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Aim: The hemodynamic response to mouse systemic anaphylaxis is characterized

by an initial hypertension followed by sustained hypotension. However, the defense

mechanisms of the sympathetic nervous system against this circulatory disturbance is

not known. Here, we investigated the renal sympathetic nerve activity (RSNA) response

to mouse systemic anaphylaxis, along with the roles of carotid sinus baroreceptor, vagal

nerves and the transient receptor potential vanilloid type 1 channel (TRPV1).

Methods: Male ovalbumin-sensitized C57BL/6N mice were used under pentobarbital

anesthesia. RSNA, systemic arterial pressure (SAP) and heart rate (HR) were continuously

measured for 60 min after the antigen injection.

Results: Within 3 min after antigen injection, RSNA decreased along with a transient

increase in SAP. Thereafter, RSNA showed a progressive increase during sustained

hypotension. In contrast, HR continuously increased. Sinoaortic denervation, but not

vagotomy, significantly attenuated the renal sympathoexcitation and tachycardia from

30 and 46 min, respectively, after antigen. The responses of RSNA, SAP and HR to

anaphylaxis were not affected by pretreatment with a TRPV1 inhibitor, capsazepine, or

by genetic knockout of TRPV1.

Conclusion: The mouse systemic anaphylaxis causes a biphasic RSNA response with

an initial baroreflex-independent decrease and secondary increase. The antigen-induced

sympathoexcitation and tachycardia at the late stage are partly mediated by carotid sinus

baroreceptors. Either vagal nerve or TRPV1 does not play any significant roles in the

RSNA and HR responses in anesthetized mice.
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INTRODUCTION

Anaphylactic shock is a life-threatening allergic cardiovascular
disorder developing severe and prolonged hypotension (Brown,
1995). The sympathetic nervous system plays an important role
in blood pressure recovery during anaphylactic hypotension, as
supported by animal studies: chemical sympathectomy and α1-
adrenoceptor antagonists deteriorate anaphylactic hypotension
in anesthetized rats (Wang et al., 2013). Indeed, during
anaphylactic hypotension, the renal and lumbar sympathetic
nerve activity increases in rats (Sun et al., 2014; Song et al.,
2016) and plasma catecholamine levels elevate in rats and pigs
(Jacobsen et al., 1995; Zhang W. et al., 2011). In contrast,
renal sympathetic nerve activity (RSNA) does not increase
in response to anaphylactic hypotension in anesthetized dogs
(Koyama et al., 1990). Therefore, there are species differences
in the sympathetic response to anaphylaxis. However, it is not
known how RSNA responds to anaphylactic hypotension in
mice, which are currently most frequently used for the gene-
based study of systemic anaphylaxis (Cauwels et al., 2006; Cui
et al., 2013). On the other hand, we previously reported that
the hemodynamic characteristics of mouse systemic anaphylaxis
are the initial short-lasting hypertension followed by sustained
hypotension (Liu et al., 2007; Wang et al., 2014). The initial
hypertension is caused by an increase in cardiac output, but
not systemic vasoconstriction, without significant changes in
total peripheral resistance, while the subsequent hypotension is
ascribed to a decrease in cardiac output, which was accompanied
by an increase in the total peripheral resistance (Wang et al.,

2014). Based on these findings, we here hypothesized that
RSNA, which regulates the tonus of the renal artery, the
representative resistance artery, shows the baroreflex-dependent
biphasic response of the initial decrease in response to the initial
hypertension, and the subsequent increase, which responds to
the sustained hypotension so as to increase the total peripheral
resistance.

The afferent pathways of the carotid sinus nerves and
vagal nerves seem to be involved in modulation of systemic
anaphylaxis (Castex et al., 1995; Potas et al., 2004; Sun et al.,
2014). The vagal afferents participate in regulation of intestinal
motility during anaphylaxis in anesthetized rats (Castex et al.,
1995). The arterial baroreceptors contribute to the increase of
RSNA during anaphylactic hypotension in rats (Potas et al., 2004;
Sun et al., 2014). However, it remains unknown whether the
carotid sinus nerves or vagal nerves are involved in the regulation
of the efferent sympathetic nerve activity during anaphylactic
hypotension in anesthetized mice.

