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Chapter 1 

SURVEY OF THE LITERATURE 

Hypertension in humans is a common pathology which has been associated with a costly 
degree of morbidity and mortality. Medical sequela following the onset of hypertension 
unequivocally accelerates atherogenesis and increases the incidence of ischemic and 
coronary heart disease, as well as cerebrovascular disease. Many pathological conditions 
and environmental occurrences have been given partial credit for precipitating hypertension 
in humans. Among these are a flawed renin-angiotensin system, stress, arteriolosclerosis, 
stenotic lesions, hyperthyroidism, unusual salt intake and processing, and central nervous 
system disturbances, to mention only a few. Unfortunately, many of the components 
involved in the basic etiology have yet to be elucidated. Hypertension is clearly not a single 
entity, · but a group of physiological dysfunctions with 3: common presentation of 
symptoms. .. 

Clinicians often are unable to discern the specific etiology of hypertension for a 
given patient, and therefore many patients are diagnosed with either primary or essential 
hypertension. Today, clinicians treat hypertension with a wide variety of pharmacological 
agents. The diagnosis of primary hypertension is a diagnosis of exclusion which is often 
uncontrollable by current drug therapies. One may speculate that this diagnosis is so· 
common because all the mechanisms concerned with systemic hypertension have yet to be 
unraveled. 

This research project attempts to elucidate an undescribed central neuronal pathway_ 
which may contribute to the understanding of hypertension and its treatment. The 
subsequent introduction is divided into 3 major areas; 1) classical autonomic mechanisms 
controlling blood pressure, 2) cholinergic pharmacology and cardiovascular dynamics, 3) 
glutamatergic pharmacology, and relevant cardiovascular research (including the role of 
nitric oxide in the modulation of blood pressure). 



THE AUTONOMIC NERVOUS SYSTEM & 

CARDIODYNAMICS 

Sympathetic Nerves and Brainstem Nuclei 

2 

The autonomic nervous system is classically divided into the sympathetic and the 

parasympathetic nervous systems. Control of systemic circulation is contingent on the 

sympathetic innervation of terminal organs and vessels. This is achieved by three major 

routes: ·1) through specific sympathetic nerves which stimulate the heap: and the vasculature 

of internal viscera (T1-L2), 2) through spinal nerves which innervate the vasculature of 

peripheral areas (via efferent spinal pathways), and/or 3) through cranial nerves (Guyton, 

1991). Sympathetic nerve fibers innervate all portions of the vasculature except for the pre

capillaries and capillaries. This gives small arterioles and arteries the ability to increase 

resistance, and thereby change the rate of blood flow through a given tissue bed. 

Innervation to larger vessels, specifically veins, makes it possible for . the sympathetic 

nervous system to alter systemic blood volume. In addition, -sympathetic nerve innervation 

of the heart may produce profound tachycardia, and a positive inotropic effect (Coleridge, 

1980). 

The three major brain stem nuclei (vasomotor area) which are responsible for 

regulating systemic sympathetic function are: (Calaresu, 1988; -Dampney, 1984; Guyton 

1991) 



3 

1. The C-1 area, a sub-nucleus of the rostral ventrolateral medulla, is a nuclei in the 

anterolateral portion of the upper medulla. C-1 neurons are phenylethylamine-n-methyl_ 

transferase (PNMT) containing neurons which secrete epinephrine. These neurons · 

distribute their axons throughout the spinal cord where they excite (vasoconstrictor) 

neurons in the intermediolateral cell column (sympathetic neurons). 

2. The A-1 area, a subnucleus of the caudal ventrolateral medulla, is in the anterolateral 

portion of the lower half of th~ medulla._ Fibers from A-1 project rostrally to the C-1 nuclei 

to inhibit efferent neuronal activity. Thus by decreasing sympathetic activity, a systemic 

vasodilatation is observed. 

3. The A-2 area located in the nucleus tractus solitadus is in the posterolateral portion of 

the medulla and lower pons receive afferent neuron projections form the glossopharyngeal 

and vagus nerves. Efferent neurons Jrorri· A-2 modulate (may attenuate or augment) the 

output of A -1 and C-1, thereby providing an intricate regulatory feedback mechanism. An 

example of this circuit is the. ability of baroreceptors to alter arterial pressure as explained in 

more_ detail in Figure 1. 

Tonic Vasomotor Tone to Blood Vessels and the Heart 

Under normal conditions, C-.1 neurons are tonic pacemaker cells which have a 

predetermined firing rate of 0.5-2 pulses/sec. The C-1 nucleus is influenced by other brain 

nuclei which enhance and/or attenuatetonic evoked potentials. from neurons in this nucleus. 

This tonic-neuronal activity from C-1 maintains descending sympathetic tone in the spinal 

cord and to the periphery (Guyton, 1980, Antonaccio, 1984). The continual firing rate of 

the C-1 neurons is by convention referred to as sympathetic vasoconstrictor tone, while its 

effect on the blood vessels (terminal end-organs) is referred to as vasomotor tone. In 

addition to controlling vasomotor tone, C-1 also modulates basal heart activity vm 

stimulation of sympathetic nerve fibers to the heart. Direc~ electrical stimulation to the C-1 

area has a positive inotropic and chronotropic effect on the heart. In contrast, activation of 
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the medial portion of vasomotor area juxtaposed to the dorsal motor nucleus of the tenth 

cranial nerve, decreases inotropic and chronotropic activity. (Dampney, 1984; Guyton, 

1980) 

As mentioned previously, the rostral ventrolateral medulla (RVL) is modified by a 

variety of other areas capable of attenuating or magnifying its output. The other major 

areas of the brain responsible for cardiovascular regulation include; the reticular system, the 

hypothalamus, the Kolloker-Fuse n~cleus, the peraqueductal gray, and selected portions of 

the cerebral cortex (Mathias, 1988). The reticular system is distributed. throughout the 

pons, mes-encephalon and the diencephalon. In general, the more lateral and rostral 

divisions increase activity of the vasomotor area , while the medial and caudal divisions 

cause inhibition. The hypothalamus provides a direct pathway to the C-1 . area 

(Guyton, 1980). The posterolateral portions elicit an excitatory response, while anterior 

segment of the hypothalamus may elicit either excitatory or inhibitory influences. In 

addition, areas which may evoke changes in the. vasomotor ·area include: motor cortex, 

hippocampus, septum, amygdala, cingulate gyrus, as well as orbital and frontal cortical 

areas. Thus, vast areas of the brain may have a modulatory role in cardiovascular function 

(Mathias,1988). The control of blood pressure and heart rate by the central nervous system 

is ~esigned as a multi-control regulatory system which rapidly responds to a variety of 

environmental, genetic, and biologic challenges. 



Figure 1: Diagram indicating the main connections between the· C-1 nucleus (a sub

nucleus of the rostral ventral lateral medulla) and other brain nuclei., The most notable of 

these interactions are as. follows: RVL, the .rostral ventrolateral nucleus; CVLM, Caudal 

ventrolateral medulla (A -1 is a subnucleus and has an inhibitory effect); IML, 

Intermediolateral cell column; KF, Kolloker-Fuse nucleus; LHA, Lateral hypothalamic 

nucleus. The A-2 area is located in the NTS; Nucleus tractus solitarius (may either an 

augment or attenuate an action potential in the medulla). PAG, Periaqueductal gray; and 

PVN, Paraventricular nucleus (both increase neuronal activity in the RVL.) 
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Peripheral Reflex mechanisms 

The two major peripheral feedback sources are from the baroreceptors and · the 

chemoreceptors. · The baroreceptor reflex is initiated by a stretching of "baro or 

pressoreceptors" located in the walls of the large arteries. The observed systemic effect is a 

reduction in arterial pressure· when mechanical extension is sensed by the_ baroreceptor 

(Coleridge, 1980). These baroreceptors may be found in almost every large artery in the 

thoraco-cervical region, but they are particularly abundant in the walls of the internal carotid 

and in the aortic. arch. Signals from the internal carotid send their afferents by means of 
. . ' . ' 

Hering's nerve to the glossopharyngeal· nerve (G~yton, .1980, Presson 1989). These 

signals are then transmitted to the nucleus tractus solitarius (NTS). In contrast, aortic 

afferents relay their neuronal modulatory signals by means of the vagus nerves to the NTS. 

After the afferent signals have reached the NTS, inhibitory neuronal impulses are sent to 

the C-1 area, while vagal efferents are stimulated to lessen. cardiova.scular tone (Mathias, 

1988). The terminal effects of these actions are vasodilation of venous and arterial vessels, 

and a reduction in heart rate and c'ontractility. Hence, an excitation of arterial baroreceptors 
' \ 

leads to a reduction in peripheral resistance and cardiovascular output (Guyton, 1991). 

The chemoreceptor reflex utilizes an afferent pathway similar to that of the 

baroreceptor, but differs in its modality of action. Chemoreceptors located at the 

bifurcation of the common carotid and aortic arch are triggered by hypoxia, hypercapnia, or 

a red\}ction in arterial pH (Conway, 1984). Whenever the arterial pressure falls below a 

critical level, available oxygen diminishes and arterial carbon dioxide levels rise. This 

stimulates chemoreceptor afferents to fire with activity propagated through a pathway 

which ascends via the ninth and tenth cranial nerves (Gu¥ton,1991). These signals then 

excite vasomotor areas, and this increases cardiovascular tone, as well as stimulates centers 

which oversee control of respiration (Mathias, 1988). 
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'Cholinergic Pharmacology, and Cardiovascular Dynamics 

Briefly History and Development 

Evidence exists to suggest that acetylcholine was present long before the 

development of the eukaryotic nervous system. Bacteria, plants, and many other 

prokaryotes store acetylcholine and possess the ability to synthesize and degrade 

acetylcholine. In addition, acetylcholine is utilized by .many mammals in other organ 

systems <:>ther than the central nervous system and neuromuscular junction (e.g. cornea, 

spleen, and placenta) (Rama-Sastry, 1979). Acetylcholine was first synthesized by Baeyer 

in 1867, and later recognized as a possible !mediator of cellular function by Hunt ( 1907) 

and Dale (1914). D.ale's early work elucidated that parasympathetic reflexes could be 

activated with cholinergic nerve stimulation, and that there was more than one type of 

cholinergic receptor (Dale, 1914). Seven years later, Loewi (1921) conclusively 

demonstrated the ability of acetylcholine to be released as a neurotransmitter. Although 

many acetylcholine analogs have been studied earlier, it was not until 1932 that 

acetylcholine was utilized in therapeutic trials (Bennarroch,1986, Ross,1990). After these 

therapeutic trials, investigators began to synthesize analogues to use in clinical medicine, 

e.g._ carbachol and bethanechol. 

Muscarinic Acetylcholine receptors 
,' . . - . 

Early studies of !lluscarinic receptors focused on the affmity of various 

ligands to bind to these receptors. Mcn-A-343 (agonist) and pirenzepine (antagonist) were 

pivotal in making it possible to identify distinct subclasses of receptors by their ability to 

bind to specific tissues, end organs, or cholinergic nerve cell populations. Both 
' . 

c-ompounds exhipited greater affinity for receptors in the cortex and sympathetic ganglia 

(originally designated M1), than for receptors in the heart or smooth muscle (originally 

designated M2). Subsequent to these original findings, the heterogeneous nature of these 

/ 
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receptors had become more apparent (Taylor,1990). Today, ·ligands. have been 

manufactured to specifically target discrete receptor subtypes;. Such findings are supported 

by recent molecular cloning wor~ which reyealed the existence of' five different receptor 

subtypes (Bonner, 1987). Three:. of five distinct gene products have expressed receptors 

which have been pharmacologically defined as Mt, M2, and M3. The mechanism 

underlying all muscarinic receptors are related to an interaction with G proteins that regulate 

a variety of effector systems within the cell. Stimulation of Mt and M3 receptors causes 

hydrolysis of polyphosphoinositides and mobilization of intracellular ca;-+. Recent studies 
" . 

suggest that the mechanism involves a G-protein mediated activation of phospholipase C. 

G-protein activation stimulates a variety of calcium mediated events, either directly, or as a 

consequence of protein phosphorylation. M2 receptors regulate ion channels by increasing 

K+ conductance in cardiac atrial cells (Gs protein), and inhibition of adenylyl cyclase (GI 

protein) by interacting with a distinct G protein (Taylor,1990). 

Autoradiographic and immunohistochemical studies demonstrate the presence of 

choline acetyltransferase-immunoreactive neurons and muscarinic receptors existing in 

numerous areas of the spinal cord including the dorsal horn, superficial·lamina, central 

autonomic cell column, and the intermediolateral cell column (Barber,1984; Ribeiro-da-

silva,1980; Yamamura,1983). Although cholinergic neurons in the spinal cord have been 

reported to mediate antinociception and sensory processing, the physiological role of most 

of these cholinergic neurons has yet to be elucidated with regard to cardiovascular function 

(Ribeiro-da-silva, 19 80; Y akash, 19 85). Some investigators have speculated that 

cholinergic neurons may be acting as interneurons within the autonomic cardiovascular 

CNS, but this remains unclear (Barber,1984). 
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Acetylcholine-Relationship With The Cardiovascular System 

Cholinergic neurons participate in cardiovascular regulation in several brain regions 

known to be critical for the regulation of blood pressure. Both excitatory and inhibitory 

cholinergic influences may be involved in this process. While many brain nuclei may be 

altered by pathological sequela, recent evidence from this lab and others sug~ests that the 

rostral medulla (similar in location to the vasomotor area) and posterior hypothalamus may 

have pivotal roles in the control of sympathetic cardiovascular activity. These two nuclei 

may be involved in the etiology and maintenance of some yet uncharacterized types of 

hypertension (Brezenoff,1982; Buccafusco,1979,1989; Giuliano, 1987, Henning, 1975). 

Peripheral administration of physqstigmine (reversible cholinesterase inhibitor) in 

rabbits enters the central nervous system and raises systemic blood pressure as well as 

produce a decrease in heart rate. (Giuliano, 1987(b)). These investigators concluded that the 

effects must be in part centrally mediated because of an observed attenuation of the pressor 

response with spinal transection. FurtQ.ermore, a related drug, ·neostigmine, does not 

produce a pressor response when injected peripherally, in fact, a fall in blood pressure is 

often observed. Neostigmine inabiJ.ity to readily cross the blood brain barrier due to the 

fixed positive charge imparted to the molecule by a quaternary nitrogen atom. Hence, the 

depressor response observed with neostigmine is directly attributed to the action of 

peripheral muscarinic receptors on blood vessels and smooth ·muscle (muscarinic receptors 

stimulate the release of endotheli!Jm derived relaxing factor which causes vasodilation.) 

(Philippu, 1981). Further studies by Brezenoff confrrmed the central origin of the pressor 

response. Injection of quaternary cholinesterase inhibitors directly intQ the cerebral 

ventricle or intracisternal space elicited a dramatic pressor effect, even in the presence of 

peripheral muscarinic receptor blockade (Brezenoff, 1973). Later, studies with the 

acetylcholine-depleting agent hemicholinium-3 demonstrated that intact stores of 

acetylcholine were a . prerequisite for p:r;oducing the pressor response to inhibitors of 
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.acetylcholinesterase (Brezenoff,1974). While the mechanism of this pressor response is 

unclear, one possibility is that an ascending system activated by spinal muscarinic receptors 

( these afferent cholinoceptive neurons may be located in either the dorsal hom or the 

intermediolateral cell column) has a modulatory role in the central regulation of blood 

pressure. To restrict their site of action, neostigmine and physostigmine were then directly 

injected into the posterior hypothalamic nucleus of anesthetized and unanesthetized rats. 

These injections increased blood pressure and produced a compensatory reduction in heart 
' ' 

rate (Brezenoff,1972; Buccafusco,1979). 

In addition to the hypothalamus, the ventrolateral medulla plays a substantial role in 

·central cardiovascular. control (Ciriello,1986). Both anatomic and physiological evidence 

suggest that a critical focal point in arterial pressure regulation resides in the rostral 

ventrolateral medulla (RVL), which includes the group of adrenergic-neurons (C-1 group) 

and a subdivision of the nucleus paragigantocellularis lateralis. Excitation of neurons in 

this area by electrical stimulation or local administration of glutamate increases blood 

pressure, while local administration of tetrodotoxin or gamma-aminobutyrate (GABA) 

results in a fall in blood pressure and a reduction in sympathetic activity (Bennarroch, 1986; 

Granata, 1985) The RVL contains neurons which have been characterized, by immuno

histochemical labeling, as adrenergic, cholinergic, GABAnergic, and glutamatergic 

(Dev,1979; Ross,1985; Willette,1984). In addition, neurons within this nucleus project to 

the nucleus tractus solitarius and the intermediolateral cell column of the spinal cord 

(Milner, 1988;Ross, 1985). 

Evidence produced by the Buccafusco laboratory and others has specifically 

implicated the acecylcholine role in the maintenance of cardia-regulatory function 

(Arneric,1990; Dev,1979). Researchers have demonstrated that cholinergic agonists 

injected into the RVL or applied to the dorsal surface of the medulla will elevate heart rate 

and blood pressure (Willette, 1984). This pressor response is mediated by muscarinic 

(non-Ml) receptors located on neurons within RVL (Arneric, 1990). In addition, an 
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endogenous release of acetylcho~ine in the RVL may also mediate· the sympathoexcitatory 

effects of peripherally administered 3,4 diaminopyridi_ne (via the release of acetylcholine 

from cholinergic terminals), which increases blood pressure and heart rate. This pressor 

response may be abolished by microinjection of a muscarinic antagonist into RVL. In fact, 
. . \ 

this pressor response may also be attenuated by using clonidine ( <X2, agonist, Which inhibits 

acetylcholine release), hemicholinium-3 (high affinity choline uptake blocker),, or any 

nonspecific muscarinic antagonist, e.g. QNB. (Giuliano, 1987(a);Punnen,1986). 

Stimulation of muscarinic receptors in the spinal cord also increases blood pressure. 

In a spinal transected (C7) rat model in which peripheral muscarinic receptors were 

blocked by methylscopolamine, i.v injection of oxotremorine (muscarinic agonist) 

· produced a long-lasting pressor response (Henning,1975). Thus, recent studies have been 

instrumental in demonstrating the importance of the medulla and spinal axis in cholinergic 

modulation of cardiovascular dynamics. In fact, the Buccafusco laboratory was. the first to 

identify and begin to characterize this spinal cholinergic pressor system. Nuclei which are 

still the . focus of intense research include those areas mentioned above, as well as the 

pedunculopontine tegmental nucleus, the laterodorsal tegmental nucleus, locus ceruleus, the 

periaqueductal gray, and the reticular activating system (Brezenoff,1973, 1974; Philippu, 

1981, Giuliano,1987(b)). 

Glutamate and Cardiovascular Function 

Early History and Developments 

Knowledge o~ the existence of glutamate dates back to 1913, when Abderhalden 

and W eil revealed that glutamate concentrations in neural tissue exceeded that of any other 

tissue in the body. However, it was !lOt until the late 1950's that C~rtis and co-workers 

hypothesized that L-glutamate and a number· of other excitatory amino acids were capable 

of eliciting action potentials in mammalian brain slices. The Watkins group went on to 

demonstrate the ability of excitatory amino acids (BAA) to excite neurons by membrane 
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.depolarization,- and found this to be associated with little or no change in the n·euron's 

membrane· conductance (Curtis,1959). The negligible conductance change was attributed 

to a limit~tion of the intracellular recording technique. The original electrophysiological 

studies were performed (Engberg, 1960) using cat motor neurons in vivo (cellular 

administration). The Engberg group found that depolarizations induced by D,L

homocysteic acid (HCA) were associated with an increase in the size of the electrical 

evoked response to constant current pulses. They attributed this increase in electrical 

activity to a decrease in potassium conductance(gK). In addition, the Engberg group found 

that L-glutamate induced a negligible change in electrical conductance which they reasoned 

was a consequence of low affinity glutamate uptake. Later studies by this same group 

corrected for membrane rectification, and led to the classification of three groups of BAA 

agonist: (1) L-aspartate, L-glQtamate, L-HCA, quisqualate »» increase in gM 

(conductance), fast on/off; (2) NMDA, ibotenate, D-HCA »»decrease in gM, slow on/off, 

and; (3) Kainate »» increase in gM, very slow on/off. Recent studies hav~ sought to 

perfect the methods used in the original experiments, but these earlier experiments remain a 

bench mark as the first comprehensive_ study to elucidate discrete electrophysiological 

properties of BAAs (Lambert, 1981 ). In subsequent studies, voltage clamp techniques were 

employed to further elucidate the electrophysiology of excitatory amino acids. The 

MacDonald group demonstrated that pharmacologically defined receptors could be equated 

with conductance mechanisms with divergent voltage dependencies (MacDonald, 1982) 

Today, conclusive· · evidence that EAA. act as neurotransmitters. are supported by 

_experiments of intracellular recordings demonstrating that exc~tatocy· postsynaptic potentials 

(EPSPs) may be elicited by a single spike in_ the presynaptic neu~on under study. 
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Receptor Subtypes and function 

The three major ionotropic BAA receptors in the mammalian central nervous system 

are named after the-resp~ctive agonists: NMDA (N-methyl-D-:-aspartate), kainate and Al\1PA 

(alpha-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid, previously known as 

quisqualate ). - When glutamate· agonists bind to one of these receptors, it leads to the 

opening of an ion channel. Specifically,-NMDA receptor stimulation activates Na+/K+ and 

Ca2+ (predominantly) channels, while Al\1PA and kainate re~eptors predominately activate . 

Na+/K+ channels. In addition, NMDA receptor sites have a modulatory glycine site which 

when stimulated promotes the arriplification of a ~A receptor· response. Other EAA 

receptors which function largely as autoregulatory receptors are labeled as metabotropic 
I 

receptors, and include .mGlu1-mGlu7• In the past, mGlu4, mGlu6, and mGlu7 were referred 

to as ·L-AP4 r~~eptors. Presently, no agonist or antagonist has shown selectivity for a 

single mGlu receptor. 

