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Abstract
The ventral medial prefrontal cortex (vMPFC) facilitates the cardiac baroreflex response through N-methyl-D-aspartate (NMDA)
receptor activation and nitric oxide (NO) formation by neuronal NO synthase (nNOS) and soluble guanylate cyclase (sGC)
triggering. Glutamatergic transmission is modulated by the cannabinoid receptor type 1 (CB1) and transient receptor potential
vanilloid type 1 (TRPV1) receptors, which may inhibit or stimulate glutamate release in the brain, respectively. Interestingly,
vMPFCCB1 receptors decrease cardiac baroreflex responses, while TRPV1 channels facilitate them. Therefore, the hypothesis of
the present study is that the vMPFC NMDA/NO pathway is regulated by both CB1 and TRPV1 receptors in the modulation of
cardiac baroreflex activity. In order to test this assumption, we used male Wistar rats that had stainless steel guide cannulae
bilaterally implanted in the vMPFC. Subsequently, a catheter was inserted into the femoral artery, for cardiovascular recordings,
and into the femoral vein for assessing baroreflex activation. The increase in tachycardic and bradycardic responses observed
after the microinjection of a CB1 receptors antagonist into the vMPFC was prevented by an NMDA antagonist as well as by the
nNOS and sGC inhibition. NO extracellular scavenging also abolished these responses. These same pharmacological manipu-
lations inhibited cardiac reflex enhancement induced by TRPV1 agonist injection into the area. Based on these results, we
conclude that vMPFC CB1 and TRPV1 receptors inhibit or facilitate the cardiac baroreflex activity by stimulating or blocking
the NMDA activation and NO synthesis.
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Introduction

Baroreflex activity is a neural mechanism responsible for
maintaining blood pressure (BP) in a narrow range of varia-
tion, by regulating cardiovascular parameters, such as heart
rate (HR) and peripheral vascular resistance [9, 19]. The baro-
receptors are nerve endings primarily located in both the ca-
rotid sinus and aortic arch [20]. They convert mechanical
stimuli that arise from stretch of the aortic arch or carotid sinus

into action potentials that are conveyed to the nucleus of the
solitary tract (NTS), the primary site of termination of barore-
ceptor afferents in the central nervous system [35].

In this context, a number of studies have suggested that
supramedullary areas of the brain, such as the prefrontal cor-
tex, connect with the NTS and other medullary structures that
take part in the baroreflex circuitry and so influence autonom-
ic function [43, 44]. The prefrontal cortex is topographically
divided into the lateral and medial prefrontal cortex [33]. The
ventral portion of the medial prefrontal cortex (vMPFC) com-
prises the prel imbic (PL), infra l imbic (IL) , and
dorsopenducular cortices [27]. Verberne and colleagues
(1987) first demonstrated the involvement of the vMPFC,
particularly the PL and IL, in baroreflex activity. Chemical
lesions of the vMPFC reduced the cardiac responses of the
baroreflex [56]. In addition, pharmacological ablation of this
area with cobalt chloride, a non-selective presynaptic blocker,
reduced the bradycardic reflex induced by BP increase,
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suggesting an involvement of vMPFC neurotransmission in
the baroreceptor arc [49].

Nevertheless, chemical lesions and pharmacological abla-
tion lead to unspecific interruption of vMPFC neurotransmis-
sion. Therefore, it is not possible to indicate which neurotrans-
mitters in the vMPFC could be involved in the baroreflex path-
way. Resstel and Corrêa (2006) showed that injection of gluta-
mate into the vMPFC evoked increases in BP and HR. Such
cardiovascular responses were dependent on NMDA receptors
activation, nitric oxide (NO) production and release, as well as
soluble guanylate cyclase (sGC) stimulation in awake rats [48].
Interestingly, it was demonstrated that this same neurotransmis-
sion works in the vMPFC to facilitate both the bradycardic and
tachycardic components of the baroreflex [23].

In the vMPFC, glutamatergic neurotransmission can be
r egu l a t ed by o the r neu ro t r an smi t t e r s , s uch a s
endocannabinoids, which are able to inhibit glutamate release
by activating presynaptic CB1 receptors [3]. Activation of
CB1 receptors leads to inhibition of adenylyl cyclase activity
and decreased calcium entrance into neurons, in this way re-
ducing glutamate release [46]. Ferreira-Junior and co-workers
(2012) demonstrated that vMPFC CB1 receptors negatively
modulate the bradycardic and tachycardic components of the
baroreflex [22], raising the possibility that such cannabinoid
receptors could inhibit glutamate release, decreasing barore-
flex cardiac responses.

Anandamide (AEA) is one of the endogenous agonists for
CB1 receptors [18].Moreover, AEAwas able to produce effects
in the brain of CB1 receptor knockout mice, suggesting another
site of action for AEA [8]. The best well-known non-cannabi-
noid receptor for AEA is the transient receptor potential
vanilloid type 1 (TRPV1 receptors) [60]. These are calcium
permeable ionotropic receptors, which facilitate glutamate re-
lease and NO production in several brain structures [41]. In
addition, Lagatta and colleagues (2015) showed that vMPFC
TRPV1 receptors are able to increase the tachycardic and
bradycardic responses of the baroreflex [34]. Since they in-
crease glutamate release, it is possible to assume that the facil-
itation of baroreflex activity mediated by vMPFCTRPV1 chan-
nels could happen through regulation of glutamatergic
neurotransmission.

Therefore, the hypothesis of the present study was that
vMPFC TRPV1 and CB1 receptors may either facilitate or in-
hibit cardiac baroreflex responses by increasing or decreasing
activation of the NMDA/NO pathway, respectively.

Materials and methods

Ethical approval and animals

Experimental procedures were carried out following protocols
approved by the Ethical Review Committee of the School of

Medicine of Ribeirão Preto (Protocol number 019/2015),
which complies with the Guiding Principles for Research
Involving Animals and Human Beings of the American
Physiological Society. All studies involving animals are re-
ported in accordance with the ARRIVE guidelines for
reporting experiments involving animals [31]. Male Wistar
rats weighing 230–270 g were used. Animals were housed
in plastic cages in a temperature-controlled room at 25 °C in
the Animal Care Unit of the Department of Pharmacology,
School of Medicine of Ribeirão Preto, University of São
Paulo. Theywere kept under a 12:00-h light–dark cycle (lights
on between 6:00 h and 18:00 h) and had water and food ad
libitum. The investigators understand the ethical principles
under which the journal operates and their work complies with
this animal ethics checklist.

Animal preparation

Four days before the experiment, rats were anesthetized with
tribromoethanol (250 mg kg−1, i.p., Sigma, St. Louis, MO,
USA). After local anesthesia with 2% lidocaine, the skull was
surgically exposed, and stainless steel guide cannulae (26 G)
were bilaterally implanted into the vMPFC using a stereotaxic
apparatus (Stoelting, Wood Dale, IL, USA). Stereotaxic coor-
dinates for cannulae implantation into the vMPFC were select-
ed from The Rat Brain Atlas of Paxinos andWatson (1997) and
were anteroposterior = + 3.4 mm, lateral = 2.6 mm from the
medial suture, and vertical = − 3.3 mm from the skull, with a
lateral inclination of 24°. Cannulae were fixed to the skull with
dental cement and one metal screw. After surgery, animals were
treated with a polyantibiotic preparation of streptomycins
(30 mg/0.3 mL)/penicillins (72,000 UI/0.3 mL) (i.m.,
Pentabiotico®, Fort Dodge, Campinas, São Paulo, Brazil) to
prevent infection and with the non-steroidal anti-inflammatory
flunixin meglumine (0.02 mg/0.3 mL) (s.c., Banamine®,
Schering Plow, Cotia, São Paulo, Brazil) for analgesia. One
day before the experiment, rats were anesthetized with
tribromoethanol (250 mg kg−1, i.p.), and a catheter (a 4-cm
segment of PE-10 that was heat-bound to a 13 cm segment of
PE-50, Clay Adams, Parsippany, NJ, USA) was inserted into
the femoral artery, for recording BP. A second catheter was
implanted into the femoral vein for the infusion of vasoactive
substances. Both catheters were inserted under the skin and
exteriorized on the animal’s dorsum. After surgery, treatment
with anti-inflammatory drugs was repeated.

Measurement of cardiovascular responses

Pulsatile arterial pressure of freely moving animals was record-
ed using an ML870 preamplifier (LabChart, USA) and an ac-
quisition board (PowerLab, AD Instruments, USA) connected
to a computer. Mean arterial pressure (MAP) and heart rate
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(HR) values were derived from pulsatile recordings and proc-
essed on-line.

Drug injection

Needles (33 G, Small Parts, Miami Lakes, FL, USA) used for
microinjection into the vMPFC were 1 mm longer than the
guide cannulas and were connected to a 1-μL syringe (7002-
H, Hamilton Co., Reno, NV, USA) through PE-10 tubing. The
needle was carefully inserted into the guide cannula, and
drugs were injected in a final volume of 200 nL over a 5-s
period. After a 30-s period, the needle was removed and
inserted into the second guide cannula for microinjection into
the contralateral vMPFC.

Baroreflex assessment

The baroreflex was activated by phenylephrine (α1
adrenoceptor agonist 50 μg kg−1, 0.34 mL min−1) or sodium
nitroprusside (SNP) (NO donor 50 μg kg−1, 0.8 mL min−1)
infusion using an infusion pump (KD Scientific, Holliston,
MA, USA). The phenylephrine or SNP infusion lasted 30–
40 s and caused, respectively, an increase or decrease in BP.

Method used to evaluate baroreflex activity

Baroreflex curves were constructed, matching MAP varia-
tions with HR responses. Paired values for variations in
MAP (ΔMAP) and HR (ΔHR) were plotted to create sigmoid
curves for each rat, which were used to determine baroreflex
activity [49]. To analyze bradycardic and tachycardic re-
sponses separately, HR values matching 10, 20, 30, and
40 mmHg of MAP changes were calculated [49]. Values were
plotted to create linear regression curves for each rat, and their
slopes were compared to determine changes in baroreflex
gain.

