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Abstract

Freezing, a characteristic pattern of defensive behavior elicited by fear, is asso-

ciated with a decrease in the heart rate. Central mechanisms underlying fear

bradycardia are poorly understood. The periaqueductal gray (PAG) in the

midbrain is known to contribute to autonomic cardiovascular adjustments

associated with various emotional behaviors observed during active or passive

defense reactions. The purpose of this study was to elucidate the role played

by PAG neurons in eliciting fear bradycardia. White noise sound (WNS)

exposure at 90 dB induced freezing behavior and elicited bradycardia in con-

scious rats. The WNS exposure-elicited bradycardia was mediated parasympa-

thetically because intravenous administration of atropine abolished the

bradycardia (P < 0.05). Moreover, WNS exposure-elicited bradycardia was

mediated by neuronal activation of the lateral/ventrolateral PAG (l/vlPAG)

because bilateral microinjection of muscimol, a GABAA agonist, into the

l/vlPAG significantly suppressed the bradycardia. It is noted that muscimol

microinjected bilaterally into the dorsolateral PAG had no effect on WNS

exposure-elicited bradycardia. Furthermore, retrograde neuronal tracing exper-

iments combined with immunohistochemistry demonstrated that a number of

l/vlPAG neurons that send direct projections to the nucleus ambiguus (NA)

in the medulla, a major origin of parasympathetic preganglionic neurons to

the heart, were activated by WNS exposure. Based on these findings, we pro-

pose that the l/vlPAG-NA monosynaptic pathway transmits fear-driven central

signals, which elicit bradycardia through parasympathetic outflow.

Introduction

In mammals, fear is a vital response to threat and poten-

tial danger that elicits characteristic patterns of defensive

behaviors including freezing. Freezing behavior is a

preparatory reflex to escape detection by a predator or

potential and/or unknown threats. This reflex behavior in

animals and humans was demonstrated to be associated

with the heart rate (HR) deceleration or fear bradycardia

(Lang and Davis 2006; Hagenaars et al. 2014). In con-

scious, free-moving rats, white noise sound (WNS) expo-

sure reportedly induced freezing behavior and caused a

remarkable decrease in HR (Yoshimoto et al. 2010). In

humans, freezing-like behavior experimentally induced by

pictorial stimuli was shown to be associated with a signif-

icant decrease in HR (Hermans et al. 2013). Fear brady-

cardia is considered a preparatory cardiovascular

adjustment for performing the fight or flight action. The

decreased HR would extend the response range, from the

resting to the maximal HR level, thereby allowing an

increase in the response range of cardiac output while

conserving energy in the heart muscle (Miki and Yoshi-

moto 2010; Yoshimoto et al. 2010). Central mechanisms

underlying fear bradycardia are poorly understood.
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The periaqueductal gray (PAG) in the midbrain is a

cell-dense region that surrounds the midbrain aqueduct

and contains longitudinal columns including dorsomedial

(dmPAG), dorsolateral (dlPAG), lateral (lPAG), and ven-

trolateral (vlPAG) subdivisions (Carrive 1993; Bandler

and Shipley 1994; Bandler et al. 2000). While the PAG is

known to be involved in the expression of specific auto-

nomic cardiovascular changes associated with various

emotional behaviors observed during active or passive

defense reactions (Carrive 1993; Bandler and Shipley

1994; Bandler et al. 2000; Keay and Bandler 2001; Hage-

naars et al. 2014), the precise roles played by the PAG

neurons in eliciting fear bradycardia have not been

explored. Nevertheless, several lines of previous data led

us to hypothesize that activation of lateral and ventrolat-

eral parts of the PAG (l/vlPAG) contributes to the expres-

sion of fear bradycardia by increasing parasympathetic

activity. In humans, activation of the PAG, as evaluated

by blood oxygenation level-dependent functional MRI,

during freezing-like behavior correlated with bradycardia,

suggesting that fear bradycardia accompanies excitation of

PAG neurons (Hermans et al. 2013). However, because of

the limited spatial resolution of fMRI, the PAG subdivi-

sions that were activated in association with bradycardia

during the behavior were not determined. It was also

uncertain whether activation of the PAG was a cause of

the bradycardia. Another study performing neuronal trac-

ing on rat brains (Ennis et al. 1997) showed that efferent

projections originating in the l/vlPAG terminate in close

contiguity to cholinergic neurons in the nucleus ambiguus

(NA) in the medulla. The NA and area surrounding its

compact portion are brain regions that provide parasym-

pathetic innervation of the heart in rats (Stuesse 1982;

Chitravanshi and Sapru 2011; Panneton et al. 2014). A

functional linkage between the l/vlPAG and parasympa-

thetic nervous system has also been implicated in

humans. Direct electrical stimulation of the ventral part

of the human PAG reportedly evoked cardiac parasympa-

thetic activation, as assessed by heart rate variability

(Pereira et al. 2010). However, it is unclear whether l/

vlPAG neurons projecting to the NA are activated

by fear, thereby eliciting parasympathetically mediated

bradycardia.

The purpose of this study was to elucidate the role

played by the PAG neurons in eliciting fear bradycardia

through parasympathetic outflow. Firstly, we determined

whether fear bradycardia is parasympathetically mediated

by examining the effect of intravenous administration of

atropine on HR and arterial pressure responses to WNS

exposure in free-moving, conscious rats. We also identi-

fied subdivisions in the caudal region of the PAG that

play a role in expressing fear bradycardia by investigating

the effect of microinjection of muscimol, a GABAA

receptor agonist, into the PAG on cardiovascular

responses to WNS exposure in rats. In this study, the cau-

dal PAG was the focus of investigation since caudal PAG

neurons reportedly play a dominant role in cardiovascular

regulation during “passive” defensive behavior (Bandler

et al. 2000). Moreover, via the retrograde neuronal trac-

ing combined with immunohistochemistry, we explored

the central circuitry that contains PAG neurons and

underlies fear bradycardia by mapping the distribution of

NA-projecting, WNS exposure-excited neuronal cells in

the caudal PAG.

Methods

Ethical approval

All procedures outlined in this study complied with the

Guiding Principles for the Care and Use of Animals in

the Fields of Physiological Sciences of the Physiological

Society of Japan, and were approved by the Animal Care

Committee of Tottori University (reference number: 13-

Y-47). The experiments were performed on male adult

Sprague–Dawley rats (N = 37, aged 9–16 weeks, 280–
463 g). Rats were housed in standard rodent cages in a

temperature-controlled room (24–25°C) and were regu-

lated on a 12:12 h light–dark schedule. Food and water

were made available ad libitum.