Recently, there is increasing evidence that many of the
inflammatory mediators released in anaphylactic reactions
involve the transient receptor potential vanilloid type 1 channel
(TRPV1) (Smith and Nilius, 2013), expressed on not only
afferent sensory nerves (Numazaki and Tominaga, 2004), but also
baroreceptor reflex pathways such as the arterial baroreceptor
afferent (Sun et al., 2009) and vagal afferent (Zhang et al., 2004;
Hermes et al., 2016). TRPV1 is stimulated by heat, low pH and
many compounds (Caterina et al., 1997; Tominaga et al., 1998).
Recently, anaphylactic mediators such as histamine (Kim et al.,

2004; Shim et al., 2007), serotonin (Salzer et al., 2016), platelet-
activating factor (Marotta et al., 2009), and prostaglandins
(Moriyama et al., 2005) sensitize and activate TRPV1. On the
other hand, TRPV1 is reported to be involved in regulations of
hemorrhagic shock via the baroreceptors (Akabori et al., 2007)
and vagal afferents (Zhang et al., 2017). Therefore, these lines of
evidence suggest that afferent TRPV1 participates in modulation
of anaphylactic hypotension. Little is known, however, about
roles of TRPV1 in the sympathetic regulation of anaphylactic
hypotension.

In the present study, we firstly clarified the RSNA response
to anaphylactic hypotension in anesthetized mice. Second, we
determined the possible regulatory roles of baroreflex and
TRPV1 in this response by surgical, pharmacologic and genetic
approaches.

MATERIALS AND METHODS

Animals
Male C57BL/6N mice (body weight, 23 ± 2 g; n = 66), as well
as male TRPV1 knockout (TRPV1−/−) mice (body weight, 20 ±
2 g; n = 6) backcrossed in C57BL/6N mice, were used in this
study. TRPV1−/− mice were originally given by Dr. D. Julius
(University of California, San Francisco). Mice were maintained
at 23◦C under pathogen-free conditions on a 12:12-h dark/light
cycle and allowed food and water ad libitum. The experiments
conducted in the present study were approved by the Animal
Research Committee of Kanazawa Medical University (2016-17).

Sensitization
Mice were actively sensitized by the subcutaneous injection of an
emulsion made by mixing aluminum potassium sulfate adjuvant
(2 mg) with 0.01mg ovalbumin (grade V; Sigma Chemical Co.,
St. Louis, MO, USA) dissolved in physiological saline (0.2 ml)
(Wang et al., 2014). The antigen emulsion was injected again
1 week after the first antigen injection. Non-sensitized mice
were injected with aluminum potassium sulfate adjuvant and
ovalbumin-free saline. One week after the second injection, the
mice were used for the following experiments.

Surgical Preparation
Mice were anesthetized with pentobarbital sodium (60 mg/kg,
i.p.); the adequacy of the level of anesthesia was ensured by the
lack of withdrawal reflexes to tail pinch. The body temperature
was maintained at 36–37◦C using a heating pad and was
monitored using a thermometer inserted into the rectum. The
trachea was cannulated and animals were allowed to breathe
oxygen-enriched air. Polyethylene catheters were inserted into
the right external jugular vein and the right femoral artery for a
continuous infusion of saline (40 ml/kg/h) or injections of drugs
and for measurement of the systemic arterial pressure (SAP),
respectively.

