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Attenuation of autonomic reflexes by A803467 may not be solely
caused by blockade of NaV 1.8 channels
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Abstract

In decerebrated rats, we determined the dose of A803467, a NaV 1.8 antagonist, needed to
attenuate the reflex pressor responses to femoral arterial injections of lactic acid (24mM; ~0.1mL)
and capsaicin (0.1g), agents which stimulate thin fiber afferents having NaV 1.8 channels. We
also determined whether the dose of A803467 needed to attenuate these reflex responses affected
the responses of muscle spindle afferents to tendon stretch and succinylcholine (200.g). Spindle
afferents are not supplied with NaV 1.8 channels, and consequently their responses to these
stimuli should not be influenced by A803467. Pressor responses to lactic acid and capsaicin were
not altered by 500p.g of A803467 (n=6). A803467 in a dose of 1mg, however, significantly
reduced (p< 0.05; n=12) the pressor responses to lactic acid (23+5 to 7+3AmmHg) and capsaicin
(4745 to 31+5AmmHg). Surprisingly, we also found that 1 mg of A803467 reduced the responses
of 10 spindle afferents to succinylcholine (34+11 to 4+3 A imp/s p<0.05) and stretch (83+17 to
0.4+1 A imp/s; p<0.05). We conclude that A803467 reduces the reflex response to lactic acid and
capsaicin; however, it may be working on multiple channels, including NaV 1.8, other NaVs as
well as voltage-gated calcium channels.
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Introduction

Stimulation of thin fiber somatic afferents, which are comprised of thinly myelinated A and
unmyelinated C fibers, are known to reflexly increase arterial blood pressure and heart rate
[24] [25] [4]. In contrast, stimulation of thickly myelinated afferents, which are comprised
of Aa and A fibers, does not evoke these increases, and in some instances can evoke reflex
decreases in arterial pressure and heart rate [4]. Under normal physiological conditions,
thick fiber somatic afferents play important roles in the reflex control of muscle length, in
the transduction of non-noxious stimulation of the skin, and in the perception of joint
position [15] [5]. Thin fiber afferents, on the other hand, play important roles in evoking
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reflex pressor—cardioaccelerator responses to exercise [4] [16] and in the transduction of
pain arising from the skin, joints, and muscle [5] [26].

Voltage gated sodium channels (NaV) are responsible for the initiation and conduction of
action potentials in somatic afferent fibers. The inward currents arising from the opening of
sodium channels have been classified as either tetrodotoxin sensitive (TTX-s) or
tetrodotoxin resistant (TTX-r). Sodium channels are heteromeric proteins comprised of a
pore forming alpha subunit and two beta subunits [23]. Nine alpha subunits have been
reported and have been designated NaV 1.1 through NaV 1.9 [23]. Substantial in vitro
evidence has shown that the TTX-r alpha subunits NaV 1.8, and NaV 1.9 play important
roles in impulse initiation and conduction in thin fiber somatic afferents [20] [12] [27].
TTX-r sodium channels are found on thin fiber somatic afferents [2] [28], which in turn has
led to a search for antagonists function as non-opioid analgesics.

One such agent is A803467, which has been shown in vitro to block selectively NaV 1.8
channels [11] [18]. In vivo, intravenous injection of A803467 has been shown to attenuate
the responses of rat dorsal horn neurons to probing of their receptive fields in the periphery
[11] [18]. In addition, close arterial injection of AB03467 has been shown to attenuate the
responses of thin fiber afferents to noxious rotation of the knee joint [26]. In these latter
experiments, the possibility existed that the attenuation attributed to the blockade of NaV 1.8
channels by A803467 was due to the blockade of CaV 3.2 channels [1]. In addition, there
have been no in vivo studies demonstrating the effect of A803467 on autonomic reflexes
arising from stimulation of thin fiber somatic afferents. These findings prompted us to test
two hypotheses. The first was that A803467 attenuated the reflex pressor responses to
stimulation of thin fiber somatic afferents, which are widely believed to be supplied by NaV
1.8 channels [2] [28]. The second was that the attenuation of these pressor reflexes was
attributable solely to blockade of NaV 1.8 channels. We chose to stimulate these afferents
with femoral arterial injections of capsaicin and lactic acid, substances known to vigorously
stimulate thin fiber afferents.

