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Abstract—Tuning of the cardiovascular response is crucial to maintain performance during high-intensity exer-
cise. It is well known that the nucleus of the solitary tract (NTS) in the brainstem medulla plays a central role
in cardiovascular regulation; however, where and how upper brain regions form circuits with NTS and coordi-
nately control cardiovascular responses during high-intensity exercise remain unclear. Here focusing on the
amygdala and claustrum, we investigated part of the mechanism for regulation of the cardiovascular system dur-
ing exercise. In rats, c-Fos immunostaining was used to examine whether the amygdala and claustrum were acti-
vated during treadmill exercise. Further, we examined arterial pressure responses to electrical and chemical
stimulation of the claustrum region. We also confirmed the anatomical connections between the amygdala, claus-
trum, and NTS by retrograde tracer injections. Finally, we performed simultaneous electrical stimulation of the
claustrum and amygdala to examine their functional connectivity. c-Fos expression was observed in the amyg-
dala and the posterior part of the claustrum (pCL), but not in the anterior part, in an exercise intensity-
dependent manner. pCL stimulation induced a depressor response. Using a retrograde tracer, we confirmed
direct projections from the amygdala to the pCL and NTS. Simultaneous stimulation of the central nucleus of
the amygdala and pCL showed a greater pressor response compared with the stimulation of the amygdala alone.
These results suggest the amygdala and pCL are involved in different phases of exercise. More speculatively,
these areas might coordinately tune cardiovascular responses that help maintain performance during high-
intensity exercise. � 2020 IBRO. Published by Elsevier Ltd. All rights reserved.
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INTRODUCTION

Proper control of the cardiovascular system is important

for exerting and maintaining high-level performance.

Parameters such as blood pressure and heart rate are

facilitated by exercise intensity, and their activities are

autonomically regulated by cardiovascular centers, such

as the hypothalamus and brainstem, in the central

nervous system (Ludbrook and Graham, 1985;

Andresen, 2004; Dampney et al., 2008; Matsukawa,

2012; Waki, 2012; Dampney, 2015).

The nucleus of the solitary tract (NTS) in the medulla

oblongata is believed to be a key brain station for
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cardiovascular control during exercise (Potts, 2006;

Michelini and Stern, 2009; Waki, 2012; Michelini et al.,

2015). The NTS receives descending central inputs from

higher brain areas and ascending inputs from peripheral

organs like muscle receptors and baroreceptors

(Pilowsky and Goodchild, 2002; Dampney and Horiuchi,

2003; Potts et al., 2003; Benarroch, 2008). In addition,

the NTS has projections to the rostral ventrolateral

medulla (RVLM), which contains sympathetic premotor

neurons, via inhibitory neurons of the caudal ventrolateral

medulla (CVLM) (Dampney and Horiuchi, 2003). Support-

ing these anatomical evidences, glutamatergic excitation

of neurons in the NTS has been shown to induce depres-

sor/bradycardic responses (Talman et al., 1980; Leone

and Gordon, 1989; Sapru, 2004; Takagishi et al., 2014).

Furthermore, treadmill exercise intensity-dependent

c-Fos expression has been observed in the rodent NTS

(Ohiwa et al., 2006). Thus, NTS may integrate feedfor-

ward central commands and feedback peripheral signals

to adaptively regulate cardiovascular responses in accor-

dance with exercise intensity. However, the precise
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neuronal mechanism of exercise intensity-dependent car-

diovascular regulation remains uncertain.

As a candidate for sending feedforward signals to the

NTS and regulating cardiovascular responses during

exercise, we focused on the amygdala. We previously

reported that electrical and chemical stimulation of the

amygdala in anesthetized rats induced bidirectional

(facilitatory or inhibitory) cardiovascular responses in a

stimulating region-specific manner and an animal

physiological state-dependent (chronic/free-moving or

acute/anesthesia) manner. Acute microstimulation of the

medial region of the central nucleus of the amygdala

(CeA; the output station of the amygdala) induced

pressor and tachycardiac responses, whereas acute

microstimulation of the lateral region of the CeA evoked

a depressor response (Yamanaka et al., 2018). Given

that the majority of CeA projection neurons contain

gamma-aminobutyric acid (i.e. GABAergic neuron) (Pare

and Smith, 1993) and have direct projections to the

NTS (Rogers and Fryman, 1988), it is possible that the

CeA is involved in cardiovascular regulation during

exercise.

