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Exercise Reduces GABA Synaptic Input onto Nucleus Tractus
Solitarii Baroreceptor Second-Order Neurons via NK1
Receptor Internalization in Spontaneously Hypertensive
Rats
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A single bout of mild to moderate exercise can lead to a postexercise decrease in blood pressure in hypertensive subjects, namely
postexercise hypotension (PEH). The full expression of PEH requires a functioning baroreflex, hypertension, and activation of muscle
afferents (exercise), suggesting that interactions in the neural networks regulating exercise and blood pressure result in this fall in blood
pressure. The nucleus tractus solitarii (NTS) is the first brain site that receives inputs from nerves carrying blood pressure and muscle
activity information, making it an ideal site for integrating cardiovascular responses to exercise. During exercise, muscle afferents excite
NTS GABA neurons via substance P and microinjection of a substance P–neurokinin 1 receptor (NK1-R) antagonist into the NTS
attenuates PEH. The data suggest that an interaction between the substance P NK1-R and GABAergic transmission in the NTS may
contribute to PEH. We performed voltage clamping on NTS baroreceptor second-order neurons in spontaneously hypertensive rats
(SHRs). All animals were killed within 30 min and the patch-clamp recordings were performed 2– 8 h after the sham/exercise protocol.
The data showed that a single bout of exercise reduces (1) the frequency but not the amplitude of GABA spontaneous IPSCs (sIPSCs), (2)
endogenous substance P influence on sIPSC frequency, and (3) sIPSC frequency response to exogenous application of substance P.
Furthermore, immunofluorescence labeling in NTS show an increased substance P NK1-R internalization on GABA neurons. The data
suggest that exercise-induced NK1-R internalization results in a reduced intrinsic inhibitory input to the neurons in the baroreflex
pathway.

Introduction
In United States, one in three adults has hypertension, a major
antecedent of stroke and heart failure (Rosamond et al., 2008). A
single bout of mild to moderate exercise can lead to a postexercise
decrease in blood pressure in hypertensive individuals, named
postexercise hypotension (PEH), which can last for up to 13 h
(Kenney and Seals, 1993).

The full expression of PEH requires a functioning baroreflex
(Chandler and DiCarlo, 1997), an elevated resting blood pressure
(i.e., hypertension), and activation of muscle afferents (exercise),
suggesting that some interactions in the neural networks regulat-
ing exercise and blood pressure result in this fall in blood pres-
sure. The nucleus tractus solitarii (NTS) is a pivotal point in the
central network, integrating the primary baroreceptor sensory
information with other inputs, including those from muscle af-

ferent fibers, making it an ideal site for integrating cardiovascular
responses to exercise (Toney and Mifflin, 1995; Potts, 2001).

Within the NTS, GABAergic inhibition plays an important
role in baroreceptor signal processing. Activation of the barore-
ceptor afferents often elicits an inhibitory response following the
initial excitatory response in NTS, either by changing the
postsynaptic membrane potential or spiking discharge of the
postsynaptic NTS neurons (Mifflin, 2001). Most of the NTS neu-
rons receive tonic GABA inputs from either interneurons in the
NTS or projections from other brain regions (Mifflin, 2001).
There is considerable evidence suggesting increased GABAergic
inhibition in the NTS contributes to the development of hyper-
tension (Catelli and Sved, 1988; Tsukamoto and Sved, 1993; Mif-
flin, 2001; Zhang et al., 2007). Thus, manipulations resulting in
changes in endogenous GABA release in the NTS, such as exer-
cise, could have a greater effect on blood pressure regulation in
hypertension. However, we have no information on whether al-
terations in GABA mechanisms contribute to PEH.

There is evidence that a neuropeptide, substance P, acting on
neurokinin 1 receptor (NK1-R) in the NTS, contributes to PEH.
Microinjection of a substance P–NK1-R antagonist in the NTS
immediately before exercise attenuates the development of PEH
in spontaneously hypertensive rats (SHRs) (Chen et al., 2002).
Several lines of evidence suggest that muscle afferent fibers release
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substance P to activate NK1-R on GABA neurons in the NTS to
modify baroreflex function during exercise (Potts et al., 1999;
Boscan and Paton, 2005; Potts, 2006). The data raised the possi-
bility that the unique interaction between the substance P and
GABAergic signal transmission systems may contribute to PEH.
Since activation of the NK1-R has been shown to result in the
receptor internalization (Marvizón et al., 2003), exercise-induced
substance P NK1-R internalization on GABA neurons may pro-
vide the unique interaction between the two neurotransmission
systems to trigger PEH.

