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·ABSTBACT

This thesis f~ses orr the possible roles o~ a number

of neuroactive peptides in the regulation of sympathetic output

at the spinal level. The five peptides selected, namely

sUbstance P, angiotensin II, thyrotropin-releasing hormone,

somatostatin and oxytocin, were chosen because each ~ptide has

been found in ?isciete descending .anatomical pathways to

~thetic preganglionic neu~ones. However, there was no

physiological evidence indicating the type of functional

pathway in whiçh they are involved. Therefore, these peptides

were administered intrathecally at the second and ninth

thoracic spinal levels to study their possible involvement in

the regulation of arterial pressure, heart rate and adrenal

medullary output of catecholamines in the rat. The results

reveal that each peptide is unique in terms of the type of

effect observed. Thus, in some cases a peptide had a greater

effect at one spinal level versus the other. One pêptide,

oxytocin, had a positive chronotropic effect on heart rate

without altering arterial pressure. This physiological

eVidence suggests a selective control of sympathetic output and

indicates that the precision in the regulation of this output

can be accounted for by central.pathways which can be·

identified by·their presumed chemical mediators of synaptic

transmissio~•
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~SIDŒ,

Cette ~~se rapporte l'étude des r81es possibles de

plusieurs peptides agissant dans le Système NerVeux Central
•

sur l'output srmpathique au niveau spinal. Cinq peptides,

soit la Substance P, l'Angiotensine II, l'Hormone de

Libération Thyréotrope, la Somatostatine et l'Oxytocine, ont

été choisis parce que chacun de ces peptides a été trouvé

dans des faisceaux anatomiques descendant vers les neurones

sympathiques pré-ganglionnaires. Cependant, il n'y avait pas

de preuves physiologiques quant à la nature fonctionelle-de
.

ces faisceaux. En conséquence, ces peptides furent,

administrés par voie intrathécale au second et au neuvième

niveaux thoraciques pour déterminer leur rôle possible.dans

le contr81e de ~ pression artérielle, du ryt~e cardiaqu~ et

de la productionl~e catécholamines par la médullo-surrénale,
\ '

chez le rat. Les résultats démontrent que chaque peptide est

unique quant à la nature des effets observés. Ainsi, dans

certains cas, le peptide a eu un effet plus marqué à un

niveau spinal plutôt qu'à l'autre. Un peptide, l'Oxytocine,

avait un effet stimulant sur le rythme cardiaque sans changer

la pression artérielle. Ces données physiologiques suggèrent

un contrale sélectif de l'output sympathique et indiquent que

la précision dans ce contrôle peut ~re expliquée par des

systèmes centraux identifiables par leurs médiateurs

chimiqUes présumés de transmission synaptique.
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In accordance with the Guidelines Concerning Th~sis
'\

Preparation, th~ Candidate has chosen the option of including

as ~art of her thesis the text of original papers already

published by ~earned journals, or original papers submitted or

suitable for submission to learned journals for publication.
~

The thesis conforms to other requirements explainëd in the

Guidelines concerning Thesis Preparation, McGill University,

Faculty of Graduate Studies and Research, revised April, 1984.

Yashpal, K., Cridland, R., Romita, V.V., Gauthier, S. and

Henry, J.L. Peptide distribution after intrathecal

administration (Chapter l of this thesis; manuscript in

preparation)

:.ashpal, K., Gauthier, S. and Henry, J.L. Substance P given

intrathecally at the spinal T9 level increases adrenal output

of adrenaline and noradrenaline in the rat. Neuroscience 15:

519-536, 1985. (Chapter II of this thesis)

Yashpal, K., Gauthier, S. and Henry, J.L. Substance P given

intrathecally at the spinal T9 level increases arterial

pressure and heart rate in the rat. J. Autonomie Nerv· Syst.

(in press; Chapter III of this thesis)

Yashpal, K., Gauthier, S. and Henry, J.L. Substance P
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administration to the second thoracic spinal segment increases

arterial p~essure, heart rate and adrenal medullary output of

catecholamines.in the ra~. (manuscript submitted; Chapter IV

of this thesis)

Yashpal, K.,' Gauthier, S. and Henry, J.L. Effects of

adrenalectomy on sympathetic activation induced by the

intrathecal administration of substance P in the rat.

(manuscript submitted; Chapte~ V of this thesis)

Yashpal, K., Gauthier, S. and Henry, J.L. Angiotensin II

stimulates sympathetic output by a direct spinal action.

(manuscript submitted; Chapter VI of this thesis)

Yashpal, K., Gauthier, S. and Henry, J.L.

Thyrotropin-releasing hormone intrathecally increases arterial

pressure and heart rate in the rat. (manuscript in

preparation; Chapter VII of this thesis)

Yashpal,K., Gauthier, S. and Henry, J.L. Effects of spinal

administration of somatostatin on arterial pressure and heart

rate in the rat. (manuscript in prepara~ion; Chapter VIII of

this thesis)

Yashpal, K., Gauthier, S. and Henry, J.L•. oxytocin

"administered intrathecally selectively increases heart rate not

arterial pressure in the rat. (manuscript in preparation;
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l INTRODUCTION

The autonomie nervous system controls the,

life-sustaining functions of the body, maintaining the

stabilit-y of the "milieu interieur". Walter Cannon, in 1929,

regarded the sympathetic nervous system as a system for

uniform mass action to help cope with emergencies and,
physio10gica1'imbalances facing the organism. He said "

the neurone relations in the sympathetic division of the

autonomie system seem devised for widespread diffusion of

nervous impulses." Thus, Cannon viewed the sympathetic

- nervous system as a functiona1 syncitium, activated in â

massive, non-specifie fashion in response to a stressful

situation. We know now that the autonomie nervous system

in a much more sophisticated and selective way than was
\
thought in Cannon's time. Stimuli of the internal and

acts
C')

....

c

external environments provoke diverse yet specifie autonomie

~esponses increasing output at some levels a~d decreasing it

at other~, so that the overall response provides the

appropriate adjustment for any'given stimulus.

Even the concept of a vas9motor centre in the,medulla

':as the sole site for cardiovascular regulation has been

abandoned. This concept reached its peak of definition in

1946, with the publication of'detailed topographical, maps of

the vasomotor centres by Alexander. The~enacity of his
~--- //

diagrams and the associated concepts of the central contr~l of
,;-' /the cardiovascular system is apparent'even today, in, the many

l '

1
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general textbooks of physiology in which this,control is

portrayed'in such terms (see for example textbooks by

Ganong,1981; Guyton, 1981; Mountcastle, 1980; Schmidt and

Thews, 1983).

Today, instead, a new concept of a hierarchical

neuraxis, modelled after the organizatio~proposed in the

early 20th century by Sherrington, is more popularly accepted.

The concept has emerged in which the spinal cord, the pons and

medulla, the hypothalamus and limbic and telencephalic

structures each mediates its own characteristic type of reflex

. and each does so via specifie reflex pathways arching· through

,,"pecific nucleL This concept has initiated a search to

identify the specifie pathways and the specifie nuclei

involved in the central nervous control of identifiable

autonomie functions, as well as the particular mechanisms by

which specifie autonomie responses are brought about.

Recentl~, new anatomical and biochemical methods have

demonstrated that a nUmber of cell groups priginating from the

hypothalamus-and brain stem project to the sympathetic

preganglionic neurones in the spinal cord. The descending.

autonomie pathways contain a variety of neurotransmitters,

including catecholamin~, serotonin and a variety of

,?eu~opeptides. Now the challenge is to elucidate the

particular roles of each of these putative neurotransmitters

,in normal regulation of autonomie function and,' further, to

identify the particular dysfunction in neurotransmitter

systems associated with specifie clinical disorders.

2
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This thesis examines the roles 'of a number of peptides

in s~inal autonomie ~athways. The experimental paradigm

involves the intrathecal administration of peptide agonists or

antagonists cnte the spinal cord-and an examination of the

effects of this administration specifically on heart rate,

arterial,blood pressure and adrenal medullary output of

catecholamines. Thus, it provides a unique insight into the

efferent mechanisms regulating the heart, the vessels and the

adrenal medullae.

The following review of the relevant literature is

designed to present the reader with some of the experimental

and historical context within which these experiments were

done. Briefly, the present survey of the literature concerns

itself with the descrip~ of the anatomical, morphological

and physiological properties of sympathetic preganglionic

neurones, particularly those involved in the control of

autonomie cardiovascular and adrenomedullary functions, the

descending anatomical pathways from supraspinal structures to

these neurones and the possible chemical mediators of synaptic

transmission between these pathways and the sympathetic
.
preganglionic neurones.

3



o

-- '

II LITERATYRE REyIEW

1. sympathetic Preganglionic Neurones - Anatomical

6rganization

..

\The intermediolateral nucleus is a remarRable region

of the spinal grey matter in terms of its structure and

function. The nucleus corresponds to a small lateral expansion

- the classical lateral horn - slightly dorsal from the

horizontal plane passing through the dorsal edge of the

central canal. Gaskel in 1886 proposed that the lateral horn

of the thoracic spinal cord is associated with the sympathetic

nervous system. Now, it is general~y accepted that cell bodies

of sympathetic preganglionic neurones are located in the

intermediolateral nucleus of the thoraco-lumbar spin~ cord.

However, as will be presented later in this section,

sympathetic preganglionic neurones are also found in the other

regions of the spinal cord.
-

As early as 1898, Onuf and Collins observed chromatolytic

changes in neurones in the lateral horn, in the intermediate

gre~ region extending medially from the lateral horn towards

the central canal and in the'region dorsal to the central

canal after excision of the stellate ganglion, or of the

thoracic sympathetic chain in the cat. Since that time,

various investigators have confirmed these results using the

same technique of retrograde degeneration and have extended

the area to include the lateral funiculus as a site of origin

4
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ot sympathetic preganglionic axons (eummings, 1969; Henry &

Calaresu, 1972a; Petras and eummings, 1972). More recently,

with the advent of the new technique of retrograde transport oL

markers (typically horseradish peroxidase; HRP), the
~

organization and distribution of sympathetic preganglionic

neurones have been determihed moreprecisely (Chung et al.,

\

c

1975; 1979; Dalsgaard & Elfvin, 1979,1981; Deuschl & Illert,

1981; Faden and Petras, 1978; Hancock, 1982; Hancock & Peveto,

1979; Murata et al., 1982; Oldfield & McLachlan, 1981; Petras &

eummings,1978; Petras & Faden, 1978;-Rando et al., 1981;

Schramm et al., 1975). These recent ~tudiès have confirmed and

expanded upon the earlier studies regarding the location of

sympathetic preganglionic neurones, and have identified yet

another region, tbe ventral horn, where a small number of these

neurones can also be found. An additional advantage of these

experiments is that they have provided extensive information

on the morphology and cytoarchitectonics of these cells in

various spinal segments.

Table 1 summarizep the results of the relevant

studies. We shall now tum to a detailed survey of the

localization, morphology and cytoarchitecture of sympathetic

preganglionic neurones in each of the individual regions.

(i) Lateral hom

The lateral hom"was the earliest part of the spinal

cord to be implicated in sympathetic pathways. The initial

observations were based on the indirect evidence that when

5



Table 1. Summary of anatomical experiments showing spinal localization of sympathetic
preganglionic neurones

\

Dalsgaard & Elfvin, guinea- HRP into superior
1979 pig cervical ganglion

Dalsgaarœ & Elfvin, guinea- HRP into stellate
1981 pig ganglion

,

Deuschl & Illert, cat HRP into lumbar para-
1981 1 vertebral gangl.ion

Faden & Petras, dog HRP into lumbar or
1978 thoracic paravertebral

ganglion

INVESTIGATORS

Anderson, 1902

chung et a~., 1975'

cummings, 1969

Hancoc,k, 1982

SPECIES

cat

cat

dog

hamster

TECHNIOUE USED

cervical sympathectomy

HRP - into stellate
ganglion

adrenal mêdullectomy

HRP to intermesenteric
or lumbar sympathetic
trunk

STRUCTURES IMPLICATED

lateral horn

lateral horn, lateral funiculus, inter-
mediate grey, central canal ventral horn

lateral horn, lateral -funiculus, inter-
mediate grey, central canal

lateral horn, intermediate grey
central horn

lateral horn, lateral funiculus,
intermediate grey, -central canal

lateral horn, lateral funiculus, central
canal, intermediate grey, ventral horn

lateral horn, intermediate grey, central
ganglion

,/

lateral horn, intermediate grey,
central canal

i
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Hancock , Peveto,

19.,9

Herring, 1903

Hu~ata et al., 1982

rat

cat

rat

HRP to hypogastric
nerve

cervical sympathectomy
r

HRP to cervical
sympathetic trunk

",.

lateral horn, intermediate grey,
central canal

lateral horn

lateral horn, lateral funiculus,
intermediate grey, central canal

\

Oldfield & HcLachlan cat
1~81

HRP into stellate
ganglion or superior
cervical trunk

lateral horn, lateral funiculus,
intermediate grey, central canal, ventral
horn

/

Onuf & Collins,'
1898

Petras & eummings,
1972

Petras & Cummings,
1978

Petras & Faden,
1978

Rando et al., 1981

Schramm et al.,
1975

cat

monkey

dog

dog

rat

rat

thoracic and 1umbar
sympathectomy

thoracic and lumbar
sympathectomy

HRP into bladder

HRP into lumhar or
thoracic paravertebral
ganglion

HRP into superior
cervical ganglion

HRP into adrena1 med~lla

6.

lateral horn, intermediate grey, central
canal

lateral horn, 1atera1 funicu1us,
intermediate grey, c~ntral canal

lateral horn, intermediate grey

lateral horn, intermediate grey, central
canal

lateral horn, latera1 fupiculus,
intermediate grey, central canal

1atera1 'h~rn, 1ateral funiculus,
intermediate grey, central canal

\

\
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viewed longitudinally the distribution of neurones in the

lateral hom appeared to correspond to the spinal segments trom

which the white rami communicantes eme~ge. Subsequent studies

by Onuf & Coltins (1898), Andersen (1902) and Herring (1903)
f, .

provided more~irect evidence that sympathetic preganglionic

neurones are located in this region. These studies involved

sectioning of lumbar and thoracic white rami communicantes and

exploring the spinal cord for neurones displaying chromat~lytic

changes. These results were later confirmed by subsequent

degeneration studies using the then more refined Nauta

technique (eummings, 1969; Petras & eummings, 1972). Retrograde

transport of intracellu1ar marker proteins such as HRP has

yie1ded the most unequivoca1 anatomica1 approach to identifying

neural pathways. Thus, retrogradely 1abe11ed neurones have been

observed in the thoraco-1umbar latera1 horn fo11owing injection

of HRP into paravertebral gang1ia (Chung et al., 1975, 1979;

Da1sgaard & Elfvin, 1979, 1981; Deusch1 & I11ert, 1981; Faden &

Petras, 1978; 01dfie1d & McLachlan, 1981; Petras & Faden, 1978;

Rando et al., 1981), prevertebra1 ganglia (Dalsgaard & E1fvin,

1979), the 1umbar sympathetic or the intermësenteric trunk

(Hancock, 1982), the cervical sympathetic nerve (Murata et al.,

1982), the hypogastric nerve (Hancock & Peveto, 1979), the

adrenal medu11a (Schramm et al., 1975) and the urinary b1adder

(Petras & eummings~ 1978).

The topographyof the 1atera1-horn, and the

quarltitative distribution of the pregang1ionic neurones found

there were studied by Henry and Ca1aresu (1972a) in seria1

7
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transverse sections of the cat spinal cord. The lateral hom

extends from the C8-T1 border to L4 and contains between 32,790

and 53,340 neurones. The number of neurones in the lateral hom

varies from segment to segment with the greatest. number
..--

occurring at the levels of the rostral thoracic (T1-T2) and

m±àd~e lumbar (L3-L4~ents. In addition, the number of

neurones varies from one section to another: 15 pm thin "

sections contain from 0 to 22 neurones. More recently, Oldfield

and McLachlan (1981) have made a detailed quarititative and

topographical analysis of the preganglionic neurone population

in the upper'~oracic spinal cord of the cat after injecting

horseradish peroxidase irito the stellate gangli9ll--From

reconstruction of different segmental levels, they found most

of these cells to lie in a column 200 pm in diameter; composed

of cell aggregations-oÏ 20-150 neurones at intervals of

approximately 300 um.

The morphology of the neurones in the intermediolateral'

nucleus varies from segment to segment. Sympathetic

preganglionic neurones caudal to T2 are generally fusiform or

spindle shaped, with proximal dendrites aligned rostrocaudally.

However, the Tl and T2 segments have predominantly multipolar

ratherthan fusiform cells, and their dendri~es are aligned

mediolaterally. In the ventral parts of t~ucleus in the more

rostral segments, both fusiform and t~iangular cells are

aligned with their long axes in the dorsoventral direction. In.

addition, stellate cells also occur i~ small numbers in

conjunction with the fusiform cell bodies throughout the

8
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lateral horn at ail segmental levels between Tl and T9, with

the greatest abundance in Tl and T2. Recently, a report has

appeared based on the very difficult technique of the

intracellular injection of ERP into the somata of single

sympathetic preganglionic neurones in vivo (Dembowsky et al.,

1985). From a total of 28 neurones injected intracellularly

in the lateral horn.of the third thoracic segment, seven could

be reconstructed in serial sections of the spinal cord. Three

neurone types were id~ntifièd: spindle-shaped with the long
~

axis oriented rostro-caudally, large multipolar and small oval

cells. ' Five to eight primary dendrites ~~ise .from the cell

body and dendritic branches could be traced up to 1330 pm from

the cell body. The dendritic fields are oriented

rostro-caudally with total lengths of 1500 to 2540 fm.

In terms of the ultrastructure of sympathetic

preganglionic neurones, electron microscopic techniques have

provided much usefu! information. For example, Chung et al

(1980) found two prominent bouton populations terminating on

sympathétic preganglionic neurones, on~ with round vesicles

and another with pleomorphic vesicles. On the somata

pleomorphic terminals outnumber those containing.r_ound

vesicles, while the two types are represented almost equally

on the dendrites. Furthermore, the total coverage by boutons

is found to be greater on proximal dendrites than on

perikarya. Chung et al. (1980) suggested that inputs to the

sympathetic preganglionic somata are predominantly inhibitory

while the dendrites receive a more equal balanc870f inhibitory

r
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and excitatory inputs. They based their suggestion on the

tollowing: in attempts to correlate the morphôlogy of neurones

with physiological tunction, round s~aptic vesicles have been. .
tound to be associated with excitation, while inhibitory

systems posses axon terminals with pleomorphic vesicles

(Uchizono, 1967); 'Furthermore autoradiographie studies have

shown that axon terminals with round vesicles concentrate

acetylcholine, a putative excitatory neurotransmitter

(Marchbanks '69), whereas terminals with flattened vesicles

concentrate glycine (Matus and Demisen, '71) or gamma amine

butyric acid (Hokfelt and Ljungdahl, '72), both of which are
41. '

putative inhibitory transmitters.

Axons of sympathetic preganglionic neurones in the
!8 •

lateral h~m closely follow the lateral border of the grey

-.matter down through the ventra[ hom, to exit from the spinal,...
cord through the ventral roots (Dalsgaard & Elfvin, 1981;

Deuschl & Illert, 1981~Rethelyi, 1972). These axons do not

appear to give rise to collaterals (Dembowsky et al., 1985).

(ii) Lateral funiculus

Henry and Calaresu (~972a) suggested that the lateral

funiculus contains sympathetic preganglionic neurones on the

basis of the similar morphological appearance of neurones

found there to those of the lateral homo Experimental support

for this was provided by eummings (1969) in the cat and Petras

& eummings (1972) in the rhesus monkey, where they observed

chromatolytic neurones in the lateral funiculus following

c 10
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thoracic sympathectomy. since then, many studies have reported

retrograde labelling of cells in lateral funiculus following

injection of HRP into paravertebral ganglia (Chung et"al.,

1975, 1979; Dalsgaard & Elfvin, 1981; Deuschl & Illert, 1981;

Oldfield & McLachlan, 1981; Rando et al., 1981), cervical

sympathetic nerves (Murata et al., 1982) and adrenal medulla

(Schramm et al., 1975). However, there are some papers which

did not report these cells in the lateral funiculus following

injection of HRP into sympathetic axons innervating

prevertebral ganglia (Dalsgaard & Elfin, 1979; Hancock, 1982;

Hancock & Peveto, 1979). d

The'shape of the cell bodies in the lateral funiculus

is either multipolar (triangular or oval; 19 x 20 pm to 42 x

25;m) or round (20-32 pm diameter). These neurones tend to be,
oriented obliquely or mediolaterally, wfth their dendrites

extending laterally into the white matter and medially into

the lateral horn (Deuschl & Illert, 1981). The course of their

axons resembles that described above for the axons of neurones

located in the lateral horn (Dalsgaard & Elfvin, 1981).

(iii) Intermediate gpey and central canal regions.

Even in one of the earliest studies, that in 1898 by

Onuf and Collins, chromatolytic changes were observed in

neurones in the intermediàte grey region extending medially

from the lateral horn towards the central canal and in the

region dorsal to the central canal following excision of the

stellate ganglion or the lumbar or thoracic sympathetic chain

11
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in the cat. These results were confirmed later by eummings

(1969) ïn experiments performed on neonatal dogs, where,

following adrenal medullectomy and splanchnic nerve

tr~nsection, degenerative changes in neurones were observed in

the middle region of the intermediate gray as well as in areas

dorsolateral and dorsal to the central canal. Following

unilateral thoracic or abdominal sympathectomy in the macaque,

Petras and Cummings (1972) found an abundance of chromatolytic

neurones in the intermediate grey region but not near the

central canal region. More recently, retrogradely labelled

neurones have been observed in these regions following

injection of HRP into paravertebral (Chung et al., 1975, 1979;

Dalsgaard & Elfvin, i979, 1981; Deuschl & Illert, 1981; Faden

and Petras, 1978; 01dfield & McLachlan, 1981; Petras and Faden,

1978; Rando et al., 1981) and prevertebral ganglia(Dalsgaard &

Elfvin, 1979), the lumbar sympathetic or the întermesenteric

trunk (Hancock, 1982), the cervical sympathetic nerve (Murata

et al., 1982.), the hypogastric'nerve (Hancock & Peveto, 1979),

------~t~h~eradrenalmedu11a (Schramm et al., 1975) and the b1adder

(Petras & eummings, 1978).