Furthermore, we focused on the claustrum (CL) as the

region that coordinately controls cardiovascular

responses along with the amygdala during exercise. The

CL is anatomically connected with several cortical

(Pearson et al., 1982; Goll et al., 2015; Torgerson et al.,

2015; Wang et al., 2017) and subcortical regions including

the amygdala (Filimonoff, 1966; Amaral and Insausti,

1992). A recent study investigating input/output connec-

tions to and from the CL using transgenic mice reported

strong retrograde and anterograde projections between

CL and the amygdala, especially its basolateral amygdala

(BLA) (Atlan et al., 2018). The functional features for

involvement of the CL in arousal (Arnow et al., 2002),

attention (Crick and Koch, 2005; Goll et al., 2015), and

autonomic cardiovascular regulation via claustro-cortical

projections (Hatam et al., 2013; Atlan et al., 2018;

Jackson et al., 2018; White et al., 2018) seem important

for high-intensity exercise.

Based on these evidences, we hypothesized that the

amygdala and CL coordinately control cardiovascular

regulation during exercise via NTS projections. To test

this hypothesis, we first examined whether the

amygdala and CL were activated during exercise using

c-Fos immunostaining. Secondly, we investigated

arterial pressure responses to electrical and chemical

stimulation of CL regions that exhibited exercise

intensity-dependent activation. Thirdly, we confirmed

anatomical connections between the amygdala, CL, and

NTS using a retrograde tracer. Finally, we performed

simultaneous electrical stimulation of the CeA and CL to

examine functional connectivity.
EXPERIMENTAL PROCEDURES

Animals

Forty-eight male Wistar/ST rats (7–13 weeks old, 276

± 49 g, Japan SLC, Shizuoka, Japan) were used in this

study. Animals were housed in a temperature-controlled

room under a fixed 12 h/12 h light/dark cycle (18:00–6:0
0/6:00–18:00). Food and water were provided

ad libitum. All experiments were approved by the Ethics

Committee for Animal Experiments at Juntendo

University and complied with the guidelines of the

Physiological Society of Japan.
Telemetric recording of arterial pressure

To investigate cardiovascular parameters during low- and

high-intensity exercise, a separate group of rats (n= 6)

were anesthetized with isoflurane gas (1.5–2.5%, Pfizer,

Japan) using an inhalation anesthesia apparatus

(Univentor 400 isoflurane anesthesia unit, Univentor,

Zejtun, Malta) and pentobarbital sodium (50 mg/kg)

intraperitoneal (i.p.), and implanted with a radio

transmitter (HD-S10; Data Sciences International, St.

Paul, MN, USA) to record the arterial pressure and body

temperature from the abdominal aorta, as reported

previously (Waki et al., 2003; Yamanaka et al., 2018).

The heart rate was calculated from the arterial pressure

data.
Analysis of c-Fos immunolabeling

To examine the specific brain areas involved in neuronal

activity dependent on exercise intensity, expression of

the proto-oncogene product c-Fos was detected

immunohistochemically. Study rats (n= 18) were

familiarized with the exercise by treadmill running for

5 days at 10–20 m/min for a period of 30 min one week

prior to the experiments. Subsequently, these rats were

classified into three groups depending on their running

ability: ‘‘high-intensity,” ‘‘low-intensity,” and ‘‘sedentary.”

On the day of the experiment, animals in the high-

intensity exercise group (n= 6) were placed on the

treadmill and made to run at 34 m/min for 60–90 min.