Currently, the classification of EA'A receptors is based on iontophoretic and 

radio ligand-binding studies. The development· of single chaqnel recordings in cultured 

neurons has allowed for more specific discrimination among different cationic channels 

with a variety of conductance levels (Cull-Candy,1987,Jahr,1987). These channels can be 

further delineated since NMDA preferentially activates channels with large (40-SOpS) 

conductance levels (Ascher,l988(a)), while kainate and AMPA activate those at low 

conductance (5-15pS)(Ascher,1988(b)) Unfortunately, each of these agonists may activate 

additional receptors similar to that of other agonist. 

The ionic properties of the NN.IDA and non-NN.IDA-activated channels may be 

distinguished. All glutamate activated channels are permeable to N a+ and K + ions, _those 

activated by NMDA also allow Ca2+ fluxes (Dingledine,1983, MacDermott,1986, 

MacDonald,1982, Nico11,1981). The NMDA channel can also be distinguished from-the 

non-NMDA channel on the basis of its modulation. Ionotropic glutamate receptors may be 

studied with biochemical techniques. Ca2+ -sensitive dyes demonstrate that activation· of 
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N1v1DA receptors evokes an increase in intracellular Ca2+ concentration 

(Wroblewski,1985,1987). These studies of Ca2+-influx in cultured cerebellar granule cells 

showed an increase in Ca2+ entry into c~lls with an activation of NMDA, but not AMP A or ~ 

kainate receptors (Wroblewski,1985,1987, Gordon,1988). In fact, kainate does not 

induce any Ca2+ current when measured by electrophysiological techniques 

(Ascher(b),1988). This absence of current may be explained by a presynaptic localization 

of kainate receptors (Davies, 1987). 

All electrophysiological and biochemical responses induced by an NJv.IDA receptor 

agonist may be inhibited by any of several competitive antagonists. Among the most 

selective are 2-amino-5-phophono-valericacid (APV), 2-amino-7-phosphonoheptanoic acid 

(AP-7) and 3-(2-carboxy-piperazin-4-y,l)propyl-1-phoshonic ·acid (CPP). Other agents 

which work specifically at sites distinct from the primary transmitter recognition site are 

Mg2+ and zn2:-. In addition, there are compounds which exert their antagonism by 
I 

noncompetitive inhibition (phencyclidine (PCP) and MK801), while still. other compounds 

enhance cellular conductance by interacting with the glycine-activation site (Figure 2). 

Experiments utilizing microiontophoresis into the dorsal horn (in vivo) have been 

employed to administer competitive antagonist directly on to · single cells following 

pharmacological or electrical stimulation of primary afferents (Davies, 1985). The results 

of such studies offered the following physiological conclusions: 1) The synaptic events 

elicited by low-threshold afferents were likely due to mono-synaptic events and were 

attenuated by non-selective EAA antagonists, but not by selective NlviDA antagonists; 2) 

poly-synaptic networks were reduced more effectively . by NMDA antagonist 

(Davies,1985); 3) responses elicited from C-fibers were diminished by superfusion with 

the non-selective antagonist, g-D-glutamylglycine (Schouenberg(b),1986), but these long 

latency potentials could not be proven to be .exclusively mono-synaptic (Davies, 1987, 

Headly, 1990, Schouenberg, 1986(a)). The mono-synaptic response elicited in motor 

neuron 1a afferents was also sensitive to non-selective EAA, but not to selective NJvlDA 



Figure 2 · Schematic designed to illustrate the interaction of a glutamate neuron with 

many common pharmacologic agents. Arrows represent the site of action of various 

agonists. Arrows with II represent the site of action of various antagonists. 
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antagonist. Therefore, BAA were demonstrated to be released by primary aff~rents of both 

large and small diameters. In addition, experiments requiring poly-synaptic responses in 

the dorsal and ventral horn by electrical activation were shown to be selective for NlviDA 

antagonist. 

Recent studies augment the body of evidence supporting the importance of EAA in 

the spinal cord, (Miller, 1987) among these _are studies performed in the dorsal horn, where 

many identifiable Glu-immunoreactive terminals have been discovered. The density of BAA 

binding sites appears to be high in the dorsal horn, (Greenamyre,1984) possibly 

responding to the glutamate released following peripheral noxious stimuli (Skilling, 1988). 

The participation of BAA in a descending bulbo-spinal system comes from a variety 

of sources including neurochemical, histochemical, and electrophysiological studies. Two 

mono-sy~aptic EAA pathways which appear to be mediated by NMDA receptors are the 

cortico-rubral (Beart,1988) and the hypothalmo-midbrain pathways (Curtis,1963). 

Extracellular recordings (in vivo) demonstrated that excitatory responses in these pathways 

could be extinguished with selective NMDA antagonists. Further intracellular studies were 

performed on the reticulospinal synapse in the lamprey. This pathway transports DAsp 
( 

retrogradely and therefore has a Glu/Asp uptake system (Headley, 1990). 

Glutamate's Ability to Evoke a Pressor Response 

The rostral ventrolateral medulla (RVL) contains a .population of reticulospinal, 
' 

sympathetic neurons. While vasomotor neurons of the RVL are presumed to exert their 

sympathoexcitatory effects over pathways terminating in the intermediolateral nucleus 

(IML), little is known concerning the specific neurotransmitters mediating the connection 

between the medulla (and supra-medullary nuclei) and the spinal cord. 

Glutamate injections into diverse regions of the CNS such as the posterior 

hypothalamus, rostral ventrolateral medulla (RVL), caudal ventral medulla (CVM), and the 

spinal cord (specifically the intermediolateral cell column (IML), lateral funiculus and 
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· central grey) have evoked excitatory cardiovascular responses (Collingridge,1989, 

Curtis,1959). Chemical or electrical stimulation of lateral hypothalamic sites (dorsolateral 

to the fornix) produces a pressor effect; and an accompanying excitation of the vast 

majority of the bulbospinal sympathoexcitatory J!eurons feeding into paragigantocellularis 

(PGi)(Sun,1986). Gordon and co-workers demonstrated that microinjections of glutamate 

and N-methyl-D-apartate (NMDA) into the rostral ventrolateral medulla (RVL), caudal 

ventrolateral medulla (CVM), and spinal cord could. elicit dramatic pressor responses 

(Bazil,1991, Gordon, 1988). This work was extended by Morrison and Reis after they 

demonstrated that sympathoexeitation of RVL may be mediated by a direct glutamat~rgic 

connection to the IML, and that indeed· .glutamate neuronal axons do impinge on Il\1L 

neurons (Morrison, 1989). Clearly, the glutamate transmitter system is involved ·in 

sympathetic output, but how this is regulated and to what extent still remains unclear. Figure 

3). 



Figure 3 Schematic of a cholinergic-glutamatergic-bulbo-spinal cardiovascular pressor 

system (CGBS ). Ascending cholinergic neurons synapse with glutamatergic neurons 

intraspinally and within the medulla. Ascending cholinergic neurons have been inferred to 

have their cell bodies in the dorsal hom (T1-L2) and/or the intermediolateral cell column. 

The rostral ventrolateral medulla (RVL) is the postulated r:elay center if! the medulla for the 

CGBS pressor system. The cholinergic neurons which synapse in the RVL are muscarinic 

= M. The C-1 area- (a sub-nucleus of the rostral ventrolateral medulla) is a nucleus in the 

anterolateral portion of the upper medulla. The RVL processes and interprets information 

from other autonomic brain nuclei, such as the A-1 and A-2 nuclei. The A-1 area (a 

subnucleus of the caudal ventrolateral medulla) is in the anterolateral portion of the lower 

h!llfofthe medulla. FibersfromA-1 project rostrally to the C-1 nuclei to inhibit net efferent 

neuronal activity. The A-2 area located in the nucleus tractus solitarius is in the 

posterolateral portion of the medulla and lower pons, and receives afferent neuron 

projections form the glossopharyngeal and vagus nerves. Efferent neurons from A-2 

modulate (may attenuate or augment) the the output of A-1 and C-1 nuclei. Inputs from 

higher centers include; paragigantocellularis, pontine tegmental nucleus, the hypothalamus 

(the paraventricular, supraoptic and and posterior nuclei), and the reticular activating· 

system. The effect of these higher brain centers is yet to be determined. Glutamate 

neurons from the medulla (iistribute their axons· throughout the spinal cord where they 

excite (vasoconstrictor) neurons in the intermediolateral cell column by activating NMDA 

receptors( sympathetic neurons). Synaptic relays at the levels of the spinal cord and 

medulla have intermediate synapses (possibly GABAnergic, serotonergic or adrenergic 

neurons) which are not illustrated in the above schematic. The intermediolateral cell 

column stimulation has a direct effect on systemic cardiovascular function via primary and 

secondary ganglionic neurons. 
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Brief Histroy of Nitric Oxide and the Central Nervous System 

Endothelial derived relaxing factor (EDRF) is a lipophilic humoral substance with a 

half life of 5-30 seconds (Luscher,1988). The formation of nitric oxide (NO) from an 

enzyme in vascular endothelial cells was first determined in 1987, and accounted fqr the 

biological properties attributed to EDRF. NO is synthesized from L-arginine by the enzyme 

nitric oxide synthase (NOS). Two distinct types of NOS exist in vivo. The constitutive 

form of the enzyme is dependent on Ca2+/calmodulin, and releases NO for brief intervals 

in response to receptor activation or physical stimulation. The other form of the 

' (constitutive) enzyme is dependent on tetrahydrobiopterin, and once activated in 

macrophages, endothelial cells, and a number of other cells produces large amounts of NO 

for an extended period of time (Moncada, 1989). 

Early experiments demonstrated that an isolated rabbit aorta treated with super oxide 

dismutase (SOD, an oxygen free radical scavenger) or cytochrome c increased the half-life 

of NO and EDRF in a similar manner (Luscher,1988). Additional evidence that NO is 

indeed EDRF was provided by experiments in which EDRF released from vascular 

endothelial cells was detected by chemical means used to identify NO. In fact, NO may be 

directly measured as the chemiluminescent product of its reaction with ozone (Downes, 

1976). The correlation between the amount of NO measured by platelet- and vascular

bioassays (Palmer and Radomiski) and chemiluminescence studies led to a · detailed 

CO?J.parison of the biological actions of EDRF and NO. Comparisons of these studies 

revealed that the two compounds were indistinguishable (Moncada, 1988). Further studies 

revealed that both EDRF and NO altered cellular function by stimulating soluble guanylate 

cyclase and elevation of cGMP (Rappoport, 1983). In addition; a spectrophotometric 

assay has demonstrated NO-byproducts from vascular endothelial cells in culture (Keirn, 

1988). The conversion of arginine to NO requires molecular oxygen (Bredt,1991). EDRF 

may be stimulated by either m~chanical or chemical stimuli. Cheillical stimuli include 
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. acetylcholine, bradykinin, thrombin, and adenine nucleotides. Inhibitors of EDRF include 

arginine analogs (competitive bonding), hemoglobin and myoglobin (binding), methylene 

blue (radical generation), and NADPH derivatives (analogues)(Luscher,1988). 

In 1977, activation of soluble guauylyl cyclase in mou~e cerebral cortex was first 

demonstrated (Miki, 1977). In 1982, the endogenous activator of soluble guanylyl cycla,se 

in neuroblastoma cells was identified as L-arginine (Deguchi, 1982). These observations 

as well as the discovery of NO in vascular endothelium led to the inquiries regarding the 

existence of an arginine:NO pathway in the CNS. Experiments performed in neuronal cell 

culture demonstrated that the addition of L-arginine and NADPH resulted in the formation 

of NO and citrulline and was accompanied by stimulation of soluble guanylyl cyclase. The 

- conversion to citrulline and NO was inhibited by hemoglobin and L-NJVIMA, and 

suggested that the rat brain possessed NOS (Knowles, 1989). Shortly thereafter, it was 

determined that brain NOS was dependent upo.n Ca2
+ and 180 2 in a similar fashion to the 

endothelial NOS (Leone, 1991). A definitive role for NO in brain chemistry was 

established after NOS inhibitors were shown to block stimulation of cGMP in brain slices 

and that the neurotransmitter glutamate could stimulate cGMP by acting on NJ\IDA 

receptors (Garthwaite, 1988, Bredt, 1988). Interestingly, the cGMP responses to NJ\IDA 

receptor activation were not the target cells in which cGMP levels were elevated. This 

cGMP phenomena was enhanced by L-arginine and suppressed by NOS inhibitors 

(Garthwaite, 1989). 

The stoichiometry for all forms of NOS are the same, as they all utilize an arginine 

substrate to produce citrulline and NO, and all require nicotinami4e adenine dinucleotide 

phosphate (NADPH) as an electron donor. Notwithstanding, brain and endothelial NOS 

are stimulated by Ca2
+, while macrophage-NOS does not require calcium. Further studies 

have demonstrated that calmodulin is an essential co-factor (Bredt, 1990), and NJ\IDA 

receptor stimulation rapidly opens calcium ion channels which then binds to calrp.odulin to 

activate NOS (Bredt, 1990). 



A Correlation Between Acetylcholine, N-Methyl-D-Aspartate Receptors 

(NMDA), & Nitric Oxide (NO) 
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Acetylcholine has been shown to be involved in the release pf NO through 

stimulation of muscarinic receptors in the periphery (Lusch~r;l988). More recent studies. 

support the ability of NMDA to initiate the NO cascade in the central nervous system. In 

sh~rt, the release of glutamate from presynaptic neurons stimulates postsynaptic NMDA & 

non-NMDA receptors. Non-NMDA receptors open sodium channels producing a 

depolarization of the membrane. This leads to activation of NMDA receptors which allows 

the influx of calcium into the cell. This increase in calcium is postulated to ·activate protein 

kinase C which in trim activates nitric oxide synthase, a calmodulin-dependent enzyme. 

NOS also requires NADPH, · cycli~ AN.iP-dependent ph~sphorylation~ and two tightly 

bound flavins (Bredt,1994). The NO diffuses t~ the presynaptic neuron where it activates 

one of two enzymes, guanylate cyclase o~ A.DP-ribosyltrahsferase. This -initiates 

biochei.nical changes. that stimulate the release of more glutamate(N()Wak,l992, 

Schuman,199l)(Figure 4). 



Figure 4 Schematic of a nitric oxide-glutamate-interaction at the level of the spinal cord 

or the medulla. A presynaptic terminal releases a quantum amount of glutamate (triangles). 

After summation of temporal and spatial evoked potentials an action potential is produced in 

the presynpatic neuron. The glutamate crosses the synapse and activates both NMDA and 

non-NMDA receptors. Sodium conductance is increased, and evoked potential is 

transmitted towards the postsynaptic soma. In addition, calcium conductance is also 

increased, thereby stimulating the initiation of the postsynaptic "nitric oxide cascade". With 

the influx of calcium binding to calmodulin, NO synthase produces NO and citrulline, NO 

traverses back across the synapse to stimulate the release of additional glutamate. 

Parenthetically, muscarinic receptors may be directly or indirectly involved in elicitation of 

the presynaptic action potential. Furthermore, this model of transmitter pot~ntiation may 

also be valid for cholinergic neurons in the central nervous system. 
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·cHAPTER 2: 

LOCALIZATION OF CHOLINERGIC NEURONS INVOLVED IN THE 
CARDIOVASCULAR RESPONSE TO INTRATHECAL INJECTION OF 
CARBACHOL 

Previous studies utilizll;lg intrathecal injection.techniques h~ve been limited in their ability to 
localize the administration of a specific drug to a particular site of action. The methods of 

. intrathecal and intracisternal injection have been refined and used to extend the work of 
previous investigators by determining whether a bulbospinal pathway regulating ·blood 
pressure and heart rate is predominatley regulated ~ithin the spinal cor~ or the medulla. 
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ABSTRACT 

Recent studies in this laboratory have demonstrated the ability of acetylcholine 

receptor agonists to- pr?duce sys~emic arterial pressor resp~nses through stimulation of 

spinal muscarinic receptors; · In urethane-anesthetized rats a ·new -surgical procedure was 

employed to permit microinjection of drugs . .into the cerebrospinal fluid surrounding the 

medulla without significant redistribution to spinal sites and vice versa. Pretreatment with 

intracisternal (medullary level) injection of 10 ug of atropine significantly · inhibited the 

expression of the pressor response :produced by intr~thecal injection of 5 ug of carbachol. 

This inhibition was due at least partly to the interruption of a medullary component of a 

spinobulbar pathway involving :'-medullary muscarinic receptors. It was not due to 

redistribution of atropine from medullary to spinal sites since significant levels of atropine 

were not detected in the spinal cord after intracisternal iJ?.jection of the drug. The remainder 

of the pressor .response to ~trathecal carbachol after medullary muscarinic receptor 

blockade was most likely due to interactions within the spinal cord itself. 

Key Words: Cholinergic neurons, spinal cord, medulla oblongata, blood pressure, heart 

rate 
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INTRODUCTION 

Activation of central cholinergic neurons evokes a sympathoexcitatory response in 

many vertebrate species including humans, and hypertension may be elicited from several 

regions of the brain and spinal cord following cholinergic. receptor stimulation (see· 

Buccafusco and Brezenoff, 1986; Buccafusco, 1992)., A site in the lower brain stem, the 

rostral ventrolateral medulla, contains a cholinergic-muscarinic pathway which is 

strategically located, receiv~g input from several cardiovascular reflex centers and 

providing tonic sympathetic outflow to spinal preganglionic neurons (Giuliano, et al., 

1989). We have described a novel cholinoceptive (muscarinic) pressor pathway within the 

spinal cord which has been partially characterized (Buccafusco and Magri, 1988; Magri and 

Buccafusco, 1988; Takahashi and Buccafusco, 1991; 1992). The pressor response to 

spinal· cholinergic receptor stimulation does not resplt from direct activation of spinal 

preganglionic neuro~s, but is mediated through interaction . with some intrinsic or 

descending pressor pathway. One potential site for this interaction is the rostral 

ventrolateral medulla. In fact, intracisternal (but not intrathecal) administration of the 

acetylcholine depleting agent, hemicholinium-3, significantly inhibited the pressor response 

to intrathecal injection of the muscarinic receptor agonist carbachol (Magri and Buccafusco, 

1988). Because the intracisternally-injected hemicholinium-3 could easily redistribute to 

spinal and other central nervous system sites, the results of this earlier experiment need to 

be substantiated. 

This study was designed to improve the methodology employed previously in this 

laboratory for intrathecal and intracisternal injection so that any drug administered would be . 

more limited in its distribution. The degree of participation of supraspinal (medullary) 

brain regions in the qrrdiovascular response to intrathecal injection of carbachol was also 

investigated. 
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.MATERIALS AND METHODS 

Experimental Animals 

Experiments were performed on adult; male Wistar rats (Harlan Sprague-Dawley, 

Indianapolis, IN) weighing 260-330 g. The rats were housed in an environmentally 

controlled room on a 12 h/12 h day/night cycle and were maintained on Wayne Rodent 

Blox and tap water. The animals were anesthetized with i. p. injections of urethane· ( 1.1S 

glkg) divided into an induction (80% total dose) and maintenance dose. Body temperature 

was maintained at 37° C using a thermostatically controlled heating pad. Maintenance of 

intravascular volume was achieved by i. v. administration of sterile saline 4 mllkg/h. Rats 

were artificially ventilated with a 100% 02 /room air mixture. The following· parameters 

were evaluated and corrected as needed: blood pH, p02 , bicarbonate and % hemoglobin 

saturation. 

Vascular Surgery 

The right femoral artery was cannulated with a polyethylene catheter (PESO) filled 

with heparinized saline (20 units/ml) to monitor blood pressure by means of a pressure 

transducer coupled to a Beckman polygraph recorder. Heart rate (HR) was monitored 

using a biotachometer (model98S7B, Beckman, Schiller Park, IL) which was triggered by 

the arterial pulses. Mean arterial pressure (MAP) was calculated as: diastolic + 113 

(systolic - diastolic). I.v. access was accomplished by inserting a catheter into the left 

femoral vein using PESO tubing. 

Intrathecal (i.t.) Surgery 

Animals were placed in a stereotaxic frame with the head positioned so that the 

intra-aural line was 50 mm above the operating surface. The animal's back was incised and 

the musculature between C1 and T 3 reflected. A dorsal laminectomy was performed at the 
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level of T 1-T 2 and the dura was longitudinally transected. The incision in the dura was 

reflected to the borders of the exposed spinal cord. A saline filled catheter (PE10) was 

inserted 50-53 nun from the most caudal portion of the exposed cord (length empirically 

determined and related to the weight. and age ·of the animal). Cerebral spinal fluid was 

collected with microsponges (Alcoii Surgical) to prevent .redistribution of i.t. injections to ~· 

rostral sites and the amount lost (about 100 ul/h) replaced via i.t. infusion with artificial 

cerebrospinal fluid. Any break in the vascular integrity of the spinal cord or surrounding 

vessels· terminated the experiment. Proper placement of the catheter was confmned with 

blue dye at the termination of the experiment. 
. " 

Intracisternal (i.e.) Surgery 

Following the laminectomy, the nuchal · musculature was reflected and the 

connective tissue removed. The dura was visualized between the occipital bone and C1• 

A 24 gauge needle fastened to PE 10 tubing was inserted past the dura into the subdural 

space. Paraffin wax was placed around the catheter and was melted with· a micro.,.electric 

.' cautery. The catheter was stabilized by the addition of a thin coating of fibrin glue. Proper 

placement was ensured by visualizing cereb~ospinal fluid flow past the placement of the 

catheter. I.e. injections were delivered directly onto the surface of the medulla. To insure 

that drug distribution following i.e. injection did not go beyond the T 1- T 2 level, 

microsponges were placed on and around the exposed spinal cord to absorb any leaking 

cerebrospinal fluid or drug solution and the lost volume was .replaced by both i.e. and i. t. 

injection of artificial cerebrospinal fluid. For both i. t. and i.e. injections, drugs were 

administered under low pressure using a Harvard micro-injection pump. Dru·g solutions of 

10 ul wer~ followed by an additional 4 ul of sterile saline to clear the tubing. Appropriate 

doses of carbachol a1_1d atropine were selected in concordance with full dose-response 

studies published earlier (Buccafusco and Magri, 1988; Magri and Buccafusco, 1988; 

Takahashi and Buccafusco, 1991; 1992). 
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Radio receptor Assay 

Atropine-like activity in the spinal cord was assessed following i.e. injection of 

methylatropine. Rats were prepared surgically as described above. Following i.e. 

injection of methylatropine or sterile saline, the· rats were decapitated and their spinal cords 

(C4-L5 ) removed by high pressure injection of sterile isotonic saline applied to the caudal 

end of the sacral vertebral column. The spinal cord was homogenized (teflon-glass) in 2 

volumes of 50 mM Tris-HCI buffer, pH 7.4 containing 2 mM MgCI2• This suspension 

. was centrifuged at 17,000 rpm for 5 min. After the supernatant was decanted, the pellet 

was resuspended and recentrifuged. The supernatants were combined and examined for 

their ability to inhibit the binding of (3H]N-methylscopolamine to cortical synaptosomes. A 

crude synaptosomal fraction was derived fro~ rat telencephalon and prepared by 

differential centrifugation to be employed in a standard filtration assay (Aronstam and 

Narayanan, 1988). Homogenization buffer, 0.2nM (3H]N-methylscopolamine, 50 ug 

synaptosomal protein and 220 ul spinal cord supernatant in a final volume of 500 ul (the 

final dilution of the spinal cord supernatant was 10 fold) were incubated for 60 min at room 

temperature. The suspension was filtered through glass fiber filters (Scheicher and Schiell, 

#32) and the radioactivity content of the filters was determined by liquid scintillation 

counting. Atropine-like activity in the supernatant was estimated by comparison with 

standard curves using authentic methylatropine. 