RSNA was measured as previously reported (Tanida et al.,
2013). In brief, the left renal nerve was exposed retroperitoneally
through a left flank incision using a dissecting microscope. The
nerve was cut and the proximal end was attached to a pair
of stainless steel wire electrodes and then connected to the
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electrodes. The recording electrodes and the nerve were fixed
with a silicone gel (liquid A & liquid B, Kagawa kikai Co. JAPAN)
to prevent drying and for electrical insulation. The electrical
change in the renal nerve was amplified 50,000–100,000 times
with a bandpass of 100–1,000 kHz and was monitored by an
oscilloscope. The raw data of the nerve activity were converted to
standard pulses by a window discriminator. Both the discharge
rate and the neurogram were sampled with a Power-Lab analog-
to-digital converter for data recording and data analysis on
a computer. The nerve activity was rectified, integrated, and
normalized to be shown as a percentage of the baseline nerve
activity. To ensure that the post-ganglionic efferent sympathetic
nerve activity was recorded, hexamethonium chloride (30mg/kg)
was injected intravenously, and the background noise, which
was determined 30–60 min after the animal was euthanized, was
subtracted. SAP and heart rate (HR) were also sampled using the
Power-Lab and were stored on a hard disk for off-line analysis.

Sinoaortic Denervation (SAD) and
Vagotomy
After the neurovascular trunk in the neck was exposed, bilateral
SAD was performed by cutting the carotid sinus nerves, the
aortic depressor nerves and the recurrent laryngeal nerves, and
by stripping the arterial walls in the carotid sinus region and
painting them with 10% phenol. For vagotomy, the cervical vagi
were sectioned bilaterally. For intact mice, the neck was exposed
without sectioning the nerves. Successful SAD was confirmed by
the absence of significant reflex changes in HR and RSNA in
response to SAP changes induced by intravenous injections of
sodium nitroprusside (SNP, 60 µg/kg) and phenylephrine (PNE,
0.8 µg/kg). Mice in which effective SAD was not confirmed were
excluded from the analysis.

Experimental Protocol
After surgery, the baseline was measured for at least 15 min prior
to the intravenous injection of the ovalbumin antigen (dose, 0.1
mg/ 50 µl saline; injection time, 5 s). The SAP, mean arterial
pressure (MAP), RSNA and HR were continuously measured for
60 min after antigen injection.

The sensitized mice were assigned to the following groups:
(1) anaphylaxis, (2) intact, (3) SAD, (4) vagotomy, (5) wild type,
and (6) TRPV1−/−. The non-sensitized mice were assigned to
the control group. In the pharmacological investigation (Akabori
et al., 2007; Wang et al., 2008), the vehicle (saline containing 10%
Tween 80/10% ethanol) and the TRPV1 antagonist capsazepine
(CPZ; dissolved in the vehicle, 9 mg/kg) was intravenously
administered at 2 min before an intravenous injection of the
antigen into the sensitized mice for the vehicle anaphylaxis and
CPZ anaphylaxis group, respectively. For the vehicle and CPZ
control studies, the vehicle or CPZ was injected into the non-
sensitized mice at 2 min before antigen injection.

In order to depict the characteristics of mouse systemic
anaphylaxis clearly, we compared the RSNA response to antigen
with that when MAP was similarly manipulated. To mimic the
antigen-induced changes in MAP, the initial hypertension was
induced by an initial intravenous injection of PNE, while the
subsequent hypotension by bleeding through the right femoral

artery catheter with a syringe pre-rinsed with heparin at an
appropriate speed in the intact and SAD mice.

Statistical Analysis
Results are expressed as means ± SD. Percent changes from
baseline values were calculated for RSNA. For the analysis of
the variables after the antigen injection, intragroup comparison
was performed by one-way analysis of variance and a P-value
less than 0.05 was considered significant. When a significant
difference was obtained, Fisher post hoc test was performed.
Between-group comparison was performed by two-way analysis
of variance for repeatedmeasures followed by the Bonferroni post
hoc test.