Experiment 1: effect of prior administration
of atropine on cardiovascular responses to
WNS exposure in conscious, free-moving
rats

Experiment 1 was conducted to determine whether fear

bradycardia is parasympathetically mediated. As per-

formed previously (Yoshimoto et al. 2010), rats (N = 7)

were chronically implanted with arterial and venous

catheters for arterial pressure (AP) measurements and

drug infusion, respectively. A bipolar electrode for elec-

trocardiography (ECG) was also implanted. Briefly, in rats

anesthetized with a mixture of isoflurane (<4%) and oxy-

gen, the arterial catheter was implanted via the tail artery

on the ventral side, and the tip of the catheter was placed

approximately 10 mm above the aortic bifurcation. The

venous catheter was implanted via the right jugular vein,

and the tip of the catheter was placed at the junction of

the superior vena cava and right atrium. Syringes were

connected to the arterial and venous catheters, respec-

tively, and aspiration of blood was taken to indicate cor-

rect placement of the catheters. Then, the catheters were

filled with a mixture of 0.9% NaCl and heparin (1000 IU/

mL). The bipolar electrode was implanted under the skin

at midchest level. The catheters and electrode were
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exteriorized between the ears and protected by a 15-cm

coiled spring. After the surgery, the rats were housed

individually. At least 72 h were allowed for recovery

before data collection.

Each rat was subjected to two different trials separated

by 3 days apart and conducted in random order in which

intravenous administration of either normal saline or

atropine diluted in saline was followed by WNS exposure.

On the day of the experiment, the rats in their home

cages were brought to the experimentation room, in

which the temperature was maintained at 24–25°C and

the ambient noise level was <65 dB. The cage was covered

by a blackout curtain with a small window to observe rat

behavior. The arterial catheter was attached to a pressure

transducer (P23XL; Becton Dickinson & Co., Newark,

DE). The bipolar electrode was connected to an AC

amplifier (P511; Grass Instruments, Natus Neurology,

Inc., Warwick, RI), which was used to amplify the ECG

signal. Noise intensity around the cage was measured by

placing a sound level metre (TM-102, Sato Shouji Inc.,

Kawasaki, Japan). Then, more than 1 h was allowed to

pass before the conscious rats were intravenously admin-

istered saline (0.2 mL) or atropine solution (100 lg
diluted in 0.2 mL saline, Ito et al. 2004). A duration of

5–10 min after administration, the conscious rats were

exposed to WNS at 90 dB for 5 min. Throughout the

protocol, the rat behavior was monitored visually by the

investigator through the small window in the curtain cov-

ering the cage. At the end of the entire procedure, the rats

were deeply anesthetized with 5% isoflurane in oxygen

and killed via an intravenous infusion of saturated potas-

sium chloride solution (1 mL).

Experiment 2: effect of muscimol
microinjected bilaterally into the PAG on
cardiovascular responses to WNS exposure
in conscious, free-moving rats

In rats used for Experiment 2 (N = 17), the guide cannulae

for microinjection into the caudal PAG were chronically

implanted. The rats were anesthetized with a mixture of 2–
4% isoflurane and oxygen, intubated, and artificially venti-

lated (SN-480-7, Shinano Co., Tokyo, Japan). Then, they

were placed in a stereotaxic apparatus (900LS; David Kopf

Instruments, Inc., Tujunga, CA) with the incisor bar posi-

tioned at 3.5 mm below the interaural line. In accordance

with a previous study (de Menezes et al. 2008), target

coordinates for the caudal PAG were set at 7.0–8.0 mm

posterior, 0.7 mm lateral, and 4.8–5.3 mm ventral relative

to the bregma. The guide cannulae (Plastics One, Anaheim,

CA) were secured by two screws and dental acrylic.

Dummy cannulae were inserted to the guides. The rats

were housed individually for recovery.

Following 11–30 days of recovery of the rats, they were

processed to the next surgery to implant arterial and

venous catheters and an electrode for recording ECG, as

conducted in Experiment 1. At least 72 h were allowed

for recovery before data collection.

In the protocols for Experiment 2, bilateral microinjec-

tion of either normal saline or muscimol solution into

the caudal PAG was followed by WNS exposure. Each rat

was subjected to two different trials separated by 3 days

and conducted in random order. As performed in Experi-

ment 1, the rats were prepared in the experimentation

room for data collection. Additionally, a bilateral internal

injector (33 gauge, 1.0 mm longer than the guide can-

nula; Plastics One, Anaheim, CA) was placed into the

guide cannulae and connected to 2 lL Hamilton syringes

with Teflon tubing. The syringes were mounted on man-

ual microinjectors (IM-3; Narishige, Tokyo, Japan). More

than 1 h was allowed after the placement of the bilateral

internal injector. Following 30–40 min after bilateral

microinjection of saline (100 nL) or muscimol solution

(300 pmol diluted in 100 nL saline) into the PAG, the

conscious rats were exposed to WNS at 90 dB for 5 min.

The dosage of muscimol solution was chosen in accor-

dance with a previous study (de Menezes et al. 2008),

reporting that prior microinjection of muscimol into the

dlPAG of conscious rats significantly reduced pressure

and tachycardia responses to air-jet stress. After all the

observations had been conducted, the rats were deeply

anesthetized with 5% isoflurane in oxygen, and microin-

jection sites were marked using India ink for histological

verification. Then, the animals were killed via an intra-

venous infusion of 1 mL saturated potassium chloride

solution, and their brains were removed and coronally

cryostat-sectioned to verify the sites in which India ink

was microinjected. Injection sites were approximated

using the atlas of Paxinos and Watson (2007).

Experiment 3: retrograde tract tracing and
immunohistochemistry to map the
distribution of NA-projecting, WNS
exposure-activated neurons in the caudal
PAG

Our pilot study (Inoue et al. 2015) demonstrated that

WNS exposure to conscious, free-moving rats increased

expression of Fos protein, a marker of neural activation

(Sagar et al. 1988), in central cardiovascular regions,

including the PAG and NA. Experiment 3 was performed

to examine the distribution of central monosynaptic path-

ways from the PAG to NA, which are activated by WNS

exposure.

To label neuronal cells sending projections to the NA

of rats, retrograde tracing was performed in rat brains
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with a retrograde tracer cholera toxin subunit B (CTb).