Rats in the low-intensity group (n= 6) were placed on

the treadmill and made to run 20 m/min for 45 min. Rats

in the sedentary group (n= 6) were simply placed on

the treadmill with the belt kept stationary. Following this,

the animals were returned to their cages and waited for

over 60 min from the time reaching the peak of

cardiovascular responses occurred during the high-

intensity exercise, which was enough time for c-Fos

expression in activated regions of the brain (Sharp

et al., 1991). Then, the rats were deeply anesthetized

by isoflurane, perfused transcardially with heparinized

saline followed by 4% paraformaldehyde, and post-fixed

in 4% paraformaldehyde. The brain was extracted and

sectioned as previously described (Yamanaka et al.,

2018). The sections were washed in phosphate-buffered

saline (PBS), placed in 10% serum with 0.3% Triton X-

100 for 15 min at room temperature, washed once again,

and then incubated overnight at 4 �C with anti-c-Fos anti-

body (sc-52-G; Santa Cruz Biotechnology, Inc., Santa

Cruz, CA, USA; 1:200 dilution in PBS with 1% serum

and 0.3% Triton X-100). The following day, sections were

washed in PBS and incubated with biotinylated horse anti-

goat immunoglobulin G (Vector Laboratories, Burlingame,

CA, USA; 1:500 dilution) antibody for 1 h. Following

another round of washing, the sections were incubated

with streptavidin-conjugated Alexa-Fluor 594 (Molecular
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Probes, Eugene, OR; 1:500 dilution) for 1 h. Finally, the

sections were washed with PBS, mounted on VECTA-

SHIELD (Vector Laboratories), and imaged using a fluo-

rescence microscope (EVOS FL Auto 2 Cell Imaging

System, Thermo Fisher Scientific, USA).

The number of c-Fos-positive cells was counted in

anterior CL (aCL; 2.3 mm rostral to bregma), posterior

CL (pCL), and amygdala sections (1.7 mm caudal to

bregma) of each animal. The cell counts were

determined by averaging the total cell numbers from

each rat per group (high-intensity, low-intensity, and

sedentary groups). In each section, the brain regions

were delimited according to the rat brain atlas (Paxinos

and Watson, 2013). Density was calculated by dividing

the cell count by the area. Detection and analysis of c-

Fos cells were performed using Image-Pro Premier ver-

sion 9.3 (Media Cybernetics, Inc. Rockville, MD, USA).

Electrical microstimulation

Arterial pressure and heart rate were monitored and

recorded from anesthetized rats as previously described

(Takagishi et al., 2014; Yamanaka et al., 2018). Briefly,

animals were anesthetized with i.p. urethane (1.45 g/kg).

The level of anesthesia was regularly monitored by

assessing limb withdrawal response to a noxious pinch;

if required, an additional dose of urethane (0.145 g/kg, i.

p.) was administered. Rectal temperature was monitored

and maintained at 37 �C using a heating pad (BWT-100;

Bio Research Center, Nagoya, Japan). The trachea was

cannulated to facilitate artificial breathing using a rodent

respirator (SN-480-7 Shinano Respirator; Shinano Manu-

facturing, Tokyo, Japan). A polyethylene catheter (PE-50

tubing filled with heparinized saline) was inserted into the

right femoral artery to record the pulsatile arterial pres-

sure. The mean arterial pressure (MAP) and heart rate

were derived from the pulsatile pressure signal using a

cardiotachometer (AP641-G and AT601-G; Nihon Koh-

den, Tokyo, Japan). These parameters were simultane-

ously monitored and recorded using a PowerLab system

(PowerLab/8s; ADInstruments, Dunedin, New Zealand).

The femoral veins were cannulated with polyethylene

tubes (PE-50) for continuous infusion of physiological sal-

ine containing the muscle relaxant pancuronium bromide

(0.08 mg/kg/h). When the muscle relaxant was used,

the adequacy of anesthesia was periodically assessed

by observing the arterial pressure response to a noxious

stimulus (toe pinch); supplemental urethane (0.145 g/kg

i.p.) was administered if required.

