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Introduction
The class of  centrally acting antihypertensive 
drugs exerts its antihypertensive effect pre-
dominantly through an action in the medulla 
oblongata to reduce central sympathetic 
outflow by acting on sympathetic centers in 
the medulla oblongata. This mini-review will 
outline the central nervous system control of  
sympathetic activity, which resides mainly in 
the medulla oblongata. The review will also 
delineate the mechanistic basis for the activity 
of  currently available centrally acting antihy-
pertensive drugs by highlighting the proto-
typic centrally acting antihypertensive agent, 
clonidine.

ABSTRACT
Antihypertensive drugs lower arterial blood pressure by decreasing cardiac output, total peripheral resistance, or 
both. Most of the drugs act at the level of the heart, blood vessel, kidney, and/or the autonomic nervous system. 
One class selectively acts in the central nervous system. These drugs act mainly at the level of the brainstem 
to decrease central sympathetic outflow. Neurons in the rostral ventrolateral medullary (RVLM) pressor area 
are tonically active and drive the activity of sympathetic preganglionic neurons located in the intermediolateral 
cell column of the thoraco-lumbar spinal cord. In turn, these preganglionics then activate the postganglionic 
sympathetic neurons and release norepinephrine onto the heart and blood vessels to increase arterial pressure. 
Neurons in the RVLM are predominantly modulated by two other medullary nuclei: the nucleus of the solitary tract 
(involved in baro- and chemoreceptor pathways) and the caudal ventrolateral medullary (CVLM) depressor area. 
These three main medullary areas co-ordinate sympathetic outflow and are the targets of many centrally acting 
antihypertensive drugs.

Keywords: CNS acting antihypertensive drugs, Rostral ventrolateral medulla, Nucleus of the solitary tract, 
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Antihypertensive Drug  
Classes
Arterial blood pressure is the product of  
cardiac output (CO) and total peripheral 
resistance (TPR). The CO is determined 
by the stroke volume (SV) multiplied by 
the heart rate (HR). The TPR is dependent 
on the diameter of  resistance arterioles 
found throughout the vascular system. All 
three of  these parameters: SV, HR and TPR 
are under the control of  the sympathetic 
nervous system (SNS) to a great extent. 
Other factors controlling blood pressure 
include the renin-angiotensin system (RAS) 
as well as the parasympathetic nervous system 
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(mainly via HR and myocardial contractility). Therefore, 
in controlling hypertension, one mechanism to lower 
the blood pressure is to decrease either the action of  
the major sympathetic neurotransmitter norepinephrine 
(NE) and/or the neurohormone epinephrine (E) or 
decrease sympathetic tone emanating from the central 
nervous system. Vasodilators such as prazosin decrease 
TPR by competitively blocking the effect of  NE on 
vascular smooth muscle alpha-1 postsynaptic adrenergic 
receptors. Beta-adrenergic receptor antagonists such 
as metoprolol decrease CO by blocking the effect of  
NE and E to increase SV and HR via activation of  
beta-1 receptors found on the heart. Blocking beta-1 
receptors also decreases the sympathetically mediated 
release of  renin from the kidney. Renin is the enzyme 
that converts angiotensinogen to angiotensin I, which 
is then converted to angiotensin II by the enzyme 
angiotensin converting enzyme (ACE). Angiotensin II 
is a potent vasoconstrictor as well as a stimulus for the 
release of  the mineralocorticoid, aldosterone, from the 
adrenal cortex. Renin release is the rate-limiting step in 
the activation of  the RAS. 
Another mechanism to decrease the effect of  the 
sympathetic nervous system is to deplete norepinephrine 
from sympathetic nerve terminals or to act as a “false 
transmitter” of  norepinephrine. These effects lead to 
decreases in both CO and TPR. Agents that have this 
effect include guanethidine, guanadrel and reserpine. 
Basically, these agents are taken up by the sympathetic 
nerve terminal to produce their effects. These agents, 
although having a very potent antihypertensive effect, 
are poorly tolerated and produce many adverse effects 
in sympathectomized patients via norepinephrine 
depletion.
Centrally-acting antihypertensive agents act predomi-
nantly in the central nervous system to decrease central 
sympathetic outflow. While there are many CNS sites 
that control arterial blood pressure such as those in the 
cerebral cortex, cerebellum, hypothalamus and midbrain, 
the major site of  action of  these agents is the medulla 
oblongata. Within the medulla, the three main areas that 
control central sympathetic output are:

