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SUMMARY

Aims: It is well known that low-intensity exercise training (ExT) is beneficial to cardiovas-

cular dysfunction in hypertension. The tonically active glutamatergic input to the rostral

ventrolateral medulla (RVLM), a key region for control of blood pressure and sympathetic

tone, has been demonstrated to be increased in hypertensive rats. The aim of this study was

to determine the effect of ExT on the increased glutamatergic input to the RVLM in sponta-

neously hypertensive rat (SHR). Methods: Normotensive rats Wistar-Kyoto (WKY) and

SHR were treadmill trained or remained sedentary (Sed) for 12 weeks and classed into four

groups (WKY-Sed, WKY-ExT, SHR-Sed, and SHR-ExT). The release of glutamate in the

RVLM and its contribution to cardiovascular activity were determined in WKY and SHR

after treatment of ExT. Results: Blood pressure and sympathetic tone were significantly

reduced in SHR after treatment with ExT. Bilateral microinjection of the glutamate receptor

antagonist kynurenic acid (2.7 nmol in 100 nL) into the RVLM significantly decreased rest-

ing blood pressure, heart rate, and renal sympathetic nerve activity in SHR-Sed but not in

WKY groups (WKY-Sed and WKY-ExT). However, the degree of reduction in these cardio-

vascular parameters evoked by KYN was significantly blunted in SHR-ExT compared with

SHR-Sed group. The concentration of glutamate and the protein expression of vesicular glu-

tamate transporter 2 in the RVLM were significantly increased in SHR-Sed compared with

WKY-Sed, whereas they were reduced after treatment with ExT. Conclusion: Our findings

suggest that ExT attenuates the enhancement in the tonically acting glutamatergic input to

the RVLM of hypertensive rats, thereby reducing the sympathetic hyperactivity and blood

pressure.

Introduction

Hypertension is characterized by elevated levels of blood pressure

(BP) and sympathetic tone, which are closely related to a poor

prognosis in this disease [1]. It is well known that the rostral ven-

trolateral medulla (RVLM) is a key region for central control of

sympathetic outflow and plays a crucial role in maintaining rest-

ing BP and sympathetic tone [2,3]. Abnormalities in structure and

function of the RVLM have been suggested to be a major

contributor to essential (neurogenic) hypertension [4,5]. It has

been documented that tonically active excitatory inputs to RVLM

vasomotor neurons, probably originating from commissural part

of the nucleus of solitary tract (commNTS), the paraventricular

nucleus (PVN), and the pontine reticular formation, play an

important role in central cardiovascular regulation [6–8]. It has

been reported that microinjection of the excitatory glutamate

receptor antagonist kynurenic acid (KYN) into the RVLM pro-

duces a significant fall in resting BP in hypertensive rats but not in
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normotensive rats, suggesting that tonically active glutamatergic

input to the RVLM is upregulated in hypertension [9,10]. Accord-

ingly, it is proposed that the increased tonic glutamatergic input to

the RVLM is an important contributor to elevated levels of BP and

sympathetic tone in hypertension.

Growing evidence has been demonstrated that exercise train-

ing (ExT) is capable of normalizing cardiovascular dysfunction

in cardiovascular disorders such as hypertension and chronic

heart failure [11,12]. It is reported that ExT effectively lowers

BP, decreases cardiac output, and enhances the baroreflex sen-

sitivity in patients and animals with hypertension [13–15].

However, the exact mechanism(s) by which ExT improves car-

diovascular dysfunction in hypertension have not been fully

understood. Interestingly, it is suggested that neural plasticity

in the central cardiovascular networks is an important mecha-

nism responsible for the effects of ExT on cardiovascular activ-

ity [16,17]. It has been demonstrated that ExT is beneficial to

hypertension via reducing the sympathetic activity [13,17,18].

Moreover, ExT significantly attenuates increases in BP and

sympathetic activity induced by stimulation of the RVLM

[19,20], suggesting the importance of the RVLM in mediating

the effects of ExT on cardiovascular regulation. However, it is

not clear if Ext alters the elevated tonically active glutamatergic

input to RVLM neurons in hypertension. Therefore, this study

was designed to determine the effect of ExT on tonically active

glutamatergic input in the RVLM of spontaneously hyperten-

sive rats (SHR).