Anesthetized rats (n= 6) were placed in a stereotaxic

head holder (SR-5; Narishige Scientific Instrument Lab,

Tokyo, Japan), and a concentric microelectrode (OA-

212-053a; Unique Medical, Tokyo, Japan) was vertically

inserted into the right pCL (1.6–2.8 mm caudal, 5.0–

6.5 mm lateral to the bregma and 5.0–8.0 mm ventral to

the dura). Biphasic negative–positive current pulses

(200 lA peak, 0.5 ms pulse, 50 Hz, and 30-s duration)

were delivered. After completion of the experiments, the

microstimulation sites were marked by electrolytic

lesions created by applying a DC current of 1 mA for

5 s. The rats were then intracardially perfused with

saline followed by 4% paraformaldehyde. The brains
were removed, post-fixed for at least 48 h in 4%

paraformaldehyde and sliced into 50 lm serial sections

on a freezing microtome (REM-710; Yamato Kohki

Industrial, Saitama, Japan). The sections were mounted

on slides and imaged using a fluorescence microscope

(EVOS FL Auto 2 Cell Imaging System, Thermo Fisher

Scientific, USA) to map electrode tracks and lesion

marks in the pCL.
Chemical stimulation

A subset of rats (n= 8), different from the ones used for

the electrical stimulation experiments were microinjected

with the GABAA antagonist, bicuculline methiodide (1(S)

,9(R)-(�)-Bicuculline methiodide, 14343, Sigma-Aldrich,

St. Louis, MO, USA). The procedures for anesthesia,

surgical operations for recording blood pressure and

heart rate, and placement on a stereotaxic head holder

were same as those of electrical stimulation

experiments. Rats were microinjected with bicuculline

(n= 4; 0.2–2.0 mM, 0.2 lL) or equivolume saline

(n= 4; 0.2 lL, Otsuka Pharmaceutical, Tokushima,

Japan) into pCL (1.8 mm caudal, 5.25–5.50 mm lateral

to the bregma and 5.0 mm ventral to the dura) using

glass micropipettes (outside diameter of 20–30 lm;

GC200F-10; Harvard Apparatus, Edenbridge, UK).

Micropipettes were connected to a Hamilton

microsyringe (1805RN, HAMILTON GASTIGHT

Syringes 50 mL, 22S gauge, Reno, NV, USA) on a

syringe pump (Legato210P, KD Scientific, Holliston, MA,

USA). At the end of the experiment, the injection site

was stereotaxically marked by injection of 0.2 lL of

fluorescence microspheres (FluoSpheres, Thermo

Fisher Scientific, USA).
Anatomical connections among the CeA, pCL and
NTS

We used the retrograde tracer fluorogold

(hydroxystilbamidine, Biotium, Inc. Hayward, CA, USA)

to confirm whether neurons from exercise intensity-

dependent brain areas (i.e., CeA and pCL) project

directly to the NTS and whether the pCL receives

projections from the amygdala. For fluorogold injection,

rats were anesthetized with i.p. pentobarbital sodium

(50 mg/kg) and isoflurane, placed in a stereotaxic

holder, and the dorsal surface of the medulla was

exposed. Fluorogold (1 % in H2O, 50–100 nL injection

volume) was unilaterally microinjected into the NTS

(n= 3; 0.5–1.0 mm rostral to the calamus scriptorius,

0.4 mm lateral from the midline and at a depth of

0.5 mm from the dorsal surface of the dura on the

brainstem) or pCL (n= 3; 1.8 mm caudal and 5.5 mm

lateral from the bregma and at a depth of 5.0 mm from

the dorsal surface of dura). Animals were then returned

to their cages for a recovery period of 7 days. Following

this, animals were euthanized, and the brains were

extracted and sectioned into 50 lm thick sections. The

sections were imaged using a fluorescence microscope

as described above section.
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Simultaneous stimulation of the CeA and pCL

To understand the functional connections between the

CeA and pCL regulating arterial pressure, we performed

simultaneous electrical stimulation of the CeA and pCL

in four additional rats and then examined the arterial

pressure responses. Surgery of anesthetized rats was

performed as described above. Two concentric

microelectrodes (OA-212-053a; Unique Medical, Tokyo,

Japan) were vertically inserted and positioned on the

right pCL showing a depressor response (1.8 mm

caudal, 5.5 mm lateral to the bregma and 4.0–7.0 mm

ventral to the dura) and ipsilateral CeA region showing a

pressor response (1.8 mm caudal, 3.0 mm lateral to the

bregma, and 6.0–7.0 mm ventral to the dura). Biphasic

negative–positive current pulses (200 lA peak, 0.5 ms

pulse, 50 Hz, and 30 s duration) were delivered. The

effects of stimulation between the single and

simultaneous conditions were evaluated on identical

locations once the electrode position was fixed.