1.  The rostral ventrolateral medulla (RVLM), 
2.  The caudal ventrolateral medulla (CVLM), and 
3.  The nucleus of  the solitary tract (NTS).

Medullary Areas/Nuclei that  
Control Sympathetic Outflow
The role of  the brainstem in the control of  basal arterial 
blood pressure has been known for many years. It has 
been known that sectioning the spinal cord in animals 
immediately below the medulla (at a high cervical level 

such as C1) results in a precipitous and immediate fall 
in blood pressure to levels approximately 40–50 mmHg. 
This is the result of  a loss in sympathetic tone to the heart 
and arterioles in the periphery. Conversely, sectioning 
the brain immediately rostral to medulla at the ponto-
medullary junction does not affect blood pressure to any 
great extent. Thus, these interventions demonstrate that 
the sympathetic “driver” or center resides somewhere in 
the medulla. This effect is clearly demonstrated clinically 
in quadriplegic patients who sustain an injury to their 
cervical spinal cords. In these patients, blood pressure falls 
immediately to very low levels. It is interesting to note that 
centrally acting antihypertensive drugs do not significantly 
lower the pressure in quadriplegic patients, and thus are not 
useful to control hypertension in this patient population.

Rostral ventrolateral medulla (RVLM)

It had been known for many years that application of  
drugs (e.g., pentobarbital) and CNS neurotransmitters 
(e.g., glycine and gamma-aminobutyric acid-GABA) 
to the ventral surface of  the medulla of  animals 
produced profound cardiorespiratory changes.1,2,3 In 
cats, application of  GABAA receptor agonists such as 
muscimol to the Intermediate Area (Schlaefke’s area) on 
the ventral surface of  the brain produces a precipitous 
fall in blood pressure.3,4 Similar studies by Sapru et al. in 
rats revealed that an area just below the Intermediate 
Area has profound sympathetic activity.5 This area 
coincides with a group of  adrenergic neurons in the 
rostral ventrolateral medulla called the C1 area. These 
neurons synthesize epinephrine, since they contain 
the enzyme phenylethanolamine-N-methyltransferase, 
which converts norepinephrine to epinephrine.6 This area 
is located lateral to the rostral pole of  the inferior olivary 
nucleus, an area near the nucleus paragigantocellularis 
lateralis. Despite their location near these brainstem 
nuclei and adrenergic cluster, this area was defined based 
on the function (pressor when electrically or chemically 
activated) and anatomical projections (containing 
bulbospinal neurons projecting to preganglionic 
sympathetic neurons located in the intermediolateral 
cell column at thoraco-lumbar spinal levels) - the rostral 
ventrolateral medulla or RVLM (Figure 1). Injection 
of  the excitatory neurotransmitter L-glutamic acid 
(GA) into the RVLM has been shown to evoke dose-
dependent increases in arterial blood pressure and heart 
rate in rats.5 Also, injection of  a retrograde neuronal 
tracer into the IML cell column of  the spinal cord has 
been shown to label neuronal cell bodies in the RVLM, 
some of  which contained epinephrine.6 In cats, injection 
of  GABA into this region has been shown to decrease 
arterial blood pressure and heart rate.7
Based on these data, it was hypothesized that the RVLM 
might be the site of  action of  the antihypertensive 
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drug clonidine. Clonidine is an alpha-2 receptor 
agonist, initially developed to treat nasal congestion. 
During clinical trials, it was found, however, to have a 
profound antihypertensive effect. Notably, this effect 
was reproduced in intact, but not in pithed animals in 
which the CNS has been eliminated, indicating its site 
of  action in the CNS. 
Bousquet and co-workers8,9 demonstrated that application 
of  clonidine to the Intermediate Area on the ventral 

