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Abstract
Background: The dorsomedial periaqueductal gray (dmPAG) is a mesencephalic area 
and has numerous functions including cardiovascular regulation. Because nitric oxide 
(NO) is present in the dmPAG, here we investigate, the probable cardiovascular effect 
of NO in the dmPAG.
Methods: Five groups (n  =  6 for each group) were used as follows: (1) control; (2) 
L-NAME (NG-nitro-L-arginine methyl ester, a NO synthase inhibitor, 90 nmol); (3) L-
arginine (L-Arg, a precursor for NO, 60 nmol); (4) Sodium nitroprusside (SNP, a NO 
donor, 27 nmol); and (5) L-Arg + L-NAME. The cardiovascular parameters were re-
corded by a Power Lab device after cannulation of the femoral artery. Drugs were 
injected using a stereotaxic instrument. The changes (∆) in systolic blood pressure 
(SBP), mean arterial pressure (MAP), and heart rate (HR) were calculated at different 
times and compared to the control group.
Results: Microinjection of L-NAME significantly increased ∆SBP, ∆MAP, and ∆HR 
more than saline (from p < 0.05 to p < 0.001). L-Arg only significantly increased ∆HR 
(p < 0.05). In the L-Arg + L-NAME group, the above parameters also significantly in-
creased (from p < 0.01 to p < 0.05) but not as significantly as with L-NAME alone. 
Microinjection of SNP significantly decreased ∆SBP and ∆MAP more than in the 
control and L-NAME groups (from p < 0.01 to p < 0.001), but ∆HR did not change 
significantly.
Conclusion: The results indicated that NO in dmPAG has an inhibitory effect on car-
diovascular responses in anesthetized rats.
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1  |  INTRODUC TION

The periaqueductal gray column (PAG) is a mesencephalic region 
involved in several functions including cardiovascular changes in-
tegrated with emotional behaviors.1 The PAG is divided into four 
distinct columns based on its functions, named lateral (lPAG), dor-
solateral (dlPAG), ventrolateral (vlPAG), and dorsomedial (dmPAG).

The dmPAG column has been assoicaited with effects on the de-
fensive (freeze, flight, or fight threat response) and aversive control of 
behaviors (inhibiting switch or off fear response). It has been reported 
that chemical or electrical incitement of dmPAG stimulates freezing, 
arousal, and escape reactions in animals.2 In addition, the dmPAG re-
gion is a major contributor to fear and anxiety mediation and associ-
ated defense mechanisms.3,4 In the case of cardiovascular regulation, it 
has been shown that the dmPAG receives inputs from various divisions 
in ventrolateral medulla and spinal cord5 and develops outputs to the 
rostral ventrolateral medulla (RVLM, an important area in the control 
of the cardiovascular system), parabrachial complex (PB), and midline 
medulla (MM) as sources of premotor neurons.5 The PAG also receives 
excitatory inputs from higher regions such as dorsomedial hypothala-
mus (DMH).6

Various effects of this column on the cardiovascular system have 
been reported. For instance, microinjection of lipopolysaccharides 
(LPS) into the dmPAG causes a decrease in blood pressure (BP), and a 
non-significant increase in heart rate (HR).7 In another study, micro-
injection of noradrenaline into this area evoked pressor responses 
and associated bradycardia.8

Nitric oxide (NO) is an important agent with several periph-
eral and central effects. Clinical trials have shown an association 
between hypertension, atherosclerosis, and hypoxia and the 
nitric oxide system.9 In the brain, this substance acts as a neu-
rotransmitter and contributes to numerous functions including 
cardiovascular modulation. NO is synthesized by a family of en-
zymes, nitric oxide synthase (NOS) (Tai, 2007), with three differ-
ent isoforms – endothelial (eNOS), inducible (iNOS), and neural 
(nNOS). L-Arginine (L-Arg) is a biological precursor of NO that 
via the effect of NOS produces citrulline and NO agents.10 NOS 
acts to regulate the cardiovascular system within the RVLM.11 In 
the peripheral system, it has been documented that NO plays an 
active role in the maintenance and regulation of vascular tone 
in different tissues, mediated by nonadrenergic noncholinergic 
(NANC) nerves12,13 and aided by cholinergic stimulating agents.13 
NOS isoforms are also immunohistochemically localized to dis-
tinct neuronal populations all over the brain.14 NO additionally 
produces a reduction in the outflow of the central sympathetic 
mechanism,15 as well as in BP and HR, in response to L-glutamate 
intervention and baroreflex-like control in the nucleus trac-
tus solitarius (NTS).16 Other studies have shown the role of NO 
within the dPAG in modulating cardiovascular responses.17,18 
Blood pressure is significantly decreased by the administration of 
NO into the RVLM, and increased by the inhibition of NOS.19,20 In 
a more recent study of electrophysiology, NO has been found to 