Although cell bodies in these regions are mestly
,

fusiform (16 x 12 pm te 43 x 13 pm) er multipolar (2~ x24 pm te

42 x 21 pm) in shape, the orientation of the neurones in the

two regions is slightly different.

In-the intermediate grey region where HRP was injected

into cervical or thoracic paravertebral (Oldfield'& McLachlan,

1981) or prevertebral (Dalsgaard & Elfvin, 1979) ganglia the

12
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labelledcell bodies"and dendrites were oriented mediolaterally

with dendrites extending laterally into the lateral hom and

medially as iar as the contralàteral side of the central canal.

Following injection of HRP into lumbar paravertebral ganglia

(Oeuschl & Illert, 1981) a similar orientation of cells was

observed with the addition that some neurones projected into

the dordal horn.

In the central canal region sympathetic preganglionic

neurones are oriented mediolaterally, with dendrites

occasionally extending into the contralateral side of the

spinal cord. In lumbar segments, some neurones are oriented

rostrocaudally (Oéuschl & Illert, 1979; Hancock & Peveto, 1979;

Oldfield & McLachlan, 1981).

The course of the axons of cell bodies in the

intermediate grey region 4iffers somewhat from that of the

axons arising from cell bodies near the central canal. Three

. different efferent patnways have been described for ~xons of

preganglionic neurones in the intermediate grey region.

Following injection of HRP into stellate ganglion, Oalsgaard &

Elfvin (1981) observed some labelled axon coursing obliquely

through the dorsal part of the ventral horn to the later~l

border of the ventral horn, ~ollowing at this point the

efferent pathway of axons of neurones in the,lateralhorn.

Other axons appeared to follow themedial border of the ventral.'
horn. The third 'group of ,fibres is descri~~d by ,Oeuschl and

Illert (1981) where the labelled axons course straight down

through the ventral hom,-,following injection of HRP into

13
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lumbar paravertebral ganglia. The axons of the cell bodies in

the central region, on the other hand follow an efferent

pathway only along the medial border of the ventral horn

(Dalsgaard & Elfvin, 1981).

(iv) Ventral horn

.sev~ral groups of investigators have observed labelled

cell bodies in the ventral horn region following injection of

HRP in~o paravertebral ganglia (Chung et al., 1975; Deuschl &

Il1ert,1981; Oldfie1d & McLach1an, 1981). These neurones,

which are u5ually fusiform or stellate in shape, are similar in

size to neurones in the latera1 horn and are located on or·near

the media1, ventral or lateral border of the grey matter. Their

dendrites are aligned dorsoventrally. To my knowledge the

functional significance of these neurones has not been studied.

Their identification as sympathetic pregang1ionic neurones is

based only on their anatomical projection to parayertebral

gang1ia. Whether they actas somatic motoneurones with axons

coursing through these ganglia or whether they are aberrant

sympathetic pregang~jonic neurones whose cell bodies lie

outside their normal distribution remains to be determined.

(v) Longitudinal distribution

When HRP is injected into any given structure, the

distribution of labelled neurones in each spinal region tends

to vary longitudina11y. Oldfie1d and McLachlan (1981) reported

that while more than 70% of the neurones projecting to the
~

14
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stellate, ganglion lie in the lateral hom re9ion, there is a

progressive decrease rostrally to caudally in the number of

these cells. On the other hand, labelled cells in the

intermediate region and around the central canal show a

progressive increase c~udal to T5.' Furthermore, in experiments

where ERP was injected at different sites (Oldfield &

McLachlan, 1981), depending on where:the ERP is injected the

relative number of labelled neurones within each spinal segment

mai vary. For example, a relatively greater percentage of the

labelled neurones was observed in more medial spinal regions in

tne rostral thoracic segments, following injection of ERP into

the cervical sympathetic trunk, in contrast to the distribution

of labelled neurones observed following injection of HRP into

the stel~te ganglia.

on\the basis of the observation that lateral horn

neurones appear to innervate thoracic and lumbar paravertebral

ganglia more massively, it was suggested by Petras and Faden

(1978) that axons of sympathetic preganglionic neurones in the
.

medial 'regions of the spinal cord project to the "more distally

located sympathetic ganglia". Support for this suggestion comes

from various studies. It was shown, for example, that when HRP

w~s injected.into the inferior mesenteric ganglion, which is a

prevertebral ganglion, as many as one-third of the total number

of labelled neurones were located in the intermediate grey

~egion (Da1sgaard & Elfvin, 1979). On the other hand, injection

of ERP on the proximal portion of the cut end of the

hypogastric nerve show~d 80% of the labelled neurones in the

15
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region around the central canal (Hancock & Peveto, 1979).

Further support for the suggestion of Petras and Faden (1978)

comes from a study·where different neurone markers were

applied simultaneously to axons in the sympathetic trunk
~

innervating lumbar'paravertebral ganglia (Hancock, 1982).

Although the segmental distribution of neurones innervating

both nerve trunks was similar, the spinal sites of origin were

different. Neurones projecting to the lumbar paravertebral

ganglia were located prim~rily in lateral hom regions' while

neu~ones projecting to the intermesenteric trunk were both in

the lateral hom region and in the region around the central

canal. It is noteworthy that no double labelled neurones were

observed.

(vi). Intraspinal sympathetic preganglionic pathways

Any classical description of the sympathetic

nervous system would state th~t the axon of a sympathetic

preganglionic neurone projects to a paravertebral ganglion.

through the ipsilateral ventral root of the same spinal

segment. The axon then travels through a communicating ~amus

to reach the sympathetic chain, where it may synapse with

P?stganglionic neurones located in sympathetic ganglia at the

same or more distant segmental level. Faden's group has

suggested the existence of a longitudinally projecting
•

intraspinal sympathetic preganglionic pathway on the basis of

their physiological and anatomical experiments in the spinal

cord. These studies in cats and dogs showed that the axons of

16
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sympathetic preganglionic neurones may travel through several
1 ,

_segments within the spinal cord before exiting through a

distant ventral root to reach the sympathetic trunk (Faden and

Petras 1978; ~aden et al., 1979). The existence of i~traspinal

pathway explains the results of many studies described :in

.earlier sections where retrogradely labelled neurones were

found in several spinal segments.

These results, however, do not conform to the findings

of Oldfield and McLachlan (1980) and Rubin and Purves (1980).

In these studies, when the HRP was applied to a single ramus

communicantes., labelled neurones were confined to a length of

spinal cord approximately equal to the length of a single

segment. Similarly, when HRP was applied to the splanchnic

nerve following transection of selected thoracic-spinal nerves,

labelled neurones were confined to the segments with intact

spinal nerves (Kuo et al., 1980). This discrepancy in results

may be largely due to the methodology used in some of the
~

experiments. In those of Faden and Petras (1978) it is not

clear exact~y how the ganglion injected with HRP was isolated.

First of all the authors state that the sympathetic chain was

cut -"cranial and caudal to the ganglion while preserving

[which ?] communicantes". Secondly, the ganglion was isolated

after the injection of HRP, leaving the possibility that some

of the HRP came into contact with fibres besides those in the

nerve which finally remained intact. Thirdly, it is not clear

if adequate care was taken to safeguard against leakage of HRP

from the site of injection; it is possible that after the

17
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experiment HRP diffused extensively to be ·taken-up by damaged

axons at the cut ends of the sympathetic chain." In fact, when

Rubin ~nd Purves (1980) used the method described by Faden and

Petras (1978) and Chung et al~ (1979), labelled neurones were

not restricted to a single segment but were found in several

segments. ~t seems, therefore, th~t.in spite of some data for

intraspinal projection of the axons of sympathetic

pregangli9nic neurones, this proposal has not withstood

subsequent experimental examination.

(vii) Ipsilateral vs contralateral axona1 projection

When HRP is injected into the cervical sympathetic

nerve or into the stellate ganglion, the vast majority of

labelled neurones observed are ipsilateral to the site of

injection (Oldfield and McLachlan, 1981). However, this is not

the case for sympathetic preganglionic neurones projecting

elsewhere. Following unilateral lumbar sympathectomy,

chromatolytic cell bodies are observed bilaterally in the

lateral hom and in the interme&iate grey region in lumbar and

thoracic segments. Similar bilateral distribution of neurones

is observed following unilateral injection of HRP into lumbar

paravertebral ganglia (Petras & Faden, 1978). Bilateral

labelling of neurones has also been reported following

injection of HRP into the inferior mesenteric ganglion

(Dalsgaard & Elfvin, 1979), into the hypogastric nerve (Hancock'

& Peveto, 1979) and into the intermesenteric trunk (Hancock,

1982).

18

f

\,



o

o

(viii) Summarv.

The anatomical organization and distribution of

sympatbetic preganglionic neurones in the spinal cord have been
.

described. The neurones are localized in the lateral horn, in

the lateral funiculus, in the intermediate grey region'-in a

thin band extending medially from the lateral horn towards the

central canal and in th~region dorsalto the central canal. A

few cells are also located in the ventral horn. In each of

these regions, neurones are characterized with specifie

morphological properties including'the orientation of their

dendrites and the route of projection of their axons. The

spinal distribution-ôf neurones projecting to a ~ven ganglion

is stereotyped. It appears that while· paravertebral ganglia are

preferentially innervated by neurones in the lateral horn, the

prevertebral ganglia are pre~erentially innervated by neurones

in more medial regions of the spinal cord. The projections of

neurones to thoracie paravertebral ganglia is predominantly

ipsilateral, while that to lumbar paravertebral or.prevertebral

ganglia i5 bilateral.
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/' 2. Svmpatbetic Preganglionic Neurones - Functional

Organization

(i) Sympaihetic preganglionic neurones innervating

heart and blood vessels

The synaptic connection between preganglionic and

postganglionic sympathetic neurones in the sympathetic ganglia

prevents the accurate anatomical localization of neurones in

"the intermediolateral nucleus which project to 'the heart.

Thus, the only informationavailable comes from physiological

studies in which the spinal cord was stimulated using

microelectrodes and positive sites were marked from which

electrical stimulation elicited changes in heart rate (Henry ~

Calaresu, 1972b). These studies demonstrated that sites from

which cardioacceleration could be'elicit~d lay between the

first and fifth thoracic segments, ,with minor changes occurring

with stimulation of the sixth thoracic segment as well.

Interestingly, increases in arterial pressure could be elicited

from the first thoracic segment to the ninth, the most caudal

segment tested. It was conclûded from this study that neurones

in cardioacceleratory pathways lie in the intermediolateral

nucleus between the first and fifth thoracic segments and that

neurones in pressor pathways are found more extensively

throughout the longitudinal extent of the nucleus.



o
(ii) Sympathetic pregangliQnic neurQnes inneryating

the adrenal medullAe

o

sympathetic inputs tQ the adrenals'are by pregangliQnic

neurQnes.and therefQre the cell bQdies Qf these neurQnes can be

easily identified using anatQmical tracing techniques. ElliQtt

in 1913 Qbserved that fQIIQwing transectiQn Qf the splanchnic

nerves in ~e cat,myelinated nerve.. fibers degenerated ;Q th~i)J :

endings in the adrenal medulla. He thQught it prQbable tha~

the primary pregangliQnic nerves directly innervated chrQmaffin

cells Qf the adrenal medulla withQut the nQrmal innervatiQn via

pQstgangliQnic cells which characterizes sympathetic

innervatiQn. ElliQtt's QbservatiQn was cQnfirmed by later

studies which in additiQn started tQ describe the spinal rami

cQmmunicantes Qf the peripheral autQnQmic nerves innervating

the adrenal medulla. HQllinshead in 1936 emphasized the

.. ; impQrtance Qf the lesser splanchnic nerve and the branches frQm

the lumbar symphathetic chain in adre~al innervatiQn. Swinyard

in 1937, Qbserved that the transectiQn Qf the last eight

thQracic and first tWQ lumbar ventral rQQts resulted in lQSS Qf

all myelinated nerves tQ the adrenal gland and a '50-70%

reductiQn in,nerve bundles entering the gland. MaycQck and

HeslQP (1939) indicated that the bulk Qf secretQry-mQtQr tibres

tQ the adrenal medulla were carried in the greater splanchnic

nerve, rather than in the lesser splanchnic nerve, thus

cQntradicting the earlier QbservatiQn Qf HQllinshead. Using

the nerve fibre degeneratiQn technique in cats, YQung (1939)

shQwed that the medulla was innervated ipsilaterally by

21
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spinal roots T6 to L3. Later, using a similar technique in

dogs and cats, it was concluded that the majority of

preganglionic fibres to the adrenal gland left the spinal cord

via ventral roots T7-T9 (Kiss 1951).

More conclusive and more detailed studies regarding t~e

innervation of the adrenal medulla had yet to come. eumming's

(1969) experiments on dogs investigated the origin of

preganglionic innervation by studying the distribution of,
chromatolytic neurones în the spinal cord after either

transection of sphlanchnic nerves or adrenal-medullectomy. He
... 'J" .....

fvund that the pregangliQnic neurones were mainly localized in

the thoracic segments of the ~ord and, in particular, in the

intermediolateral cell column. In a more systematic study,

similar results were obtained in rats (Schramm et al. 1975)

using the retrograde horseradish peroxidase tracing

technique. In this study, labelled neurones were seen almost

exclusively in the intermediolateral cell columns of the Tl to

Ll segments of the spinal cord. Recently, Haase et al. (1982)

confirmed the above findings_of Schramm et al. (1975).

Ac~qrding to these investigators, labelled neurones were found

in tbe ipsilateral intermediolateral cell column of the T2

through T13 segments of the spinal cord, with most of the

lal:lI!lling in the T6 to T10 segments, following HRP injection

in the adrenal medulla. In addition, they combined the HRP

method with the acetylcholinesterase (AchE) technique. The·

rationale behind this was that since neurones in the

intermediolateral cell column possess a strong

22
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àcetylcholinesterase activity (Navaratnam et al., 1970) and

the ultrastructural localizatio~ ~~_AchE in the adrenal ~

me~ulla is associated with preganglionic fibers (Lewis & '~ ,

Shute 1969' somogyi et al., 1975), pregang1ionic neurones ~ /

inne;ating' the adrena~ medu1la sh.ould be AchE-positive. 'In ~
these experiments,the neurones labelled with horseradish

peroxidase' indeed demonstrated a, strong acetylcholinesterase

activity. ..

o

Holets and Elde (1983) also applied a sophisticated .

method to elucidate some of the subtleties of th~ innervation

'of the adrenal glands. They retrogradely labelled the

preganglionic neurones with the fluorescent dye "Fast-Blue"

and looked for the distribution pf chemica~ly-coded fibres and,-

their relation to sympathetic preganglionic neurones that

project to the adrenal medulla in kittens. They found that

89.9 % of all labelled neurones were located in the

ipsilateral intermediolateral nucleus. Enkephalin, serotonin

and supstance P immunoreactive fibers appeared to surround

both retrogradely label~ and unlabelled lateral horn

neurones. Somatostatin immunoreactive fibres ~ere observed
.' 0

only in proximity to labelled neurones while only a sparse

population of neurophysin and oxytocin immunoreactive fibers

were observed around sympathoadrenal neurones.

-'
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c •3. Anatomy Qf Descending SYJllPathetic Requ1atQry

pathways

(i) Inputs frQm primary'afferents

Un1ike the sacral parasympathetic pregang1iQnic .

neurQnes which receive a sparse yet distinct input direct1y

frQm primary Afferent sensQry fibres (Kawatani et a1.,1983;

MQrgan et al., 1981~ Nade1haft & BQQth, 1984; Nade1haft et

al., 1983; RQPPQ1Q et al., 198,s) direct cQnnectiQns from

primary Afferent fibres QntQ sympathe~ pregang1iQnic

neurQnes are a1mQst nQnexistent (KU? et al., 1983). Thus,

inputs tQ these neurQnes are essentia11y a11 frQm within the

central nervQUS system, and mQst Qf thQse identified tQ date

arise frQm specific supraspina1, structures.

(ii) PQns and medu11a

This regiQn, as mentiQned ear1ier in the IntrQductiQn,
.

was Qrigina11y thQught Qf as cQntaining a "VaSClIlQtQr'centre",

inc1uding bQth vasQdepressQr and vasQcQnstrictQr centres. The

pQns and medu11a are nQW thQught Qf as cQntaining a number Qf

nuc1ei, each Qf which p1ays its Qwn unique rQ1e in

cardiQvascu1ar regu1atiQn. TQgether, they are the mQst caudal

1ink in a 1Qngitudina1 ser~es of reflex systems in the

neuraxis. This series extends frQm as high aS,the cQrtex,
J

c

which can cQntrQ1 and integrate Any number Qf Afferent and

efferent inputs fQr apprQpriate cardiQvscu1ar regu1atiQn.

nuc1ei in the medu11a andpQns nQt Qn1y Qrgan~atterns
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-somatic motor and autonomic systems but are also re~ponsible

for the mainteijance'of normal levels of blood pressure and

heart rate. Certain nuclear groups contain complex networks

of interneurones which interact by inhibiting and exciting

each other, thus causing any variety of mixed responses in the
~

systemic circulation (Reis, 1972). This section, however,

will focus mainly on the pontine and medullary structures

which give rise to fibers projecting to sympathetic

preganglionic neurones.

Investigations designed to identify these structures

have adopted two principal experimental approaches. One is

electrophysiological, the other anatomical. The first

electrophysiological studies investigating the descending

inputs from the pons anq medulla to sympathetic preganglionic

neurones were reported by Henry and Calaresu (1974a-d). They

plotted various sites of antidromic responses in the lower

brain stem to electrical stimulation ofaxon terminals in the

lateral horn of the cat. A number of structures were

identified that send axons to the intermediolateral nucleus.

Of these structures, a number were attributed specifically a

cardio- and pressure-regulatory function on the'basis of

effects of electrical stimulation of brain stem sites on heart

rate and arterial pressure; these st~ctures included the

caudal raphe nuclei, the nucle~s paramedium reticularis, the

nuclei medullae oblongatae centrali~, the nucleus lateralis

reticularis and the nucleus parvocellularis .
.q,

support for the results of these studies is
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overwhelming from both subsequent electrophysiological studies

and from anatomical studies (see Tables II and III for

details). Hore recently, however, the electrophysiological

studies are making an attempt to understand precisely the role

of a specifie structure or a pathway involved in mechanisms

regulating cardiovascular function (Bernthal & Koss, 1984;
,

Brown andoGuyenet, 1984, 1~85; Cabot et al., 1979, 1981;

Caverson et al., 1983; Dampney et al., 1980, 1982; Hilton,

1982; Hilton et al., 1983; Horrison & Gebber, '1982; Mraovitch

et al., '1982).

For example, Brown and Guyenet (1984, 1985) have

demonstrated reticulospinal neurones in a discrete'region of

the rostral ventrolateral medulla oblongata with activity

high1y correlated to arterial pressure 1evels and the cardiac

./,6Y2re in rats. q'hese neurones' 'appear also to support tonie
"

sympathetic vasomo~or tone, mediate baroreceptor reflexes and

participate in the vascular components of the defence

reaction.

Raphespinal neurones in the cat have been reported to

exhibit restricted axonal branching in some cases and .

widespread patterns in other cases, suggesting that the

medullary raphe complex is capable of regional as well as

global control over spinal sympathetic outflow (Morrison and

Gebber, 1985).

Another example of identifying the complex mechanisms

involved can be seen in the report of Doba and Reis (1974), in

. which the nucleus paramedium reticularis appears to mediate a
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Table II. summary of literature on supraspinal sites giving rise to de~cending pathways to the

lateral horn - electrophysiological studies

INVESTIGATORS

Adair et al.,

Brown & Guyenet,
" 1984

SPECIES STIMULATION SITE

cat medulla oblongata

rat spinal cord

STRUCTURES IMPLICATED AND CARDIOVASCULAR EFFECT

caudal raphe nuclei

rostral ventrolateral medulla, intermediate
nucleüs paragigantocellularis lateralis

Brown & Guyenet,
- 1985

Cabot et al.,
1979

Caverson et al.,
1983

Dampney et al.,
1982 ,-

Henry & Calaresu,
1974a

rat

pigeon

cat

rabbit

cat

o

medulla oblongata

medulla

central canal
region

medulla oblongata

axon terminals in
intermediolateral
nucleus

rostral ventrolateral medulla mediates
baroreceptor reflex & exerts tonie vasomotor
tone

caudal raphe nuclei exert tonie sympathetic
inhibition --

bilateral projec~ion from ventrolateral medulla
mediating carotid inputs to spinal cord

vèntrolateral medulla-is vasomotor in 'function
and receives inputs from NTS and parabrachial n.

caudal raphe nn., n. paramedian -reticulariB, n.
lateralis reticulariB, n. gigantocellulariB, n.
parvocellularis, "n. medullae 'oblongatae
centralis, n, pontis centraliB çaudalis

,

/\
'\.1

--J. -
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Henry & Calaresu,
1974b

Hilton et al.,
1983

Loeschcke et
al, 1970

Lovick, 1985

Morrison & Gebber,
1985

Mraovitch et al.,

Neumayr et al:,
1974

Ward & Gunn, 1976

cat

cat \

cat

cat

cat

cat

cat

rabbit

\

medulla & p~ns

r

brain stem (to
elicit defence
response)

medu11a

lower thoracic cord

intermediolateral n.

medulla oblongata

medulla oblongata

medulla oblongata

n,

fI\

<

caudal raphe nn. & n. paramedium reticularis
elicit.cardiac slowing and decrease pressure;
n.lateralis reticu1aris & n. medullae ob. centr.
elicit cardioaccleration & increased pressure

pathway from defence areas relays in
ventral medulla

'.

ventrolateral medulla is vasopressor

n. paragigantocellularis

raphe-spinal neurones are of two types

n. parabrachialis involved in pressor response

region of n. lateralis reticularis

caudal raphe nuclei
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powerful pressor response elicited by electrical stimulation

of the fastigial nucleus. The fastigial nucleus appears to

receive inputs from the vestibular apparatus.which can occur
, 1
, upon assumption of an upright posture. 'Thus, impulses for the

.,
. orthostatic circulatory reflex are conveyed from the

vestibular organs along the vestibular nerve to the fastigial

nucleus in the cerebellum. The fastigial nucleus in turn

activates the paramedium reticular nucleus and this pathway

mediates the increased sympathetic outflow which maintains

blood p~essure and increases heart rate when going from a

supine to a standing position.