We propose to test the hypothesis that a single bout of dy-
namic exercise decreases the GABA inhibitory synaptic inputs to
the NTS baroreceptor second-order neurons via substance P
NK1-R internalization on GABA neurons in SHRs.

Materials and Methods
All experimental protocols in this work were
reviewed and approved by the Institutional An-
imal Care and Use Committee in compliance
with the Animal Welfare Act and in accordance
with Public Health Service Policy on Humane
Care and Use of Laboratory Animals.
Surgical preparation for labeling aortic depressor
nerve boutons. Male spontaneously hyperten-
sive rats (SHRs) (12 weeks old, 220 –325 g;
Charles River Laboratories) were anesthetized
with a combination of ketamine (50 mg/kg)
and xylazine (8 mg/kg). The criteria for ade-
quacy of anesthesia include (1) lack of eye blink
reflex, (2) no whisker movement, (3) lack of
paw withdrawal in response to pinch, and (4)
no irregular or sudden changes in breathing fre-
quency. The aortic depressor nerve (ADN) was
labeled with a fluorescent dye, 1,1�-dilinoleyl-
3,3,3�,3�-tetramethylindocarbocyanine, 4-chloro-
benzenesulfonate [FAST DiI solid; DiI� 9,12-
C18(3)] as previously described (Bonham and
Chen, 2002; Chen and Bonham, 2005; Sekizawa
and Bonham, 2006).

Exercise protocol. During the second week of
recovery from surgery, all rats were acclimated
to the treadmill by placing them on the tread-
mill for 40 min daily. On the day of the experi-
ment, the rats were randomly assigned to an
exercise group (PEH) that were subjected to a
single bout of exercise on the motor driven
treadmill at 15–16 m/min and 10° for 40 min or

to a sham-exercise group (Sham), placed on the treadmill for 40 min with
no exercise. All animals were killed within 30 min after the end of sham/
exercise protocol.

Brainstem slice preparation. After the sham or exercise protocol, the
rats were anesthetized with a combination of ketamine (50 mg/kg) and
xylazine (8 mg/kg) and decapitated. The brain slices containing the NTS
were obtained as previously described (Bonham and Chen, 2002; Chen
and Bonham, 2005; Sekizawa and Bonham, 2006). During the experi-
ments a single slice was transferred to the recording chamber, held in
place with a nylon mesh, and continuously perfused with oxygenated
aCSF at a rate of �3 ml/min. All electrophysiological recordings were
performed at 33–34°C and 2– 8 h after the end of sham/exercise protocol.

Whole-cell voltage-clamp recordings. All whole-cell voltage-clamp re-
cordings were performed on NTS baroreceptor second-order neurons
with attached fluorescent ADN boutons. The neurons were visualized

Figure 1. A, An NTS baroreceptor second-order neuron. a, The neuron viewed with infrared differential interference contrast (IR-DIC). b, The labeled aortic depressor nerve boutons viewed with
fluorescence filter set. c, Overlay of the IR-DIC and fluorescence images. d, Neuron with patch electrode in whole-cell configuration. Scale bar, 10 �m. B, Photomicrograph shows the position of the
recording electrode. TS, Tractus solitarius. Scale bar, 200 �m.

Figure 2. A, Example traces of sIPSC recorded from one Sham and one PEH SHR. B, Group data of cumulative probability of
sIPSC interevent interval (left) and amplitude (right). PEH was associated with a rightward shift in the interevent interval and
reduced mean frequency. There was no change in the sIPSC amplitude after exercise.
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with infrared differential interference contrast (IR-DIC) and the fluores-
cent boutons were visualized with an optical filter set for DiI (XF108,
Omega Optical) and an image integrating system (InvestiGater, Dage-
MTI). All images were captured with a charge-coupled device (CCD)
camera (CCD-100, Dage-MTI), displayed on a TV monitor, and stored
in a PC computer using Computer Eyes software (Digital Vision). Boro-
silicate glass electrodes were filled with a CsCl solution containing (in
mM): 140 CsCl, 5 NaCl, 1 MgCl2, 3 K-ATP, 0.2 Na-GTP, 10 EGTA, 10
HEPES, and 5 QX314. The pH was adjusted to 7.3 with CsOH. With this
pipette solution, the reversal potential for Cl � calculated from Nernst
equation is 0.7 mV. The junction potential was �3 mV and was cor-
rected. The seal resistance was �1 G�. The pipette resistance ranged
from 2 to 5 M� (3.3 � 0.7 M�, mean � SD). The series resistance was no
greater than 20 M� (13.7 � 3.8 M�, mean � SD) and not different
between Sham (13.8 � 3.9 M�, mean � SD) and PEH (13.5 � 3.8 M�,
mean � SD). Recordings were made with the Axoclamp 1D patch-clamp
amplifier (Axon Instruments). Whole-cell currents were filtered at 2–5
kHz and digitized at 10 kHz with the DigiData 1200 Interface (Axon
Instruments).