Methods

Animals and General Procedures

Eight-week-old male normotensive Wistar-Kyoto (WKY) rats and

SHR were supplied by Sino-British SIPPR/BK Laboratory Animal

Ltd (Shanghai, China) in this study. All of the procedures in the

study were approved by the Committee of Animal Care and Use,

Second Military Medical University and performed in accordance

with institutional animal care guidelines.

ExT Protocol and Experimental Design

Eight-week-old WKY and SHR were preselected for their ability to

walk on a treadmill (FT-200; Taimen Co., Chengdu, China) and

only active rats were used in this study. These active rats

randomly assigned either to the sedentary group (WKY-Sed; SHR-

Sed) or to the ExT group (WKY-ExT; SHR-ExT). ExT groups were

subjected to low-intensity ExT on a motor-driven treadmill con-

tinuously for a period of 12 weeks (5 days per week; 60 min per

day at 15–20 m/min), as described in detail elsewhere [15,21,22].

The treadmill speed of low-intensity ExT was determined by

50–60% of maximal exercise capacity, which was measured by

means of maximal exercise tests on week 0, 6, and 12 (Table 1).

The sedentary rats were handled at least three times every week

to become accustomed to the experimental procedures. Using a

noninvasive computerized tail-cuff system (ALC-NIBP; Shanghai

Alcott Biotech Inc., Shanghai, China), as described previously

[23], BP was measured in conscious rats at baseline (8 weeks of

age) and then every 4 weeks until the end of the study period.

Measurement of Citrate Synthase Concentration

Citrate synthase was recognized as a maker of ExT efficacy

because it is a respiratory enzyme to undergo adaptive increases

due to ExT in skeletal muscle [24]. Soleus muscles from the right

leg of rats were collected, weighted, and stored at �80°C for mea-

surement of citrate synthase. Measurement of citrate synthase

concentration from whole muscle homogenate was measured by

Rat Citrate Synthase ELISA kit (E03876; Shanghai Yueyan Biolog-

ical Technology Co, China). The procedures were carried out

based on the instruction of kit. Briefly, muscle tissue was homoge-

nized in an extraction buffer and centrifuged at 4°C, an aliquot of

supernatants was collected for measuring the enzyme concentra-

tion. Reaction was terminated by the addition of a sulfuric acid

solution, and the color change was measured spectrophotometri-

cally at a wavelength of 450 nm. The concentration (pg/mg) of

citrate synthase in the samples was then determined by comparing

the O.D. of the samples to the standard curve.

General Surgical Procedures and RVLM
Microinjections

The surgical procedures, recording of renal sympathetic nerve

activity (RSNA), and RVLM microinjections were carried out as

described by us previously [25–27]. Briefly, rats were anaesthe-

tized with urethane (800 mg/kg i.p.) and a-chloralose (40 mg/kg

i.p.), and the trachea was cannulated to facilitate mechanical res-

piration. The right femoral artery was catheterized for BP mea-

surement, and the femoral vein was cannulated for supplemental

drugs. The rat was placed in a stereotaxic frame with the head

fixed horizontally, and the dorsal surface of the medulla was sur-

gically exposed. The renal sympathetic nerves were exposed and

identified. The distal terminal of the renal nerve was cut to avoid

the afferent activity. The renal sympathetic nerves were placed on

a pair of recording electrodes. The RSNA signal was amplified, fil-

tered, integrated, sampled, and converted to a digital signal by the

PowerLab system. Baseline RSNA was taken as 100% from the

absolute value after the noise level was subtracted. In each rat,

maximum RSNA was measured during euthanasia at the end of

the experiments, as described previously [28]. Body temperature

was kept at 37°C by a temperature controller.