Although much of the knowledge of the functional

neuroanatomy of pontine. and medullary structures involved in

projections to sympathetic preganglionic neurones is coming

~omelectrophysiologicalexperiments, a more complex

circuitry ofJe~thways in regulating cardiovascular function is

also emerging from the application of a number of relatively

new neuroanatomical techniques for tracing neural pathways.

These techniques include the auto~adiographic technique, which

is based on the anterograde axonal transport of radio-labelled

proteins from the cell body to the axon terminals,' and the

retrograde axonal transport of horseradish peroxidase or other

pr6teins from axon terminals or damaged axons toward the cell

bodies. They also include immunohistochemical techniques for

the·identification of transmitter-specific pathways and the

2-deoxyglucose technique as a marker of metabolic activity in

functionally specifie pathways. Because of the very large
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Table III. summary of literature on supraspinal sites giving rise to descending pathways to the
lateral horn - anatomical studies

INVESTIGATORS SPECIES TECHNIQUE
--

Amendt et al., cat HRP into lateral horn
1978 .,,

Amendt et al., cat HRP into lateral horn
1979

STRUCTURES IMPLICATED

n. tractus solitarius, raphe nn., .
ventrolateral reticular formation

•

n. tractus solitarius" n. gracilis,
lateral reticular n., postpyramidal &
inferior central nn. of the raphe

•

Basbaum et al.,
1978

Blessing et al.,
1981

Farlow et al.,
1984

Holstege et al.,
1979

Kuypers & Maisky,
1975

o

cat

rabbit

rabbit

cat

cat'

i
[3H] amine acids into
brain stem

HRP into lateral horn

HRP into spinal cord

[3H] amine acids
into brain stem

HRP into spinal cord

n. raphe magnus, n. gigantocellularis

n. raphe magnus, n. gigantocellularis

ventrolateral medulla

n·. subcoeruleus, reticular formation
n. raphe obscurus

reticular formation, vestibular
complex, sorsal hypothalamus, locus
coeruleus, n. subcoeruleus

o

,.
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Loewy & Burton,
1978

Martin et al.,
1979, 1982

Miura et al,
1983

Ono et al., 1978

Zemlan & Pfaff,1979
Zemlan et al.,

1984

cat

opos.sum

cat

rat

rat

[3H) amine acids
into brain stem

[3H) leucine into
raphe pallidus & obscurus
and n. gigantocellularis

HRP into 1ateral horn

HRP into 1ateral horn

HRP into spinal cord

.
•

o

..
n. tractus solitarius

projections from these nn to
intermedio1ateral n.,
laminae IX & X

origins: 72.1% medulla, 10.2% pons,
8.5% midbrain, 9.2% hypothalamus

paraventricular n.

n. reticu1aris ventralis, n.
gigantoce11ularis~ n. reticularis
magnocellularis

•

/
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amount of.information now available, for brevity the results

from those studies on descending inputs from the lower brain

stem are summarized in Table III.

Experiments using the technique of injecting

horseradish peroxidase (HRP). into the spinal cord and looking

for the retrogradely labelled cells in the brain stem have

been done in a variety.of .species, including the rat (Martin

et al., 1985; Ono et al., 1978; Zemlan & Pfaff, 1979), the cat

(Amendt et al., 1978, 1979; Kuypers & Maisky, 1975; Hays &

Rustioni, 1981; Miura et al., 1983; Tohyama et al., 1979), the

rabbit (Blessing et al., 1981; Farlow et al., 1984) the

ossum (Crutcher et al., 1978; Martin et al., 1979, 1981) and

t~onkey (Castiglioni et al., 1978; Kneisley et al., 1978).

MosJ of these studies are important in that they demonstrate a

w~spread distribution of supraspinal regions which give riser .
to descending inputs to the spinal cord; many of these

1 .
studies, however, are of li~tle significance in terms of the

\
specificity cf the structures innervating sympathetic

1 •

preganglionic neurones because HRP injections are often

diffuse and regionally non-specifie: Only a few

investigations have used localized injections of HRP.

studies involving injections of tritiate? amine acids

into specifie nuclear groups in the brain stem and then

examining the spinal cord for anterogradely labelled terminals

. in the vicinity of the lateral hom have provided more

specifie information~ As a result, a number of nuclear groups

have been identified in the cat (Basbaum et al., 1978;
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Holstege et al., 1979: Loewy & Burton, 1978: Loewy & McKellar,

1981) and in the 'opossum (Martin,et al., 1979, 1982, 1985).

Various identified areas are summarized in Table III.,
/

The identification of various/regions in the pons and
/

/ '

medulla projecting to spinal preganglionic neurones have led

to the question as to their functional roles in regulation of

the cardiovascular s~ystem. Pressor and/or cardioacceleratory
/

responses have been ~licited by'electrical stimulation of the

parahypoglossal area (Calaresu & Henry, 1970), the nucleus

parabrachialis (Mraovitch et al., 1982), the nucleus lateralis

reticularis (Henry & calaresu, 1974a; Neumayr et al., 1974),

the nucleus parvocellularis (Henry & Calaresu, 1974a) and the

caudal raphe nuclei (Adair et al., 1977). Other-areas of the

medulla have caused inhibition of spinal preganglionic

neurones. Depressor and/or cardiac slowing responses have

been evoked by electrical stimulation of the caudal raphe

nuclei (Adair et al., 1977: Coote & MacLeod, 1974a: Henry &

Calaresu, 1974a: Neumayr et al., 1974: Ward and Gunn, 1976),

the nucleus paramedium reticulàris and the nuclei medullae

oblongatae centralis, subnucleus ventralis (Henry & Calaresu,...",
1974a). The v~ntrolateral surface of the medulla, also known

as the "chemosensitive area", has been shown to elicit pressor

responses by electrical stimulation ( Hilton, '1982; Hilton et

al., 1983: Loeschcke et al., 1970:) or ,by perfusing it'with

kainic acid (McAllen et al., 1982). Depressor responses have
,". .~
:. \,..-

been produced by lesioning or by perfusing the nucleus with'

glycine (Guertzenstein & silver, 1974) or with pentobarbitone
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(Feldberg & Guertzenstein; 1972). In addition, activation of

central chemoreceptors by CO2 has been shown to increase the

rate of discharge of sympathetic preganglionic neurones (Hanna
• •et al., 1981).,

The studies reported above Sh~ quite convincingly

pOntine and medullary structures do,project to• that

sympathetic preganglionic neurones and are involved in

regulating the various cardiovascular parameters. The next

logical question" then, is to as}c if any of these brain stem

structures receives afferents from cardiovascular-related

nerves. The carotid sinus and aortic depressor nerves, known

collectively as buffer nerves, have been the :,subject of

considerable attention over the past several decades (Calaresu

et al., 1975; Spyer, 1981, 1982), primarily because these

nerves convey exclusively cardiovascular information

céncerning arterial pressure, from baroreceptors, and arterial

gas partial pressures,'from chemoreceptors, to the central

nervous system; Furthermore, electrical stimulation of these

nerves has been shown to alter the resting level of arterial

pressure (ciriello and Calaresu, 1979; Fink et al.., '1980;

Kirchheim, 1976; Krièger, 1964; Patel et al., 1981).

Buffer nerve afferent fibres in the cat have been

c

shown to terminate throughout the rostrocaudal extent of the

nucleus of the tractus solitarius with densest labelling in

the caudal half of the nucleus (Berger, 1979; Ciriello et al.,

1981). Several additional- subnuclei' of the solitary ~ucleus

complex also receive direct projections from the carotid sinus
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nerve, specifically the parvocellular'nucleus, the

interstitial nucleus and the ventrolateral nucleus (Berger,

1979; Ciriello & Calaresu, 1981; Ciriello et al., 1981; Davies

& Kalia, 1981; Panneton & Loewy, 1980). The carotid sinus

nerve has also been shown to project to other brain stem

areas, including the area postrema (Davies & Kalia, 1981;

Panneton & Loewy, 1980), the dorsal motor nucleus of the

vagus, the nucleus ambiguus (Davies & Kalia, 1981), the

-reticular formation just ventral to the, solitary nuclear
~

complex and the external cuneate nucleus (Ciriello et al.,

1981).

A similar' distribution for afferent fibres of the

aortic depressor nerve in the solitary nuclear complex has

been described (ciriello & Calaresu, 1981; ciriello et al.,

1981; Kalia & Welles, 1980). It is interesting to note that

most studies are done in the rat and rabbit because in these

species only the baroreceptor fibres are carried in the aortic

depressor nerve (Chalmers et al., 1967; Sapru et al., 1981).

The termination of these afferents has been shown to occur

exclusively in the nuclei of the solitary tract (Cirello,

1983; Wallach & Loewy, 1980), with the densest projections in

the interstitial nucleus and the dorsolateral aspect of the

solitary complex.

It is worth noting that the area receiving the

greatest projection from the aortic baroreceptor afferent

fibres in the rat (Ciriello, 1983) corresponds to the area of

the solitary nuclear complex in which bilateral lesions in the
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cat result in acute fulminating hypertension (Doba & Reis,

1973). Since bilateral transection of the aortic depressor

nerves in the rat has been shown to produce a mild chronic

elevatipn in arterial pressure (Ciriello et al., 1981: Fink et

al., 1980: Krieger, 1964: P~tel et al., 1981) it is likely

that the hypertension that follows lesions of the nuclei of

the tractus solitarius i~ due prim~rily to th~ destruction of

aortic baroreceptor afferent fibres and their reflex relay

neurones.

(iji) Hypothalamus

One of the most important areas of the brain, the

hypothalamus, has often been thought of as an integrative

centre for cardiovascular responses because it can integrate

inputs which involve somatic, endocrine and autonomie

functions as well as emotional states. stimulation of various

areas of the hypothalamus can cause either vasopressor or
-

vasodepressor responses, increases or decreases in heart rate,

and inhibition of baroreceptor inputs to the lower brain stem.

Much knowledge about the hypothalamus has come through studies

on the defense reaction. stimulation of the posterior

hypothalamus produces very similar changes to those occurring

during "fight or flight". From the circulatory standpoint, °

blood pressure, heart rate, mu~cular blood flow and cardiac
--'.-

output are increased in this case, whereas the baroreceptor

reflexes and blood flow to the mesentary are decreased •

Again the emphasis is upon the hypothalamus not as a
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cen~ unto itself b~t. rather as a relay station which

integrates various longitudinally oriented patterns of

responses. For example, stimulation of the anterior

hyPothalamus produces sympathetic cholinergie vasodilata~~on,

a physiological respons, which occurs in anticipation of

exercise (Uvnas, 1954; Hilton, 1966). However, the sympathetic

vasodilator pathways have their origin in the motor cortex,
•

pass caudally to the hypothalamus, tum dorsally to the

collicular area, make an abrupt tum ventrally, and pass

through the ventrolateral portion of the medulla to the

lateral hom of the spinal cord (Uvnas, 1954). Thus, while

stimula1ion of one
l
area may cause a particular response, the

response itself should be considered in the context of the

functionof the whole brain.,
Although the role of the hypotha~amus in regulation of

the cardiovascular system is weIl established, the search for

the inputs to and outputs from the hypothalamus has withstood

a long controversy. This section, however, will focus mainly,
on the descending control from the hypothalamus upon autonomie

'regulation of cardiovascular parameters.

Skimming through the literature on descending

projections from the· hypothalamus, one,senses a kind of

frustration among the earlier investigators for not

identifying the direct pathway from the hypot~alamus to the
•

sympathetic preganglionic neurones. The first suggestion of

the existence of such a pathway came in 1930 from Beattie and
\ '.

his co-workers who observed p~essor respon~ upon electricalo
.- .,
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stimulation of various sites in the hypothalamus. Following

surgical lesions of these areas- they also found degenerating

fibres in the region of the lateral homo
•Later attempts with lesions made to interrupt specifie

descending pathways indicated' that the fibres media~ing the

hypothalamic pressor response were diffuse in the midbrain, in

the pontine tegmentum (Magoun et ,al, 1938) and in the lateral

medullary reticular'formation (McQueen,et al., 1954; Wang &

Ranson, 1939). Electrophysiological information on these "

pathways demonstrates that hyPothaiamic pressor responses~re'

mediated by two separate pathways in the cat. One activates
~

sympathetic fibres with,a'long latency and this activation"is

inhibited reflexly by increases in arterial pressure.' The

other activates sympathetic preganglionic neurones with a

shorter latency but this response is not inhibited by

increases in arterial pressure (Gebber et al, 1973). The

precise anatomical location of these two pathways coùld not ~e

identified. Ciriello and Calaresu (1977) also failed to

c

observe degenerating axons or terminals within the lateral,

hom following electrolytic lesioning of sites within the
<

posterior and ve~trolateral hypothalamic regions in the cat.

Thus, a concept of polysynaptic pathways prevailed

until the late seventies. According to this concept the

hypothalamus influenced the autonomie centres of the brain

stem and spinal cord through a system of poorly defined

conne~tions through the brain stem reticular formation. This

issue was raised again more ~ecently by increasing evidence
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showing the existence of long·descending projections from the

~alamus .directl; to the lower brain stem and spinal.cord

in various mammals such as the rat (Hancock, 1976,; Hosoya &

Matsushita, 1979; Hosoya, 1980;.Luiten et al., 1985; Ono et- ........al.) 1978; Saper et al., 1976), the cat (Caverson et al.,
•1984; Kuypers & Maisky; 197.5;· Saper et al., 1976; Yamashita et·

.
al.,' 1984), the rabbit(Blessing & Chalmers, 1979), the

opossum (crutch~eret al., 1978) and themonkey (Castiglioni

et al., 1978; Kneisley et al., 1978; Saper et al., 1976).

Kuypers and Maisky (1975) and Hopkins (1975) ,found

that after large quantities of~P are injected

spinal cord or medulla an appreciable'number of

into the'
oneurones in

'.

the hypothalamus can be retrogradely labelled, and Conrad and

Pfaff (1976) traced a pathway from the vicinity of the

paraventricular n~leus to the dorsomedial part of the medulla

~sing the autoradiographie method. Both types of observation

have been confirmed by Saper et al. (1976) who found that a

continuous population of neurones extending from the

paraventricular nucleus through the lateral'and posterior

hypothalamic areas into the mesencephalic central grey,

projects directly to the Edinger-Westphal nucleus, to the

vagal nuclear complex and to the intermediolateral column·in

the spinal cord of the rat, cat and monkey. By

immunohistoche~ical technique, using antibodies either to
. .

oxytocin or to its carrier protein, neurophysin l (also called

"estrogen-stimulated neurophysin"), Swanson (1977) _.ll.nd Swanson

~ McKeller (1979) demonstrated descending fibres in the rat
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passing through the 1atera1 tegmentum of the brain stem and the

dorso1atera1 funicu1us of the spina+ cord to the

intermedio1atera1 nucleus. More recent studies have not on1y
, .

suppo~ed these ear1ier resu1ts but have described in much more

detai1 the location of precise nuc1ear ~roups i~ the

hypothalamus which project direct1y to the spinal cord, the

course taken by these fibers and t~e precise sites of their

termination. Thus, Hosoya's study (1980) with the HRP method

has revea1ed that spina11y projecting neurones originate in the

paraventricu1ar nucleus, the 1atera1 hypotha1amic area, the

posterior hypotha1amic area, the dorsal hypotha1amic area and,
the retrochiasmatic area, and that the paraventricu1ar nucleus

----~~'and the 1atera1 hypotha1amic area contained 70-80% of the total

neurones projecting d~rect1y to spinal 1eve1s. Luiten et al.

(1985), using the anterograde transport technique of Phas~olus

Vu1garis 1eucoagg1utinin, a 1ectin which is carried in an

orthograde direction by axonal transport mechanisms, have

described the precise course of the entire descending

paravent~icu1ar fibre system in rats. According to their study,

two major bund1es of descending fibres can be distinguished. At

.spina1 cord 1e~e1~bres,course through the dorsolateral

funicu1us and can be fo1lowed in this position over the entire

1ength of the cord to the lower 1umbar

thoraco-1umbar cord ~ continuous range

segments. In the
~of co11atera1s 1eaves

c

the main bund1e in the 1atera1 funicu1us and branches in a

comp1ex but organized pattern in the intermedio1atera1 nucleus

and in area X of Rexed just dorsal to the central canal.
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Recently two electrophysiological studies have verified

the presence of a direct hypothalamo-spinal pathway in cats.

Action potentials evoked antidromically by electrical

stimulation of the intermediolateral nucleus, were recorded in

the paraventricular nucleus of the hypothalamus by Caverson et

al. (1984). In the second study Yamashita et al. (1984)

recorded orthodromic sympathetic preganglionic discharges

evoked by microstimulation of certain regions in or near the

paraventricular nucleus and also recorded antidrom~c responses

in the paraventricular and supraoptic nuclei to stimulation of

the intermediolateral nucleus of the thoracic cord.

Thus, the experiments'in the last decade have enaed a

long 'time controversy and have confirmed the existence of a

direct hypothalamo-spinal pathway.

(iv) Sununary

It is well established that many neuronal groups from

the pons and medulla do project to the sympathetic

preganglionic neurones. While anatomical studies have traced

the actual descending pathways, electrophysiological studies

have helped to some extent in deciphering the functional

.correlates to these regulating pathways. It is further shown

that at least some of the regions of the pons and medulla,

which give rise to pathways regulating sympathetic output are

involved in effecting the various cardiovascular responses and

that these regions also receive information from the buffer

nerves.
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Going rostrally in the neuraxis, from the pons and

medulla to the hypothalamus, again anatomi~al studies with new

tracer techniques hàve ended a long controversy in

demonstrating a direct descending pathway from the hypothalamus

to intermediolateral nucleus. Recent electrophysiological data

also support the ex~stence of this pathway.

Although integrat~on of 'cardiovascular control from

higher centers is not discussed here, it must be emphasized

that any autonomic adjustment is controlled by multiple
. (

integrative sites W!thin the central nervous system.

Suprapontine, bulbar, cerebellar and spinal mechanisms all play

important and complementary roles in normal cardiovascular

regulation~

4. Descending Peptidergic Inputs to Sympathetic

Preganglionic Neurones

In the past decade, a large number of peptides has been

discovered within the vertebraté central nervous system. This

discovery has opened up a new era in studying ~he biological

•

organ~sm and has given ~ a ~esh

possibiliti~s in deciphe~many

look. It has opened up new

as yet unknown mechanisms of

. .

central nervous regulation,including regulation of the

cardiovascular system.

The detection of these peptides within the central

nervous system has raised "many questions regarding their

source, mechanism of action and function. The first studies on
•
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peptides naturally focussed on peptide distribution and peptide

synthesis within the central nervous system. Our understanding

of their physiological roles and mechanisms of action is still

in its infancy.

Until recently, the monoamines (noradrenaline,

.adrenaline, dopamine" and serotonin), acetylcholine and the

amine acids glycine, glutamate and gamma-aminobutyric acid were

thought to be the only neurotransmitters. Based on the

tentative estimates of the number of synapses occùpied by each

of the types of neurotransmitter present in the central nervous

system Snyder (1980). found that approximately 40 percent of

known synapses could be accounted for as being occupied by

these neurotransmitters. It seems reasonable, therefore, te

anticipate that many neuroactive peptides, which are tho~ght to

have neurotransmitter or neuromodulatory roles, will account

for the occupancy of the majority of thus far unclassified

synaptic sites.

Among an increasing list of neuroactive peptides, five

are the focus of this thesis. They a~ substance P,

angiotensin II, thyrotropin releasing hormone (TRH),

somatostatin and oxytocin. These peptIdes are carefully chosen

on the basis that all five are pre~ent in the intermediolateral

nucleus and seem to be present in identifiable pathways

descending from specific supraspinal structures to the
,

intermediolateral nucleus. They are usually concentrated in

nerve terminals and in many cases are released by electrical or

chemical stimulation in a calcium~ependent manner, which
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suggests that these peptides may serve as chemical mediators of

synaptic transmission. This section will attempt to describe

each peptide in relation to its involvement in control of

sympathetic output regulating'cardiovascular parameters.

Of aIl these peptides, substance P has the longest

history and is probabiy the best characterized as far as its

distribution, release and biological properties are concerned.
~

'.

,
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SUBSThNCE P

THE DEAN,~F PEPTIDES

Arg-pro-Lys-pro-Gln-Gln-Phe-Phe-Gly-LeU-Met-NH2
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The story-of substance P began in 1931 in London when

Professors von Euler and Gaddum re~orted the discovery of a

pharmacologically active substance in extracts of horse brain

and intestine. The material was noted to have hypotensive (in

vivo) and gut contracting (in vitro) properties' in rabbits. As

these investigators stored their new-found material in the forro

of a powder they attributed to it the name Substanze P, where P

stood for powder (von Euler and Gaddum, 1931).