RESULTS

RSNA and Cardiovascular Responses to
Anaphylaxis in Mice
Figure 1A shows representative recordings of the changes in
the variables measured during the first 4, 29–31, and 59–61
min after an antigen challenge in a sensitized mouse. After
antigen injection, RSNA showed an initial decrease and a
secondary increase. On the contrary, SAP initially increased
and then decreased. In contrast, HR sustainably increased after
antigen challenge (Figure 1A). Figures 1B–D show the time-
course changes in RSNA, MAP and HR, respectively, for the
anaphylaxis mice and non-sensitized control mice for 60 min
after antigen injection. In the anaphylaxis group, the RSNA began
to decrease to 66% of the baseline within 2 min after antigen
injection, and then recovered to the baseline around 10 min,
followed by a progressive increase reaching 180% of the baseline
at 60 min (Figure 1B). In contrast, the MAP initially increased
by 37± 19 mmHg from the baseline values of 98± 8 mmHg at 2
min after antigen injection and then decreased to the nadir level
of 45 ± 10 mmHg at 10 min (Figure 1C) with a little recovery
at the end of the experimental period. The HR increased rapidly
after antigen injection and remained elevated throughout the
experimental period (Figure 1D). In the non-sensitized control
mice, antigen injection did not evoke any significant changes in
the RSNA,MAP, or HR. In the sensitized mice, an injection of the
vehicle (saline) alone also did not affect these parameters (RSNA,
101 ± 12% at 60 min after injection; MAP, 86 ± 16 mmHg at
baseline and 80 ± 6 mmHg at 60 min after injection; HR, 438 ±
26 beats/min at baseline and 458 ± 23 beats/min at 60 min after
injection).

To mimic the biphasic MAP response to the antigen, an
intravenous injection of PNE followed by hemorrhage were
performed in the intact and SAD mice. Figures 1B–D shows
the time-course changes in the variables for the intact and
SAD groups for 60 min after initial PNE injection and
later hemorrhage. In both groups, a biphasic MAP response
was evoked in the same way as that of the anaphylaxis
group (Figure 1C). The RSNA in the intact mice showed
the biphasic response with an initial decrease followed by a
secondary increase. However, this secondary increase in RSNA
was significantly smaller than that in the anaphylaxis group
(Figure 1B). Moreover, the initial decrease in the RSNA was
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FIGURE 1 | The changes in RSNA and hemodynamic variables after antigen injection in anesthetized mice. The typical raw data of RSNA and cardiovascular

responses to anaphylaxis are presented, and expanded raw data of RSNA are represented in upper area (A). Time-course data of the changes in RSNA (B), MAP (C),

and HR (D) after antigen injection or treatment of PNE injection and hemorrhage in mice are also shown. •, the sensitized mice (anaphylaxis); ◦, the nonsensitized

(Continued)
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FIGURE 1 | Continued

mice (control); �, mice treated with PNE injection and hemorrhage (PNE + hemorrhage); N, SAD mice treated with PNE injection and hemorrhage (PNE +

hemorrhage, SAD). The numbers of mice used are given in parentheses. Values are expressed as means ± SD. #P < 0.05 vs. the nonsensitized mice (control).
†
P <

0.05 the anaphylaxis group vs. the PNE + hemorrhage group. *P < 0.05 vs. the baseline; the black bar, white bar and gray bar show the significant changes in

anaphylaxis group, PNE + hemorrhage group, and PNE + hemorrhage + SAD group, respectively.

abolished in the SAD mice (Figure 1B). The HR in the intact
mice increased at the late stage of hemorrhage, while HR in the
SAD mice did not change throughout the experimental period
(Figure 1D).

With subcutaneous injections of antigen in sensitized mice,
0.1mg antigen (100 µl), the same dose as in the intravenous
injection study, did not affect the RSNA, MAP, or HR, whereas
10mg antigen (100 µl) caused the responses similar to those
induced by the intravenous injection of antigen with the biphasic
changes in the RSNA and MAP, and a progressive increase in HR
(Supplemental Figure 1).

Effects of SAD or Vagotomy on Renal
Sympathetic and Cardiovascular
Responses to Anaphylaxis in Mice
Figure 2 shows the time-course changes in the variables for
the intact, SAD and vagotomy groups for 60 min after antigen
injection. In all sensitized mice with or without intact neuraxis,
the RSNA showed the biphasic response to the antigen with an
initial decrease followed by a secondary increase (Figure 2A).
Although there was no difference in the initial decrease of
RSNA between SAD and intact mice, the secondary increase of
RSNA in the SAD mice during the period of 30–60 min after
antigen injection was significantly smaller than that in the intact
mice (Figure 2A). In vagotomized mice, the RSNA response was
similar to that of the intact mice throughout the experimental
period. In all these three groups, the antigen injection evoked
a biphasic MAP response with an initial increase followed by a
gradual decrease to the nadir level about 10 min after antigen
injection (Figure 2B).