Microinjections in the RVLM were made from a three-barrel

micropipette. The coordinates for injections into the RVLM were

2.0–2.5 mm rostral to the caudal tip of the area postrema, 2.0–

2.2 mm lateral to the medline, and 3.0–3.2 mm below the dorsal

surface of the brainstem. The RVLM injection (100 nL) was made

over a period of 5–10 s by a pressure injector (PV820; WPI,

Sarasota, FL, USA), and the RVLM was chemically identified by a

Table 1 Maximal running speeds in ExT groups

Maximal speeds (km/h)

n 0 week 6th week 12th week

WKY-ExT 15 1.31 � 0.08 1.79 � 0.04* 2.15 � 0.07*

SHR-ExT 15 1.88 � 0.05† 2.16 � 0.07*†, 2.44 � 0.07*†

Data are mean � SE. *P < 0.05 versus 0 week. †P < 0.05 versus WKY-

ExT.
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pressor response to L-glutamate (1 nmol) microinjection. Based

on previous studies [9,10,29], 2.7 nmol dose of KYN (Sigma-

Aldrich, St. Louis, MO, USA) was chosen to effectively block

ionotropic glutamate receptors at least 30 min after functional

pressor site in the RVLM was identified. The interval of bilateral

injections was within 2 min. The continuous recordings of cardio-

vascular parameters (BP, HR, and RSNA) were at least 60 min

after bilateral injection of KYN into the RVLM. At the end of each

experiment, the injection sites marked by 2% pontamine sky blue

solution were confirmed to be located within RVLM area, which

are similar to described by us previously [25–27].

Western Blot Analysis

After the rat was euthanized with an overdose of pentobarbital

sodium (200 mg/kg, i.p.), brain tissues including RVLM, NTS, and

PVN were punched on coronal sections of brainstem according to

the rat atlas [30]. The procedures of Western blot were described

previously [25]. The protein concentration was measured and

loaded onto a SDS-PAGE gel and then transferred to a polyviny-

lidene fluoride membrane. The membrane was probed with

primary antibody (vesicular glutamate transporter 2, vGLUT2,

MAB5504, EMD Millipore; glutaminase2 (GLS2), AV43562;

Sigma-Aldrich) and secondary antibody. The protein bands were

visually detected and analyzed. The levels of target proteins were

normalized to b-actin (Sigma-Aldrich), which served as a loading

control.

Measurement of Glutamate Concentration by
High-Performance Liquid Chromatography (HPLC)

The concentration of glutamate in the brain was measured by

HPLC, as described previously [25,31]. After RVLM tissue was

punched and weighed from the rat which was euthanized (pento-

barbital sodium, 200 mg/kg, i.p.), 0.05 mMHClO4 was added into

the tube and tissue was homogenated and centrifuged for 10 min.

Supernatant was filtered and collected for analysis by HPLC-elec-

trochemical detection (ESA; Coulochem III, Chelmsford, MA,

USA) under 4°C. We used the o-phthalaldehyde (OPA)/2-mercap-

toethanol (b-ME) to derivatization for amino acid analysis. The

autosampler vial was initially filled with 20 lL from the samples

provided. The 542 autosampler was added 50 lL OPA/bME solu-

tion to remaining 20 lL of sample, mixed the reagent for four

times and then injected 50 lL of the derivative sample for subse-

quent amino acid analysis. HPLC analysis was carried out on a

reverse phase C18 column (Shiseido Capcell Pak 75 9 3 mm,

3 lm C18, P/N 88-90816, Shiseido Co. Ltd., Tokyo, Japan). The

mobile phase was composed by 100 mM di-sodium hydrogen

phosphate anhydrous, 22% methanol, and 3.5% acetonitrile at

the pH of 6.75, and the flow rate was 0.60 mL/min. The detect

channel potential were set at +150 mV and +550 mV. The HPLC

system was controlled, and data were acquired, processed, and

analyzed using Coulochem software. Analytes were identified

according to the authentic standards based on their retention time

and peak-height ratios. The content of glutamate was quantified

by a comparison of the area with those of known amounts of

standards.

Data Analysis

All values are expressed as mean � SE. The significance of differ-

ences between groups (WKY and SHR) and conditions (Sed and

ExT) was made by a two-way ANOVA followed by post hoc Stu-

dent-Newman–Keuls. Differences were considered to be signifi-

cant at P < 0.05.