Rats (N = 13) were anesthetized with a mixture of oxygen

and isoflurane (<4%), intubated, artificially ventilated,

and placed in the stereotaxic apparatus. The neck muscles

were dissected and the dura matter was incised to expose

the dorsal surface of the medulla. The site of the rat NA

was determined as previously described (Chitravanshi and

Sapru 2011). Briefly, a glass micropipette filled with L-glu-

tamate solution (10 mmol/L in saline) was inserted into

the brainstem at an angle vertical to the dorsal surface

with the aid of the microscope. Initial coordinates for

the NA were 0.3 mm rostral to 0.5 mm caudal, and

1.8–2.0 mm lateral to the calamus scriptorius and 2.0–
2.4 mm ventral to the dorsal medullary surface. The loca-

tion of the NA was functionally identified by observing a

decrease in HR when glutamate (46.0 nL) was pressure

ejected using a calibrated microinjection system (Nanoject

II; Drummond Scientific, Co., Broomall, PA). Then, the

rats received a pressure microinjection of Alexa-594-con-

jugated CTb (1.0 mg in 1 mL phosphate-buffered saline

[PBS, pH 7.4], 32.2 nL 93, 2 min were allowed between

injections) (Molecular Probes, Eugene, OR) into the NA

unilaterally. After the surgery, the rats were housed indi-

vidually. A duration of 9–11 days were allowed before the

protocol for Experiment 3.

On the protocol day, a subset of rats that had received

CTb (N = 7) were exposed to WNS for 30 min at 90 dB in

a similar manner as described in Experiment 1–2. As a con-
trol, another subset of rats (N = 6) were brought to the

experimentation room but not exposed to WNS. Two

hours after the end of WNS exposure or the control period,

the rats were deeply anesthetized with 5% isoflurane in

oxygen and perfused transcardially with saline followed by

4% paraformaldehyde in 0.1 mol/L PBS (pH 7.4). Brains

were removed and postfixed for 4–12 h in 4%

paraformaldehyde and then transferred to a 30% sucrose

solution at 4°C for 24–48 h. Then, the brains were embed-

ded in optimal cutting temperature compounds (Sakura

Finetek, Tokyo, Japan) and coronally cryostat-sectioned at

35 lm (Leica CM1900; Wetzlar, Germany). Brain sections

containing the PAG were prepared at 6.6, 7.2, 7.8, and

8.4 mm caudal to the bregma according to the atlas of Pax-

inos and Watson (2007). The sections containing the NA at

13.5–14.0 mm caudal to the bregma were also prepared.

The brain sections were subjected to CTb and Fos

immunofluorescence staining to enhance CTb-positive

signals and assess activated neuronal cells, respectively, in

accordance with a previously described method (Madden

2012). Briefly, the tissue sections were washed in PBS,

and incubated in the antibody dilution solution (PBS

containing 0.3% Triton X-100, 2.5 g/L lambda car-

rageenan, 200 mg/L NaN3, 10 mL/L normal donkey

serum) for 2 h at room temperature. Then, the sections

were incubated in the primary antibody solution: goat

anti-CTb (0.1 lL/mL in antibody dilution solution, List

Biological Laboratories, Campbell, CA) and rabbit anti-c-

Fos (2 lL/mL in antibody dilution solution, Cell Signal-

ing Technology, Danvers, MA) overnight on a shaker

table at 4°C. The sections were rinsed in PBS containing

0.03% Triton X-100 (2 9 10 min), incubated in the sec-

ondary antibody solution: donkey anti-rabbit Alexa Fluor

488 (5 lL/mL in antibody dilution solution, Molecular

Probes) and donkey anti-goat Alexa Fluor 594 (5 lL/mL

in antibody dilution solution, Molecular Probes) in the

dark for 1 h at room temperature, and rinsed in PBS

(2 9 10 min). Then, they were mounted on slides and

coverslipped using Prolong Gold antifade reagent (Molec-

ular Probes). The sections were observed under a fluores-

cence microscope (BZ-9000, Keyence, Osaka, Japan).

Brain regions were approximated using the atlas of Paxi-

nos and Watson (2007).

Data and statistical analyses

During data collection in Experiment 1 or 2, arterial pres-

sure, ECG, and HR data were continuously displayed on

a computer monitor and stored on the hard disk at a

sampling rate of 1 kHz through an analogue-digital inter-

face (PowerLab/8s, AD Instruments, Dunedin, New Zeal-

and). HR was calculated beat to beat with detection of

the time between successive R waves in the ECG. Data

were expressed as mean � SEM. Statistical significances

were assessed using a paired t-test, two-sample t-test or

repeated measures ANOVA with post hoc testing as

appropriate. The statistical test employed for figure pre-

sentation is described in the Figure Legends. The level of

significance was set at P < 0.05.

Results

Characteristics of behavior and
cardiovascular changes during 5 min of WNS
exposure

Conscious, free-moving rats displayed freezing behavior

throughout the 5-min period of WNS exposure at 90 dB.

Freezing was defined as the absence of any movement,

excluding breathing and whisker twitching, as performed

in previous studies (Bruchey et al. 2010). Data obtained

from rats that displayed behaviors other than freezing

(e.g., “flight” behavior and/or walking) during the WNS

exposure period were not included in the analyses. In rats

that did not receive pharmacological treatments (control

trials), WNS exposure did not have remarkable effects on

AP, but it markedly decreased HR (Figs. 1 and 2), as

reported previously (Yoshimoto et al. 2010).
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Experiment 1: effect of prior administration
of atropine on cardiovascular responses to
WNS exposure in conscious, free-moving rats

In seven rats, the effect of prior administration of atro-

pine on cardiovascular responses to WNS exposure was

examined. Atropine administration had no effect on base-

line mean AP (MAP), but it significantly elevated baseline

HR (Table 1). WNS exposure 5–10 min after intravenous

saline administration did not significantly change AP, but

it elicited bradycardia. WNS exposure 5–10 min after

atropine was administered did not change either AP or

HR from baseline (Fig. 1).

Experiment 2: effect of muscimol
microinjection into the PAG on
cardiovascular responses to WNS exposure
in conscious, free-moving rats

In 17 rats in which the bilateral guide cannulae had been

manipulated within the brain, the effect of pharmacologi-

cal inhibition of neuronal activation in the caudal PAG

on WNS exposure-elicited cardiovascular changes was

examined (Fig. 2). In two of the 17 rats, data collection

was discontinued because they displayed flight behavior/

walking when exposed to WNS. The remaining 15 rats

displayed freezing behavior throughout the 5-min WNS

exposure in both saline and muscimol trials. In seven of

the 15 rats, the tips of cannulae for microinjection were

located within the dlPAG at 7.0–8.0 mm caudal to the

bregma, as dyed post hoc by microinjected India ink

(Fig. 2A). Muscimol microinjection into the dlPAG had

no significant effect on baseline MAP or HR (paired t-

test, Table 1). WNS exposure 30–40 min after bilateral

microinjection of either saline or muscimol into the

dlPAG did not significantly change AP from baseline, but

it elicited bradycardia (Fig. 2B). Bradycardia in response

to WNS exposure was not significantly different between

the saline and muscimol trials (Fig. 2C).