After antigen injection, HR increased in all three groups, but
significant differences in HR were found at the late phase of
anaphylaxis (46–60 min) between the intact mice and SAD mice
(Figure 2C). Taken together, SAD attenuated the responses of
both RSNA and HR to anaphylactic hypotension.

With respect to the baroreflex induced by an intravenous
injection of SNP or PNE in each group, SNP-induced
hypotension caused increases in RSNA and HR in intact mice
and vagotomized mice (intact mice; peak response of RSNA
163 ± 23%, peak response of MAP −50 ± 6 mmHg, peak
response of HR 34 ± 18 beats/min, 1RSNA/1MAP = −1.3
± 0.6, 1HR/1MAP = −0.7 ± 0.5, vagotomized mice; peak
response of RSNA 165 ± 33%, peak response of MAP −59 ± 13
mmHg, peak response of HR 21± 12 beats/min,1RSNA/1MAP
= −1.2 ± 0.8, 1HR/1MAP = −0.4 ± 0.2), while these
responses were abolished by SAD (peak response of RSNA 97
± 4%, peak response of MAP −59 ± 9 mmHg, peak response
of HR 2 ± 3 beats/min, 1RSNA/1MAP = 0.04 ± 0.07,
1HR/1MAP=−0.05± 0.05). In addition, sympathoinhibitory

and bradycardia responses to SAP elevation evoked by an
intravenous injection of PNE were observed in the intact mice
and vagotomized mice (intact mice; peak response of RSNA 63
± 9%, peak response of MAP 42 ± 5 mmHg, peak response
of HR −26 ± 11 beats/min, 1RSNA/1MAP = −0.89 ± 0.27,
1HR/1MAP=−0.64± 0.24, vagotomized mice; peak response
of RSNA 63 ± 13%, peak response of MAP 44 ± 6 mmHg,
peak response of HR −21 ± 11 beats/min, 1RSNA/1MAP =

−0.85± 0.38, 1HR/1MAP=−0.5± 0.24), but not in the SAD-
treated mice (peak response of RSNA 96 ± 4%, peak response
of MAP 44 ± 7 mmHg, peak response of HR 6 ± 8 beats/min,
1RSNA/1MAP=−0.07± 0.1, 1HR/1MAP=−0.15± 0.08).

Effects of a TRPV1 Receptor Antagonist,
CPZ, on Renal Sympathetic and
Cardiovascular Responses to Anaphylaxis
in Mice
Figure 3 shows the time-course changes in RSNA, MAP, and
HR during anaphylactic shock in mice pretreated with CPZ
or vehicle. In the vehicle anaphylaxis group, the biphasic
responses of RSNA and MAP to antigen injection, as well as the
tachycardia response of HR, were observed similarly to those
in the anaphylaxis group, as shown in Figure 1. Pretreatment
with CPZ did not affect the renal sympathetic and cardiovascular
responses to anaphylaxis; there were no differences in RSNA,
MAP, or HR responses between CPZ anaphylaxis group and
vehicle anaphylaxis group (Figure 3). The non-sensitized mice
pretreated with CPZ or vehicle showed no significant changes in
the variables throughout the experimental period (Figure 3).

Renal Sympathetic and Cardiovascular
Responses to Anaphylaxis in TRPV1−/−

Mice
Figure 4 shows the summarized data of the responses of RSNA,
MAP, and HR to anaphylaxis in the wild-type and TRPV1−/−

mice. Similar to the responses of the intact mice as shown
in Figure 2, the biphasic changes in RSNA and MAP and the
sustained increase in HR were observed in wild-type mice.
The biphasic response of RSNA to anaphylactic shock was also
observed in the TRPV1−/− mice; it began to decrease but not
significantly (79 ± 21% of the baseline) within 2 min after
antigen injection, and then progressively increased to 230% of
the baseline until 60 min (Figure 4A). There were no significant
differences in the antigen-induced changes in RSNA,MAP, or HR
between the wild-type mice and TRPV1−/− mice (Figure 4).