Drugs

The following compounds were used: one TRPV1 receptor
antagonist (6-iodo-nordihydrocapsaicin (6-IODO), Tocris,
Westwoods Business Park Ellisville, MO, USA), dissolved
in 100% DMSO; a TRPV1 receptor agonist (capsaicin;
Tocris, Westwoods Business Park, Ellisville, MO, USA);
and a CB1 receptor antagonist (AM251, Tocris, Westwoods
Business Park Ellisville, MO, USA). Capsaicin and AM251
were dissolved in 10% DMSO in saline (0.9% NaCl). In ad-
dition, a NMDA receptor antagonist (AP7, Tocris,Westwoods
Business Park Ellisville, MO, USA); a nNOS inhibitor, n-pro-
pyl (n-propyl-L-arginine, Tocris, Westwoods Business Park,
Ellisville, MO, USA); a NO scavenger (c-PTIO Tocris,
Westwoods Business Park, Ellisville, MO, USA); and a sGC
inhibitor (ODQ, Tocris, Westwoods Business Park, Ellisville,

MO, USA) were used. They were dissolved in sterile saline.
Phenylephrine–HCl (Sigma, St. Louis, MO, USA) and SNP
(Sigma, St. Louis, MO, USA) were dissolved in saline (0.9%
NaCl). Tribromoethanol (Sigma, St. Louis, MO, USA) and
urethane (Sigma, St. Louis, MO, USA) were dissolved in
distilled water. The solutions were prepared immediately be-
fore use and were kept on ice and protected from light during
the experimental sessions.

Experimental protocols

All groups of animals used in our study received three sets of
phenylephrine or SNP infusion to determine control values of
baroreflex activity. Each animal received two microinjections
in both vMPFC hemispheres: the first group received micro-
injections of 200 nL of combined vehicles (10% DMSO and
100% DMSO or 10% DMSO and saline); the second group
received microinjections of 200 nL of AM251 (100 pmol) and
vehicle (100% DMSO) or AM251 (100 pmol) and 6-IODO
(0.3 nmol); the third group received microinjections of 200 nL
of 6-IODO (3 nmol) and vehicle (10% DMSO) or 6-IODO
(3 nmol) and AM251 (10 pmol); the fourth group received
microinjections of 200 nL of AM251 (100 pmol) combined
with either AP7 (0.4 nmol) or n-propyl (8 pmol), or c-PTIO
(0.2 nmol), or ODQ (0.2 nmol) or their respective vehicles; the
fifth group received a bilateral microinjection of 200 nL of
capsaicin (0.1 nmol) combined with either AP7 (0.4 nmol)
or n-propyl (8 pmol), or c-PTIO (0.2 nmol or 0.4 nmol), or
ODQ (0.2 nmol) or their respective vehicles. In all experimen-
tal groups, the interval between both microinjections was
5 min and phenylephrine and SNP infusion were repeated
10 and 60 min after the last bilateral vMPFC microinjection.

Histological procedure

At the end of the experiments, the rats were anesthetized with
urethane (1.25 g kg−1, i.p.), and 200 nL of 1% Evan’s blue dye
was bilaterally injected into the vMPFC as a marker of injection
sites. The chest was surgically opened, the descending aorta
occluded, the right atrium severed, and the brain perfused with
10% formalin through the left ventricle. Brains were post-fixed
for 24 h at 4 °C, and 40-μm sections were cut with a cryostat
(CM-1900, Leica, Wetzlar, Germany). The actual placement of
the injection needles was verified in serial sections, according to
the Rat Brain Atlas of Paxinos and Watson (1997).

Data analysis

Baseline cardiovascular values before and after pharmacolog-
ical treatment in the vMPFC were compared using Student’s t
test. Baroreflex activity was analyzed using sigmoid curves
which were characterized with five parameters: (i) P1 (beats
min−1) lower heart rate plateau and P2 (beats min−1) upper
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heart rate plateau; (ii) heart rate range (beats min−1), difference
between upper and lower plateau levels (ΔP); and (iii) aver-
age baroreflex gain (G, beats min−1 mmHg−1), which is the
average slopes of the non-linear curves. Another sigmoid pa-
rameter that is usually analyzed to assess the baroreflex activ-
ity is the medium blood pressure (BP50), which is the value of
MAP when 50% of the HR is altered. However, it was already
demonstrated that pharmacological manipulation of vMPFC
neurotransmission assessed in the present study does not alter
BP50 [22, 23, 34]. Therefore, BP50 analysis was not done.
Furthermore, the NMDA/NO pathway inhibitors displace the
X-intercept along the axis [23, 49]. Therefore, it was assessed
in order to check the ineffectiveness of those compounds.
Significant differences among sigmoid curves or linear regres-
sion parameters were analyzed using one-way ANOVA
followed by the Dunnett’s post hoc test. The slope of linear
regression curves (ΔHR vs. ΔMAP) before, 10 and 60 min
after microinjection of each treatment was determined, and
results were analyzed to detect alterations in cardiac barore-
flex gain using one-way ANOVA followed by Dunnett’s post
hoc test. Results of statistical tests where P < 0.05 were con-
sidered significant.

Results

Figure 1 shows a representative photomicrography of a
vMPFC coronal section of microinjection site of one animal
used in this study. In addition, all animals had guide cannulae
implanted in either PL and/or IL (data not shown), apart from
the groups in which the cannulae were targeted to the vMPFC
surrounding structures.

Effects of vMPFC CB1 and TRPV1 receptor antagonism
on cardiac baroreflex activity in awake rats

In the control group, AM251 (100 pmol) was administered into
the vMPFC, preceded by the injection of vehicle (DMSO
100%) (n = 6). This dose of AM251 was based on the study
of Ferreira-Junior and colleagues (2012) [22]. We observed no
alteration either in HR (before = 357 ± 11; after = 358 ±
12 bpm; t = 0.08; P > 0.05) or MAP (before = 97 ± 3.31; after =
99 ± 2.78 mmHg; t = 0.35; P > 0.05) basal levels. Blockade of
vMPFC CB1 receptors increased the slope of the linear regres-
sion curves of the bradycardic (before = − 1.72 ± 0.18; 10min =
− 2.53 ± 0.11; F(2, 17) = 12.39; P < 0.05) and tachycardic (be-
fore = − 1.63 ± 0.14; 10 min = − 2.43 ± 0.11; F(2, 17) = 11.20;
P < 0.05) baroreflex responses (Fig. 2a). The parameters of
the non-linear regression curve (G, P1, P2, ΔP) were also en-
hanced (Fig. 2a and Table 1).

The slope of the linear regression curve of baroreflex car-
diac responses (bradycardia: before = − 1.72 ± 0.18; 60 min =
− 1.53 ± 0.16; F(2, 17) = 12.39; P > 0.05; tachycardia: before =

− 1.63 ± 0.14; 60 min = − 1.73 ± 0.14; F(2, 17) = 11.20; P >
0.05), as well as the sigmoid parameters (G, P1, P2, ΔP)
returned to basal values 60 min after microinjections into the
vMPFC (Fig. 2a and Table 1).

Afterwards, the same dose of AM251 (100 pmol) was
injected into the vMPFC, preceded by 6-IODO 0.3 nmol (n =
5). This dose was shown to be ineffective in the study of
Lagatta and co-workers (2015) [34]. The basal levels of HR
(before = 374 ± 14; after = 375 ± 13 bpm; t = 0,05; P > 0,05)
and MAP (before = 101 ± 3.20; after = 103 ± 1.88 mmHg; t =
0.45; P > 0.05) were unaffected. The enhancement in the baro-
reflex bradycardic (before = − 1.51 ± 0.17; 10 min = − 1.84 ±
0.33; 60 min = − 1.58 ± 0,18; F(2, 17) = 0.53; P > 0.05) and
tachycardic responses (before = − 2.08 ± 0.33; 10 min = −
2.20 ± 0.36; 60 min = − 1,59 ± 0,69; F(2, 17) = 0.74; P > 0.05)
induced by AM251 was abolished by vMPFC TRPV1 receptor
blockade (Fig. 2b). Sigmoid curve parameters (G, P1, P2,ΔP)
also did not change (Fig. 2b and Table 1).

Analogously, microinjection of the TRPV1 antagonist, 6-
IODO (3 nmol) preceded by the administration of vehicle
(10% DMSO) (n = 6) into the vMPFC, was performed. This
dose of 6-IODO was chosen based on the study of Lagatta and
colleagues (2015) [34]. There was no alteration in the basal
levels of HR (before = 360 ± 16; after = 359 ± 14 bpm; t =
0.04; P > 0.05) or MAP (before = 100 ± 3.39; after = 100 ±
2.65 mmHg; t = 0.43; P > 0.05). As expected, vMPFC
TRPV1 receptor blockade reduced the slope of the regression
line curve of the bradycardic (before = − 1.61 ± 0.11; after = −
1.17 ± 0.07; F(2, 17) = 5.11; P < 0.05) and tachycardic (before =
− 1.72 ± 0.16; 10 min = − 1.16 ± 0.11; F(2, 17) = 3.83; P < 0.05)
responses (Fig. 2c). Sigmoid curve parameters (G, P1, P2,ΔP)
were also reduced (Fig. 2d and Table 1).

The slope of the linear regression curve 60 min after the
injection of vehicle (10% DMSO) and 6-IODO (3 nmol) into
the area (bradycardic response: before = − 1.61 ± 0.11; 60min =
− 1.34 ± 0.10; F(2, 17) = 5.11; P > 0.05; tachycardic response:
before = − 1.72 ± 0.16; 60 min = − 1.65 ± 0.12; F(2, 17) = 3.83;
P > 0.05) as well as the sigmoid curve values (G, P1, P2, ΔP)
returned to the control values (Fig. 2c and Table 1).