In eight of the 15 rats, the tips of cannulae for

microinjection were located within the l/vlPAG at 7.0–
8.0 mm caudal to the bregma (Fig. 2D). Muscimol

microinjection into the l/vlPAG did not have significant

effects on baseline MAP or HR (Table 1). At 30–40 min

after bilateral microinjection of saline into the l/vlPAG,

WNS exposure did not change AP from baseline, but it

significantly decreased HR (Fig. 2E). By contrast, WNS

exposure after muscimol microinjection into the l/vlPAG

significantly elevated AP, whereas HR was not changed

from baseline. The MAP and HR responses to WNS

exposure were significantly different between the saline

and muscimol trials (Fig. 2F).

Experiment 3: retrograde tract tracing and
immunohistochemistry to map the
distribution of NA-projecting, WNS exposure-
activated neurons in the caudal PAG

In 13 rats anesthetized with isoflurane, the site of the uni-

lateral NA was determined by confirming a significant
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bradycardia response to microinjection of glutamate (�39

beats per min from baseline, on average) (Fig. 3A). Then,

a retrograde tracer CTb was microinjected into the NA.

The injected location was found post hoc in the coronal

section at 13.5–14.0 mm caudal to the bregma (Fig. 3B).

A duration of 9–11 days later, seven of the 13 rats were

subjected to 30 min of WNS exposure at 90 dB, display-

ing freezing behavior. During the WNS exposure, “active”

defensive behaviors such as flight behavior or walking

were not found more than 1 min in total. The remaining

six rats served as controls that were not exposed to WNS.

In the 13 rats, a significant number of NA-projecting,

CTb-labeled neurons were found in the PAG at 6.6, 7.2,

7.8, and 8.4 mm caudal to the bregma (Fig. 3C and D),

and dominantly distributed in the ipsilateral PAG to the

NA into which CTb had been microinjected, compared

with those at the contralateral side at each bregma level

(Fig. 4A). In the ipsilateral PAG, moreover, a higher den-

sity of NA-projecting, CTb-labeled neurons was found at

bregma �7.2 and �7.8 mm than that at bregma �6.6 or

�8.4 mm (Fig. 4A). In the ipsilateral PAG at bregma

�7.2 and �7.8 mm, NA-projecting, CTb-labeled neurons

were dominantly expressed in the lPAG and vlPAG com-

pared with those in the dlPAG (Fig. 4B).

Expression of Fos was also examined in six controls

and seven WNS-exposed rats. As we previously observed

(Inoue et al. 2015), WNS exposure in conscious rats

resulted in a remarkable increase in Fos expression in the

caudal PAG (Fig. 3D and Table 2), suggesting that WNS

exposure is a cause of neuronal excitation in the PAG. In

the caudal PAG of WNS-exposed rats, a number of NA-

projecting, CTb-labeled neuronal cells with Fos

immunoreactivity were found (Fig. 3C and D). In the

vlPAG at bregma �7.2 mm and the lPAG and vlPAG at

bregma �7.8 mm of WNS-exposed rats, the percentages

of Fos-immunoreactive cells in the NA-projecting, CTb-

labeled populations (17–21% on average) were signifi-

cantly higher than those of control rats (4–5% on aver-

age) (Fig. 4C). In addition, in the ipsilateral l/vlPAG of

WNS-exposed rats, the percentages of NA-projecting,

CTb-labeled cells in the Fos-immunoreactive populations

were 5 � 2% (lPAG) and 12 � 2% (vlPAG) at bregma

�7.2 mm, and 10 � 2% (lPAG) and 14 � 3% (vlPAG)

at bregma �7.8 mm.

Discussion

White noise sound exposure in conscious, free-moving

rats induced freezing behavior, an index of fear, and eli-

cited bradycardia, as previously reported (Yoshimoto

et al. 2010). The main findings of this study are as fol-

lows. Firstly, prior systemic administration of atropine

abolished bradycardia in response to WNS exposure. This

result demonstrates that WNS exposure-elicited bradycar-

dia is parasympathetically mediated. Secondary, prior

microinjection of muscimol into the caudal l/vlPAG sup-

pressed bradycardia in response to WNS exposure. Of

note, muscimol preliminarily microinjected into the

dlPAG did not change the bradycardia. These results

demonstrate that neuronal excitation in the l/vlPAG, but

not in the dlPAG, during WNS exposure in rats is a cause

of the bradycardia. Moreover, retrograde neuronal tracing

experiments combined with immunohistochemistry illus-

trated: (1) that a majority of neuronal cells labeled by

CTb, which had been unilaterally microinjected into the

NA, was found on the ipsilateral side of the caudal (7.0–
8.0 mm caudal to the bregma) PAG, (2) that on the

ipsilateral side of the PAG, NA-projecting, CTb-labeled

neurons were densely distributed in the l/vlPAG com-

pared with the dlPAG, and 3) that in the ipsilateral

l/vlPAG of the WNS-exposed rats, 15–20% of the NA-

projecting, CTb-labeled neurons were also immunoreac-

tive to Fos. These results demonstrate that a number of

caudal l/vlPAG neurons that send direct projections to

the ipsilateral NA were activated by WNS exposure. Taken

together, these results suggest that the l/vlPAG-NA monosy-

naptic pathway transmits fear-driven central signals, which

elicit bradycardia through parasympathetic outflow (Fig. 5).

Several studies have demonstrated that autonomic

responses associated with freezing behavior include simul-

taneous activation of sympathetic and parasympathetic

components (Nijsen et al. 1998; Carrive 2006; Hermans

et al. 2013). Yoshimoto et al. (2010) provided evidence for

sympathoexcitation in response to WNS exposure in rats

Table 1. Baseline mean arterial pressure (MAP) and heart rate (HR) in Experiment 1 and 2.