All procedures were reviewed and approved by the Institutional Care and Use Committee of
the Pennsylvania State University College of Medicine.

Surgical preparation

Adult, male Sprague-Dawley rats (n=59, weighing 436 + 5g) were anesthetized with 2-3%
isoflurane gas and 100% oxygen. The trachea was cannulated, and the lungs were ventilated
mechanically with the gaseous anesthetic until the decerebration was completed (see below).
One carotid artery and jugular vein were cannulated to measure arterial blood pressure and
to administer fluids, respectively.

We cannulated the contralateral (l.e., right) iliac artery in a retrograde manner, sectioned this
artery and oriented it so that we could pass the tip of the catheter into the left femoral artery.
The tip was placed just past the inguinal ligament to the left femoral artery. A share was
placed under the abdominal aorta and vena cava. When tightened, the snare restricted blood
flow to and from the left hindlimb.

While the lungs were ventilated with the gaseous anesthetic, we performed a precollicular
decerebration using the method described previously [30]. Anesthesia was discontinued after
decerebration and the rat was allowed to stabilize for at least 1 hour. Prior to decerebration,
Dexamethasone (0.2mg) was injected intravenously to minimize swelling in the brain.
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When recording the impulse activity of muscle spindles, we performed a laminectomy to
expose the lower lumbar roots (L2-L5). The calcaneal bone of the left hindlimb was cut and
the triceps surae muscles were isolated. The free end of the calcaneal tendon was attached to
a force transducer (model FT-10C, Grass) to measure tension developed when the triceps
surae muscles were stretched.

Experimental protocols

Reflex studies—We injected into the femoral artery capsaicin (0.1png; 50 pl), a TRPV1
receptor agonist [3] and lactic acid (24mM; 50 ul), an ASIC 3 receptor agonist [10] while
measuring arterial pressure and heart rate. Both substances vigorously stimulate thin fiber
afferents innervating the hindlimb [14] [13] [6] [22], but have no effect on the discharge of
thick fiber afferents [14] [13] [6]. A stock solution of capsaicin (50mg) was dissolved in
ethanol (0.5ml) and 5 drops of Tween 80 and then subsequently diluted with saline to a
concentration of 2pg/ml. Lactic acid was dissolved in saline. After obtaining pressor-
cardioaccelerator responses to injection of capsaicin and lactic acid, we attempted to abolish
or attenuate these responses by injecting A803467 (500 g or 1mg; 100 wl), a NaV 1.8
antagonist [11]. A803467 (Tocris Bioscience) was dissolved in 100% DMSO. While
injecting lactic acid or capsaicin, we snared the lower aorta and vena cava snared to limit
blood flow to and from the hindlimbs. The order of injection was randomized and was
separated by a ten minute interval. Thirty minutes after the second injection, we again
snared the descending aorta and vena cava, and injected A803467 into the left femoral
artery. After injecting A803467, we maintained the snare for five minutes and then released
it for another seven minutes. We used this protocol because A803467 has been shown to
reach its peak blocking effect on the responses of thin fiber joint afferents to noxious knee
rotation after 11 min [26]; A803467 has a half-life of 4 hours [11]. Twelve minutes after
injecting A803467, we tightened the snare and injected lactic acid and capsaicin again in the
same order as before injecting A803467. The decerebrated rat was paralyzed throughout the
experiment with pancuronium bromide (0.5mg/kg, given every 30min).