The neurons were voltage clamped at �60 mV. All experiments were
performed in the presence of the ionotropic glutamate receptor antago-
nists, 1,2,3,4-tetrahydro-6-nitro-2,3-dioxo-benzo[f]quinoxaline-7-
sulfonamide disodium salt (NBQX, 10 �M) and DL-2-amino-5-
phosphonopentanoic acid (AP-5, 50 �M) to isolate the IPSCs from
EPSCs.

Electrophysiological protocols. To determine the inhibitory synaptic in-
put to NTS baroreceptor second-order neurons during PEH, the spon-
taneous IPSCs (sIPSCs) were recorded for 6 min. The sIPSCs in the last 3
min of the recording were used for data analysis. To isolate the action
potential independent synaptic inputs, the miniature IPSCs (mIPSCs)
were recorded in the presence of the sodium channel blocker, tetrodo-
toxin (TTX, 1 �M). To determine the role of the NK1-R on the inhibitory
synaptic inputs, some slices were incubated with a concentration of 1 �M

of the substance P NK1-R antagonist (SR-140,333) for at least 1 h before
performing the patch-clamping protocol for sIPSC and mIPSC record-
ings. To determine the extent of activation of substance P NK1-R on
inhibitory inputs, sIPSCs and mIPSCs were recorded for 3 min during
the control period, 1 min during perfusion with one of the concentra-
tions of the substance P (0.01–30 �M) in a random order, and a recovery
period (5–20 min).

To confirm that the IPSCs were GABA mediated, IPSCs were recorded
(1) at different holding potentials from �60 mV to �60 mV at 30 mV
increments to determine the reversal potential; and (2) before, during,
and after perfusion with the GABAA receptor antagonist (bicuculline, 10
�M) at a holding potential of �60 mV. To test the effectiveness of the
NK1-R antagonist, the sIPSC response to 3 �M substance P was deter-
mined with and without prior incubation with 1 �M (at least for 1 h) of
the NK1-R antagonist, SR-140,333.

Immunofluoresence protocols. Triple-label immunohistochemistry for
the NK1-R, glutamic acid decarboxylase (GAD 67, a marker for GABA
neurons), and SYTOX green (nuclear counterstain) was performed in
sham and PEH rats to determine whether NK1-R internalize in response
to exercise.

After the sham or exercise protocol, the rats were deeply anesthetized
with ketamine (50 mg/kg) and xylazine (8 mg/kg) and perfused transcar-
dially with 200 ml of 0.01 M PBS (pH 7.4) followed by 500 ml of 4%
paraformaldehyde in PBS. The brain was removed, postfixed for 2 h in
4% paraformaldehyde, and stored overnight in PBS. Coronal brainstem
slices (50 �m thick) were sectioned with a Leica VT 1000S vibratome
(Leica Microsystems). Tyramide signal amplification (TSA) immunoflu-
orescence was performed on free-floating tissue. All incubation and rins-
ing steps were at room temperature on a laboratory rocker unless other-
wise noted. Tissue was rinsed 3 	 10 min in PBS at this point and between
each subsequent step in the protocol. Sections were blocked in 1% block-
ing reagent (TSA kit, Invitrogen) and 10% normal goat serum (NGS,
Vector Laboratories) for 60 min, then incubated simultaneously in pri-
mary antibodies for the NK1-R (0.2 �g/ml polyclonal rabbit anti-NK1-R,
Chemicon AB5897) and GAD-67 (0.5 �g/ml monoclonal mouse anti-
GAD, Chemicon MAB5406) in PBS/1% block/1% NGS for 60 –72 h at

