mixture containing 10% O2 (White Martins). The flow rate of the inflow gas into
the animal chamber was monitored by a flowmeter (model 822-13-OV1-PV2-V4, Sierra Instruments,
Monterey, CA, USA). During the measurements, the flow was interrupted, and the chamber was sealed
for approximately 2 min; the pressure oscillations due to ventilation were monitored by a differential
pressure transducer (TSD 160A, Biopac Systems). The signals were fed into a pre-amplifier (DA 100C,
Biopac Systems), passed through an analog-to-digital converter, and digitized on a microcomputer
equipped with data acquisition software (MP100A-CE, Biopac Systems). The sampling frequency
was 200 Hz. The results were analyzed using data analysis software (LabChart Software, version
7.3; ADInstruments, Sydney, Australia). Tidal volume (VT) and respiratory frequency (fR) were
calculated to estimate ventilation per breath. VT was calculated using an appropriate formula [57,61].
The calibration for volume was obtained during each experiment by injecting 1 mL of air into the
animal chamber.

4.5. Blood Gases and pH Measurements

Blood gases, pH and bicarbonate were measured in the following groups: icv—DMSO (room air,
hypercapnia and hypoxia), AMG9810 (room air, hypercapnia and hypoxia); ip—DMSO (room air and
hypoxia), AMG9810 (room air and hypoxia). For pH, blood gases and bicarbonate measurements, two
drops of blood were sampled for immediate analyses of arterial pH (pHa), arterial carbon dioxide
partial pressure (PaCO2), arterial oxygen partial pressure (PaO2) and plasma bicarbonate (HCO3

–).
These samples were transferred to an EG7+ cartridge to be read in an i-STAT blood gas portable
analyzer (i-STAT Analyzer, Abbott Laboratories, Libertyville Township, IL, USA).
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4.6. Experimental Protocol

Seven days after stereotaxic surgery, the animals were placed in a chamber (5 L) and Tb was
continuously measured using the “dataloggers”. The chamber was initially ventilated with room
air (21% O2) for a period of acclimatization of at least 30 min, and then two measurements of
ventilation and MAP were performed and blood was collected for measurements of pH and blood
gases. The animals were then given icv injection of the vehicle or TRPV1 channel antagonist (AMG9810
or AMG7905). After microinjection, the animals were maintained in normoxic normocapnia for
20 min. Cardiorespiratory measurements were performed at 2, 5, 10, 15, 20 min after microinjection.
Twenty minutes after microinjection, the second set of measurements of blood gases and pH were
performed. After 25 min of normoxic normocapnia, the chamber was ventilated with another gas
mixture, hypercapnia (7% CO2, 21% O2, balanced with N2) or hypoxia (10% O2, equilibrated with
N2) for another 35 min. Cardiorespiratory measurements were performed at 30, 35, 40, 45, 50 and
60 min after microinjection and blood gases and pH were measured at 60 min, at the end of the hypoxic
or hypercapnic challenges. Finally, the rat was returned to normoxic normocapnia for 30 min to
recover baseline ventilation and blood pressure. After returning to baseline, the last measurement was
performed at 90 min. Hypoxia and hypercapnia were performed in different animals.

To verify if the effect of the AMG9810 was central or peripheral, another group of animals received
intraperitoneal injection of the drug (2.85 µg/kg, 1 mL/kg). The same measurements for

.
VE, HR, MAP

and Tb were performed. Blood was collected at the same moment as central injection for blood gases
and pH measurements.

4.7. Data Processing and Analysis

The results were reported as mean ± SEM. Cardiorespiratory variables were calculated using
2-min intervals of respiratory and pulsatile arterial pressure recordings when the animals were quiet
and presenting no body movements. The respiratory, cardiovascular, thermal and blood gas variables
were compared between vehicle and TRPV1 antagonist groups across the time points by two-way
repeated measures ANOVA, followed by Tukey’s test used for multiple comparisons. A p value of
<0.05 was considered to be statistically significant.

Author Contributions: L.G.A.P., L.H.G., A.A.S. and A.A.R. conceived and designed the experiments. L.G.A.P.
and J.B.D. performed the experiments. L.G.A.P., J.B.D., L.H.G. and K.C.B. analyzed the data. L.G.A.P., L.H.G.,
A.A.S., K.C.B. and A.A.R. wrote a draft of and edited the manuscript.