In another experimental group (n = 6), injection of an
ineffective dose of the CB1 receptor antagonist, AM251
(10 pmol) [22], previous to 6-IODO (3 nmol) was per-
formed. Once again, the basal levels of HR (before = 363
± 11; after = 361 ± 12 bpm; t = 0.10; P > 0.05) and MAP
(before = 102 ± 2.74; after = 104 ± 2.23 mmHg; t = 0.62;
P > 0.0 5) were unaffected. However, the reduction of the
linear regression curves related to the bradycardic (before =
− 1.51 ± 0.29, 10 min = − 1.88 ± 0.23; 60 min = − 1.56 ±
0.22; F(2, 17) = 0.75; P > 0.05) and tachycardic (before = −
2.24 ± 0.27 10 min = − 2.08 ± 0.19; 60 min = − 2.24 ± 0,15;
F(2, 17) = 0.14; P > 0.05) responses was prevented by
AM251 (Fig. 2d). Also, the sigmoid curve parameters (G,
P1, P2, ΔP) were not altered (Fig. 2d and Table 1).
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Characterization of ineffective doses of NMDA/NO
pathway inhibitors and CB1 and TRPV1 antagonists
administered into the vMPFC on cardiac baroreflex
activity in awake rats

In order to determine the interactions of the vMPFC CB1 and
TRPV1 with the glutamatergic and nitrergic neurotransmis-
sions on the modulation of the baroreflex response, we sought
ineffective doses of NMDA/NO pathway inhibitors. The inef-
fective doses for the NMDA/NO pathway inhibitors were
found by reducing the concentrations used in the study of
Ferriera-Junior and co-workers (2013) [23]. Injection of the
NMDA antagonist (AP7; 0.4 nmol, n = 6) did not alter the
baroreflex bradycardic (before = 1.60 ± 2.56; 10 min after =
4,29 ± 1,09; 60 min after = 0.16 ± 1.51; F(2, 17) = 1.27;
P > 0.05) or tachycardic responses (before = 1.15 ± 4.49;
10 min after = 0.38 ± 3.23; 60 min after = − 0.58 ± 1.77; F(2,

17) = 0.06; P > 0.05) (data not shown). The inhibition of nNOS
by n-propyl (8 pmol; n = 6) did not displace the bradycardic
(before = 4.02 ± 1.50; 10 min after = 1.94 ± 2.96; 60 min af-
ter = 3.58 ± 0.81; F(2, 17) = 0.31; P > 0.05) or the tachycardic
(before = − 0.21 ± 2.29; 10 min after = − 2.22 ± 0.88; 60 min
after = − 1.27 ± 0.92; F(2, 17) = 0.44; P > 0.05) linear regres-
sion curves (data not shown). Moreover, administration of c-
PTIO (0.2 nmol; n = 6) into the vMPFC did not affect the X-
intercept of the bradycardic (before = 3.33 ± 0.49; 10 min af-
ter = − 1.62 ± 4.52; 60 min after = − 1.49 ± 0.96; F(2, 17) =
0.87; P > 0.05) or tachycardic (before = − 0.28 ± 1.34;
10 min after = − 4.51 ± 1.10; 60 min after = − 1.50 ± 1.43;
F(2, 17) = 5.65; P > 0.05) baroreflex responses (data not
shown). In another group of animals, a higher dose of c-
PTIO (0.4 nmol; n = 5) was used. This also did not modify
the X-intercept of the baroreflex bradycardic (before = 1.89 ±
1.84; 10 min after = − 1.31 ± 1.59; 60 min after = − 1.89 ±
0.76; F(2, 14) = 0.09; P > 0.05) or tachycardic (before = −

2.24 ± 1.75; 10 min after = − 3.36 ± 0.55; 60 min after = −
2.11 ± 1.11; F(2,14) = 0.31; P > 0.05) linear regression curves.
Likewise, the sGC inhibitor ODQ (0.2 nmol; n = 6) did not
affect the basal levels of either bradycardic (before = 2.86 ±
1.65; 10 min after = − 1.67 ± 2.25; 60 min after = 0.07 ± 1.34;
F(2, 17) = 0.62; P > 0.05) or tachycardic (before = − 1.95 ±
1.62; 10 min after = − 0.90 ± 1.77; 60 min after = − 2.05 ±
0.65; F(2, 17) = 0.20; P > 0.05) responses (data not shown).
Sigmoid curve parameters (G, P1, P2, ΔP) were not modified
by either of these compounds administered at their respective
doses (data not shown).

Effects of NMDA receptor antagonism in the vMPFC
prior to the CB1 receptor blockade on cardiac
baroreflex activity in awake rats

In the control group, microinjection of the CB1 receptor an-
tagonist, AM251 (100 pmol), preceded by vehicle (saline)
(n = 5) in the vMPFC did not affect the basal levels of HR
(before = 353 ± 14; after = 358 ± 13 bpm; t = 0.28; P > 0.05)
and MAP (before = 99 ± 2.71; after = 101 ± 2.40 mmHg; t =
0.50; P > 0.05). The slope of the linear regression related to
the bradycardic (before = − 1.68 ± 0.18; 10 min = − 2.50 ±
0.12; F(2, 14) = 9.54; P < 0.01) and tachycardic (before = −
1.87 ± 0.16; 10 min = − 2.47 ± 0.11; F(2, 14) = 4.15; P < 0.05)
responses of the baroreflex was increased (Fig. 3a). The non-
linear regression values (G, P1, P2,ΔP) were enhanced by the
CB1 receptor antagonist (Fig. 3a and Table 2).

The linear regression slope of both cardiac responses (bra-
dycardia: before = − 1.68 ± 0.18; 60 min = − 1.52 ± 0.19; F(2,

14) = 9.52; P > 0.05; tachycardic response: before = − 1.87 ±
0.16; 60 min = − 1.90 ± 0.21; F(2, 14) = 4.15; P > 0.05) as well
as the sigmoid curve parameters returned to basal levels
60 min after the microinjections (Fig. 3a and Table 2).

Fig. 1 Photomicrography of the
ventral portion of the medial
prefrontal cortex (vMPFC) coro-
nal section of one animal used in
this study. The coordinates were
based on the Rat Brain Atlas of
Paxinos and Watson. CC: corpus
callosum; PL: prelimbic cortex;
IL: infralimbic cortex; DP:
dorsopenducular cortex
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In a second group of animals, injection of the same dose of
AM251 (100 pmol) into the vMPFC was preceded by the
administration of an ineffective dose of the NMDA receptor
antagonist, AP7 (0.4 nmol). The combination of these two
compounds did not affect the basal values of HR (before =
371 ± 12; after = 372 ± 11 bpm; t = 0.09; P > 0.05) nor MAP
(before = 101 ± 3.42; after = 99 ± 3.28 mmHg; t = 0.60;
P > 0.05). Nevertheless, the NMDA blockade in the area
prevented the effect of AM251 on both the baroreflex
bradycardic (before = − 1.71 ± 0.36; 10 min = − 2.17 ± 0.32;
60 min = − 1.76 ± 0.10; F(2, 17) = 0.66; P > 0.05) and
tachycardic responses (before = − 1.82 ± 0.14; after = − 2.23
± 0.31; 60 min = − 1.84 ± 0.12; F(2, 17) = 1.21; P > 0.05)

(Fig. 3b). Enhancement of sigmoid parameters (G, P1, P2,
ΔP) was also prevented (Fig. 3b and Table 2).

Effects of nNOS inhibition in the vMPFC prior to CB1
receptor blockade on cardiac baroreflex activity
of awake rats

Microinjection of the CB1 receptor antagonist, AM251
(100 pmol), preceded by vehicle (saline) (n = 6) in the
vMPFC did not affect basal levels of HR (before = 372 ± 15;
after = 373 ± 13 bpm; t = 0.02; P > 0.05) and MAP (before =
102 ± 2.85; after = 107 ± 2.46 mmHg; t = 1.32; P > 0.05). An
increase in the slope of the linear regression corresponding to
the bradycardic (before = − 1.94 ± 0.12; after = − 2.81 ± 0.38;
F(2, 17) = 5.01; P < 0.05) and tachycardic (before = − 1.76 ±
0.17; after = − 2.73 ± 0.31; F(2, 17) = 5.27; P < 0.05) responses
of the baroreflex was observed (Fig. 4a). Non-linear regres-
sion values (G, P1, P2, ΔP) were enhanced by CB1 receptor
antagonist (Fig. 4a and Table 2).

The linear regression slope of both cardiac responses (bra-
dycardia: before = − 1.94 ± 0.12; 60 min = − 1.83 ± 0.13; F(2,

17) = 5.01; P > 0.05; tachycardic response: before = − 1.76 ±
0.13; 60 min = − 1.93 ± 0.17; F(2, 17) = 5.27; P > 0.05) as well
as sigmoid curve parameters returned to basal levels 60 min
after the microinjections (Fig. 4a and Table 2).

In another group, injection of the same dose of AM251
(100 pmol) into the vMPFC was preceded by the

Table 1 Sigmoidal curve parameters generated before, 10 min, and 60 min after bilateral microinjections into the vMPFC for the corresponding drug
treatment groups

Group G (bpm/mmHg) P1 (bpm) P2 (bpm) ΔP (bpm)

AM251 100 pmol + vehicle F(2, 17) = 24.26 F(2, 17) = 9.47 F(2, 17) = 12.06 F(2, 17) = 14.19

Before − 1.65 ± 0.06 − 65 ± 6 87 ± 11 136 ± 9

10 min − 2.18 ± 0.09* − 95 ± 4* 81 ± 8* 186 ± 6*

60 min − 1.83 ± 0.06 − 74 ± 5 86 ± 8 149 ± 6

AM251 100 pmol + 6-IODO 0.3 nmol F(2, 17) = 1.35 F(2, 17) = 0.71 F(2, 17) = 0.12 F(2, 17) = 0.69

Before − 1.54 ± 0.09 − 56 ± 5 80 ± 10 136 ± 12

10 min − 1.72 ± 0.13 − 68 ± 10 86 ± 9 154 ± 12

60 min − 1.85 ± 0.16 − 62 ± 6 82 ± 8 144 ± 9

6-IODO 3 nmol + vehicle F(2, 17) = 17.99 F(2, 17) = 6.83 F(2, 17) = 0.07 F(2, 17) = 0.38

Before − 1.61 ± 0.05 − 64 ± 4 69 ± 5 133 ± 7

10 min − 1.31 ± 0.03* − 49 ± 2* 51 ± 4* 100 ± 4*

60 min − 1.59 ± 0.04 − 65 ± 4 67 ± 3 132 ± 6

6-IODO 3 nmol + AM251 10 pmol F(2, 17) = 7.76 F(2, 17) = 6.82 F(2, 17) = 6.29 F(2, 17) = 79.66

Before − 1.44 ± 0.12 − 60 ± 7 77 ± 6 138 ± 8

10 min − 1.18 ± 0.05 − 66 ± 8 68 ± 5 134 ± 7

60 min − 1.67 ± 0.08 − 62 ± 6 82 ± 6 143 ± 8

Values are means ± SEM

G average gain, P1 lower HR plateau, P2 upper HR plateau, ΔP heart rate range

*P < 0.05, significant difference from values before administrations, one-way ANOVA followed by Dunnett’s post hoc test