Statistical analysis

Results are presented as mean ± standard error of the

mean (s.e.m.), unless otherwise stated. One-way

analysis of variance (ANOVA) with Bonferroni’s post-hoc

test was used to evaluate the number of cells

expressing c-Fos among the high-intensity, low-

intensity, and sedentary rat groups. Averaged MAP was

traced (mean ± s.e.m., each result calculated from a

2 s bin with a 1 s sliding window) in response to

stimulation of the CeA only, pCL only, and both CeA

and pCL. Quantification of average maximal DMAP (the

difference in arterial pressure during stimulation and

pre-stimulation) of all stimulation trials was computed

from four rats (CeA only: 47 trials, CeA + pCL: 24

trials). To compare cardiovascular responses before and

after pCL stimulation and between CeA and pCL

stimulation and CeA stimulation only, both Student’s

paired and unpaired t-tests were used after statistical

testing for normality distributions (Shapiro–Wilk test) and

equal variances (Bartlett’s test). If the results did not

satisfy these two criteria, non-parametric tests were

used (Wilcoxon signed-rank test or Mann–Whitney U
test). The criterion for statistical significance was set at

p< 0.05.

RESULTS

Exercise intensity-dependent c-Fos expression
occurred in the CeA and posterior CL

We tested whether the amygdala and CL showed

neuronal activation during exercise. Animals (n= 18)

were classified into sedentary (stationary treadmill;

n= 6), low-intensity (20 m/min; n= 6), and high-

intensity (34 m/min; n= 6) groups. To investigate

cardiovascular changes, we recorded the arterial

pressure, heart rate, and body temperature during

treadmill exercise in a separate group of rats implanted

with a telemetric transmitter (n= 6). We observed two-

phases of change in hemodynamic parameters during

high-intensity exercise. In the initial phase of exercise,
the arterial pressure and body temperature did not differ

between the low- and high-intensity exercise group,

although the heart rate increased gradually. However, in

the second phase of exercise, the arterial pressure and

body temperature during high-intensity exercise

dramatically increased 20–30 min before exercise offset

(Fig. 1A).

Expression of c-Fos was immunohistochemically

visualized in the brain sections of rats subjected to a

treadmill running test. Both the amygdala and CL

showed robust c-Fos expression during high-intensity

exercise (Fig. 1B–D, right panels). The amygdala,

including CeA and BLA, and the posterior part of the CL

(pCL) showed c-Fos-positive cells in an exercise

intensity-dependent manner (Fig. 1B, C, E, F;

p< 0.001, one-way ANOVA with Bonferroni’s post-hoc

test), whereas the anterior part of the CL (aCL) showed

strong neuronal activation in both exercise groups as

well as in the sedentary group (Fig. 1D, G; p= 0.26).

Interestingly, the amygdala and pCL showed neuronal

activation at different exercise levels: the pCL showed

significant activation even during low-intensity exercise,

whereas the amygdala (particularly CeA) showed

significant activation only during high-intensity exercise.

Electrical and chemical stimulation of the pCL
induces depressor responses

Previously we showed that electrical microstimulation of

the amygdala induced both facilitatory (pressor and

tachycardiac) and inhibitory (depressor) cardiovascular

responses, specifically at the site of stimulation.