Funding: The study was supported by grants from Fundação de Amparo à Pesquisa do Estado de São Paulo
(FAPESP 2016/24577-3 to L. H. Gargaglioni), Conselho Nacional de Desenvolvimento Científico e Tecnológico
(CNPq 310293/2015-4 to L. H. Gargaglioni). L. G. Patrone received graduate fellowships from Coordenação de
Aperfeiçoamento de Pessoal de Nível Superior (CAPES) and FAPESP (2017/05318-0). J. Bizarri received fellowship
from FAPESP (2015/24785-2).

Acknowledgments: This study was part of the activities developed by Luis Gustavo Patrone during his PhD at
the Joint Graduate Program in Physiological Sciences (PIPGCF) from UFSCar/UNESP. We thank Euclides Roberto
Secato for his excellent technical assistance.

Conflicts of Interest: None declared.

References

1. Heymans, C.; Bouckaert, J.J. Sinus caroticus and respiratory reflexes: I. Cerebral blood flow and respiration.
Adrenaline apnoea. J. Physiol. 1930, 69, 254–266. [CrossRef] [PubMed]

2. Loeschcke, H.H. Central chemosensitivity and the reaction theory. J. Physiol. 1982, 332, 1–24. [CrossRef]
[PubMed]

3. Ballantyne, D.; Scheid, P. Central chemosensitivity of respiration: A brief overview. Respir. Physiol. 2001, 129,
5–12. [CrossRef]

http://dx.doi.org/10.1113/jphysiol.1930.sp002648
http://www.ncbi.nlm.nih.gov/pubmed/16994101
http://dx.doi.org/10.1113/jphysiol.1982.sp014397
http://www.ncbi.nlm.nih.gov/pubmed/6818338
http://dx.doi.org/10.1016/S0034-5687(01)00297-3


Pharmaceuticals 2019, 12, 19 18 of 20

4. Cui, N.; Zhang, X.; Tadepalli, J.S.; Yu, L.; Gai, H.; Petit, J.; Pamulapati, R.T.; Jin, X.; Jiang, C. Involvement of
TRP channels in the CO2 chemosensitivity of locus coeruleus neurons. J. Neurophysiol. 2011, 105, 2791–2801.
[CrossRef] [PubMed]

5. Kim, I.; Fite, L.; Donnelly, D.F.; Kim, J.H.; Carroll, J.L. Possible Role of TRP Channels in Rat Glomus Cells.
Adv. Exp. Med. Biol. 2015, 860, 227–232.

6. Romanovsky, A.A. Thermoregulation: Some concepts have changed. Functional architecture of the
thermoregulatory system. Am. J. Physiol. Regul. Integr. Comp. Physiol. 2007, 292, R37–R46. [CrossRef]
[PubMed]

7. Wang, H.; Siemens, J. TRP ion channels in thermosensation, thermoregulation and metabolism. Temperature
2015, 2, 178–187. [CrossRef] [PubMed]

8. Yue, Z.; Xie, J.; Yu, A.S.; Stock, J.; Du, J.; Yue, L. Role of TRP channels in the cardiovascular system. Am. J.
Physiol. Heart Circ. Physiol. 2015, 308, H157–H182. [CrossRef]

9. Buniel, M.C.F.; Schilling, W.P.; Kunze, D.L. Distribution of transient receptor potential channels in the rat
carotid chemosensory pathway. J. Comp. Neurol. 2003, 464, 404–413. [CrossRef]

10. Romanovsky, A.A.; Almeida, M.C.; Garami, A.; Steiner, A.A.; Norman, M.H.; Morrison, S.F.; Nakamura, K.;
Burmeister, J.J.; Nucci, T.B. The Transient Receptor Potential Vanilloid-1 Channel in Thermoregulation:
A Thermosensor It Is Not. Pharmacol. Rev. 2009, 61, 228–261. [CrossRef]

11. Romanovsky, A.A. Skin temperature: Its role in thermoregulation. Acta Physiol. 2014, 210, 498–507. [CrossRef]
12. Díaz-Franulic, I.; Caceres-Molina, J.; Sepulveda, R.V.; Gonzalez-Nilo, F.; Latorre, R. Structure-Driven

Pharmacology of Transient Receptor Potential Channel Vanilloid 1. Mol. Pharmacol. 2016, 90, 300–308.
[CrossRef] [PubMed]