Regarding baroreflex, MAP changes induced by SNP or PNE
caused similar responses of RSNA and HR in the wild-type
mice and TRPV1−/−mice (SNP-wild-type mice; peak response
of RSNA 158 ± 17%, peak response of MAP −50 ± 6 mmHg,
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FIGURE 2 | Renal sympathetic and cardiovascular responses to anaphylactic

hypotension in the intact, vagotomized, and SAD mice. Summary of the

changes in RSNA (A), MAP (B), and HR (C) after antigen injection in the intact

mice (•), vagotomized mice (N), and SAD mice (�). The numbers of mice used

are given in parentheses. Values are expressed as means ± SD. #P < 0.05

vs. the intact mice. *P < 0.05 vs. the baseline; the black bar, white bar and

gray bar show the significant changes in intact mice, SAD mice and

vagotomized mice, respectively.

peak response of HR 37± 16 beats/min,1RSNA/1MAP=−1.2
± 0.4,1HR/1MAP=−0.77± 0.33, SNP-TRPV1−/−mice; peak
response of RSNA 206 ± 37%, peak response of MAP −41 ± 5
mmHg, peak response of HR 41± 21 beats/min,1RSNA/1MAP

FIGURE 3 | Effects of a TRPV1 blocker on renal sympathetic and

cardiovascular responses to anaphylactic hypotension. Time-course data of

the changes in RSNA (A), MAP (B), and HR (C) after antigen injection in the

sensitized and vehicle-pretreated mice (•; vehicle anaphylaxis), the sensitized

and CPZ-pretreated mice (�; CPZ anaphylaxis), the nonsensitized and

vehicle-pretreated mice (N; vehicle control), and the nonsensitized and

CPZ-pretreated mice (�; CPZ control). The numbers of mice used are given in

parentheses. Values are expressed as means ± SD. #P < 0.05 vs. the vehicle

control group; *P < 0.05 vs. the baseline; the black bar and white bar show

the significant changes in vehicle anaphylaxis group and CPZ anaphylaxis

group, respectively.
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FIGURE 4 | Renal sympathetic and hemodynamic responses to anaphylactic

hypotension in TRPV1−/− mice. Time-course data of the changes in RSNA

(A), MAP (B), and HR (C) during anaphylactic shock in TRPV1−/− mice (�),

and wild-type mice (•). The numbers of mice used are given in parentheses.

Values are expressed as means ± SD. *P < 0.05 vs. the baseline; the black

bar and white bar show the significant changes in wild-type mice and

TRPV1−/− mice, respectively.

= −2.66 ± 1.44, 1HR/1MAP = −1.03 ± 0.5, PNE-wild-type
mice; peak response of RSNA 63 ± 10%, peak response of
MAP 40 ± 6 mmHg, peak response of HR −18 ± 7 beats/min,
1RSNA/1MAP = −0.97 ± 0.4, 1HR/1MAP = −0.45 ± 0.17,
PNE-TRPV1−/− mice; peak response of RSNA 67 ± 8%, peak

response of MAP 39 ± 7 mmHg, peak response of HR −22 ±

15 beats/min, 1RSNA/1MAP = −0.84 ± 0.23, 1HR/1MAP =

−0.56± 0.36).

DISCUSSION

In the present study, we obtained three major findings: (1)
the renal sympathetic response to anaphylactic hypotension in
anesthetized mice was biphasic, an initial decrease followed
by a progressive increase; (2) The initial RSNA inhibition
was not affected by either SAD or vagotomy, whereas the
subsequent sympathoexcitation was attenuated by SAD, but
not by vagotomy; (3) the renal sympathetic and cardiovascular
responses to anaphylaxis were preserved both in the mice treated
with the TRPV1 antagonist and in the TRPV1−/− mice. These
findings suggest that the renal sympathoexcitation at the late
stage of anaphylactic hypotension is partly mediated by the
afferent pathway of carotid sinus nerve, while either the vagal
nerve or TRPV1 is not involved in anaphylaxis-induced changes
in RSNA, HR or SAP. To the best of our knowledge, this is
the first study to demonstrate the biphasic RSNA response to
mouse anaphylactic hypotension and a significant role of the
carotid sinus nerves, but not TRPV1 or vagal nerves, in this
response.