Results

Assessment of ExT Efficacy

As shown in Table 2, several values were measured for efficacy of

ExT at the end of Sed or ExT protocol (at age 20 weeks). Body

weight in ExT groups was significantly (P < 0.05, n = 15) reduced

compared with Sed groups. Soleus muscle weight was signifi-

cantly increased in ExT groups than in Sed groups. The concentra-

tion of citrate synthase, a marker of ExT efficacy, in soleus muscle

was significantly higher in ExT than in Sed rats. Excretion of NE

in 24-h urine was higher in SHR-Sed than in WKY-Sed

(1.19 � 0.09 vs. 0.59 � 0.07 lg, P < 0.05, n = 15), whereas it

was significantly reduced by 44% (0.67 � 0.07 lg, P < 0.05) fol-

lowing ExT treatment. At the beginning of ExT (at age 8 weeks),

systolic BP and mean arterial pressure (MAP) in conscious rats

were significantly higher in SHR-Sed than in WKY-Sed and

remained elevated for the duration of the study (Figure 1). After

12-week period of ExT, MAP was significantly (P < 0.05, n = 15)

lower in SHR-ExT (170 � 2.9 mmHg) than in SHR-Sed

Table 2 Measurements of parameters for determining efficacy of ExT

Parameters n WKY-Sed WKY-ExT SHR-Sed SHR-ExT

Body weight (BW, g) 15 311 � 8 281 � 5* 301 � 5 277 � 4†

SMW (mg) 15 106 � 4 130 � 3* 101 � 4 135 � 4†

SMW/BW (mg/g) 15 0.34 � 0.01 0.46 � 0.01* 0.34 � 0.01 0.49 � 0.02†

Content of CS in SMW (pg/mg) 5 653 � 35 788 � 38* 695 � 15 765 � 32†

MAP (mmHg) 5 120 � 2 115 � 7 171 � 7* 145 � 4*†

HR (beats/min) 5 390 � 14 342 � 9* 443 � 6* 382 � 5†

Baseline RSNA (% of Max) 5 30.2 � 3.0 27.1 � 2.6 53.7 � 4.5* 41.2 � 3.6*†

n, number of animals; MAP, mean arterial pressure; SMW, Soleus muscle wet weight; CS, citrate synthase; MAP, mean arterial pressure; RSNA, renal

sympathetic nerve activity; WKY-Sed, Wistar-Kyoto-sedentary; SHR-Sed, spontaneously hypertensive rat-sedentary; WKY-ExT, Wistar-Kyoto-exercise

training; SHR-ExT, spontaneously hypertensive rat- exercise training. Data are mean � SE. Values for MAP, HR, and inte-RSNA were obtained in anaes-

thetized rats. MAP was measured by catheterizing femoral artery. *P < 0.05 versus WKY-Sed. †P < 0.05 versus SHR-Sed.
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(182 � 2.5 mmHg). However, ExT did not change BP in WKY rats

(128 � 1.8 mmHg in WKY-Sed; 125 � 1.7 mmHg in WKY-ExT,

P > 0.05).

ExT Attenuates the Decrease in BP and HR
Evoked by Blockade of Glutamate Receptors in
the RVLM of SHR

The baseline BP, HR, and RSNA in four groups are shown in

Table 2. Baseline BP was significantly lower in SHR-ExT com-

pared with SHR-Sed, but HR was decreased in ExT rats compared

with Sed rats. Baseline RSNA (% maximum) in SHR-Sed was sig-

nificantly increased compared with WKY-Sed (53.7 � 4.5 vs.

30.2 � 3.0%, P < 0.05, n = 5), which was significantly (P < 0.05)

reduced following ExT treatment (41.2 � 3.6%). In WKY-Sed or

WKY-ExT group, bilateral injections of KYN (2.7 nmol for each

side) into the RVLM had little effect on resting BP, HR, and RSNA

compared with pre-injection levels. However, bilateral microin-

jections of KYN into the RVLM elicited a profound decrease in

resting BP (�51.1 � 5.3 mmHg), HR (�62 � 6 beats/min), and

RSNA (�25.2 � 2.2%) in SHR-Sed compared with pre-injection

levels (Figure 2). ExT significantly (P < 0.05, n = 5) attenuated

the KYN-induced decrease in BP (�20.2 � 2.4 mmHg), HR

(�24 � 2 beats/min), and RSNA (�8.5 � 1.2%) in SHR. The per-

cent peak changes in BP, HR, and RSNA before and after injec-

tions of KYN in four groups are shown in Figure 3.