In the early 1950's, the distribution of substance P was

studied with the bioassay technique by Pernow (1953), Lembeek

(1953), and Amin et al. (1954). They made the remarkable

observation that there is more substance P in the dorsal roots
.

than in the ventral roots, and, based on this finding Lembeek

(1953) proposed the important hypothesis that substance P might

be the transmitter of primary sensory neurones. This

hypothesis was supported by the studies made in the early

1960's by Lembeck & Holasek (1960), von Euler and Lishajko

(1961), Gaddum (1961), Inouye & Kataoka (1962), and Ryall·

(1962) that substance P is coneentrated in synaptosomal
~'.,

fractions. In spite of these encouraging results,

investigator~were unableto.show any direct action of

substance P on individual neurones. This represented a major

obstacle to the acceptance of Lembeck's hypothesis. In

addition, iontophoretic studies by Gal~ndo et al. (1967) showed

no effect of substance P, either excitatory or inhibitory on

central neurones. Just when the situation appeared to be in a
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deadlock, a breakthrough was made by ~eman & her co-workers

(Chang et al., 19J1), who determined the chemical structure of

subst~nce P as an'undecapeptide and thus ope~ed up new

horizons~_ ..The isolation and chemical characterization of

substance P, followedby its availabiltiy in synthetic form

(Tregear et al., 1971) and the generation of the first

anti-substance P antibody (Powell et al., 1973) were important

milestones in the scientific saga of substance P. These
, ,

discoveries opened possibilities to devel~p highly specifie

immunohistochemical and radioimmunological techniques for

detailed mapping of the distribution and release of substance

P and stimulated much r~arch which has exploded during the

last few years.

Substance P has attracted considerable attention because

of its possible role in the functioning of a large number of

biological systems. It is widely but selectively distributed

in both the peripheral and central nervous systems. It has

been shown to satisfy the majority of the criteria necessary

for it to be considered as a neurotransmitter. Infusion of

substance P in the central nervous system excites many

neurones and evokes a variety of behavioural responses.

Peripherally, it contracts a large number of smooth muscles

and is a potent secretagogue and vasodilator (Pèrnow, 1953).

Of particular interest is the possibilityy th~t substance P is

the transmitter for the sensory fibres relaying nociceptive .

stimuli intothe spinal cord and brain stem (CUello, 1978;

Henry, 1976; Hokfelt et al., 1975b,1977a,b; Jessell &
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Iversen, 1977; Ljungdahl et al., 1978; Mudge et al., 1979;

Nicoll et al., 1980; Randic & Miletic~ ~977; Takahashi &

otsuka, 1975.), and that it may also play a role.in neurogenic

inflammation as the mediator of the axon reflex. (Lembeek &

Gamse, 1982).

The ability of substance P to alter blood pressure was

firs~ reported by von Euler and Gaddum over 50 years ago.

They found that the intravenous administration ,of a crude

extract of substance P decreased the blood pressure of an

anesthetized rabbit. Since then it has been established that

substanceP is one of the.most potent peripheral vasodilators

known. It dilates arteries in several vascular beds (Bury &

Mashford, 1977; Couture et al., 1980) probably via a direct

action on specifie substance'P receptors (Chahl & Walke~,

1981~ Couture et al., 1980; Eklund et al., 1977). Conversely,

substance P appears to have no direct effects on cardiac

function (Burcher et al., 1977; Bury & Mashford,_1977).
. { r

Administered centrally (either intracerebroventricularly or

intracistemally) substance P evokes a pressor response (Fuxe

et al., l~Haeusler & Osterwalder, 1980; Ungeret al.,

--1981) w~ich is mediated by the sympathetic nervous system

(Petty ~ Reid, 1981; Unger et al., 1981). This involvement of
" \,

substance P in neural pathways regulating the cardiovaséular

control is the topic of this section.

Substance P is widely distributed in the spinal cord.

The highest levels are localized in the dorsal hom, in the

ventral hom, in the intermediolateral nucleus and in the
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lamina X area (Ditirro et al., 1981:Hokfelt et al., 1975, 1976,

1977: Takahashi & Otsuka, 1975). In the dorsal hom substance

P is mainly contained in the terminals of small diameter dorsal

root sensory neurones, whereas in the ventral hom and othe

lateral hom, the ~ajority of substance P fibres seem to be of

supraspinalorigin (DeLanerolle & La Motte, 1982; Helke et al.,

1982: Eokfelt et al., 1977: Kanazawa et al., 1979).

SUbstance P has been implicated as a neurotransmitter

~n several spinal cord neuronal systems. The peptide is

J ~ased from spinal tissue following potassium depolarization

(Gamse et al., 1979: Jessel & Iversen, 19771. It is also
----

released from the spinal cord during electric sti.mIlation of

the dorsal roots (Otsuka & Konishi~ 1976) "and following

activation of nociceptive afferents (Yaksh et al., 1980).

Substance P excites dorsal hom neurones that are themselves

excited by noxious stimuli (Henry, 1976: Piercey et al., 1980;

Wrig~t & Roberts, 1980). Studies with putative substance P

antagonists have provided further evidence that spinal ~ord

Subs~ P is involved in regulation of transmission of

noxious"stimuli (Akerman et al., 1982·:· Couture et al., 1985;

Yashpal & Henry, 1984). These antagonists also alter motor and

autonomie functions (Couture et al., 1985; Loewy & Sawyer,

1982), thus supporting observations that substance P excites

ventral hom motor neurones (Henry et al., 1975;otsuka &

Yanagisawa, 198~ Yanagisawa et al., 1982) as well as
/

s~pathetic preganglionic neurones (Backman & Henry, 1984).
\

Therefore, as a neurotransmitter in the spinal cord, substance
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Konishi" 1977;. Yanagisawa et al., 1982) and autonomie output

~\
1 P is'probably involved in the regulation of nociception'(Henry,

1c:~ 1976; Wright & Roberts, 1980), motor function (otsuka &
---./

•(Akerman et al., 1982; Keeler & Helke, 1984) •

. It is suprising to find that inspite of the attention

paid to the physiological roles of substance P in the spinal

cord, tpe substance P receptors in the spinal cord have not
v-../

been well characterized. There exist a number of studies

demonstrating substance P receptors in homogenates of brain

(Hanley et al., 1980; Perrone et al., 1983; Torrens et al.,

1983), salivary glands (Liang & Cascieri, 1980), and small
•

intestine (Buck et al., 1984) as well;as autoradiographie

localization of these receptors in slices of forebrain,(Shults

et al., 1982; Quirion et al., 1983)J hind brain (Helke et al.,

1984) and the whole brain (Wolf et al., 1985).

In the spinal cord, on the other hand, only two major

studies-have appeared (Maurin et al., 1984; Takano &~~' .)

'1984). In the first study Maurin et al. (1984) descr~be~

distribution of substance P receptors in' the thoracic spinal

cord,by using autoradiography. The results indicate the
. \, .

presense of dense receptor sites in the substantia ge~atinosa,

the intermediolateral cell column and around the central

canal. In the second study, Takano and Loewy (1984) report

that the intermediolateral region and the striatum contain a

single'high affinity (3H)-substance 'p binding c~mponent. In

1985, Helke's group have shown qualitative and quantitative

differences in substance P binding sites in membrane
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homogenates, (Charlton & Helke, 1985a) and their segmental

localization, quantification and characterization in the rat

spinal cord (Charlton & Helke, 1985b). These results show a

marked presence of substance P receptors in the dorsal hom, in

the intermediolateral nucleus, around lamina X and in the...... -
phre~ic motor nucleus as well as a lower distribution in other

~,

regions·of the ventral homo

One common finding of all these studies in ~he spinal

cord is the concentration of substance P receptors in the

intermediolateral nucleus. This implies a potential role for

substance P in the regulation of sympathetic output. Support

for this possibility can be seen in a recent report by Takano

and co-workers (Takano et al., 1985) which deals with substance

P mechanisms involved in regulation of vasomotor tone at the

spinal cord level in norm~tensive Wistar-Kyoto and
. .'

s~ontaneously hypertensive rats. The results indicate that the.-
intermediolateralTregion of 16 week old hypertensive rats .

contains more (3H)-substance P binding sites than

normotensive rats. T~us, one abnormality exists within the

lateral cell column. The second abnormality consists of the

increased content of substance P in the latera~ cell column

which could be due either to the existence of more substance P

neurones from supraspinal structures projecting to the
1

intermediolateral cqlumn or due to some indirect neural

o

mechanism affecting the regulation of the descending substance

P neurones. !'Thus, factors regulating both the amount of

substance P in this system aàwell as the receptor number on
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the sympath~ neurons may in fact account for the higher

leyels of sympathetic' excitation of the vasomotor outflow in

the SHR" (Takano et al., 1985).,
EVidence from vari~s studies supports the proposaI that

the binding in ~e intermediolateral nucleus is probably

associated with the substr:ce F nerve terminal system that

ori~inates·in·theventral medulla (~elke et al., 1982). This. '

system has been"implicated in the regulation of information to

the sympathetic pregariglionic neuronal cell bodies in the

lateral porn (Keeler & Helke, 19~4; Loewy &'Sawyer, 1982;

Oldfield et al., 1985). Oldfield et al. (1985) examined the

distribution of sub~nce P;positive fibres within the

intermediate zone of the thoracolumbar spinal cords of rabbits,

cats and monkeys. In aIl three spec~es substance P fibres were

concentrated.in areas known to contain sympath~tic

preganglionic neurones. Nerve terminaIs contain!n~ substance

P-like immunoreact'ive lIl:aterial CIre fO~the \ '

intermediolateral nucleus (Gilbert et al., 1982; Ho, 1983;

Holets & Elde, 1982; Ljungdahl et al., 1978Y. Acsording to

Oldfield et al. (1985) the greatest accumulation of substance P

fibres was found in the ~3-T5 and L2-L4 regions, again

"in the interme~iolateral nutifleus.

Several studies have reported the origin of these

nerve terminaIs from nuclear groups in the brain stem. The

"mammaliari brain stem contains several substance P-positive cell

groups '(de ~nerolle & La Motte, 1982; Dittirro et al. i 1981;
•

Ljungdahl et al.,1978). Of these, the caudal pontine medullary

f

c
• 0'
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raphe complex is proposed as an origin of substance P

containing fibres which project to sympathetic preganglionic

neurones (Gilbert et al., 1982; Johansson 'et al., 1981). The

anatomical studies using anterograde and retrograde transport

of tracer substances have provided support for this midline

caudal brain stem region as ~ ~ource of serotonin i~put to

sympathetic preganglionic neurones (Cabot et al., 1982; Loewy &

Neil, 1981; Loewy & McKeller, 1981). In addition, Chan-Palay

and co-workers (1978, 1979r-provided further evidence

--

- •
es~lishing the co-existence of serotonin and substance P

, '

within some raphe neurones ,in ~ ra~; ~nd Bowker et al. (1981)

showed the projecttons from ~is region ~o the spinal cord. A

further support for this came when Gilbert et al. (1982)

presented the evidence that the destruction of serotonin

containing raphe neurones results in the partial 10ss of

substance P terminals within the rat sympathetic neuropil.

These data were sufficient evidence.to support the' hypobhesis

that neurones within the caudal raphe complex co-transport both

substance P and serotonin to terminals within the

intermediolateral nucleus.

In spite of this evidence, Helke's group (Helke et al.,

1982) questioned these resu1ts on the basis of their'

experiments. They found that electrolytic lesions of the raphe

were ineffective in reducing substance P levels in the

intermediolateral nucleus, as measured by radioimmunoassay.

Furthermore, injections of 5,7-dihydroxytryptamine, which

destroys medullary serotonin cells, had no effect on the
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substance P content in the lateral homo support for Helke's

results came from Loewy and his co-workers. They observed that

kainic acid stimulation of the ventral medulla causes·a release

of substance P from the spinal cord which is not blocked by

intracerebroventricular injections of the serotonin neurotoxin

5,7-dihydroxytryptamine (Takano et al., 1984).

Helke's group, however,· has shown that substance-P

immunoreactive innervation of the intermediolateral cell column

is reduced after lesions of ventral medulla. As intrathecal

injections of substance P antagonists reduce blood pressure and

block the pressor response that follows kainic acid excitation

of the ventral medulla, Loewy and Sawyer (1982) have suggested

that substance P neurones of the ventral medulla may be the
<

neurones critical for the maintenance of vasomotor tone.

In spite of these controversies on the exact origin of

substance ? fibres descending to sympathetic pregang1ionic

neurones, the fact remains that a descending substance p.-

pathway, originating in supraspinal structures and projecting

to the sympathetic preganglionic cell column is one of the

major pentral pathways regulating vasomotor tone. What is

lacking,is the evidence on physiological role played by this

undecapeptide in autonomic regulation. Two iontophoretic

studies (Backman & Henry, 1984a; Gilbey et al., 1983) have
•

concluded that substance P may be a transmitter or modulator

mediating excitatory inputs to sympathetic preganglionic

neurones. In addition, Keeler et al (1985) have recently

reported that intrathecal administration of a synthetic analog
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of substance P increases arterial pressure and heart rate as

well as plasma levels of adrenaline and noradrenaline.

In view of the fact that no study exists by which

substance P has been shown to be involved in the regulation of

sympathetic output, specifically to the cardiovascular system
,

or to the aarenal medullae, part of my study was done with

substance P.

/
/
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. ANGIOTENSIN II

A COMPLEX PEPTIDE

.-

Asp-Arg-Val-Tyr-Ile-His-Pro-Phe
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The literature on the octapeptide angiotensin II, is

not 0n.ly exhaustive but also complex. This co~plexity has

arisen from the fact that until the mid-seventies almost all

research on the renin-angiotensin system was focused on the

peripheral components of the enzyme-peptide-steroid regulation

of blood pressure and volume homeostasis. But recent years

have accumulated enough evidence to show that angiotensin II

exerts-a myriad of effects which are evoked via central

mechanisms. The effects include the increased secretion of

vasopressin, stimulation of drinking and a marked pressor

response (Reid, 1977). It is believed that peripheral

angio~ensin is unable to enter the brain in significant

amounts. Naturally the question comes to·mind: how can

angiotensin evoke the reponses which are obviously mediated,

the knowledge about this peptide, the existence of a dual

system of angiotensin II has made,~he story very complex. As a

result, many questions.remain unanswered as w~ will see.in the

following text which will focus only on the aspects which

involve this peptide's role in the regulation of the ~

cardiovascular system.
.,
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Since peripheral angiotensin II is unable to enter the

brain in significant amounts, several areas where the blood

brain barrier is permeable (eg. the circumventricular organs)

are believed to be the site of action mediating the peptide's

central effects. These areas include the subfornical organ,

the AV3V region and the area postrema (Broadwell &"Brightman,

1976). Binding sites for blood-borne angiotensin II have been

localized in these regions, particularly the subfornical

regions (Van Houten et al., 1980), and, after angiotensin II

injection into the cerebral ventricles, in the organum

vasculosum of the lamina terminalis (Landas et al., 1980). •

In addition to the role established for this

circulating hormone, it has been now shown that an endogenous

angiotensin system exis~s in the central nervous system. All

components of the renin-angiotensinsystem (Lang et al., 1983)

including renin (Ganten & Speck, 1978; Hirose et al., 1978),

angiotensin converting enzyme (Saavedra & Chevillard, 1982;

Yang & Neff, 1972) and the polypeptide precursor

angiotensinogen (Campbell et al., 1984; Printz & Lewicki, 1977)

have been identified in the brain.

A large number of studies has also identified

receptors for angiotensin II in the membrane fraction of brain

(Baxter et al., 1980; Bennett & Snyder, 1980; Harding et al.,

1981; Sirett et al., 1977, 1979). Mende1sohn (1984) has shown

a very high density of angiotensin II receptors in the

subfornical organ, the paraventricular nucleus of the

hypothalamus, the nucleus of the tractus solitarius and the
....
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area postrema: moderate receptor concentrations are found in

the organum vasculosum of the lamina terminalis and low

concentrations in the grey matter of the spinal cord of the rat

. (for a complete list of structures see"reference Mendelsohn,

1984). similarly, Speth and co-workers (1985) have shawn the

existence of angiotensin II receptors in the canine central

nervous system.

Angiotensin II-containing nerve terminals and neurones

have been localized in the brain by immunohistochemistry

(Changaris et al., 1~78: Fuxe et al., 1976: Ganten et al.,

1978: Kilcoyne et al., 1980, Quinlan & Phillip, 1981:

Weyhenmeyer & Phillips, 1982). High densities were. found in

the substantia gelatinosa of thë spinal cord and spinal

trigeminal nucleus, the intermediolateral cell column, the
.

medial external layer of the median eminence and the

hypothalamus.

Angiotensin II has been implicated in central control•
of the cardiovascular system (for recent references see Crowin

et al., 1985: Guo & Abboud, 1984: Lappe &"Brody, 1984:

ScholKens et al~, 1982).When angiotensin II is injected

directly into the cerebral ventricles, particularly into the

third ventricle, pressor and drinking responses are elicited.

The effects do not seem to be due to leakage of the peptides

into the periphery (Hoffman & Phillips, 1976) and the s~te of

action appears to be in the ventral anterior third ventricle

(Phillips & Hoffman, 1977). When angiotensin II is injected'

systemically, the same responses can be seen, but the site of
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action seems to be the areas where the blood brain barrier is

thin and incomplete, such as the area postrema (Joy & Lowe,

1970) and the subfornical organ (Simpson & Routtenberg, 1973).

It appears then, that there are two kinds of receptors for

angiotensin in the brain: those accessible in brain tissue and

those accessible on the ventricular~surface. It is thus

possible that some of the effects of an~iotensin I~ on the

central nervous system may be attributed to a peptide derived

from a central nervous system renin-angiotensin system, while

others may ~e due to circulating angiotensin II that has

diffused across the more permeable parts of the blood-brain

barrier.

In dogs and rabbits, the major receptor site for the

pressor activity has been shown to reside in the area postrema

(Ferrario et al.,1972). This area lies in close proximity to

the nucleus of the tractus solitarius and exerts a tonic

influence on arterial pressure (Ferrario & Barnes, 1981).

Small but significant lowering of the blood pressure is shown

by lesion of the area postrema (Ferrario et al., 1979) while

electrical stimulation of this area produces a pressor response

(Barnes & Ferrario, 1981).

(

In the rat, ~n the other hand, angiotensin seems to

exert its pressor effects mainly by activating receptors in the

periventricular region of the preoptic area of the anterior

hypothalamus, the so~called AV3V regian'- By using tritiated

amino acid tracing techniques, two primary pathways from the

AV3V re~~ower brain stem have.been described (Conrad

~.
.

~.
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& Pfaff, 1976; Swanson e~ al., 1~78).· One of the pathways

passes through the ventromedial~hypothalamic-medianeminence

region; integrity of this pathway seems to be,necessary for the

pressor response evoked by this peptide (Johnson et al.,

1981). Bealer (1982) has further shown that this neural

pathway mediates the pressor response to intraventricular

angiotensin II and is distinct from the neural pathway

mediating the drinking response in rats. Thus, the

participation of angiotensin in the central mechanism of blood

pressure regulation is generally accepted.

~oking into the mechanism of the pressor effect, earlier

investig~tors attributed it to two components: mediation by

•sympathetic nerve activation (Severs et al., 1966) and by the
•

release of vasopressin (Hoffman et al., 1977; Keil et al.,

1975; Uhlick et al., 1975). At present, despite a wealth of

experimental data, the hemodynamic consequences of central

angiotensin receptor stimulation are still not fully

explained. The answer is not as simple as was proposed by

earlier studies. The mutual interaction of sympathetic

activation, reiease of vasopressin, contribution of the

baroreflex, etc., has still to be understood. Investigations

into the role of the sympathetic nervous system have yielded

contradictory results. There are major discrepancies in the

literature (Aars & Akre, 1968; Ferrario'et al., 1972; Hann et

al.,1982; Horrison & Pickford, 1969; Severs & Daniels-Severs,

1973; stein et al., 1984; Tobey et al., 1983; Unger et al.,

1985).
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One noticeable point that has ..emerged from the above
.,

studies on angiotensin II is that most investigators seem to

restrict their studies to supraspinal structures, wh=ther .they

are looking for the receptors or for mechanisms of action. It

is all th~ more noticeablein-physiological studies where

sympathetic mechanisms.have been implicated (Lappe & Brody,

1984; -Scholkens et al., 1982; Unger et al., 1.981). The spinal

cord has often been overlooked as a possible site for
•

sympathoexcitatory effects of angiotensin. II (Buckley &

Jandhyala, 1977; Ganten et al., 1978; Scholkens et .al., 1982).'

A closer look at the literature would suggest the

spinal cord to be a potential candidate for o~e of the sites of

action for this peptide. This is based on the following

facts. Fuxe et al. (1976) observed a high density of nerve

terminals containing immunofluorescent angiotensin II. located

in the.intermediolateral nucleus in the rat.. Ganten et al.
,

(1978) subsequentl~ confirmed this observation and added that

thisimmunoreactivity was not observed in nerve terminals in

~rmediolateralnucleus one week after transection of the

.spinal cord. Accumulation of the immunoreactive material was,-----,/
observed in the descending fibres in the lateral· funiculus,

although the cell bodies giving rise to these descending fibres

were not identified. In colchicine-treated rats', Brownfield et

al. (1982) found that the cell bodies containing

immunorea~tivematerial were 'restricted to the magnocellular

cells in the paraventricular, sup~aoptic and accessory

magnocellular nuclei of the hypothalamus in. the rat; suggesting

.. "
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that the angiotensin-containing nerve terminals in the

intermediolateral nucleus are associated with the fibres

descending from the hypothalamus directly to the spinal'
.'sympathetic neuronesr.--Radioautographic studies, on the central,

binding sites of angiotensin also implicate angiotensin 'in

synaptic transmission in the spinal cord. While the existence

of high affinity binding sites in central nervous tissue has

been known for some time, Mendelsohn et al. ,(1984) have

recently demonstrated low concentrations of binding sites

specifically in the spinal grey matter.