surface of  the cat medulla decreases arterial pressure. 
In 1981, these investigators crudely injected the drug 
below the Intermediate Area and also demonstrated 
a hypotensive effect. They believed that this effect 
was mediated in the lateral reticular nucleus, a nucleus 
in the vicinity of  the RVLM in the cat. In 1988, Gatti 
and co-workers injected clonidine into the RVLM of  
cats and saw a hypotensive effect that was blocked by 
the alpha-2 adrenergic receptor antagonist idazoxan. 

Figure 1: Representation of medullary and medullo-spinal pathways controlling central sympathetic, parasympathetic and respiratory 
control centers. AP, area postrema; CPS, chemoreceptor projection site; CS, calamus scriptorius; CVLM, caudal ventrolateral medullary 
depressor area; EAA, excitatory amino acid; GABA, gamma-aminobutyric acid; I-NTS, intermediate subnucleus of the nucleus of the 
solitary tract; IML, intermediolateral cell column of the thoraco-lumbar spinal cord; nA, nucleus ambiguus; NTS, nucleus tractus solitarius; 
PMN, phrenic motor nucleus; PN, phrenic nerve; RVLM, rostral ventrolateral medullary pressor area; rVRG, rostral ventrolateral respira-
tory group; SN, sympathetic nerve (permission to use figure obtained from the author39 and publisher). 
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Clonidine also lowered the heart rate in these animals. 
In a definitive study, these investigators blocked the 
hypotensive effect of  intravenously administered 
clonidine by microinjecting idazoxan into the RVLM 
prior to clonidine injection.10

Neurons in the RVLM have been extensively studied 
using electrophysiological and anatomical techniques. In 
brainstem slices, a subset of  RVLM bulbospinal projecting 
neurons have pacemaker activity.11 However, these same 
neurons are not spontaneously active when dissociated 
from the slice.12 Thus, it appears that the neurons 
which show autoactivity rely on extracellular signals. In 
other words, the true pacemaker neurons appear to be 
activating the RVLM neurons. In addition, these neurons 
are influenced by baroreceptor activation. That is, when 
the baroreceptors are activated, these sympathoexcitatory 
neurons are inhibited. This effect might be both a direct 
input from NTS neurons in the baroreceptor reflex, 
or indirectly via interneurons or neurons in the caudal 
ventrolateral medulla (CVLM) (see below). RVLM 
neurons receive input from a variety of  medullary, pontine 
and hypothalamic nuclei.13 Finally, RVLM neurons also 
project to other medullary nuclei as well as rostrally to 
the pons and midbrain.14 These sympathoexcitatory neurons 
project to the intermediolateral cell column in the spinal 
cord at thoraco-lumbar levels where they synapse onto 
sympathetic preganglionic neurons to activate them.15,16 
The neurotransmitter that underlies this effect is believed 
to be glutamate, although epinephrine also plays a role 
in this pathway. Injection of  epinephrine onto the 
intermediolateral cell column of  the thoracolumbar spinal 
cord has resulted in sympathoexcitatory effects mediated 
by alpha-1 adrenoreceptors.17 Injection of  higher 
concentrations of  epinephrine into the IML inhibited the 
IML via activation of  alpha-2 receptors. This effect might 
contribute to the sympathoinhibitory effect of  clonidine 
in the CNS.17 Morrison and co-workers found that there 
were two populations of  bulbospinal projections from 
the RVLM to the IML.18 One was more slowly conducting 
and was hypothesized to be an adrenergic pathway. 
The other was a rapidly conducting pathway that was 
hypothesized to be a glutamatergic pathway. Sundaram 
and co-workers demonstrated that injection of  excitatory 
amino acids such as glutamate or aspartate into the right 
side of  the IML at T1–3 levels of  the spinal cord19 elicits 
tachycardia, whereas injections into the left side elicited 
an increase in cardiac contractility.19 This latter effect was 
blocked by prior microinjection of  an antagonist of  the 
NMDA (N-methyl-D-aspartate) receptors into the same 
site. A large number of  neurotransmitters have been 
shown to regulate the activity of  RVLM neurons. These 
include GABA, glutamic acid, acetylcholine, serotonin, 
corticotrophin releasing factor, oxytocin, substance P, 
vasopressin and orexin.20