Drugs and Statistical Analysis 

Carbachol chloride and atropine methylbromide (methylatropine) were purchased 

from Sigma Chemical (St. Louis, MO). The quaternary derivative of the antagonist 

(having reduced lipid solubility compared with atropine) was employed to help limit its 

distribution following central injection. [3H]methylscopolamine' was purchased from New 

, England (Boston, MA). The results are expressed as mean values ± S.E.M. For multiple 

comparisons, data were analyzed within and between groups using a two-way ANOVA 
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(repeated measures). An a level of 0.95 was considered significant. Independent student 

t-tests were performed for post hoc comparisons between individual groups. 
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RESULTS 

I.t. injection of 5 J..Lg of carbachol produced an immediate increase in mean arterial 

pressure (MAP) which peaked at over 40 mmHg at 4 min after injection (fig. 1A). The 

response returned to control levels by about 30 min after injection. I.e. injection of 

methylatropine produced a transient ~ecrease in MAP which returned to preinjection levels 

within 20 min (data not shown). Pretreatment (20 min) with 10 or 20 · J..Lg of 

methylatropine by injection significantly reduced the magnitude and duration of the pressor 

response to i. t. injection of of carbachol. The extent of inhibition was similar for the two 

doses indicating that a maximal degree of inhibition was achieved by the 10 J..Lg dose. I.e. 

injection of 10 or 20 J..Lg of methylatropine produced a small, but sustained increase in HR 

of 50±8 and 53±10 beats/min, respectively (data not shown). As with the MAP, HR also 

increased after i.t. injection of carbachol, but this response remained slightly higher than 
. . 

preinjection levels at the 30 min time point (fig. 1B). I.e. pretreatment with methylatropine 

also inhibited the tachycardic response to i.t. injection of carbachol and, in fact, resulted in 

a small bradycardia during the last 10 min of the experiment. The results of this first series 

are consistent with the possibility that inhibition of medullary muscarinic receptors 

produces a significant, but not complete inhibition of the pressor response to i. t. injection 

of carbachol. In contrast, the tachycardic response was almost abolished. 

In the next series of experiments we sought to determine whether the in~bition of 

the cardiovascular response to i.t. carbachol was due to redistribution of the drug from the 

i.e. to the i.t. space. A radioreceptor assay was performed to determine how much atropine 

accumulated in the spinal cord after i.e. injection. For these experiments we employed the 

10 j.lg dose. The amount of "atropine-like" activity detected in the spinal cord 20 min after 

i.e. injection of methylatropine was 1.06 ± 0.62 ng/spinal cord (n=5). Since a small, but 

significant amount was detected, we next determined whether this amount directly injected 



Figure 1 Time course of the_ increase in mean arterial pressure (MAP) (A) and heart rate 

( HR) (B) produced by intrathecal injection of 5 J.Lg of carbachol. Open circles indicate 

animals pretreated by intracisternal (i.e.) injection with 10 J.Ll of saline (control) 20 min 

prior to the carbachol injection. Filled circles and inverted triangles indicate animals who 

received i.e. pretreatment with 10 or 20 J.Lg of methylatropine, respectively. Each value 

represents the mean± S.E.M. of 5 experiments. The increases in MAP and HR to i.t. 

carbachol were significantly inhibited by methylatropine pretreatment (P<0.01, by 

ANOVA). 
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.intrathecally could inhibit the pressor response to i.t. carbachol (Figure 3). To be even 

more conservative in this regard, we increased the injected amount to 4 ng of 

methylatropine. Since methylatropine pretreatment affected both the magnitude and. 

duration of the cardiovascular response to i. ~· carbachol, the data for the next series is 

expressed as the area under the MAP curve to i. t. . carbachol expressed as a percent of 

control (saline pretreatment). As indicated in figure 2, i.t. injection of 4 ng of 

methylatropine did not significantly inhibit the pressor response to i.t. ·injection of 

carbachol. Thus, it is unlikely that the inhibition produced by i.e. pretreatment with 10 Jlg 

of methylatropine (as demonstrated in fig. 1A) of the pressor response to i. t. carbachol is 

due to redistribution of a significant amount of the drug from spinal to lower thoracic 

segments. 

For coll_lparison we included several additional perturbations of the protocol. For 

example, while i. t. injection of 4 ng of methylatropine was ineffective, i. t. pretreatment 

with 10 J.Lg almost completely abolished the pressor response to i. t. carbachol. Likewise 

local medullary (i.e.) injection of methylatropine completely abolished the pressor response 

to i.e. injection of 5 J.Lg of carbachol, indicating that this dose of methylatropine indeed 

provided maximal blockade of medullary muscarinic receptors. Also, the data depicted in 

figure 1A were analyzed as area under the curve and presented for comparison in figure 2 

(cross hatched bars). These combined results suggested that the pressor response 

remaining after maximal medullary muscarinic receptor inhibition (fig. 1A) was most likely 

due to the contribution of an intrinsic spinal cholinergic pathway. 

Unlike the pressor response to i. t. carbachol, the tachycardic response was 

partially, but significantly reduced by the 4 ng dose of methylatropine given i.t. It is not 

clear why the muscarinic receptor-mediated HR response was more sensitive to local 

atropine injection than was the pressor response, but it is not possible to completely rule 

out the possibility that some degree of inhibition provided by i.e. methylatropine of the 

tachycardic response to i.t. carbachol was due to some redistribution of drug from the i.e. 
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site. Except for this difference, the results of the other HR experiments were similar to 

those described above for the pressor response to i.e. and i.t. carbachol (fig. 2). 



Figure 2 Increase in the area under the MAP and heart rate curves produced by intrathecal 

(i.t.) or intracisternal (i.e.) injection of 5 Jlg of carbachol. In each experiment the changes 

in MAP and heart ·rate were measured for 30 min after carbachol injection as depicted in 

Figure 1. The· area under each curve was calculated, averaged within each of the 4 

treatment groups and expressed as a% of the control responses to i.t. or i.e. carbachol (i.t. 

or i.e. saline pretreatment was empl(Jyed, respectively for control responses). Filled bars 

indicated animals which received i. t. injection of 4 ng of atropine followed by i. t. injection · 

of carbachol; horizontally hatched bars indicate rats whiCh received i. t. injection of 10 Jlg 

of atropine followed by i.t. injection of carbachol; and open bars _indicate rats which 

received i. c. injection of 10 Jlg of atropine followed by i. c. injection of carbachol. Each 

value represents the mean ± S.E.M. of 4-6 experil:nents. · * = significantly different from 

saline + carbachol control. t , = significantly different from 4 ng + carbachol means 

(P<0.05, by ANOVA). 



100. 

80 

~-

0 
~ 60 
~ 
z 
0 

40 u 
~ 

20 

0 

MAP 

43 

I Lt. atropine,4ng+ 
· i. t. carbachol 

§ Lt. atropi~e, 10JLg+ 
.§ Lt. carbachol 
~ i.e. atropine, iOJLg+ 
~ i.t. carbachol · 

D i.e. atropine, iOJLg+ 
i.e. carbachol 

Heart rate 



FIGURE 3 Radioreceptor assay peiformed to detect the presence of methylatropine in 

the thoracic spinal cord after its removal with a high-pressure saline technique. Animals 

were pretreated with intracisternal administration of methyl atropine ( 10 J.lg) for 20 minutes 

prior to the extraction of the spinal cord. The illustration above shows the standard curve 

produced for the detection of atropine in the spinal cord. Results of the binding assay 

revealed that less than 1 ng of detectable methyl atropine had redistributed to· the thoracic 

spinal cord. n = 4, P < 0.01. 
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·,DISCUSSION 

The present findings confirm and extend those of our earlier studies in which we 

attempted to identify the nature of the cholinergic cardiovascular pathway( s) activated 

during spinal cholinergic stimulation (see Introduction). According to our model, 

activation of spinal muscarinic ·receptors activates a pathway with a rostral trajectory which 

interacts at the lower medullary level with a second cholinergic muscarinic pathway which 

in tum activates descending sympathetic activity. Previous evidence that the pressor 

response to spinal muscarinic receptor stimulation was mediated, at least in part, by 

supraspinal cholinergic pathways included 1) the ability of i.e. injection of hemicholinium-

3 to inhibit the pressor response to i.t. carbachol, and 2) the fact that spinal cholinergic 

receptor stimulation via i. t. injection of carbachol in spontaneously hypertensive rats 

produced and exaggerated pressor response compared with normotensive controls 

(Buccafusco and Magri, 1990). This relevance to the latter finding resides in the fact that 
I 

carbachol injection into higher brain regions does not elicit an exaggerated pressor response 

in the hypertensive rats, rather this effect is relegated to indirect-acting cholinergic receptor 

agonists such as the cholinesterase inhibitors (see Buccafusco and Brezenoff, 1986; 

Buccafusco, 1992). The explanation for these findings is that the cholinergic defect in the 

hypertensive rats involves enhanced biosynthesis of acetylcholine rather than 

supersensitivity of muscarinic receptors (Buccafusco et al., 1990). Thus, i.~; injection of 

carbachol should not have elicited an exaggerated pressor response in spontaneously 

hypertensive rats unless it indirectly activated the release of acetylcholine from higher 

spinal or medullary sites. 

Despite this evidence, all of these earlier · results were derived from intact 

unanesthetized rats and drug injections into the i.e. or i.t. spaces were not localized to the 

site of injection. In the present study care was taken to almost eliminate the redistribution 

of methylatropine from medullary to spinal tissues. Using this technique we confrrmed the 
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. participation of supraspinal cholinergic centers in mediating the pressor response to spinal 

cholinergic receptor stimulation. However, it was clear that the putative spinobulbar 

pathway was not solely responsible for the expression of the entire pressor response. The 

data are more consistent with the possibility ·that such a pathway represents the rostral 

extent of an ascending cholinergic pressor system which interacts at several spinal and 

medullary levels with a descending tonic sympathetic pressor system. We have tentatively 

identified this descending pressor system as a bulbospinal glutamatergic system linked to 

the N-methyl-D-aspartic acid subtype glutamate receptor (Feldman and Buccafusco, 1992). 

The pathways mediating the tachycar~c response to i.t. carbachol are less clear. 

Since this muscarinic system appeared to be more sensitive to spinal muscarinic receptor 

blockade ( 4 ng methylatropine) than did the pressor response, we could not rule out the 

possibility that the small reduction in the response was due to leakage from the. i.e. site. 

HR and blood · pressure responses to spinal cholinergic receptor stimulation are 

somatotopically organized (Takahashi and Buccafusco, 1992). The HR responses 

predominate from the cervical spinal cord, while pressor responses are derived from the 

lower thoracic and lumbar segments. It is possible, therefore, that the more complete 

inhibition of the HR response than the pressor response to i.t. carbachol_ by i.e. 

pretreatment with methylatropine (fig. 1) is related to some small redistribution of 

antagonist, possibly along the ventral aspect of the medulla and spinal cord to the cervical 

segments. 

The findings of this study are consistent with the possibility of a bulbospinal 

cholinergic cardiovascular excitatory system that functions to modulate descending 

autoQomic control pathways from the medulla and perhaps other higher centers. Part of 

this interaction includes an additional cholinergic pressor system located in the medulla, 

possibly the rostral ventrolateral medulla. While the role of this ascending pathway is not 

yet apparent, there appears to be some interplay with the altered cholinergic systems of 

hypertensive rats (Buccafusco and Magri, 1990). 
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Chapter 3: 

CHOLINERGIC AND GLUTAMATERGIC NEURONAL 
MODULATION IN BULBOSPINAL CARDIOVASCULAR REGULATION 

The results -of earlier experiments have· suggested that the pressor response to spinal 
cholinergic. stimulation is not due to direct activation of preganglionic sympathetic cell 
bodies in the thoracic spinal cord. Instead, the· muscarinic receptor-pressor system most 
likely interacts with other neurotransmitter systems and pathways. These may include both 
an intraspinal pathway (including a GABA interneuron) and/or an interaction with a non
cholinergic descending pathway(glutamate), possibly traveling in the lateral. funiculus of the 
spinal cord~ Several recent studies have pointed to a role for glutamatergic system as a 
crucial mediator of sympathetic activity originating from the rostral ventrolateral medulla 
(RVL). This series of experiments utilized selective blocking drugs to examine the role of 
NMDA and GABAn receptors in mediating the cardiovascular response to spinal 
muscarinic receptor stimulation. 
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ABSTRACT 

The results of studies'. from this laboratory have demonstrated the ability of cholinergic 
/ 

agonists, to produce a hypertensive response by enhancing bulbospinal vasomotor tone. 

Intrathecal injection of carbachol (muscarinic agonist) in rats evoked a significant pressor 

response which returned to pre-injection levels within 30-40 minutes. We investigated the 

role of glutamatergic and GABAnergic receptors in mediating the hypertensive response to 

intrathecal injection of cholinergic agonists, and in the maintenance of resting heart rate and 

blood pressure: Either intrathecal or intracisternal pretreatment with the N-methyl-D

aspartate (NIVIDA) receptor antagonists D(-)-2-amino-7-phosphonohepatanoic acid (D

AP7) or intrathecal administration of dizocilipine maleate (MK80 1) attenuated the pressor 

response to intrathecal administration of the carbachol in a dose-:dependent manner. In 

contrast, intrathecal pretreatment with 6-cyano-7-nitroquinoxaline-2,3-dione (CNQ~), a 

·- ·non-NMDA antagonist was .not effective in this regard indicating that the carbachol evoked 

pressor response was _mediated specifically by the NMDA-subtype of glutamate receptors. 

Intrathecal pretreatment with the GABAB receptor agonist baclofen also inhibited the 
. '· 

-. 
pressor response to intrathecal carbachol at doses that did not· alter motor function. These 

findings are consistent with the presence of a powerful modulating spino-bulbar muscarinic 

pressor system. Pharmacologic · activation of this system requires the participation of 

spinal and perhaps medullary glutamate-NMDA and ,GABAB receptor systems. 

INDEX TERMS 

Autonomic; Acetylcholine; Glutamate; Spinal Cord; Hypertension; Blood pressure, 

Sympathetic 
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-Many of the antihypertensive medications used to treat essential hypertension lower 

blood pressure by impeding sympathetic neurotransmission. This alteration in central 

neuronal function has an impact upon other hemodynamic regulatory systems such as the 

renin-angiotensin, humoral, and local vascular-endothelial control mechanisms. Recent 

work in this laboratory has focused on a central-evoked hypertensive response mediated by 

a spinal muscarinic pathway (1,2,3) . In rats, administration of a muscarinic receptor 

agonist or a cholinesterase inhibitor into the brain or spinal cord produces a significant 

sympathomimetic response which is reversed by administration of atropine. The specific. 

spinal segments involved in this cholinergic-sympathoexcitatory response were first 

identified through topical administration of neostigmine to the surface of the spinal cord. 

Neostigmine elicited the greatest pressor response (with relatively no change in heart rate) 

when the drug was applied between T7-T 11. These experiments were confrrmed in 

subsequent studies in which carbachol (muscarinic receptor agonist) was microinjected into 

discrete spinal levels. While injections of carbachol directly into the intermediolateral cell 

column (llviL) ar T 11 level failed to elicit a pressor response, blood pressure responses 

were observed with micoinjections slightly medial to IML and throughout the ventral hom 

and lamina seven. These experiments were consistent with anatomical studies by other 

investigators which previously had demonstrated the presence of relatively high levels of 

choline acetyltransferase in the areas sensitive to the agonist(11). Thus, the pressor 

response observed after spinal cholinergic stimulation was not likely the result of direct 

activation of spinal preganglionic cell bodies (11,12,6). Rather, spinal cholinergic receptors 

appeared to mediate an increase in blood pressure and heart rate through interactions with 

other neurotransmitter pathways within the spinal cord and medulla (13, 4, 5,6). 

One interaction of this spinal-cholinergic pressor system is through an ascending 

pathway which communicates with other cholinergic neurons located in the medulla (7), 

possibly within the rostral ventrolateral medulla (RVL). It is our hypothesis that 
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.cholinergic · .t;1eurons facilitate descending sympathetic activity mediated by NMDA

glutamatergic (N-methyl-D-aspartate) neurons ~n.the RVL and spinal cord. This hypothesis 

is supported by studies from other laboratories which have demonstrated that cholinergic 

neurons have a prominent modulatory influence upon tonic .glutamatergic activity in the 

RVL~8,9). In addition, glutamatergic neurons in the RVL and spinal cord appear to have a 

significant role in the expression of tonic sympathetic activity (4,5,6). Although medullary 

cholinergic neurons are required for the full expression of the~ pressor response to spinal 
i 

muscarinic stimulation, we have estimated that 40-50% of the observe~ pressor response is 

mediated dil;ectly within the spinal cord (3). 

The purpose .of this study was to more clearly delineate the interaction between spinal 

cholinergic neurons and other spinal cord neurotransmitters in the facilitation of vasomotor 

and cardiac sympathetic activity. In the first series of experiments, we examined the ability 

of intrathecal pretreatment with a competitive NMDA antagonist, D{-)-2-amino-7-

phosphonohepatanoic acid (AP-7), to inhibit the pressor response to intrathecal injection of 

carbachol in unanesthetized rats. In the second series of experiments, we considered the 

possibility that a GABA (y-aminobutyric acid) interneuron may have a modulatory role in 

the communication between the cholinergic and glutamatergic divisions of the pathway. 

We pretreated animals with intrathecal baclofen (bicuculline-insensitive GABAB agonist) 

prior to the administration of intrathecal injection of carbachol in unanesthetized animals. 

Since we were not able to control the distribution of a given drug in freely moving 

unanesthetized animals, all additional experiments were performed in an anesthetized 

preparation where extreme care was taken to limit the· distribution of a drug to a discrete 

injection site. Experiments in anesthetized animals initially exaririned the effects of two 

NMDA antagonists to alter resting blood pressure and heart rate. We next sought to 

determine whether NMDA or non-NMDA glutamate receptor antagonist could block the 

pressor response to intrathecal carbachol. Additional studies were designed to determine 

whether medullary glutamate receptors, as well as spinal glutamate receptors participated in 
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_the expression of the pressor response to. intrathecal carbachol. Finally, studies were 

conducted to determine whether activation of spinal GABAB receptors could alter the 

expression of the carbachol-evoked blood pressure an~ heart rate responses. 
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·--METHODS 

Experimental Animals 

Male Wistar rats (Harlan Sprague-Dawley, Indianapolis, IN), weighing 280 -· 380 

grams were housed in an environmentally controlled room on~ 12h/12h day-night cycle; 

and were maintained on Wayne Rodent blox® and tap water. All animal protocols were 

previously approved by the institutional Committee on Animal Use for Research and 

Education. 

~ Implantation of a Chronic Intrathecal Catheter 

Rats were anesthetized with methohexital ( 65 mg/kg), and placed in a stereotaxic frame. 

Catheterization of the spinal subarachnoid space was performed under aseptic conditions by 

inserting a sterile, saline-filled polyethylene (PEio) catheter caudal to a micro-incision in 

the atlanta-occipital membrane. The catheter was advanced to the T 12 level of the spinal 

cord (length adjusted for each animal in accordance ~ith weight-and age). The distal end of 

the catheter was plugged with 30-gauge stainless steel wire and anchored to the skull with 

acrylic cement after being threaded through an occipital burr hole. Animals were then 

allow~d 2 days to . recover. Only normally moving, healthy animals were employed in 

subsequent experiments. Upon completion of experiments, catheter. placemei?-t was 

confirmed by dye injection and dorsal laminectomy. 

Intrathecal injections were administered by disconnecting the animal from his swivel 

catheter mounted 300 mm above the cage floor. A 30 gauge stainless steel connector was 

attached to a 50 J.ll Hamilton syringe via PE1o tubing. Injections were made into the spinal 

subarachnoid space by attaching the other end of the connector to the indwelling catheter. 

Drug solutions (5 J.ll) or sterile saline were infused over 30 seconds using a constant speed 

syringe pump (Harvard Apparatus). An additional 5 J.ll of saline was infused subsequent 

to drug administration to clear the contents of the catheter. 
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Implantation of an Indwelling Aortic Catheter 

After recovery from intrathecal surgery, rats were again anesthetized with methohexital, 

and a midsagittal incision was made in the abdomen. The left iliac artery was then exposed 

and a polyethylene catheter (PEso) filled with heparinized saline (20 units/ml) was inserted 

into the abdominal aorta below the origin of the renal arteries. The distal end of the catheter 

was plugged with 22-gauge wire, and directed around the pelvis before emerging in the 

subcutaneous nuchal adipose. The catheter was passed through a spring support, and 

connected to a water tight swivel mounted 300 mm above the cage floor. The animal's 

incision was re-approximated with 3.0 silk using a three layer closure. This surgical 

procedure allowed the chronically catheterized rat unrestricted movement to all areas of his 

cage for the duration of the experiment, while receiving a constant infusion of heparinized 

saline (8 ml/day). Animals were allowed two days to recover after the surgery. Only 

healthy animals having positive weight gain were employed in experiments. 

