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Interaction of medullary P2 and glutamate receptors
mediates the vasodilation in the hindlimb of rat
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Abstract In the nucleus tractus solitarii (NTS) of rats,
blockade of extracellular ATP breakdown to adenosine
reduces arterial blood pressure (AP) increases that follow
stimulation of the hypothalamic defense area (HDA). The
effects of ATP on NTS P2 receptors, during stimulation of
the HDA, are still unclear. The aim of this study was to
determine whether activation of P2 receptors in the NTS
mediates cardiovascular responses to HDA stimulation. Further
investigation was taken to establish if changes in hindlimb
vascular conductance (HVC) elicited by electrical stimulation
of the HDA, or activation of P2 receptors in the NTS, are
relayed in the rostral ventrolateral medulla (RVLM); and if
those responses depend on glutamate release by ATP acting
on presynaptic terminals. In anesthetized and paralyzed rats,
electrical stimulation of the HDA increased AP and HVC.
Blockade of P2 or glutamate receptors in the NTS, with bilat-
eral microinjections of suramin (10 mM) or kynurenate
(50 mM) reduced only the evoked increase in HVC by 75 %
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or more. Similar results were obtained with the blockade com-
bining both antagonists. Blockade of P2 and glutamate receptors
in the RVLM also reduced the increases in HVC to stimulation
of the HDA by up to 75 %. Bilateral microinjections of kynuren-
ate in the RVLM abolished changes in AP and HVC to injec-
tions of the P2 receptor agonist «,[3-methylene ATP (20 mM)
into the NTS. The findings suggest that HDA-NTS-RVLM
pathways in control of HVC are mediated by activation of P2
and glutamate receptors in the brainstem in alerting-defense
reactions.

Keywords Hypothalamic defense area - RVLM - NTS -
Blood flow - ATP

Introduction

Alerting-defense reactions prepare the body to life-threatening
situations and are artificially replicated by electrical stimula-
tion of the hypothalamus [1]. Activation of the hypothalamic
defense area (HDA), corresponding to the perifornical hypo-
thalamus [2], increases arterial pressure (AP), heart rate (HR),
and vascular conductance to the hindlimb (HVC) in cat [3]
and rat [4-6]. The increase in vascular conductance is medi-
ated by withdrawal of sympathetic tone and release of
epinephrine by the adrenal medulla [5, 6]. Identified projec-
tions from HDA neurons to the rostral ventrolateral medulla
(RVLM) and nucleus tractus solitarius (NTS) suggest that
cardiovascular responses elicited by hypothalamic stimulation
are mediated in the medulla [7-9]. Stimulation of the HDA
produces excitatory post-synaptic potentials in neurons at the
intermediate NTS of cat [10, 11]; suggesting that the resulting
rise in peripheral HVC can derive from activation of sympa-
thoinhibitory pathways involved in the baroreflex. In rat,
electrical stimulation of the HDA increases the firing rate of
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neurons in the RVLM that are barosensitive and bulbospinal
[12], presumably resulting in decrease of peripheral HVC.
Due to such contrast, it is likely that selective pathways from
the HDA to the medulla operate in parallel during alerting
defense responses. Notably, antagonism of glutamate recep-
tors in the RVLM exclusively reduces the increase in HVC
(i.e., hindlimb vasodilation) evoked electrical stimulation of
the HDA [13].

P2 receptors, for ATP, are expressed in the NTS [14, 15]
and in the RVLM [15]. In anesthetized rats, stimulation of
P2 receptors in the subpostremal NTS by microinjecting the
P2x,.; agonist «,[3-methylene ATP elicits hindlimb vasodi-
lation (increase in HVC) associated with reductions in AP
and HR [16]. In the RVLM, iontophoretic injections of
different P2 agonists increases the firing rate of cardiovascular
bulbospinal neurons [17]. It is demonstrated that adenosine in
the RVLM [18] and NTS [18-20] of rats derives from extra-
cellular ATP and underlies the rise in AP elicited by stimula-
tion of the HDA [18]. However, blockade of ATP breakdown
into adenosine in either NTS or RVLM does not completely
block the evoked increase of HVC, in response to stimulation
of'the HDA. It seems that adenosine is not the major mediator
of the increases in HVC in response to HDA stimulation. In
addition, the role of medullary P2 receptors in the NTS and
RVLM on cardiovascular responses to stimulation of the HDA
still remains to be established. In the NTS, ATP apparently
acts as a neuromodulator interacts with terminals promoting
glutamate release [21], thus altering sympathetic nerve
discharge. In fact, in vitro activation of purinergic P2 receptors
located in the presynaptic membrane produces release of
glutamate in the neuron terminal observed [22, 23].

In the present study, we hypothesized that stimulation of
the HDA increases the concentration of ATP in the NTS
and, by binding to P2 receptors, affects the vasodilation of
the hindlimb. Additionally, due to existence of direct pro-
jections from the NTS to the RVLM [24], we speculated that
neurons in this area mediate responses to activation of the
NTS. Therefore, first we aimed to determine whether or not
activation of P2 receptors in the NTS mediate the increase in
HVC evoked by stimulation of the HDA. Secondly, we
sought to determine if purinergic and glutamate synap-
ses to RVLM, presumably from the NTS, mediate the
hindlimb vasodilation elicited by pharmacological stim-
ulation of P2 receptors into the NTS or by electrical
stimulation of the HDA.