Electrical and chemical stimulation of the medial region

of the CeA tends to increase arterial pressure and heart

rate responses (Yamanaka et al., 2018). In the present

study, we examined the effect of pCL microstimulation

on cardiovascular responses (Fig. 2A). Unilateral electri-

cal microstimulation (200 mA, 50 Hz and 30 s) of the

pCL in urethane-anesthetized rats (n= 6) evoked a

depressor response. As shown in Fig. 2B, the baseline

MAP and heart rate over the 15 s period before stimula-

tion onset were 85.0 ± 1.2 mmHg and 438.6

± 1.8 bpm, respectively. Stimulation of the pCL induced

a decrease in arterial pressure (80.3 ± 2.2 mmHg) but

no change in heart rate (434.8 ± 2.0 bpm) (Fig. 2B). Con-

sistent with the results, pCL stimulation evoked decreas-

ing average MAP responses as measured by the

change from baseline (DMAP) (Fig. 2C left panel, DMAP,

minimum value ± s.e.m. = �8.3 ± 2.0 mmHg, t(5)
= 4.17, p= 0.008, paired t-test) but did not affect the

average heart rate from baseline (Dheart rate) (Fig. 2C,
right panel, Dheart rate, minimum value ± s.e.m.

= �2.2 ± 0.8 bpm, t(5) = 2.57, p> 0.05, paired t-test).

Stimulation of areas including the posterior insular cortex

surrounding the pCL did not result in significant cardiovas-

cular responses.

In addition, we performed chemical stimulation

experiments to test the alternative possibility that

depressor responses to pCL electrical microstimulation

are caused by stimulating passing fibers, rather than

neuronal cell bodies in the pCL (Fig. 2D). Consistent

with our electrical stimulation results, microinjection of
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bicuculline (0.2–2 mM, 0.2 lL), a GABAA antagonist, into

the pCL induced prolonged depressor responses (Fig. 2E

and F left panel, DMAP, mean value ± s.e.m. = �13.0

± 2.3 mmHg, t(3) = 2.56, p= 0.04, unpaired t-test)
compared to saline injection (DMAP, mean value ± s.e.

m. = �2.0 ± 3.6 mmHg), but not significant heart rate

changes (Fig. 2F, right panel, bicuculline: Dheart rate,

mean value ± s.e.m. = �17.6 ± 17.1 bpm; saline:

Dheart rate, mean value ± s.e.m. = 13.7 ± 9.9 bpm,

t(3) = 1.58, p> 0.05, unpaired t-test).
Therefore, in contrast to the results after CeA

stimulation with pressor response, stimulation of the

pCL induced depressor response.
Anatomical connections among the CeA, pCL and
NTS

Next, we examined whether the pCL region with

depressive effects had anatomical connections with the

NTS and amygdala. The retrograde tracer fluorogold,

which was unilaterally microinjected (50–100 nL) into the

NTS of rats (n= 3), was detected after a period of

seven days in the ipsilateral medial division of the CeA

(CeM), but not the pCL (Fig. 3A–C). A recent study
using genetic tools reported that the CL has reciprocal

connections to the amygdala (Atlan et al., 2018). To con-

firm the anatomical connections between the amygdala

and pCL region, which induced inhibitory cardiovascular

responses, we also injected fluorogold into the pCL

depressor region (1.8 mm caudal, 5.5 mm lateral from

the bregma and 5.0 mm ventral from the dura) in three

rats. Fluorescence was observed in the BLA but not the

CeA (Fig. 3D, E). Consistent with previous work (Atlan

et al., 2018), these results support that the CeA (espe-

cially CeM) neurons project directly to the NTS, but not

the pCL, whereas, BLA neurons project directly to the

pCL depressor region.
Simultaneous electrical stimulation of CeA and pCL

Stimulation of the pCL or CeA (particularly medial region)

using a single electrode evoked depressor (this study) or

pressor/tachycardiac (Yamanaka et al., 2018) cardiovas-

cular responses, respectively. As shown in Fig. 1, neu-

ronal activation of the amygdala (BLA and CeA) and

pCL displayed different exercise levels, indicating that

only pCL neurons were activated during low-intensity

exercise, whereas both amygdala and pCL neurons were
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activated during high-intensity exercise. To mimic the