4°C. Sequential incubation in secondary antibodies and dye-labeled tyra-
mide was used to detect primary antibodies. First, tissue was incubated in
biotinylated goat anti-rabbit secondary antibody (3 �g/ml, Vector Lab-
oratories) for 100 min, followed by streptavidin-labeled horseradish per-
oxidase (2.5 �g/ml SA-HRP, TSA kit #23, Invitrogen) for 60 min. Stain-
ing was visualized with Alexa Fluor 546-labeled tyramide (1:100) diluted
in amplification diluent � 0.0015% hydrogen peroxide for 22 min (TSA
kit, Invitrogen). Sections were incubated in 0.3% hydrogen peroxide for
30 min to quench remaining peroxidase activity of the SA-HRP, rinsed,
and incubated in biotinylated goat anti-mouse antibody for 100 min,
followed by SA-HRP for 60 min. The anti-mouse secondary antibody was
visualized with tyramide conjugated to an Alexa Fluor 647 (1:100 TSA kit
# 6, Invitrogen). Sections were stored overnight in PBS, then the cell
nuclei were counterstained with SYTOX Green (0.25 mM) following in-
cubation with RNase A (1 mg/ml) to minimize cytoplasmic staining.
Sections were mounted on lysine coated slides, dried, and coverslipped in
anti-fade mounting media (Vectashield, Vector Laboratories H1000).
Negative controls were as follows: (1) sections run without primary or
secondary antibody or SA-HRP to determine nonspecific staining due to
secondary antibody, SA-HRP, or tyramide respectively; and (2) to ensure
adequate destruction of HRP activity of the first SA-HRP before incuba-
tion in the second SA-HRP, some sections run without the second SA-
HRP were reacted with Alexa Fluor 647 tyramide following treatment
with hydrogen peroxide.

Data analysis. The IPSC events were detected with Mini Analysis soft-
ware (Synaptosoft). The accuracy of detection was confirmed by visual
inspection. Data are expressed as means � SE unless otherwise indicated.
Differences were considered significant at p 
 0.05. The statistical anal-

Figure 3. A, Group data of sIPSC frequency. Incubation with the NK1-R antagonist
(SR140,333, 1 �M) significantly reduced the sIPSC frequency in Sham but not in PEH SHRs. B,
Group data of sIPSC amplitude. In the same neurons, NK1-R antagonist had no effect on sIPSC
amplitude in both groups. Numbers in parentheses indicate number of neurons. *p 
 0.05,
Fisher’s LSD test.
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yses were performed with SigmaStat software (SPSS). When appropriate,
the ANOVA test was followed by Fisher’s LSD test for pairwise compar-
isons. A t test was used to compare the sIPSC frequency and amplitude
between Sham and PEH group. A two-way ANOVA was used for com-
paring the sIPSC frequency and amplitude with and without NK1-R
antagonist with Sham/PEH as one factor and incubation with NK1-R
antagonist as the other factor. A two-way ANOVA was also used to
compare the sIPSC frequency responses to substance P perfusion with

Sham/PEH as one factor and substance P doses
as the other factor. The sIPSC frequency re-
sponse to 3 �M substance P in the presence and
absence of NK1-R antagonist was compared
with a t test. The mIPSC data were analyzed the
same way as sIPSCs.

For immunofluorescence of the brain tissue,
slices were viewed and images were captured
with a Zeiss LSM-5 inverted laser scanning con-
focal microscope. The imaging and data analy-
sis were performed in a blinded manner. Four
hemislices corresponding to the NTS region for
whole-cell patch-clamp recordings were se-
lected for analysis: one hemislice at the level of
caudal NTS, two at the level of area postrema,
and one at the level of rostral NTS. Slices were
scanned sequentially with a 488 nm (SYTOX
green), 543 nm (NK1-R), and 633 nm (GAD67)
laser lines under a 40	 oil objective. Images
were scanned and captured at a resolution of
1024 	 1024 or 1564 	 1564 with 1 �m steps.
Only neurons with double labeling of NK1-R
and GAD 67 were counted. In addition to visual
classification of the neurons with internalized
substance P NK1-R, the fluorescence intensity
for NK1-R and GAD 67 were measured and
plotted using the ImageJ software (W. S. Ras-
band, ImageJ, United States National Institutes
of Health, Bethesda, MD, USA, http://rsb.info.
nih.gov/ij/, 1997–2007). The neurons with peak
NK1-R fluorescent intensity outside of the
GAD 67 fluorescent intensity were classified as
having surface NK1-R. The neurons with over-
lapping distribution for NK1-R and GAD 67
were classified as having internalized NK1-R.
The ratio of neurons with internalized NK1 re-
ceptors to neurons with surface NK1-R was cal-
culated for each animal and compared with a t
test.