Methods
All experiments were performed in male Wistar rats

(300-350 g). Experiments were conducted according to
the Brazilian State Code for Animal Protection and were
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approved by the Universidade Federal de Sao Paulo Ethics
Committee (protocol number: 02146/08).

General procedures

Anesthesia was induced in by inhalation of halothane (3 %
in 100 % O,). Following cannulation of the left jugular vein,
urethane (0.6 g/kg in 0.6 g/ml) and o-chloralose (50 mg/kg
in 50 mg/ml) were injected intravenously. Corneal reflex
and paw pinch were tested during experiment and anesthesia
was supplemented by infusing 0.1 ml of the mixture if
necessary to maintain a depth of anesthesia at which hindpaw
pinch evoked no motor reflexes. After institution of neuro-
muscular blockade, anesthetic depth was maintained at a level
such that paw pinch evoked minimal autonomic reflexes
(<10 mmHg change in blood pressure). Temperature was
monitored with a rectal thermometer and kept at 37+0.5°C
with an infrared lamp. The right common carotid artery was
cannulated to measure arterial pressure (AP) and heart rate
(HR). The tracheostomy was performed and neuromuscular
blockade was established with D-tubocurarine (0.5 mg/kg,
i.v.). Animals were artificially ventilated using oxygen-
enriched room air.

Transit time perivascular flow probes placement

Hindlimb blood flow was recorded by the transit time method
[25] using perivascular probes. A midline abdominal incision
was performed to expose the abdominal aorta just above the
bifurcation of the iliac arteries. Connective tissue was cleaned
from the aorta, which was separated from the vena cava. An
ultrasound probe was implanted, attached to the artery, filled
with ultrasound gel and exteriorized through the transverse
abdominal muscle and skin. Probes were connected to a T206
blood flow meter (Transonic Systems, Inc., Ithaca, NY, USA)
and recorded in milliliters per minute using a 0.1-Hz low pass
filter. The vasodilation was observed by recording increases in
hindlimb vascular conductance (HVC) and was evoked either
by electrical stimulation of the HDA or by chemical stimula-
tion of NTS neurons. Hindlimb vascular conductance (HVC)
baseline was calculated online by the ratio aortic hindlimb
blood flow (milliliters) divided per mean arterial pressure
(MAP; millimeter of mercury) and converted to microliter
by x1,000, expressed in microliter per millimeter of mercury
per min.

Data analysis

Hindlimb vascular conductance (HVC) baseline was
expressed in absolute values (ul/min*mmHg) and variations
were normalized as a percent of baseline adopting 100 % as
the maximum response during control stimulation. Statistical
comparison of maximum peak responses before and after
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microinjections were conducted using Student's paired # test
and are presented as mean+SEM. Comparison of different
groups were done by unpaired Student's 7 test or two-way
ANOVA and are presented as mean+SEM; differences were
considered statistically significant where P<0.05.

Stereotaxic surgery

Animals were mounted in a stereotaxic frame and the head
was positioned in the horizontal position relative to Bregma
and Lambda (3.4 mm). A dental drill was used to create a
squared window in the skull between Bregma and Lambda
and the dura was removed from the cerebral cortex on both
sides of the superior sagittal sinus. A concentric electrode
was lowered into the HDA, based on the stereotaxic coor-
dinates by Paxinos and Watson [2]: 2.8-3.5 mm caudal to
Bregma, 2.0-2.5 mm lateral to sagittal sinus and 8.0—
9.0 mm ventral to cortex surface. The position of the elec-
trode remained unchanged during the whole experiment.
Electrical stimulation of the HDA was achieved using the
following parameters: 150-200 pA, 0.6 ms, 100 Hz for 5 s.
The HDA was characterized functionally by cardiovascular
changes based on the descriptions of Yardley and Hilton [5].

The dorsal surface of the medulla was exposed by occipital
craniotomy, followed by removal of the dura and arachnoid
membranes. Drug injections were made via a single-barrelled
borosilicate micropipette vertically positioned by an extra
stereotaxic arm. Coordinates for the subpostremal NTS were
0.5 mm rostral and 0.5 mm lateral to calamus scriptorus and
0.5 mm ventral to the dorsal surface. The RVLM was accessed
by the following coordinates: 3.5—4.0 mm caudal and 2.0 mm
lateral from the Lambda and 2.5 mm ventral from the dorsal
surface. All microinjections were made with a volume of
50 nl. In order to microinject a different drug or dye, the
dorsal-ventral coordinate was annotated and the pipette was
withdrawn from the brainstem without changing the antero-
posterior and medio-lateral coordinates. For multiple injec-
tions (e.g., suramin, kynurenate, dye), the pipette was flushed
with saline 0.9 %, refilled and positioned in the same dorsal-
ventral coordinate. If RVLM injection sites fell more than
300 um caudal to the caudal pole of the facial nucleus,
animals were excluded from further analysis. If NTS
injections were more than 500 pum ventral from the
dorsal surface, then they were excluded from further
analysis (see “Histology” section).