be a key factor in moderating the inhibitory effects of 5-HT in the 
PAG system.21 In work conducted by our team, microinjection of 
NO into the dlPAG resulted in increased BP but decreased HR.10 
NO synthase-positive neurons were also identified in other parts 
of the brain such as paraventricular nucleus of the hypothalamus 
(PVN) and modulate the autonomic and endocrine effects on the 
cardiovascular activities.22 In addition, NO donor microinjection 
into the PVN reduced renal sympathetic nerve discharge (SND), 
mean arterial pressure (MAP),6 and HR in anesthetized rats,7,23 
but microinjection of NOS blockers stimulated excitatory cardio-
vascular responses.23,24

Because NO has been shown to be present in this column of 
the PAG,25,26 this study investigated the effect of NO microin-
jected into the dmPAG on the cardiovascular system, to reveal 
the way dmPAG relates to different control centers of the car-
diovascular system in the brain and the relationship of NO with 
this system.

2  |  METHODS

2.1  |  Animals

In this experiment, 35 male Wistar rats weighing 230–250 g 
were used. Animals were housed individually in plastic cages in a 
temperature-controlled room (25.8°C) and 12:12-h light–dark cycle 
and had free access to water and food. Experimental procedures 
were carried out following protocols approved by the ethical re-
view committee of the faculty of Mashhad University of Medical 
Sciences. (IR.MUMS.MEDICAL.REC.1399.314).

2.2  |  Drugs

The drugs used in this study were urethane (for anesthesia), L-Arg 
(a NO precursor), NG-nitro-L-arginine methyl ester (L-NAME, a ni-
tric oxide synthase inhibitor), and sodium nitroprusside (SNP, a NO 
donor). All drugs used in this experiment were procured from Sigma, 
USA.

2.3  |  Experiment groups

Rats randomly were divided into five groups, as follows (n = 7 for 
each group):

1.	 Control group: microinjection of saline into the dmPAG.
2.	 L-NAME: microinjection of 90 nmol L-NAME into the dmPAG.27

3.	 L-Arg, microinjection of 60 nmol L-Arg into the dmPAG.28

4.	 SNP, microinjection of 27 nmol SNP into the dmPAG.
5.	 L-Arg + L-NAME: microinjection of 90 nmol L-NAME, followed 

after 5 min by of 60 nmol L-Arg.29
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2.4  |  Surgical preparation

Rats were anesthetized with urethane (1.5 g/kg, IP). The left fem-
oral artery was exposed and a 22-gauge angiocatheter cannula 
(Indian Co.) filled with heparinized saline inserted into this artery. 
An angiocatheter was attached via a blood pressure transducer to 
a PowerLab (ID Instruments Co.)30 to monitor and continuously 
record mean arterial pressure (MAP),6 systolic blood pressure 
(SBP), and HR.7 For microinjection of drugs, the rats' heads were 
placed in a stereotaxic apparatus and fixed (Stoelting). The posi-
tion of the dmPAG on the skull was determined according to the 
Paxinos rat brain atlas (AP: 0 mm; L: ±1.4 and H: 4.9 mm)31 and a 
hole was then drilled above the dmPAG column. All drugs (saline, 
L-Arg, L-NAME, L-NAME+L-Arg, and SNP) were microinjected 
into the dmPAG via a single-barreled micropipette after stabiliza-
tion of cardiovascular parameters. Injection was done manually 
via a PE-10 tube attached to the barreled micropipettes. To inject 
the drugs, the screw of the injector was slowly rotated so that 
the drugs enter the nucleus slowly (over about 30 s). After drug 
injection, the resulting responses were recorded after 20 min and 
the peak change (∆) was calculated.

2.5  |  Statistical analysis

The changes (∆) in cardiovascular parameters (MAP, SBP and HR) 
were calculated and were expressed as means ± SEM. The time 
course of the changes in the parameters were statistically analyzed 
using repeated measures ANOVA, while maximal changes were ana-
lyzed using one-way ANOVA, with Tukey's post hoc test. p < 0.05 
was assumed to be statistically significant.

3  |  RESULTS

3.1  |  Cardiovascular responses to microinjection of 
saline into the dmPAG

After the stabilizing period, saline was microinjected into the 
dmPAG. The results indicated that saline did not significantly alter 
SBP, MAP, and HR compared to pre-injection (p > 0.05).