After an animal had recovered from surgery, the chronic indwelling catheter was 

connected to a p'ressu;re ~ansducer coupled to a hard copy device (Western G;raftec 8 

channel thermal array recorder) and the analog signals were amplified and digitized on a 

Buxco Electronics LS-14 Logging Analyzer. The analyzer provided one minute averages 

of mean arterial pressure (MAP) and heart rate (HR) to. a computer. Stable MAP and HR 

values were measured for at least ten minutes prior to treatments in order to obtain the 

baseline response. 

Femoral Artery Cannulation in Anesthetized Rats 

Anesthesia was achieved with urethane 0.86g/kg, (i.p.) which was supplemented with 

inhalational halothane. A polyethylene catheter (PEso) filled with heparinized saline (2 

units/ml) was inserted into the right femoral artery. Blood pressure (BP) was monitored 

continuously throughout the experiment by connecting tl;le arterial line to a pressure 
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.transducer (Abbott Critical Care Systems, North Chicago, illinois) which was coupled to a 

Beckman polygraph recorder. Heart rate (HR) was obtained from the pressure pulses and 

displayed as an integrated signal by using a biotachometer (Beckman 9857B, Schiller Park, 

Illinois). Mean arterial pressure was calculated as diastolic + (pulse pressure/3). I. v. 

access was accomplished by inserting a polyethylene (PE50) catheter into the left f~moral 

vein or left subclavian vein. 

Placement of an Intrathecal Catheter in Anesthetized Rats 

In rats prepared with intra-arterial and intravenous lines as described above, halothane 

administration was terminated, and an additional i.v. injection of urethane (0.30 g/kg) was 

administered to maintain anesthesia for the duratiOJ?. of the experiment. The intrathecal 

cannulation procedure ·described below was developed to insure that subsequent drug 

distribution was restricted to the thoraco-lumbar spinal cord (3). Rats were placed in a 

stereotaxic frame with the head positioned such that the intra-aural line was 50mm above 

the operating table. A midsaggital incision was performed, and the musculature between 

c7 and T3 was reflected. A dorsal laminectomy was performed at the level ofT 1-T2, and 

the dura was longitudinally transected. The incision was extended to the lateral borders of 

the exposed spinal cord. A saline-filled catheter (PE10) was then· inserted 50-53 mm from 

the most caudal portion· of the exposed cord. The length of the catheter was determined 

empirically based upon the weight of the animal. CSF was . collected with microsponges 

(Alcon Surgical), to prevent redistribution of intrathecal injections to rostral' sites; and 

artificial cerebrospinal fluid was given as replacement. Intrathecal injections were given 

utilizing a methodology similar to that described for the freely-moving animals. A rectal 

temperature probe and thermostatically controlled heating pad sustained body temperature at 

37° throughout the experiment. I.v. administration of 0.045% sterile saline+ 15 meq KCl 

(5 ml/kglh) was used to maintain the animal's water balance and to help replace insensible 

losses. Tracheal intubation was performed to preserve normal respiratory dynamics. The 
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trachea was cannulated with PE240, and then sutured into the surrounding fascia. Arterial 

blood gases ( 1306 · PH/Blood Gas Analyzer and 282 Co-Oximeter by Instrumentation 

Laboratory, Lexington, Massachusetts) were me~sured to insure proper P02, PC02, 

HC03, oxygen saturation, as well as blood· glucose levels (YSI. Model 23A Glucose 

Analyzer, Y ellowsprings, Ohio)~ Respiratory rate, tidal volume and inflow gas mixture 

were individually adjusted. Animals were ini~ally maintained on a 2 L/min 100% 0 2/room 

air mixture. Any break in the vascular integrity of the spinal cord or surrounding vessels 

terminated the experiment. Proper placement of the catheter was confrrm.ed at necropsy. 

Placement of an Intratc.istemal Catheter in Anesthetized Rats 

Following the laminectomy, the nuchal musculature was reflected and the connective 

tissue removed. The dura was visualized between the occipital bone and C 1• A 24 gauge 

needly fastened to PE fO tubing was inserted past the dura into the subdural space. Paraffin 

wax was placed around the catheter apd was melted with a micro-electric cautery. The 

catheter was stabilized by the addition of a thin coating of fibrin glue. Proper placement 

was ensured by visualizing cerebrospinal fluid flow past the placement of the catheter. 

Intracisternal injections were delivered directly onto the surface of the medulla. To insure 

that drug distribution following i.e. injection did not go beyond the T 1- T 2 level, 

microsponges were placed. on and around the exposed spinal cord to ·absorb any leaking 

cerebrospinal fluid or drug solution and the· lost volume was ·replaced by both i.e. and i.t. 

injection of artificial cerebrospinal fluid. For both intrathecal and intacisteranl injections, 

drugs were administered under low pressure using a Harvard micro-injection pump. Drug 

solutions of 10 J.Ll were followed by an additional 5 J.Ll of sterile saline to clear the tubing. 

Drugs 

All intrathecally and intracisternally administered drugs were dissolved in 5 J.Ll of 

sterile-isotonic saline. Drug solutions were administered via injection tubing which 
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connected a constant speed infusion pump to the intrathecal cannula. All drug solutions· 

were pH balanced and administered over a one min period (including an additional 4 f.!l of 

saline to clear the contents of the catheter). Carbachol chloride, atropine methyl sulfate, 

and baclofen were purchased from Sigma Chemical Co. D( -)-2-amino-7-

phosphonohepatanoic acid (AP-7), dizocilipine maleate (MK801), and 6-cyano-7-

nitroquinoxaline-2,3-dione (CNQX) were purchased from Research Biomedical Inc. 

Statistical Analysis 

The data depicted in the text and presented in the figur~s are mean values ± S.E.M. 

The existence of a significant difference between or ·among experimental groups was 

detel:mined by analysis of variance (ANOV A) using the raw data. A repeated measures 

ANOV A was employed when experimental groups involved multiple comparisons. The 

Fisher's (protected LSD). and Tukey tests were employed for post hoc analyses of 

significant ANOV A. data. Additional analysis between groups of data were determined 

using a modified t-test with a Bonferroni correction for multiple comparisons utilizing the 

. error mean squared term from the ANOV A. In some experiments drug pretre51tments 

altered the baseline values significantly from control. In these particular experiments, data 

were normalized prior to statistical analysis to insure· that the pretreatment baseline values 

would not confound any comparison between various treatment groups. The area under 

the curve (AUC) for carbachol time course data (including summation of both positive and 

negative areas, relative to baseline) was determined between 0.1 and 30 minutes after the 

raw data was normalized (delta values). AUC was determined by plotting data on the 

Cricket Graphics Ill program (Computer Associates International). A grid (grid block= 30 

sec. x 2 mmHg or 5 beats) was superimosed over the graph, and area was divided into 

incremental trapezoids. The area of the trapezoids was determined individually, and 

summed to determine the total AUC. The criterion for statistical significance was P<0.05 

for all statistics. 



,RESULTS 

The Blood Pressure and Heart Rate Response to Intrathecal Injection of Carbachol in 

Unanesthetized Rats 

Intrathecal injection of carbachol produces a dose-dependent pressor response in , 

conscious rats which is mediated through stimulation of spinal· muscarinic receptors 

(1,2,3). For the studies described below, we employed a dose of 5 mg/10 f..Ll (27.4 nmol) 

of carbachol which has been shown to elicite a reproducible MAP increase which peaks 

between 30 and 45 mrnHg, and has a duration of 30-45 min. In the present study, animals 

pretreated with an intrathecal injection of sterile isotonic-saline ( 10 f..LA) followed 20 

minutes later by intrathecal injection of carbachol produced an immediate increase in MAP. 

The blood pressure response peaked at 5 min, and was within 15 mrnHg of the pre-drug 

baseline by 30 min after injection (Fig. 1). A simultaneous increase in heart rate 

(approximately 50-7 5 beats/min)· was associated with a the pressor response. Heart rate 

remained elevated 30 min after injection of carbachol (Fig. 2). 

The Effects of Pre-Treatment with D-AP7 on the .Cardiovascular Response to Intrathecal 

Injection of Carbachol in Unanesthetized Rats 

Unanesthetized freely moving rats were randomly assigned to one of four 

pretreatment groups: saline (control), D-AP7 (20 nmol), D-AP7 (1 00 nmol) and D-AP7 

(200 nmol). These doses of D-AP7 were selected based on the results of a preliminary 

dose-finding study (data not shown). After one experiment, rats were allowed to recover 

for a minimum of four days. They were then reassigned to receive ~ second regimen on a 

random basis. No rat received more than two regimens. D-AP7 was administered by 

intrathecal injection 20 min prior to intrathecal injection of carbachol. During the 

pretreatment period, the 200 nmol dose of intrathecal D-AP7 significantly lowered baseline 

MAP compared with corresponding saline controls after 10 minutes. The 200 
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. TABLE 1. Blood Pressure and Heart Rate in Freely Moving Rats: Baseline, Ten 

Minutes After Pretreatment, and Thirty Seconds Prior to Intrathecal Treatme11t Injection. 

IMMEDIATELY 
10MIN AFTER PRIOR TO 

DRUG BASELINE PRETREATl\1ENT TREATMENT 

BLOOD PRESSURE 

Saline 112.2 ± 2.5 110.8 ± 3.8 109.0 ± 2.9 

AP-7 20 120.6 ± 7.8 117.6 ± 4.4' 120.2 ± 7.2 

AP-7 100 103.3 ± 4.9 98.7± 4.5 98.2 ± 3.1t 

AP-7 200 107.9 ± 5.1 96.2 ± 4.3t 96.0 ± 3.2t 

Baclofen 0.2 .128 ± 15.5 108.6 ± 5.1 114.4 ± 5.6· 

Baclofen 1 110.3±6.1 117.5±5.1 . 111.0 ± 7.1 
HEART .RATE 

Saline 393.3 ± 11.3 387.4 ± 12.4 387.8 ± 12.4 

AP-7 20 364.2 ± 16.3 367.2 ± 17.1 352.4 ± 25.6 

AP-7 100 370.5 ± 17.2. 402.2 ± 22.2 395.0 ± 20.6 
.,_ 

AP-7 200 368.3 ± 15.3 354.5 ± 21.1 342.2 ± 16.5t 

Baclofen 0.2 371.8 ± 18.8 380.0 ± 24.2 393.4 ± 21.5 

Baclofen 1.0 375.0 ± 15.1 435.0 ± 18.6 391.3 ± 11.1 

. SALINE = isotonic sterile saline; AP-7 = (±)-2-amino-7-phosphonoheptanoic acid; 

MK801= (+)Dizocilpine maleate; DMSO = Dimethyl sulf9xide; CNQX = 6-cyano-7-

nitroquinoxaline~2,3, diane. All Drug doses are expressed in nanomoles. Blood pressure 

values are represented in mmHg. Variation in the data is represented as the mean± S.E.M. 

*=.significantly different from baseline in the same row (within groups); t = significantly 

different from the respective saline value in the same column (between groups) n=4-6 

animals per experimental group. Two saline controls were run with each group for a total 

of twelve controls. P<0.05 (two-tailed) for all statistics in the table. 
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.. nmol dose of D-AP7, as well as the 100 nmol dose, remained significantly below saline 

. controls immediately pJjor to administration with intrathecal carpachol. While there was no · 

· significant change in baseline- heart rate for both the 20 and 100 nmol of D-AP7, the 200 

nmol pretreatment dose of D-AP7 was statistically different from saline control immediately 

prior to the administration of intrathecal carbachol (Table.1). 

Intrathecal pretreatment with D-AP7 produced a dose-dependent decrement in the 

magnitude of the pres_sor response to subsequent intrathecal injection of carbachol (Fig. 1). 

In addition, D-AP7 pretreated rats exhibited a redu<;ed duration of action as compared with 

saline controls (Fig. 1). Since both the onset and duration of the pressor response to 

carbachol were altered in the pretreated animals, a better estimate of the scope of ~bition 

produced by pretre_atment regimens was the area under the presso.r-time-curve (AUC-
I 

mmHg/30 min). The AUC for the group pretreated with 20 nrriol of D-AP7 was reduced 

by 26% ( 487.6 ± 64.5 mmHg/30. min) compared with that for saline controls ( 657.8 ± 

45.9 mmHg/30 min). The higher doses of D-AP7 (100 and 200 nmol) resulted in a dose

dependent inhibition of the pressor response to carbachol of 49% ( 336 ± 85 mmHg/30 

min) and 7~% ( 164.2 ± 76.8 mmHg/30 min) relative to control (Figure 5). In addition, 

pretreatment with D-AP7 caused a dose-dependent reduction in the tachycardia produced by 

carbachol. In fact, all pretreatment doses of D-AP7 transiently reversed the heart rate 

response to carbachol to below pre-carbachol levels. The heart rate remained below 

baseline throughout the duration of the experiment for the highest dose of D-AP7 (Fig. 2). 

The Effects of Pre-Treatment with Baclofen on the Cardiovascular Response to Intrathecal 

Injection of Carbachol in Unanesthetized Rats 

The GABAB agonist, baclofen was administered intrathecally to freely-moving animals 

to determine whether spinal GABA system plays a .role in the expression of the pressor 

response to spinal cholinergic stimulation. Animals were assigned to treatment groups 

(saline, 0.2 nmol, or 1.0 nmol), and employed according to the design described for the 



FIGURE 1 The increase in mean arterial pressure (MAP) after intrathecal carbachol 

injections in animals pretreated with saline or a given dose of D-AP7. All animals were 

conscious arid freely-moving. Saline pretreatment is represented by the open squares. 

Intrathecal pretreatment with D-AP7 is represented by the open diamonds (20 nmol), open 

circles (100 nmol), and the open triangles (200 nmol). The abscissa displays time in 

minutes subsequent to intrathecal administration of carbachol. D-AP7 significantly 

inhibited the intrathecal carbachol pressor response in a dose-dependent manner. Results 

are expressed as mean± S.E.M. n = 6 animals per group. P< 0.05 vs. control. 
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Figure 2 The change in mean-heart rate ( HR) after intrathecal carbachol injection in 

animals pretreated with saline or a dose of D-AP7. All animals were conscious and freely-
, . 

moving. Saline pretreatment is represented by the open squares. Intrathecal pretreatment 

with D-AP7 is represen.ted by the open diamonds (20 nn;tol), open circles ( 100 nmol), and 

the opened triangles (200 nmol). D-AP7 significantly inhibited the increase in heart rate to 

intrathecal carbar;hol in a dose-dependent manner. Abscissa displays time in minutes 

subsequent to intrathecal administration of carbachol. n= 6 animals per group. P< 0.05. 
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animals utilized in the D-AP7 experiments. Baclofen was administered by intrathecal 

injection 15 min prior to intrathecal injection of carbachol. Throughout the pretreatment, 

baclofen did not significantly alter resting MAP or heart rate. Resting heart rate did appear 

to increase after to the 1.0 nmol dose of baclofen was administered (Table 1), but the 

change was not statistically significant (P > 0.05). 

Intrathecal pretreatment with baclofen caused a decrease in the magnitude of the pressor 

response elicited by intrathecal administration of carbachol (Figure 3). Although the shape 

of the corresponding pressor curves were similar for both saline and baclofen treated 

animals, the baclofen-inhibited pressor response approached baseline values after 15 min. 

The lower dose of baclofen (0.2 nmol) altered the carbachol induced pressor response 

(AUC) by 69% ( 206.8 ± 27.5 .mmHg/30 min), while the higher dose (1.0 nmol) of 

baclofen attenuated pressor response by 77% (151.5 ± 36.2 mmHg/30 min). The 1.0 

nmol dose of baclofen was slightly less (but not significantly) effective as the 200 nmol 

dose of D-AP7 (Figure 5). The lower dose of bacloferi appeared to abolish the tachycardia 

normally associated with the ·pressor response to . intrathecal carbachol in conscious 

animals. In the presence of the higher· dose of baclofen carbachol produced a dramatic fall 

in heart rate between two and six minutes, and thereafter heart rate tended to fluctuate 

around the pretreatment baseline value (Figure 4). 

The Blood Pressure and Heart Rate Response to Intrathecal Injection of Carbachol in 

Anesthetized Rats 

After pretreatment wi~h intrathecal saline (20 min), carbachol (27.4 nmol) produced an· 

increase in MAP which was qualitatively similar to that produced in unanesthetized rats 

(Figs. 1 and 6). While the magnitude and duration of the pressor response was similar in 

both unanesthetized and anesthetized animals, the peak response was slightly delayed and 

prolonged ( 4 min after injection) in the anesthetized group. Unlike the 



Figure 3 The increase in mean arterial pressure (MAP) after intrathecal carbachol 

injections in animals pretreated with saline or a given_ dose of baclofen. All animals were 

conscious and freely-moving. Saline pretreatment is represented by the open squares. 

Intrathecal pretreatment with baclofen is represented by the open diamonds (0.2 nmol), and 

the open circles ( 1. 0 nmol ). The abscissa displays time in minutes subsequent to 

intrathecal administration of carbachol. Baclofen was equally effective in significantly 

inhibiting an intrathecal carbachol pressor response at both the high and low dose. Results 

are expressed as mean± S.E.M. n = 6 ani~als per group. P< 0.05 vs. control. 
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Figure 4 The increase in mean-heart rate (HR) after intrathecal carbachol injections in 
\ ' 

animals pretreated .with saline or a given dose of baclofen. All animals were conscious and 

freely-moving. Saline pretreatment is represented by the open squares. Intrathecal 

pretreatment with baclofen is represented by the open diamonds (0.2 nmol), and the open 

· circles ( 1. 0 nmol ). The abscissa displays time in minutes subsequent to intrathecal 

administration of carbachol. Baclofen significantly inhibited the increase in heart rate to 

intrathecal carbachol in a dose-dependent manner. Results are expressed as mean ± 

S.E.M. n = 6 animals per group. P< 0.05 vs. control. 
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Figure 5 The change in mean arterial pressure after intrathecal injection of carbachol. All 

animals were conscious and freely-moving. Data is displayed as area under the curve(% 

of saline control). The abscissa displays intrathecal pretreatments prior to ·the 

administration of carbachol as follows; saline control, D-AP7 200 nmol, D-AP7 100 nmol, 

D-AP7 20 nmol, baclofen 1. 0 nmol and baclofen 0.2 nmol. Carbachol was administered 

intrathecally 20 min after the pretreatment. Results are expressed as mean ±SEM for 6 

animals per treatment group (two saline controls per group). * P < 0.05 vs. saline control. 
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response in unanesthetized rats, the pressor response to carbachol was not accompanied by 

a significant change in heart rate (Fig. 7). 

The Effect of Pretreatment Regimens on Baseline MAP and Heart Rate in Anesthetized Rats 

Since reproducibility of the intrathecal carbachol response was very consistent 

throughout all control experiments, a new set of control (saline pretreatment) animals were 

not utilized for each experimental series. Rather, control animals were randomly 

interspersed among the three primary experimental groups. Thus, between 2-3 rats were 

employed for each of the groups. This design served to both limit the numbers of control 

animals for the study, and to provide confrrmation that the typical control responses to 

intrathecal injection of carbachol were obtained longitudinally throug~out the study. Each 

animal was employed only one time. 

After intrathecal pretreatment with D-AP7 (10- 100 nmol), the respective mean values 

for MAP were all significantly reduced compared with respective baseline and saline 

control values ten minutes after pretreatment (25-30 mmHg). In addition, MAP values did 

not return to within baseline prior to the administr.ation of intrathecal carbachol (Table 2). 

MAP values for intrathecal D-AP7 reached a nadir approximately ten minutes after 

injection, and gradually increased until 15-18 min. Blood pressure was without further 

change for the two min prior to the administration of carbachol. Although intrathecal D

AP7 (100 nmol) lowered baseline blood pressure (29.7 mmHg), intracisternal· D-AP7 (100 

nmol) actually increased baseline blood pressure (14.5 mmHg). After intracisternal 

pretreatment with D-AP7 MAP remained elevated compared with saline controls prior to the 

administration of carbachol. Intrathecal MK801 (100 and 1000 nmol) reduced baseline 

blood pressure 10 minutes after injection, but in this case MAP returned to bas~line prior to 

intrathecal carbachol injection. Pretreatment with i.v. D-AP7 or MK801 (100-1000 nmol) 

revealed that neither drug had a significant effect on baseline blood pressure (n=3). 
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Administration of "10 or 100 nmol of D-AP7 by ip.trathecal and .intracisternal route 

produced no significant change in heart rate from saline controls after ten minutes (Table 

3). However, the highest dose (1000 nmol) of intrathecal D-AP7 significantly reduced 

heart rate at this time point. Heart rate · v~ues immediately preceding intrathecal 

administration of carbachol were significantly lower than control fo~.· all.n-AP7 intrathecal 

regimens. In addition, the highest dose of MK801 (1000 nmol) 3.Iso significantly reduced 

resting heart rate. Interestingly, I. v. M:((80 1 pretreatment did decrease baseline heart rate 

by approximately 40 beats/min, while the D-AP7 baseline heart rate remained unchanged 

(n=3). 
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TABLE 2. Mean Arterial Pressure in Anethetized Rats: Baseline, Ten Minutes / 
After Pretreatment, and Thirty Seconds Prior to Intrathecal Treatment Injection 

DRUG 

SALINE 

AP-7 10 (i.t.) 

AP-7 100 (i.t.) 

AP-7 1000 (i.t.) 

AP-7 100 (i.e.) 

MK801 10 (i.t.) 

MK801 100 (i.t.) 

MK801 1000 (i.t.) 

DMSO/SALINE 

CNQX 10 (i.t.) 

CNQX 100 (i.t.) 