We have clearly demonstrated that mouse anaphylaxis
causes the biphasic RSNA response composed of the initial
decrease followed by a progressive increase, and that
interestingly, renal sympathetic response to anaphylaxis
differs from response to blood pressure manipulation by
PNE injection and bleeding. In addition, this response of
mice contrasts to those previously reported for rats and dogs:
after antigen injection, RSNA monotonically increased in
rats (Sun et al., 2014), whereas the RSNA did not increase
in dogs (Koyama et al., 1990). Furthermore, the late renal
sympathoexcitation was partly baroreflex dependent in mice
of the present study, while the similar increase in RSNA of
the anesthetized rats was baroreflex independent (Sun et al.,
2014). These lines of evidence suggest that there is species
difference in renal sympathetic response to anaphylactic
hypotension.

It should be noted that SAD did not affect the initial
inhibitory RSNA response even in the presence of SAP elevation,
suggesting that the initial sympathoinhibition is independent
of the baroreceptor reflex. However, this finding is consistent
with the previous report that the baroreceptors did not affect
the inhibitory RSNA response to anaphylactic hypotension in
dogs (Koyama et al., 1990). The reasons why baroreflex was
not involved in sympathoinhibitory response at the initial stage
of anaphylaxis remain unknown. As a possible explanation,
anesthesia attenuates baroreflex reactivity, leading to baroreflex-
independent sympathoinhibition. Indeed, we previously reported
that RSNA response to SNP-induced hypotension in conscious
rats was larger than those in anesthetized rats, and that initial
sympathoexcitaion in the presence of rapid SAP fall during
anaphylactic hypotension was mediated by the baroreflex in
awake rats but not in anesthetized rats (Sun et al., 2014).
However, this possibility is unlikely because the baroreceptor
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reflex was effectively working in the present anesthetized
mice as demonstrated by the normal RSNA response to
PNE. We here provide more plausible explanations. Nitric
oxide (NO) generated in the central nervous system (CNS)
during anaphylaxis might inhibit RSNA, independently of
the baroreflex system. Consistent with this idea, NO in the
hypothalamus elevated during anaphylaxis (Monasterio and
Morales, 2011), and a microinjection of an NO agonist, SNP into
the hypothalamic nucleus caused suppression of RSNA (Zhang
et al., 2001). In addition, inhibition of NO synthase attenuated
renal sympathoinhibition during anaphylaxis in dogs (Shibamoto
et al., 1996). Thus, increased hypothalamic NO at the initial stage
of anaphylaxis might directly inhibit RSNA, overwhelming the
baroreflex.

In the present study, although SAD attenuated the renal
sympathoexcitation at the late stage of anaphylaxis, RSNA was
significantly elevated from 34 min after antigen (Figure 2A),
indicating that the late excitatory sympathetic response is only
partly due to activation of arterial baroreceptors. This renal
sympathoexcitation independent of the baroreceptors may be
attributed to the adjustment of CNS. The chemical mediators
such as histamine and prostaglandins produced as a result of
anaphylactic reactions could increase the sympathetic nerve
activity by directly acting on CNS (Tanida et al., 2007; Zhang
Z. H. et al., 2011). Moreover, the central chemoreceptors at the
brain stem may be activated by severe metabolic acidosis, which
was secondary to anaphylactic hypotension, resulting in the
delayed excitatory response of RSNA in mice. Taken together, the
mechanism for the sympathetic response to anaphylaxis in mice
is complex, and may be regulated by both the baroreflex system
and CNS. The chemical mediators released during anaphylaxis
may have conflicting effects on the central control of sympathetic
outflow; further study is required to determine the predominant
factors that control the autonomic nervous system at different
phases of anaphylaxis in mice.