Electrophysiological Studies—We recorded the impulse activity arising from muscle
spindles before and after injecting either A803467 (1 mg) or mibefradil (1 and 3 mg/kg), a
voltage gated calcium 3.2 (T) channel antagonist [29] into the femoral artery. Mibefradil
(Tocris Bioscience) was dissolved in saline and was always injected in a volume of 200 pl.
AB803467 was dissolved in 100% DMSO and was injected in a volume of 100 p.l. Single
fiber impulse activity arising from muscle spindles was recorded from filaments split from
the peripheral cut ends of L4 and L5 dorsal roots. A stimulating electrode was placed on the
tibial nerve. Conduction velocities were calculated by dividing the conduction distance
between the stimulating and recording electrodes by the conduction time. Each of the
afferents had its receptive field plotted in the triceps surae muscles, and each responded to
calcaneal tendon stretch, lasting for 30 seconds. Of the 22 spindles tested with either
AB03467 or Mibefradil, 19 responded to femoral arterial injection of succinylcholine (200
pg; 0.4ml saline) with the abdominal aorta and vena cava snared [8] [32]. Baseline impulse
activity of eight spindles was attenuated by DMSO (100 1), the vehicle for A803467; we
did not determine the effect of A803467 on the discharge of these eight spindles.

Data Analysis

Mean arterial blood pressure and heart rate values were expressed as means + SE. Baseline
mean arterial blood pressure and heart rate were measured immediately before a maneuver,
and peak mean arterial pressure and heart rate were measured during injection of lactic acid,
capsaicin, succinylcholine, and during tendon stretch. Statistical comparisons between
pressor and cardioaccelerator responses to capsaicin and lactic acid before and after
AB03467 were performed using a two-way repeated measure ANOVA with Holm-Sidak’s
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post hoc test when a significant interaction was found (Graphpad Prism 6.0 software).
Statistical comparisons between the responses of muscle afferents to either stretch or
succinylcholine before or after A803467 or mibefradil were performed with a two-way
repeated measure ANOVA. Again, post hoc comparisons were performed when a significant
interaction was found (SAS 9.2 software). The criterion for statistical significance was
p<0.05.

Effects of AB03467 on cardiovascular reflexes evoked by lactic acid and capsaicin

We tested the effect of two doses of the NaV 1.8 channel antagonist, A803467, injected into
the femoral artery, on the pressor and cardioaccelerator responses to lactic acid and
capsaicin. A dose of 500 g of A803467 had no effect on the pressor and cardioaccelerator
responses to femoral arterial injection of either substance (Figure 1, A through D). In a
separate group of rats, we doubled the dose of A803467 (i.e., 1 mg) and found that the
pressor responses to femoral arterial injection of lactic acid and capsaicin were significantly
reduced by the NaV 1.8 antagonist (Figure 1, A and B) but the cardioaccelerator response
was not significantly changed (Figure 1, C and D).

Electrophysiological experiments

We recorded the impulse activity of 22 muscle spindles with receptive fields in the triceps
surae muscles. Of the 22 afferents, we measured the conduction times in 19 and calculated
their conduction velocities, which averaged 42.6 = 2.5 m/s (range: 13.9-60.6 m/s). We
found that A803467 (1 mg), injected into the femoral artery, markedly attenuated the
responses of ten spindles to both stretch and to succinylcholine (Figure 2, A and B; Figure
3). In addition, A803467 markedly attenuated the baseline firing rate of these afferents
(Figure 3). We also determined the effect of two doses of mibefradil, a T type calcium
channel (CaV 3.2) antagonist, on the responses of spindles to the two stimuli. The
attenuating effect of mibefradil, injected into the femoral artery, on the responses of ten
spindles to succinylcholine and to stretch was much smaller than that of A803467 (Figure 2,
C through F). Moreover, mibefradil had no effect on their baseline discharge rate.