The physiological significance of angiotensin in the
•

spinal cord, at present is only a matter of speculation. The

marked pressor response induced by intraventricular

administration, the activated renin-angiotensin system in

. ': hypertensive animals and the involvement of sympathetic, ~ ..
~ ~echanisms raises the possibility th~t the spinal cord is one

of the sites of action in producing the elevated blood pressure

by this pepti~e. ·The experiments described in this thesis with

angiotensin II are done in this c9ntext.

.' .

r
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THYROTROPIN-RELEASING HORMONE

THE FIRST ISOLATED RELEASING FACTOR

pGlu-His-Pro
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The field of neu~oendocrinologywas ushered in just

over a'decade age with the first isolated releasing factor,

which was designated thyrotropin-releasing hormone (TRH) by

virtue of its capacity to stimulate the release of
t

thyroiâ-stimulating hormone from the mammalian anterior

pituitary. TRH was isolated from ovine (Burgus et al., t969)

and porcine (Nair et al., 1970) hypothalamic tissue and was

characterized às a tripeptide, consisting of

pGlu-His-pro-NH2• This discovery was soon to. be followed by a
(1 .

group of polypeptides. consisti~g of either hypothalamic release

or release inhibiting factors or hormones. regulating the

~release of anterior pituitary hormones.

Further research on this tripeptide, originally found

to subserve a neuroéndocrine.function in regulation of the

pituitary-thyroid axis, has revealed that it has other potent

pharmacological· and behav~ral actions which are unrelated to

its established endocrine effects. TRH injected intravenously

? or intracerebroventri~ularlygives rise to .a variety of

~ "biological actions which include release 'of prolactin, tremor,

respiratory stimulation, increased visceral movements, a

pressor response and depending on the species, hyperthermia or

hyPothermia and miosis or mydriasis. Interestingly, behavioral

.changes; psychostimulant effects, euphorie and analeptic

properties of TRH have also been extensively documented.

Alth6ugh, TRH testing has become an ~nvaluable research tool,

as well as an established diagnostic procedure for the
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immunohistochemicalThus, when radioimmunoassay and

this hormone.

evaluation of patients with disorders of thehypothalam~

'pituitary system and thyroid glan~·~ction, other. unique and
~. . .. , '.

'novel functiong have also generated a considerable

c

techniques presented the evidence of its ubiqu~ous

distribution throughout the central nervous system of several

mammalian and 'sub-mammalian species it was not a surprise.. In

certain hypothalamic hormones may subserve non-endocrine

!
fact, such observations have often led to the hypothesis that

~

fu~ctions in the central nervous system, such as synaptic
<,

modulation and/or neurQtr~nsmis.sion.:/
. . ~

Much as l would enJ,oy describing the more interesting

psychological and euphoric actions of TRH ~his part

neverthe~ess focuses upon its role in eliciting certain

'cardiovascular responses which often are an important component, .
of the psychological and physiological states of the organism.

--

For example, circulatory shock following endotoxemia,

hemorrhage (H~laday et ~l., 1981 a, b.) or4spina~ cord trauma

(Fade~ et al., 1981) has been shown to be reversed by TRH.

These protective effects involve changes in cardiovascular and,

re~tory functions and appear to be mediated by central
, u

autonom~c'actlons, independent of its endocrine actions.

/ As y~~W studies ha~e specifically focusse~ their

attentfon to the involvement of TRH in the~ion of the

ptessor response .. Beale et al. (1977) repoitèd that

(
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intracisternal injections of nanogram ambunts of

thyrotropin-releasing hormone produced the pressor response in

rabbits without any effect ôn heart rate. However, other...
investigators found increases in both heart rate and arterial

,
pressure by injecting TRH intraventricularly in. cats (Delbarre

et al., 1977), goats (Eriksson & Gordin, 1981) and rats

(Holaday & Faden, 1983; Koivusalo et al:, 1979). In ail

experiments TRH was injected into the ventricular systim...
brain.

these

of tne

•

)

Other investigators have administefed microinjections

of thyrotropin-releasing hormone into specific nuc~ei in the .
.

hypothalamus. Feuerstein et al. (1983) found incre~ses in

heart rate and arterial~ followin.g injectidns into the, !
medial preoptic nucleus. These authors have suggested on the

basis of their results that the medial preoptic nucleus is an

important forebrain site for autonomic regulation by

thyrotropin-releasing hormone, mediated through.the sympathetic

nervous system. Diz and Jacobowitz (1984) have also provided

evidence that the medial preoptic nucleus as the site of action

for thyrotropin-releasing hormone in mediating thè tachycardia
~

and pressor responses.

These areas have·been found to ~ontain a large number

of TRH binding sites. TRH has beèn immunochemically localized

in various hypothalami~ nuclei (Browns~ein et al., 1974;
.:t. . •

Hokfelt et al., 1975; Leppaluoto et al., 1978; Okon & Cock,

1976; ogawa et al., 1981; Taylor & Burt,.1982; Winkour &
- , .

utiger, 1974) ,as well as w!thin brain stem nuclei 6uch as the
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nucleus of the tractus solitariusJ . the nucleus ambiguus and

-the Aorsal motor nucleus of the vagus (Eskay et al., 1983;

Hokfelt et al., 1975a). The localization of TRH and the

presence o~its r~ceptors in some of

cardiovascular regulatory mechanisms

for TRH in modulating cardiovascular

the nuclei involved in

is;pre~f a role

function. Burt and

c

Taylor (1980) have reported the presence of (3H)-TRH binding

rites in many of the autonomie areas which are adjacent to the

ventricu1ar spaces. Eskay-et al., (1983), have proposed that

the presence of high concentrations of immunoreactive-TRH in

the nucleus of the tractus solitarius suggests a possible role
,

for this hormone "irldthe so called vegetative function suS~ as

respiration, heart rate, blood pressure and taste".

In additon to the presence of TRH in supraspina1

structures, it has also been shown to be localized in the

spinal cord. Hokfelt et pl., (1975b) have reported
~

TRH-positive nerve terminaIs around motoneu~ones-in the spinal

cord of the rat. AIso, while the results of Kardon et al.

(1977) show that the spinal cord contains substantial

quantities of TRH with high concentrations in the ventral horn

and the central canal region, Prasad and Edwards (1984) show a

.uniform binding _throughout the rat sp~nal cord. These latter
~

results are closer to Sharif and Burt's (1983) findings where

binding sit~s in different segments of the spinal cord were

observed to be generally similar in the rabbit, although

density in the thoracic segments seemed to be somewhat higher.

The widespread occurence of TRH outside the
•



.() .
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median eminence suggests a physiological role besides that of
~

1
a. releasing hormone. As a mat~of fact, about two-thirds of

the total brain TRH is loc~lized outside the hypothalamus .

(Winkour & Utiger, 1974). TRH is different in this respect

from luteinizing hormone-releasing hormone'which is found

exclusively in :~e arcuate nucleus· and. the m~ian eminence.

,These facts suggest that TRH may act both as a hormone,
. "

--released into the portal vessels, and as a neurotransmitter"or

modulator, releàsed at synapses in discrete regions. of the

brain and spinal cord.

From the~literature described. so far on TRH, two

points can~e made. one is that TRH is distributed widely in

the central nervous system; sites include certain regions

which are involved in regulating cardiovascular regulation.

The other is that central administration of TRH evokes pressor

responses and tachycardia. These two points can help shed

some light into the mechanisms by which TRH acts.

In studies designed to address the potential

mechanism of TRH in cardiovascular interactions, Horita et al .

. (1977) reported that the pressor effect of .

intracerebroventricular administration of this peptide was .

abolished by cervical spinal transection and that this central

action of TRH was unaltered by adrenergi~ or cholinergic

antagonists (Horita et.al., 1979).··-By contrast, others have

shown that this peptide does evoke changes in sympathetic

tone•. Specifically, following intraventricular injection of

TRH increases in splanchnic rierve firing rates'were observed
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along with a pressor respons~ and taèhycardia (De+barre et al.,

1977). More recently, Brown (i98l) observed that TRH acts

within the brain to increase sympatho-medulla~outflowas
w ..: •

demonstrated by elevations of plasma catecholamines, glucose
, .

and giucagon: similar findings have recently been reported by

Feuerstein et al.(1983). Another recent papeE by Di~ and~

Jacobowitz (1984) also shows.the involvement of sympat~c and

parasympathetic nervous system in the cardiovascular response~

to TRH.

The role played by TRH and its.mechanism of action in

the central regulation of the cardiovascular system are not

known.
.. ,

The evidence regarding the specifie preoptic and

hypothalamic sites of action for TRH suggests a physiological.

role for it in these brain regions (Diz & Jacobowitz, 1984:

Feuerstein et al., 1983). Further evidence for physiological

and/or pharmacological actions of thyrotropin-releasing hormone

in these areas include reports that iontophoretic applications

.of thyrotrop~eleasinghormone cnte hypothalamic and septal

area neu~s ~eSUlb6 in inhibition offiring rates (Dyer &

'-Dybail, 1974: Renaud et al., 19~5). While inhibition is seen

in hypothalamic sites, excitation- is seen in the spinal cord.

Backman & Henry (l9S4a) have shown that TRH, when applied
.

iontophoretically onto sympathetic preganglionic neurones

produces an excitatory effect.

The anatomical support for the presence of this

..

\

(

..

peptide_in various areas has

anatomiéal pathways that are
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actions of TRH are not known, there is ample evidence

(anatomical and physiological) for interconnection among the

various preoptic and hypothaiamic.nuclei in addition to direct

and polysynaptic connections between these nuclei, brain stem

cardiovascular areas and the preganglionic origins of the.

sympathetic and parasympathetic nervous systems~

To my knowledge, no study exists at present wnere heart

rate and arterial blood pressure were monitored while applying

TRH at the spinal cord level. It is known that sympathetic

preganglionic neurones do regulate the heart, the blood vessels

and the adrenal medullae. It is also known that TRH is present
-

in the spinal cord, in the brain stem and in the hypothalamus.

Therefore, an initial approach to study the mechanisms of

.action of TRH, to my mind, would be to apply it at the lowest

level of neuraxis i.e. the spinal cord, before going higher up

in the neuraxis with; complex neural circuits. This is

precisely what has been done in this thesis with TRH
~

•

,
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SOMATOSTATIN

THE INHIBITOR ?

•

Ala-GlY-Cys-Lys-A~Phe-Phe-Trp-Lys-Th~Phe-Thr-Ser-CYs
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The story of the discovery of growth hormone .(GH) 

inhibiting factor (GIF), also known as GH release-inhibiting

hormone (GIH), somatotropin-reiease inhibiting factor (SRIF)

and somatostatin, is a shdrt one but very interes~ing. In

1967, Krulich was screening fractions from sephadex fractions

'of sheep .an~ rat hypothalami to locate the fractions which

release growth hormone. To his surprise he' found that certain

fractions consistently inhibited the release of growth

'hormone, whereas others stimulated it. The results were

interpreted to mean that hypothalamic extracts of rat and

sheep contain a growth hormone"'lI}hibiting factor in addition

to the growth release factor previously found in these
....

extracts (Krulich 'et al., 1968) •
.

Encouraged by these results, Krulich and his

collaborators undertook the further purification of

somatostatin from sheep hypothalami. These results indicated

that somatostatin could be obtained in highly purified farm by

application of procedures that hadbeen.successfully used in

purification of othe~ hypothalamic releasing factors. This

group later showed that somatostatin had no effect.on release

of ACTH, FSH, or LH from pituitariesincubated in vitro

(Crighten et al., 1969; Dhariwal et al., 1969). It therefore. - .

appeared to have a specifie inhibitory effect of hypophyseal

somatotrophs. The excitement at the discovery of somatostatin

was clearly stated in their paper (Krulich et al., 1968).

.-

\
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Unfo~unately, in sp!te of the many reproducible

.
observations reported byKrulich et al., the report~ of. . .

somatostatinwere.met py scepticism. In fact, Guillemin

constantly cast doubts on the existence of such a factor

(Butgus & Guillemin, 1970). This was ironically followed by

rediscovery of somatostatin by Brazeau et al. (1973) in

Guillemin"s laboratory. They too were a~tempting to purify

.growth releasing factors in hypothalamic extracts and noted as

the Kiulich group did that certain factors inhibited the

release of growth hormone. By chance they used a sensitive

assay for the inhib~tor. They isolated it, determined' its

structure and synthesized the molecule, which turned out to be

a tetradecapeptide. Only 500,000 sheep hypothalami were. .

required for the characterization of this factor, the subject

of this section.

As was expe~ed, high amounts of somatostatin

c

'imm~~oreactivity could immediately be shown in the median

eminence, mainly in its external layer (Dubois et al., 1974;

Hokfelt et al., 1974). with ultrastructural

.immunocytochemistry, it could also be demonstrated that the

peptide was presènt·in nerve ending vesicles (Pell~tier et al.,

1974). Soon it was revealed that like TRH, somaeostatin ~as not

confined to median eminence only, but was present in very high
/,

, concentrat~ in other areas of the centra' nervous system

also. And rn~refore, like TRH, it probably had other

physiologioal roles besides inhibition of growth hormone.
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The extrahypothalamic presence of Somhto~tatin

instigated a search throughout the regions of the brain wrrere

it could ,be found and indeed, an impressiveamount of data is

--p;esently availab~e whi~h shows a wide and uneven ~istribution

of somatostatin in the central'nervous system.

This section opens with the description of the

distribution of cells containing somatostatin in the central

, nervous system. Subsequently, its physiological functions,

with special focus on its role as a,hypotensive agent, will be...
described. We 'shall conclude with evidence thatsomatostatin

may be involved as ~ chemical mediator of syn~ptic

transmission.

Distribution ~tudies present strong evidence for the

occ~rrence of extensive somatostatin-containing neurone

systems in the rat brain (for a comprehensive study refer to

- Johansson et al., 1984). Although these neurones can be found

in various nuclei, it is very common that naggregates" of

somatostatin-positive cell bodies and fibres do not conform to

the well defined anatomical nuclei, but are located in areas

between well-established nuclei or'occupy only parts of such

nuclei.

These somatostatin-containing neurones are found in

all parts of cerebral cortex. Large number of cells are

present in the hippocampus, the amygdala and the pyriform

cortex. Also, subcortical areas such as the caudate nucleus

and nucleus accumbens are rich in somatostatin-positive cells.

The hypothalamus shows several nuclei which contain very high
'.
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anterior periventricular area and the ventromedial and rcuat

nuclei. In fact, the periventricular area of the hypothalamus

contains the largest number of such cells •
•

c
numbers of somatostatin-positive cell bodies; thes~ ineCude the

Somatostatin-containing cell bodies arè also seen in high

densities close to the lateral lemniscus, adjacent to and

partly within the pontine reticular nuclei, ~n the dorsal

cochlear nucleus and immediately dorsal to the nucleus of the

tractus so~itarii.

somatos~atin-containingaxons and nerve terminals have

been detected in several extrahypothalamic brain areas. Dense

or very dense fibre networks are seen in the nucleus accumbens,

the caudate-nucleus, the central amygdaloid nucleus, the

parabrachial nucleus and the nucleus ambiguus. The nucleus of

the tractus solitarius is rich in somatostatin-positive fibres'

as has been described in detail by Kalia and collaborators

(1984) •

It is known that the spinal cord content of somatostatin

is the second highest in the nervous system, being lower only

than that of the hypothaïamus (Patel ând Reichlin, 1978);

Somatostatin in the spinal cord is mainly concentrated in the

,dorsal hom (Hokfelt et àl., 19~Johansson et al., 1984;. . ,
stine et al., 1984). Since these cell bodies are observed in

spinal ganglia (Hokfelt et al., 1976) it appears that at least

part of the somatostatin fibres in the dorsal hom are of

primary sensory origin. This is süpported by the fact tqat

dorsal root gangl~nectomy decreases ~omatostatin levels in the

,
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dor~al cord (Stine et al., 1982). The large number of small

immunoreactive cells in lamina II suggests that a large

proportion of fibres in the superficial laminae have a spinal

origin (Bumweft & Forssmann, 1979; Dalsgaard et al., 1981;

Forssma~, 1978). This agrees well with rather small

immunohistochemical changes observed in this region after

dorsal rhizotomy'and capsaicin application to sensory nerves

(Jancso et al., 1981; Nagy et al., 1981). Somatostatin posit,ive

neurones can also be found in more ventral areas of the spinal... ..
cord as shown by many investigators (Bumweit & Forssmann,

1979; Dalsgaard et al., 1981; Forssmann, 1978) including

neurones in the sympathetic intermediolateral nucleus

(Dalsgaard et al., 1981). Furthermore, there is also evidence

that somatostatin is present in descending pathways ~olets &
J-) /.- .

Elde, 1982) particularly innervating sympathetic preganglionic

neurones (Hancock, 1982; Holets & Elde, 1982). In fact, it has

been shown that somatéstatin content decrea~es both rostral and

c~udal to spinal.transection, indicati~g the pre~en~of

ascending and descending somatostatin pathways withintthe
. trll -.'

-::...". spinal cord (Stine et al., 1982). The presence of a dense fibre

network containing this peptide in the spinal cord has led

Forssmann (1978)' ·to propose the existence of a whole

somatostatinergic system in the spinal cord ~tself.

Somatostatin is increasingly being sho~ in nerVe tracts,
~ . .

in the classical sense of a compact bundle of fibres. This was

shown earlier in the median eminence where fibres run in the

"extemal~r (Hokfelt et al., 1978a, bl. Later, a long
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descendinq projection fram the amyqdaloid co~p~e~.to nucleus

reticularis in the ~edulla oblonqata ,was describ~d by Kawai e~. ..... .

al. (1982). TakAtsuki et al;' (1982) demonstrated a pathway from
<' '

the coéhlear nuclei to the contralateral inferior colliculi.

Holets and Elde (1982) described a.supraspinal pathway

descendinq, to the intermediolateral cell columnin the spinal

~ ether brain a~eas, immunocytochemical techniques have

revealed individual axons rather than tracts (Krisch, 1978)'.

This findinq and the wide distribution of somatostat!n-

containinq neuron~s in several brain regions suggests that at

least some of the extrahypothalamic somatostatin-containi~g
\
'-.

cells are interneurones with'short processes. However, this

"a~umption contradicts some of the evidence presented by
, "J.,

Epelbaum (1982) and Palkovits et al. (198~). crhese stud~es

isolated periventricular somatostatin cells from other brain

.C

.-

•
areas by'knife cuts and resulted in decreased amounts of-- '"somatostatin in'several r~gions of the brain. The reduction of

somatostatin may of course be due to either degeneration' of

~omatostatin-cen~ningaxons or to·a trans-synaptictr~Phic. '\ .

effect resultin~in the failure of cella'to synthesize

somatostatin.

Somatostatin is implicated in neuroendocrine, motorf and

~igher corttcal brain functions (R~ichlin, 1983). co~ical. .
somatostatin levels are'selectivelyreduced in Alzheimer's
, .
dementia and Parkinson's disease,. while'striatal concentrations

~ . ,

are increased· in Huntington's dise~ae (Epelb~um et.al~, 1983;
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·.Reichlin, 1983). Other physiol~gical effects include an

incréase in small intestine motility (Bueno &Ferre,·1982;

Hei~ 1984) and hypotension (Weitzman et al., 1979).. .
The possibility of some ~nfluence of somatostatin in

cardiovascular regulation is not surprising. The anatomical

dist~ibution·of thls pePt~de as•.described above\shows that

somatostatin immunoreàctivity ~s prese:t in neur~es of the

ce~tral nucleus of am~dala which was r~trogradel .labelled by,

injection of fluorescent dyes into e nucleus of ,he tractus.

solitarius and dorsal motor nucleus vagus n~\ve~ This

suggests the presence tin-.
containing neurone syst~m from the amygdalo~dcomplex (Higgins

~. & schwaber, 1983.; Kawai et .al. ,. 1982). In addition, the

presence of this peptide in the hypothalamus, in specific brain·, .

stem structures such as dorsal motor nucleus of the vagus and
>

nucleus tractus solitarius (Koda~t al~, 1985) and the· presence

of supraspinal pathway descending to the intermèdiolateral

nucleus containing sympathetic preganglionic neurones (Holets &
. ~

Elde, 1982) provides ~urther evidence of a possible role·i~

.. caFd~ovascular regulatory pathways. With· these facts· ~n mind ft

seems reason~ble to raise the possibil1\y that somatostatin may

be participating ±Î1. the control .of thecardiovascular system..

·Several ·investigators have implicated·xhe.area postrema
~." '. ~

as an ~mpo~ant site for regulation of presso~'responses -

.($zilagyi & Ferrario, 1981). somatostatiri-iike immunoreactivlty. . . .....

~..
,,

within the ·area postrema of the. rat.
.

demonstrated. In additlon, possible

·77,
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somatostatin like immunoreactivity' include autonomie nuclei

that contain somatostatin cell bodies (e.g. dorsal motor ..

nucleus and ~ucleus of the traçtùs solitarius) or projections

from other pontine, medullary and hypothalamic nuclei (~elke,

1984; Krisch, 1981i. The increased·.amounts of somatostatin-like

immunoreactivity'along the ventrolâteral area postrema of the

rat and cat with·the nucleus tractus solitarius and dorsal
.

motor nucleus may represent the point of entry of somatostatin

fibres into the area postrema (Newton & Maley, 1985).