Histology

At the end of the experiments Evans blue 2 % was injected
to enable histological confirmation of injection sites. HDA
stimulated sites were marked by an electrolytic lesion (DC
mode, 0.5 mA for 30 s; Fig. 2e). Rats received an intravenous
injection of sodium pentobarbital (100 mg/kg) and were then

perfused with 250 mL of 0.9 % NaCl followed by 300 ml of
formalin 10 %. Brains were removed and post-fixed in 10 %
formalin for 48 h. Coronal sections of brain (40 um) were cut
using a freezing microtome (Leica Wetzlar) and mounted in
series of 120 pum distance between slices on glass slides. The
tissue was stained with 1 % neutral red and analyzed by light
microscopy (Nikon-Optshot-2).

Experimental protocols

In order to achieve complete blockade of P2 and glutamate
receptors in the NTS and RVLM, drugs were injected bilat-
erally. Previous anatomical studies [7, 8] showed bilateral
projections, predominantly ipsilateral, from the perifornical
hypothalamus to the NTS and ventrolateral medulla.

Doses of drugs for microinjections were chosen based on
previous studies in order to compare with previously
reported effects. The dose of suramin injected into the
NTS was based on previous studies performed in whole
animal [26, 27]. This allowed comparing the effects in
HVC to previous findings in lumbar sympathetic discharge.
It was demonstrated that 10 mM completely blocks cardio-
vascular changes caused by microinjections of 20 mM
«,[3-methylene ATP into the subpostremal NTS. A tenfold
lower dose of suramin causes non-significant blockade [27],
whereas a tenfold higher dose produces unspecific blockade
[17]. Because high doses of suramin are capable of non-
selective antagonism of glutamate receptors [28, 29], gluta-
mate was injected following suramin to test the specificity
of the pharmacological blockade. All cardiovascular variables
were measured in resting condition, in response to stimulation
of the HDA or pharmacological activation of NTS or RVLM
neurons. An example of the time line can be seen in Fig. la.
Following microinjection of drugs, variables were measured
after stabilization of the cardiovascular parameters (Fig. 1b).
In order to confirm the blockade of receptors, respective
agonists were microinjected. Integrity of neural structures
after microinjections was verified in some experiments by
recovery of responses 90 min after injection of antagonists.

The experimental protocols adopted in the present study
are as follows:

1. First, increases in AP, HR, and HVC to HDA stimula-
tion were compared before and after bilateral micro-
injections of suramin (10 mM) or kynurenate (50 mM)
into the NTS. Results were further compared after com-
bined blockade of P2 and glutamate receptors. Follow-
ing suramin (10 mM), kynurenate (50 mM) was
microinjected into the NTS and stimulation of HDA
was repeated. The volume of injections were 50 nl.

2. In adifferent group, HVC responses to HDA stimulation
were compared before and after bilateral microinjections
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of PPADS (5 mM) into the NTS, an alternative antagonist
for P2 receptors.

3. Blockade of P2 and glutamate receptors was tested by
unilateral microinjection of the respective agonists: ,[3-
methylene ATP (20 mM) and I-glutamate (50 mM) before
and 5 min after stabilization of cardiovascular parameters
(~20-30 min; Fig. 1), elicited by bilateral microinjections
of respective antagonists suramin (10 mM) and kynuren-
ate (50 mM) into the NTS.

4. New series of experiments were conducted to determine
if P2 and glutamate receptors in RVLM neurons partic-
ipate or not in cardiovascular responses produced by
HDA stimulation. Responses to HDA stimulation were
compared before and after bilateral microinjections of
suramin (10 mM) and kynurenate (50 mM) in the
RVLM. Finally, to determine the participation of
RVLM glutamate synapses on cardiovascular
responses to activation of P2 receptors in NTS neurons,
o,3-methylene ATP (20 mM) was injected into the NTS
before and after bilateral microinjections of kynurenate
(50 mM) in the RVLM.

5. Relationship of NTS P2 receptors with peripheral mecha-
nisms in control of vascular conductance was investigated
by bilateral microinjections of suramin into the NTS
following blockade of o adrenoceptors. Responses to
HDA stimulation were compared before and after
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intravenous infusion of phentolamine (1 mg/kg) and sub-
sequent bilateral microinjections of suramin (10 mM) into
the NTS.

Drugs used for microinjections in this study were:
l-glutamate (50 mM), «,{3-methylene-adenosine-5'-triphos-
phate (o,3-methylene ATP; 20 mM,), suramin (10 mM),
pyridoxalphosphate-6-azophenyl-2',4'-disulphonic acid
(PPADS; 5 mM), kynurenate (50 mM) and Evans blue
(2 % in 0.9 % NaCl) for histological verification of injection
sites. The dose of intravenous infusion of phentolamine was
1 mg/kg in 1 mg/ml solution (~0.3 ml/rat). All drugs were
obtained from Sigma Aldrich, St Louis—USA. All micro-
injections had a volume of 50 nl; intravenous injections had
a volume of 0.1 ml/100 g of body weight.