Discussion

Our goal was to determine if the blocking effect of A803467 on NaV 1.8 channels, which
has been demonstrated in vitro, could be translated to in vivo experiments evoking
autonomic reflex responses. To accomplish this goal we needed to find an amount of
AB03467 that attenuated the reflex pressor responses to femoral arterial injections of
capsaicin, a TRPV1 receptor agonist, and lactic acid, an ASIC 3 receptor agonist. This
amount was found to be 1mg, which translates to approximately to 2mg per kg. The
intraarterial dose required to attenuate the reflex pressor responses to capsaicin and lactic
acid in our experiments appeared similar, but somewhat smaller, than the intravenous dose
of A803467 (10-30 mg/kg) required to attenuate the responses to probing of wide dynamic
range neurons in the dorsal horn of anesthetized rats [18] [11].

In our experiments, the dose of A803467 required to attenuate the pressor responses to
capsaicin and lactic acid injection markedly reduced the responses of spindle afferents to
tendon stretch and succinylcholine. The significance of this latter finding, and the rationale
for why we recorded the responses of spindles to these stimuli, is that cell bodies of spindles
do not bind the antibody for the NaV 1.8 protein, and as a result are thought not to possess
the alpha subunit for this sodium channel [5]. Unless one is willing to postulate that the
endings of spindle afferents contain NaV 1.8 channels, whereas cell bodies do not, we must
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conclude that the dose of A803467 used in our experiments may have blocked additional
sodium channels besides NaV 1.8 on these thick fiber afferents as well as on the thin fiber
afferents evoking the pressor responses to capsaicin and lactic acid injection. One sodium
channel that may have been blocked by A803467 was NaV 1.6, which is present on cell
bodies that innervate hindlimb muscles [21] and which can be responsible for bursting
activity [23]. In vitro, the selectivity of A803467 for NaV 1.6 is not known, but it is
reasonable to speculate that this channel was blocked at least in part by A803467 in our
experiments.

In vitro, AB03467 is less effective in blocking NaV 1.8 in rats than it is in blocking NaV 1.8
in humans. Specifically, the 1C50 for this compound in blocking rat NaV 1.8 was 140nM,
whereas the 1C50 for blocking human NaV 1.8 was only 8nM [11]. Moreover, the
effectiveness of this compound in blocking NaV 1.8 channels in vitro is limited.
Specifically, a 1M concentration of A803467 blocked only 40% of the peak current evoked
by depolarizing dorsal root ganglion cells [21]; higher concentrations of A803467 were not
used because of concern about the loss of selectivity of the compound for NaV 1.8 channels
[21]. These in vitro findings reinforce the possibility that the threshold dose of A803467
required to attenuate the reflex pressor responses to capsaicin and lactic acid injection in our
experiments may have blocked other sodium channels in addition to NaV 1.8.

Recently, Bladen and Zamponi reported that low micromolar concentrations of A803467
blocked CaV 3.2 channels in human embryonic kidney cells [1]. These authors suggested
that previous reports attributing the analgesic and electrophysiological effects of A803467 to
the blockade of NaV 1.8 channels might have been caused partly by the blockade of CaV
3.2 channels. To shed light on this issue, we determined the effect of two doses of
mibefradil, a CaV 3.2 antagonist, injected into the femoral artery on the responses of spindle
afferents to both succinylcholine injection and tendon stretch. The highest dose of mibefradil
used in our experiments (3mg/kg) has been shown to reduce both thermal and mechanical
nociceptive responses [33]. We found that mibefradil significantly attenuated the responses
of spindles to stretch and to succinylcholine. Nevertheless, the attenuation of these responses
by mibefradil paled by comparison with those induced by A803467. As a consequence, our
findings with relatively large doses of mibefradil suggest that blockade of CaV 3.2 channels
by A803467 was not the only factor in causing the attenuation of the responses of spindles
to stretch and succinylcholine.

Our present findings appear to conflict with our previous finding that A803467 applied to
the dorsal roots of decerebrated rats had no effect on the pressor response to electrical
stimulation of the tibial nerve at current intensities that recruited C-fibers [31]. The conflict
may be resolved when one considers the functional location of the NaV 1.8 channel along
the sensory neuron. Specifically, NaV 1.8 channels play no role in conducting impulses
along axons in the dorsal roots [19] [31] [7] [9], whereas they do play a role in conducting
impulses at or near the neuron’s terminal in the periphery as well as in its cell body [21]
[12].