The caudal ventrolateral medulla 

Willette and co-workers5 have identified a vasodepressor 
area in the ventrolateral medulla caudal to the RVLM 
and called it the caudal ventrolateral medulla (CVLM). 
Microinjection of  glutamate into this area elicited a dose-
dependent hypotension and bradycardia. Anatomically, 
this region is located in an area of  the brainstem in a 
region called the A1 area, where noradrenergic neurons 
are located.21 This area is located in an area ventrolateral 
to the nucleus ambiguus (Figure 1) adjacent but not 
in the lateral reticular nucleus.5 This area does not project 
to the IML of  the spinal cord, but it projects rostrally.22 
The RVLM and CVLM are interconnected. Injection of  
the GABAA receptor agonist, muscimol, into the CVLM 
elicits an increase in blood pressure and heart rate.23,24 
These effects were completely blocked following 
injection of  this GABAA agonist into the RVLM. This 
finding demonstrated that the responses from the 
CVLM depended on the RVLM.24 The RVLM neurons 
appear to receive tonic GABA input (from the CVLM 
as well as other areas) as shown by the fact that injection 
of  bicuculline, a GABAA receptor antagonist, elicits a 
dose dependent increase in blood pressure.24,25 Gatti and 
co-workers26 also found that injection of  bicuculline, a 
GABAA receptor antagonist, into the CVLM area of  
cats evoked hypotension and bradycardia demonstrating 
that the CVLM receives tonic GABAergic input. 
Interestingly, in this species, injection of  muscimol into 
the CVLM, did not elicit a pressor response in contrast 
to what was observed in the rat. Perhaps, the CVLM 
in the chloralose-anesthetized cat was under maximal 
GABAergic inhibition; thus increasing GABA activity 
could not raise the pressure further.26 Indeed, the resting 
arterial pressures in chloralose-anesthetized cats is 
usually high. Sapru and co-workers definitively showed 
that CVLM neurons tonically inhibit RVLM neurons via 
GABA. They showed that injection of  bicuculline into 
the RVLM blocked the depressor effect of  stimulating 
the CVLM by either bicuculline or glutamate.25,27 Sun 
and Guyenet28 have demonstrated the same results 
using electrophysiological techniques. They recorded 
from RVLM neurons and found that they were inhibited 
when the CVLM was activated. Moreover, other 
investigators found that the CVLM neurons mediated 
the sympathoinhibition of  RVLM neurons when the 
NTS is activated.29 This suggests that the inhibition of  
RVL neurons is mediated via activation of  CVL neurons 
and is not a monosynaptic pathway.