Results

P2 and glutamate receptors blockade in the NTS reduce
the hindlimb vasodilation to HDA stimulation

High frequency electrical stimulation (150-200 pA, 0.6 ms,
100 Hz for 5 s) of the HDA elicited an increase in AP, HR,
and HVC (Fig. 2a). Bilateral microinjections of suramin
(10 mM), a P2 receptor antagonist, into the NTS reduced
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Fig. 2 Effects of P2 and glutamate receptors blockade in the NTS on
cardiovascular responses elicited by stimulation of the HDA. a Repre-
sentative recording of one animal in response to stimulation of the
hypothalamic defense area (HDA; 150-200 pA, 0.6 ms, 100 Hz for
5 s) before and after bilateral microinjections of suramin (10 mM) and
kynurenate (50 mM) in the nucleus tractus solitarii (NTS). AP arterial
blood pressure; HR heart rate; HV'C hindlimb vascular conductance. b
Group data showing the maximum response generated by hypothalam-
ic stimulation after antagonism of P2 (sur NTS), glutamate (kyn NTS)
and both (sur+kyn) receptors in the NTS. ¢ Pooled HVC responses
elicited by stimulation of the HDA during control, after blockade of P2
receptors, glutamate receptors, and combined P2 and glutamate

the rise in HVC (100 % vs. 28+7 %; P<0.001) evoked by
HDA stimulation (Fig. 2a—c). The magnitude of evoked
increases in AP and HR did not change (AP, 28+4 vs. 27+

receptors in the NTS. Black squares, averaged curve during control;
dark gray circles, averaged curve after blockade; in /ight gray, standard
error of the mean. d Grouped data of increases elicited in mean arterial
pressure (MAP) and HR by hypothalamic stimulation before and after
after antagonism of P2 (sur NTS), glutamate (kyn NTS), and both (sur
+kyn) receptors in the NTS. e Photomicrograph of a coronal section
showing electrolytic lesion of the hypothalamic defense area,
corresponding to the perifornical hypothalamus (PeF). m¢ mammillo-
thalamic tract; f fornix; DMH dorsomedial hypothalamus; VMH ven-
tromedial hypothalamus. ***P<(.001 difference to control; n.s., P>
0.05

5 mmHg; HR: 41£5 vs. 31+5 bpm; P>0.05) after blockade of
P2 receptors in the NTS (Fig. 2d). Microinjection of suramin
elicited a transitory increase in AP, which returned to baseline
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after 20 min (Fig. 1b). Following stabilization, baseline levels
of AP, HR, and HVC did not change in comparison to values
prior to microinjections of suramin into the NTS (Table 1).
Similar effects in HVC responses to HDA stimulation (32+
10 %; P<0.001) were seen in a different group (N=11),
following glutamate receptor blockade with bilateral micro-
injections of kynurenate (50 mM) into the NTS (Fig. 2b, c).
The blockade of glutamate receptors in the NTS did not alter
(P>0.05) the evoked changes in AP (1943 vs. 21+6 mmHg)
and HR (27+6 vs. 23+4 bpm) by stimulation of the HDA
(Fig. 2d). Kynurenate into the NTS augmented AP that
reverted to resting levels after ~30 min (Fig. 1b). After the
transient cardiovascular effects, AP, HR, and HVC baselines
were similar to values prior to microinjections of kynurenate
(Table 1). The combined blockade of P2 and glutamate recep-
tors in the NTS produced no further reduction in the HVC
response (29+4 %; P>0.05; N=5) elicited by HDA stimula-
tion (Fig. 2b, c¢). Additionally, the corresponding evoked rises
in AP (1945 vs. 2949 mmHg) and HR (41+£9 vs. 3248 bpm)
remained unchanged (Fig. 2d). Following bilateral microin-
jections of suramin into the NTS, subsequent bilateral micro-
injections of kynurenate did not elicit an additional increase in
resting AP (110+4 mmHg vs. 1058 mmHg, Fig. 1b), in
contrast to injections of either antagonists isolated. The base-
line levels of HR, and HVC also did not change after com-
bined microinjections of suramin and kynurenate into the NTS
(Table 1).

Bilateral microinjection of PPADS (5 mM), an alternative
antagonist for P2 receptors, into the NTS also diminished
the changes in HVC elicited by HDA stimulation (Fig. 3a).
In the NTS, PPADS blocked the increase in HVC (100 % vs.
9+2 %, N=4; P<0.001) elicited by electrical stimulation of
the HDA (Fig. 3b).

The efficiency of blockade of P2 and glutamate receptors
in NTS neurons (Fig. 4e) was tested by microinjections of
the respective agonists: «,{3-methylene ATP (2 mM) and L-
glutamate (50 mM). Bilateral microinjections of suramin
(10 mM; N=5) into the NTS completely abolished the
maximum evoked changes in AP (—46+4 vs. -7+
2 mmHg; P<0.001), HR (=40+10 vs. —2£2 bpm; P<
0.001) and HVC (100 % vs. 8+2 %; P<0.001) caused
by injection of «,3-methylene ATP (Fig. 4a—c). Cardiovascular

responses to L-glutamate into the NTS, however, were unaf-
fected (Fig. 4a). On the other hand, glutamate antagonism with
kynurenate (50 mM) injected in the same sites abolished car-
diovascular responses to local injection of either «,3-methy-
lene ATP or I-glutamate (Fig. 4d). Responses in AP, HR, and
HVC to «,f3-methylene ATP into the NTS were recovered
90 min after microinjections of suramin.