ExT Decreases the Concentration of Glutamate
and Expression of vGLUT2 in the RVLM of SHR

As indicated in Figure 4, the content of glutamate in the RVLM

was significantly increased [459 � 15 vs. 354 � 13 ng/mg (wet

weight), P < 0.05, n = 5] in SHR-Sed than in WKY-Sed. However,

ExT-treated SHR showed a significant attenuation in glutamate

content (385 � 13 ng/mg, P < 0.05 vs. SHR-Sed). There is no sig-

nificant difference of glutamate concentration in the RVLM

betweenWKY-Sed and WKY-ExT.

As indicated in Figure 5, protein expression of vGLUT2 in

the RVLM was significantly increased by an average of 82%

in SHR-Sed compared with WKY-Sed. However, a significant

decrease in vGLUT2 expression in the RVLM was observed in

SHR-ExT compared with SHR-Sed. No significant difference of

vGLUT2 expression was observed between WKY-Sed and

WKY-ExT.
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Figure 1 Time course of systolic arterial pressure (A) and mean arterial

pressure (B) in sedentary or exercised Wistar-Kyoto (WKY) and

spontaneously hypertensive rat (SHR) groups. The values for blood

pressure in conscious rats were measured by tail-cuff method. Blood

pressure has already lowered in SHR-ExT compared with SHR-Sed rats

from 8 week of exercise training (at 16 weeks of age). Values are

mean � SE; n = 15 in each group. *P < 0.05 versus WKY-Sed; #P < 0.05

versus SHR-Sed.

Figure 2 Representative original recordings of

effects of kynurenic acid (KYN, 2.7 nmol in

100 nL) bilaterally injected into the rostral

ventrolateral medulla (RVLM) on blood

pressure, HR, and renal sympathetic nerve

activity (RSNA) in sedentary or exercised

Wistar-Kyoto and spontaneously hypertensive

rat groups. ABP, arterial blood pressure; bpm,

beats/min; inte-RSNA, integrated RSNA; a.u,

arbitrary unit.
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ExT Downregulates the Protein Expression of
Glutaminase2 (GLS2) in the NTS and PVN of SHR

A total of 10 SHR was subjected to determine the changes of gluta-

mate synthesis in sources of glutamatergic inputs to the RVLM in

response to Sed or ExT treatment (five rats for each group). Levels

of GLS2 protein expression in the NTS and PVN were significantly

decreased in SHR-ExT compared with SHR-Sed (Figure 6). No sig-

nificant difference of GLS2 expression in the pontine reticular for-

mation was found between SHR-Sed and SHR-ExT.

Discussion

The major observations of this study are that (1) Low-intensity

ExT effectively reduced BP and sympathetic activity in SHR; (2)

The decrease in BP, HR, and RSNA evoked by blockade of gluta-

mate receptors in the RVLM of SHR was blunted following ExT

treatment, and (3) ExT significantly reduced the concentration of

glutamate and expression of vGLUT2 in the RVLM of SHR. On

basis of these results, we conclude that ExT is capable of lowering

the enhanced tonically active glutamatergic input in the RVLM of

SHR, which may contribute to elucidate the mechanism responsi-

ble for the beneficial effect of ExT on sympathetic overactivity in

hypertension.

Exercise training, a part of lifestyle modification, has been

widely recommended as a therapeutic strategy for hypertension

[12,14]. In this work, we determined the maximum ExT capacity

(velocity) at the beginning of the protocol and week 6 and 12 to

establish and correct the ExT intensity. The low-intensity ExT cor-

responded to 50–60% of maximal excise capacity according to
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exercised Wistar-Kyoto (WKY) and spontaneously hypertensive rat (SHR)
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Figure 5 Representative Western blot (top) and densitometric analysis

(bottom) of vesicular glutamate transporter 2 (vGLUT2) in the rostral

ventrolateral medulla of sedentary or exercised Wistar-Kyoto (WKY) and

spontaneously hypertensive rat (SHR) groups. AU, arbitrary unit. Values

are mean � SE; n = 5 in each group. *P < 0.05 versus WKY-Sed;
#P < 0.05 versus SHR-Sed.
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previous study [22]. We found that soleus muscle weight and cit-

rate synthase concentration were significantly increased in ExT

groups than in Sed groups, whereas body weight was reduced in

ExT group than in Sed groups. We also repeated that ExT signifi-

cantly reduced BP in SHR but not in WKY, as described previously

[15,22,23,32]. We noted that the level of BP obtained by tail cuff

in conscious rats was somewhat higher compared with BP level

measured directly from femoral artery in anesthetized rats.