Nucleus of the solitary tract

The nucleus of  the solitary tract (NTS) is found bilaterally 
in the dorsomedial medulla. It is the primary afferent 
relay station in the sensory control of  many autonomic 
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nervous system innervated organs such as the respiratory 
and gastrointestinal systems. In addition, the NTS is 
the first synapse in the control of  the cardiovascular 
system. Specifically, baroreceptor (aortic and carotid) 
and chemoreceptor (aortic and carotid) afferents from 
the vagus (X cranial) and glossopharyngeal (XI cranial) 
nerves terminate in the NTS. For baroreceptors, they 
are activated when the blood pressure increases thereby 
stretching the carotid sinus and aortic arch. This leads to 
an increase in firing of  the carotid sinus nerve (carotid 
baroreceptors) and/or the aortic depressor nerve (aortic 
baroreceptors). These afferent nerves then activate 
second order neurons in the NTS, which leads to 
sympathoinhibition to lower the arterial pressure (decrease 
in total peripheral resistance) and cardiac inhibition. This 
latter effect is the result of  vagal activation which results 
in both bradycardia and a negative inotropic effect. 
Subsequently, these effects decrease cardiac output and 
thus the arterial blood pressure. The medullary circuits 
mediating these effects have been studied extensively. 
For the purpose of  the current review, I will concentrate 
on sympathoinhibition. 
Baro-and chemoreceptor afferent neurons that contain 
one process innervating the periphery (e.g., carotid sinus) 
and one process extending into the CNS. When these 
neurons are activated (for example, by stretch in the case 
of  baroreceptors), the neurons release a neurotransmitter 
in the NTS. In the case of  baroreceptors, these afferent 
terminals are believed to release glutamate in the NTS 
(intermediate regions).30,31 This was based on the fact that 
glutamate antagonists (both NMDA and non-NMDA 
antagonists) block the hypotensive effect of  stimulating 
carotid sinus nerves. Also, glutamate release increases in 
the NTS foIlowing carotid sinus nerve stimulation. It was 
initially hypothesized that second order NTS neurons in 
the baroreceptor reflex pathway was a GABAergic neuron 
that projected from the NTS directly to the RVLM to 
inhibit sympathoexcitatory neurons. However, it is now 
believed that the RVLM is inhibited by the NTS via the 
CVLM. As described above, the CVLM projects to the 
RVLM and inhibits the RVLM neurons by releasing 
GABA onto the sympathoexcitatory neurons. Urbanski 
and Sapru32 found that when muscimol (a GABAA 
receptor agonist) or kynurenic acid (a non-selective 
ionotropic glutamate receptor antagonist) was injected 
into the CVLM, the depressor effect of  glutamate in- 
jected into the NTS was abolished. These experiments 
demonstrated that the NTS sends an excitatory input 
into the CVLM that when stimulated, the CVLM 
neurons inhibit RVLM neurons. Indeed, monosynaptic 
(direct) pathways have been shown from NTS to the 
CVLM.33 This is not to say that the NTS does not project 
at all to the RVLM. Again, Urbanski and Sapru27,32 
demonstrated that when muscimol (a GABAA agonist) 