state of amygdala and pCL neuronal activities during

high-intensity exercise, we performed simultaneous elec-

trical microstimulation of the CeA and pCL regions using

two microelectrodes (Fig. 4A) in four rats. Consistent with

previous results, single stimulation of the CeA and pCL

consistently induced pressor (Fig. 4B red line) and

depressor (Fig. 4B cyan line) responses. Surprisingly,

despite the position of the two electrodes was not chan-

ged between stimulation conditions, simultaneous micros-

timulation of the CeA and pCL resulted in significantly

greater pressor responses (Fig. 4B black line; DMAP,

median maximum value ± s.e.m. = 10.8 ± 0.8 mmHg,

U(47,24) = 321, Z= 2.95, p= 0.003, Mann–Whitney U

test) compared with CeA stimulation alone (DMAP, med-

ian maximum value ± s.e.m. = 6.2 ± 0.6 mmHg).
DISCUSSION

The amygdala (CeA and BLA) and pCL showed exercise

intensity-dependent c-Fos expression. pCL neurons were

activated both during low- and high-intensity exercise,

whereas amygdala neurons were activated only during

high-intensity exercise. Additionally, microstimulation of

the pCL or CeA in anesthetized rats induced contrasting

responses, i.e. depressor and no-heart rate change or

pressor and tachycardiac cardiovascular responses,
respectively. Thus, CeA and pCL outputs adjust

activation of the sympathetic, rather than

parasympathetic, nervous system. Since the level of

sympathetic nervous system activity is known to

increase during exercise (Miki et al., 2002; Matsukawa,

2012) and is correlated with fatigue (Saito et al., 1989),

it is a possible that amygdala and pCL neurons distinctly

yet coordinately contribute to the maintenance of exercise

performance by sympathoexcitation (e.g., energy supply

to active skeletal muscles) and suppression of sympa-

thetic nervous system activity.

Given the c-Fos expression results during high-

intensity exercise and the anatomical connections

between the pCL and amygdala, we simultaneously

stimulated the CeA and pCL, which resulted in a greater

pressor response compared with stimulation of the CeA

alone. This result is counterintuitive because CeA or

pCL stimulation induced pressor or depressor

responses, respectively, as linearly which should be

counterbalanced during a simultaneous stimulation. It is

assumed that the amygdala and pCL have direct or

indirect projections to a cardiovascular output station

like the NTS and RVLM (Schwaber et al., 1982; van der

Kooy et al., 1984; Rogers and Fryman, 1988; Danielsen

et al., 1989; Wallace et al., 1989; Liubashina et al.,

2000), whereas the BLA has reciprocal connections to

the pCL (Filimonoff, 1966; Amaral and Insausti, 1992;
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Atlan et al., 2018). A state of low-intensity exercise

accompanied by a low stress level activates the pCL,

but not the amygdala. On the other hand, under condi-

tions of high stress such as during high-intensity exercise,

both the amygdala and pCL are activated. Our anatomical

and physiological evidence suggests that a functional

interaction between the amygdala and claustrum has

the role of excitatory projections from the pCL to the

CeA (promoting the activity of the CeA pressor area),

and conversely, inhibitory projections from the CeA to

the pCL (suppressing of the activity of the pCL hypoten-

sive area), via BLA (Fig. 5).

What are the mechanisms for activating these circuits

during high-intensity exercise? It is reasonable to

consider that the involvement of ascending and

descending systems: feedforward signals from central

command as a descending system (Goodwin et al.,

1972), and feedback inputs from peripheral receptors.

The current understanding of the central command pro-

cesses is that they originate from motor-related cortical

and subcortical areas; such as the prefrontal cortex,

hypothalamus and mesencephalic locomotor regions

(Jansen et al., 1995; Koba et al., 2018; Liang et al.,

2016; Williamson et al., 2003). The amygdala may be

incorporated into these central command circuits; it is well

known to be involved in defense reactions and to have

descending pathways into the brainstem locomotor

regions and cardiorespiratory regions (Hilton and

Zbrozyna, 1963; van der Kooy et al., 1984; Rogers and

Fryman, 1988; Wallace et al., 1989). While for ascending

mechanisms from peripheral inputs, previous study sug-

gested that CeA receives nociceptive signals that could

be involved in the emotional-affective and autonomic

reactions to pain processes (Bernard et al., 1992).