�Fig. 2 Linear regression and sigmoidal curves correlating the responses
of ΔMAP and ΔHR before, 10 min, and 60 min after bilateral
microinjection of the respective combinations (depicted in bold) into
the vMPFC. (Top images; a, b; upper) Correlation r2 values for
bradycardic linear regression curves were 0.81 and 0.78 (before); 0.78
and 0.57 (10 min after); and 0.85 and 0.78 (60 min). Correlation r2 values
for tachycardic linear regression curves were 0.86 and 0.65 (before); 0.96
and 0.63 (10 min); and 0.92 and 0.77 (60 min). (a, b; lower) Sigmoid
curve r2 correlation values were 0.95, 0.90 (before), 0.97, 0.86 (10 min),
and 0.96; 0.87(60 min). (Bottom images; c, d; upper) Correlation r2

values for bradycardic linear regression curves were 0.91 and 0.56
(before); 0.93 and 0.74 (10 min); and 0.87 and 0.70 (60 min).
Correlation r2 values for tachycardic linear regression curves were 0.85
and 0.76 (before); 0.86 and 0.84 (10 min); and 0.93 and 0.79 (60 min). (c,
d; lower) Sigmoid curve r2 correlation values were 0.96, 0.88 (before),
0.97, 0.89 (10 min), and 0.96; 0.92 (60 min). Values are means ± SEM.
bpm, beats min1
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administration of an ineffective dose of n-propyl (8 pmol).
The administration of these two compounds did not affect

the basal levels of HR (before = 354 ± 11; after = 358 ±
11 bpm; t = 0.29; P > 0.05) nor MAP (before = 101 ± 3.84;
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after = 101 ± 2.47 mmHg; t = 0.04; P > 0.05). Nevertheless,
nNOS inhibition in the area prevented the effect of AM251
on both the baroreflex bradycardic (before = − 1.69 ± 0.25;
10 min = − 2.17 ± 0.32; 60 min = − 1.77 ± 0.13; F(2, 17) =
0.35; P > 0.05) and tachycardic responses (before = − 1.90 ±
0.17; after = − 1.73 ± 0.19; 60 min = − 1.87 ± 0.17; F(2, 17) =
0.26; P > 0.05) (Fig. 3b). The increase in the sigmoid param-
eters (G, P1, P2, ΔP) was also prevented (Fig. 4b and
Table 2).

Effects of extracellular NO scavenging in the vMPFC
prior to CB1 receptor blockade on cardiac baroreflex
activity of awake rats

Microinjection of the CB1 receptor antagonist, AM251
(100 pmol), preceded by vehicle (saline) (n = 6) in the
vMPFC did not affect basal levels of HR (before = 359 ± 11;
after = 361 ± 13 bpm; t = 0.09; P > 0.05) and MAP (before =
102 ± 2.72; after = 105 ± 2.64 mmHg; t = 1.32; P > 0.05). An
increase in the slope of the linear regression corresponding to
the bradycardic (before = − 1.96 ± 0.19; after = − 2.92 ± 0.18;
F(2, 17) = 8.98; P < 0.01) and tachycardic (before = − 2.07 ±
0.20; after = − 3.07 ± 0.26; F(2, 17) = 5.43; P < 0.05) responses
of the baroreflex was observed (Fig. 5a). Non-linear regres-
sion values (G, P1, P2,ΔP) were enhanced by the CB1 recep-
tor antagonist (Fig. 5a and Table 2).

The linear regression slope of both cardiac responses (bra-
dycardia: before = − 1.94 ± 0.12; 60 min = − 1.82 ± 0.13; F(2,

17) = 5.01; P > 0.05; tachycardic response: before = − 1.76 ±
0.17; 60 min = − 1.93 ± 0.17; F(2, 17) = 5.27; P > 0.05) as well
as sigmoid curve parameters returned to basal levels 60 min
after the microinjections (Fig. 5a and Table 2).

The injection of c-PTIO, an NO scavenger (0.2 nmol),
before to the same dose of AM251 (100 pmol) into the
vMPFC did not change basal levels of HR (before = 380 ±
13; after = 376 ± 12 bpm; t = 0.19; P > 0.05) nor MAP (be-
fore = 108 ± 2.06; after = 109 ± 1.98 mmHg; t = 0.04;
P > 0.05). In addition, NO scavenging in the area abolished

the effect of AM251 on both the baroreflex bradycardic
(before = − 1.87 ± 0.22; after = − 1.66 ± 0.27; 60 min = −
1.90 ± 0.10; F(2, 17) = 0.40; P > 0.05) and tachycardic re-
sponses (before = − 1.96 ± 0.27; after = − 2.03 ± 0.25;
60 min = − 2.45 ± 0.18; F(2, 17) = 0.35; P > 0.05) (Fig. 5b).
The increase in the sigmoid parameters (G, P1, P2,ΔP) was
also prevented (Fig. 5b and Table 2).

Effects of guanylate cyclase inhibition in the vMPFC
prior to CB1 receptor blockade on cardiac baroreflex
activity of awake rats

Microinjection of CB1 receptor antagonist, AM251
(100 pmol), preceded by vehicle (saline) (n = 6) in the
vMPFC did not affect basal levels of HR (before = 363
± 12; after = 367 ± 12 bpm; t = 0.22; P > 0.05) and MAP
(before = 105 ± 2.18; after = 108 ± 1.67 mmHg; t = 0.92;
P > 0.05). However, there was an increase in the slope
of the linear regression corresponding to the bradycardic
(before = − 1.85 ± 0.20; after = − 2.71 ± 0.28; F(2, 17) =
5.87; P < 0.05) and tachycardic (before = − 2.00 ± 0.14;
after = − 2.64 ± 0.11; F(2, 17) = 4.70; P < 0.05) responses
of the baroreflex (Fig. 6a). Non-linear regression values
(G, P1, P2, ΔP) were enhanced by the CB1 receptors
antagonist (Fig. 6a and Table 2).

The linear regression slope of both cardiac responses
(bradycardic response: before = − 1.85 ± 0.20; 60 min = −
1.71 ± 0.18; F(2, 17) = 5.87; P > 0.05; tachycardic response:
before = − 2.00 ± 0.14; 60 min = − 2.22 ± 0.19; F(2, 17) =
4.70; P > 0.05) as well as sigmoid curve parameters (G, P1,
P2, ΔP) returned to basal levels 60 min after the microinjec-
tions (Fig. 6a and Table 2).

The injection of ODQ, a guanylate cyclase inhibitor
(0.2 nmol) (n = 6), before the same dose ofAM251 (100 pmol)
into the vMPFC did not change basal levels of HR (before =
370 ± 14; after = 373 ± 13 bpm; t = 0.17; P > 0.05) nor MAP
(before = 104 ± 3.71; after = 106 ± 2.29 mmHg; t = 0.46;
P > 0.05). In addition, sGC inhibition in the vMPFC abolished
the effect of AM251 on both the baroreflex bradycardic (be-
fore = − 1.83 ± 0.25;10 min = − 1.95 ± 0.24; 60 min = − 1.95
± 0.14; F(2, 17) = 0.11; P > 0.05) and tachycardic responses
(before = − 1.88 ± 0.31; 10 min = − 2.13 ± 0.30; 60 min = −
2.12 ± 0.17; F(2, 17) = 0.28; P > 0.05) (Fig. 5b). The increase
in the sigmoid parameters (G, P1, P2,ΔP) was also prevented
(Fig. 6b and Table 2).

Effects of NMDA receptor blockade in the vMPFC prior
to TRPV1 receptor activation on cardiac baroreflex
activity of awake rats

The TRPV1 receptor agonist, capsaicin (0.1 nmol), preced-
ed by vehicle (saline) (n = 6) was injected into the vMPFC.
This dose of capsaicin was based on the study of Lagatta and

�Fig. 3 Linear regression and sigmoidal curves correlating the responses
of ΔMAP and ΔHR before, 10 min, and 60 min after bilateral
microinjection of the respective combinations (depicted in bold) into
the vMPFC. (Top images) (a, b; upper) Correlation r2 values for
bradycardic linear regression curves were 0.83 and 0.51 (before); 0.96
and 0.67 (10 min); and 0.78 and 0.94 (60 min). Correlation r2 values for
tachycardic linear regression curves were 0.87 and 0.88 (before); 0.97 and
0.70 (10min); and 0.82 and 0.91 (60min). (a, b; lower) Sigmoid curves r2

correlation values were 0.95 and 0.91 (before); 0.97 and 0.85 (10 min);
and 0.94 and 0.97 (60 min). (Bottom images) (c, d; upper) Correlation r2

values for bradycardic linear regression curves were 0.81 and 0.75
(before); 0.92 and 0.71 (10 min); and 0.90 and 0.84 (60 min).
Correlation r2 values for tachycardic linear regression curves were 0.71
and 0.60 (before); 0.83 and 0.65 (10 min); and 0.87 and 0.79 (60 min). (c,
d; lower) Sigmoid curve r2 correlation values were 0.92 and 0.89
(before); 0.94 and 0.91 (10 min); and 0.96 and 0.94 (60 min). Values
are means ± SEM. bpm, beats min1
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co-workers (2015) [34]. There was no alteration in the basal
levels of HR (before = 372 ± 13; after = 373 ± 13 bpm; t =
0.05; P > 0.05) and MAP (before = 104 ± 2.56; after = 101
± 2.44 mmHg; t = 0.75; P > 0.05). However, there was an
increase in the slope of the linear regression corresponding
to the bradycardic (before = − 1.98 ± 0.21 and after = −
2.82 ± 0.17; F(2, 17) = 6.55; P < 0.01) and tachycardic (be-
fore = − 1.56 ± 0.21 and after = − 2.68 ± 0.26; F(2, 17) =
9.04; P < 0.01) responses of the baroreflex (Fig. 3c). Non-

linear regression values (G, P1, P2, ΔP) were enhanced by
the TRPV1 receptor agonist (Fig. 3c and Table 3).

The linear regression slope of both cardiac responses
(bradycardic response: before = − 1.98 ± 0.21; 60 min = −
2.11 ± 0.15; F(2, 17) = 6.55; P > 0.05; tachycardic response: be-
fore = − 1.56 ± 0.21; 60 min = − 1.64 ± 0.13; F(2, 17) = 9.03;
P > 0.05) as well as sigmoid curve parameters (G, P1, P2,
ΔP) returned to basal levels 60 min after the microinjections
(Fig. 3c and Table 3).