Somatostatin has been shown to cause hypotension when

administered intra~~ebroventricularlyin rats (Weitzman et

al., 1979), and in cats (Delbarre et al., 1977). Recently, Koda

et al. (1985) have directly probed into the possible role of

medullary somatostatin as a neurotransmitter involved in blood

pressure regulation in the rat. Their data indicate that

intramedullary injection of somatostatin into the nucleus of

the.tractus solitarius evokes an immediate but transient

hypotensive and bradycardie effect which is mediated through

the parasympathetic nervous system. In addition,these responses

are blocked by adrenergic blocking agents suggesting that

central adrenergic mechanisms are involved. To our knowledge

this is the first study examining the mechanisms by wh1ch

somatostatin may alter· the autonomie regulation of heart and

blood pressure. It would be interesting to see how somatostatin

behaves when given into the spinal cord directly. We find in

the spinal cord not only an extensive somatostatinergic networ~

but also fibres containing somatostatin descending to the
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~ntermediolateral nucleus. Elde et al. (1984) have

demonstrated that somatostatin immunoreactive fibres

preferentially~occupythe neuropil-surrounding sympathoadrenal'

neurones. On the basis of this observation, they suggested a

specifie role for these fibres in regulating the adrenal

medulla as opposed to oxytocin immunoreactive fibres which are

preferentially distributed to other neurones besides " ,

c

sympathoadrenal neurones. This suggests that oxytocin is not

"involved in regulation of adrenal ~unction.

on the basis of this information, the present

experiments with somatostatin have attempted to specify some....
of its roles in regulation of heart rate, blood pressure ~nd

adrenal output of catecholamines. ~t the present time there

is enough evidence for somatostatin to be considered as a

putative transmitter I Its presence in synaptosomal fractio~'

from several regions of the central nerVous system, its

calcium~dependent release from central tissues (Lee & Iversen,

1981) and its binding to specifie receptors in the central

nervous system (Reuhi et al., 1981; Srikant & Patel, 19a1)

provide evidence for a putative role as a chemical mediator of

synaptic transmission.

In view of the evidence implicating somatostatin' in

regulation of sympathetic preganglionic neurones and the

additional evidence'implicating it as a chemical mediator of

synaptic transmission in ether regions of the central nervous
&r

system, it was imperative that this be among the peptides

surveyed in this stu~y.
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OXYTOCIN

THE MILKY WAY

Cys-Tyr-Ile -Gln-Asn-Cys-Pro-LeU-Gly-NH2

-
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It is not easy to write a small review on the

neuroh~ôphyseal peptide oxytocin for two reasons: first, it is

a difficult task to bring together the recent explosion of
~,

research on neurohypophyseal hormones: and second it is

difficult ~o comment on oxytocin alone without mentioning

vasopressin since most papers describe both of these hormones

together. Nevertheless, an attempt will be made to keep the

spotlight on oxytocin - the topic of this section.

The hypothalamo-neurohypophysial system has been

studied extensively as a classical neuro~ndocrine unit.
, ~

Neurone~n the supraoptic and paraventricular nuclei

synthesize the nonapeptide hormones arginine-vasopressin and
,

oxytocin and their associated neurophysins. These peptides are

transported then to terminal fields in the neural 'lobe of the,
hypophysis, trom which they are released into the genera~

.circulation for delivery to distant target ~issues such as the

kidney, uterus and mammary gland (Scharrer & Scharrer, 19554;
•

Sachs, 1969).

The major source of these peptides has been confirmed

by immunohistochemical studies. In additio~, they have revealed
r
,their presence in a-large number of other neurones located

~ithin as well as outside of the hypothalamus. Additional

magnocellular vasopressin or oxytocin neurones have been

identified in a nUmber of so called accessory nuclei scattered

in various regions of the hypothalamus. These accessory nuclei

contain intermingled populations of .magnocellular vasopressin
~
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and oxytocin neurones which tor the mo~t part project to the

posterior pituitary. On the other hand, parvocellular
.

'vasopressin and oxytocin ne~rones hàve now been identitied both

inside and outside the hypothalamus which do not appear ~o

project to the posterior pituitary.

Recently, .neuroanatomical studies utilizing retrograde

tracer and immunohistochemical techniques have demonstrated

that immunoreactivity corresponding to oxytocin,vasopresain

and neurophysins can be detected in neurones projecting from

the paraventricular nucleus to the neuropil of the medulla

especially the nucleus of the tractus solitarius and the spinal

cord,' including the autonomie preganglionic cell column

(Swanson & Kuypers, 1980; Sawchenko & Swanson, 1982). This

observation is of particular interest here because it indicates

a possible role of these projections in integrating autonomie

function.

Anatomical evidence for the existence of direct

established (Hancock, 1976; Hosoya & Matsushita, 1979; Kuypers

& ~sky, 1975; Nance, 1981; Ono et al., 1978; Saper et al.,

197~; Swanson & Kuypers, 1980). In the brain stem, the~e fibres

appear to terminate mainl~n the caudal brain regions,
~

including the nucleus of the tractus solitarius, the nucleus

arobiguus (Buijs, 1980), the locus coeruleus and the dorsal

vagal cémplex (Swanson & Hartman, 1980).
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In the spinal cord a long projection from the
. .

paraventricular nucleus to intermediolateral nucleus'has been

shown. For example, Kuypers and Maisky (1975) demonstrated that

neu~ones in the ~araventricular nucleus were retrogradely
,

labelled following horseradish peroxidase injection into the

spinal cord. Their results were confirmed by Saper èt al.

(~976) who studied the anterograde'transport of tritiated amine

acids from the p~~aventricular. n~cleus to the, spinal cord and

found labelled fibre terminals in the'intermé~iolateral

nucleus. The existence of this pathway has also beén supported

by electrophysiological studles (caverson e~'al., ~984:

Yamashita et al., 1984: for details see section on
, ,

hypothalamus, 3. Iii).

Some of the fibres in these projections display

immunoreactivity for arginine-vasopressin" oxytocin or their
, , '

respective neurophysins (Buijs, ~978: Nilaver et al., ~980:,

Sawchenko & Swanson) ~98~: Sofroniew, ~980: Sofroniew & Weindl,

~978: Swanson, 1977: swanso~ & McKellar, ~979: Swanson &

Sawchenko,~980).'For example, some fibres have been stained

immunohistochemically with an a~t~serum to neurophysin l in' rat
,

and bovine brains (Swanson, ~977), and with antisera to

oxytocin (Buijs, ~978: Nilaver et al., ~978: Swanson, ~978) and

vasopressin (Buijs, ~978) in the rat.
/

A noticeable point-in these pathways ia that
i
\oxytocin-containing fibres appear to be more predominant than
.~

the vasopressin-containing fibres. In fact, the ratio of., ',
,.,toc!n to vaso~ess1n f~res ::ems to be approximate!y , '1 !
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at the level of·the caudal medulla oblongata (So~roniew &

Schrell, 1981) •.

In the spinal cord, it was reported that the fibres, -
stained with a cross-absorbed antiserum to bovine neurophysin l

(swanson, 1977). Since it is known"that neurophysin l is

specifically associated with oxytocin in bovine braln

(vandesande et al., 1975), it was concluded that these fibres

were oxytocinergic, originating in the paraventricular"nucleus

and perhaps in the adjacent cells of the lateral hypothalamic

area and zona incerta. This conclusion is supported by the '

Qbservation that a neurophysin-stained paraventriculo-spinal

tract can be traced from the 'hypothalamus, through

ventrolateral parts of the ~eticu~. formation, to the lateral

funiculus (Swanson 1977), and by the fact that

neurophysin-stained neuronal cell bodies have not been found in

the brain stem or spinal cord.

The oxytocin-s~ained fibres have been reported i~ ·the

dorsal hom, central gray (Buijs, 1978; Nilaver et al., 1978;

swanson, 1978) ~nd intermediolateral nucleus (Nilaver et al.,
, f' -

1978; Swanson,1978) of the rat~ These fibres are also present. ,

in lateral hom' of the monkey spinal cord- (Swanson, 1978).

Interestingly,'the.homozygous Brattleboro rat, which does not

synthesize vasopressin, shows normal terminal fields of the

oxytocin projections (Buijs; 1978; Nilaver et al., 1978;

swanson & McKellar, ~~79).

·-
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It is noteworthy that oxytocin-containinq fibres

c innervate the marqinàl zonè of the

at all levels of the cord, whereas

-

•

dorsal hom equally dense~X'

the innervation of othe "'

lateral hom is more dense.~t upper thoracic, lower thoracic

and lumbar cord s~qments (Jenkins et a~., 1984). Th~ suqgests..
the possibtrlty that the specifie visceral organs are

influenced-preferentially by
,

descending informationofrom the
. , ----

c

paraventricular nucleus. For instance, Swanson & ~cKellar

(1979) have suggested a preferential oxytocinerqic innervation

of the preqanglionic neurones between T9-Tli regulating the
"1

adrenal gland (Schramm et al., 1975). These results, however,

are in direct conflict with the recent study by Elde et al.

(1984), who have demonstrated that somatostatin immunoreactive

fibres preferentially occupy the neuropil surrounding

sympathoadrenal neurones while oxytocin immunoreactive fibres-
are preferentially distributed to other neurones besides

sympathoadrenal neurones. On the basis of these observationa,

they suggested that somatostatin is involved in regulating the

adrenal medulla and that oxytocin is not involved in regulation

of adrenal ·function.

The presence of oxytocin nerve fibres and terminals in
•

specifie brain stem nuclei and spinal cord regions which are

thought to be involved in cardiovascular control, and-the

possible function of this peptide as a neuro-regulator

(Versteeg et al., 1979)-suggest a possible role of oxytocin in

'central cardiovascular regulation. Versteeg et al. (1983)'have

reported that oxytocin administered intracistemally in
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anaesthetized.rats attenuates the pressor response and produces

bradycardia evoked by electrical stimulation ot the

mesencephalic reticular formation, the active sequence within

the oxytocin molecule beinq the C-terminal tripeptide

propyl-leucyl-ql~cinamide.In other such studies, w~rle Zerbe

et al. (1983) have shown that o~ocin qiven into the

ventricles of the awake rats produces tachycardia but has no

effect on blood pressure, Feuerstein et al. (1984) show

evidence that with the same route and with the same dose

oxytocin produces no chanqe in either hea~ rate or blood

pressure in the a~ake rat:

'Intracisternal oxytocin has been reported to produce an

increase in arterial pressure in the doq (Montastruc & Tran,

1984; T~an et al., 1982), but these results are in contlict

with a r~cent paper in which intracisternal administration of

oxytocin had no effect on mean arterial pressure or heart rate

in the rat (Petty et al. 1985). In this latter study

intravenous injection, however, induced a dose related biphasic

chanqe in mean arterial 'pressure accompanied by bradycardia.

Focussinq specifically on the spinal cord,'

iontophoretic application of oxytocin has been reported to

produce a delayed, slow and prolonqed excitation of sympathetic

preqanqlionic neurones in the intermediolateral nucleus

(Backman & Henry, 1984b). In addition, electrical stimulation

of the paraventricular nucleus causes release of oxytocin alonq

~ith vasopressin from the spinal cord (Pittman et al., 1984).
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.• -- Mechanisms of action by which oxytocin produces

cardiovascular changes remain unclear. Two studies have claimed

that oxytocin induces an increa~e in blood pressure independent

of variation in sympathetic tone since the increase in the

pressor response persists in~edull~ted dogs or the dogs with

diabetes insipidus (Montastruc & Tran, 1984; Tran et.al.,

1982). Versteeg & coworkers (1983) imp~icate medullary raphe

areas as a possible site of action.

As in any other integrative action of a peptide,

control by oxytocin may involve a number of variables at
~

various levels of theneuraxi~. Neuroanatomical data showing

its localization in various nuclei and pathways already exists
~

in abundance; what is needed now is more systematic

physiological data to understand the functional significance of

this peptide. This need establishe~the rational for the

respective experiments described in this thèsis.

•
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THE CHALLENGE 1

. "Solutions, to important basic and clinical

problems, once exclusively within the dqmain of

cardiovascular physiology ànd cardiology, will

ultimately require detailed integrative and cellular

studies of the brain. This increasing appreciation of

the role of the nervous system in cardiovascular

disease is stimulating the development of a

"cardiovascular neurobic:ilogy".

, Cohen and Cabot (1979)

.'
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The Scenario

, The involvement of the central nervous system in the

regulation and modulation of cardiovascular functions is beyond

doubt. There is also enough anecdotal history to suggest that

certain external environmental effects on the nervous system,

particularly of a stressful nature, can have profound and

lasting cardiovascular consequences. This has led to a
~

proliferation of epidemiological studies emphasizing the role

of environmental, ps~6hological and social factors in the

etiology of cardiovascular diseases such as hypertension,

myocardial infarction, stroke and sudden cardiac ?eath (Cohen &

Obrist, 1975; Heart Facts, 1979); consequently, there has been

'the development of behavioral models investigating normal and

abnormal cardiovascular responses to environmental events;

including models emphasizing the importanée of previous

experiences. in li~e (Cohen & obrist~ 1975; Smith, 1974). There

has also been the devèlopment of physiological models which

have studied the effects of stimulation, lesi~ns or drugs on

various' cardiovascular parameters including pathological

conditions such as orthostatic hypotension, mYQ9ardial lesions,

cardlac arrh~ias, etc. (de Jong et al., 1977).

Recently, the recognition of ,the role' of peptides in

the coritro~.of arterial blood pressure has.be.en one of the most

'dramatic steps toward this research. Although still in its

infancy, the challenge is' there to try to integrate the

exlsting data ~nd to further this understanding by systematic
"

C· research.

•
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This -challenge has 'an immediacy which is refelcted in

the following statistics: of the nearly one million deaths from

c~d±ovascular disease in the United states in 1976,
•

approximately 65% resulted from heart attack (Heart Facts,
"1

1979). More than 100,000 of thesé individuals diedsuddenly and
~

unexpectedly with no previous history of heart disease (Lown,

1979). These sudden deaths generally are caused by ventricular

fibrillation and there is -evidence to show the involvement of

brain mechanisms in the initiation ot this malignant arrhythmia

(Lown, 1979; Schwartz et al., 1978). As another example; Sudden

Infant Death Syndrome claims 10,000 lives annualy in united

States. The leading hypothesis maintains that it results fr6m a

lethal arrhythmia that may be related to an abnormality in the

sympathetic cardiac innervation or in its development

(Schwartz, 1976).
•

How do we meet this challenge systematically? The first

step toward this goal is the identification and

characterization of the neural circuitary influencing

cardiovascular function. With the advent of new methods, there

is now an adequate anatomical foundation to begin studying.the·

physiological aspects regarding the roles of peptides in how

the brain influences cardiovascular activity.

The results from the application of anatomical methods

to studying the circuitry of central pathways regulating the

cardiovascular system have tended to emphasize the concept of

descending functional pathways that médiate patterns of

cardiovascular adjustments specifie to given behavioural

l5~

•



demands (Cohen & Obrist, 1975: Hilton, 1970). For instance,

exercise requires increased cardiac output and increased blood

flow in the active muscle'beds, and a descending pathway
-~

originating in the motor cortex has been hypothes~zed to

mediate this cardiova~cular response (Uvnas, 1954: refer to

section 3. (iii) of this thesis fçr details). On the other

hand, assumption of an upright posture (orthostasis) requires

cardiovascu~ar adjustments to maintain a' constant mean arteriaJ

blood pressure and especially adequate cerebral circulation,

which ismediated by a different pathway arising in a

restricted region of'the cerebellum (Doba & Reis, 1974: refer

to section 3. (ii) for d~tails). The concept that multiple

descending pathways are involved in cardiovascular control is a,

sfgnificant departure from the traditional 'centre' concept and

lays a solid foundation for the contemporary 'connectionistic'

approach.

with this conceptual shift comes an appreciation for

the high degree of specificity in the ~ympathetic outflow.,

While this kind of specificity can more readily be seen in the

parasympathetic system, Cannon's concept of a, regionally and

, functionally non-specifie sympathetic output was preva~ent

until recently. With our growing awareness of the specificity

of descending pathways comes the concèpt that certain pathways.

may be more involved in mediating phasic changes (for,example

during orthostasis and exercise) while other pathways would be

involved primarily in mediating more tonie or homeostatic

, functions.
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The objective

The experimental framework for the present thesis was

designed ·in the light of this ~ackgrounâ~ Five peptides namely,

substance P, angiotensin II, thyrotropin-releasing hormone,

somatostatin and oxytocin were chosen for the reasons discussed
•

earlier, in each respective section. The experiments were
,

designed to's~udy the physiological roles of these peptides in
-<

spinal autonomie pathways in the rat. Previous evidence cited

is mainly anatomical evidence, that these peptides exist in the

lateral horn and are locat~d specifically in pathways

descending from supraspinal structures involved in

cardiovasc~lar·control. What is lacking, ?owever, is direct

evidence that these peptides have an action in autonomie

pathways, an action specifically on neurones involved in

control of cardiovascular parame~ers.

The peptides used in the present study were.
. ,

administ~re~nt~;he spinal intrathecal space of the ràt and

measurèments were made of arterial pressure, of hearê rate and

of adrenal medullary output of catecholamines; Thus the unique

contributions of this approach'were to establish whether there

is any physiologi~ally relevant action and whether the actions

of a particular peptide have any functional significance

specifically in the regul~tion of cardiovascular parameters.
;. .

There are some important specif~c questions which this

experimental approach can elucidate, which other available

techniques can not. The intrathecal catheter can be placed at
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the desired level of the spinal cord. Thus, by comparison of

c
)

the
/ .
. he

effects on heart rate after administration ot peptides into.
upper thoracic'spinal cord; ·on ~e one hand, and of the

effects on adrenal medullary output of administration into the
~ ~

lower thoracic spinal cord, 9n the ot1er~ifferences in the .

. """.neurochemical properties of descending pathways controlling the
"' /'\ J

two types of output can be identified. For example,fit might be
t./

found that although peptide ~ and peptide B are both localized

in terminals in the lateral hom, peptide A induces changes in

the heart rate but not in adrenal medullary output, while

peptide B induces changes in adrenal medullary dutput but not

in heart rate. In this case, the results would provide~

physiologicaY evidence that control mechanisms regulating

different autonomic functions can be differentiated on a

neurochemical basis.

Electrophysiological studies~can identify cellular

actions of peptides on single sympathetic preganglionic

neurones and thereby provide precise information on the

specific sites of action~ However, if a peptide acts on

intemeurones connected to sympathetic preganglionic neurones

regulating cardiovascular parameters, such an action would go

undetected in the electrophysiological experiments and the

conclusion could be made that the peptide plays no role in

control of sympathetic output at the spinal level. In the

present intrathecal experiments, however, such an action woula

manifest itself as a change in these parameters. The present

study, therefère, in being non-selective in the cellular sit~
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of ,action, could provide information on which peptides have a
.~

physiological function in spinal autonomie pathways regardless'

of site.

Various etudies on the physiological roles of peptides

in central control of the cardiovascular system have applied

different pe~tides at the levelof the medulla,.the

hypothalamus or in forebrain structures. To our thinking,this

involves a complicated circuitry which makes it difficult to
. -

~erpret the results obtained from such experiments. This by

~ means reduces the importance of such studies. It onlyseems

more appropriate to 'start the study at' the level of the spinal

'~:cord, .ftith a relatively simple cïrcuitry. This one step, take!'l
.\.. _. .

in thepresent~thesis, toward a-global understanding of the
.-.<, "t. ~ - -

central regulation of the cardiovascular system will perhaps

shed some light on the role of pepti~ergic, descending,

functional ~athways.

"

.. .

160, -,,

. .



\.
BlbliograPhy

Toward a cardiovascular1. 'Cohen, D.ce. and J. B~ Cabot.

, neur6biology. ~ 2: 273-276,

•

1979 •

,
,2. Cohen, D. H. and P. A. ,Obrist. Interaction between
~

behavior and the cardiovascular syst~ circ. Res. 37:

693-:-706, 1975 •

•

3. de Jong, E., A. P. Provoost and A. P. Shapiro (Eds.)

Hype~ension and brain mechanisms. Prog. in Brain Res. 47:

Press: New York, 1977.

, '.'

','
'4.

c~lsevi~r/No~Holland, Biomedical

.. '. f. , '

Do~a, N. an~ J. Refs. Role of the cerebe1lum and

ves~ibular apparatus in regulation of orthostatic reflexes
'.

in the cat. Circ. Res, 34: 9-18, 1974.
" ...

•
5. Heart Facte. American Heart Association, Dallas, Tx.,

. 1979. "

,,'

6. '~ilton, S. M. In: Cardiovascular regulation in health ~nd

~

"disease. Eds .• C. Bartorelli and,A. Zanchetti, Milan, pp.

confronting contemporarY cardiology. Am. J. Cardio1.,,.

7.

57-62, 'i970.

Lown, oB. Sudden

.'

ca~, death: the majorGChallenge

43: 313-328, 1979.

161
<',

"'" c •
'-



o 8. Schwartz, P. J •. Cardiac sympathetic innervation and the

sudden i~ant death syndrome. Am. J. Med. 60: 167-172,

1976.

• • #

9'. Schwartz, P. J., A. tt. Brown, A. Ha11iani and A.

Zanchetti.· CEds.) Neural mechanisms in cardiac,
arrhythmias, Vol.2. Raven Press: New York, 1978.

10. Smith, o. A. Reflex and central mechanisms involved in the

control of the heart and circuiatiop. Ann. Rev. Physiol.

36: 93-123, 1974.

11. Uvnàs, B. ~ympathetic·vasodilator outf1ow. Physiol. Rev.

34:<)608-618, 1954 •

•
' .

. ,

162



c

)

CHAPTER l

PEPTIDE DISTRIBUTION AFTER INTRATHECAL ADMINISTRATION
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INTRODUCTION

Despit~ the widespre~a use of the intrathecal technique

in neurèbiology, little is known about the normal diffusion or

penetrati9n of the injected material along the axis or into the

grey matter of the spinal cord. Attempts have beèn made to

trace the diffusion of radiolabe~led morphine inrthe

intrathecal space as well as the.progression of analgesia
,

(Yaksh & Rudy, 1977) but, as those agents pass rea9ily across

the blood brain barrier they ~an hardly be considered reliable
~ ,

indicators of the fate of 'all substances delivered into the

intrathecal space. This led us to undertake a project which

would evaluate the intrathecal technique in a multifaceted way,

applying v~rious methodologies to study the movement of

injected substances both,into the.grey matter and along,the

'axis of the 'spinal cord. Since we are interested in peptides,

we have chosen a radiolabelled peptide for this study,

l25I-substance P.'