was injected into the CVLM, injection of  glutamate 
into the NTS elicited pressor rather than depressor 
effects . Thus, an excitatory input to RVLM from the 
NTS was unmasked when the CVLM was inhibited. 
Indeed, stimulation of  chemoreceptor afferents (via an 
increase in plasma carbon dioxide levels or a decrease in 
plasma pH or plasma oxygen concentration) will activate 
chemoreceptor afferents running in the carotid sinus 
nerve. These afferents “sense” the plasma pH, carbon 
dioxide and oxygen tension in the carotid body. When 
these parameters change, the neurons are activated in a 
similar manner as when the baroreceptors are activated 
by stretching of  the carotid sinus. These afferents 
terminate in the CNS in a specialized region of  the NTS, 
designated the chemoreceptor projection site (CPS), 
an area distinct from baroreceptor termination sites. 
This area has also been described as the commissural 
subnucleus of  the NTS, located in a midline area of  the 
dorsal medulla. Excitatory amino acids also are believed 
to play a role in mediating this response in the CPS as 
blocking these receptors eliminated the pressor effect 
of  chemoreceptor stimulation.34 Of  course, stimulation 
of  chemoreceptors will also affect the respiratory 
activity. Activation of  NTS second order neurons will 
also activate neurons in the ventral respiratory group 
(VRG) in the ventrolateral medulla via excitatory amino 
acid receptors.35 This stimulation will eventually activate 
neurons in the phrenic motor nucleus to stimulate 
breathing. The end result is to increase respiration to 
decrease plasma carbon dioxide levels and increase 
plasma pH and oxygen levels.
A large number of  receptor agonists and neurotransmit-
ters affect arterial pressure when injected into the NTS 
of  many species. One agent relevant to this review is the 
alpha-2 receptor agonist, clonidine. When injected into 
the NTS, clonidine reduces both arterial blood pres-
sure and heart rate. This effect is blocked by injecting 
an alpha-2 receptor antagonist such as idazoxan into 
the NTS prior to injecting clonidine. Also, injection of  
alpha-2 blockers such as yohimbine blocks the depres-
sor effect of  stimulation of  the aortic depressor nerve.36 
However, Punnen and Sapru37 have demonstrated that 
this is not the primary site of  action of  this antihyper-
tensive drug. When they injected the local anesthetic 
lidocaine into the NTS bilaterally, the hypotensive 
effect of  intravenously administered clonidine was not 
diminished. Only injection of  idazoxan into the RVLM 
bilaterally blocks the hypotensive effect of  intravenously 
administered clonidine. Indeed, Sun and Guyenet38 
found that intravenously administered clonidine  
inhibits the slow-conducting bulbospinal neurons in 
the RVLM. These may be the C1 bulbospinal neurons 
that contain phenylethanolamine N-methyltransferase 
the enzymatic marker for epinephrine. A final site of  
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clonidine action is at sympathetic postganglionic nerve 
terminals at the heart. Stimulation of  presynaptic 
alpha-2 receptors at this site results in an inhibition of  
NE release. This would decrease HR and contractility 
resulting in a decrease in cardiac output and hypoten-
sion. This last effect could contribute to a very seri-
ous adverse effect when the drug is withdrawn quickly. 
Chronic alpha-2 stimulation results in a down-regulation 
of  alpha-2 presynaptic receptors on the cardiac postgan-
glionic neuronal terminals. When the drug is withdrawn 
quickly, the paucity of  these presynaptic autoreceptors 
could result in a massive release of  NE and this could 
lead to serious life-threatening ventricular arrhythmias. 

Conclusion
CNS acting agents such as clonidine act predominantly 
in the RVLM to stimulate alpha-2 adrenergic receptors 
found on sympathoexcitatory bulbospinal neurons. 
Activation of  these receptors on these neurons decreases 
their activity and thus, in turn, decreases sympathetic 
activity in the periphery, most notably to the heart 
(to decrease HR and SV) and resistance arterioles  
(to decrease TPR). Both of  these effects will act to 
decrease arterial blood pressure. These agents are very 
effective in reducing arterial blood pressure, because 
both TPR and CO are reduced. However, clinically, these 
agents produce sedation, which limits their usefulness. 
One area of  future study would be to develop newer 
agents that act in the CNS but do not sedate the patient. 
Current investigations are being pursued to that end.

References
1.	 Feldberg W. The ventral surface of the brain stem: A scarcely explored 

region of pharmacological sensitivity. Neurosci 1976;1:427–441. 
2.	 Loeschcke HH. Introductory chapter. In: Koepchen HP, Hilton SM, 

Trzebski A, editors. Central Interaction between Respiratory and 
Cardiovascular Control Systems. Berlin: Springer-Verlag 1980:45–63. 

3.	 Yamada KA, Norman WP, Hamosh, P, Gillis RA. Medullary ventral 
surface GABA receptors affect respiratory and cardiovascular function. 
Brain Res. 1982;248:71–78.

4.	 Yamada KA, Moerschbacher JM, Hamosh P, Gillis RA. Pentobarbital 
causes cardiorespiratory depression by acting with a GABAergic 
system at the ventral surface of the medulla. J. Pharmacol. Exp. Ther. 
1983;226:349–355.

5.	 Willette RN, Barcas PP, Krieger AJ, Sapru HN. Vasopressor and 
depressor areas in the rat medulla: Identification by L-glutamate 
microinjections. Neuropharmacology 1983; 22:1071–1079.