Table 2 Sigmoidal curve parameters generated before, 10 min, and 60 min after bilateral microinjections into the vMPFC for the corresponding drug
treatment groups

Group G (bpm/mmHg) P1 (bpm) P2 (bpm) ΔP (bpm)

AM251 100 pmol + vehicle F(2, 14) = 25.39 F(2, 14) = 14.57 F(2, 14) = 5.23 F(2, 14) = 17.05

Before − 1.55 ± 0.05 − 63 ± 6 74 ± 5 136 ± 7

10 min − 2.18 ± 0.06* − 94 ± 2* 94 ± 2* 188 ± 3*

60 min − 1.63 ± 0,07 − 61 ± 6 75 ± 7 136 ± 10

AM251 100 pmol + AP7 0.4 nmol F(2, 17) = 0.34 F(2, 17) = 0.60 F(2, 17) = 0.67 F(2, 17) = 0.79

Before − 1.84 ± 0.10 − 67 ± 12 77 ± 4 144 ± 13

10 min − 1.82 ± 0.19 − 80 ± 10 81 ± 8 161 ± 16

60 min − 1.70 ± 0.05 − 68 ± 3 73 ± 3 141 ± 4

AM251 100 pmol + vehicle F(2, 17) = 12.96 F(2, 17) = 3.93 F(2, 17) = 6.51 F(2, 17) = 17.05

Before − 1.53 ± 0.04 − 69 ± 4 72 ± 6 141 ± 6

10 min − 2.11 ± 0.06* − 93 ± 10* 105 ± 9* 197 ± 17*

60 min − 1.60 ± 0.04 − 71 ± 4 72 ± 6 143 ± 8

AM251 100 pmol + n-propyl 8 pmol F(2, 17) = 2.55 F(2, 17) = 1.19 F(2, 17) = 1.02 F(2, 17) = 0.79

Before − 1.44 ± 0.17 − 61 ± 9 74 ± 5 136 ± 8

10 min − 1.66 ± 0.16 − 71 ± 3 66 ± 6 138 ± 5

60 min − 1.89 ± 0.05 − 73 ± 4 78 ± 6 151 ± 8

AM251 100 pmol + vehicle F(2, 17) = 14.94 F(2, 17) = 8.46 F(2, 17) = 5.18 F(2, 17) = 13.47

Before − 1.71 ± 0.16 − 72 ± 6 83 ± 8 155 ± 9

10 min − 2.56 ± 0.09* − 106 ± 6* 115 ± 7* 222 ± 10*

60 min − 2.09 ± 0.05 − 81 ± 7 86 ± 9 167 ± 10

AM251 100 pmol + carboxy-PTIO 0.2 nmol F(2, 17) = 2.00 F(2, 17) = 0.68 F(2, 17) = 1.10 F(2, 17) = 1.09

Before − 1.89 ± 0.09 − 69 ± 8 83 ± 7 152 ± 13

10 min − 1.73 ± 0.11 − 63 ± 6 81 ± 8 144 ± 13

60 min − 1.97 ± 0.06 − 73 ± 3 95 ± 7 168 ± 8

AM251 100 pmol + vehicle F(2, 17) = 17.83 F(2, 17) = 7.26 F(2, 17) = 5.66 F(2, 17) = 10.11

Antes − 1.73 ± 0.06 − 72 ± 6 77 ± 4 149 ± 8

10 min − 2.31 ± 0.10* − 101 ± 7* 100 ± 3* 201 ± 9*

60 min − 1.81 ± 0.06 − 69 ± 6 85 ± 6 154 ± 10

AM251 100 pmol + ODQ 0.2 nmol F(2, 17) = 4.02 F(2, 17) = 0.41 F(2, 17) = 0.40 F(2, 17) = 1.09

Before − 1.76 ± 0.08 − 68 ± 10 74 ± 10 143 ± 11

10 min − 1.73 ± 0.10 − 75 ± 8 79 ± 7 154 ± 11

60 min − 2.02 ± 0,06 − 78 ± 5 84 ± 5 161 ± 8

Values are means ± SEM

G average gain, P1 lower HR plateau, P2 upper HR plateau, ΔP heart rate range

*P < 0.05, significant difference from values before administrations, one-way ANOVA followed by Dunnett’s post hoc test
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The injection of AP7, an NMDA receptor antagonist
(0.4 nmol) (n = 6), prior to the same dose of capsaicin

(0.1 nmol) into the vMPFC did not change basal levels of
HR (before = 373 ± 13; after = 373 ± 11 bpm; t = 0.01;

Fig. 4 Linear regression and
sigmoidal curves correlating the
responses ofΔMAP andΔHR
before, 10 min, and 60 min after
bilateral microinjection of the
respective combinations (depicted
in bold) into the vMPFC. (Top
images) (a, b; upper) Correlation r2

values for bradycardic linear
regression curves were 0.92 and
0.68 (before); 0.71 and 0.90
(10 min); and 0.91 and 0.91
(60 min). Correlation r2 values for
tachycardic linear regression curves
were 0.83 and 0.85 (before); 0.78
and 0.79 (10 min); and 0.86 and
0.85 (60min) (a, b; lower) Sigmoid
curve r2 correlation values were
0.95 and 0.92 (before); 0.90 and
0.95 (10 min); and 0.9 and 0.96
(60 min). (Bottom images) (c, d;
upper) Correlation r2 values for
bradycardic linear regression curves
were 0.63 and 0.65 (before); 0.90
and 0.59 (10 min); and 0.78 and
0.90 (60 min). Correlation r2 values
for tachycardic linear regression
curves were 0.64 and 0.73 (before);
0.82 and 0.78 (10 min); and 0.90
and 0.77 (60 min). (c, d; lower)
Sigmoid curve r2 correlation values
were 0.88 and 0.90 (before); 0.94
and 0.92 (10 min); and 0.95 and
0.94 (60 min). Values are means ±
SEM. bpm, beats min1
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P > 0.05) nor MAP (before = 103 ± 2.67; after = 102 ±
2.81 mmHg; t = 0.26; P > 0.05). In addition, NMDA

receptor blockade in the vMPFC abolished the effect of
capsaicin on both the baroreflex bradycardic (before = −
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1.65 ± 0.20;10 min = − 2.19 ± 0.30; 60 min = − 1.56 ± 0.14;
F(2, 17) = 2.35; P > 0.05) and tachycardic responses (be-
fore = − 1.91 ± 0.33 and 10 min = − 1.69 ± 0.27; 60 min =
− 2.10 ± 0.23; F(2, 17) = 0.54; P > 0.05) (Fig. 3d). The in-
crease in the sigmoid parameters (G, P1, P2, ΔP) was also
prevented (Fig. 3d and Table 3).

Effects of nNOS inhibition in the vMPFC prior to TRPV1
receptor activation on cardiac baroreflex activity
of awake rats

Microinjection of the TRPV1 receptor agonist, capsaicin
(0.1 nmol), preceded by vehicle (saline) (n = 6) in the
vMPFC did not affect basal levels of HR (before = 375 ± 14;
after = 376 ± 14 bpm; t = 0.05; P > 0.05) and MAP (before =
102 ± 2.98; after = 100 ± 2.75 mmHg; t = 0.37; P > 0.05).
However, there was an increase in the slope of the linear
regression corresponding to the bradycardic (before = − 1.77
± 0.29 and after = − 2.75 ± 0.20; F(2, 17) = 4.59; P < 0.01) and
tachycardic (before = − 1.83 ± 0.29 and after = − 2.87 ± 0.29;
F(2, 17) = 7.45; P < 0.01) responses of the baroreflex
(Fig. 4c). Non-linear regression values (G, P1, P2, ΔP) were
enhanced by the TRPV1 receptor agonist (Fig. 4c and
Table 3).

The linear regression slope of both cardiac responses
(bradycardic response: before = − 1.77 ± 0.29; 60 min = −
1.99 ± 0.22; F(2, 17) = 4.59; P > 0.05; tachycardic response:
before = − 1.83 ± 0.29; 60 min = − 1.62 ± 0.11; F(2, 17) =
7.45; P > 0.05) as well as sigmoid curve parameters (G, P1,
P2, ΔP) returned to basal levels 60 min after the microinjec-
tions (Fig. 4c and Table 3).

The injection of n-propyl, nNOS inhibitor (8 pmol) (n =
6), before the same dose of capsaicin (0.1 nmol) in the
vMPFC did not change the basal levels of HR (before =
365 ± 12; after = 369 ± 10 bpm; t = 0.24; P > 0.05) nor
MAP (before = 100 ± 2.12; after = 101 ± 2.12 mmHg; t =
0.28; P > 0.05). In addition, nNOS inhibition into the
vMPFC abolished the effect of capsaicin on both the

baroreflex bradycardic (before = − 1.54 ± 0.24;10 min = −
1.98 ± 0.35; 60 min = − 1.73 ± 0.13; F (2 , 17) = 0.76;
P > 0.05) and tachycardic responses (before = − 2.75 ±
0.35; 10 min = − 2.65 ± 0.30; 60 min = − 2.23 ± 0.26; F(2,

17) = 0.71; P > 0.05) (Fig. 3d). The increase in the sigmoid
parameters (G, P1, P2,ΔP) was also prevented (Fig. 4d and
Table 3).

Effects of extracellular NO scavenging in the vMPFC
prior to TRPV1 receptor activation on cardiac
baroreflex activity of awake rats

Microinjection of the TRPV1 receptor agonist, capsaicin
(0.1 nmol), preceded by vehicle (saline) (n = 6) in the
vMPFC did not affect basal levels of HR (before = 362 ± 13;
after = 363 ± 12 bpm; t = 0.06; P > 0.05) and MAP (before =
103 ± 2.74; after = 104 ± 2.40 mmHg; t = 0.32; P > 0.05).
However, there was an increase in the slope of the linear
regression corresponding to the bradycardic (before = − 1.68
± 0.29 and after = − 2.59 ± 0.24; F(2, 17) = 25.76; P < 0.0001)
and tachycardic (before = − 1.83 ± 0.29 and after = − 2.87 ±
0.19; F(2, 17) = 19.47; P < 0.001) responses of the baroreflex
(data not shown). Non-linear regression values (G, P1, P2,
ΔP) were enhanced by the TRPV1 receptors agonist
(Table 3).

The linear regression slope of both cardiac responses
(bradycardic response: before = − 1.68 ± 0.29; 60 min = −
1.99 ± 0.20; F(2, 17) = 25.76; P > 0.05; tachycardic response:
before = − 1.83 ± 0.29; 60 min = − 1.62 ± 0.10; F(2, 17) =
19.47; P > 0.05) (data not shown) as well as sigmoid curve
parameters (G, P1, P2, ΔP) returned to basal levels 60 min
after the microinjections (Table 3).

The injection of c-PTIO (0.2 nmol) (n = 6), a NO scaven-
ger, before capsaicin (0.1 nmol) into the vMPFC did not
change basal levels of HR (before = 372 ± 11; after = 375 ±
10 bpm; t = 0.20; P > 0.05) nor MAP (before = 102 ± 2.86;
after = 101 ± 1.34 mmHg; t = 0.01; P > 0.05). However, the
NO scavenger did not abolish the effect of capsaicin on both
the baroreflex bradycardic (before = − 1.51 ± 0.23; 10 min =
− 2.33 ± 0.15; F(2, 17) = 15.26; P < 0.001) and tachycardic re-
sponses (before = − 1.78 ± 0.16; 10 min = − 2.76 ± 0.24; F(2,

17) = 16.00; P < 0.001) (data not shown). Sigmoid parameters
were also increased (Table 3).