Hindlimb vasodilation to activation of HDA or NTS
neurons is relayed in the RVLM

Bilateral microinjections of suramin into the RVLM reduced
the response in HVC to stimulation of the HDA (100 % vs.
4347 %; P<0.001; N=4; Fig. 5a—c). Increases in AP (18+2
vs. 13+2 mmHg; P>0.05) and HR (24+8 vs. 10+4 bpm; P
>0.05) evoked by hypothalamic stimulation were not affect-
ed by injection of suramin into the NTS (Fig. 5d). The
combined antagonism of P2 and glutamate receptors in the
RVLM with suramin (10 mM) and kynurenate (50 mM)
produced no significant further reduction in the HVC re-
sponse (28+6 %) to HDA stimulation in comparison to
blockade with suramin only (P>0.05; Fig. 5a—c). In con-
trast, the combined blockade of P2 and glutamate receptors
in the RVLM reduced the increase in AP (18+2 vs. 9+
1 mmHg; P<0.05), but not in HR (24+8 vs. 12+3 bpm; P
>0.05), elicited by hypothalamic stimulation (Fig. 5d).
Baseline levels of AP, HR, and HVC remained unaffected
after bilateral microinjections of suramin, but HR baseline was
reduced (364+13 vs. 299+5 bpm; P<0.05) after the com-
bined microinjections of suramin and kynurenate (Table 1).

Unilateral microinjections of «,(3-methylene ATP
(2 mM) into the NTS increased HVC that was partially
reduced (100 % vs 33£14 %; P<0.01; N=6) after bilateral
microinjections of kynurenate (50 mM) into the RVLM
(Fig. 6a). Antagonism of glutamate receptors in the RVLM
also reduced responses in AP (—59+4 vs —9+3 mmHg; P<
0.001) and HR (=45+12 vs =542 bpm; P<0.05), elicited by
microinjection of «,f3-methylene ATP into the NTS
(Fig. 6b). All cardiovascular responses to activation of P2
receptors in NTS neurons were recovered 90 min after
kynurenate microinjections.

Table 1 Baseline levels prior and after blockade of P2 and glutamate receptors in the NTS and RVLM

Suramin+kynurenate NTS Kynurenate NTS Suramin+kynurenate RVLM

Control Sur NTS Sur+kyn NTS Control Kyn NTS Control Sur RVLM Sur+kyn RVLM
MAP (mmHg) 110+4 109+8 105+8 100+£10 108+6 115+1 122+7 114+£5
HR (bpm) 362+15 329+16 301+£27 347+18 369+21 364+13 359+16 299+5 *
HVC (W/mmHg*min) 100£11 112+16 91+11 96+8 102+15 85+13 64+7 68+11

*P<0.05 in comparison to control level
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Fig. 3 Effect of PPADS on hindlimb vasodilation evoked by HDA
stimulation. a Pooled hindlimb vascular conductance (HVC) curves
constructed from responses generated by stimulation of the HDA
(150200 pA, 0.6 ms, 100 Hz for 5 s) during control and after PPADS
(5 mM; Sigma Aldrich, St Louis—USA) in the nucleus tractus solitarii

P2 receptors in the NTS mediate hindlimb vasodilation
to activation of HDA independent from changes
in the sympathetic vasoconstrictor tone

Intravenous infusion of phentolamine (1 mg/kg) reduced the
baseline level of AP (115+5 vs. 84+3 mmHg; N=4;
P<0.05), but the resting levels of HR (380+11vs. 391+
39 bpm) and HVC (72+18 vs. 619 pl*mmHg '*min ")
remained unchanged (P>0.05). Following phentolamine,
stimulation of HDA evoked responses similar to control
(P>0.05; Fig. 7a—b) on AP (20£6 vs. 16+4 mmHg) and
HR (28+7 vs. 10+4), but the magnitude of response in HVC
was reduced (100 % vs. 60+17 %; P>0.05; Fig. 7a, c).
Subsequent bilateral microinjections of suramin into the
NTS produced no further changes on cardiovascular baseline
levels (AP, 8749 mmHg, HR, 374+37 bpm, HVC, 101+
27 pl*mmHg "*min~'; P>0.05). The evoked rises in AP
(16+4 vs. 14+4 mmHg) and HR (10+4 vs. 19+3 bpm) to
HDA stimulation also remained unchanged (P>0.05; Fig. 7b).
In contrast, the evoked increase in HVC suffered an additional
reduction (60+£17 % vs. 22+4 %; P<0.05) after suramin into
the NTS (Fig. 7a).

Discussion and Conclusions

The principal findings of this study are as follows: first, an
increase in the HVC of anesthetized rats in response to
hypothalamic activation is mediated by release of ATP and
glutamate in the NTS. Secondly, combined blockade of
glutamate and P2 receptors in the RVLM reduced the
evoked increase in HVC, similarly to the reduction observed
after the combined blockade of NTS neurons. Thirdly,

b maximum peak response

% of control

CONTROL PPADS NTS

(NTS). Blockade of P2 receptors with bilateral microinjections of
PPADS into the NTS reduced the elicited vasodilation compared to
control. b Group data (N=4) showing reduction of maximum
responses generated by hypothalamic stimulation after antagonism of
P2 receptors with PPADS (PPADS NTS). ***P<0.001

increases in HVC elicited by excitation of P2 receptors in
NTS neurons, with microinjection of «,[3-methylene ATP,
was abolished after blockade of glutamate synapses in the
RVLM. Fourthly, the reduction observed in the HVC
response to stimulation of the HDA following antagonism
of P2 receptors in the NTS was independent of the postgan-
glionic activity to blood vessels. The vasodilation to the
hindlimb elicited by activation of the hypothalamic defense
area seems to involve ATP release in projections to the NTS,
and ATP-glutamate by NTS neurons projecting to the
RVLM. The purinergic transmission is likely related to net-
works in control of catecholamine release by the adrenal
gland in alerting defense responses (Fig. 8).