6.	 Ross CA, Ruggiero DA, Park DH, Joh TH, Sved AF, Fernandez-Pardal 
J, Saavedra JM, Reis DJ. Tonic vasomotor control by the rostral 
ventrolateral medulla: effect of electrical or chemical stimulation of 
the area containing C1 adrenaline neurons on arterial pressure, heart 
rate and plasma catecholamines and vasopressin. J. Neurosci 1984;4: 
474–494.

7.	 Gatti PJ, Da Silva AMT, Gillis RA. Cardiorespiratory effects produced 
by microinjecting drugs that affect GABA receptors into nuclei 
associated with the ventral surface of the medulla. Neuropharmacology 
1987;26:423–431.

8.	 Bousquet P, Guertzenstein P. Localization of the central cardiovascular 
action of clonidine. British J. Pharmacology 1973;49:573–579.

9.	 Bousquet P, Feldman J, Velly J, Bloch R. Role of the ventral surface 
of the brainstem in the hypotensive action of clonidine. European J. 
Pharmacology 1975;34:151–156.

10.	 Gatti PJ, Hill KJ, Da Silva AMT, Norman WP, Gillis RA. Central nervous 
system site of action for the hypotensive effect of clonidine in the cat. 
J. Pharmacol. Exp. Ther. 1988;245:373–380.

11.	 Kanggra IM, Loewy AD. Whole-cell recordings from visualized C1 
adrenergic bulbospinal neurons: ionic mechanisms underlying 
vasomotor tone. Brain Res. 1995;670:215–232.

12.	 Lipski J, Kawai Y, Qi J, Comer A, Win J. Whole cell patch-clamp study of 
putative vasomotor neurons isolated from the rostral ventrolateral medulla. 
Am J. Physiol. Regul. Integr. Comp. Physiol. 1998;274:R1099–R1110.

13.	 Blessing WW. In: Blessing WW, editor. The Lower Brainstem and Bodily 
Homeostasis. Oxford: Oxford Univ. Press 1997:165–268.

14.	 Guyenet PG, Stornetta RL. In: Dun NJ, Machado BH, Pilowsky PM, 
editors. Neural Mechanisms of Cardiovascular Regulation. Boston: 
Wolters Kluwer 2004: 187–218.

15.	 Milner TA, Morrison SF, Abate C, Reis DJ. Phenylethanolamine- 
N-methyltransferase containing terminals synapse directly on sym
pathetic preganglionic neurons in the rat. Brain Res. 1988;448:205–222.

16.	 Caverson MM, Ciriello J, Calaesu FR. Direct pathway from cardio-
vascular neurons in the ventrolateral medulla to the region of the 
intermediolateral nucleus of the upper thoracic cord: an anatomical 
and electrophysiological investigation in the cat. J. Auton. Nerv. Syst. 
1983;9:451–475.

17.	 Malhotra V, Kachroo A, Sapru HN. Cardiac effects of injections of 
epinephrine into the spinal intermediolateral cell column. Am. J. Physiol. 
1993;265:H633–H641.

18.	 Morrison SF, Milner TA, Reis DJ. Reticulospinal vasomotor neurons of 
the rat ventrolateral medulla: relationship to sympathetic nerve activity 
and the C1 adrenergic group. J. Neurosci 1988;8:1286–1301.

19.	 Sundaram K, Murugaian J, Sapru HN. Cardiac responses to the 
microinjections of excitatory amino acids into the intermediolateral cell 
column of the rat spinal cord. Brain Res. 1989;482:12–22.

20.	 Guyenet PG. The sympathetic control of blood pressure. Nat. Rev. 
Neurosci. 2006;7: 335–346.

21.	 Guyenet PG. Central noradrenergic neurons: the autonomic connection. 
Prog. Brain Res. 1991;88:365–380. 

22.	 Jansen ASP, Wessendorf MW, Loewy AD. Transneuronal labeling of 
CNS neuropeptide and monoamine neurons after pseudorabies virus 
injections into the stellate ganglion. Brain Res. 1995;683:1–24. 