The linear regression slope of both cardiac responses
(bradycardic response: before = − 1.51 ± 0.23; 60 min = −
1.70 ± 0.14; F(2, 17) = 15.26; P > 0.05; tachycardic response:
before = − 1.78 ± 0.16; 60 min = − 1.73 ± 0.06; F(2, 17) =
16.00; P > 0.05) (data not shown), as well as sigmoid curve
parameters (G, P1, P2,ΔP) (Table 3), returned to basal levels
60 min after the microinjections.

In another group of animals, c-PTIO was injected into the
vMPFC at a higher dose (0.4 nmol), prior to the same dose of
capsaicin (0.1 nmol; n = 6). Neither microinjections altered

�Fig. 5 Linear regression and sigmoidal curves correlating the responses
of ΔMAP and ΔHR before, 10 min, and 60 min after bilateral
microinjection of the respective combinations (depicted in bold) into
the vMPFC. (Top images) (a, b; upper) Correlation values for
bradycardic linear regression curves were 0.84 and 0.77 (before); 0.93
and 0.66 (10 min); and 0.87 and 0.94 (60 min). Correlation values for
tachycardic linear regression curves were 0.83 and 0.71 (before); 0.86 and
0.75 (10 min); and 0.78 and 0.89 (60 min). (a, b; lower) Sigmoid curve
correlation values were 0.94 and 0.93; 0.96 and 0.91 (10 min); and 0.95
and 0.96 (60 min). (Bottom images) (c, d; upper) Correlation r2 values for
bradycardic linear regression curves were 0.87 and 0.91 (before); 0.92
and 0.76 (10 min); and 0.71 and 0.85 (60 min). Correlation values for
tachycardic regression curves were 0.72 and 0.70 (before); 0.94 and 0.80
(10 min); and 0.88 and 0.74 (60 min). (c, d; lower) Sigmoid curve corre-
lation values were 0.93 and 0.92 (before); 0.96 and 0.91 (10 min); and
0.93 and 0.93 (60 min) Values are means ± SEM. bpm, beats min1
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the basal levels of HR (before = 359 ± 15; after = 365 ±
13 bpm; t = 0.29; P > 0.05) or MAP (before = 103 ± 3.14; af-
ter = 102 ± 4.00 mmHg; t = 0.31; P > 0.05). Different from the
previous protocol, this higher dose of c-PTIO was able to
prevent the effects of capsaicin on the bradycardic (before =
− 2.23 ± 0.19; 10 min = − 2.22 ± 0.25; F(2, 14) = 0.02;
P > 0.05) and tachycardic (before = − 2.05 ± 0.29; 10 min =
− 2.11 ± 0.21; F(2, 14) = 0.06; P > 0.05) responses of the baro-
reflex (Fig. 5d). The values of the sigmoid curve (G, P1, P2,
ΔP) were also not affected (Fig. 4d and Table 3). For this
experiment, a control group was used, in which the injection
of capsaicin was preceded by vehicle (saline) (n = 6). Basal
levels of HR (before = 357 ± 11; after = 362 ± 9 bpm; t = 0.32;
P > 0.05) and MAP (before = 101 ± 2.55; after = 104 ±
2.99 mmHg; t = 0.59; P > 0.05) were not modified by the in-
jections. The slope of the bradycardic (before = − 1.91 ± 0.15;
10 min = − 2.89 ± 0.21; F(2, 17) = 10.46; P < 0.01) and
tachycardic (before = − 1.80 ± 0.24; 10 min = − 2.62 ± 0.16;
F(2, 17) = 16.16; P < 0.001) reflexes was enhanced after the mi-
croinjections into the area (Fig. 5c). The values of the sigmoid
curve (G, P1, P2, ΔP) were also increased (Fig. 5c and Table 3).

The linear regression slope of both cardiac responses
(bradycardic response: before = − 1.91 ± 0.15; 60 min = −
2.14 ± 0.27; F(2, 17) = 10.46; P > 0.05; tachycardic response:
before = − 1.80 ± 0.24; 60 min = − 1.84 ± 0.08; F(2, 17) =
16.16; P > 0.05) as well as sigmoid curve parameters (G, P1,
P2, ΔP) returned to the basal levels 60 min after microinjec-
tions (Fig. 5c and Table 3).

Effects of sGC inhibition in the vMPFC prior to TRPV1
receptor activation on cardiac baroreflex activity
of awake rats

Microinjection of the TRPV1 receptor agonist, capsaicin
(0.1 nmol), preceded by vehicle (saline) (n = 6) in the
vMPFC did not affect basal levels of HR (before = 350 ± 12;
after = 351 ± 10 bpm; t = 0.05; P > 0.05) and MAP (before =

102 ± 2.59; after = 104 ± 1.93 mmHg; t = 0.36; P > 0.05).
However, there was an increase in the slope of the linear
regression corresponding to the bradycardic (before = − 1.82
± 0.20; after = − 2.69 ± 0.23; F(2, 17) = 7.35; P < 0.01) and
tachycardic (before = − 1.94 ± 0.11; after = − 2.61 ± 0.10; F(2,

17) = 5.46; P < 0.05) responses of the baroreflex (Fig. 6c).
Non-linear regression values (G, P1, P2, ΔP) were enhanced
by the TRPV1 receptor agonist (Fig. 6c and Table 3).

The linear regression slope of both cardiac responses
(bradycardic response: before = − 1.82 ± 0.20; 60 min = −
1.68 ± 0.17; F(2, 17) = 7.36; P > 0.05; tachycardic response:
before = − 1.82 ± 0.20; 60 min = − 2.19 ± 0.20; F(2, 17) =
5.46; P > 0.05) as well as sigmoid curve parameters (G, P1,
P2,ΔP) returned to the basal levels 60 min after the microin-
jections (Fig. 6c and Table 3).

The injection of ODQ, a sGC inhibitor (0.2 nmol) (n = 6),
before the same dose of capsaicin (0.1 nmol) into the vMPFC
did not change the basal levels of HR (before = 372 ± 13; af-
ter = 373 ± 12 bpm; t = 0.06; P > 0.05) nor MAP (before = 98
± 2.15; after = 98 ± 2.12 mmHg; t = 0.17; P > 0.05). In addi-
tion, sGC inhibition in the vMPFC abolished the effect of
capsaicin on both the baroreflex bradycardic (before = −
1.39 ± 0.17; 10 min = − 1.47 ± 0.26; 60 min = − 1.49 ± 0.17;
F(2, 17) = 0.06; P > 0.05) and tachycardic responses (before =
− 2.11 ± 0.30; 10 min = − 2.24 ± 0.28; 60 min = − 1.64 ± 0.42;
F(2, 17) = 0.86; P > 0.05) (Fig. 6d). The increase in the sigmoid
parameters (G, P1, P2, ΔP) was also prevented (Fig. 6d and
Table 3).

Effects of either 6-IODO (3 nmol), AM251 (100 pmol),
or capsaicin (0.1 nmol) in the vMPFC surrounding
structures combined with the respective vehicles
on cardiac baroreflex activity

Microinjection of 6-IODO (3 nmol) preceded by vehicle
(DMSO 10%) (n = 4) into the vMPFC surrounding areas did
not modify basal levels of HR (before = 362 ± 15; after = 364
± 17 bpm; t = 0.09; P > 0.05) or MAP (before = 103 ± 3.49;
after = 107 ± 2.96 mmHg; t = 0.77; P > 0.05). In addition,
there was no alteration in the bradycardic (before = − 1.84 ±
0.11; 10min = − 1.57 ± 0.12; 60min after = − 1.60 ± 0.12; F(2,

11) = 3.93; P > 0.05) or tachycardic response (before = − 1.72
± 0.07; 10 min = − 1.73 ± 0.04; 60 min after = − 1.91 ± 0.07;
F(2, 11) = 3.39; P > 0.05) (data not shown). Sigmoid curve pa-
rameters (G, P1, P2, ΔP) were also not altered (data not
shown).

Injection of AM251 (100 pmol) preceded by vehicle
(saline) (n = 5) into the vMPFC surrounding structures
did not change basal levels of HR (before = 379 ± 10; af-
ter = 372 ± 10 bpm; t = 0.47; P > 0.05) or MAP (before =
103 ± 2.80; after =106 ± 2.71 mmHg; t = 0.51; P > 0.05).
We observed no alteration in either the bradycardic (be-
fore = − 1.82 ± 0.15; 10 min = − 1.83 ± 0.19; 60 min

�Fig. 6 (Top) Linear regression and sigmoidal curves correlating the
responses of ΔMAP and ΔHR before, 10 min, and 60 min after
bilateral microinjection of the respective combinations (depicted in
bold) into the vMPFC. (Top images) (a, b; upper) Correlation values
for bradycardic linear regression curves were 0.79 and 0.71 (before);
0.81 and 0.75 (10 min); and 0.81 and 0.90 (60 min). Correlation r2 values
for tachycardic linear regression curves were 0.91 and 0.62 (before); 0.96
and 0.70 (10 min); and 0.86 and 0.87 (60 min). (a, b; lower) Sigmoid
curve correlation values were 0.94 and 0.90 (before); 0.92 and 0.91
(10 min); and 0.95 and 0.91 (60 min). (Bottom images) (c, d; upper)
Correlation values for bradycardic regression curves were 0.80 and 0.76
(before); 0.86 and 0.59 (10 min); and 0.81 and 0.78 (60 min). Correlation
r2 values for tachycardic regression curves were 0.93 and 0.69 for data
recorded before; 0.97 and 0.74 for data recorded 10 min after; and 0.85
and 0.40 for data recorded 60 min after the microinjections into the
vMPFC. (c, d; lower) Sigmoid curve correlation values were 0.95 and
0.90 (before); 0.96 and 0.90 10 min); and 0.94 and 0.91 (60 min). Values
are means ± SEM. bpm, beats min1
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after = − 1.74 ± 0.08; F ( 2 , 14 ) = 0.16; P > 0.05) or
tachycardic reflexes (before = − 2.09 ± 0.08; 10 min = −
2.10 ± 0.11; 60 min after = − 2.06 ± 0.07; F(2, 14) = 0.04;

P > 0.05) (data not shown). There was also no alteration
in the non-linear regression parameters (G, P1, P2, ΔP)
(data not shown).