Because the tail-cuff method is a form of restraint, it is possible

that some factors such as stress result in a rise in BP. However, it

was observed that BP levels measured by tail cuff in awaked SHR

or by femoral artery in anaesthetized SHR were significantly

reduced following ExT protocols. We also confirmed that ExT

treatment significantly reduced baseline sympathetic nerve activ-

ity in SHR (Table 2). These data confirmed the efficacy of ExT to

reduce BP and sympathetic activity in SHR.

Although previous studies report that ExT is capable of adjust-

ing dysfunctions of heart and vessels in hypertension, the neuro-

nal plasticity is suggested to be more important in the

cardiovascular regulation [17]. Upregulated glutamatergic input

in the RVLM contributes to increase in BP and sympathetic out-

flow in hypertensive rats [9,10]. In this work, the changes in car-

diovascular activity in response to microinjection of KYN into the

RVLM were detected in four groups. Similar to previous studies

[9,10], bilateral injection of KYN into the RVLM significantly

reduced basal BP, HR, and RSNA in SHR-Sed, but not in WKY-

Sed. Interestingly, we found that the degree of reduction in BP,

HR, and RSNA evoked by KYN injected into the RVLMwas signifi-

cantly blunted in SHR-ExT compared with SHR-Sed. We further

confirmed that the concentration of the neurotransmitter gluta-

mate in the RVLM was significantly reduced in SHR following ExT

protocol. On the basis of the above evidence, it is indicated that

ExT is capable of attenuating the increased tonically active gluta-

matergic input in the RVLM. Therefore, it is suggested that, in

hypertensive rats, downregulation in tonically active glutamater-

gic input to RVLM neurons induced by ExT protocol leads to

reduction in the basal activity of RVLM neurons, thereby produc-

ing a fall in sympathetic outflow and resting BP.

Clearly, a limitation is that the effect of ExT on glutamatergic

mechanism is not further determined at the level of the vasomotor

(presympathetic) neurons in the RVLM by in vivo electrophysio-

logical (e.g., single-unit extracellular recording) technique. We

previously reported that blockade of glutamatergic input to the

RVLM by KYN significantly inhibited the ongoing spontaneous

discharge of RVLM presympathetic neurons in rats with chronic

heart failure, a model of sympathetic hyperactivity [26]. Sympa-

thetic tone is mainly dependent on basal activity of RVLM pre-

sympathetic neurons. Reduction in RSNA by KYN injection was

blunted following ExT protocol, suggesting that ExT may inhibit

the glutamate-mediating excitation of RVLM presympathetic neu-

rons. Another limitation in the present study is that concentration

of glutamate was measured in punched RVLM tissue but not in

extracellular fluid by microdialysis. Its concentration might not

completely reflect the release of glutamate in the RVLM. How-

ever, we observed that the protein expression of vGLUT2 in the

RVLM was significantly decreased in SHR following ExT treat-

ment. Because vGLUT2 packages the glutamate into presynaptic

vesicles so that they can be released into the synapse [33,34],

downregulation of this transporter by ExT reflects, to some

degree, a decrease in the release of glutamate in presynaptic ter-

minals in the RVLM. In addition, it is not clear whether ExT alters

inhibitory inputs to the RVLM in hypertension. It is suggested that

decrease in inhibitory inputs to the RVLM also is an important

contributor to hypertension [2,35]. In a previous study [36], glu-

tamic acid decarboxylase, a major GABA synthesizing enzyme, in

the caudal hypothalamus was found to be upregulated in the ExT-

treated SHR. Therefore, we do not role out the possibility that ExT

upregulates the decreased GABAergic inputs to the RVLM.