BASELINE 

BLOOD 

90.6 ± 3.0 

83.4 ± 4.8 

85.4 ± 3.5 

87.4 ± 4.0 

93.4 ± 1.8 

93.8 ± 5.4 

97.1 ± 1.7 

88.5 ± 4.6 

90.8 + 5.4 

97.4 + 3.8' 

92.5 + 4.0 

10MINAFTER 
PRETREATMENT 

PRESSURE 

90.5 ± 3.8 

66.4 ± 2.2*t 

60.8 ± 4.6*t 

66.2 ± 1.6*t 

105 ± 2.5*t 

86.7 ± 5.3 

81.0 ± 1.6* 

62.9 ± 2.0*t 

94.8 + 1.7 

86.8 + 4.5 

83.7 + 2.7 

IMMEDIA1ELYPRI< 
TOTREATivlENT. 

88.8 ± 3.2 

69.2 ± 2.0*t 

61.4 ± 4.5*t 

68.2 ± 2.3*t 

103 ± 6.4t 

86.6 ± 5.3 

90.3 ± 2.4 

83.7 ± 2.7 

92.2 + 4.6 

88 + 4.7 

83.1 + 2.4 

SALINE = isotonic sterile saline; AP-7 = (±)-2-amino-7-phosphonoheptanoic acid; MK801= 

(+)Dizocilpine maleate; DMSO =Dimethyl sulfoxide; CNQX (10 and 100 nm doses)= 6-cyano-7-

nitroquinoxaline-2,3, dione; l.t. = Intrathecal; I.e. = intracisternal. :All Drug doses are expressed 

in nanomol,es. Blood pressure values are represented in mmHg. Variation in the data is 

represented as the mean± S.E.M. * = significantly different from baseline in the same row 

(within groups); t = significantly different from the respective saline value in the same column 

(between groups). n=4-6 animals per experimental group. One saline control was run with each 

group for a total of eleven controls. P<0.05 (two-tailed) for all statistics in the table. 
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Heart Rate in Anethetized · Rats~ Baseline, Ten Minutes . After 

Pretreatment, and Thirty Seconds Prior to Intrathecal Treatment Injection 

DRUG 

SALINE 

AP-7 10 (i.t.) 

AP-7 100 (i.t.) 

AP-7 1000 (i.t.) 

AP-7 100 (i.e.) 

MK801 10 (i.t.) 

MK801 100 (i.t.) 

MK801 1000 (i.t.) 

DMSO/SALINE 

CNQX 10 (i.t.) 

J CNQX 100 (i.t.) 

BASELINE 

··HEART 

450.5 ± 7.4 

420 ± 14.2 

412.5 + 11.1 

442.5 ± 6.3 

440 ± 10.8 

448.8 ± 6.6 

457.5 ± 15.4 

437 ± 21.7 

448.3 ± 8.4 

447.5 '± 11.8 

:465 ± 9.6 

10:MJN AFTER 
PRETREATMENT 

RATE 

440.5 ± 9.2 

415 ± 15.0 

375 + 25.9 

402.5 ± 8.5*t 

448.8 ± 25.2 

433.8 ± 6.9 

445 ± 9.6 

371.3 ± 26.3t. 

440 ± 13.5 

445 ± 11.9 

453.'8. ± 12.8 

llviMEDIA TEL Y PRI< 
TO TREATMENT 

445 ± 7.0 

410 + 12:9t 

376.3 + 25.7t 

407.5 ± 7.5*t 

438.8 ± 21.2 

435 ± 6.1 

450 + 5.8 

371.3 ± 26.3t 

446± 9.4 

445 ± 12.5 

455 ± 12.4 

SALINE = isotonic sterile saline; AP-7 = (±)-2-amino-7-phosphonoheptanoic acid; MK801= 

(+)Dizocilpin~ maleate; DMSO = I?imethyl sulfoxide~ CNQX = 6-cyano-7-nitroquinoxaline-2,3, 

dione; Lt.= Intrathecal; I.e. = .. intracisternal. All Drug doses are expressed in nanomoles. Bl<?od 

pressure values are representedjn mmHg. Variation in the data is .represented as the mean ± 

· S.E.M. * = sig~ificantly.different from baseline in the same row (within groups); t = significantly 

different from the respective saline value in the same column (between groups). n=4-6 animals per 

experimental group. One saline control was run with each group for a total of eleven controls. 

P<0.05 (two-tailed) for all statistics in the table. 



Figure 6 The increase in mean arterial pressure (MAP) after intrathecal carbac/wl 

administration in animals pretreated with saline or a given dose of D-AP7. · All animals 

were anesthetized with urethane. Saline pretreatment is represented by the open squares. 

Intrathecal pretreatment with D-AP7 is represented by the open diamonds ( 10 nmol ), open 

circles ( 100 nmol ), and the open diamonds ( 1000 nmol ). The abscissa displays time in 

minutes subsequent to intrathecal administration of carbachol. D-AP7 significantly 

inhibited the intrathecal carbac/wl pressor response in a dose-dependent manner. Results 

are expressed as mean± S.E.M. n = 4-6 animals per group. P< 0.05 vs. control. 
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Figure 7 The change in mean-heart rate (HR) after intrathecal c;arbaclwl injection in 

animals pretreated with saline or a dose of D-AP7. All animals were anesthetized with 

urethane. Saline pretreatment is represented by the open squares. Intrathecal pretreatment 

with D-AP7 is represented by the open diamonds (10 nmol), open circles (100 nmol), and 

the opened triangles ( 1000 nmol). D-AP7 significantly increased the heart rate to intrathecal 

carbachol after pretreatment with 10, 100, and 1000 nmol doses. Abscissa displays time in 

· minutes subsequent to intrathecal administration of carbachol. n= 4-6 animals per group. 

P< 0.05. 
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,The Effect of Pre-Treatment with D-AP7 on the Cardiovascular Response to Intrathecal 

Injection of Carbachol in Anesthetized Rats 

Anesthetized animals were not utilized more than once in the following experiments. 

Intrathecal pretreatment with 10 nmol- of D-AP7 did not significantly alter the pressor 

response to intrathecal injection of carbachol (P=0.133). Both the 100 and 1000 nmol 

doses significantly inhibited the expression of the pressor response to intrathecal 

car.bachol(Figure 6). After the two higher doses of D-AP7, carbachol evoked an transient 

depressor response (lasting approximately two min), followed by an attenuated pressor 

response which returned to baseline within 20 minutes. The results from analysis of the 

area under the curves were consistent with a dose-dependent inhibition of the carbachol

evoked response. According to AUC analysis, the 10 nmol dose of D-AP7 on the average 

produced a 33% reduction (379.5 ± 46.7 mmHg/30 min) compared with saline control 

(575 ± 42.6 rnmHg/30 min). Pretreatment' with 100 nmol and 1000 nmol doses resulted in 

a 80% ( 109.7 ± 40.1 mmHg/30 min) and 85% (86.5 ± 23.6 mmHg/30 min) attenuation of 

the carbachol pressor response respectively (Figure 12). 

Intrathecal injection of carbachol resulted in a tachycaardic response in rats pretreated 

with, D-AP7 (Fig. 7). The· greatest increase in the heart rate to carbachol occured after 

pretreatment with the 100 nmol dose of n...: AP7. Although the profile of eac~ of the heart 

rate curves depicted in Figure 7 were somewhat different from each other, they all were 

statistically significant from baseline (P< 0.05). Heart rate data expressed as the AUC was 

as follows; saline (32.5 + 110.9 beats above baseline/30 min), D-AP7 10 nmol (568 ± 75.6 

beats above baseline/30 min), D-AP7 100 nmol (1550 ± 145.6 beats above baseline/30 

min), and D-AP7 1000 nmol (407.5 + 142.6 beats above baseline/30 min). In a limited 

series, we gave 200 nmol of D-AP7 intravenously (n=2). Both experiments revealed to 

discernible alteration in blood pressure or heart rate. 
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The Effect of Pre-Treatment with MK801 on the Cardiovascular Response to Intrathecal 

Injection of Carbachol in Anesthetized Rats 

In the next group of experiments, MK80 1- was utilized to further confirm the role of 

spinal NN.lDA receptors in the expression of the cardiovascular response to intrathecal 

muscarinic receptor stimulation. Intrathecal pretreatment with MK80 1 reduced the pressor 

response to intrathecal carbachol in a dose-dependent manner (Figure 8). In MK801 

pretreated rats, the initial response to carbachol was a 10-20 ~g decrease. in blood 
. . . . 

pressure~ which returned to baseline within 2-3 min. In addition, MK801 pretreated 

animals exhibited a prolong time to peak response after carbachol, and the responses after 

10 and 100 nmol doses of MK80 1 returned to within 10 mmHg of baseline blood pressure 
( 

by 15 min. Pretreatment with 10 nmol of ly.1K801 resulted in a 53% (268.1 ± 53.6. 

mmHg/30 min) reduction in the pressor response to intrathecal carbachol compared with 

control. In the higher doses, MK801 decreased the carbachol-induced hypertensive 

response by 63%, and 73% (211.9 ± 45.1 and 153.6 ± 50.8 mmHg/30 min, see Figure 

12). In contrast to D-AP7, MK801 did not promote a carbachol-evoked increase in heart 
. ' 

rate (figure 9). There was no significant difference in mean-heart rate after intrathecal 

carbachol between saline (32.5 ± 110.9 beats from baseline/30 min) and each of the three 

doses of MK801 respectively (225 ± 33.9, -122 ± 37.1, and -126.3 ± 113.8 beats from 

baseline/30 min; P values= 0.10, 0.83, and 0.74). A limited study with MK801 (200 

nmol) ·administered intravenously decreased the carbachol-evoked pressor response by 

approximately 25% (n=2). In contrast, intravenous administration of MK801 (200nmol) 

did not significantly alter the heart rate· as compared to -co~parable saline controls. 



Figure 8 The increase in mean arterial pressure (MAP) after intrathecal carbachol 

administration in animals pretreated with saline or a given dose of MK801 . . All animals 

were anesthetized with urethane. Saline pretreatment is represented by the open squares. 

Intrathecal pretreatment with MK801 is represented by the open diamonds ( 10 nmol), open 

circles (100 nmol), and the open diamonds (1000 nmol). The abscissa displays time in 

minutes subsequent to intrathecal administration of carbachol. ·MK801 significantly 

inhibited the intrathecal carbachol pressor response in a dose-dependent manner. Results 

are expressed as mean± S.E.M. n = 4-6 animals per group. P< 0.05 vs. control. 
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Figure 9 The change in mean-heart rate ( HR) after intrathecal carbachol injection in 

animals pretreated with saline or a dose of MK801. All animals were anesthetized with 

urethane. Saline_ pretreatment is represented by the open squares. Intrathecal pretreatment 

withMK801 is represented by the open diamonds (10 nmol), open circles (100 nmol), and 

the opened triangles ( 1000 ninol). MK801 did not significantly alter ~he heart rate to 

intrathecal carbachol after- pretreatment with 10, 100, or 1000 nmol doses. Abscissa 

displays time in minutes subsequent to intrathecal administration of carbachol. n= 4-6 

animals per group. P< 0.05. 
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-The Effect of Pre-Treatment with CN QX ·on the . Cardiovascular Response to Intrathecal 

Injection of Carbachol-in Anesthetized Rats 

In the next series of experiments, CNQX was employed to determine whether spinal 

non-N:N.IDA receptors could modulate resting or carbachol-evoked pressor and heart rate 

responses. Due to the hydrophobic characteristics of CNQX, a DMSO-saline combination 

(60/40) was used-to prevent CNQX from precipitating out of solution. Hence, two sets of 

controls were employed in this regimen to circumvent the possible action of DMSO alone. 

Ip.trathecal pretreanpent with DMSO-saline ·resulted in a ·carbachol-induced pressor 

response which .on the average was slightly, but not significantly reduced compared with 

saline pretreatment (Figure 10). Experime:p.ts utilizing CNQX pretreatments were 

compared statistically for significance against DMSO-saline and saline controls separately. 

After intrathecal administration with CNQX (10 and 100 nmol), the respective MAPs 

and heart rates remained within 5-7% of saline controls during pretreatment (Table 2 and 

3) .. Neither dose of CNQX ( 459 ± 70.9 and 464 ± 35 mmHg/30 min) significantly altered 

the pressor response to intrathecal carbachol administration, P = _0.0821 and· 0.2311 

(Figure 10 and 12). Interestingly, CNQX pretreatment induced a dose-dependent change 

in the heart rate response to subsequent administration of intrathecal carbachol (Figure 11). 

Pretreatment with the 10 nmol dose resulted in a profound bradycardia during the first three 

min after carbachol injection. Heart rate quickly returned to baseline, but never reverted to 

baseline during the observation period. In contrast, pretreatment with the 100 nmol dose of 

CNQX resulted in a mild tachycardia after carbachol administration which was statistically 

greater than the response observed in rats pretreated with saline or DMSO-saline. 



Figure 10 The increase in mean arterial pressure (MAP) after intrathecal carbachol 

administration in animals pretreated with saline or a given dose of CN QX. All animals 

were anesthetized with urethane. Saline pretreatment is repres~nted by the open square_s. 

Intrathecal pretreatment with CNQX is represented by the open diamonds (10 nmol), or the 

open circles ( 100 nmol ). DMSO-saline control is represented by the open diamonds 

(60/40.~DMSO/saline). The abscissa displays time in minutes subsequent to intrathecal 
'-

administration of carbachol. CNQX did not significantly inhibit the intrathecal carbachol 

pressor response at either dose. Results are expressed as mean ± S.E.M. . n = 4-6 animals 

per group. P< 0.05 vs. control. 
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Figure 11 The change in mean-heart rate (HR) after intrathecal carbaclwl administration 

in animals pretreated with saline or a given dose of CNQX. _All animals were anesthetized 

with urethane. Saline pretreatment is represented by the open squares. · Intrathecal 

pretreatment with CNQX is represented by .the open diamonds (10 nmol), or the open 

circles ( 100 nmol ). DMSO-saline control is represented by the open diamonds 

(60/40:DMSO/saline). The abscissa displays time in minutes subsequent to intrathecal 

administration of carbachol. CNQX did significantly alter the intrathecal carbaclwl heart 

rate response at both doses. The 10 nmol pretreatment dose of CNQX produced a 

bradycardia subsequent to the administration of intrathecal carbaC!hol, while the 100 nmol 

·dose produced a tacycardia. Results are expressed as mean ± S.E.M. n = 4-6 animals per 

group. P< 0.05 vs. control. 
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The Effect of Pre-Treatment ·With Intracisternal Atropine or D-AP7 on the Cardiovascular 

Response to Intrathecal Injection of Carbachol 

In the last series of experiments, we sought to determine whether medullary muscarinic 

or NMDA receptors participated in the expression of the cardiovascular response to 

intrathecal injection of carbachol. Rats were pretreated by intracisternal injection with either 

methyl atropine or D-AP7 (pretreatment data presented above). In rats pretreated with D

AP7 or atropine there was no significant change from baseline values. Atropine :produced a 

transient decrease in blood pressure after intracisternal injection which returned to baseline 

prior to the administration of intrathecal carbachol. Atropine and D-AP7 pretreatment each 

resulted in a profound decrement of the carbachol pressor response (Figure 12). In 

atropine-pretreated rats, carbachol produced a peak pressor response at one min 

(approximately 26 mmHg) which rapidly diminished thereafter; while D-AP7 produced a 

peak response between 3-5 minutes (10· mmHg), and returned to baseline by 15 minutes 

(Figure 13). Analysis of area under the curves revealed a composite responses of 341 ± 

75.1 and 80.1 ± 49.5 mmHg/30 min. for atropine and D-AP7 respectively. 



Figure 12 The change in mean arterial pressure after intrathecal injection of carbachol. 

All animals were anesthetized with urethane. Data is displayed as area under the curve(% 

of saline or DMSO/saline control). The abscissa displays intrathecal pretreatments prior to 

the administration of carbachol as follows;· saline control, CNQX 100 nmol, CNQX 10 

nmol, MK801 100 nmol, MK801 10 nmol, D-AP7 100 nmol, and D-AP7 10 nmol. 

Carbachol was administered intrathecally 20 min after the pretreatment. Results are 

expressed as mean ±SEM for 6 animals per treatment group (two saline controls per 

group). * P < 0. 05 vs. saline control. 
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Figure 13 The increase in mean arterial pressure (MAP) after· intrathecal carbachol . . ( 

administration in animals, pretreated with· intraciSternal saJine, methyl~atropine or D-AP7. 

All animals were anesthetized with urethane. ·Saline pretrer:ztment is represented by the open · 

squares. Intracisternal pretreatment with atropine is represented by the open diamonds ( 10 

mg/10J.11), while intracisternal pretreatment with D-AP7 (100 nmol) is represented by the 

open circles. The abscissa displays time in minutes subsequent to intrathecal administration 

of carbachol. Inset displays the results as area under the curve(% of saline control). All 

results are expressed as mean values ± S.E.M. * = significantly different from saline 

control. Intracisternal pretreatment with atropine or D-AP7 significantly inhibited the · 

intrathecal carbachol pressor response. Results are expressed as mean ± S.E.M. n = 4-6 

animals per group. P< 0.05 vs. control. 
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, ,DISCUSSION 

Relationship Between Spinal Cholinergic and Glutamatergic Neurons in Cardiovascular 

Regulation 

The central nervous system plays an important role in the regulation of arterial blood 

pressure and heart rate.. The present study confirms and extends the data which supports 

the presence of a cholinergic pathway( s) modulating central sympathetic outflow and 

cardiovascular hemodynamics in the medulla ":fld spinal cord. According to our model, 

activation of spinal muscarinic re.ceptors initiates two distinct b'-:lt related pathways. 

Approximately 50% of the expression of the pressor response observed after intrathecal 

administration of carbachol is mediated through an ascending cholinergic pathway which 

in tum communicates with other cholinergic neurons in the lower medulla (14,15, 21, 22),

possibly within the rostral ventrolateral medulla (RVL). The cholinergic neurons within the 

RVL may interact either directly with glutamate neurons or via GABA intemeurons 

(disinhibition mechanism) modulate glutamatergic efferent tone (26). In fact, it has been 

demonstrated that muscarinic ~ctivation ~an alter membrane potential and increase the ·firing 

rate of glutamatergic neurons long after muscarinic activation has ceased, (8,23,24,27). 

The activity of these glutamatergic neurons from the RVL is reported to ·be the primary 

source responsible .for .. sympathetic discharge from the·. central nervous system 

(4,5,6,16,25,26). This concept is supported by the r~suhs from anatomical studies which 

demonstrate a direct glutamatergic connection ·between the RVL and preganglionic 

sympathetic neurons in the intermediolateral cell coluinn (IML)(5,6). 

Although the results from recent studies from this laboratory have confrrmed the 

participation of medullary cholinergic neurons in mediating the pressor response to spinal 

. cholinergic stimulation, it is clear that the medullary component of this pathway does not 

solely mediate the blood pressure and heart rate responses to spinal muscarinic stimulation. 

Rather, a significant portion of the evoked-cardiovascular response to spinal muscarinic 

stimulation is most likely mediated within the spinal cord itself (3, 18). These 
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.sympathoexcitatory actions are produced through enhancement of descen~ing sympathetic 

tone at all spinal levels. In fact, it has been . reported that .both muscarinic-cholinergic 

receptors and a2-adrenergic receptors directly impfuge upon medullary and spinal neurons 

mediating sympathetic outflow (3,19,20). The results of one recent study suggested that 

spinal sympathetic outflow is mediated via spinal a-adrenergic receptors (29). Studies in 

this laboratory have suggested that a2-adrenergic receptors are located on cholinergic 

neurons and function to inhibit the release of acetylcholine (30,31 ,32 ), and therefore 

support the concept of an adrenergic component in the modulation of sympathetic outflow. 

Moreover, the results of the present study are consistent with the findings of other 

investigators who have proposed that GABAnergic intemeurons modulate sympathetic 

outflow by suppressing the neuronal firing of either cholinergic or glutamatergic neurons 

(25, 28). Therefore, it is likely that a complicated interaction exists within the spinal cord 

among a2-adrenergic, muscarinic, GABAB, and glutamatergic neurons mediating 

sympathetic outflow. 

The Effect of D~AP7 and MK801 on Baseline and Carbachol-Evoked Blood Pressure and 

Heart Rate Responses. 

Pretreatment with D-AP7 or MK801 decreased baseline blood pressure in both 

conscious and ~esthetized animals. Central administration of NMDA agonists are known 

to elicit profound increases in blood pressure (4). The experiments performed in this series 

of experiments were the first to demonstrate the hypotensive response to intrathecal 

administration of NJvlDA antagonists in freely moving rats, Thus confirming the 

importance of NMDA-glutam~tergic neurons in the central control of blood pressure. In 

addition, analysis of the heart rate changes revealed that D-AP7 and MK801 lowered basal 

heart rate in both the conscious and anesthetized rats. 

D-AP7 attenuated the blood pressure and heart rate responses evoked by intrathecal 

injection of carbachol in a dose-dependent manner. These findings support the hypothesis 
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that sympathoexcitatory responses norii_lally observed with the administration of a 

muscarinic agonist are mediated, at least in part, by Nl\IDA-glutamatergic neurons. While 

our experiments in conscious rats allowed us to document the cardiovascular effects to 

intrathecal administration of D-AP7 in rats unencumbered by general anesthesia, the 

anesthetized preparation had the advantage of allowing the localization of injections, and of 

l~miting drug redistribution. In a·previous study from this laboratory, we demonstrated the 

utility of this preparation for the localization of an intracisternal dose of neostigmine to its 

medullary site of action, and to minimize drug redistribution to the ·thoracic spinal cord (less 

than 0.001% of the original injection) (3). A similar protocol was performed in this study 

to help insure that after intrathecal injections, drug solutions did not redistribute to rostral 

sites. Localization of drug to the lower thoracic spinal cord allowed us to identify the 

spinal site from which the blood pressure response to intrathecal administration of 

carbachol was generated. A similar profile and magnitude of the pressor response to 

intrathecal carbachol were produced under control conditions in both conscious and 

anesthetized animals. The difference in evoked heart rate responses between saline

carbachol controls in the two models was expected; since heart rate is predominately 

mediated in the upper thoracic spinal cord (T1-T4), and drug distribution was limited to the 

lower thoracic spinal cord. If carbachol had significantly redistributed to the upper thoracic 

spinal cord after intrathecal injection, an increase in heart rate should have been observed 

similar to the carbachol response observed in freely-moving .animals (10). In addition to 

the similarities observed in the control-carbachol responses, intrathecal injection of D-AP7 

produced an attenuation of the carbachol pressor response in both· conscious and 

anesthetized preparations. A higher dose of D-AP7 was required, however, to attenuate the 

carbachol pressor response in anesthetized rats. This finding may be attributed to the 

effects of the general anesthetic. In contrast, the heart rate response to carbachol in animals 

pretreated with D-AP7 differed in conscious and anesthetized groups. In anesthetized rats, 
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the localization of drugs after intrathecal injection to the lower thoracic spinal cord 

prevented a significant increase in heart rate. 