Table 3 Sigmoidal curve parameters generated before, 10 min, and 60 min after the bilateral microinjections into the vMPFC for the corresponding
drug treatment groups

Group G (bpm/mmHg) P1 (bpm) P2 (bpm) ΔP (bpm)

Capsaicin 0.1 nmol + vehicle F(2, 17) = 7.11 F(2, 17) = 4.97 F(2, 17) = 12.31 F(2, 17) = 13.56

Before − 1.53 ± 0.09 − 76 ± 5 62 ± 6 138 ± 9

10 min − 1.94 ± 0.09* − 99 ± 6* 100 ± 7* 198 ± 10*

60 min − 1.74 ± 0.05 − 82 ± 5 67 ± 3 148 ± 7

Capsaicin 0.1 nmol + AP7 0.4 nmol F(2, 17) = 2.65 F(2, 17) = 1.55 F(2, 17) = 0.40 F(2, 17) = 1.09

Before − 1.54 ± 0.08 − 65 ± 6 71 ± 11 135 ± 11

10 min − 1.78 ± 0.08 − 80 ± 11 69 ± 8 149 ± 13

60 min − 1.73 ± 0.06 − 64 ± 4 78 ± 8 142 ± 10

Capsaicin 0.1 nmol + vehicle F(2, 17) = 14.96 F(2, 17) = 4.77 F(2, 17) = 8.06 F(2, 17) = 9.03

Before − 1.66 ± 0.11 − 68 ± 9 75 ± 9 143 ± 14

10 min − 2.29 ± 0.09* − 103 ± 8* 105 ± 8* 208 ± 13*

60 min − 1.74 ± 0.06 − 79 ± 8 67 ± 2 145 ± 9

Capsaicin 0.1 nmol + n-propyl 0.2 nmol F(2, 17) = 5.00 F(2, 17) = 1.76 F(2, 17) = 1.37 F(2, 17) = 1.30

Before − 1.94 ± 0.12 − 58 ± 8 104 ± 12 161 ± 15

10 min − 2.32 ± 0.15 − 78 ± 10 103 ± 7 181 ± 11

60 min − 1.83 ± 0.07 − 69 ± 4 85 ± 8 154 ± 11

Capsaicin 0.1 nmol + vehicle F(2, 17) = 14.96 F(2, 17) = 4.77 F(2, 17) = 8.06 F(2, 17) = 9.03

Before − 1.66 ± 0.11 − 68 ± 9 75 ± 9 143 ± 14

10 min − 2.29 ± 0.09* − 103 ± 8* 105 ± 8* 208 ± 13*

60 min − 1.74 ± 0.06 − 79 ± 8 67 ± 2 145 ± 9

Capsaicin 0.1 nmol + carboxy-PTIO 0.2 nmol F(2, 17) = 28.88 F(2, 17) = 15.03 F(2, 17) = 18.44 F(2, 17) = 14.54

Before − 1.94 ± 0.12 − 58 ± 8 61 ± 5 120 ± 10

10 min − 2.32 ± 0.15* − 78 ± 10* 100 ± 9* 188 ± 12*

60 min − 1.83 ± 0.07 − 69 ± 4 67 ± 2 132 ± 5

Capsaicin 0.1 nmol + vehicle F(2, 17) = 26.47 F(2, 17) = 8.23 F(2, 17) = 13.04 F(2, 17) = 17.56

Before − 1.94 ± 0.12 − 76 ± 5 69 ± 8 145 ± 12

10 min − 2.32 ± 0.15* − 107 ± 6* 97 ± 5* 206 ± 10*

60 min − 1.83 ± 0.07 − 80 ± 10 74 ± 4 153 ± 14

Capsaicin 0.1 nmol + carboxy-PTIO 0.4 nmol F(2, 14) = 1.09 F(2, 14) = 0.05 F(2, 14) = 0.06 F(2, 17) = 1.30

Before − 1.70 ± 0.08 − 79 ± 5 77 ± 10 156 ± 11

10 min − 1.58 ± 0.11 − 82 ± 10 75 ± 6 157 ± 12

60 min − 1.76 ± 0.06 − 83 ± 7 76 ± 11 159 ± 12

Capsaicin 0.1 nmol + vehicle F(2, 17) = 58.27 F(2, 17) = 14.19 F(2, 17) = 6.72 F(2, 17) = 15.32

Before − 1.63 ± 0.05 − 67 ± 6 76 ± 4 144 ± 8

10 min − 2.48 ± 0.08* − 103 ± 6* 101 ± 3* 205 ± 7*

60 min − 1.59 ± 0.06 − 63 ± 5 83 ± 7 146 ± 11

Capsaicin 0.1 nmol + ODQ 0.2 nmol F(2, 17) = 1.67 F(2, 17) = 0.42 F(2, 17) = 0.03 F(2, 17) = 0.16

Before − 1.57 ± 0.10 − 50 ± 6 − 85 ± 7 135 ± 10

10 min − 1.66 ± 0.09 − 55 ± 9 − 85 ± 8 141 ± 13

60 min − 1.89 ± 0.17 − 59 ± 6 − 83 ± 4 142 ± 5

Values are means ± SEM

G average gain, P1 lower HR plateau, P2 upper HR plateau, ΔP heart rate range

*P < 0.05, significant difference from values before administrations, one-way ANOVA followed by Dunnett’s post hoc test
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Administration of capsaicin (0.1 nmol) preceded by vehicle
(saline) in the vMPFC surrounding structures did not alter basal
levels of HR (before = 371 ± 15; after = 374 ± 13 bpm; t = 0.11;
P > 0.05) or MAP (before = 104 ± 3.48; after = 101 ±
2.94 mmHg; t = 0.61; P > 0.05). Moreover, regression line
curves related to the bradycardic (before = − 1.99 ± 0.20;
10 min = − 1.68 ± 0.08; 60 min after = − 1.75 ± 0.16; F(2, 14) =
1.15; P > 0.05) or tachycardic responses (before = − 1.97 ±
0.08; 10 min = − 2.08 ± 0.13; 60 min after = − 2.00 ± 0.07; F(2,
14) = 0.32; P > 0.05) were not changed (data not shown).
Parameters of the sigmoid curve (G, P1, P2, ΔP) were also
not affected (data not shown).

Effects of bilateral microinjections of combined
vehicles (10% DMSO and 100% DMSO)
into the vMPFC on cardiac baroreflex activity

In order to exclude the possible effects of the vehicles used, we
performed the injection of the combination of vehicles into the
vMPFC, as a control group. Microinjection of 10% DMSO
preceded by 100% DMSO into the vMPFC did not change
basal levels of HR (before = 370 ± 16; after = 368 ± 15 bpm;
t = 0.09; P > 0.05) and MAP (before = 104 ± 2.06; after = 104
± 3.16 mmHg; t = 0.05; P > 0.05). Moreover, there was no al-
teration in the slope of the regression line curve of both the
bradycardic (before = − 1.48 ± 0.07; 10 min = − 1.49 ± 0.09;
60 min = − 1.47 ± 0.04; 60 min = 1,47 ± 0.04; F(2, 14) = 0.01;

P > 0.05) and tachycardic (before = − 1.76 ± 0.07; 10 min = −
1.66 ± 0.05; 60 min = − 1.67 ± 0.08; F(2, 14) = 3.83; P < 0.05)
baroreflex responses. Sigmoid curve parameters (G, P1, P2,
ΔP) were also not affected (data not shown).

Discussion

One of our hypotheses is that vMPFC CB1 and TRPV1 act
jointly in cardiac baroreflex modulation. They are co-
expressed in several brain areas, including the vMPFC, and
can be activated by their endogenous agonist, the
endocannabinoid AEA [18, 60]. Despite being stimulated by
the same ligand, they are capable of inducing opposite effects
in the brain [37]. Rubino and colleagues (2008) showed that
vMPFC injection with methanandamide induced a CB1

receptor-dependent anxiolytic-like effect at lower doses. On
the other hand, an anxiogenic-like effect through TRPV1 re-
ceptor stimulation was observed at a higher concentration of
this compound [51]. Furthermore, there is an interaction be-
tween these two receptors in the PL in the modulation of
anxiety behaviors [24], suggesting an opposing physiological
relationship of both systems in the vMPFC. Corroborating
these results, data from our group demonstrate that vMPFC
CB1 and TRPV1 may either reduce or enhance the cardiac
responses of the baroreflex, respectively [22, 34]. Therefore,
we sought to investigate the interaction between these two

Fig. 7 Theoretical model of the vMPFC neurotransmission involved in
the modulation of the cardiac baroreflex response: (1) during baroreflex
stimulation, glutamate is released in the vMPFC on account of calcium
influx into neurons. (2) Glutamate activates NMDA receptors, engaging
calcium to enter in the postsynaptic neuron. (3) Calcium ions stimulate
NO synthesis through nNOS. (4) NO is then released into the synaptic
cleft and diffuses across the presynaptic membrane, as a retrograde neu-
rotransmitter. (5) Once in the presynaptic neuron, NO activates sGC,
producing cGMP. (6) This intracellular messenger is involved in the ac-
tivation of protein kinases, facilitating calcium entrance and (7) glutamate
release. The facilitation of this process enhances the tachycardic and

bradycardic baroreflex responses (3′) NMDA receptor incoming calcium
ions are also involved in the AEA synthetic metabolic pathway. (4′) AEA
acts as retrograde neuromodulator and activates presynaptic CB1 recep-
tors. (5′) CB1 receptors, in turn, inhibit calcium influx through the pre-
synaptic membrane and glutamate release. By negatively modulating
NMDA/NO pathway, the CB1 receptors are able to decrease baroreflex
cardiac responses. (6′) AEA can also activate the TRPV1 receptors, which
triggers calcium entrance into postsynaptic membrane, (7′) stimulating
NO production by nNOS activation and consequently, glutamate release.
Because of this, TRPV1 channels are able to counteract the effect of CB1

receptors on baroreflex response
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receptors into vMPFC in baroreflex modulation. Interestingly,
we found that there is a balance in the activation of both
receptors in vMPFC.We strongly suggest that AEA is respon-
sible for such balance, once that it is the only endogenous
mediator, known so far, able to bind to both receptors [18,
60]. We cannot exclude the participation of other
n eu r omodu l a t o r s i n t h i s p a t hway, s u ch a s 2 -
arachidonoylglycerol and N-arachidonoyldopamine [18, 52].
However, we do not believe they are engaged in this balance,
once they are selective endogenous agonists for CB1 or
TRPV1 receptors, respectively [18, 52]. In addition, it was
demonstrated that inhibitors of AEA degradation or uptake
induced a CB1 receptor-dependent reduction on baroreflex
activity, when injected into the vMPFC [22]. Therefore, we
believe that when CB1 receptors are blocked, the action of
AEA on TRPV1 becomes predominant, leading to an en-
hancement of the baroreflex response. In the opposite situa-
tion, TRPV1 receptor antagonism favors the stimulation of
CB1 receptors by AEA, reducing baroreflex activity.
Although authors have found difficult it to compare the affin-
ities of AEA to such different molecular targets, it has been
suggested that this compound has a bigger affinity to CB1

receptors, when compared to TRPV1. Also, AEA displays a
greater intrinsic activity to CB1 receptors then to TRPV1 chan-
nels [40, 45, 50]. Such pharmacological profile suggests that
TRPV1 receptors are activated when a higher concentration of
AEA in the synaptic cleft is reached. However, our data indi-
cates that AEA concentration is already enough to activate
both receptors, since that when one of them is antagonized
the effect of the other one predominates. Therefore, we em-
phasize that there is a balance in the activation of CB1 and
TRPV1 receptors by AEA in vMPFC on the modulation of
baroreflex response, despite of the different pharmacological
profile of this compound for both receptors.