All experiments in this study were conducted using
single barreled pipettes. Although the injection sites were
confirmed by histology, the interpretation of the data should
consider the limits imposed by the use of single barreled
pipettes. Nevertheless, the injection of the same volume of
dye has been used extensively and is considered a reliable
marker of the location of the drug injection. Due to the
density of the extracellular milieu, viscosity of the fluid,
and microinjection volume, we suggested that neurons
located approximately 400 um from the center of injections
were affected.[30]. It is conceivable that in experiments
where various microinjections were aimed at the same site,
all drugs were injected within this 400 pm range affecting
the similar groups of neurons.

Hindlimb vasodilation in alerting-defense responses
is mediated by ATP in the NTS

In this study, activation of neurons in the HDA elicited
hindlimb vasodilation associated with rapid rise in AP and
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Fig. 4 Selectivity of suramin into the NTS in response of «,(3-meth-
ylene ATP and glutamate. a Representative cardiovascular recordings
of one animal in response to microinjections of «,(3-methylene ATP
(a,p-me ATP; 2 mM) or L-glutamate (50 mM) in the nucleus tractus
solitarii (NTS) before and after bilateral microinjections of suramin
(10 mM) into the NTS. b Grouped responses in HVC induced by
microinjection of «,3-me ATP into the NTS before and after blockade
of P2 receptors. Black squares, averaged curve during control; dark
gray circles, averaged curve after blockade; in /light gray, standard
error of the mean. ¢ Grouped data of decreases in mean arterial
pressure (MAP) and heart rate (HR) elicited by microinjection of

HR. The cardiovascular responses to HDA stimulation were
similar to previous descriptions by Yardley and Hilton [5,
6]. Blockade of P2 or glutamate receptors in the NTS greatly
reduced the increase in HVC evoked by HDA stimulation.
In rat, electrical stimulation of the HDA rapidly increases
the concentration of adenosine in the NTS [20], which is
likely to be occurring as a result of degradation of ATP [18].
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«,[3-methylene ATP into the NTS before and after microinjections of
suramin (10 mM) into the NTS. d Representative cardiovascular
recordings of one animal in response to microinjections of «,{3-meth-
ylene ATP («,3-me ATP; 2 mM) or L-glutamate (50 mM) in the
nucleus tractus solitarii (NTS) after bilateral microinjections of
kynurenate (50 mM) into the NTS. e Photomicrograph of a coronal
bulbar section representative of the group, confirming injection site
into the NTS. ap area postrema; NTS nucleus tractus solitarii; X dorsal
motor vagus nuclei; X/I nucleus hypoglossus. ***P<(.001 difference
to control

However, it seems that the ATP released in the NTS following
HDA stimulation additionally acts on local P2 receptors,
either inducing a release of glutamate by acting on receptors
in the presynaptic terminals [22, 23] or being co-released with
glutamate in the presynaptic membrane [3 1-34]. Interestingly,
both antagonists suramin and kynurenate injected in to the
NTS did not reduce the responses in AP and HR evoked by
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Fig. 5 Involvement of P2 and glutamate receptors in RVLM neurons
on cardiovascular changes to HDA stimulation. a Representative re-
cording of one animal in response to stimulation of the hypothalamic
defense area (HDA; 150-200 pA, 0.6 ms, 100 Hz for 5 s) before and
after microinjections of suramin (10 mM) and combined blockade of
suramin (10 mM) and kynurenate (50 mM) in the rostral ventrolateral
medulla (RVLM). b Avereged curve of HVC responses produced by
stimulation of the HDA during control, after antagonism of P2 recep-
tors (sur) and after combined blockade of P2 and glutamate receptors
(surt+kyn) in the RVLM. Black squares, averaged curve during control;
dark gray circles, averaged curve after first blockade; open triangles,

HDA stimulation. A possible explanation is that the increase
in AP was presumably due to vasoconstriction in mesenteric
arteries [4, 13] but also partly in consequence of a rise in
cardiac output (tachycardia). The increase in AP baseline
following suramin or kynurenate microinjected into the NTS
was similar to reports in previous studies [35-38]. Although
the cardiovascular changes reverted to resting values prior to
injections after ~20-30 min, the receptors remained blocked
by the antagonists that were tested by respective agonists.
Bilateral microinjections of suramin into the NTS completely
blocked the cardiovascular responses to microinjection of
o, [3-methylene ATP into the same site. Increases in HVC to
pharmacological stimulation of P2 receptors in the NTS were
associated with transitory hypotension and bradycardia [16, 39],
in opposition to rises in AP and HR in response to stimulation of
the HDA. This paradox is possibly explained on the basis of