13. Szallasi, A.; Blumberg, P.M. Characterization of vanilloid receptors in the dorsal horn of pig spinal cord.
Brain Res. 1991, 547, 335–338. [CrossRef]

14. Tóth, A.; Boczán, J.; Kedei, N.; Lizanecz, E.; Bagi, Z.; Papp, Z.; Édes, I.; Csiba, L.; Blumberg, P.M. Expression
and distribution of vanilloid receptor 1 (TRPV1) in the adult rat brain. Mol. Brain Res. 2005, 135, 162–168.
[CrossRef] [PubMed]

15. Kauer, J.A.; Gibson, H.E. Hot flash: TRPV channels in the brain. Trends Neurosci. 2009, 32, 215–224. [CrossRef]
[PubMed]

16. Edwards, J.G. TRPV1 in the central nervous system: Synaptic plasticity, function, and pharmacological
implications. Prog. Drug Res. 2014, 68, 77–104.

17. Zhao, Q.; Wang, W.; Wang, R.; Cheng, Y. TRPV1 and neuropeptide receptor immunoreactivity and expression
in the rat lung and brainstem after lung ischemia-reperfusion injury. J. Surg. Res. 2016, 203, 183–192.
[CrossRef] [PubMed]

18. Kumar, S.; Singh, O.; Singh, U.; Goswami, C.; Singru, P.S. Transient receptor potential vanilloid 1-6 (Trpv1-6)
gene expression in the mouse brain during estrous cycle. Brain Res. 2018, 1701, 161–170. [CrossRef] [PubMed]

19. Mezey, E.; Tóth, Z.E.; Cortright, D.N.; Arzubi, M.K.; Krause, J.E.; Elde, R.; Guo, A.; Blumberg, P.M.; Szallasi, A.
Distribution of mRNA for vanilloid receptor subtype 1 (VR1), and VR1-like immunoreactivity, in the central
nervous system of the rat and human. Proc. Natl. Acad. Sci. USA 2000, 97, 3655–3660. [CrossRef] [PubMed]

20. Tani, M.; Kotani, S.; Hayakawa, C.; Lin, S.-T.; Irie, S.; Ikeda, K.; Kawakami, K.; Onimaru, H. Effects of
a TRPV1 agonist capsaicin on respiratory rhythm generation in brainstem-spinal cord preparation from
newborn rats. Pflugers Arch. 2017, 469, 327–338. [CrossRef]

21. Mohammed, M.; Madden, C.J.; Andresen, M.C.; Morrison, S.F. Activation of TRPV1 in nucleus tractus
solitarius reduces brown adipose tissue thermogenesis, arterial pressure, and heart rate. Am. J. Physiol. Regul.
Integr. Comp. Physiol. 2018, 315, R134–R143. [CrossRef] [PubMed]

22. Roy, A.; Mandadi, S.; Fiamma, M.-N.; Rodikova, E.; Ferguson, E.V.; Whelan, P.J.; Wilson, R.J.A. Anandamide
modulates carotid sinus nerve afferent activity via TRPV1 receptors increasing responses to heat. J. Appl.
Physiol. 2012, 112, 212–224. [CrossRef] [PubMed]

23. Barrett, K.T.; Roy, A.; Rivard, K.B.; Wilson, R.J.A.; Scantlebury, M.H. Vagal TRPV1 activation exacerbates
thermal hyperpnea and increases susceptibility to experimental febrile seizures in immature rats.
Neurobiol. Dis. 2018, 119, 172–189. [CrossRef] [PubMed]

24. Hollis, M.; Wang, D.H. Transient receptor potential vanilloid in blood pressure regulation. Curr. Opin.
Nephrol. Hypertens. 2013, 22, 170–176. [CrossRef] [PubMed]