Experiment 1 Experiment 2

Saline, IV Atropine, IV Saline, dlPAG Muscimol, dlPAG Saline, l/vlPAG Muscimol, l/vlPAG

Baseline MAP, mmHg 104 � 3 104 � 2 108 � 4 99 � 3 106 � 4 98 � 4

Baseline HR, beats per min 383 � 13 435 � 8* 392 � 15 397 � 18 381 � 17 375 � 13

Baseline data were obtained by 5-min averaged values immediately prior to WNS exposure.
*P < 0.05 versus control saline protocol in each rat group, as detected by a paired t-test. Values are mean � SEM.
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by directly measuring renal and lumbar sympathetic nerve

activities. Based on their observation and the present find-

ing of the effect of atropine administration to abolish the

bradycardia response, WNS exposure is considered to

evoke both sympathoexcitation and parasympathoexcita-

tion. Sympathoexcitation directed to the heart might also

CTb+ Fos+
CTb+ Fos–
CTb– Fos+

Control WNS exposure

Ipsilateral Contralateral Ipsilateral Contralateral

NA-CTb Fos Merge

13.5 to 14.0 mm caudal to bregma

400

350

300

HR (bpm)

Baseline
Minimum

P<0.001

vlPAG,
WNS-exposed

NA

A

C

D

B

Figure 3. (A) HR at baseline and minimum HR following microinjection of L-glutamate (10 mmol/L in saline, 46.0 nL) into the nucleus

ambiguus (NA) in isoflurane-anesthetized rats (N = 13). Values are mean � SEM. A significant difference (P < 0.001) was detected by a paired

t-test. (B) Left: a representative photomicrograph of the cholera toxin subunit B (CTb) injection site. Scale bar in the micrograph: 1 mm. Right:

maximal spreads of the injected CTb in 13 cases outlined on a schematic section adapted from Paxinos and Watson (2007) (Right). The black

filled area in the illustration indicates the contralateral NA. (C) Representative photomicrographs showing Fos immunoreactivity in CTb-labeled

cells (arrows) following 30 min of WNS exposure at 90 dB. The cells shown in the photomicrographs were located in the vlPAG (7.8 mm

caudal to bregma) ipsilateral to the NA, into which CTb was microinjected. Scale bars: 50 lm. (D) As an example, the distribution of NA-

projecting, CTb-labeled cells with (yellow-filled, red-outlined circle) and without (white-filled, red-outlined circle) Fos immunoreactivity as well as

Fos immunoreactive cells without CTb positive signals (green-filled circle) in control (Left) and WNS-exposed (Right) rats is plotted on schematic

sections of the PAG at 7.8 mm caudal to bregma (Paxinos and Watson 2007).
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be evoked by WNS exposure. Although the effect of cardiac

sympathetic nerve activity on HR was not assessed in this

study, cardiac sympathoexcitation might play a role in

inhibiting WNS exposure-elicited bradycardia.

Besides WNS exposure, freezing behavior can also be

induced in rats by other emotional stresses such as reex-

posure to a footshock chamber (Walker and Carrive

2003; Carrive 2006) and social defeat stress (Kataoka et al.

2014). However, these stresses reportedly caused tachycar-

dia instead of bradycardia. This discrepancy may be

explained by various patterns of balances between sympa-

thetic and parasympathetic activation during freezing

behavior across the studies (Hagenaars et al. 2014).

Moreover, differences in paradigms for inducing freezing

behavior between the studies might have resulted in

minor or major variances in expression of the behavior

(Hagenaars et al. 2014). Because this study aimed to

investigate central mechanisms underlying fear bradycar-

dia, we employed WNS exposure, which is probably inter-

preted in rats as an unknown threat and which reportedly

induces freezing behavior accompanied with a notable

bradycardia (Yoshimoto et al. 2010).

As stated, evidence indicates that the PAG plays a piv-

otal role in autonomic cardiovascular changes associated

with various emotional behaviors during passive (e.g.,

freezing or immobility) or active (e.g., fight or flight)
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Figure 4. (A) Comparisons of NA-projecting, CTb-labeled cells density in the PAG subdivisions (dlPAG, lPAG, and vlPAG) between the ipsilateral

and contralateral sides of the NA, into which CTb was microinjected, and between the bregma levels on each side (N = 13). Values are

mean � SEM. *P < 0.05, versus 6.6 and 8.4 mm caudal to bregma. #P < 0.05, 7.2 versus 7.8 mm caudal to bregma. †P < 0.05, ipsilateral versus

contralateral. Significant differences were detected by Tukey’s post hoc test following two-way repeated-measures ANOVA (bregma level 9 brain

side). (B) Comparisons of NA-projecting, CTb-labeled cell density among dlPAG, lPAG, and vlPAG (ipsilateral side) at 7.2 and 7.8 mm caudal to

bregma (N = 13). *P < 0.05, versus dlPAG, detected by Tukey’s post hoc test following one-way repeated-measures ANOVA. (C) Comparisons

between control (N = 6) and WNS-exposed (N = 7) rats of the percentages of Fos-immunoreactive cells in NA-projecting, CTb-labeled populations

in the lPAG and vlPAG (ipsilateral side) at 7.2 and 7.8 mm caudal to bregma. *P < 0.05, versus control, as detected by an unpaired t-test.
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defense reactions (Carrive 1993; Bandler and Shipley

1994; Bandler et al. 2000; Keay and Bandler 2001; Damp-

ney et al. 2013; Hagenaars et al. 2014). Further, the ven-

trolateral part of the PAG has been demonstrated to

contribute to the expression of passive defensive behav-

ior-associated cardiovascular changes such as decreased

heart rate (Bandler et al. 2000). This study strengthens

this notion by demonstrating the suppressive effect of

muscimol microinjection into the l/vlPAG, but not

dlPAG, on WNS exposure-elicited bradycardia. Neverthe-

less, mechanisms by which the ventrolateral part of the

PAG contributes to the expression of autonomic

responses during passive defensive behavior were previ-

ously explained by the ability of the l/vlPAG to reduce

sympathetic activity by inhibiting “sympathoexcitatory”

activity of rostral ventrolateral medulla or by exciting

“sympathoinhibitory” activity of caudal ventrolateral

medulla (Keay and Bandler 2001). By contrast, little

attention has been paid to the function of the l/vlPAG to

modulate parasympathetic outflow during emotional

behaviors. This study uncovers a novel role played by the

l/vlPAG in increasing parasympathetic outflow directed to

the heart, thereby contributing to the expression of fear

bradycardia.

The ventrolateral part of the PAG has previously been

suggested to play an integrative role in generating distinct

patterns of not only autonomic but also motor responses

associated with freezing behavior (LeDoux et al. 1988;

Carrive et al. 1997; Walker and Carrive 2003). Recent evi-

dence identified a direct pathway linking the vlPAG to

the cerebellar cortex, activation of which increases alpha

motor activity, thereby contributing to the induction of

freezing behavior in rats (Koutsikou et al. 2014). As sta-

ted in the Results, 10–15% of Fos-immunoreactive vlPAG

cells of WNS-exposed rats were colabeled with CTb, sug-

gesting otherwise that a number of the vlPAG neuronal

cells were not involved in parasympathetic regulation

through the NA. A portion of such neuronal cells might

play a role in motor control to induce freezing behavior.