Additional studies with MK80 1 performed in anesthetized rats demonstrated a similar 

ability to attenuate the carbachol-evoked pressor response. The ability of two structurally 

dissimilar . NMDA antagonists to block a carbachol-evoked pressor response provides 

strong evidence of a local interaction between muscarinic and NJviDA · systems. After 

pretreatment with MK801, the change in heart rate to intrathecal administration of.carbachol 

was similar to the response observed ip. anesthetized rats pretreated with D-AP7. The 

response to each dose was within 5% of bas~ line and none ~ere statistically significant 
-. . . 

from controls. Only pretreatment with the·100 nmol dose ofD-AP7 resulted in a significant 

tachycardic response to carbachol. The significance of the results for this one dose remain 

unclear. MK801 (200 nmol) produced a sig~ficant decrease in blood pressure of 

approximately 75% of the control response. A fall in blood pressure was· also observed 

after i. v. administration of l\1K80 1, but the magnitude of the response was less ·than half of 

the response observed after 100 nmol of mtrathecal MK80 1. Hence, it is unlikely. that an 

appreciable component of the depressor response to intrathecal MK80 1 could be attributed 

to redistribution of the drug to the systemic circulation. The decrease in blood pressure after 

intravenous administration of MK80 1 may be explained by entry of the drug into the central 

nervous system and/or its weak anti-nicotinic activity (antiganglionic) (37,38). 

The Effect of Pre-Treatment with CNQX or Baclofen on the Cardiovascular Response to 

Intrathecal Injection of Carbachol in Anesthetized Rats 
/ 

Experiments were performed to investigate the role of potential interactions between · 

spinal cholinergic neurons with kainate/quisqualate receptors. The results of experiments 

employing the .non-NMDA antagonist CNQX did not support a primary role for 

kainate/quisqualate receptors in the maintenance of blood pressure, since the drug did not 

produce any significant effect on baseline heart rate or blood pressure. The pressor 
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,response to intrathecal carbachol was not significantly different from either saline or DMSO/ 

saline controls after pretreatment with 10 or 100 nmol of CNQX. However, carbachol evoked 

heart rate changes in CNQX pretreated rats differed from those in controls. One explanation 

for the difference in heart rate responses may reside in the nature of the vehicle employed. 

Unlike previous drugs, we had to use DMSO/saline to dissolve CNQX in solution. Hence it is 

unclear at this time whether alteration of heart rate with the different doses of CNQX ( 1 0 

nmol-decreased:100 nmol increased) was due to some property related to the DMSO or that 

heart rate control, but not blood pressure is subject to modulation from kainate/quisqualate 

receptors. 

The results of several studies have indicated that GABAB receptors and acetylcholine are 

co-distributed in the CNS (33,34,35). The results of the experiments performed in this study 

are consistent with those of many earlier anatomical studies. GABAB has been shown to 

decrease the spontaneous firing of pacemaker cells in the RVL(36). The results of the 

present study are in agreement with those of previous reports indicating that GABAB receptors 

can inhibit the discharge tate of tonally firing glutamate neurons in the RVL, consequently 

decreasing blood pressure and heart rate (33,36). 

The Effect of Pre-Treatment with intracisternal atropine or DAP7 on the Blood pressure 

Response to Intrathecal Injection of Carbachol in Anesthetized Rats 

Intracisternal pretreatment with either atropine or D-AP7 effectively attenuated the 

pressor response usually observe~ with intrathecal carbachol. These findings confirm our 

earlier studies which suggest that approximately 50% of the intrathecal carbachol-evoked 

pressor response is mediated by a supraspinal mechanism (3). The results of two preliminary 

experiments demonstrated the ability of pretreatment with intracisternal D-AP7 to block the 

pressor response to intracisternal and intrathecal neostigmine, thus confirming the results of 

our experiments with carbachol. These preliminary experiments with neostigmine suggest the 

participation of cholinergic neurons as well as muscarinic receptors in the medulla. One 

scenario consistent with our results is that cholinergic neurons impinge directly upon GABA 
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.intemeurons. Stimulation of M2 receptors located on these GABA interneurons inhibit the 

release of GABA. GABA in turn, normally inhibits the tonic neu~onal discharge of glutamate 

neurons. Thus, with muscari11ic stimulation, GABA interneurons are inhibited, and the 

glutamate discharge rate is increased (disinhibition). In the RVL, atropine lowers blood 

pressure by blocking muscarinic receptors, and thereby increases the inhibitory action of 

GABA upon glutamate neurons. Utilization of either the atropine or D-AP7 as an intrathecal 

pretreatment failed to completely inhibit the pressor response to intrathecal injection of 

carb.achol. This fact coupled with the finding that the spinal cord contains glutamatergic 

neurons which are tonically active but independent of bulbospinal influences (3,33,29) 

suggests that the neurotransmitter interactions within the RVL may represent a continuum of 

such interactions ascending from the spinal cord. Thus modulation of glutamatergic pressor 

neurons descending from the RVL by local cholinergic and GABAnergic neurons may also 

occur within the spinal cord at all thoracic and upper lumber levels (see Fig. 14). 
( 

In conclusion, the results of this study support the concept that resting blood pressure and 

heart rate are maintained through the tonic stimulation of spinal NMDA receptors. In this 

regard, this was the first study to demonstrate the hypotensive action of spinal NMDA 

receptor inhibition in unanesthetized freely moving rats. The cardiovascular response to 

stimulation of spinal muscarinic receptors is mediated at the local spinal level, and through 

ascending connections, with medullary NMDA receptors. In concert with the known 

neurotransmitter interactions in the RVL and spinal cord, stimulation of muscarinic receptors 

requires the .participation of GABAs and NMDA receptors for full expression of the evoked 

hypertensive response. Therefore, it is likely that in the spinal cord (as in the RVL), 

stimulation of M2 muscarinic receptors inhibits the release of a GABA which is inhibitory to 

the release of glutamate at the level of spinal preganglionic cells. Disinhibition of glutamate 
l 

neurons through stimulation of muscarinic receptors results in enhanced sympathetic tone 

and a hypertensive response. The relative importance of this scenario in terms of central 

cardiovascular regulation should increase if such neurotransmitter interactions are shown to 

extend to other brain regions .. 
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Chapter 4: 

SPINAL MUSCARINIC CHOLINERGIC AND NITRIC· OXIDE SYSTEMS 
IN CARDIOVASCULAR REGULATION 

Only five years ago, endothelial derived relaxing factor had recently been identified as nitric 
oxide. The role of nitric oxide in the central . nervous system ha<:l been limited 
predominately to studies in the hippocampus related to long-term potentiation. More 
recently, it had been demonstrated that inhibition. of spinal nitric oxide synthase blocked the 
facilitation of a thermal tailflick reflex to· NMDA. In 1990, there was only limited 
enthusiasm for this "putative neuro-modulator". However, preliminary studies performed 
for this dissertation have suggested that glutamate and NMDA receptors may have an 
integral role in the expression of tonic and evoked blood pressure and heart rate responses. 
From these studies, it was a logical progression to suggest that the NMDA receptor
mediated-efferent-pressor system may be in part rp.ediated by nitric oxide. In. the·following 
study, experiments were designed to elucidate an interaction between muscarinic receptors, 
NMDA receptors, and nitric oxide in the spinal cord. · 



' 96 

ABSTRACT 

Muscarinic receptors located in the thoracic spinal cord mediate a profound increase 

in blood pressure and heart rate following pharmacologic stimulation with carbachol (27 

nmol). Recent studies from this laboratory have demonstrated that the c~diovascular 

response to spinal cholinergic stimulation is dependent upon previously undescribed 

descending bulbo-spinal and intraspinal pathways.- The purpose of the study was to 

determine whether these pressor and heart rate responses to carbachol were mediated by a 

local nitric oxide (NO) generating system. Freely- moving rats were prepared with chronic, 

indwelling intrathecal and intra-arterial catheters. Both the heart rate and pressor responses 

produced by intrathecal carbachol were inhibited in a dose-dependent manner by 

pretreatment with the intrathecal nitric oxide synthase inhibitor N-w-Nitro-L-arginine (L

NAME). In urethane anesthetized ·rats, drug localization was J.4nited to the lower thoracic 

spinal cord. In these anesthetized rats, carbachol also produced a mark pressor effect. 

. However, higher doses ofL-NAME were required to inhibit the expression of this pressor 

response. L-NAME induced inhibition of the carbachol pressor response was reversed by 

. L-, but not the D- isomer of arginine. In addition, intrathecal pretreatment with the soluble 

guanylyl cyclase inhibitor, methylene blue effectively inhibited the expression of the 

pressor response to intrathecal carbachol. L-NAME pretreatment also inhibited the pressor 

response to intrathecal injection of the glutamate receptor agonist N-methyl-D-aspartate. 

Finally, the specificity of action of L-NAME as a nitric oxide synthase inhibitior was 

demonstrated by the drug's almost complete inability to interact with spinal muscarimc 

receptors in vitro. The results of this study support the hypothesis that spinal muscarinic 

receptors interact either directly or indirectly with a local NO generating system as part of a 

spino-bulbar pathway involved in the regulation of blood pressure. 

Key words: Nitric oxide, blood pressure, spinal cord, hypertension, muscarinic 

receptors, and N-w-nitro-L-arginine (L-NAME) 
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The onset of h~pertension accelerates atherogenesis, cerebrovascular disease and 

increases the incidence of ischemic and coronary heart disease. Some of the mechanisms 

contributing to the faulty regulation of systemic· hemodynamics include abnormalities in the 

renin-angiotensin· system, arteriolosclerosis, atherosclerosis, endothelial dysfunction, 

hyperthyroidism, flawed salt metabolism, and central nervous system disturbances. The 

spinal cord and brain stem have a significant role in the maintenance of systemic blood 

pressure (BP) and heart rate (HR). Recent studies in this laboratory have focused on the 

role of a spinal muscarinic cholinergic pathway which has been demonstrated to mediate a 

pressor response.l-3 In rats intrathecal injection of cholinergic muscarinic agonists evokes 

an atropine-reversible hypertensive response. In fact, the hypertensive response to 

intrathecal injection of carbachol and neostigmine in spontaneously hypertensive rats 

(SHR) is even more intense than that in normotensive animals.l 

One interaction of this spinal cholinergic pressor system is through an ascending 

pathway which links to other cholinergic neurons located in the lower medullaS, possibly 

within the rostral ventrolateral medulla (RVL). This link between spinal and medullary 

cholinergic systems. reflects the most rostral component of the ascending pathway. 

Cholinergic neurons within th~ RVL provide tonic sympathoeJti_ctatory output via a 

descending glutamatergic pathway. 6-8 In addition to the ascending cholinergic pressor 

system, a component of the pressor response to spinal musc.arinic receptor stimulation is 

mediated locally through interaction of muscarinic systems with an intraspinal 

sympathoexcitatory pathway. 3 In fact, cholinergic neurons in the spinal cord do not 

directly innervate sympathetic preganglionic cell bodies.4,8,9 Rather, spinal cholinergic 

receptors mediate an increase in blood pressure through interactions with other 

neurotransmitter pathways within the medulla and spinal cord. 3,4 Preliminary studies in 

this laboratory have suggested that the pressor response to stimulation of spinal muscarinic 

receptors is mediated through the N-methyl-D-aspartate (NMDA) subtype of glutamate 
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,receptors. 6,1 O It is our hypothesis that spinal cholinergic neurons facilitate descending 

sympathetic activity which is mediated, at least in part by a descending glutamatergic 

(NMDA) pathway. 

Nitric oxide (NO) is a vasoactive substance produced by a reaction catalyzed by nitric 

oxide synthase (NOS).ll One form of NOS present ~ vascular endothelial cells generates 

NO which reduces smooth muscle tone resulting in vasodilation.12-13 Although, NO was 

originally linked to the vasodilator action of acetylcholine in the peripheral vasculature, in 

the CNS NO was first associated with glutamatergic rather than cholinergic synapses.14-15 

NO modulates neuronal activity principally by activating soluble guanylyl cyclase and 

increasing cGMP levels in other neurons .. The voltage-dependent, postsynaptic release of 

NO modulates the neuronal activity of surrounding neurons regardless of specific neuronal 

connections.16 Three· isozymes of NOS (including a CNS selective form) exist in the 

brain where NO has been suggested as an import3:Ilt neuro.,. mediator in a variety of 

physiological and behavioral functions.17-20 

As in the brain, the spinal cord contains a discrete distribution of NOS-containing 

neurons.21.' 22 While the role of these NOS-linked pathways has not been as well explored 

as those in the brain, the results of at least a limited· series of studies suggest that NO may 

play a role in t~?-e spinal modulation of pairt.23-24. Sel~tive inhibition of spinal NOS was 

demonstrated to block the facilitation of a pain reflex by NMDA receptor agonists. 23 Our 

preliminary studies have demonstrated that the hypertensive response evoked by intrathecal 

injection of a muscarinic agonist is blocked in rats pretreated with an NMDA receptor 

antagonist and NOS inhibitors. 25 

The purpose of the present study was to determine whether the hypertensive response 

to spinal muscarinic receptor stimulation is mediated by a NO ~erierating system. In the 

first series of experiments, we examined the ability of intrathecal pretreatment with a NOS 

inhibitor, N-w-Nitro-L-arginine (L-NAME), to inhibit the pressor response to intrathecal 

carbachol in unanesthetized rats. Since we were not able to control the distribution of drug 
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, given intrath~cally in unanesthetized rats, additional experiments were performed in an 

anesthetized preparation where drug distribution· was limited to a discrete injection site. 

Experiments were also designed to determine whether the ·inhibitory action of NOS 

inhibitors could be reversed by pretreatment with arginine, and to determine if inhibition of 

NO-stimulated guanylyl cyclase with methylene blue was effective in blocking the pressor 

response to intrathecal carbachol. Finally, the ability of the nitric oxide synthase inhibitor 

(L-NAME) to bind to spinal cord muscarinic receptors was evaluated. Our goal for this 

project was to begin to establish a causal relationship between nitric oxide, and the above 

mentioned cholinergic-glutamatergic-spino-bulbar pathway in central , cardiovascular 

regulation. 
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,MATERIALS & METHODS 

Experimental Animals 

Male Wistar rats (Harlan Sprague-Dawley, Indianapolis, IN), weighing 280 - 380 

grams were housed in an environmentally controlled room on a 12h/12h day-night cycle; 

and were maintained on .Wayne Rodent blox® and tap water. _- All animal protocols were 

. previously approved by the institutional Committee on Animal Use for Research and 

Education. 

Implantation of a Chronic Intrathecal Catheter 

Rats were anesthetizeq with methohexital (65 mglkg), and placed in a stereotaxic frame. 

Catheterization of the spinal subarachnoid space was performed under aseptic conditions by 

inserting a sterile, saline-fllled polyethylene (PE1o) catheter caudal to a micro-incision in 

the atl~to-occipital membrane. The catheter was advanced to the T 12 level of the spinal 

cord (length adjusted f<?r each animal in accordance :with weight and age). The distal end of 

the catheter was plugged with 30-gauge stainless steel wire and anchored to the. skull with 

acrylic cement after being threaded through an occipital burr hole. Animals were then 

allowed 2 days to recover. Only normally moving, healthy animal~ were employed in 

subsequent experiments. Upon completion of experiments, catheter placement was 

confirmed by dye injection· and dorsal laminectomy. 

Intrathecal injections were administered by disconnecting the animal from his swivel 

catheter mounted 300 mm above the-cage floor. A 30 gauge stainless steel connector was 

attached to a 50 ml Hamilton syringe via PE1o tubing. Injections were made into the spinal 

subarachnoid space by attaching the other end of the connector to the indwelling catheter. ' 

-Drug solutions (5 ml) or sterile saline were infused over 30 seconds using a constant speed 

·syringe pump (Harvard Apparatus). An additional 5 ml of saline was infused subsequent 

to drug administration to clear the contents of the catheter. 
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Implantation· of an Indwelling Aortic Catheter 

After recovery from intrathecal surgery, rats were again anesthetized with methohexital, 

and a midsagittal incision w~ made in the abdomen. The left iliac artery was then exposed 

and a polyethylene catheter (PE50) filled with heparinized saline (20 units/ml) was inserted 

into the abdominal aorta below the origin of the renal arteries. The distal end of the catheter 

was plugged with 22-gauge wire, and directed around the pelvis before emerging in the 

subcutaneous nuchal adipose. The catheter was passed through a spring support, and 

connected to a water tight swivel mounted 300 mm above the cage floor. The animal's 

incision was re-app~oximated with 3.0 silk using· a three layer closure. This surgical 

procedure allowed the chronically catheterized rat unrestricted movement to all areas of his 

cage for the duration of the experiment, while receiving a constant infusion of heparinized 

saline (8 ml/day). Animals were allowed two days to recover after the experiment. Only 

healthy animals having positive weight gain were employed in experiments. 

After an animal had recovered from surgery, · the chronic indwelling catheter was 

connected to a pressure transducer coupled to a hard copy device ~estern Graftec 8 

channel thermal array recorder) and the analog signals were amplified and digitized on a 

Buxco Electronics LS-14 Logging Analyzer. The analyzer provided one minute averages 

of mean arterial pressure (MAP) and heart rate (HR) to a computer. Stable MAP and HR 

values were measured for at least ten minutes prior to treatments in order to obtain the 

baseline response. 

Femoral Artery Cannulation in Anesthetized Rats 

Anesthesia was achieved with urethane 0.86g/kg, (i.p.) which was supplemented with 

inhalational halothane. A polyethylene catheter (PEso) fi~ed with heparinized saline (2 

units/ml) was inserted into the right femoral artery. Blood pressure (BP) was monitored 

continuously throughout the experiment by connecting the arterial line to a pressure 
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transducer (Abbott Critical Care Systems, North Chicago, illinois) which was coupled to a 

Beckman polygraph recorder. Heart rate (HR) was obtained from the pressure pulses· and 

displayed as an integrated signal by using a biotachometer (Beckman 9857B, Schiller Park, 

illinois). Mean arterial pressure was calculated as diastolic + (pulse pressure/3). I. v. 

access was accomplished by inserting a polyethylene (PE50) catheter into the left femoral 

vein or left subclavian vein. 

Insertion of an Intrathecal Catheter in . Anesthetized Rats 

In rats prepared with intra-arterial and intravenous lines as described above, halothane 

administration was terminated, and an additional i.v. injection of urethane (0.30 glkg) was 

administered to maintain anesthesia for the duration of the experiment. The intrathecal 

cannulation procedure described below was· developed to insure that subsequent drug 

distribution was restricted to the thoraco-lumbar spinal cord.3 Rats were placed in a 

stereotaxic frame with the head positioned such that the intra-aural line was 50mm above 

the operating table. A midsaggital incision was performed, and the musculature between 

C7 and T 3 was reflected. A dorsal laminectomy was performed at the level of T 1-T 2, and 

the dura was longitudinally transected. The incision was extended to the lateral borders of 

the exposed spinal cord. A saline-filled catheter (PE10) was then inserted 50-53 mm from 

the most caudal portion of the exposed cord. The length of the catheter was determined 

empirically based upon the weight of the animal. CSF was .collected with microsponges 

(Alcon Surgical), to prevent redistributioq. of intrathecal injections to rostral sites; and 

artificial cerebrospinal fluid was given as replacement. Intrathecal injections were given 

utilizing a methodology similar to that described for the freely-moving animals. A rectal 

temperature probe and thermostatically controlled heating pad sustained body temperature at 

37° throughout the exp.eriment. I.v. administration of 0.045% sterile ~aline+ 15 meq KCI 

(5 mllkglh) was used to maintain the animal's water balance and to help replace insensible 

losses. Tracheal intubation was performed to preserve normal respiratory dynamics. The 
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trachea was cannulated with PE240, and then sutured into the surrounding fascia. Arterial 

blood gases ( 1 ~06 PH/Blood Gas Analyzer and 282 Co-Oximeter by Instrumentation 

Laboratory, Lexington, . Massachusetts) were measured to insure proper · POz, PC02, 

HC03, oxygen saturation, as well as blood glucose levels (XSI Model 23A Glucose 

Analyzer, Yell ow springs, Ohio). Respiratory rate, tidal volume and inflow gas mixture 

were individually adjusted. Animals were initially maintained on a 2 L/min 100% 0 2/room 

air mixture. Any break in the vascular integrity of the spinal cord or surrounding vessels 

terminated the experiment. Proper placement of the catheter was confmned at necropsy. 

[ 3H]-Methylscopolamine Binding to Spinal Cord Membranes 

The ability of L-NAME to displace the binding of [ 3H]-methylscopolamine to spinal 

cord membranes was compared with that produced by atropine using a standard filtration 

assay.26 Rats were sacrificed by decapitation and the spinal cord was rapidly removed by 

high pressure injection of isotonic salifle applied to the caudal end of the sacral vertebral 

column. The tissue was washed and immediately placed· in 4 ml of ice cold incubation 

buffer (50 mM Tris-I{Cl, pH 7.4, 2mM MgC12) and subsequently homogenized using a 

Bell co glass homogenizer with a Teflon pestle at speed of 9. The homogenate was then 

centrifuged at 37,000 x g for 20 min The supernatant was decanted, the pellet re

suspended in 4 ml of incubation buffer, and the protein content was assayed (Bio-Rad 

Protein Assay-Bio-Rad laboratories, Hercules, CA). Binding-reactions were carried out in 

a reaction volume of one ml containing the following: 100 mg of receptor protein, 1 nM 

[3H]-methylscoplomine, increasing concentrations of atropine or L-NAME (in duplicate), 

and incubation buffer. Non-specific binding was determined i11- the presence of 10 mM 

atropine. After a 90 min incubation at room temperature, the reaction mixture was filtered 

through Schleicher and Schuell #32 glass filters, and washed 3 times with approximately 3 

ml of ice cold buffer using a Brandel Cell Harvester (Gaithersb_urg, MD): The filters were 

then dried, placed in a scintillation fluid for at least four hours and the radioactivity 
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quantitated in a liquid scintillation counter (Beckman Instruments, Inc., Fullerton, CA). 