http://dx.doi.org/10.1152/jn.00759.2010
http://www.ncbi.nlm.nih.gov/pubmed/21430274
http://dx.doi.org/10.1152/ajpregu.00668.2006
http://www.ncbi.nlm.nih.gov/pubmed/17008453
http://dx.doi.org/10.1080/23328940.2015.1040604
http://www.ncbi.nlm.nih.gov/pubmed/27227022
http://dx.doi.org/10.1152/ajpheart.00457.2014
http://dx.doi.org/10.1002/cne.10798
http://dx.doi.org/10.1124/pr.109.001263
http://dx.doi.org/10.1111/apha.12231
http://dx.doi.org/10.1124/mol.116.104430
http://www.ncbi.nlm.nih.gov/pubmed/27335334
http://dx.doi.org/10.1016/0006-8993(91)90982-2
http://dx.doi.org/10.1016/j.molbrainres.2004.12.003
http://www.ncbi.nlm.nih.gov/pubmed/15857679
http://dx.doi.org/10.1016/j.tins.2008.12.006
http://www.ncbi.nlm.nih.gov/pubmed/19285736
http://dx.doi.org/10.1016/j.jss.2016.03.050
http://www.ncbi.nlm.nih.gov/pubmed/27338549
http://dx.doi.org/10.1016/j.brainres.2018.09.005
http://www.ncbi.nlm.nih.gov/pubmed/30194920
http://dx.doi.org/10.1073/pnas.97.7.3655
http://www.ncbi.nlm.nih.gov/pubmed/10725386
http://dx.doi.org/10.1007/s00424-016-1912-8
http://dx.doi.org/10.1152/ajpregu.00049.2018
http://www.ncbi.nlm.nih.gov/pubmed/29590555
http://dx.doi.org/10.1152/japplphysiol.01303.2010
http://www.ncbi.nlm.nih.gov/pubmed/21903882
http://dx.doi.org/10.1016/j.nbd.2018.08.004
http://www.ncbi.nlm.nih.gov/pubmed/30121230
http://dx.doi.org/10.1097/MNH.0b013e32835c8d4c
http://www.ncbi.nlm.nih.gov/pubmed/23274405


Pharmaceuticals 2019, 12, 19 19 of 20

25. Sun, H.; Li, D.-P.; Chen, S.-R.; Hittelman, W.N.; Pan, H.-L. Sensing of blood pressure increase by transient
receptor potential vanilloid 1 receptors on baroreceptors. J. Pharmacol. Exp. Ther. 2009, 331, 851–859.
[CrossRef] [PubMed]

26. Gavva, N.R.; Tamir, R.; Klionsky, L.; Norman, M.H.; Louis, J.-C.; Wild, K.D.; Treanor, J.J.S. Proton activation
does not alter antagonist interaction with the capsaicin-binding pocket of TRPV1. Mol. Pharmacol. 2005, 68,
1524–1533. [CrossRef] [PubMed]

27. Lehto, S.G.; Tamir, R.; Deng, H.; Klionsky, L.; Kuang, R.; Le, A.; Lee, D.; Louis, J.-C.; Magal, E.; Manning, B.H.;
et al. Antihyperalgesic effects of (R,E)-N-(2-hydroxy-2,3-dihydro-1H-inden-4-yl)-3-(2-(piperidin-1-
yl)-4-(trifluoromethyl)phenyl)-acrylamide (AMG8562), a novel transient receptor potential vanilloid type 1
modulator that does not cause hyperthermia in rats. J. Pharmacol. Exp. Ther. 2008, 326, 218–229. [CrossRef]

28. Garami, A.; Pakai, E.; McDonald, H.A.; Reilly, R.M.; Gomtsyan, A.; Corrigan, J.J.; Pinter, E.; Zhu, D.X.D.;
Lehto, S.G.; Gavva, N.R.; et al. TRPV1 antagonists that cause hypothermia, instead of hyperthermia, in
rodents: Compounds’ pharmacological profiles, in vivo targets, thermoeffectors recruited and implications
for drug development. Acta Physiol. 2018, 223. [CrossRef]

29. Steiner, A.A.; Turek, V.F.; Almeida, M.C.; Burmeister, J.J.; Oliveira, D.L.; Roberts, J.L.; Bannon, A.W.;
Norman, M.H.; Louis, J.-C.; Treanor, J.J.S.; et al. Nonthermal Activation of Transient Receptor Potential
Vanilloid-1 Channels in Abdominal Viscera Tonically Inhibits Autonomic Cold-Defense Effectors. J. Neurosci.
2007, 27, 7459–7468. [CrossRef]

30. Gavva, N.R.; Treanor, J.J.; Garami, A.; Fang, L.; Surapaneni, S.; Akrami, A.; Alvarez, F.; Bak, A.; Darling, M.;
Gore, A.; et al. Pharmacological blockade of the vanilloid receptor TRPV1 elicits marked hyperthermia in
humans. Pain 2008, 136, 202–210. [CrossRef]