23.	 Willette RN, Krieger AJ, Barcas PP, Sapru HN. Medullary GABA 
receptors and the regulation of blood pressure in the rat. J. Pharmacol. 
Exp. Ther. 1983;226:893–899.

24.	 Willette RN, Krieger AJ, Barcas PP, Sapru HN. Endogenous GABAergic 
mechanisms in the medulla and the regulation of blood pressure. 
J. Pharmacol. Exp. Ther. 1984;230:34–39.

25.	 Willette RN, Punnen S, Krieger AJ. Sapru HN. Interdependence of 
rostral and caudal ventrolateral medullary areas in the control of blood 
pressure. Brain Res. 1984;321:169–174.

26.	 Gatti PJ, Hornby PJ, Mandal AK, Norman WP, DaSilva AM, Gillis RA. 
Cardiovascular neurons in cat caudal ventrolateral medulla: Location 
and characterization of GABAergic input. Brain Res. 1995;693:80–87.

27.	 Urbanski R, Sapru HN. Putative neurotransmitters involved in medullary 
cardiovascular regulation. J. Auton. Nerv. Sys. 1988;25:181–193.

28.	 Sun MK, Guyenet PG. GABA-mediated baroreceptor inhibition of 
reticulospinal neurons. Am. J. Physiol. 1985;249:R672–RR680.

29.	 Agarwal SK, Calaresu FR. Monosynaptic connection from caudal to 
rostyral ventrolateral medulla in the baroreceptor reflex pathway. Brain 
Res. 1991;555:70–74. 

30.	 Sved AF, Gordon FJ. Amino acids as central transmitters in the 
baroreceptor reflex pathway. News Physiol. Sci. 1994;9:243–246.

31.	 Talman WT, Perrone MH, Reis DJ. Evidence for L-glutamate as the 
neurotransmitter of baroreceptor afferent nerve fibers. Science 
1980;209:813–815.

32.	 Urbanski R, Sapru HN. Evidence for a sympathoexcitatory pathway 
from the nucleus tractus solitarius to the ventrolateral medullary pressor 
area. J. Auton. Nerv. Syst. 1988;23:161–174.

33.	 Aicher SA, Saravay RH, Cravo S, Jeske I, Morrison SF, Reis DJ, Milner TA. 
Monosynaptic projections from the nucleus tractus solitarii to C1 adrenergic 
neurons in the rostral ventrolateral medulla: comparison with input from 
the caudal ventrolateral medulla. J. comp. Neurol. 1996;373:62–75. 

34.	 Vardhan A, Kachroo A, Sapru HN. Excitatory amino acid receptors in 
the commissural nucleus of the NTS mediate carotid chemoreceptor 
responses. Am. J. Physiol. 1993;264:R41–R50.

35.	 Sun MK, Reis DJ. Excitatory amino acid-mediated chemoreflex 
excitation of respiratory neurons in rostral ventrolateral medulla in rats. 
J. Physiol. 1996;492:559–571.



RGUHS J Pharm Sci | Vol 2 | Issue 2 | Apr–Jun, 2012� 15

Philip J. Gatti : The Mechanistic Basis of Centrally Active Antihypertensive Drugs

36.	 Sved AF, Tsukamoto K, Schreihofer AM. Stimulation of alpha- 
2-adrenergic receptors in nucleus tractus solitarius is required for the 
baroreceptor reflex. Brain Res. 1992;576:297–303.

37.	 Punnen S, Urbanski R, Krieger AJ, Sapru HN. Ventrolateral medullary 
pressor area: site of hypotensive action of clonidine. Brain Res. 
1987;422:336–346.

38.	 Sun MK, Guyenet PG. Effect of clonidine and gamma-aminobutyric acid 
on the discharges of medullo-spinal sympathoexcitatory neurons in the 
rat. Brain Res. 1986;368:1–17. 

39.	 Sapru HN. Glutamate circuits in selected medullo-spinal areas 
regulating cardiovascular function. Clin Exp Pharmacol Physiol. 
2002;29:491–496.

  