)

•

:
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- METHODS

Animal preparation

Male Sprague-Dawley rats (approx. 350g) were

an~esthetizedwith urethane L2.5g/kg i.p.). An intrathecal

.catheter (Intramedic PE-10) was passed through a slit in. the

dura at the atlanto-occipital junction and positioned so that

the inner tip lay at the desired vertebral level. Spinous

processes were used as landmarks. In our preliminary

experiments the validity of this method for correct positioning

of the inner tip of the catheter was confirmed in X-ray~ of...
rats implanted with wire filled catheters. (Yashpal et al.,

1985). Labelled peptides were administered ~ntrathecally via

this implanted catheter.

-. In· some experiments a second catheter was inserted into

the right f~oral vein for the withdrawal of blood samples.

Diffusion of Fast Green Dye along the rostro-caudal axis of the

spinal cord

For this particular study, the rat was prepared as

described above with ~n intrathecal catheter, but the spinal

cord was exposed,to the full length by laminectomy, so that the
-"

c

~ spread of the dye after injection could be recorded on

,:ideotape.
~.-.:.' ~ .
,~ Ten)dl of Fast Green dye solution were injected,

followed by 10 pl of artificial cerebro~pinal fluid to flush

the intrathecal catheter. At.this point, the timer was started
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simultaneously with the video camera. The move.ment of the dye'

was videotaped throughout a 30 min period, .the duration of the

e~eriment. ,~ .

Diffusion of l25I - substance P along the rostro-caudal axis of

the spinal cord

In this series of experiments, the animals were

ànaesthetized with urethane a~d an fhtrath~cal catheter

implanted as described above. substanèe P, 125I - la?elled with

Bolton Hunter reagent (68 TBq qjmmol: Amersham laboratori~s)

was mixed in artificial CSF to yield a solution.containing

29XI03. cpm/pl. A10~1 solution of the radiolabelled substance
i

P (7400Bq: 0.2 ~Ci) was administered via the intrathecal

~atheter followêd by 10 p'l of CSF to flush the catheter. At one

or 10 min post inje~tion, the catheter was ~removed and the

animal was sacrificed by decapitation. The spinal cord was

ejected rapidly using a modified technique of Yaksh,and Harty

(1981). The time required for decapita~ion and removal of

spinal cord was approximately 2 to 3 min. The cord was then eut

in~o cervical, thoracic, lumbar and sacral regions on a

paraffin~covered glass plate. Each piece of spinal cord was

rinsed with cola saline, weighed and ,stored at -4 oC. The

amount of radioactivity (cpm) present ~n different spinal. cord'.
regions was determined using a Searle gamma counter. In

addition, the spinal catheter itselfwas counted to determine. ,
how much radiolabelled substance P was adhering to the piastic

catheter. ..
l6~

•r
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Penetration of 12SÏ-substanc~ Pinto the spinal cord

The animal preparation for this part of the study was

the same as described above. The same solution of radiolabelled

substance P was injected intrathecally. However, in this series
-of experiments, instead of separating all the regionsof the

~. spinal cord,only the appropriate regiort, wh~re the catheter

was implanted, e.g. thoracic or lumbar, was cut from the whole

spinal cord. This piece of spinal cord was then immersed

immediately for twominutes in eanLab Quick Freeze

, (Dichlorodifluorom~thane: e~e12F2) maintained at -sooe ±

10e. The sections were stored at -sooe until ·further

processing.

Transverse and longitudinal 20 micron sections of

frozen spinal cord w~e cut in a ~ryostat at -200e unde~ a

safety light. The sections.were mounted on slides and dried

immedlately with a hair blower for 20 to 30 sec. The

autoradiographs were prepared by exposing the spinal sectio~
. -

to (3H)-ultrofilm uœ Instrument Sweden for 24 days. The

. films wère subsequently developed using Kodak D19 developer.-. .
The transverse tissue sections were counter-sta~n~dwith a

·O.OS%·solution of Cresyl violet.

Passage of 125I-substance Pinto the blood-

". To determine if any intrathecally administered labelled. . .
c

c

substance P crossed into the bl~od, l mlsamples of blood were . \
. ("

taken from a càtheter implanted in the·femoral vein. After a
- .

baseline sample of blood was withdrawn, radiolàbelled substance
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P was injected via the intrathecal ~oute. The blood samples
~

were then withdrawn at one, :6 and 11 min fo11owing injection.

After each,sample, 'the'blood was replaced with an equal volume

of warm, heparinized saline. The samples were placed in a

Searle gamma counter for 2 min to determinè'the'amount of
"

~adioactivity present.

/

Diffusion of Fast'Green dye' along the rostro-caudal axis of the'

spinal cord
"

Experiments with the green dye injection showed that at

one min after,the a~inistration, the dye was present at one
'. '

segment 'above and 2 segments below the tip of the catheter: At

ten min post-injection,it had spread to 2 segments above ana'2

segments below the tip of the catheter. At 30 min~he dye could

be seen 2 segments 'rostral and 3 segments ,caudal to the tip'of .

the intrathecal catheter. Thus, the total spread remains in the

"

•
vicinity of the injected site and -does not bathe the whole. ,.'

length of the spinal cord.

Diffusion of 125r-substance P along the rostro-caudal axis of

khe spinal cord. .
The results' showing the diffusion of radiolabelled

•
sùbstance P along the rostro-caudal 'axis of the spinal cord are

, . '

168"

p~teq in'Figs land 2. It can be seen that when the peptide

was injected intrathecally at the thoracic level, the
1

~,, "
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~

.,;
'radioactivity counts were significantly higher in that region

.
at l min period po~ injection. These counts'remained high even

at"lO min after,injection.

•

Penetration of 125I~substance Pinto the spinal cord. ,,
Representative 'autoradiographs showing the penetration

of 125I-substance' P irito the spinal cord grey, matter are

presented in Figs. 3 and 4. It was consistently, observed th~

penètration to the lateral ~orn region occurred within l min of-administration and that penetration at 10 min was similar.

Passage of'125I-substance Pinto the blood.

Fig. 5 shows blood lévels of label at l, 6 and'll min
.

after radiolabelled substance P was gïven intrathecally. Data

in Fig. 5 are expressed as counts per ml of blood; given that

the average body weight of the rats used was 380 g, and that

the blood volume of rats of this weight range is approximately

60 ml/Js.g, these

0.69% at l min,

data translate into tr0le

and 2.3% at 6 and 11 min.

Discussion

blood contents of

One question often asked regarding the injection of

drugs into the intrathecal, or spinal subarachnoid space is

whether the injected compound remains in the vicinity of the

c
catheter

also ask

tip or whether it spreads,té distant sites. One may

about the'extent of p~ration of the peptide into

h69 ,
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the spinal cord. As the experiments described in this thesis

have been based on the intrathecal technique, some prelimi~ary

experiments were done to answer these questions.

We first ex~ined the possibility that the injected
, '

material might move longitudinally along the cord in the
-.'

subarachnoid spaée; perhaps e~en as far as vegetative

structures in the lower brain stem. Our experiments with Fast

Green dye,demonstrated that the injected material remained

within the vicinity of the tip of the catheter during the 30

min time pe~iod 'of the experiment. ,

In a similar ,study witil bromophenol blue dye', Yaksh and

Rudy (1976b) reported that a 10jYl solution producéd an even,

staining around the cord and failed ~o diffuse more than 2.5 cm

from the tip of the catheter. Their study, howev~r, examined"

only one time framè, 10 min after injection •. With a 20'~1

volume, the extent ot spread was in some cases betweeri 3-5 cm

while 40;g1 solution virtually bàthed the entire cord (Fig. 6).

In our second series ot experiments radio-labelled

substance P was injected intrathecaliy to assess the spread of

the pept~de into spinal tissue rostral and caudal to the tip of

the catheter. The highest counts were in the thoraciè region, ,

whefe the tip of the catheter lay. Relatively small ~ounts of
\

radioactivity were observed incthe cervical or sacral regions

(Figs. 1 and 2). These results are supported by those of

Candeletti et al. (1984) who have shown that the highest

concentration of iodinated pèptides (calcitonin and dynorphin)

given intrathecally are localized in that particular region of

170'
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the sp~nal cord where the tip of the catheter is placed (Fig.

7). Moreover, these investigators have also shown that there is

no significant diffusion'of the injected sUbstances into

, supraspinal structures. In astudy of Wolf ,and Mohrland

(l984),radiolabelled 3H~leucine enkephalin or 3H-leucine

enkephalin plus (125I -Tyr)-substance P diluted with

unlabelled substance P was injected intrathecally at the lumbar

region. The highest levels of radioactivity at 30 min after

injection were present at the level of the tip of the catheter.,
These results of Wolf and Mohrland agree with our

results in terms of localization of the injected material;

however, they differ from those of Candeletti et al. (1984) in

terms of the diffusion to supraspinal structures. In this study

of Wolf and Mohrland, while the presence of radioactivity in

the lumbar enlargement was 139 to 680 times higher than the

background levels found in skeletal muscle (0.1-2.3 cpm/mg

tissue), detectable levels of radioactivity were also found in

the medulla (14 times background) and the periaqueductal grey
•

(2 times background) suggesting the drcig distribution was not

confined exclusively to the spinal cord.

Wolf and Mohrland's results not only disagree with'.
Candeletti's 'group regarding the diffusion above the levei of

spinal'cord butalso are in conflict with that of ~icey et

al. (1981) who presented evidence that following intraspinal r

injection of radiolabelled Tyr8-substance P (3 mCi

l2~I/mO~) negligiblè amounts were found in supraspinal

structures: In tact, when the distribution data are applied to
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ED50 doses, it was found that intrathecal administration of

substance P would result in a maximum of 0.02 pmoles .in brain'

structures, 0.33 pmor in the cervicothoracic cord region, and

0.59 pmol in·the lumbosacral

8) •.

~egio~' the sp~nal cord (Fig.

\

,~

o

The assumption that the spinally injected material does
\

not move into mo~e rostral brain ,regions is further
, l,

substantia~ed by:stud±es in which 14C-labelled morphine
1 .

sulphate was inj~cted via' a spinal catheter and animals were,
1, .

sacrificed at intervals up to 60 minutes after the injection,

(Yaksh & Rudy, 1976a). At even the lo~gest interval~ neither

forebrain nor brain stem radioactivity.ever exceeded 0.15

percent of that recovered from the spinal cord.

The results from ,our own experiments and the data

presented above show that the spread of the peptide after
, . .

iritrathecal administration is restricted to the vicinity of the

tip of the catheter. This suggests that the diffusion to the
..J'

supraspinal structures must be negligible.

with regard to penetration of substance Pinto spinal

cord matter, autoradiographs of longitudinal sections show that
-~

~is'diffusion ïs rest~icted to less than l cm rostro-caudally

at land 10 'min. This information is more relevant to

physiological studies than the information described above

because·the presumed sites of aètion in these physiological

studies lie in the spinal grey matter.~It can be concluded,

then,'that the diffusion into spinal tissue ls considerably

more localized longitudinally than one would assume from the

.6),;12..,.



c
diffùsion of dye or other markers in th~.subarachncifd space..

Another important conclusion from this series Of

experiments is that beyond the ini~ial distribution at one min

following administration, 10 min distribution is not different

, in the rat. In fact, a .parallel study by Yaksh and Rudy (1977)

in which radiolabélled morphine was given intrathecally and

~ transverse spinal slices were sampled for levels of

radioactivity, it was found that the longitudinal distribution.,
of per~ent of recovered~tivitywas almost identical at two

~nd at 30 min after administration (Fig. 9).

The autoradiographs of transverse sections in our study

in these sections. Given that the

provided even further information on

label fbecause the internal
'---' ' .

be identified more cl~arly

structure

the penetration of
!

of the spinal cord

the

could

probable site of action of substance P in provoking the

sympathe,ic z::esponses is in the lateral 'hom, the

aut~ra~raPhs demonstrated that some label penetrated to this

région of the spinal cord. These radiographs also' demonstrated

the phenomenon à,escribed above,·"that'little difference' exists

in the distribution~~elab~l at,one, a~d 10 min after

administration.

if the

The fourth series of experiments was done to âetermine,. '..
injected peptide, might pass from the perispinal""Space

c

"

int~ the circulation. ~us a central or pèripheral action of

_drug can be assessed. As can be seen in Fig. 5, negiigible. '.

amounts (1e88 than l%).of radiolabelled peptide was found in

. ----'the blood.. ·Simi;1.ar re.sults were obtained upon intrathecal
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administration of radiolabelled oxytocin.

ijheneve:z:: a' drug administered to' MY part of the centra,l. '

nervous syst~ has a physiological effect, it implies some form

of binding intera~tion between the drug and,the nervous tissue.

The binding, cèuld be specifie or nonspecific. ~ow~ver, a more

fundamental significance is suggested when a drug is found to {
(j ,

bindJ react ~ith, or a~cumulate in:' a specifie anatomical

structure of the brain. One, sole purpose of studying the ~pread \

or penetration of the intrathecally injected drug in most..
studies described above was to findtwo types of i ormation:

whether the observed effects were localized in the

and whether,higher brain structures were involved in elicitin~----

those effects and to what éxtent. In othèr ~ords, is the

spinally ii?ected material travelling up to the'higher centres
. . .

and, if it,is, in what quantities. Most investigators have ..

,satisfactorily explained the functional significance oftheir

results on the basis of. the an~tomical spread of~he drug in

the spinal cord. For instance, Yaksh, and Rudy' (1977), conclude

in th~ir study that "the effects of )llorphine and naloxone

• administered into the spinal subarachnoid space seem to he

mediated by,tl).eir 'effect on receptors limited to spinal co;r-d".'

In our previous studies, physiological effects have bee~'

observed at 9ne min after ~dministration i~ the tail~f~ïèk
- ,

paradigm (Yashpal et al., 1982; Yashpal & Henry, ~983, 1984)'.
- . . ~

ana ~e abruptness of thes~'ettects has been interpreted as

supportinga ~o~l,rather than a remote site of action.



- subarachnoid.space must be interpreted with~aution. Care.must

be taken in the experiments that administration does not cause

irreversible damage to the cord either through hemorrhage or by

physicar pressure on the cord and nerve roots~In addition,

changes in osmolarity, in ionic composition and in pH could

alter spinal function.

Regarding the site of action, it is possible that the

effect is mediated via an action on the nerve roots, or on the

cell'bodies and synapses which lie within the dorsal horn

rather than those in the lateral hom and dorsolateral

funiculus (Henry & Calaresu, 1972). If it is to be assumed that

the ability of the drug to produce the effect is contingent.

upon the ability to reach the grey matter then the lipid

'solubility of the drug is an important factor. In the case of

substance P, it is highly lipid soluble (Banks & Kastin, 1985).

Thus, the time course of the effect in this case, not

surprisingly, is rapid. In addition, Yaksh and Rudy (1971)

observed that the onset of the antinociceptive action of

fentanyl was much more rapid than the time required for an

equianalgesic dose of morphine to produce its~ffect. On the

basis of these results they suggested that the time difference

•may be due to the difference in penetration time resulting from

the differential lipid partition 'coefficients of two drugs,

fentanyl being highly lipid soluble while morphine is only

slightly so. Since the spinal cord may be visuali~ed as a

myelin-covered column, the possibility that some drugs may .

penetrate only poorly, must be considered in.evaluating the
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time course of the drug effects.

_This study indicates that the penetratio;( of 1abe11ed

peptide into the spinal cor~ is much more 1imited than one

c~u1d have surmised from ear1ier studies. The rostro-cauda1

distance of this penetration was approxim~te1y o~e cm. In

terms of depth of penetration, the label reached the 1atera1

hom, even though the quantity reaching this depth is sma11.

Furthérmore, it was interesting to note that the diffusion of
~

the label was approximate1y the same at one and ten min after

administration. 'Fina11y, passage of the label into the b100d

WëlS neg1igib1e.

On the basis of these studies it was conc1uded that the

technica1 basis of the experiments justified the use of the

intratheca1 technique in the physio1ogica1 experiments reported

in this thesis.

..
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Figure 1. Histograms showing mean quantities of

radioactive label counted in various spinal regions

after injection of (125I]~substance P at the ninth'

thoracic vertebral level. Spinal cords were removed at

1 min after injection. (n = 11)
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Figut:e 2.
CD. .
H~stograms similar to those in Figure l, but

in rats (n = 7) from which spinal cords were removed 10

min after [125I )-substance P was given intrathecally.
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F.igure,3. Penetration of [125 I ]-substance Pinto

transverse section of the nïnth thorac1c segment of the

spinal cord of t~ rat. Upper photomiçrograph (Al is

~ne 't~ansverse section, 20 ~.thick, stained with

cresyl violet to show cell bodies. L6we~:photograph
.

(Bl is autoradiograph. from same seetion, s~owing degree. .
of penetration ,of label in~o the sp;nal cord. The

spinal cord represented was removed 10 min after the

la~elled substance P was given.
,
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Figure 4. Autoradiographs of longitudinal sections of
,

spinal cord around the ninth thoracic segment of one

animal, showing distance of penetration of. the label

into the spinal cord. In this case the spinal cord was

removed l min after injection of the labelled substance

P. Each section shown is 20 ~m thick. Sections A to E

were 20, 80, 200, 400 and 560~, respectively, from

the surface of the cord. It can be seen that the

penetration into spinal tissue was concentrated within

less than l cm rostrally and caudally from the site of

injection.
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Figure 5. Passage of label into the circulation after

intrathecal administration of [125I]-substan9ê ~

Data shown are expressed'as %~~ the total çOunts per
./

min injected per ml of blood.
\
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Figure 6. Figure from Yaksh and Rudy (1976b) showing

exte~ of longitudinal diffusion of bromophenol blue

dye along the spinal cord (the experimental animal is

not stipulated, but it is assumed that-it was from the

rat). A~imals were sacrificed lO.min after

administration of the dye.
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Figure 7. Histogram from Candeletti et al. (1984)

showing regional localization of label after /'
intratheca1 administration of [125 I ]-dynorphin (top

panel) or [125 I ]-calcitonin in the rat. AnimaIs were

sacrificeQ 60 min after administration bf the peptide.
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Histogram from
.'\

Piercey et al. (1981)

indicating'regiona1 distribution ot ~el atter

intrathecal administration of labelle s~stance P to
"

the lumbosacral region ot the spinal corç in the

mouse. Samples were taken at approximately 1 min after

intrathecal administration.
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CHAPTER II

'.

SUBSTANCE P GIVEN INTRATHECALLY AT THE SPINAL T9 LEVEL

INCREASES ADRENAL OUTPUT OF ADRENALINE AND NORADRENALINE

IN THE RAT

)
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ABSTRACT

Administration of 10 pg of substance P intratheca1ly to

the spinal T9 level of the adult rat, anaestheti~edwith

urethane, provoked an increase in free catecholamines in plasma

taken from the inferior vena cava. Adrenaline leve~s at 1 min
j

after administration were 154.8 ± 10.8% (mean ± SE;. n = 11) of

preadministration levels and noradrenaline levels were 153.5 ±

11.8% of preadministration leveis. Differences between the

values of free catecholamines in animaIs given substance P vs

those given vehicle only were statistically significant at 1

and 10 min postinjection, but not at 30 min. Administration of

a substance P analogue with central antagonistiè properties 15

min before substance P was given prevented expression of the

effects of substance P. ,

These results suggest that substance P may be an

excitatory chemi~al mediator of synaptic transmission in spinal

pathways controlling adrenal medullary output. Thus dysfunction
,"

of substance P mechanisms may underlie some animal models of

hypertension and may be involved in some cases of essential

hypertension in man.as weIl as in autonomie dysfunction

associated with some neurological entities.
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INTRODUCTION

..
Essential hypertension in man has been attributed to

4._ .

dysfunctio~ in the"e&ptral nervous system and alterations in

central' nervous function exacerbate the increased arterial

pressure in some animal models of hypertension. These facts

provide the'rationale for our on-going interest in central

nervous regulation of the cardiovascular system and for our

experimental approach. In.the present study the focus has been

on the role of substance P in spinal autonomic,pathways,

specifically those regulating adrenal function. Injection of

Fast Blue or True Blue into the adrenal medulla of the rat has

demonstrated that the majority of retrogradely labelled cells

is located in the intermediolateral nucleus of segments

T7-T12 , with T9 containing the largest number within any

single segment (Holets & Elde, 1982). Nerve terminals

containing substanc& P-like immunoreactive material are

observed in the intermediolateral nucleus (Ljungdahl et al.,

1978) surrounding sympathetic preganglionic neurons (Ditirro et

al., 1981; Holets & Elde, 1982), including those neurons

projecting direct1y to the adrenal medu11ae (Holets & Elde,

1982). The probable source of most, if not all, of these

terminals is from ceils in the brain stem because substance P

is found in cell bodies of a number of brain stem nuclei,

inc1uding the caudal raphe nuc1ei (Hokfelt et al., 1978;

Chan-Pa1ay, 1979), which have been implicated in cardiovascu1ar

control (Henry & Calaresu, 1974), as well as in a raqion naar
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the ventral surface of the medulla (Helke et aL, 19&2), where

neuronal excitation by microinjection of kainic acid elicits an

increase in arterial pressure (Loewy & Sawyer, 1983). This

evidence suggests that substance P is a chemical mediator in

some of the autonomie pathways descending di~ectly from

specifie brain stem structures to neurons in the

.-.. intermediolateral nucleus, including the sympathetic

pregangli~nic neurons which project to the adrenal medullae.

The recently demonstrated excitation of identified single

'sympathetic preganglionic neurons by the iontophoretic

application of substance P (Gilbey et al., 1983; Backman &

Henry, 1984) leads to the further possibility that this peptide

is a med~ator of excitatory input to these neurons.