31. Alawi, K.M.; Aubdool, A.A.; Liang, L.; Wilde, E.; Vepa, A.; Psefteli, M.-P.; Brain, S.D.; Keeble, J.E. The
sympathetic nervous system is controlled by transient receptor potential vanilloid 1 in the regulation of
body temperature. FASEB J. 2015, 29, 4285–4298. [CrossRef] [PubMed]

32. Caterina, M.J.; Schumacher, M.A.; Tominaga, M.; Rosen, T.A.; Levine, J.D.; Julius, D. The capsaicin receptor:
A heat-activated ion channel in the pain pathway. Nature 1997, 389, 816–824. [CrossRef] [PubMed]

33. Jordt, S.-E.; Tominaga, M.; Julius, D. Acid potentiation of the capsaicin receptor determined by a key
extracellular site. Proc. Natl. Acad. Sci. USA 2000, 97, 8134–8139. [CrossRef]

34. Morgado-Valle, C.; Feldman, J.L. Depletion of substance P and glutamate by capsaicin blocks respiratory
rhythm in neonatal rat in vitro. J. Physiol. 2004, 555, 783–792. [CrossRef] [PubMed]

35. Garami, A.; Shimansky, Y.P.; Pakai, E.; Oliveira, D.L.; Gavva, N.R.; Romanovsky, A.A. Contributions of
different modes of TRPV1 activation to TRPV1 antagonist-induced hyperthermia. J. Neurosci. 2010, 30,
1435–1440. [CrossRef] [PubMed]

36. Tominaga, M.; Caterina, M.J.; Malmberg, A.B.; Rosen, T.A.; Gilbert, H.; Skinner, K.; Raumann, B.E.;
Basbaum, A.I.; Julius, D. The cloned capsaicin receptor integrates multiple pain-producing stimuli. Neuron
1998, 21, 531–543. [CrossRef]

37. Kollarik, M.; Ru, F.; Undem, B.J. Acid-sensitive vagal sensory pathways and cough. Pulm. Pharmacol. Ther.
2007, 20, 402–411. [CrossRef]

38. Semtner, M.; Schaefer, M.; Pinkenburg, O.; Plant, T.D. Potentiation of TRPC5 by protons. J. Biol. Chem. 2007,
282, 33868–33878. [CrossRef]

39. Kim, M.J.; Jeon, J.-P.; Kim, H.J.; Kim, B.J.; Lee, Y.M.; Choe, H.; Jeon, J.-H.; Kim, S.J.; So, I. Molecular
determinant of sensing extracellular pH in classical transient receptor potential channel 5. Biochem. Biophys.
Res. Commun. 2008, 365, 239–245. [CrossRef]

40. Bond, S.M.; Cervero, F.; McQueen, D.S. Influence of neonatally administered capsaicin on baroreceptor and
chemoreceptor reflexes in the adult rat. Br. J. Pharmacol. 1982, 77, 517–524. [CrossRef]

41. De Sanctis, G.T.; Green, F.H.; Remmers, J.E. Ventilatory responses to hypoxia and hypercapnia in awake rats
pretreated with capsaicin. J. Appl. Physiol. 1991, 70, 1168–1174. [CrossRef] [PubMed]

42. Diaz, V.; Arsenault, J.; Praud, J.P. Consequences of capsaicin treatment on pulmonary vagal reflexes and
chemoreceptor activity in lambs. J. Appl. Physiol. 2000, 89, 1709–1718. [CrossRef] [PubMed]

43. Gavva, N.R.; Bannon, A.W.; Hovland, D.N.; Lehto, S.G.; Klionsky, L.; Surapaneni, S.; Immke, D.C.; Henley, C.;
Arik, L.; Bak, A.; et al. Repeated Administration of Vanilloid Receptor TRPV1 Antagonists Attenuates
Hyperthermia Elicited by TRPV1 Blockade. J. Pharmacol. Exp. Ther. 2007, 323, 128–137. [CrossRef] [PubMed]