3.2  |  Cardiovascular responses to microinjection of 
L-NAME and L-Arg into the dmPAG

Microinjection of L-NAME into the dmPAG increased ΔSBP, ΔMAP, 
and ΔHR compared to the control group (Figure 1). The time courses 
of the changes in the responses are shown in Figure 2. ΔSBP, ΔMAP 
and ΔHR increased with respect to saline over time (from p < 0.05 to 
p < 0.001). Peak change results also showed that ΔSBP (32.6 ± 6.2 mmHg 
vs. −5.8 ± 3.3 mmHg for saline; p < 0.001), ΔMAP (19.5 ± 3.3 mmHg vs. 
−4.6 ± 2.3 mmHg for saline; p < 0.01), and ΔHR (16.5 ± 6.4 beats/min 

vs. −7.2 ± 5.3 beats/min for saline; p < 0.05; Figure 3) were significantly 
greater than in the control group (p < 0.05 to p < 0.001). Microinjection 
of L-Arg decreased SBP and MAP and increased HR (Figure  4). Time 
course changes after microinjection of L-Arg also indicated that ΔSBP 
and ΔMAP decreased non-significantly compared to the control group 
over time (Figure 2A,B). Peak changes in ΔSBP (−15.5 ± 4.7 mmHg vs. 
5.8 ± 3.3 mmHg for saline) and ΔMAP (−8.8 ± 3 mmHg vs. −4.6 ± 2.3 mmHg 
for saline) were not significantly different to peak changes in the control 
group (Figure 3A,B). However, the time course and peak changes of ΔHR 
significantly increased with respect to the control group (28.32 ± 8.6 
beats/min vs. −7.2 ± 5.3 beats/min for saline; p < 0.01, Figures  2C and 
3C). The time course and peak changes of ΔSBP and ΔMAP in the L-
Arg group were significantly lower compared to the L-NAME group: 
ΔSBP(−15.5 ± 4.7 mmHg vs. 32.6 ± 6.2 mmHg for L-NAME; p < 0.001) and 
ΔMAP (−8.8 ± 3 mmHg vs. 19.5 ± 3.3 mmHg for L-NAME; p < 0.01). ΔHR 
increased in both the L-NAME and L-Arg groups but the effect of L-Arg 
was significantly higher than that of L-NAME (L-Arg: 28.32 ± 8.6 beats/
min vs. L-NAME: 16.5 ± 6.4 beats/min; p < 0.05).

3.3  |  Cardiovascular responses to co-injection of 
L-NAME+L-Arg into the dmPAG

Co-injection of L-Arg and L-NAME (L-NAME+L-Arg) into the dmPAG 
increased SBP, MAP and HR (Figure 5). ΔSBP, ΔMAP and ΔHR in the 
L-NAME+L-Arg group were significantly higher than in the control 
group over time (from p < 0.05 to p < 0.01, Figure 2A,B). Peak changes 
in ΔSBP, ΔMAP and ΔHR in the L-NAME+L-Arg group were also was 
significantly increased with respect to saline (ΔSBP: 21.5 ± 3.6 mmHg 
vs. saline: −5.8 ± 3.3 mmHg; p < 0.01; ΔMAP: 13.5 ± 2.6 mmHg 
vs. saline: −4.6 ± 2.3 mmHg; p < 0.05; ΔHR: 21.06 ± 8.4 beats/min 
vs. saline: −7.2 ± 5.3 beats/min; p < 0.05; Figure  3A,B). The car-
diovascular changes in the L-NAME+L-Arg group were not signifi-
cant compared to the L-NAME group (ΔSBP: 21.5 ± 3.6 mmHg vs. 

F I G U R E  1  Sample recordings after microinjection of L-NAME 
into the dmPAG. HR, heart rate; MAP, mean arterial pressure; PBP, 
pulsative blood pressure.
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F I G U R E  2  Time course of ∆SBP (A), ∆MAP (B), and ∆HR (C), 
after microinjection of saline, L-NAME, L-Arg, L-NAME+L-Arg, and 
SNP into the dmPAG. L-NAME: NG-nitro-L-arginine methyl ester; 
a NOS inhibitor, L-Arg: L-arginine, a NO precursor, SNP: sodium 
nitroprusside, a NO donor. Statistical analysis: repeated measures 
ANOVA; n = 7. *p < 0.05; **p < 0.01; ***p < 0.001 compared to 
control. +p < 0.05; ++p < 0.01; +++p < 0.001 compared to L-NAME. 
#p < 0.05; ##p < 0.01; ###p < 0.001 compared to L-NAME+L-Arg.