Thus, prior microinjection of muscimol into the l/vlPAG

might alter characteristics of motor responses during

WNS exposure such as recruitment pattern of motor

units, although freezing behavior was induced throughout

the WNS exposure. Such altered motor responses might

indirectly contribute to the suppression of the bradycardia

response after pharmacological denervation of the

Table 2. Comparison between control (N = 6) and WNS-exposed

(N = 7) rats of Fos expression in the subdivisions of the PAG.

mm caudal

from bregma

PAG

subdivisions

Fos density, cells per mm2

Control WNS exposed

6.6 dlPAG 35.1 � 5.6 94.6 � 16.9*

lPAG 25.3 � 4.4 74.3 � 15.6*

vlPAG 16.9 � 3.8 55.9 � 12.5*

7.2 dlPAG 29.4 � 4.5 81.6 � 1.5*

lPAG 29.2 � 3.3 73.6 � 14.3*

vlPAG 32.6 � 5.8 60.0 � 13.1*

7.8 dlPAG 23.7 � 9.5 78.4 � 16.6*

lPAG 34.6 � 7.9 61.3 � 12.3*

vlPAG 24.0 � 6.4 52.5 � 8.9*

8.4 lPAG 19.5 � 5.1 55.0 � 13.2*

vlPAG 11.9 � 3.0 54.9 � 10.0*

*P < 0.05 versus control at each PAG subdivision, as detected by

an unpaired t-test. Values are mean � SEM. The dlPAG is not pre-

sent at 8.4 mm caudal to the bregma, according to the atlas of

Paxinos and Watson (2007).

l/vlPAG

NA

fear
?

Cardiac
parasympathetic

efferent

+

+

Bradycardia
+

Figure 5. This study proposes a central circuit responsible for the expression of fear bradycardia. Fear signals excite l/vlPAG neurons which

provide a direct input to the NA. Then, parasympathetically mediated bradycardia is elicited. The upstream circuits that send projections to the

l/vlPAG, thereby underlying fear bradycardia are currently unknown.
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l/vlPAG. Further detailed investigation is needed to test

this possibility.

Previously, the lPAG was stated to be functionally

involved in the expression of “active” defensive behavior-

associated cardiovascular changes, including elevated

blood pressure and HR, through sympathetic outflow

(Bandler and Shipley 1994; Bandler et al. 2000; Keay and

Bandler 2001; Dampney et al. 2013). Conversely, the pre-

vious (Ennis et al. 1997) and present studies indicated

that the rat lPAG neurons send direct efferent projections

to the NA, suggesting that activation of the lPAG modu-

lates parasympathetic outflow directed to the heart. More-

over, this study demonstrates that the lPAG plays a role

in eliciting parasympathetically mediated fear bradycardia,

as does the vlPAG, by revealing the effect of muscimol

microinjection and the distribution of cells double-labeled

by CTb and Fos in the l/vlPAG. Collectively, the lPAG is

considered to play multiple roles in generating various

patterns of autonomic responses seen during either active

or passive defensive behaviors. It is further postulated that

the lPAG may contain both “sympathoexcitatory” neu-

rons and “parasympathoexcitory” neurons and/or neurons

that may trigger increases in both sympathetic and

parasympathetic outflows. The functional and anatomical

characteristics of lPAG neuronal cells are of interest, and

they should be further investigated.

By preliminarily microinjecting muscimol into the

l/vlPAG, MAP elevated significantly in response to WNS

exposure (Fig. 2E). This muscimol effect is likely due to

its action to suppress the WNS exposure-elicited brady-

cardia, thereby helping cardiac output increase. Nonethe-

less, the difference in WNS exposure-elicited MAP

changes between the saline and muscimol trials was

<5 mmHg in average, if any (Fig. 2F).

In this study, the effect of muscimol microinjection

into the dlPAG on bradycardia in response to WNS expo-

sure was slight. Moreover, the distribution of NA-project-

ing, CTb-labeled cells in the dlPAG was low. These results

suggest that activation of the dlPAG does not play a role

in parasympathetically mediated fear bradycardia. The

dlPAG has been considered crucial for the expression of

active behavioral responses through sympathetic outflow

(Bandler et al. 2000; Keay and Bandler 2001; Green et al.

2005; Dampney et al. 2013). Activation of the dlPAG has

also been suggested to play an important role in mediat-

ing exercise-elicited cardiorespiratory responses (Green

et al. 2005; Paterson 2014). Because of the sympathoexci-

tatory effects induced by the dlPAG and the present find-

ing of Fos-immunoreactive cell upregulation due to WNS

exposure (Table 2), WNS exposure-evoked sympathoexci-

tation in rats (Yoshimoto et al. 2010) might be hypotheti-

cally a result of, at least in part, excitation of the dlPAG

neurons. However, the present experiment revealed that

muscimol microinjection into the dlPAG had no effect on

either HR or MAP in response to WNS exposure. Thus,

the roles the dlPAG neurons play in the expression of

fear-driven autonomic responses to an unknown threat

such as WNS exposure, including both sympathetic and

parasympathetic components, are likely minor.

Brain areas upstream of the l/vlPAG underlying fear

bradycardia have yet to be studied (Fig. 5). Nevertheless,

several areas are potentially hypothesized based on previ-

ous findings. The amygdala, known as an essential region

for both innate and learned fear (Calder et al. 2001),

plays an important role in inducing freezing behavior as a

fear response (LeDoux et al. 1988; Blair et al. 2005). It

was also found that central amygdala nucleus projections

preferentially terminate in the l/vlPAG (Rizvi et al. 1991).

These may hypothesize that direct connections from cen-

tral amygdala nucleus to the l/vlPAG play a role in trig-

gering fear bradycardia, although this hypothesis remains

to be investigated. Moreover, other descending limbic sys-

tems to the l/vlPAG reportedly include rostral prelimbic

cortex (Floyd et al. 2000), agranular insular cortex (Floyd

et al. 2000), and anterior (Semenenko and Lumb 1999)

and lateral (Behbehani et al. 1988) hypothalamus. Never-

theless, it is unknown whether these areas are involved in

the expression of fear bradycardia via the l/vlPAG.