[] stimulation HDA
[ after suramin RVLM

Il after suramin+kynurenate RVLM

averaged curve after combined blockade; in light gray, standard error
of the mean. ¢ Group data showing the maximum response generated
by hypothalamic stimulation after antagonism of P2 (sur RVLM), and
subsequent combined blockade of P2 and glutamate receptors (sur+
kyn RVLM) receptors in the ventrolateral medulla. ***P<(.001 dif-
ference to control; n.s., nonsignificant. d Group data of increases in
mean arterial pressure (MAP) and heart rate (HR) elicited by HDA
stimulation before and after microinjections of suramin (10 mM), and
suramin (10 mM)-+kynurenate (50 mM) into the RVLM. *P<(.05;
**%P<().001; n.s. non-significant

differential mechanisms in control of HVC independent from
regulation of HR and AP. First, there is anatomical evidence for
direct projections from the hypothalamus to sympathetic pre-
motor neurons in the spinal cord that bypass the brainstem [40].
Secondly, multiple direct pathways connect the HDA to the
NTS. For instance, in cat, stimulation of the HDA elicits mono-
synaptic excitatory [11] and inhibitory [10] postsynaptic poten-
tials in NTS neurons that receive inputs from baroreceptors.
Thirdly, HDA stimulation elicits rapid adenosine release in the
NTS derived from extracellular ATP [20], presumably eliciting a
[3-adrenergic iliac vasodilation that is overridden by a vaso-
pressinergic vasoconstriction [41, 42]. Nonetheless, subunits of
P2 receptors are expressed in NTS neurons of rat [14, 15]; and
the reductions in HVC responses seen here can be explained by
blockade of input signals from the HDA to the NTS [7, 8],
independent of the pathways in control of AP and HR increases.
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Fig. 6 Glutamate transmission in the RVLM mediates cardiovascular
responses to microinjection of «,3-methylene ATP into the NTS. a
Averaged curve of responses in hindlimb vascular conductance (HVC)
induced by microinjection of «,f3-methylene ATP («,3-me ATP;
2 mM) in the nucleus tractus solitarii (NTS) before and after blockade
of glutamate receptors in the rostral ventrolateral medulla (RVLM)
with kynurenate (50 mM). Black squares, averaged curve during
control; in dark gray circles, averaged curve after blockade; in light

Although in high doses suramin may cause unspecific
blockade of glutamate receptors [17, 29], pharmacological
controls in the current study show that the dose of suramin
exerted specific antagonism of P2 receptors. Microinjec-
tions of kynurenate into the NTS blocked the cardiovascular
changes elicited by either o, 3-methylene ATP or glutamate,
but suramin selectively blocked the cardiovascular effects to
«,f3-methylene ATP into the NTS. In fact, cardiovascular
sympathetic responses to activation of P2 receptors in NTS
neurons apparently depend on glutamatergic mechanisms
within the NTS [21]. The blockade of glutamate receptors
in NTS neurons presumably reduced the sympathoinhibition
in response to activation of P2x receptors in the NTS by
«,[3-methylene ATP [21]. Microinjections of kynurenate
into the NTS following suramin, on the other hand, did
not cause further reduction in the evoked vasodilation. It
may be suggested that increase of ATP in the NTS, in
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response to activation of neurons in the HDA, activate
subsequent sympathetic pathways by glutamate release
(Fig. 8).

Cardiovascular effects to activation of P2 receptors
in the NTS are relayed in the RVLM

Combined blockade of P2 and glutamate receptors in the
RVLM reduced the increases in AP and HVC elicited by
HDA stimulation. This finding differs from a previous study
from our group [13] in which bilateral microinjections of
kynurenate blocked only the increase in HVC. The reduc-
tion in the magnitude of the pressor responses to HDA
stimulation after kynurenate and suramin in the RVLM is
possibly due to ATP acting in cotrasmission with a different
neuromodulator rather than glutamate. For instance, ATP
can be co-released with acetylcholine, noradrenaline,
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Fig. 7 P2 receptors in NTS neurons mediating sympathetic withdraw-
al and adrenaline release in response to HDA stimulation. a Represen-
tative recording of one animal in response to stimulation of the
hypothalamic defense area (HDA; 150-200 pA, 0.6 ms, 100 Hz for
5 s) before and after intravenous infusion of phentolamine (1 mg/kg),
and after following microinjections of suramin (10 mM) into the
nucleus tractus solitarii (NTS). AP arterial blood pressure; HR heart
rate; HV'C hindlimb vascular conductance. b Grouped data of increases

5-hyroxytryptamine, and dopamine in the central nervous
system [31, 32]. The fact that antagonism of P2 and gluta-
mate receptors in the RVLM reduces the evoked increase in
HVC and AP suggests involvement of sympathetic premo-
tor neurons in the RVLM in control of blood flow to the
hindlimb of rats. Activation of hypothalamic neurons
increases the firing rate of RVLM sympathetic premotor
neurons [12], represented by the rise in AP seen in this
study. The reduction in HVC and AP responses to HDA
stimulation by combined microinjections of suramin and
kynurenate into the RVLM possibly results from blockade
of excitatory projections to sympathetic premotor neurons.
The antagonism of P2 [17] and glutamate [43] receptors
supposedly blocks excitatory inputs to RVLM sympathetic
premotor cells. In cat, there is evidence of neuron subpopu-
lations of RVLM controlling different vascular beds that are
topographically distributed [44]. It can be speculated that
kynurenate and suramin exerted a decrease in the activity of
RVLM sympathetic premotor neurons, elicited by HDA
stimulation; presumably reducing the excitation of sympathetic