F I G U R E  3  Peak changes in cardiovascular responses after 
microinjection of the L-NAME, L-Arg, L-Arg + L-NAME, and SNP into 
the dmPAG. Statistical analysis: one-way ANOVA followed by Tukey's 
post hoc test, n = 7. *p < 0.05; **p < 0.01; ***p < 0.001 compared to 
control. +p < 0.05; ++p < 0.01; +++p < 0.001 compared to L-NAME. 
#p < 0.05; ##p < 0.01; ###p < 0.001 compared to L-NAME+L-Arg.
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L-NAME: 32.6 ± 6.2 mmHg; ΔMAP: 13.5 ± 2.6 mmHg vs. L-NAME: 
19.5 ± 3.3 mmHg; ΔHR: 21.06 ± 8.4 beats/min vs. L-NAME: 16.5 ± 6.4 
beats/min) but were more significant than in the L-Arg group.

3.4  |  Cardiovascular responses to microinjection of 
SNP into the dmPAG

In this group, microinjection of SNP into the dmPAG decreased SBP 
and MAP while HR did not change (Figure  6). The time courses of 

the changes indicated that ΔSBP and ΔMAP significantly decreased 
compared to the control group over time (p  < 0.01 Figure  2A,B). 
Peak changes in ΔSBP and ΔMAP in this group were also signifi-
cantly lower than in the control (ΔSBP: −40.52 ± 6.54 mmHg vs. 
saline: −5.8 ± 3.3 mmHg; p < 0.01; ΔMAP: −24.5 ± 4.32 mmHg vs. sa-
line: −4.6 ± 2.3 mmHg; p < 0.01; Figure 3A,B). Time courses and peak 
changes of ΔHR decreased non-significantly compared to saline (ΔHR: 
−18.54 ± 7.2 beats/min vs. saline: −7.2 ± 5.3 beats/min; Figures 2C and 
3C). Time courses and peak changes of the cardiovascular parameters 
of the SNP group were also significant in comparison to the L-NAME, 
L-Arg and L-NAME+L-Arg groups (Figures 2 and 3).

4  |  DISCUSSION

This experimental research evaluated the cardiovascular effects of 
the nitrergic system of dmPAG in intact rats. Our results showed 
that microinjection of L-NAME increases all cardiovascular parame-
ters. Co-injection L-NAME and L-Arg (L-NAME+L-Arg) also increased 
all these parameters. Injection of L-Arg only significantly increased 
of HR, and SNP significantly decreased SBP and MAP but had no 
significant effect on HR. Based on these results, we showed that 
the dmPAG nitrergic system has an inhibitory impact on the central 
cardiovascular activity.

NO-producing neurons exist in numerous areas of the brain in-
cluding the PVN,32 NTS and RVLM areas33 that regulate cardiovas-
cular function. There are, however, questions with regard to the role 
of NO in the central cardiovascular function. Some previous stud-
ies34,35 showed that NO by decreasing sympathetic vasomotor neu-
ron activity reduces blood pressure,35 while other studies reported 

F I G U R E  4  Sample recordings after microinjection of L-arginine 
into the dmPAG. HR, heart rate; MAP, mean arterial pressure; PBP, 
pulsative blood pressure.

F I G U R E  5  Sample recordings after co-injection of L-NAME+L-
Arg into the dmPAG. HR, heart rate; MAP, mean arterial pressure; 
PBP, pulsative blood pressure.

F I G U R E  6  Sample recordings after microinjection of sodium 
nitroprusside (SNP) into the dmPAG. HR, heart rate; MAP, mean 
arterial pressure; PBP, pulsative blood pressure.
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that NO could increase blood pressure10,36 The mechanisms of these 
opposing effects are unknown. However, since NOS has 3 isoforms 
(eNOS, iNOS and nNOS), we speculate that the NO produced by each 
of these isoforms in the dmPAG has different effects on neurons in-
volved in the cardiovascular activity. In line with this opinion, previous 
studies reported different cardiovascular effects of the NOS isoforms 
in RVLM37,38. Therefore, we propose that the cardiovascular effects 
of the three NOS isoforms should be investigated separately.