Drugs. Ketamine and xylazine were obtained
from Vedco. DiI and TSA kits were obtained
from Molecular Probes. RNase A and SYTOX
Green were obtained from Invitrogen. Polyvi-
nylsiloxane gel was obtained from Carlisle Lab-
oratories. QX314 was obtained from Tocris.
Bicuculline, Mg-ATP, Na-GTP, EGTA, and
HEPES were obtained from Sigma. All other
chemicals were obtained from Fisher. SR-
140333 was a generous gift from Sanofi
Recherche.

Results
All electrophysiological data were ob-
tained in NTS baroreceptor second-order
neurons identified by their possession of
fluorescently labeled attached boutons as
shown in Figure 1A, located in the dorsal
and medial NTS between 250 �m rostral
to obex and 250 �m caudal to calamus
scriptorius (Fig. 1B).

Exercise decreased inhibitory input to NTS baroreceptor
second-order neurons via substance P NK1-R mechanisms
A single bout of dynamic exercise decreased the frequency but
not the amplitude of sIPSCs (Fig. 2). Example recordings of sIP-
SCs from one Sham and one PEH rat are shown in Figure 2A. The
group data showed a rightward shift in the cumulative probabil-
ity of the sIPSC interevent intervals (Fig. 2B, left). The mean

Figure 4. A, Example traces of sIPSCs recorded before (Control), during substance P perfusion, and during washout period from
one Sham and one PEH SHR. B, Group data of substance P-induced increase in sIPSC frequency. Substance P concentration-
dependently increased sIPSC frequency in baroreceptor second-order neurons. The neurons recorded from PEH rats had a small
response to application of substance P. Numbers in parentheses indicate number of neurons. *p 
 0.05, two-way ANOVA.

Figure 5. A, Example traces of mIPSC recorded from one Sham and one PEH SHR. B, Group data showing no difference in
cumulative probability of interevent interval (left) and amplitude (right).
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frequency was significantly lower (t test, p 
 0.05) in PEH (2.4 �
0.4 Hz, n � 44) compare with Sham group (4.7 � 0.5 Hz, n � 32).
There was no change in the cumulative probability of the sIPSC
amplitude (Fig. 2B, right). The median amplitude was not differ-
ent (t test, p � 0.05) between Sham (59 � 3 pA) and PEH (55 �
4 pA). The data suggest that there is a reduced inhibitory input to
the NTS baroreceptor second-order neurons in PEH.

Incubation with the substance P NK1-R antagonist (1 �M,
SR-140,333) had no effect on sIPSC frequency in the PEH group,
but significantly decreased the sIPSC frequency in the Sham
group (two-way ANOVA, p 
 0.05, interaction) (Fig. 3A). The
substance P NK1-R antagonist had no effect on the sIPSC ampli-
tude in either the Sham or PEH groups (Fig. 3B, two-way
ANOVA, p � 0.05). The data suggest that the decrease in inhib-
itory inputs to baroreceptor second-order neurons involves sub-
stance P NK1-R mechanism(s), either a presynaptic change in
substance P release or a postsynaptic change in NK1-R.

Exercise decreased substance P NK1-R responsiveness to
exogenous substance P
As shown in the example traces in Figure 4, exogenous applica-
tion of substance P elicited a significantly greater increase in
sIPSC frequency in the Sham group compared with the PEH
group (Fig. 4A). The group data confirm that while substance P
evoked concentration-dependent increases in sIPSC frequencies
in both groups, the neurons from the PEH rats displayed much
smaller responses (Fig. 4B) (two-way ANOVA, p 
 0.05 exercise
effect and dose effect). The effect of exogenous substance P (3
�M) was blocked (t test, p 
 0.05) by incubation with the NK1-R
antagonist, SR140,333 (399 � 82 and 146 � 28%, without and
with NK1-R antagonist, respectively). The data suggest that a
reduced NK1-R function, as indicated by a reduced responsive-
ness to substance P, contributes to the decrease in inhibitory
inputs to baroreceptor second-order neurons during PEH.