Furthermore, the amygdala may detect pH attenuation

(acidosis) and rising CO2 concentrations (Ziemann
et al., 2009). During high-intensity exercise, these chem-

ical and metabolic reactions coupled to stress may define

exercise limitations as a result of over-activation of the

amygdala, excessive sympathetic nerve activity, and

restricted blood flow to active muscles.

Overall, in this study, we observed consistent and

strong activation of the aCL in an exercise intensity-

independent manner. A previous study reported that

chemical stimulation of the aCL elicited a depressor

response and that the effect was significantly reduced

by inactivation of the medial prefrontal cortex (Hatam

et al., 2013). There are differences between the anatom-

ical connections of the claustro-cortical and claustro-

subcortical projections along the rostro-caudal axis (Goll

et al., 2015). Recent studies have reported the impor-

tance of claustro-cortical projections in cognitive functions

(Barbas et al., 2003; Smith and Alloway, 2010; Brown

et al., 2017; Jackson et al., 2018; White et al., 2018).

Although the role of the claustro-subcortical projection is

obscure, it may serve as a hub linking autonomic regula-

tion and processing arousing events, such as flight behav-

ior during an emergency, in cooperation with the

subcortical system, e.g., noradrenaline neurons of the

locus coeruleus (Aston-Jones and Cohen, 2005;

Burgess and Peever, 2013) or histamine neurons of the

hypothalamic tuberomammillary nucleus (Bhuiyan et al.,

2011; Takagishi et al., 2014; Yamanaka et al., 2017).

This study is subject to several limitations. First, we

used electrical microstimulation to mimic CeA and pCL

activity during exercise in vivo. A benefit of electrical

microstimulation is the high temporal resolution for

switching of a single or simultaneous stimulation of

subcortical structures, whereas a downside is that

electrical microstimulation may stimulate the cell body

as well as passing fibers at the stimulation sites. A

second limitation is that we used forced treadmill

exercise; thus, it is difficult to separate the effects of

exercise, stress, or both. In our protocol, we found that

exercise intensity, especially in high-intensity exercise,

induces c-Fos expression not only in claustrum and

amygdala but also other brain regions such as in

hypothalamus, midbrain and brainstem (data not

shown). The functions of these regions are unclear and

require future studies. Finally, in this study, we observed

cardiovascular responses induced by stimulation of CeA

and pCL in anesthetized rats. We have not directly

tested the relationship between the blood pressure or

heart rate responses and the number of c-Fos

expressing neurons in the amygdala and claustrum

during exercise. Therefore, we could not approach the

causality whether the exercise intensity-dependent co-

activations of the amygdala and pCL contribute

cardiovascular control during exercise. Future studies

could examine the relationship between amygdala and

pCL activities as well as cardiovascular variables, and

whether c-Fos-expressing neurons project to the NTS

by parallel usage of c-Fos immunohistochemistry and

tracing methods. More directly, it is necessary that the

pCL-CeA-NTS pathway-specific manipulations in awake

exercising animals by targeted lesions of pCL, CeA, and

NTS, by functional disconnection techniques using
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asymmetrical lesions (Hart et al., 2018), and by genetic

methods such as optogenetics and chemogenetics.

In conclusion, we demonstrated that the CL,

particularly the pCL, and the amygdala coactivated and

may be coordinately involved in cardiovascular tuning

during high-intensity treadmill exercise. Amygdala and

pCL showed strong c-Fos expression during high-

intensity exercise. Stimulation of the pCL region alone

evoked depressor effects. We also confirmed the

anatomical connections between the amygdala, pCL,

and NTS. Simultaneous microstimulation of both the

CeA and pCL induced enhanced pressor effects

compared with stimulation of the CeA alone. We

speculate that functional linkage of the CeA and pCL

might be involved in coordinated tuning of

cardiovascular regulation in an exercise intensity-

dependent manner. Taken together, our data provide

novel insights into the central mechanisms underlying

autonomic cardiovascular regulation during, especially

high-intensity, exercise.
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