30

20

10

o

AMAP (mmHg) AHR (bpm)
Ll:n_s—l ’—ﬁ‘ _l—IT n.s. 5
ARl 30
T = 20

[] stimulation HDA
[ after phentolamine
Il after phentolamine and suramin NTS

(o] HDA stimulation
HVC maximum response
1001 %
— 801 =1
2
£ 601
(5]
‘s 401 e
ES
20+
0 T

phentolamine suramin NTS

elicited in mean arterial pressure (MAP) and HR by hypothalamic
stimulation before and after intravenous infusion of phentolamine,
and after following microinjections of suram ininto the NTS. ¢ Max-
imum responses in HVC generated by hypothalamic stimulation after
intravenous infusion of phentolamine, and after following microinjec-
tions of suramin into the NTS. n.s. non-significant; *P<0.05 to control;
**#P<0.01 to control; +P<0.05 to phenolamine

premotor neurons in control of catecholamine release and in
control of blood vessels.

Bilateral microinjections of kynurenate in the RVLM also
reduced the increase in HVC in response to microinjections
of «,f3-methylene ATP into the NTS. By contrast, it is
known that the increase in HVC following activation of P2
receptors in NTS neurons supposedly results from a reduc-
tion in sympathetic nerve activity [21, 45]. This discrepancy
can be explained partly by excitatory projections from the
NTS to inhibitory interneurons in the RVLM. Direct excit-
atory projections from NTS neurons to the RVLM exist [24,
46], and many of these NTS neurons are positive for immu-
noreactions to VGIuT1-3 [47, 48]. Inhibitory neurons pro-
jecting to RVLM cells are located mostly in the caudal
ventrolateral medulla [49] but are also found in rostral seg-
ments that include the RVLM [50]. Thus, we speculate that
interneurons within the RVLM may inhibit the sympathoex-
citatory neurons. Nevertheless, direct [24] or indirect [51]
inhibitory projections from the NTS to the RVLM also exist.
We believe that the remaining vasodilation after kynurenate
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Fig. 8 Scheme of neural
purinergic and glutamatergic
pathways involved in the
vasodilation of the hindlimb in
alerting defense reactions.
Summary of descending
projections from the
hypothalamic defense area
(HDA) to the brainstem and
neuromodulators involved in
the control of cardiovascular
responses. Alerting-defense
reactions increase the ATP re-
lease in the NTS that activates
parallel pathways, relayed in
the RVLM, involved in the
withdrawal of sympathetic tone
to blood vessels and epineph-
rine release by the adrenal gland

to adrenals (B)

{t HvC
(vasodilation)

to blood vessels (o)

HINDLIMB VASODILATION
NEURAL PATHWAYS

< ATP release terminal

--— glutamate release terminal

sympathetic pathways
J‘} lumbar ’ in control of vascular tone
sympathetic .
discharge sympathetic pathways

into the RVLM, elicited by activation of NTS P2 receptors,
results from activation of the mentioned pathways.

P2 receptors in the NTS mediate the hindlimb vasodilation
to stimulation of the HDA by promoting withdrawal

of sympathetic tone and release of catecholamine

by the adrenal glands

Bilateral injections of suramin into the NTS elicited a note-
worthy further reduction in the vasodilation to HDA stimu-
lation after blockade of o« adrenoceptors in the vasculature
with phentolamine. We and others [26] have observed that
microinjections of «,3-methylene ATP into the NTS pro-
duce transitory hypotension, bradycardia, and hindlimb
vasodilation, presumably due to sympathoinhibition. The
hindlimb vasodilation seen in response to stimulation of
the HDA [6] apparently involve withdrawal of sympathetic
activity to blood vessels, via norepinephrine acting in
« adrenoceptors [52, 53] and epinephrine release by the
adrenal glands acting on 32 receptors in blood vessels [5,
6]. The activation of P2 receptors in the NTS following
stimulation of the HDA in this study seems to intermediate
both the withdrawal in sympathetic tone and the release of
epinephrine. Although it was previously shown that activa-
tion of A2a receptors induces release of catecholamines by

@ Springer

in control of epinephrine release

the adrenal medulla [45, 54], we believe that P2 recep-
tors also partly contribute to epinephrine release in
response to activation of the HDA. The findings here
differ from previous evidence of sympathoinhibition to
the adrenal gland [21, 45]. The discrepancy can be
explained by the fact that adrenal sympathetic nerve
activity regulates secretion of catecholamines related
both to cardiovascular control and glucose metabolism
[55]. Thus, decrease in adrenal sympathetic nerve activ-
ity to stimulation of P2 receptors in the NTS may
correspond to inhibition of neurons in control of blood
sugar levels.

Due to the fact that withdrawal of sympathetic drive was
blocked in our experiments by phentolamine, the additional
decrease in the evoked HVC response was likely caused by
a reduction in epinephrine secretion. Sympathetic premotor
neurons in the RVLM are activated by hypothalamic stim-
ulation [12] and differentially project to sympathetic pre-
ganglionic neurons [56], segregated in two subgroups
according to control of epinephrine and norepinephrine
secretion by cromaffin cells [55]. We propose that HDA-
NTS-RVLM pathways are mediated by ATP/glutamate and
act in control of hindlimb vasodilation by eliciting both
epinephrine secretion and withdrawal of sympathetic tone

(Fig. 8).
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