Study limitations need to be kept in mind when inter-

preting the data collected in the retrograde neuronal trac-

ing experiments. Although the sites for CTb injection were

targeted to the NA and determined by observing the

bradycardia in response to glutamate administration, it is

unclear if CTb injected was adequately administered to the

area in which cell bodies of parasympathetic preganglionic

cardiac motoneurons were located. The rat NA is shown to

not only provide parasympathetic innervation of the heart

(Stuesse 1982; Chitravanshi and Sapru 2011) but also

include esophageal, pharyngeal, and laryngeal motoneu-

rons (Kobler et al. 1994). Moreover, recent evidence

demonstrates that rat cardiac motoneuron cell bodies are

dominantly located in the external formation of the NA,

especially its ventral side (Panneton et al. 2014). Therefore,

this study design cannot exclude the possibility that a

number of CTb-labeled l/vlPAG neurons send projections

to other neuronal cells than cardiac motoneurons. It is also

uncertain that how much CTb-labeled l/vlPAG neurons

are directly projected to the parasympathetic preganglionic

cardiac motoneurons. A recently established neurotracing

strategy, termed TRIO (tracing relationship between input

and output) method, enables transsynaptic input tracing

from specific subsets of neurons based on their projections

(Schwarz et al. 2015). Future studies using the TRIO

method may determine PAG neuronal populations which

send direct efferent projections to cardiac parasympathetic

preganglionic neurons.
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Although we propose that the l/vlPAG-NA monosynap-

tic pathway is a component of the central circuitries

underlying fear bradycardia (Fig. 5), functional roles

played by this pathway remain to be clarified. In this

regard, current optogenetics technology achieves selective

excitation/inhibition of a defined neural pathway (Yizhar

et al. 2011; Kataoka et al. 2014). Experiments to examine

the effect of optogenetic control of l/vlPAG-NA pathway

activity on fear bradycardia may address this issue. Such

studies are needed to better understand the central cir-

cuitries underlying fear autonomic responses.

In conclusion, the results demonstrate that: (1) WNS

exposure in conscious rats caused bradycardia through

parasympathetic outflow, (2) WNS exposure-elicited

bradycardia was mediated by activation of the l/vlPAG,

but not dlPAG, and (3) a number of l/vlPAG neurons

that send monosynaptic projections to the NA were acti-

vated by WNS exposure. Taken together, we suggest that

fear-driven central signals are transmitted to the l/vlPAG-

NA pathway, thereby eliciting bradycardia through

parasympathetic outflow. It is noted that fear recognition

and central neural response to fear stimuli are enhanced

in patients with emotional disorders such as depression

(Sheline et al. 2001; Bhagwagar et al. 2004; Monk et al.

2008). In most cases, patients with major depression exhi-

bit autonomic cardiovascular imbalances, which may

indicate a predisposition to cardiovascular disease (Kam-

phuis et al. 2007; Koschke et al. 2009). Central mecha-

nisms uncovered in this study may play a role in the

development of autonomic dysfunction under psy-

chopathological conditions. Although the present experi-

ments were conducted in rats and therefore cannot

readily be generalized to humans, this report may open

perspectives for translational research into the central cir-

cuitries linking fear coping with autonomic cardiovascular

homeostasis – potentially underlying the etiology of auto-

nomic dysfunction in emotional disorders.

Acknowledgments

We thank Miho Aoki, Chinatsu Ohira, and Eiji Yoshida

(Tottori University Faculty of Medicine) for assistance of

data collection and analyses.

Conflict of Interest

No conflicts of interests are declared by the authors.

References

Bandler, R., and M. T. Shipley. 1994. Columnar organization

in the midbrain periaqueductal gray: modules for emotional

expression? Trends Neurosci. 17:379–389.

Bandler, R., K. A. Keay, N. Floyd, and J. Price. 2000. Central

circuits mediating patterned autonomic activity during active

vs. passive emotional coping. Brain Res. Bull. 53:95–104.
Behbehani, M. M., M. R. Park, and M. E. Clement. 1988.

Interactions between the lateral hypothalamus and the

periaqueductal gray. J. Neurosci. 8:2780–2787.
Bhagwagar, Z., P. J. Cowen, G. M. Goodwin, and C. J.

Harmer. 2004. Normalization of enhanced fear recognition

by acute SSRI treatment in subjects with a previous history

of depression. Am. J. Psychiatry 161:166–168.
Blair, H. T., F. Sotres-Bayon, M. A. Moita, and J. E. Ledoux.

2005. The lateral amygdala processes the value of

conditioned and unconditioned aversive stimuli.

Neuroscience 133:561–569.
Bruchey, A. K., C. E. Jones, and M. H. Monfils. 2010. Fear

conditioning by-proxy: social transmission of fear during

memory retrieval. Behav. Brain Res. 214:80–84.

Calder, A. J., A. D. Lawrence, and A. W. Young. 2001.

Neuropsychology of fear and loathing. Nat. Rev. Neurosci.

2:352–363.
Carrive, P. 1993. The periaqueductal gray and defensive

behavior: functional representation and neuronal

organization. Behav. Brain Res. 58:27–47.

Carrive, P. 2006. Dual activation of cardiac sympathetic and

parasympathetic components during conditioned fear to

context in the rat. Clin. Exp. Pharmacol. Physiol. 33:1251–
1254.

Carrive, P., P. Leung, J. Harris, and G. Paxinos. 1997.

Conditioned fear to context is associated with increased Fos

expression in the caudal ventrolateral region of the

midbrain periaqueductal gray. Neuroscience 78:165–177.

Chitravanshi, V. C., and H. N. Sapru. 2011. Microinjections of

urocortin1 into the nucleus ambiguus of the rat elicit

bradycardia. Am. J. Physiol. Heart Circ. Physiol. 300:H223–
H229.

Dampney, R. A. L., T. M. Furlong, J. Horiuchi, and K. Iigaya.

2013. Role of dorsolateral periaqueductal grey in the

coordinated regulation of cardiovascular and respiratory

function. Auton. Neurosci. 175:17–25.
Ennis, M., S. J. Xu, and T. A. Rizvi. 1997. Discrete subregions

of the rat midbrain periaqueductal gray project to nucleus

ambiguus and the periambigual region. Neuroscience

80:829–845.
Floyd, N. S., J. L. Price, A. T. Ferry, K. A. Keay, and R.

Bandler. 2000. Orbitomedial prefrontal cortical projections

to distinct longitudinal columns of the periaqueductal gray

in the rat. J. Comp. Neurol. 422:556–578.
Green, A. L., S. Wang, S. L. Owen, K. Xie, X. Liu, D. J.

Paterson, et al. 2005. Deep brain stimulation can regulate

arterial blood pressure in awake humans. NeuroReport

16:1741–1745.
Hagenaars, M. A., M. Oitzl, and K. Roelofs. 2014. Updating

freeze: aligning animal and human research. Neurosci.

Biobehav. Rev. 47:165–176.

2016 | Vol. 4 | Iss. 12 | e12831
Page 12

ª 2016 The Authors. Physiological Reports published by Wiley Periodicals, Inc. on behalf of

the American Physiological Society and The Physiological Society.

Central Mechanisms Underlying Fear Bradycardia S. Koba et al.



Hermans, E. J., M. J. Henckens, K. Roelofs, and G. Fern�andez.

2013. Fear bradycardia and activation of the human

periaqueductal grey. NeuroImage 66:278–287.
Inoue, R., S. Koba, and T. Watanabe. 2015. c-Fos protein

expression in rat brain induced by white noise sound

exposure. J. Yonago. Med. Ass. 66:47–51. In Japanese with

English Abstract.