The SAP response to anaphylaxis in mice is characterized
by the initial transient increase, which precedes sustained
hypotension (Liu et al., 2007; Wang et al., 2014). We here
confirmed this finding in the present study. This initial
hypertension is caused by increased cardiac output, but not by
vasoconstriction (Wang et al., 2014). The present study also
supported this finding: if the initial increase of SAP was produced
by peripheral vasoconstriction, the sympathetic outflow to the
resistance arteries would be expected to increase. However,
RSNA, the sympathetic nerve activity to the renal artery, one
of the representative resistance arteries, did not increase but
decreased in the present study.

In the present study, although SAD attenuated the renal
sympathoexcitation at the late stage in anesthetized mice, it did
not exacerbate the anaphylaxis-induced hypotension. Actually,
we previously showed that under pentobarbital anesthesia, SAD
did not exacerbate anaphylactic hypotension in rats (Sun et al.,
2014). Thus, these findings suggest that in anesthetized mice and
rats, SAD does not adversely affect anaphylactic hypotension.
As a possible explanation, we assume that hypotensive effects
of the anaphylactic chemical mediators were too strong to be
counteracted by excitation of the sympathetic nervous system at

the late stage inmice. Further investigations are required to verify
this assumption.

One of the interesting findings in the present study is
the dissociation between RSNA inhibition and tachycardia at
the early phase of anaphylaxis: HR increased, whereas RSNA
decreased immediately after antigen injection. One explanation
is that the regional differences may exist between kidney and
heart in sympathetic response pattern (Iriki and Simon, 2012).
The second possibility is that humoral substances such as
anaphylactic chemical mediators (Triggiani et al., 2008) or
epinephrine released from the adrenal glands (Zhang W. et al.,
2011; Wang et al., 2013) exerted direct positive chronotropic
actions on the heart. Finally, the increase in HR at the early stage
could be accounted for by the Bainbridge reflex. In the same
mouse anaphylaxismodels, we observed an increase in the central
venous pressure as well as increased cardiac output. Increased
venous return might activate the Bainbridge reflex, resulting in
tachycardia although the vagotomy did not completely eliminate
the increase in HR in the present study (Figure 2C). Of note,
the increase in HR and MAP at the initial stage seems to be
independent of the effect of the volume intravenously injected,
because subcutaneous injections of antigen (10 mg) caused
similar responses.

TRPV channels, acting as sensory mediators, play an
important role in modulating vascular functions (Baylie
and Brayden, 2011). TRPV1 is involved in the regulation
of cardiovascular responses to acute hemorrhagic shock
in rats via the baroreceptor reflex (Akabori et al., 2007).
Afferent neural baroreceptor pathways and the baroreflex
signaling may be compromised when TRPV1 is inhibited
(Sun et al., 2009). Actually, in the present study, arterial
baroreceptors contributed to the increase in RSNA at the
late stage of anaphylactic hypotension. Based on these
findings, it was expected that TRPV1 participated in the
baroreceptor-mediated sympathoexcitation at the late stage of
anaphylactic hypotension. However, neither the sympathetic
and cardiovascular responses to anaphylaxis nor the baroreflex
responses to SNP-induced hypotension were significantly
different between the wild-type mice and TRPV1−/− mice.
These findings suggest that TRPV1 is not involved in regulation
of sympathetic and cardiovascular responses to anaphylaxis in
mice.

In conclusion, during anaphylaxis in anesthetizedmice, RSNA
showed a biphasic response, an initial decrease followed by
a sustained increase, while HR a progressive increase. The
initial renal sympathoinhibition was independent of carotid sinus
baroreceptors, while the sympathoexcitation and tachycardia at
the late stage were partly mediated by baroreceptors, but not
by vagal nerve or TRPV1. However, anaphylactic hypotension
was not affected by carotid sinus nerve, vagal nerve or
TRPV1.
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