The converse effects of these two receptors are based on
their particular intracellular cascades. TRPV1 receptors are
coupled to calcium channels, which facilitate ion influx to
neurons, being found in either presynaptic or postsynaptic
membranes [12, 55]. Meanwhile, CB1 receptors are mainly
located at presynaptic neurons and are coupled to a Gi

protein, which activates potassium channels and inhibits
calcium entrance [59]. Therefore, both receptors influence
the intracellular concentration of calcium, being able to
control the release of neurotransmitters in the brain, such
as glutamate [3, 37]. Glutamate may activate NMDA, non-
NMDA receptors, and metabotropic receptors. NMDA re-
ceptors increase calcium concentration inside postsynaptic
neurons, stimulating AEA synthesis, which in turn binds to
CB1 and TRPV1 [60]. Auclair and colleagues (2000)
showed that CB1 receptors have an inhibitory role on post-
synaptic excitatory currents in the vMPFC [3], suggesting
that these receptors are capable of reducing L-glu release in
this s t ructure . Moreover, vMPFC glutamatergic

transmission facilitates bradycardic and tachycardic re-
sponses through NMDA receptors [23]. Since vMPFC
CB1 receptors negatively modulate both glutamate release
and the baroreflex response, we assumed that there is a
physiological interaction between these cannabinoid recep-
tors and NMDA channels in the modulation of the barore-
flex activity. In fact, when the NMDA receptors were an-
tagonized, prior to CB1 blockade in the vMPFC, this effect
was prevented.

Additionally, the baroreflex response mediated by
vMPFC NMDA receptors depends on NO synthesis,
through nNOS activation [23]. Because enhancement of
baroreflex activity induced by CB1 receptor blockade in-
volves the NMDA receptor activation, we aimed to verify
whether this effect would engage nNOS. vMPFC nNOS
inhibition was able to prevent the baroreflex increase in-
duced by CB1 receptor antagonism.

After its synthesis, NO may be released from the postsyn-
aptic neuron, acting on the presynaptic terminal as a retro-
grade messenger [42]. Thus, we administered the NO scaven-
ger, c-PTIO, prior to CB1 antagonist injection in the vMPFC
in order to confirm this possibility. This compound cannot
cross the cell membrane, binding to extracellular NO mole-
cules, which precludes NO diffusion through the presynaptic
membrane [32]. Consequently, we conclude that CB1 recep-
tors may reduce NO release to the cleft, buffering baroreflex
response. Moreover, NO seems to activate soluble guanylate
cyclase (sGC) in this pathway, since its inhibition also fore-
closes the effect of CB1 antagonism on the cardiac baroreflex.

On the other hand, the predominant effect of AEA on
TRPV1 receptors in the vMPFC due to CB1 blockade could
result in NMDA activation and NO synthesis, once they are
able to facilitate glutamate release and NO production in the
brain [41]. Conversely, both vMPFC TRPV1 receptors have
been implicated in augmentation of cardiac baroreflex re-
sponses [34]. Based on our results, these receptors exert
their function on baroreflex response by acting on the same
pathway in which CB1 receptor does. Nevertheless, c-PTIO
(0.2 nmol) which had blocked the effects of CB1 receptor
antagonism in the vMPFC was unable to inhibit the effects
of capsaicin on baroreflex response (data not shown).
Consequently, a higher dose of c-PTIO (0.4 nmol) was used.
This new dose inhibited the effects of vMPFC TRPV1 acti-
vation on the baroreflex. Such result may reflect a larger
amount of NO released in the synaptic cleft due to TRPV1

stimulation on account of stimulation of TRPV1 receptors
located in cells that do not take part in the neurotransmission
proposed, promoting non-physiological effects. One of the
possibilities is the involvement astrocytes and microglia in
this effect. Such cells are capable of releasing not only glu-
tamate but also NO as a consequence of TRPV1 activation
[4]. The higher concentration of NO in the cleft would, in
turn, impair the effect at the lower dose of c-PTIO. Raising
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the concentration of the NO scavenger, a lower amount of
NOmolecules would reach the presynaptic neuron, preclud-
ing the baroreflex enhancement promoted by TRPV1

activation.
Based on these results, we believe that there is, indeed, a

balance between vMPFC CB1 and TRPV1 receptor activa-
tion by AEA for baroreflex modulation. Furthermore, they
are both linked to inhibition or facilitation of NMDA/NO/
sGC pathway, in order to either decrease or increase the
baroreflex response, respectively. Moreover, the effects of
vMPFC microinjection are specific to the compounds used,
since the combination of vehicles induced no effect on baro-
reflex parameters. Despite of the high concentration of
DMSO used in this study, this result is in line with other
observations found in the literature, which demonstrates
no effect of DMSO 100% injected in the vMPFC on behav-
ioral responses, in which cardiovascular changes are elicit-
ed [24] (Fig. 7).

In addition, GABAergic neurotransmission is also present
in vMPFC. Importantly, CB1 receptors were found in
parvalbumin GABAergic neurons in the area [58].
Furthermore, administration of a GABAA receptor antagonist
in the vMPFC reduced pressor and tachycardic responses
evoked by restraint stress in rats [21]. Such result suggests it
could be involved in the modulation of short-term cardiovas-
cular responses, such as the baroreflex. However, this idea has
not been tested yet. Thus, this matter deserves further
investigation.

In this context, it is well described that cardiovascular
adaptations during stressful conditions occur to redistribute
blood flow throughout the body. Both cardiac parasympa-
thetic and sympathetic branches are activated during these
situations in order to regulate HR and MAP increases [17,
25]. So that these alterations may happen the baroreflex set
point must be displaced towards higher BP values. In addi-
tion, the tachycardic reflex is potentiated while the
bradycardic response is reduced by aversive stimuli [17].
Interestingly, vMPFC glutamatergic transmission facilitates
the behavioral and cardiovascular alterations elicited during
the conditioned emotional response (CER) through NMDA
receptors and NO production [47]. Also, TRPV1 receptors
located in the vMPFC are also able to increase HR andMAP
responses during CER, while CB1 receptor decrease such
responses [36, 54]. Taking these results together with our
data, glutamatergic and nitrergic transmissions of the
vMPFC may be controlled by both TRPV1 and CB1 recep-
tors in order to regulate the modifications in the baroreflex
sympathetic and parasympathetic responses during CER,
allowing cardiovascular adjustments discriminative of
stressful situations [17].

Another eliciting factor for cardiovascular changes is
physical exercise (PE) [53]. The vMPFC nitrergic system
is activated in rats during the treadmill running test, since an

increased concentration of NO metabolites (NOx) in the
vMPFC was observed. In addition, intraperitoneal injection
of a nNOS inhibitor attenuated the HR increase at the mo-
ment of the test. Therefore, NO transmission into the
vMPFC may be involved in cardiac baroreflex modulation
during PE. However, pretreatment of those animals with a
NMDA antagonist did not block the elevation in NOx con-
centration in the vMPFC, which implies that such receptors
may not be a source of NO for the baroreflex regulation in
this case [11]. Nevertheless, TRPV1 receptors in turn could
lead to NO synthesis in the area during the treadmill run-
ning, since they are also engaged in nNOS activation
through calcium influx [5]. Therefore, we suggest from
the present study that the proposed vMPFC neurotransmis-
sion may regulate the cardiac baroreflex response not only
in aversive situations but also during physiological stress,
such as PE.

The autonomic activity may be impaired in neurodegen-
erative conditions. For instance, in Alzheimer’s disease
(AD), it has been observed that the cardiac sympathetic
drive is considerably raised, while the parasympathetic
tone is reduced, pointing to a sympatho-vagal imbalance
in AD [1]. Furthermore, baroreflex sensitivity is decreased
in patients with this disorder and the impairment is more
pronounced in advanced cases [38]. Another example of a
disease that may alter the cardiovascular and baroreflex
activities is multiple sclerosis (MS), since lower levels of
HR and postural hypotension were observed in MS pa-
tients [2]. Interestingly, both diseases affect the MPFC. In
AD, there is an aberrant glutamate and NO release as well
as an increase in the expression of CB1 receptors in the
structure [6, 39]. Moreover, TRPV1 channels have been
suggested to exert a neurotoxic effect in AD [7].
Meanwhile, in MS glutamate release and AEA content
are decreased in the MPFC [10, 13]. The reduction in
AEA concentration could cause imbalance of CB1 and
TRPV1 activation in the MPFC and, therefore, NMDA/
NO signaling. In this way, we suggest that functional al-
terations in the vMPFC neurotransmission found in these
infirmities could induce modifications in baroreflex activ-
ity, leading to autonomic symptoms observed in patients.
Furthermore, the baroreflex response is also impaired in
some important neurological and mental diseases, such as
neuropathic pain, posttraumatic stress disorder, and major
depressive disorder. At the same time, vMPFC neurotrans-
mission described in the present study is affected by those
pathologies [26, 28–30]. However, it has not yet been clar-
ified whether alteration in cortical neurotransmission is in-
deed involved in baroreflex dysfunction in such diseases
and this deserves further investigation. Revealing such
mechanisms would be the first step in preventing the car-
diac events described in patients that suffer from these
disorders [14–16, 57].
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In conclusion, the present study has shown opposing
physiological roles for vMPFC TRPV1 and CB1 receptors
in modulation of cardiac baroreflex activity. Furthermore,
TRPV1 facilitates baroreflex activity by inducing NMDA
channel activation and NO production. On the other hand,
this same neuronal pathway in the vMPFC is inhibited by
CB1 receptors, which can, therefore, reduce baroreflex car-
diac responses.
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