Substance P NK1-R on cell soma/dendrites versus
on terminals
The reduced sIPSC frequency responsiveness to substance P
could be mediated by the NK1-R located on cell soma or den-
drites of the GABA interneurons to change the action potential-
mediated neurotransmitter release and/or on the terminals to
change the spontaneous neurotransmitter release. Since the sIP-
SCs recorded on baroreceptor second-order neurons contain
both action potential-dependent and independent events, the
miniature inhibitory events were recorded in the presence of
TTX. A single bout of dynamic exercise had no significant effect
on the frequency and amplitude of mIPSCs (Fig. 5). Example
recording of mIPSCs from one Sham and one PEH rat are shown
in Figure 5A. There was no significant difference in the cumula-
tive probability of the interevent interval (Fig. 5B, left) and am-
plitude (Fig. 5B, right). The mean frequency was not different (t
test, p � 0.05) between Sham (2.5 � 0.4 Hz, n � 24) and PEH
(2.1 � 0.4 Hz, n � 23), nor was the median amplitude different (t
test, p � 0.05; 57 � 4 and 55 � 6, Sham and PEH, respectively).
The data suggest that the reduced inhibitory input to the barore-
ceptor second-order neurons in NTS during PEH is mediated by
action potential dependent inhibitory neurotransmitter release.

Incubation with the substance P NK1-R antagonist, SR-
140,333 also had no significant effect on the mIPSC frequency
and amplitude in either the SHAM or PEH group (Fig. 6A). In
addition, exogenous application of substance P failed to elicit
concentration-dependent responses in either group (Fig. 6B).
The results suggest that the exercise-induced reduction in inhib-

itory input to the baroreceptor second-order neurons in the NTS
is likely mediated by a reduced responsiveness of NK1-R located
on the soma or dendrites of inhibitory neurons.

The inhibitory inputs are GABAergic
The reversal potential of the sIPSCs was 2.3 � 1.7 (mean � SD,
n � 10), which is close to the calculated reversal potential for Cl�

(0.7 mV). Bicuculline (10 �M) blocked the sIPSCs in all neurons
tested (n � 20 from Sham and n � 18 from PEH), confirming
that the inhibitory inputs were GABAergic (data not shown).

Exercise induced NK1-R internalization
For immunofluorescence study, four slices within the region used
for electrophysiological recordings (between 250 �m rostral to
obex and 250 �m caudal to calamus scriptorius) were selected for
analysis: one caudal to area postrema, two at area postrema level,
and one rostral to area postrema. There was no significant differ-
ence between different regions of NTS (two-way ANOVA, p �
0.05 data not shown).

Figure 7 shows example images from one Sham (A1) and one
PEH (A2) rat. The neuron from the Sham rat (Fig. 7A1) shows a
distinct ring of NK1-R staining on the surface of the neuron. The
fluorescent intensity (Fig. 7B1) plotted across the white line in
Figure 7A1d shows that the peak NK1-R fluorescent intensity was

Figure 6. A, Group data of mIPSC frequency. Incubation with the NK1-R antagonist (NK1-R
Anta.) had no effect on the mIPSC frequency in both Sham and PEH groups. B, Group data of
effects of substance P application on mIPSC frequency. Substance P had no consistent effect on
mIPSC frequency in baroreceptor second-order neurons. Numbers in parentheses indicate num-
ber of neurons.
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outside of the GAD 67 fluorescent intensity confirming the sur-
face staining of the NK1-R. The neuron from the PEH rat (Fig.
7A2) showed a high degree of overlapping staining for NK1-R
and GAD 67. The fluorescent intensity (Fig. 7B2) plotted across
the white line in Figure 7A2d showed overlapping labeling indi-
cating NK1-R internalization. The group data confirmed that the
ratio of neurons with internalized NK1-R to neurons with surface
NK1-R was significantly (t test, p 
 0.05) higher in the PEH
(5.2 � 0.6, n � 5) than in the Sham (2.3 � 0.5, n � 5) group.