http://dx.doi.org/10.1124/jpet.109.160473
http://www.ncbi.nlm.nih.gov/pubmed/19726694
http://dx.doi.org/10.1124/mol.105.015727
http://www.ncbi.nlm.nih.gov/pubmed/16135784
http://dx.doi.org/10.1124/jpet.107.132233
http://dx.doi.org/10.1111/apha.13038
http://dx.doi.org/10.1523/JNEUROSCI.1483-07.2007
http://dx.doi.org/10.1016/j.pain.2008.01.024
http://dx.doi.org/10.1096/fj.15-272526
http://www.ncbi.nlm.nih.gov/pubmed/26136480
http://dx.doi.org/10.1038/39807
http://www.ncbi.nlm.nih.gov/pubmed/9349813
http://dx.doi.org/10.1073/pnas.100129497
http://dx.doi.org/10.1113/jphysiol.2003.060350
http://www.ncbi.nlm.nih.gov/pubmed/14724197
http://dx.doi.org/10.1523/JNEUROSCI.5150-09.2010
http://www.ncbi.nlm.nih.gov/pubmed/20107070
http://dx.doi.org/10.1016/S0896-6273(00)80564-4
http://dx.doi.org/10.1016/j.pupt.2006.11.010
http://dx.doi.org/10.1074/jbc.M702577200
http://dx.doi.org/10.1016/j.bbrc.2007.10.154
http://dx.doi.org/10.1111/j.1476-5381.1982.tb09326.x
http://dx.doi.org/10.1152/jappl.1991.70.3.1168
http://www.ncbi.nlm.nih.gov/pubmed/1709632
http://dx.doi.org/10.1152/jappl.2000.89.5.1709
http://www.ncbi.nlm.nih.gov/pubmed/11053317
http://dx.doi.org/10.1124/jpet.107.125674
http://www.ncbi.nlm.nih.gov/pubmed/17652633


Pharmaceuticals 2019, 12, 19 20 of 20

44. Smith, P.G.; Mills, E. Restoration of reflex ventilatory response to hypoxia after removal of carotid bodies in
the cat. Neuroscience 1980, 5, 573–580. [CrossRef]

45. Garami, A.; Ibrahim, M.; Gilbraith, K.; Khanna, R.; Pakai, E.; Miko, A.; Pinter, E.; Romanovsky, A.A.;
Porreca, F.; Patwardhan, A.M. Transient Receptor Potential Vanilloid 1 Antagonists Prevent
Anesthesia-induced Hypothermia and Decrease Postincisional Opioid Dose Requirements in Rodents.
Anesthesiology 2017, 127, 813–823. [CrossRef]

46. Pardridge, W.M. Drug transport in brain via the cerebrospinal fluid. Fluids Barriers CNS 2011, 8, 7. [CrossRef]
47. Davson, H. The Cerebrospinal Fluid. In Handbook of Neurochemistry; Springer: Boston, MA, USA, 1969;

pp. 23–48.
48. Tattersall, G.J.; Milsom, W.K. Hypoxia reduces the hypothalamic thermogenic threshold and

thermosensitivity. J. Physiol. 2009, 587, 5259–5274. [CrossRef]
49. Gautier, H.; Bonora, M.; Schultz, S.A.; Remmers, J.E. Hypoxia-induced changes in shivering and body

temperature. J. Appl. Physiol. 1987, 62, 2477–2484. [CrossRef]
50. Barros, R.C.; Zimmer, M.E.; Branco, L.G.; Milsom, W.K. Hypoxic metabolic response of the golden-mantled

ground squirrel. J. Appl. Physiol. 2001, 91, 603–612. [CrossRef]
51. Tattersall, G.J.; Milsom, W.K. Transient peripheral warming accompanies the hypoxic metabolic response in

the golden-mantled ground squirrel. J. Exp. Biol. 2003, 206, 33–42. [CrossRef]
52. Bicego, K.C.; Barros, R.C.H.; Branco, L.G.S. Physiology of temperature regulation: Comparative aspects.

Comp. Biochem. Physiol. A Mol. Integr. Physiol. 2007, 147, 616–639. [CrossRef] [PubMed]
53. Wood, S.C. Interactions Between Hypoxia and Hypothermia. Annu. Rev. Physiol. 1991, 53, 71–85. [CrossRef]

[PubMed]
54. Wood, S.C. Oxygen as a modulator of body temperature. Braz. J. Med. Biol. Res. Rev. Bras. Pesqui. Med. Biol.

1995, 28, 1249–1256.
55. Steiner, A.A.; Branco, L.G.S. Hypoxia-Induced Anapyrexia: Implications and Putative Mediators. Annu. Rev.