Projections from the PAG to brain areas involved in cardiovas-
cular regulation, including RVLM,39 have been reported. The sym-
pathetic preganglionic neurons (SPNs) located in the spinal cord 
are also mainly driven by RVLM premotor neurons and have a great 
impact upon cardiovascular regulation.40 In addition, microinjection 
of L-Arg into RVLM was shown to decrease BP41,42 while L-NAME 
microinjection caused BP and HR elevations,43,44 providing evidence 
for an inhibitory effect of NO in the RVLM. Therefore, we suggest 
that NO has the potential to participate in cardiovascular regulation 
by modulation of the dmPAG–RVLM–IML pathway. In addition, car-
diovascular responses were decreased by microinjection of SNP into 
the PVN and PPT areas, whereas these responses were observed 
to increase following L-NAME microinjection into these areas.28,29 
Due to the connection between the PVN and PPT areas and dmPAG, 
we suggest that the presence of NO in dmPAG affects cardiovascu-
lar function these areas. However, future experimental research is 
needed to confirm this hypothesis. In addition, it has been claimed 
that sympathetic activity is modulated by the bidirectional connec-
tion of PAG to the hypothalamus, specially DMH,39,45–47 and hence 
alterations in cardiovascular activity by NO may be innervated by 
indirect pathways such as the dmPAG–DMH–RVLM-spinal cord 
pathway.

It has also been shown that caudal raphe nuclei receive affer-
ents preferentially from the dmPAG48 and also that projections from 
dmPAG to the lateral parabrachial nucleus could mediate cardiore-
spiratory changes evoked by the dmPAG.49,50 Therefore, it is pos-
sible that the nitrergic system of the dmPAG via these areas could 
result in cardiovascular regulation. The PAG innervates regions sur-
rounded by the nucleus ambiguous2 and dorsal motor nucleus of the 
vagus (DMV) containing cardio vagal neurons.51–53

NO has been found to interact with some other neurotransmit-
ters such as acetylcholine,20 glutamate, and gamma-aminobutyric 
acid (GABA) in several areas of the brain.54–56 Since glutamate in 
the dmPAG has been observed to have a cardiovascular effect,57 
its interaction with NO may inhibit cardiovascular effects in the 
dmPAG. Such an effect has been reported by Ishide et al,58 who 
demonstrated an interaction between NO and glutamate in the 
RVLM. Similarly, it is possible that NO and glutamate affect each 
other in the dmPAG.

This study revealed that L-NAME significantly increased SBP, 
MAP, and HR parameters. It was shown that L-NAME, an L-Arg ana-
log, competitively binds to NO synthase (Tai, 2007), attenuating NO 
production and its metabolic pathway.59 When NOS is inhibited, NO 
cannot be synthesized, decreasing L-Arg and NO bioavailability in 

the dmPAG and thereby increasing cardiovascular parameters. To 
confirm this claim, L-NAME was co-injected with L-Arg in another 
group. The results suggest that there was no significant cardiovas-
cular effect of L-NAME and L-NAME+L-Arg and the cardiovascular 
activity was likely modulated by the NO synthesized in dmPAG. 
More studies should be done to gain a clear picture of NO produc-
tion mechanisms and effects in the dmPAG.

In this study, injection of L-Arg into the dmPAG led to a signif-
icant rise in HR and no significant change in BP. Although the pro-
duction of NO could be elicited by L-Arg, the exact mechanism is 
still unknown. Due to its low production, NO does not produce a 
high inhibitory effect on BP. It also has an inhibitory effect on both 
sympathetic and parasympathetic activities.60

In addition to inhibition of the sympathetic system, it seems 
that NO imposes an inhibitory effect on the parasympathetic activ-
ity, which raises HR. Another possible cause could be the result of 
the effect of L-Arg on baroreceptor reflexes. However, defining the 
mechanism is complicated and requires further investigation. In this 
study, it was observed that in the dmPAG region the cardiovascular 
effect of L-Arg produces NO through the enzyme NOS. This is differ-
ent from the direct effect of SNP on NO production. The mechanism 
for this dual effect of NO is not yet known despite demonstration 
of varying effects at a diverse range of doses and concentrations in 
previous studies. It is also possible that, unlike L-Arg which induces a 
small amount of NO production by NOS, with a minor effect on BP, 
SNP releases more NO, with major effects on both BP and HR. In 
addition, our study results suggest that at lower doses NO raises HR, 
yet its effect is inhibitory on HR at higher doses. Our results support 
previous findings that the effects of NO on cardiovascular parame-
ters vary with different administered doses. Further studies should 
to be conducted on NO transmission pathways to understand the 
mechanisms of these differing effects of NO on BP in different areas 
of the brain.

In sum, the results of this study demonstrate that NO has cardio-
vascular effects which are mainly inhibitory. The study also demon-
strates that the production of NO following injection of L-arginine (a 
NO precursor) is different from that of SNP (direct NO release), and 
therefore the different effects of L-Arg and SNP may be the result of 
the different concentrations of NO produced.
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