Ito, K., Y. Hirooka, Y. Sagara, Y. Kimura, K. Kaibuchi, H.

Shimokawa, et al. 2004. Inhibition of Rho-kinase in the

brainstem augments baroreflex control of heart rate in rats.

Hypertension 44:478–483.

Kamphuis, M. H., M. I. Geerlings, J. M. Dekker, S. Giampaoli,

A. Nissinen, D. E. Grobbee, et al. 2007. Autonomic

dysfunction: a link between depression and cardiovascular

mortality? The FINE study. Eur. J. Cardiovasc. Prev.

Rehabil. 14:796–802.
Kataoka, N., H. Hioki, T. Kaneko, and K. Nakamura. 2014.

Psychological stress activates a dorsomedial hypothalamus-

medullary raphe circuit driving brown adipose tissue

thermogenesis and hyperthermia. Cell Metab. 20:346–358.
Keay, K. A., and R. Bandler. 2001. Parallel circuits mediating

distinct emotional coping reactions to different types of

stress. Neurosci. Biobehav. Rev. 25:669–678.

Kobler, J. B., S. Datta, R. K. Goyal, and E. J. Benecchi.

1994. Innervation of the larynx, pharynx, and upper

esophageal sphincter of the rat. J. Comp. Neurol.

349:129–147.

Koschke, M., M. K. Boettger, S. Schulz, S. Berger, J. Terhaar,

A. Voss, et al. 2009. Autonomy of autonomic dysfunction in

major depression. Psychosom. Med. 71:852–860.
Koutsikou, S., J. J. Crook, E. V. Earl, J. L. Leith, T. C. Watson,

B. M. Lumb, et al. 2014. Neural substrates underlying fear-

evoked freezing: the periaqueductal grey-cerebellar link. J.

Physiol. 592:2197–2213.
Lang, P. J., and M. Davis. 2006. Emotion, motivation, and the

brain: reflex foundations in animal and human research.

Prog. Brain Res. 156:3–29.

LeDoux, J. E., J. Iwata, P. Cicchetti, and D. J. Reis. 1988.

Different projections of the central amygdaloid nucleus

mediate autonomic and behavioral correlates of conditioned

fear. J. Neurosci. 8:2517–2529.
Madden, C. J. 2012. Glucoprivation in the ventrolateral

medulla decreases brown adipose tissue sympathetic nerve

activity by decreasing the activity of neurons in raphe

pallidus. Am. J. Physiol. Regul. Integr. Comp. Physiol. 302:

R224–R232.

de Menezes, R. C., D. V. Zaretsky, S. Sarkar, M. A. Fontes,

and J. A. Dimicco. 2008. Microinjection of muscimol into

the periaqueductal gray suppresses cardiovascular and

neuroendocrine response to air jet stress in conscious rats.

Am. J. Physiol. Regul. Integr. Comp. Physiol. 295:R881–
R890.

Miki, K., and M. Yoshimoto. 2010. Role of differential changes

in sympathetic nerve activity in the preparatory adjustments

of cardiovascular functions during freezing behaviour in

rats. Exp. Physiol. 95:56–60.

Monk, C. S., R. G. Klein, E. H. Telzer, E. A. Schroth, S.

Mannuzza, J. L. III Moulton, et al. 2008. Amygdala and

nucleus accumbens activation to emotional facial

expressions in children and adolescents at risk for major

depression. Am. J. Psychiatry 165:90–98.

Nijsen, M. J., G. Croiset, M. Diamant, R. Stam, D. Delsing, D. de

Wied, et al. 1998. Conditioned fear-induced tachycardia in

the rat: vagal involvement. Eur. J. Pharmacol. 350:211–222.
Panneton, W. M., A. M. Anch, W. M. Panneton, and Q. Gan.

2014. Parasympathetic preganglionic cardiac motoneurons

labeled after voluntary diving. Front. Physiol. 5:8.

Paterson, D. J. 2014. Defining the neurocircuitry of exercise

hyperpnoea. J. Physiol. 592:433–444.

Paxinos, G., and C. Watson. 2007. The rat brain in stereotaxic

coordinates. Elsevier, Burlington, MA.

Pereira, E. A., G. Lu, S. Wang, P. M. Schweder, J. A. Hyam, J.

F. Stein, et al. 2010. Ventral periaqueductal grey stimulation

alters heart rate variability in humans with chronic pain.

Exp. Neurol. 223:574–581.

Rizvi, T. A., M. Ennis, M. M. Behbehani, and M. T. Shipley.

1991. Connections between the central nucleus of the

amygdala and the midbrain periaqueductal gray: topography

and reciprocity. J. Comp. Neurol. 303:121–131.

Sagar, S. M., F. R. Sharp, and T. Curran. 1988. Expression of

c-fos protein in brain: metabolic mapping at the cellular

level. Science 240:1328–1331.
Schwarz, L. A., K. Miyamichi, X. J. Gao, K. T. Beier, B.

Weissbourd, K. E. DeLoach, et al. 2015. Viral-genetic tracing

of the input-output organization of a central noradrenaline

circuit. Nature 524:88–92.
Semenenko, F. M., and B. M. Lumb. 1999. Excitatory

projections from the anterior hypothalamus to

periaqueductal gray neurons that project to the medulla: a

functional anatomical study. Neuroscience 94:163–174.
Sheline, Y. I., D. M. Barch, J. M. Donnelly, J. M. Ollinger, A.

Z. Snyder, and M. A. Mintun. 2001. Increased amygdala

response to masked emotional faces in depressed subjects

resolves with antidepressant treatment: an fMRI study. Biol.

Psychiatry 50:651–658.
Stuesse, S. L. 1982. Origins of cardiac vagal preganglionic

fibers: a retrograde transport study. Brain Res. 236:15–25.
Walker, P., and P. Carrive. 2003. Role of ventrolateral

periaqueductal gray neurons in the behavioral and

cardiovascular responses to contextual conditioned fear and

poststress recovery. Neuroscience 116:897–912.
Yizhar, O., L. E. Fenno, T. J. Davidson, M. Mogri, and K.

Deisseroth. 2011. Optogenetics in neural systems. Neuron

71:9–34.

Yoshimoto, M., K. Nagata, and K. Miki. 2010. Differential

control of renal and lumbar sympathetic nerve activity

during freezing behavior in conscious rats. Am. J. Physiol.

Regul. Integr. Comp. Physiol. 299:R1114–R1120.

ª 2016 The Authors. Physiological Reports published by Wiley Periodicals, Inc. on behalf of
the American Physiological Society and The Physiological Society.

2016 | Vol. 4 | Iss. 12 | e12831
Page 13

S. Koba et al. Central Mechanisms Underlying Fear Bradycardia