Physiol. 2002, 64, 263–288. [CrossRef] [PubMed]
56. Paxinos, G.; Watson, C. The Rat Brain in Stereotaxic Coordinates; Elsevier: Amsterdam, The Netherlands, 2007;

ISBN 9780080475134.
57. Drorbaugh, J.E.; Fenn, W.O. A barometric method for measuring ventilation in newborn infants. Pediatrics

1955, 16, 81–87. [PubMed]
58. Biancardi, V.; Bícego, K.C.; Almeida, M.C.; Gargaglioni, L.H. Locus coeruleus noradrenergic neurons and

CO2 drive to breathing. Pflügers Arch. Eur. J. Physiol. 2008, 455, 1119–1128. [CrossRef] [PubMed]
59. De Carvalho, D.; Bícego, K.C.; de Castro, O.W.; da Silva, G.S.F.; Garcia-Cairasco, N.; Gargaglioni, L.H. Role

of neurokinin-1 expressing neurons in the locus coeruleus on ventilatory and cardiovascular responses to
hypercapnia. Respir. Physiol. Neurobiol. 2010, 172, 24–31. [CrossRef] [PubMed]

60. Patrone, L.G.A.; Bícego, K.C.; Hartzler, L.K.; Putnam, R.W.; Gargaglioni, L.H. Cardiorespiratory effects of
gap junction blockade in the locus coeruleus in unanesthetized adult rats. Respir. Physiol. Neurobiol. 2014,
190, 86–95. [CrossRef] [PubMed]

61. Patrone, L.G.A.; Biancardi, V.; Marques, D.A.; Bícego, K.C.; Gargaglioni, L.H. Brainstem catecholaminergic
neurones and breathing control during postnatal development in male and female rats. J. Physiol. 2018, 596,
3299–3325. [CrossRef]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/0306-4522(80)90054-8
http://dx.doi.org/10.1097/ALN.0000000000001812
http://dx.doi.org/10.1186/2045-8118-8-7
http://dx.doi.org/10.1113/jphysiol.2009.175828
http://dx.doi.org/10.1152/jappl.1987.62.6.2477
http://dx.doi.org/10.1152/jappl.2001.91.2.603
http://dx.doi.org/10.1242/jeb.00057
http://dx.doi.org/10.1016/j.cbpa.2006.06.032
http://www.ncbi.nlm.nih.gov/pubmed/16950637
http://dx.doi.org/10.1146/annurev.ph.53.030191.000443
http://www.ncbi.nlm.nih.gov/pubmed/2042977
http://dx.doi.org/10.1146/annurev.physiol.64.081501.155856
http://www.ncbi.nlm.nih.gov/pubmed/11826270
http://www.ncbi.nlm.nih.gov/pubmed/14394741
http://dx.doi.org/10.1007/s00424-007-0338-8
http://www.ncbi.nlm.nih.gov/pubmed/17851683
http://dx.doi.org/10.1016/j.resp.2010.04.016
http://www.ncbi.nlm.nih.gov/pubmed/20416403
http://dx.doi.org/10.1016/j.resp.2013.09.001
http://www.ncbi.nlm.nih.gov/pubmed/24035835
http://dx.doi.org/10.1113/JP275731
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results 
	Effect of icv Injection of AMG9810 and AMG7905 on 0mu mumu VVsubsectionV.E , MAP, HR and Tb in Normocapnic and Hypercapnic Conditions 
	Effect of icv Injection of AMG9810 and AMG7905 on 0mu mumu VVsubsectionV.E , MAP, HR and Tb in Normoxic and Hypoxic Conditions 
	Effect of Intraperitoneal Injection of AMG9810 on 0mu mumu VVsubsectionV.E , MAP, HR and Tb in Normocapnic and Hypercapnic Conditions 
	Effect of Intraperitoneal Injection of AMG9810 on 0mu mumu VVsubsectionV.E , MAP, HR and Tb in Normoxic and Hypoxic Conditions 
	Effect of icv and Intraperitoneal Injection of AMG9810 on Blood Gases and pH in Normoxic, Normocapnic, Hypercapnic and Hypoxic Conditions 

	Discussion 
	Materials and Methods 
	Animals 
	Surgeries and Microinjection 
	Drugs and Gas Mixture 
	Determination of Pulmonary Ventilation 
	Blood Gases and pH Measurements 
	Experimental Protocol 
	Data Processing and Analysis 

	References