The assay was performed three times with duplicate samples. 

Drugs 

All intrathecally administered drugs were dissolved in 5 ml of sterile saline. Drug 

solutions were administered via injection tubing which connected a constant speed infusion 

pump to the intrathecal cannula. All drug solutions were administered over a one min 

period (including an additional 5 ml of saline to clear the contents of the catheter). 

Carbachol chloride, atropine methyl sulfate, :0- and L-arginine, methylene blue, and N-w'

Nitro-L-arginine were all purchased from Sigma Chemical Co. NMDA was purchased 

from Research Biomedical Inc, and the [3H]-methylscopolamine was purchased from New ~ 

England Nuclear. 

Statistical Analysis 

The data depicted in the text and presented in the figures are mean values ± S.E.M. 

The existence of a significant difference between or among experimental groups was 

determined by analysis of variance (ANOV A) using the raw data. A repeated measures 

ANOV A was employed when experimental groups involved multiple comparisons. A 

Fisher's protected LSD test was employed for post hoc analyses of significant ANOV A 

data. Differences between two groups of data were determined using a modified t -test with 

a Bonferroni correction for multiple comparisons utilizing the error mean squared term 

from the ANOVA. The area under the curve ·(AUC) for carbachol tiine course data 

(including summation of both positive and negative areas, relative to baseline) was 

determined between 0.1 and 30 minutes after the raw data was normalized (delta values). 

AUC was determined by plotting data on the Cricket Graphics III program (Computer 

Associates International). A grid (grid block = 30 sec. x 2 mmHg or 5 beats) was 

superimosed over the graph, and area was divided into incremental trapezoids. The area of 



105 

the trapezoids was determined individually, and summed to determine the total AUC. The 

criterion for statistical significance was P<0.05 for all statistics. 

Data derived from the fractional specific binding of [3H]-methylscopolamine to spinal 

cord membranes were fit by non-linear (least squares) regression using the mass action 

expression for single non-interacting sites (Sigma Plot Jail del Scientific, Corte Madra, 

CA). 
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RESULTS 

The Blood Pressure and Heart Rate Response to Intrathecal Injection of 

Carbachol in Unanesthetized Rats 

Intrathecal injection of carbachol produces a dose-dependent pressor response in 

conscious rats which is mediated through stimulation of spinal muscarinic receptors.l-3 

For the studies described below, we employed a dose of 5 mg/10 ml (27 nmol) of 

carbachol which has been shown to produce a reproducible peak increase in MAP of 

between 30 and 45 m.m.li:g, and a duration of 30-45 min. In the present study animals 

pretreated with intrathecal injection of saline ( 10 ml) followed by intrathecal injection of 

carbachol produced an immediate increase in MAP. The blood pressure response peaked 

at 2 min, and was within 10 mmHg of the pre-drug baseline by 30 min after injection (Fig. 

1). A simultaneous increase in heart rate (about 100 beats/min)was associated with a the 

pressor response. Heart rate remained elevated 30 min after injection of carbachol (Fig! 2). 

The Effects of Pre-Treatment with L-NAME on the Increase in MAP and 

Heart Rate to Intrathecal Injection of Carbachol in Unanesthetized Rats 

Unanesthetized freely moving rats were randomly assigned to one of four pretreatment 

groups: saline (control), L-NAME (25 nmol), L-NAME (100 nmol) and L-NAME (250 

nmol). These doses of L-NAME were selected based on the results of preliminary dose

finding study (data not shown). After one experiment, rats were allowed to recover for a 

minimum of two days. They were then reassigned to receive a second regimen on a 

random basis. No rat received more than two regimens. L-NAME was administered by 

intrathecal injection 20 min prior to intrathecal injection of carbachol. During the 20 min 

pretreatment time, L-NAME produced no change in resting 

/ 
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TABLE 1. Mean Arterial Pressure and Heart Rate in Freely-Moving Rats: Baseline, 
Ten Minutes Mter Pretreatment, and Thirty Seconds Prior to Intrathecal 
Injection 

IMMEDIATELY 
10 :MIN AFrER PRIOR TO 

DRUG BASELINE PRETREATMENT TREATMENT N 

BLOOD PRESSURE 

SALINE 106.5 :±:; 2.8 107.5 ± 3.1 110.0 ± 3.2 8 

L-NAME25 108.0 ± 4.2 121.7 ± 7.6 117.0 ± 4.3 6 

L-NAME100 96.8 ± 5.2 102 ± 6.6 106.9 ± 5.5 5 

L-NAME250 109.3 ± 2.4 121 ± 5.2*'# 118 ± 3.5 6 

HEART RATE 

SALINE 348.7 ± 8.0 363.6 ± 9.5 359.1 ±· 9~3 8 

L-NAME.25 399.8± 18.7 393.6 ± 22.9 369.8 ± 24 6 

L-NAME100 342.2 ± 27.6 386.0 ± 21.2 378.0 ± 26.0 5 

L-NAME250 373.3 ± 23.7 406 ± 26.0 417.3 ± 25.1 6 

SALINE= isotonic sterile saline; L-NAME = N-w-Nitro-L-arginine. Drug doses (25, 100, and 
250) are expressed in nanomoles. Baseline values are measured immediately before pretreatment 
with intrathecal L..:NAME or isotonic saline. 10 min after pretreatment = the midpoint between 
saline or L-NAME pretreatment and intrathecal carbachol. Immediately prior to treatment = 
time point 30 sec before intrathecal injection of carbachol (approximately 20 min after 
pretreatment). N = the number of animals in each experimental group. Blood pressure values are 
represented in mmHg, while heart rate values are represented in beat/min. Variations in the data 
are represented as the mean ± S.E.M. *=significantly different from respective saline in the 
same column (between groups);#- significantly different from the baseline (within groups). P < 
0.05 (two-tailed) for all statistics in this table. 
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TABLE 2. Mean Arterial Pressure and Heart Rate in Anesthetized Rats: Baseline, Ten 
Minutes Mter Pretreatment, and Thirty Seconds Prior to Intrathecal 
Injection 

IMMEDIATELY 
10MINAFfER PRIOR TO 

DRUG BASELINE PRETREATMENT TREATMENT N 

BLOOD PRESSURE 

SALINE 90.5 ± 3.8 88.9 ± 5.1 87.5 ± 4.1 

L-NAMElO 92.3 ± ·7.4 86.7 ± 6.6 88.4 ± 7.2 

L-NAMElOO 86.6 ± 6.5 79.7 ± 8.0 79.5 ± 8.3 

L-NAME1000 88.8 ± 4.3 100 ± 3.9 105.8 ±3.0*•# 

METHYL-BLUE 91.0 ± 1.5 71.5 ± 2.6 67.6 ± 2.8*•# 

L-NAME/L-ARG 81.1 ± 3.5 88.4 ± 3.5*'# 89 ± 4.4 

L-NAME/D-ARG 86.1 ± 2.2 89.9 ± 1.7 98.1 ± 1.8* 

HEART RATE 

SALINE 451.3 ± 9.9 440.6 ± 12.1 444.4 ± 9.3 

L-NAMElO 424 ± 8.9 420 ± 8.9 421 ± 5.5 

L-NAME 100 464 ± 11.1 467 ± 9.6 468 ± 8.1 

L-NAME 1000 454 ± 8.7 442 ± 6.8 442 ± 10.7 

METHYL-BLUE 459 ± 5.0 454 ± 13.6 454 ± 12.5 

L-NAME/L-ARG 438 ± 11.1 439 ± 10.7 438 ± 9.1 

L-NAME/D-ARG . 452± 11.8 448 ± 10.0 436 ± 8.0 

SALINE= isotonic sterile saline; L-NAME = N-w-Nitro-L-arginine. Drug doses (10,100, and 
1000) are expressed nanomoles; :METIIYL-BLUE = rpethylene-blue, 1000 nanomoles; L-ARG = 
L-arginine; D-ARG= D-arginine. Drug delivery for experiments with two pretreatments (e.g. L
NAME/L-ARG) was accomplished by giving L-NAME after baseline recording. The second 
pretreatment (L-ARG) was given ten min after the initial injection. All drug doses are expressed 
in nanomoles. Blood pressure values are represented in mmHg, w)lile heart rate values are 
represented in beats/min. Variation in the data is represented as the mean ± S.E.M. * = 

significantly different from respective saline in the same column (between groups);#= 
significantly different from the baseline (within groups). P< 0.05 (two-tailed) for all statistics in 
this table. ' 
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MAP or heart rate except at the 250 nmol dose which produced a significant 14 mmHg 

increase. In addition, resting heart rate also appeared to increase after L-NAME, but the 

differences were not statistically significant (Table 1). Both the change in baseline MAP 

and heart rate to intrathecal injection of the 250 nmollkg dose of L-NAME appeared to be 

transient, and were not significantly different from pre-drug baseline levels immediately 

prior to the initiation of the carbachol injection. 

Intrathecal pretreatment with L-NAME produced a dose-dependent decrement in the 

magnitude of the pressor response to subsequent intrathecal injection of carbachol (Fig. 11). 

In addition, L-NAME pretreated rats exhibited a prolonged time to peak and reduced 

duration of action compared with saline controls (Fig. 1). Since onset and duration of the 

pressor response to carbachol were altered in the pretreated animals, a better estimate of the 

scope of inhibition produced by pretreatment regimens was the area under the pressor-time

curve (AUC-mmHg/30 min). The AUC for,the group pretreated with 25 nmol of L

NAME was reduced by 47% ( 348.67 ± 86 mmHg/30 min) compared with that for saline 

controls ( 653.2 ± 114 mmHg/30 min). The higher doses ofL-NAME (100 and 250 nmol). 

resulted in a dose-dependent inhibition of the pressor response to carbachol of 64% ( 237 ± 

97 mmHg/30 min) and 70% ( 197.3 ± 104 mmHg/30 min) relative to control. In addition, 

pretreatment with L-NAME caused a dose-dependent reduction in the tachycardia produced 

by carbachol. In fact, the highest dose of L-NAME pretreatment transiently lowered heart 

rate to below pre-carbachol levels (Fig. 2). L-NAME-induced inhibition of the carbachol 

tachycardiac response was also reflected by a dose-dependent decrease in the AUC such 

that pretreatment with the 250 nmol dose completely abolished the response (Fig. 2 inset). 
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The Blood Pressure and Heart Rate Response to Intrathecal Injection of 

Carbachol in Anesthetized Rats 

After pretreatment . with an intrathecal injection of saline, intrathecal injection of 

carbachol (27 nmol) produc'1d an increase in MAP which was qualitatively similar to that 

produced in unanesthetized rats (Figs. 1 and 3). While the magnitude and duration of the 

pressor response was similar in both unanesthetized and anesthetized animals, the time to 

peak response was slightly slower (4 min after injection) in the anesthetized group. Unlike 

the response in unanesthetized rats, the pressor response to carbachol was not accompanied 

by a significant change in heart rate (Fig. 4). 

Effect of Pretreatment Regimens on Resting MAP and Heart Rate 

Because of the excellent reproducibility of the pressor response to carbachol, rather 

than employing a new set of control (saline pretreatment) animals for each experimental 

series, control animals were randomly interspersed among the 3 primary ·experimental 

groups. Thus, between 2-3 rats were employed for each of the groups. This design 

served to both limit the numbers of control animals for the study, and to provide 

confirmation that the typical control responses to intrathecal injection of carbachol were 

obtained longitudinally throughout the study. Each animal was employed only one time. 

After pretreatment with L-NAME (10 - 100 nmol), the respective MAPs remained 

within 5% of saline controls (Table 2). The highest dose of L-NAME produced a gradual_ 

increase in blood pressure, such that MAP was significantly higher than pretreatment levels 

immediately prior to carbachol treatment. Prior to carbachol administration, blood pressure 

was without any change for two min. Interestingly, when L-arginine (but not D-arginine) 

was administered 10 minutes after L-NAME (see below), the L-NAME-induced increase in 

resting-MAP was not observed. 



Figure 1 The increase in mean arterial pressure (MAP) after intrathecal carbachol 

injections in animals pretreated with saline or a given dose of L-NAME. All animals were · 

conscious and freely-moving. Saline pretreatment is represented by the closed circles. 

Intrathecal pretreatment with L~NAME is represented by the open squares (25 nmol), 

closed triangles (100 nmol), and the opened diamonds (250 nmol). The abscissa displays 

time in minutes subsequent to intrathecal administration of carbachol. L-NAME 

significantly inhibited the intrathecal carbachol pressor response in a dose-dependent 

manner. Results are expressed as mean± S.E.M. n = 6 animals per group. P< 0.05 vs. 

control. 
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Figure 2 The change in mean-heart rate ( HR) after intrathecal carbachol injection in 

animals pretreated with saline or a dose of L-NAME. All animals were conscious and 

freely-moving. Saline pretreatment is represented by the closed circles. Intrathecal 

pretreatment with L-NAME is represented by .the open squares (25 nmol), closed triangles 

(100 nmol), and the opened diamonds (250 nmol). L-NAME significantly inhibited the 

increase in heart rate to intrathecal carbachol in a dose-dependent manner. Abscissa 

displays time in minutes subsequent to intrathecal administration of carbachol. Inset 

displays the results as are_~ under the curve (AUC). All results are expressed as mean 

values ± S.E.M. * = significantly different from saline control. n= 6 animals per group. 

P< 0.05. 
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In contrast to the effect of L-NAME, pretreatment with intrathecal injection of 

methylene blue resulted in a decrease in the resting MAP by approximately 20 mm.Hg. 

Administration of the various pretreatment regimens (Table 2) produced no significant · 

change in heart rate from saline controls. 

The Effect of Pre-Treatment with L-NAME on the Cardiovascular Response 

to Intrathecal Injection of Carbachol in Anesthetized Rats 
. . 

Intrathecal pretreatment with 10 or 100 nmol ofL-NAME did n?t sigriificantly alter the 

pressor response to intrathecal injection of carbachol (Fig. 3). However, in the presence of 

the NOS inhibitor, the· initial response after. intrathecal injection of carbachol was a brief 

depressor response (lasting about 2 min), followed by the more typical pressor response ( 

> 30 min). The highest dose of L-NAME (1000 nmol) did produce a significant 

attenuation of the hypertensive response to carbachol. Based upon measurement of AUC, 

there was a trend toward inhibition of the expression of the carbachol-evoked response. 

The AUC for intrathecal injection of carbachol in saline-pretreated rats was 565.5 ± 58.0 

mmHg/ 30 min. Pretreatment with either the 10 nmol or 100 nmol dose (465.7 ± 167 

mmHg/ 30 min), and of L-NAME resulted in no significant attenuation of the pressor 

response to intrathecal carbachol. The 1000 nmol dose of L-NAME was associated with a 

57% (240.2 ± 69.8 mmHg/ 30 min) decrease. 

Intrathecal injection of carbachol resulted in a dose-dependent increase in heart rate in 

rats pretreated with, L-NAME (Fig. 4). The magnitude and duration of the tachycardiac 

response to carbachol was qependent upon the dose of L-NAME used in the pretreatment 

regimen. Although the profile of each of the heart rate curves depicted in Figure 4 were 

somewhat different from each other, when the data was expressed as the AUC, a clear 

dose-dependent increase in heart rate to carbachol was apparent (Fig. 4 inset). 
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.Reversal ·by Arginine of the L-NAME-induced Effects on the 

Cardiovascular Response to Intrathe.~al Carbachol 

In this series of experiments arginine was employed to indirectly confirm that L-NAME 

was acting as a competitive inhibitor of spinal nitric oxide synthase. For these 

experiments, we employed the 1000 nmol dose of L-NAME because of its ability to 
• I • ' 

significantly inhibit the pressor response to intrathecal carbachol in the anesthetized rat. In 

these experiments, rats were pretreated with intrathecal L-NAME. · Ten min later, 1000 

nmol of either L- or D-arginine were also administered by intrathecal injection. Intrathecal 

carbachol was then administered ten min after the L- or D-arginine. 

The inhibition of the carbachol pressor response observed with L-NAME pretreatment 

was antagonized when L-arginine was added to the pretreatment regimen. The combination 

of L-NAME/L-arginine pretreatment returned the carbachol pressor response to within 1% ( 

562.5± 40.7 mmHg/30 ·min) of control values (565.8±58.0 mmHg/30 min). In contrast, 

D-arginine did not reverse the change in the pressor effect observed with L-N.Mvffi 

pretreatment (Fig. 5). In fact, the L- N.Mvffi/D-arginine pretreatment group was within 4% 

(249.5 ± 28.5) of the L-N.Mvffi/saline pretreatment group. Further statistical analysis 

revealed that the L-NAME/ L-arginine pretreatment group was significantly different from 

both L-NAME/saline and L-NAME/D-arginine. In L-NAME and L-NAME/D-arginine 

pretreatment groups carbachol produced a statistically significant increases in heart rate 

compared with saline controls (Fig. 6). As with the blood pressure response, L-arginine 

significantly reversed the L-NAME induced tachycardiac response to carbachol. D-arginine 

also appeared to lower the effect of L-NAME pretreatment, but in this case the partial 

reversal was not statistically significant. Nevertheless, there was no significant difference 

between the overall observed effect of the L-and D-arginine. To determine whether arginine 

itself (in the absence of L-NAME) could alter resting MAP or heart rate, 4 experiments 

were performed (2 with the L isomer 



Figure 3 The increase in mean arterial pressure (MAP) after intrathecal carbachol 

administration in .animals pretreated with saline or a given dose of L-NAME. All animals 

were anesthetized with urethane. Saline pretreatment is represented by the closed circles. 

Intrathecal pretreatment w~th L-NAME is represented by the. open squares ( 10 nmol), open 

diamonds (100 nmol), and the closed squares (1000 nmol)~ The abscissa displays time· in 

minutes subsequent to intrathecal administration of carbachol. L-NAME significantly 

inhibited the intrathecal carbachol pressor response only at the highest dose. Results are 

expressed as mean± S.E.M. n = 5-8 animals per group. P< 0.05 vs. control. 
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Figure 4 The change in mean-heart rate (HR) after intrathecal administration of carbachol 

in animals pretreated with saline or L-NAME. All animals were anesthetized with urethane. 

Saline pretreatment is represented by the closed circles. Intrathecal pretreatment with L

NAME is represented by the open squares (10 nmol), closed triangles (100 nmol), and the 

opened diamonds ( 1000 nmol). L-NAME pretreatment induced a significant increase in 

heart rate in a dose-dependent manner after intrathecal administration of carbachol. The 

abscissa displays time in minutes, subsequent to intrathecal administration of carbachol. 

Inset displays the results as area under the curve. All results are expressed as mean values 

± S.E.M. * = significantly different from saline control. n= 5-8 animals per group. P< 

0.05. 
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Figure 5 The change in mean arterial p~essure after intrathecal injection of carbachol. All 

animals were anesthetized with urethane. Data is displayed as area under the curve 

(mmHg/ 30 min). The abscissa displays intrathecal pretreatments prior to the 

administration of carbachol as follows; saline control, L-NAME 1000 nmol, methylene 

blue 1000 nmol, and L-NAME ( 1000 nmol)IL&D-arginine ( 1000 nmol). Drug delivery for 

experiments with two pretreatments (e.g. L-NAME/L-ARG) was accomplished by giving 

L-NAME after the baseline recording. The second pretreatment (L-ARG) was given 10 

min after the initial injection. Carbachol was administered intrathecally 20 min . after the 

pretreatment. Results are expressed as mean ±SEM for 5 to 8 animals per group. * P < 

0.05 vs. saline control; fp < 0.05 for intra-group comparisons. 
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and 2 with the D isomer) with 1000 nmol of intrathecal arginine, and MAP and heart 

rate were recorded for 40 min. Intrathecal administration of neither arginine isomer 

produced a statistically significant change in resting MAP or heart rate. 

The Effect of Pretreatment with Methylene Blue on the Cardiovascular 

Response to Intrathecal Injection of Carbachol in Anesthetized Rats 

~ the next series of experiments methylene blue was employed to further confmn the 

role of spinal NOS in expression of the cardiovascular response to intrathecal muscarinic 

receptor stimulation (Fig. 5). In fact, intrathecal pretreatment with 1000 nmol of methylene 

blue on average produced a more effective blockade of the intrathecal carbachol pressor 

response than did 1000 nmol ofL-NAME (1000 nmol methylene blue was not statistically 

significant from the. 1000 nmol dose of L-NAME). As indica~ed by the .AUC 

measurement, after methylene blue administration, the pressor response to carbachol was 

reduced by 80% (114 ± 142 mmHg/30 min) vs. saline controls (565.8 ± 58 mmHg/30 

min). In contrast to L-NAME, methylene blue. did not promote a carbachol-evoked 

increase in heart rate (Fig. 6). In fact, there was no significant difference in heart rate 

levels after carbachol injection between saline (85 ± 191 beat.s/30 min)_ and methylene blue

pretreated rats (121 ± 139 beats/30 min). 

The Effects of Pre-Treatment with L-NAME on the Cardiovascular 

· Response to Intrathecal Injection of NMDA in Anesthetized Rats 

Intrathecal administration of the glutamate receptor agonist NMDA has been shown to 

evoke the release of endogenous glutamate and nitric oxide. 27 • 28 Further studies have 

demonstrated that central nervous system administration of NMDA in the CNS produces a 



Figure 6 The change in heart rate after intrathecal injection of carbachol. All animals are 

anesthetized with urethane. Data is displayed as area under the curve (beats/ 30 min). The 

abscissa displays intrathecal pretreatments prior to the administration of carbachol as · 

follows; saline control, L-NAME 1000 nmol, methylene blue 1000 nmol, and L-NAME 

(1000 nmol)I~&D-arginine (1000 nmol). See figure legend number five for drug 

administration. Results are expressed as mean ±SEM for 5 to 8 animals per group. * P < 

0.05 vs. saline control; fp < 0.05 for intra-group comparisons. 