Discussion
This study provides new evidence that the fall in blood pres-
sure induced by a single bout of exercise in hypertension is
mediated in part by a downregulation of NK1-R on GABA
neurons synapsing onto NTS second-order baroreceptor neu-
rons. The conclusion is based on the following findings ob-
tained in spontaneously hypertensive rats as a model for hu-
man hypertension: (1) GABA sIPSCs recorded in baroreceptor
second-order neurons displayed a decreased frequency after
exercise compared with the IPSCs recorded over the same time
period following Sham exercise, reflecting a decreased inhibi-
tory GABA input during PEH; (2) the decreased GABA sIPSC
frequency was accompanied by a significantly higher degree of
NK1-R internalization on the GABA neurons in the PEH
group compared with the Sham group, suggesting a decreased
number of substance P binding sites on the GABA neurons
after exercise; (3) the substance P NK1-R antagonist, while
decreasing GABA sIPSC frequency recorded in the barorecep-
tor second-order neurons in the Sham group, had no effect on
sIPSC frequency recorded in the PEH animals, indicating a
blunted influence of endogenously released substance P bind-
ing to NK1-R on the GABA neurons in the PEH group; and (4)

GABA sIPSC frequency following exer-
cise was also less responsive to exoge-
nous substance P, compared with the
Sham group, further suggesting a de-
creased ability of the GABA neurons to
respond to substance P following
exercise.

The expression of PEH requires a func-
tioning baroreflex circuitry (Chandler and
DiCarlo, 1997), hypertension, and activa-
tion of muscle afferents (exercise), so how
might exercise induce NK1-R internaliza-
tion in GABA neurons in the NTS and how
would this contribute to PEH? Signaling in
the primary baroreflex central network
and how that is altered by exercise may
provide some clues. In the baroreflex cir-
cuitry the primary baroreceptor afferent
neurons make excitatory synapses onto
second-order neurons in the NTS, which
are under the inhibitory control of local
GABA interneurons. The neuronal output
of the NTS provides an excitatory input to
neurons in the caudal ventral lateral me-
dulla (CVLM), which in turn inhibit the
activity of neurons in the rostral ventral
lateral medulla (RVLM), the major output
neurons controlling cardiovascular sym-
pathetic vasomotor efferent nerve activity.
Thus, with normal baroreflex function, in-
creases in blood pressure activate the
baroreceptors, which increase the activity

of the NTS neurons, which ultimately results in a decreased firing
of the RVLM neurons to decrease sympathetic nerve activity to
return blood pressure back to control level.

Exercise resets the baroreflex to regulate blood pressure at
higher blood pressures (Potts et al., 2003; Degtyarenko and Kauf-
man, 2005, 2006; Potts, 2006). In the current model of exercise-
induce resetting, activation of group III muscle afferent neurons
blunts baroreceptor reflex mediated decrease in blood pressure
during a normal blood pressure range and essentially resets the
baroreflex to regulate blood pressure at higher blood pressure
levels by activating NTS inhibitory interneurons (Degtyarenko
and Kaufman, 2005, 2006). In addition, the exercise-induced re-
setting of the baroreflex can be prevented by blockade of GABA
transmission in the NTS (Potts et al., 2003; Boscan and Paton,
2005). Collectively these data link exercise to activation of a local
GABAergic system, which blunts the activity of NTS barorecep-
tor neurons to reset the operation of the baroreflex function to
higher blood pressures.

The enhanced inhibitory influence to reset blood pressure
during exercise appears to be mediated by the binding of sub-
stance P, released from muscle afferent fibers, to NK1-R on
GABA neurons (Potts et al., 1999; Boscan and Paton, 2005; Potts,
2006). In the present study, the internalization of NK1-R, associ-
ated with the binding to substance P released during exercise,
reduces the effect of substance P on the GABA inhibitory effects
on the NTS neurons to produce PEH after exercise. This is illus-
trated in the model in Figure 8. During exercise substance P
released from the muscle afferent fibers and subsequent activa-
tion of NK1-R on GABA interneurons triggers an increased
NK1-R internalization compared with sham exercise; this NK1-R
internalization is associated with a decreased responsiveness to

Figure 7. A, Example images from one Sham (A1) and one PEH (A2) rat. a, NK1-R staining (red color). b, GAD67 staining (green
color). c, SYTOX staining (blue color). d, Overlap of a, b, and c. B, Fluorescent intensity plot across the white lines in A1d and A2d.
PEH was associated with a higher degree of NK1-R internalization on NTS GABA neurons.
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the excitatory effects of substance P and a
resultant decrease in GABA release to the
baroreceptor second-order neurons. The
blunting of the GABA inhibitory influence
on the baroreceptor neurons has the ex-
pected downstream effects on the barore-
flex signaling pathway resulting in PEH.
This model is further supported in the
context of our previous study showing that
PEH is associated with a decreased RVLM
neuronal activity and sympathetic efferent
nerve activity (Kajekar et al., 2002).