The exact mechanism(s) by which ExT lowers the enhanced

glutamatergic input to the RVLM of hypertension was not

addressed in the present study. However, there are several expla-

nations for the effect of ExT on glutmatergic input in hyperten-

sion. One possibility is the ExT-induced reduction in oxidative

stress in the RVLM. It has been demonstrated that increased oxi-

dative stress in the RVLM contributes to sympathetic overactivity

in hypertension [37–39]. Interestingly, previous studies show that

ExT is capable of effectively reducing oxidative stress in the RVLM

in animal models of hypertension and chronic heart failure

[40,41]. It is possible that ExT reduces the glutamatergic input to

the RVLM in hypertension via reduction in oxidative stress.

Another possibility is the ExT-induced changes in sources of excit-

atory to the RVLM. We observed that SHR treated ExT leads to a

significant reduction in expression level of glutaminase 2, a key

enzyme for glutamate synthesis, in the commNTS and PVN, but

not in the pontine reticular formation. Glutamatergic inputs to

the RVLM may originate from multiple sources including the

above three regions within the brainstem and forebrain [6–8]. It

has been reported that ExT inhibits activity of autonomic-related

PVN neurons in sympathoexcitatory disorders such as hyperten-

sion and heart failure [42–44]. Accordingly, ExT produces a
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Figure 6 Representative Western blot (top) and densitometric analysis

(bottom) of glutaminase2 in the nucleus of solitary tract (NTS),

paraventricular nucleus (PVN), and pontine reticular formation (PRF) in the

Sed or ExT-treated spontaneously hypertensive rat (SHR). AU, arbitrary

unit. Data are mean � SE; n = 5 in each group. *P < 0.05 versus SHR-

Sed.
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decrease in both glutamate synthesis and the pulse-mediated

activity of the RVLM-projecting PVN neurons, which, in turn,

reduces the release of glutamate in the RVLM. The NTS, the pri-

mary site in the central nervous system that receives the afferents

arising from arterial baro- and chemoreceptors [2], has been dem-

onstrated to be involved in mediating the effect of ExT on central

cardiovascular regulation [45,46]. The commNTS also receives

inputs from arterial chemoreceptors and directly sends fibers pro-

jecting to the RVLM and seems to be highly sensitive to carotid

chemoreceptor stimulation [8,47,48]. Importantly, EXT normal-

izes the carotid body chemoreflex by preventing an increase in

afferent carotid body chemoreceptor activity in rabbit with

chronic heart failure [49]. A recent study also shows that swim-

ming exercise enhances the GABAergic inhibition in the com-

mNTS neurons of SHR [50]. The above evidence indicates that

ExT leads to a reduction in afferent activity as well as neuronal

activity in the commNTS. Taken together with reduction in gluta-

mate synthesis, therefore, it is possible that ExT is capable of atten-

uating the enhanced glutamatergic inputs to the RVLM originated

from the commNTS in hypertension. With respect to pontine

reticular formation, it is not clear why ExT does not affect its

glutamatergic inputs to the RVLM. It has been documented that

the pontine reticular formation is involved in central cardiovascu-

lar regulation during hypoxia [51]. BP is increased during ExT,

whereas it is reduced at post-ExT [52]. Elevated BP during ExT

may be partly resulted from the enhanced glutamatergic inputs

originated from pone reticular formation induced by ExT-induced

hypoxia. At post-ExT, however, enhanced glutamatergic input

from pontine reticular formation may be restored when hypoxia

is disappeared. Further confirmations of these synaptic network

changes during ExT would be helpful to our understanding of

mechanism underlying the effects of ExT on neural control of car-

diovascular activity in hypertension.

In conclusion, our data demonstrate that low-intensity ExT

downregulates the increased tonically active glutamatergic input

to the RVLM in SHR. It is indicated that a reduction in enhanced

excitatory input to RVLM neurons is an important mechanism

responsible for the beneficial effects of ExT on high BP and sympa-

thetic hyperactivity in hypertension. The present work provides

new information to expand our knowledge of the ExT-induced

adjustment of central autonomic networks for cardiovascular

activity.
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