' . 
119 

FIGURE 6 

Change in Heart Rate to i.t. Carbachol 

1200 * t 

1000 
~ 

c ·-
E 
0 800 
(V') ........_ 
en 
-+-cu 
Q) 

600 ..0 ........_.... 
. 

() . 
:J 400 
<( 

200 

0 -.J..___ 

SAL L-NAME MBLUE L-ARG D-ARG 
+L-NAME 

Pretreatment 



120 

I 

systemic pressor response which can be exaggerated with the addition of L-arginine as a 

pretreatment. 29 The purpose of these exp~riments was to determine whether intrathecal 

pretreatment with L-NAME could inhibit the· pressor response produced by intrathecal 

NMDA. 

Intrathecal saline pretreatment, followed by 100 nmol of intrathecal NNIDA produced 

an average peak pressor response of about 3~ mmHg 2-3 minutes after administration. 

Heart rate v~ues with intrathecal NMDA remained within 5% of pretreatment values after 

ten min. Since the pressor response was largely complete within ten minutes after injection 

ofNMDA experiments were limited to ten min observation periods. AUC analysis of the 

intrathecal saline/NMDA-c<:>ntrol response for. blood pressure and heart rate were 281.67 ± 

26:3 mmHgl _10 minutes and 115.0 ± ·107.3 beats/ 10 minutes respectively. 

Administration of 1000 nmol of L-NAME significantly inhibited the magnitude of the 

intrathecal NMDA pressor response by 32% (194 ± 12.1 mmHg/ 10 min) .. L-NAME 

pretreatment did not significantly alter the heart rate after intrathecal NMDA (80.1 ± 115 

beats/ 10 min). 

Effect of L-NAME on the Binding of [3H]-methylscopolamine to Rat Spinal 

Cord Membranes 

The purpose of these experiments was to determine whether the nitric oxide synthase 

inhibitor (NOSi), L-NAME, would bind to spinal muscarinic receptors. L-NAME 

displaced [3H]-methylsc~polamine binding (17%) only at the highest cqncentration (1x10-

2molar). In contrast, atropine, a classical muscarinic antagonist displaced [3H]

methylscopolamine binding with an ICso of 1.44 x IQ-9 mol/L (Fig. 7). 



Figure ·7 The ability of L-NAME and atropine to competitively displace [3 H]-

methylscopolamine from spinal muscarinic receptors. A filtration assay was conducted 
. I 

using rat spinal cord as th~ tissue source, 1 nM . [3H]- ~rtethylscopolamine as the 

radioligand and various concentrations of L-NAME or atropine ran in duplicate. Binding 

reactions were carried out for 90 minutes at room temperature in a final volume of 1 ml. 

Non-specific-binding was-determined in the presence of 10 mM atropine. Each experiment 

was performed three times. 
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Discussion 

Relationship Between Nitric Oxide and a Cholinergic-Glutamatergic-Spino

·Bulbar Pathway 

The central nervous system has a pivotal role in the regulation of arterial ]?lood pressure 

and heart rate. The present study supports the hypothesis that nitric oxide has a role in the 

modulation of · central sympathetic outflow and cardiovascular hemodynamics. 

Approximately 50% of the pressor response observed with intrathecal administration of 

carbachol is mediated through an ascending pathway which communicates with other 

cholinergic neurons located in the lower meduUa5,30, possibly within the rostral 

ventrolateral medulla (RVL). Cholinergic neurons within the RVL interact predominately 
__/ 

with descending glutamatergic, and noradrenergic neurons to provide tonic and evoked 

sympathetic activity.6-8,31,32 Microinjections of glutamate- and NMDA into the RVL, as 

well .as caudal ventrolateral medulla (CVM), and spinal cord -elicit dramatic pressor 

responses.6-7 These vasomotor neurons of the RVL are presumed to exert their· 

sympathoexcitatory effects by terminat~g in the intermediolateral nucleus of the spinal 

cord. This concept is supported by anatomical studies demonstrating a direct glutamatergic 

connection between the RVL and the intermediolateral cell column· (IML)8 Although recent 

studies from this laboratory confirm the participation of medullary cholinergic neurons in 

mediating the pressor respo1,1se to spinal cholinergic stimulation; it is clear that this putative 

spino-b~lbar pathw~y d?es not solely mediate the evoked blood pressure and heart rate 

responses. Data from this laboratory suggest that the remaining portion of the evoked 

cardiovascular response to spinal muscarinic: stimulation is mediated within the spinal cord 

itself. 3 These sympathoexcitatory actions are produced through enhancement of 

descending· sympathetic tone at all spinal levels. 

Although numerous studies have focused on the NO-cholinergic interaction involved in 

the peripheral vasculatur¢, most· studies of NO in the CNS have focused on the NO

glut~ate interaction. It is possible that a NO-cholinergic as well as a NO-glutamate 
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, interaction are involved in centnil control of cardiovascular function. Both cholinergic and 

glutamatergic neurons utilize a guanosine cyclic 31,51-monophosphate (cGMP) system to 

alter cellular function. At least one study has shown that cholinergic and glutamatergic 

agonists induce a time and concentration-dependent increase in guanosine cyclic 3 1 , 5 I

monophosphate ( cGMP) levels. This phenomenon is antagonized, by -the muscarinic 

antagonist atropine and nitric oxide synthase inhibitors, respectively. 33 Additional 

experiments propose that nitric oxide generated- from neurons primarily functions as a local 

mediator of cell-cell signaling rather than as a traditional second messenger.34,~5 

Identification of nitric oxide in the central nervous system was first associated with 

glutamate-mediated long-term-potentiation in the hippocampus. In fact, inhibitors of nitric 

oxide antagonize pharmacologic responses elicited by NMDA receptors stimulation. 28,29 

In addition, inhibition of NOS in the spinal cord decreases extra~ellular glutamate, 

suggesting that increased glutamate release occurs secondary to nitric oxide production.27 

Yet, several mechanisms linking nitric oxide with acetylcholine in the peripheral 

vasculturell-15 portend a similar cardia-regulatory interaction between NO and 

acetylcholine in the CNS. Early evidence linking muscarinic receptors and NO in the CNS 

may be found in the central antinociceptive literature.23, 24, 36 Additional anatomica122 and 

biochemical37 investigations have demonstrated ,that neurons within the spinal cord stain 

positively for a marker of nitric oxide synthas~ (NADPH). These NADPH positive

neurons include; the white matter, the dorsal and ventral · horns, and neurons in the 

intermediolateral cell column projecting to the ventral horn (presumed to be preganglionic 

autonomic neurons). Both cholinergic and glutamatergic neurons may have pivotal roles in 

the activation of soluble guanylyl cyclase, and subsequent increase in postsynaptic cGMP 

which in tum produces nitric oxide and increased transmitter levels. 



124 

Effect of L-NAME and Methylene Blue· on Baseline Blood Pressure and 
I -· 

Heart Rate 

· In the present study, pretreatment with L-NAME produced a. small but significant 

increase in blood pressure for the highest dose in both anesthetized and freely moving rats. 

This pressor response was sensitive to L-arginip.e reversal, whereas utilization of the 

dextro-rotatory arginine analog failed to reverse the L-NAME pressor response. A follow

up pilot study, · revealed that intrathecal administration of D- or L-arginine without L

NAME did not produce statistically significant changes in baseline blood pressure or heart 

rate. In contrast to_the increase observed in baseline blood pressure,. heart rate was not 

significantly altered f~om baseline in either the anesthetized or freely moving animals. 

Interpretation of the he~ rate data suggest that a NO or a guanylyl cyclase mechanism does 

not significantly contribute to tonic control of heart rate in the lower thoracic spinal cord. 

The ability of L-N~ to increase baseline blood pressure, s_uggests that spinal NO 

tonically inhibits the expression of ongoing sympathetic nerve activity. This finding is 

consistent with the results of an earlier study which reported that centrai administration of 

citric oxide synthase .inhibitors increased renal sympathetic nerve activity.38 The 

possibility exists that some of these results may be· explained by redistribution of L-NAME · 
l 

to the systemic circulation. However, blockade of peripheral v.ascular nitric oxide synthase 

has been demonstrated to elicit an abrupt and profound pressor response, a~ well as a 

bradycradia. 39 In ~ontrast, we found that the L-NAME pressor response did not plateau 

until after 15 minutes, and did not produce a statistically significant change in baseline heart 

rate. In addition, we previously demonstrated that redistribution of drugs, from their 

original site of injection, was limited to less than 0.08% of the administered dose for a 

1 Oml injection in our anesthetized preparation. 3 Therefore, peripheral leakage into the 

systemic circulation was considered to be negligible, and we ascribe the results of these 
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experiments largely to our ability to limit drugs to the lower thoracic spinal cord. Our L

NAME pretreatment results are consistent with similar findings by other investigators.38-42 

In contrast to the effects of L-NAME, methylene blue produced an abrupt decrease in 

baseline blood pressure after intrathecal administration. The dissimilarity between the two 

pretreatments was an unexpected finding which may. be explained by the fact that N-w

nitro-L-arginine (L-NAME) is a specific inhibitor of nitric oxide synthase, while methy~ene 

blue in a nonspecific guanylyl cyclase inhibitor. The reduced blood pressure observed with 

methylene blue may suggest an additional mechanism modulating central blood pressure 

which utilizes cGMP, and yet is unrelated to an arginine-nitric oxide biosynthetic pathway. 

Other investigators have proposed that the. primary mechanism of action of methylene blue 

is mediated through its ability to scavenge free nitric oxide via a superoxide anion, while 

the ability to inhibit guanylyl cyclase plays only a minor role .. Superoxide dismutase then 

· acts on these anions to produce hydrogen peroxide, p,eroxy nitrite, .and other radicals all of 

which may have physiologic actions in. our experiments . The exact nature of these 

interactions remains unclear. 

The Effect of Pretreatment with . L-NAME and Methylene Blue on the 

Pressor Response to Intrathecal Carbachol 

L-NAME attenuated the blood pressure and heart rate response to intrathecal carbachol 

1n a dose-dependent manner. These findings support the hypothesis that the 

sympathoexcitatory response normally observed with administration of _a cholinergic 

agonist is mediated, at least in part, by a NO-generating system. In addition, our 

preliminary studies suggest that the sympathoexcitatory response observed with intrathecal 

carbachol is also partially mediated by glutamatergic (N:MDA-subtype) neurons.IO 

While the results of the conscious animal experiments emphasized the role of intrathecal 

administration ofL-NAME in an intact animal preparation, the anesthetized preparation had 

the advantage of localizing our injections. Since urethane anesthesia has been shown to 
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effect physiologic function in a dose-related manner, extensive measures were taken to 

insure a balance between appropriate anesthesia and optimization of physiologic and 

metabolic reflexes. The metabolic byproducts of ure~ane (ethanol and carbamic acid) have 

been known to confound physiologic and pharmacologic experiments.43 Speculation 

regarding these metabolites led to concerns regarding increased sympathetic outflow· from 

the central nervous system with high doses of urethane (1.5g/kg).44 We attempted to 

circumvent these difficulties by restricting the total dose of urethane to below 1.2g/kg. By 

limiting the animal's dose of urethane, we sought to minimize catacholamine release, 

adrenal medulla secretion, and hyperglycemia associated with urethane anesthesia. 44 

Throughout this study, animal serum blood glucose levels were measured to assess 

hyperglycemia, as well as animal-perceived-stress and catacholamine release. Additional 

consideration was given to counter ·the effects of urethane hemoconcentration and 

hypotension with fluid replacement as described in the methods. Urethane, relative to other 

anesthetics, produces a high degree of autonomic activity.45,46 

Localization of injections to the lower thoracic· spinal cord, isolated the. blood pressure 

' response associated with intrathecal administration of c~bachol. Similar profiles 

(magn~tude and shape) of the carbachol blood pressure response were produced by control 

injections (intrathecal saline-carbachol) in ·both cons.cious and anesthetized animals. The 

difference in heart rate observed between the two models was expected; since heart rate is 

predominately mediated in the upper thoracic (Tl-T4) spinal cord, and drug distribution 

was limited to the lower ·thoracic spinal; cord.3 If intrathecal ·administration of carbachol 

had significantly redistributed to the upper. thoracic ·spinal cord, an increase in heart would 

have been observed similar to carbachol administration in the freely-moving animals.4 In 

addition to the similarities observed with control responses, intrathecal injection of L-

. NAME produced .. attenuation of the carbachol pressor response in both preparations. 

Despite these similarities between the two preparations, a higher dose of L-NAME was 
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· required to attenuate th~ carbachol pressor response in the imesthetized preparation. This 

finding may be attributed to the effects of the. general anesthetic. 

The ability of both L-NAME and methylene blue pretreatment to inhibit the pressor 

response to intrathecal carbachol provides strong evidence that the local production of nitric 

oxide is a requiremerif for the· complete expression of this response.·- While it is not clear 

whether cholinergic neurons themselves are a source of nitric oxide, the fact that L-NAME 

also inhibited the pressor response to NMDA suggests the possibility that multiple neuronal 

systems may be the source of nitric oxide in the spinal cord. Multiple sources of nitric 

oxide may explain the apparently disparate findings that L-NAME both increased resting 

blood pressure and decreased evoked .(carbachol-induced) blood pressure responses. 

Various isoforms of NOS exist in the spinal cord20, therefore another possibility may be 

that these isoforms have different roles in spinal cord function. Resolving these 

possibilities will await the elucidation of the functional anatomy and interactions among 

spinal cholinergic, glutamatergic, GAB Anergic and possibly noradrenergic pathways in the 

spinal cord. 

The Ability of L-NAME to Bind to Spinal Mu~carinic Receptors 

The potent~al of L-NAME to bind to spinal muscarinic receptors was addressed in the 

concluding experiments of this study. Specificity of L-NAME for nitric oxide synthase 

(NOS) in our experiments is supported by in vitro and in vivo experimentation. The in 

vitro displacement experi\ments demonstrated that greater than millimolar concentrations of 

L-NAME were required to displace ~3H]-methylscopolamine from spinal cord muscarinic 

receptors. This level of displacement wa,s in contrast to the nM affmity of the classical 

muscarinic antagonist atropine. Furthermore, in the anesthetized animal preparation, the 

ability of L-NAME to attenuate the pressor response to intrathecal carbachol was reversed 

by L-arginine, but not D-arginine. In addition, methylene blue produced a similar inhibition 

of the carbachol pressor response as observed with L-NAME. Additional studies 
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·demonstrated that L-NAME attenuated the pressor response to intrathecal NMDA in a 

similar fashion to that of carbachol. Since anatomical and biochemical studies have shown 

that spinal neurons stain for NADPH22,37, this is strongly suggestive of active synthesis of 

NO in the spinal cord. Hence L-NAME's effect in these experiments may be explained as a 

direct competitive inhibitor of the nitric oxide synthase preventing the conversion of 

arginine to NW-OH-L-arginine (a nitirc oxide intermediate) and nitric oxide. 

Our results are in disagreement with an earlier study which in4i_cated that L-NAME 

exhibited micromolar affmity for muScarinic receptors in guinea pig brain.47 Differences 

between results of the two studies may be attributed to differences in species (rat vs. guinea 

pig). In addition, our,. tissue chpice· (spinalcord) exhibits ~different profile of muscarinic 

receptor-subtype distribution than cerebral cortex or other higher centers. 48 Furthermore, 

these earlier investigators utilized [3H]quinuclidinyl benzlate(QNB) as opposed to [3H]

methylscopolamine (MS) as their radioligand. QNB ,in contrast toMS, is. an irreversible 

musc~nic receptor antagonist, and is extremely lipid soluble.49 Hence~ QNB would have 
' . 

access to intracellular binding sites w;hlch may not necessarily reflect cell surface binding or 

functional significance. 

In conclusion, the present study supports the concept that a spinal nitric oxide 

generating system( s) plays a role in both the maintenance of resting blood pressure and in 

the expression of the evoked pressor response to spinal muscarinic receptor stimulation. 

Since this muscarinic pressor system does not directly . interact with preganglionic 

sympathetic neurons, it is possible that the release of nitric oxide may provide part of the 

link between the cholinoceptive system and preganglionic cell bodies. This link may be 

mediated to the release of NO from cholinoceptive neurons, or it ma:y include other spinal 

systems. One site of interaction may include the descending glutamatergic pathway which 

is the purported primary substrate for mediating sympathetic tone to preganglionic neurons. 
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Ascending cholinergic neurons synapse with glutamatergic neurons locally within 

the spinal cord as well as within the medulla. Ascending cholinergic neurons have been 

inferred to have their cell bodies in the dorsal hom (T1-L2) and/or the intermediolateral cell 

column. The rostral ventrolateral medulla (RVL) is the postulated relay center in the 

medulla for the cholinergic-glutamtergic-spino-bulbar (CGBS)- pressor system. The 

cholinergic neurons which synapse in the ~VL are the M2 receptor subtype. The C-1 area-
. . 

(a sub-nucleus of the rostral ventrolateral: medulla) is. a nucleus in the anterolateral portion 
' . ' 

of the upper medulla. The RVL processes and interprets information from other autonomic 

brain nuclei, such as A-1 which (a subnucleus of the caudal ventrolateral medulla) is 

located in the anterolateral portion of the lower half of the ined~lla. Fibers from A-1 project 

rostrally to the C-1 nuclei to inhibit net efferent neuronal activity. Further mo,dulation by 

A-2 area located in the nucleus tractus solitarius is in the posterolateral portion of the 

medulla and lower pons, and receives afferent neuron projections form the 

glossopharyngeal and vagus nerves. Efferent neurons from A-2 modulate (may attenuate 

or augment) the output of A-1 and C-1 nuclei. Inputs from higher centers include; 

paragigantocellularis, pontine tegmental nucleus, the hypothalamus (the paraventricular, 

supraoptic and posterior nuclei), and the reticular activating system. The effect of these 

higher brain centers is yet to be determined. Glutamate neurons from the medulla distribute 

their axons throughout the spinal cord where they excite (vasoconstrictor) neurons in the 

intermediolateral cell column by activating NMDA receptors(sympathetic neurons). 

_Synaptic relays at the levels of the spinal cord and medulla have intermediate synapses 

(possibly GABAnergic, 5HT or adrenergic neurons). The intermediolateral cell column 

once stimulated has a direct effect on systemic cardiovascular function via primary and 

secondary ganglionic neurons. 
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Conclusions 

* The fmdings of this study are consistent with a bulbospinal-cholinergic-cardiovascular 

excitatory system that functions to modulate descending autonomic control pathways from 

the medulla and perhaps other higher centers. Part of this interaction includes an additional 

cholinergic pressor system located within the spinal cord itself. 

* In conclusion, the results of this study support the concept that resting blood pressure 

and heart rate are maintained through the tonic stimulation of spinal NMDA receptors. In 

this regard, this was the first study to demonstrate the hypotensive action of spinal NMDA 

receptor inhibition in unanesthetized freely moving rats. The cardiovascular response to 

stimulation of spinal muscarinic receptors is mediated at the local spinal level, and through -

ascending connections, with medullary NMDA receptors. In concert with the known 

neurotransmitter interactions in the RVL and spinal cord, stimulation of muscarinic 

receptors requires the participation of GABA8 and NMDA receptors for full expression of 

the evoked hypertensive response. Therefore, it is likely that in the spinal cord (as in the 

RVL), stimulation of M2 muscarinic receptors inhibits the release of a GABA which is 

inhibitory to the release of glutamate at the level of spinal preganglionic cells. · Disinhibition 

of glutamate neurons through stimulation .of muscarinic receptors results in enhanced 

sympathetic tone and a hypertensive response. The relative importance of this scenario in 

terms of central cardiovascular regulation should increase if such neurotransmitter 

interactions are shown to extend to other brain regions. 

* The present study supports the concept that a spinal nitric oxide generating· system( s) 

plays a role in both the maintenance of resting blood pressure and in the expression of the 

evoked pressor resp~nse to spinal muscarinic receptor stimulation. Since this muscarinic 
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pressor system does not directly interact with preganglionic sympathetic neurons, it is 

possible that .the release of nitric oxide may provide part of the link between the 

cholinoceptive system and preganglionic cell bodies. This link may be mediated to the 

release of NO from cholinoceptive neurons, or it may include other spinal systems. One. 

site of interaction may include the descending glutamatergic patP,way which is the purported 

primal-y substrate for mediating sympathetic tone to preganglionic neurons. 



Figure 1 Schematic of the cholinergic-glutamatergic-pressor pathway. Cholinergic 

neurons in the dorsal hom ascend upward in a "ladder-like" fashion until they terminate in 

the medulla on other cholinergic neurons. These medullary-cholinergic neurons interact 

with adrenergic and GABAnergic neurons to disinhibit glutamatergic neurons in the 

medulla. By, decreasing the influence of adrenergic and GABAnergic neurons, more 

glutamate is released from glutamate presysnaptic terminals. All of· these neurons are 

subject to the influence of supramedullary nuclei, e.g. hypothalamus, raphe, cortex, etc. 

Efferent glutamate neurons then terminate on primary sympathetic neurons in the 

intermediolateral cell column. This interaction can be enhanced or attenuated by local 

intraspinal communication with intem~urons. In addition, nitric oxide may· be released 

from .local glutamatergic or cholinergic nl!urons to further modulate outgoing sympathetic 

activity. Pri~ry sympathetic neurons then terminate upon secondary sympathetic 

neurons, and ultimately on terminal end organs (heart, blood vessels, and the adrenal 

medulla). Tl= thoracic vertebra- one; m = muscarinic receptor; a =adrenergic receptor; g 

= GABAnergic receptor; n = nicotinic receptor; ACH = cholinergic neuron; NE = 

adrenergic neuron (releases epinephrine in the medulla, norepinephrine in the spinal cord ); 

GLUT= glutamatergic neuron; IML = intermediolateral cell column~ 
I 
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