The decreased activity of the GABAer-
gic system in the NTS in PEH fits into a
larger picture of GABA signaling and
blood pressure regulation, where previous
studies have documented an exaggerated
activity of the NTS GABAergic system in
the development of hypertension (Catelli
and Sved, 1988; Tsukamoto and Sved,
1993; Mifflin, 2001; Zhang et al., 2007).
This increased GABA activity in hyperten-
sion may help to explain why exercise in
hypertensive individuals is shown to con-
sistently result in PEH, while exercise in
normotensive individuals only invariably
results in PEH and when there is PEH, it is
smaller in magnitude (Kenney and Seals,
1993). So the more robust and reliable
PEH in hypertensive compared with nor-
motensive subjects is likely related to the
reduced GABA release in the NTS after ex-
ercise against the background of an ele-
vated GABA inhibition in hypertension.

A number of studies, including those
from our laboratory, have previously
shown that PEH remains robust for up to
10 h (Fitzgerald, 1981; Kenney and Seals,
1993; Kajekar et al., 2002). The changes in
NK1-R and GABA IPSCs observed in the
current study were within this 10 h time
frame. In our previous in vivo study in
conscious SHRs, which showed that PEH
was accompanied by a decrease in single
cardiac sympathetic neuronal activity in
the RVLM as well as a decrease in efferent
sympathetic vasomotor nerve activity, the
recordings were made between 4 and 10 h
(averaging 6.3 h) after the exercise protocols. In the current
study, the patch recordings were made between 2 and 8 h follow-
ing sham exercise (averaging 5.22 � 1.27 h) or exercise (averag-
ing 5.29 � 1.32 h), well within the time frame of the in vivo study
when decreases in sympathetic activity were recorded.

The full expression of PEH is likely to be mediated by several
mechanisms: from short-term to long-term changes and from
peripheral nervous system to CNS effects (Kenney and Seals,
1993). In terms of central mechanisms, intracerebroventricular
injections of a vasopressin V1 receptor antagonist have been
shown to attenuate PEH (Collins et al., 2001). In addition, block-
ade of opioids with naloxone has also been shown to attenuate
PEH (Yao et al., 1982) as well as a reduced proenkephalin gene
expression in the brainstem during PEH, including the NTS
(Boone and Corry, 1996). Finally, depletion of brain serotonin

with parachlorophenylalanine has also been shown to attenuate
the blood pressure lowering effect of sciatic stimulation suggest-
ing the involvement of a central serotonergic system (Yao et al.,
1982). Our data suggest that exercise-induced NK1-R downregu-
lation to reduce GABA inhibitory input to baroreceptor second-
order neurons could provide the first line of neuroplasticity in
NTS for lowering blood pressure after exercise. Collectively, the
findings raise the possibility that redundant and/or interactive
mechanisms from various neurotransmitter/neuromodulator
systems are involved in the expression of PEH.

In conclusion, the data are consistent with the hypothesis that
a single bout of dynamic exercise decreases the GABA inhibitory
synaptic inputs to the NTS baroreceptor second-order neurons
via substance P NK1-R internalization on GABA neurons. The
findings suggest that exercise-induced NK1-R downregulation

Figure 8. A simplified schematic of the proposed mechanism contributing to PEH in hypertensive subjects. During exercise,
muscle afferent releases substance P to activate the NTS GABA interneurons to reset baroreflex to a higher blood pressure.
Consequently, activation of NK1-R during exercise triggers the receptors to undergo internalization that could have a prolonged
effect on baroreflex regulation after exercise. Our immunofluorescence data demonstrate that the NK1-R on the NTS GABA
interneurons had a higher degree of internalization after a single bout of exercise in SHRs. The NK1-R internalization on GABA
interneurons after exercise could contribute to disinhibition of the neurons in the baroreflex pathway. Our whole-cell patch
recordings from the baroreceptor second-order neurons in NTS demonstrate that a single bout of exercise resulted in a reduced
GABA inhibition. Disinhibition of the NTS neurons in the baroreflex pathway could translate to a higher excitatory output from NTS
to CVLM and a greater inhibition to the RVLM resulting in a lower sympathetic activity and hence a lower blood pressure after
exercise in the hypertensive subjects.
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could provide a potential novel target for lowering blood pressure
in hypertensive subjects.
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