One limitation of our study involves assessing the effectiveness in vivo of pharmacological
blockade of voltage gated channels. Typically, one demonstrates the effectiveness of a
blockade by showing that the antagonist prevents a physiological response to an agonist.
This protocol cannot be performed on a channel that is opened by membrane depolarization.
Consequently, we cannot exclude the possibility that the doses of the A803467 and
mibefradil used in our experiments did not block their intended channels. We also cannot
exclude the possibility that mibefradil blocked other calcium channels in addition to CaV
3.2. For example, mibefradil in the doses used in our experiments might have blocked high
voltage calcium channels. In that regard, mibefradil has been shown to be 10-30 fold more
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potent in blocking T-type channels (CaV 3.2) than in blocking L-type channels, which has
only a small presence in dorsal root ganglion cells [17]. Likewise, mibefradil has been
shown to be 200 fold more potent in blocking T-type channels than in blocking P-type
channels [17].

AB803467, in vitro, has been reported to be a selective antagonist to NaV 1.8 channels [11]
[18]. We attempted to translate these in vitro findings to in vivo experiments by using
AB03467 to attenuate reflex pressor responses to chemicals that vigorously stimulate thin
fiber somatic afferents. We found that the threshold dose of A803467 needed to attenuate
these pressor reflexes also abolished the responses of muscle spindles to succinylcholine and
stretch. This was a surprising finding because muscle spindles do not have NaV 1.8 channels
[5] [9]. We conclude that the threshold dose of A803467 that blocked the pressor reflex
responses to capsaicin and lactic acid in our experiments blocked additional channels as well
as NaV 1. 8. In vitro evidence suggested that the voltage gated T type calcium channel (CaV
3.2) might be one of these additional channels [1]. Blockade of this calcium channel with
mibefradil in our experiments provided evidence that was consistent with this possibility.
Nevertheless, the attenuation of the spindles’ responses to stretch and succinylcholine by a
large dose of mibefradil in our experiments was considerably less than the abolition of these
responses by A803467, raising the possibility that other sodium channels such as NaV 1.6
might have been blocked by this antagonist. In summary, our findings led us to conclude
that in vivo A803467 has limited utility as a selective NaV 1.8 antagonist unless one can
demonstrate that the dose used has no effect on other channels or receptors.
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AB803467, in a dose of 1 mg, but not in a dose of 500 g, significantly attenuated the pressor
responses to femoral artery injection of lactic acid (A) and capsaicin (B). Note that neither
dose of A803467 attenuated the cardioaccelerator responses to femoral artery injection of
either lactic acid (C) or capsaicin (D). Asterisks (*) represent significant differences between
the pressor response to either lactic acid or capsaicin before and after A803467, p<0.05.
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Figure 2.

Effect of A803467 (1 mg) (A & B) and two doses of mibefradil (C—F) on the responses of
spindles to succinylcholine (200 pg), injected into the femoral artery, and to tendon stretch.
Note that in A & B that femoral arterial injection of DMSO, the vehicle for A803467, had
no effect on the spindles’ responses to either succinylcholine or to stretch. In contrast,
injection of A803467 (1 mg) almost abolished these responses as well as baseline activity.
Asterisks (*) represent significant differences between baseline discharge and responses to
succinylcholine or stretch (p < 0.05). Asterisks (*) over horizontal brackets represent
significant differences between the increase in discharge rate in response to succinylcholine
or stretch before and after either vehicle (DMSO), A803467 or Mibefradil (p < 0.05).
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Effect of A803467 (1mg) on the response of a spindle (CVV=43.4 m/s) to tendon stretch.
Receptive field of spindle was located in the lateral gastrocnemius muscle.
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