In the present study on the physiological role of

substance P in spinal pathways controlling specifically adrenal

medullary output, the experiments were desYghed to determine

the effects of the intraspinal administration of substance P on

the levels of catecholamines in venous plasma. Some of the

findings have been briefly reported in abstract form (Yashpal

et al., 1983).

Animal Preparation

EXPERIMENTAL PROCEDURES

".

c:

~ Male Spra9ue-Da~ley rats (approx. 500g) were

anesthetized with urethane (2.5 g/kg, i.p.). Three catheters

were implanted under microscopie control. An intrathecal
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catheter (Intramedic PE-10) was passed ~rouqh a slit in the

dura at the atlanto-occipital juncti?n and positioned so that

the inner tip lay at the T9 vertebral level,usinq spinal

processes as landmarks. In our preliminary experiments the

validity of this method for correct positioninq of the inner

tip of the catheter was confirmed in X-rays of rats implanted

with wire-filled catheters (Fig. 1). It was via this catheter

that substance P was administered intrathecally.

A second catheter (Intramedic PE-60) was passed via the

femoral vein into the inferior vena cava so that the inner tip

lay between the renal veins and the heart (see Fig.l): This

catheter was used for the collection of blood.

The third catheter (Intramedic PE-60) was placed in the

left common carot~d artery facinq the heart for continuous

monitoring throughout the experiment of pressure, monitored via

a statham transducer (P23 DC) connected to a Grass P5

polygraph.

Rectal temperature was maintained at approximately

37 0 C by a heating pad.

Experiments with substance P

After surgical preparation a 30 min period was allowed
-

for stabilization. Then a basal sample of 1.5 ml of blood was

withdrawn and placed immediately into cooled heparinized

Eppendorf tubes; this blood was immediately replaced with 1.5

ml of-warm (370 C) physioloqical saline, heparinized to keep
>

the catheter patent. After another 5 min, substance P

193
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(Peninsula Laboratories) was administered in a single dose of .

lOpg (6.S nmol) delivered over a period of.lS-20 sec in'10J1l

of artificial cerebrospina~ fluid (eSF; aqueous solution of,
128.6 mM Nael~ 2.6 mM Kel, 2.0 mM Mgel2 and 1.4 mM cael2).

Following delivery of the peptide the intrathecal catheter was

flushed with 10 pl of eSF (é~theter volume was 6-8 pl). Blood

samples were then taken, as before at l, ~and 30 min after

substance P administration. The four samples were centrifuged

at 2,000 revjmin at 40 e and the plasma was stored at -70oe

until assayed for free catecholamines.
,

A dose of 6.S nmol was selected because in earlier
,

studies on intrathecal administration éf' substance P at the

lumbar level, this dose was found to be effective in eliciting

nocicept~ve responses (Piercey et al., 1981; Yashpal et al.,

1982; ~ashpal & Henry, 1985).

~

Experiments with [D-pr~,D-Phe1,D-T~JsubstanceP

An additional series of exper~s wàs done to test

the effects of the substance P analogue [DJPro2 , D-Phe7 ,

D-Trp9]substance P, which has antagonist properties to

substance P in the central nervous system (Piercey et al.,

1981; Fuxe et al." 1982; Salt et al., 1982; Hanley, 1983;

Stoppini et al., 1983). In th~s case, S min after the base

sample of blood was taken, the analogue was given intrathecally

in a dose of 10 pg in 10 pl ~f eSF, and the catheter was

flushed as above. In a previous study (Yashpal & Henry, 1985)
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this dose was found to block totally the effects of intrathecal

administration of substance P on tail flick latency. Ten

minutes later a sample of blood was taken as before and 15 min

after the analogue was given substance P was administered in

the manner described above. Three more blood samples were
•

taken, at l, 10 and 30 min after substance P; thus the effects

of substance P were monitored as in the earlier experiments,

except that tfie analogue had been given 15 min previously.

As a control for experiments with [D-pr02 , D-Phe7 ,

D-Trp9]substance P, vehicle replaced ~e analogue solution.

Assay techniques

Free Adrenaline and freenoradrenaline in each blood

sample were quantitated by high pressure liquid chromatography

(waters M45 solvent delivery·system, U6K manual injector,

Bioanalytic Systems LC-4 electrochemical detectorl using a

method modified from Hallman et al., 1978. The mobile phase

consisted of 92 parts of 0.1 M Na phosph~e monobasic, 1 mM

NaOH octylsulphate and 0.1 mM disodium ethylene

diaminetetra-acetate (pH adjusted to 5.5 with 2 N NaOHl and of

8 parts of methanol. The column was a Waters micro-Bondapak

C18 maintained at 300C with a water jacket to raduce the
r

retention times. The elec:rochemical ~etector employed a glassy

carbon electrode, with voltage set ~ +0.7 V an~ a sensitivity

of 2.0 nA/V (fiI~er cl. The reliayie detectio~ limit was 0.5

ng/ml.
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Statistical analysis

Thélevels of Adrenaline and of noradrenaline were each

calculated as a percent of'théir basal level taken 5 min prior

to peptide administration. The rats were divided into two

groups, those receiving substance P and those receiving

vehicle, and the percent values were averaged within each group

for each post administration sample time, i.e. l, la and 30

min. ~he mean percent values thus obtained are plotted in Figs.

2 and 3. To determine statistical significance Student's t-test

was applied to compare the two values (substance P vs vehicle

groups) at each sample time for each of adrenaline and

noradrenaline. ,

In experiments on the substance P ~nalogue the same

general procedure was followed, except that the values compared

included also those taken la min after the analogue (i.e. 5 min

before substance P) 'was given.

RESULTS

Our preliminary studies demonstrated that the diffusion

of Fast Green dye over 30 min was limited to 2 segments

rostrally and 3 segments caudally. Furthermore the onset of the·

response at l min suggests a loc~l, rather than a remote site

of action, and this latency is similar to that of intraspinal

administration of substance P on tail flick latency (Yashpal et

a.l., 1982).

In early experiments the validity of the technique of
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intrathecal injection in studyinq chemicals tor',their attects
-:-, ....:- "

"
on adrenal medullary output was tested by administeri~

'~ -----"
artificial CSF in a manner similar to that used tor injection

of substance P. This was done to determine whether injection

per'se altered this output; that this injection tail~d to alter

vena cavaI plasma levels ~f either adrenaline or noradrenaline

durinq the next 30 min is illustrated in Fiqs. 2 and 3.

Effects of substance P on plasma levels of adrenaline and

noradrenaline

Intrathecal administration of substance P increased

plasma levels of adrenaline. This effect was observed at 1 min

after injection, when the first sample was taken, and was still

present at la min after administration. The results obtained

are summarized in the qraph of Fiq. 2.

Prior to administration the base values were the sàme

for the rats qiven CSF and those given substance P, with means

of 9.75 ± 1.81 (SEM) nq/ml plasma for the former (n = 12) and

8.29 ± 1.33 ng/ml for the latter (n = 17). However, at 1 min

after administration, while the levels of adrenaline in plasma

from control rats had a mean of 94.1 ± 4.5% of base value,

those from substance P-treated rats were 154.8 ± 10.8%. This

difference was statistically siqnificant CP < 0.005). At la min

after administration these values were 101.7 ± 5.5 and 141.9 ±

12.1, respectively, and at 30 min they were 101.3 ± 4.8 and

147.3 ± 19.4, respectively. The difference at la min was .
/

statistically siqnificant CP < 0.05) but that at,30 ~in was

not.
"
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Noradrenaline levels were also elevated by intrathecal

administration of substance P. The results obtained are

summarized in Fig. 3. Mean base values were 3.96 ± 0.97 (n =
12) and 4:80 ± 1.01 (n - 18) for CSF- and substance P-treated

rats, respectively. These values originated from the same

plasma samples which gave rise to adrenaline values. One assay

of adrenaline from a CSF-treated rat and one from a substance

P-treated rat were unreliable and hence the numbers of samples

giving rise to the data were diffe~ent for adrenaline and

noradrenaline. In substance P-treated rats the mean values at

l, 10 and 30 min after administration were 153.2 ± 11.8, 142.8

± 10.7 and 128.6 ± 13.8 percent of base value, respectively ..In

- contrast, the mean values in rats given vehicle only were 91.9

± 7.5, 100.8 ± 7.8 and 102.3 ± 5.4 at l, 10 and 30 min,

respectively. The values at 1 and 10 min were s!gnificantly

different between the two groups of animals (P < 0.001 and P <

0.05, respectively).

Effects of [o-proÂ. O-PbeL. O-Trpilsubstance Pon

responses to substance P injection

In experiments on the effects on plasma adrenaline of

the intrathecal administration of substance P after the prio~

intrathecal administration of CSF or the analogue antagonist

[~-pro2, O-Phe7 , O-Trp9)substance P, base values were
.

9.06 ± 1.89 ng/ml plasma for rats given CSF (n = 12) and 8.73 ±

3.56 ng/ml for those given the analogue (n = 10). The results
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are summarized in Fig. 4. One min after substance P was

injected adrenaline levels in rats given CSF had become 196.4 ±

17.2% of the respective base values, while in those given the

-antagonist they were lQ4.3 ± 9.6%. These values for the two

groups, at 1 min after substance P administration, were

statistically significantly different (P < 0.005). The values

were 126.9 ± 10.~ and 133.6 ± 16.8% at 10 and 30 min,

respectively, after substance P administration in

CSF-pretreated rats, and 94.4 ± 10.4 and 93.7 ± 8.3 for the

same respective values in rats pretreated with the analogue:

these differences were not statistically significant.

Similar results were obtained when plasma levels of

noradrenaline were determined (see Fig. 5). Base values were

1.94 ± 0.34 ng/ml plasma for CSF-treated rats and 1.82 ± 0.22

ng/ml plasma for rats given [D-pro2 , D-Phe7 ,

D-Trp9lsubstance P. Respective values at ~ min after

substance P administration were 184.9 ± 19.4% of base valu~ for ~

the former group of rats and 113.4 ± 12.6% for the latter.

These differences were statistically significant (P < 0,025).

At 10 and 30 min after substance P administration these values

were 137.3 ± 20.0 and 134.5 ± 13.4%, respectively, for

CSF-treated rats and 104.6 ± 23.9 and 114.8 ± 20.4%,

respectively, for rats given the analogue; these differences.

were not statistically significant.
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Effects of rD-Pr~' D-PbeL. P-Trp2Jsubstance P on plasma

levels of adrenaline and noradrenaline

Tenminutes after the substance P analogue was given

plasma levels of free adrenaline were 99.6 ± 8.7% of. base value

and those of free noradrenaline were 98.1 ± 15.2%. In

comparison, the respective levels 10 min after CSF

administration were 110.8 ± 20.0 and 113.8 ± 11.5%. Neither the

values for adrenaline nor those for noradLellal:tllê were

statistically significantly different betw~en the two groups of

rats.

other effects of [D-Pr~, D-Phe2,D-T~l

substance P

The analogue alone~did induce changes in arterial

pressure •. lnitially, there'was an increase which was maximal at

5-10 min. This was followed by a decrease which persisted to

'the end of the ·longest measurement, at Ih. A similar effect on

~rterial pressure has been reported for a higher molar dose of

another analogue antagonist of substance P (Loewy & Sawyer,

1983). However, in a number of our experiments the hypotension

was enough to cause respiratory arrest within 20-30 min of

administration: these animaIs were excluded from the results.

lri the animaIs which were included, however, the mean arterial

pressure after 20 min began to fall below 80 mmHg.
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DISCUSSION

~

We have thusdemon~trate.d.-thatadministration ot

substance P to the ninth thoracic spinal segment increases

levels of free adrepaline and noradrenaline in plasma collected

from the inferior vena cava. This effect occurs when substance
-P is g~ven in animaIs pretreated with intrathecal

administration of CSF but'not after pretreatment with

[D-pro2 , D-Phe7 , D-Trp9]substanc~P, which blocks central

effects of substance P in other paradigms as weIl (Piercey et

al., 19814 Fuxe et al., 1982; Salt et al., 1982; Hanley, 1983;

Stoppini et al., 1983; Yashpal & Henry, 1985). As

administration was at the spinal level of origin of sympathetic '

fibers to the adrenal medullae (Almazon et al., 1982; Holets &'

Elde, 1982) the probable source of most of the increase in

catecholamines is tlle adrenal medulla (Micalizzi & Pals, 1979),·

although some noradrenaline may be 'ot neural origin. The most

likely explanation for the observed etfects then is that

substance P excited sympathetic preganglionic neurons in the

spinal cord, including those projecting directly to the adrenal

medullae and this excitation in turn provoked an increase in

the release of free catecholamines from adrenal medullary

chromaffin cells. It is important to note that this indirect
•

effect of substance P on adrenal chromaffin cells, an effect

mediated via sympatlietic preganglionic neurons, is opposite'oto

the direct inhibitory effect of substance P on the release.of

catecholamines from adrenal chromaffin cells in vitro (Livett
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et al., 1979; Role et al., 1981) because the two sLtes of

action are different.

OUr evidence supports the possibility that substance P

is a chemical mediator of synaptic transmission in aescending

inputs to lower thoracic sympàthetic preganglionic neurons

(Ljungdahl et al., 1978; Chan-palay, 1979; Ditirro et al.,

1981; La Motte & De Lanerolle, 1981; Helke et al., 1982; Holets

& Elde, 1982; Loewy & sawyer, 1983). If this is the case then

our data suggest that these'inputs are distributed at least to. .

sympathetic preganglionic neurons projecting to the adrenal
/

medullae. Furthermore our results suggest that substance P

mediates specifically an excitatory input to these neurons,

acting to excite the preganglionic' neurons which stimulate the
..

release of catecholamines from the adrenals .

. possible clinical implications

This possibility in turn has important clinical ,

implications. For example,-in ana19.gy to the potential role of
''-../

overabundant levels of substance P in contributing to the pain

of arachnoiditis (Hosobuchi et aL, 1980), it is'possible that

an overabundant production and/or release of substance P at the
• of

lower thoracic spinal level may underlie some animal models of

hypertension and perhaps be involved also in some.cases of

essential ~ypertension in man in which there is an excessive

release of catecholamines from the adrenal glands.

Altered activity in substance P-containing pathways may
-

also be involved in the autonomic dysfunction associated with
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neurological entit1es such as Multiple System Atrophy with

autonomie failure qshy-Drager syndrome). For example,' it has

been found that patients with thi~.syndrome have significantly

reduced'levels of substance P in lumbar cerebrospinal fluid
. .

compared to patients with other neurological deficits but

lacking the autonomie failure (Nutt et al., 1980). Furthermore,

Shy-Drager patients are characterized by a lack of the

orthostatic reflex, a compensatory shunting of blood when

~ising from the supine to the standing position, and recent

evidence (Ziegler et al., 1977) has been presented that while

recumbent these patients have normal resting levels of

noradrenaline, but they fail to show the normal increase in

these levels upon sta~ding or upon e~ertion. There~ore

considering this evidence in the light of our present results,

it is suggested that substance p-containing pathways,

descending to the sympathetic ~angliOniC neurons which

regulate adrenal medullary fun~tion, may participate not so
. \ \

much in the regulation of basel\ne release of cate~holamines,

but. under c~ndit:ons for which a~appropriate response is a

su~den and perhaps prolonged increase in this release. Thus in

the absence of long-term pathology, substance p'may participate

in"the activation of sympathetic preganglionic neuron~ during

increased catecholamine release associated with such conditions

as stress, loss of blood, hypothermia, hypoglycemia, hypoxia .

and extreme physical work.
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Figure 1. X-ray of rat illustrating positions of intrathecal

(i.th.) and intravenous (i.v.) catheters in anesthetized rat.

Once the catheters were implanted, fine stainless steel wires

were insèrted so that the inner ends were flush with the ti?s

of the respective catheters. The tip of the intrathecal

catheter~was at the level of the ninth thoracic vertebra; that

of the intravenous catheter was in the inferior vena cava at a

level between the adrenal veins and the heart.
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Figure 2. Time-effect curve for the effect on venous plasma

free adrenalirie of substance P (10 pg; n = 12) and of

artificial cerebrospinal fluid (CSF; n = Il) injected

intrathecally at the Tg spinal level of the rat. The ordinate

shows adrenaline level expressed as a mean percentage of the

base value in blood which was taken prior to intrathecal

injection. Vertical bars each represent the SEM. The abscissa

shows the time afteI intrathecal injection; the vertical arrow

indicating the time of injection taken as 0 min. *, P < 0.05;

**, P < 0.005.
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free noradrenaline of substance P (Il0}dg; n = 18) and of'

artificial cerebrospinal fluid (CSF; = 12). The curve is

otherwise similar to that in Fig. 2. *, ~ 0.005; **, P <

0.001.
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Figure 4. Effects of intrathecal administration of substance P

(10 #g: at arrow in middle of abscissa) on ve~~us plasma free

adrenaline in rats pretreated with artificial cerebrospinal

fluid (CSF: at arrow near left of abscissa: n = 12) or with

[D-pr02, D-Phe7 , D-Trp9]substance P (SP-A: at arrow near

left of abscissa: n = 10). Refer to legend of Fig. 2 for other

details. *, P < 0.005.
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Figure 5. Effects of intrathecal administration of substance P

on venous plasma free noradrenaline after prior administration

of CSF or of [D-pr02 , D-Phe7 , D-Trp9]sUbstance P. Refer

to legends of Figs. 2 am 4 for other de:tails•• , p_< 0.025.
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CHAPTER III

SUBSTANCE P GlVEN INTRATHECALLY AT THE SPINAL T9 LEVEL

INCREASES ARTERIALPRESSURE AND HEART RATE

IN THE RAT--

".
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o ABSTBACT

Administration of 10/yg of substance P intrathecally at

the spinal T9 level of the unanaesthetized and of the

anaesthetized rat provoked an increase in arterial pressure and

an increase in heart rate. Both cardiovascular responses began
J

within one to two min of administration; and the peak of each

occurred at 4-10 min. In the anaesthetized rat, whic~ gave rise

to the bulk of the responses reported, peak arterial pressure
. . . ,.;l

was approx. 20.mmHg.greater th~n pre-administration levels, and.
... .

peak heart rate was approx. 50 beats per min greater. Similar

administration of vehicle failed tc.alter either parameter.

Arterial pressure and heart rate in substance·P-treated rats

were significantly different from those in vehicle-treated rats

up to 15-20 min after administration. Pretreatment with the
~ ,

sympathetic ganglion blocker, hexamethonium (10 mg/kg, i.v.),

prevented the responses to intrathecal administration of

substance P. Pretreatment with [D-pro2,D-Phe7,D-Trp9]~
substance P, and analogue with antagonist properties in the

central nervous system, blocked both responses to substance P

but failed to·alter similar responses provoked

~dministration of angiotensin II. Pretreatment

by intrathecal
/. .

with vehicle had

o

._ 0

no effect on responses to substance P or to angiotensin II. The

antagonist also had partial agonistic effects. Both arterial

pressure and heart rate were transiently increased, but this

effect was reversed within 6 min; in the case of heart rate,

values returned to the pre-application 1evel but arteria1
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pressure fell to approx.15 mmHg below this level. These resùlts

demonstrate ·a Pharmac~~iCallY specifie excitatory effect of

substance P on spinal mechanisms controlling sympathetic output

to th~ vessels and the heart; this output can be either via the

adrenal medullae or via nerve pathways to the vessels and the

heart. Our results also support the possibility that dysfunction

of substance P systems at the spinal l~vel may underly some

models of hypertension and may be involved in some cases of

essential hypertension in man, as well as in autonomie

dysfunction associated with some neurological disorders.

o
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INTRODUCTION

"-
Substance P has been imp~icated in neural mechanisms

~ ,.
règulating sympathetic output at the spinal level. The

intermediolateral nucleus has a single.high affinity and

saturable binding comp~nent (Maurin et al., 1984; Takano and

Loewy, 1984). Substance P-like

found in the intermediolateral

immunoreactive material is
\:

nucleus (Ljungdahl et al.,

o

1978) in presumed axon terminals surrounding sympathetic

preganglionic neurones (Ditirro et al., 1981; Holets & Elde,

1982). These neurones are excited by the iontophoretic

application of substance P (Backman & Henry, 1984; Gilbey et

al., 1983) and the vasomotor ~onse elicited by injection of

kainic acid into the ventral medulla of the rat is blocked by

the intrathecal administration of a substance P antagonist

(Loewy & Sawyer,.., 1982 ~ •

We have recently found that the intrathecal

administration of substance P at the spinal T9 level increases

plasma levels of epi~ephrine and norepinephrine in the rat

(Yashpal et al_, 1985), and the ~resent experiments were done

to determine the effects of this administration at the T9

level on arterial pressure and heart rate. Some of these data

Qave been presented in abstract form (Yashpal et al., 1984).

1
(

~
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METHOOS

Experiments on Awake Animals •

Male Sprague-Oawley rats (approx. 350 g) were used. In

experiments on awake animals, each rat had been implanted

previously under Na-pentobarbital anaesthesia (65 mg/kg i.p.)

with a chronic intrathecal catheter (Intramedic PE-10) which had--
been passed through a sl~t in the dura at the atlanto-occipital

junction and positioned so that the inner tip lay 'at the T9

vertebral level. Spinous processes were used as landmarks. In

our preliminary experiments the validity of_ this method for

correct positioning of the inner tip of the catheter was

confirmed in X-rays of rats implanted with wire-filled

catheters. It was via this catheter that substance P was

administered intrathecally. OnlY,those rats which showed no

neurological deficit throughout a recovery period of 7 days or
/

more were used experimentally.-The indirect tail cuff method was used to measure.

systolic arterial pressure and heart rate. Each animal was

placed in a darkened perspex containerwith a warming plate and,

after an equilibration period of 20 nin,: baseline readings were ~

taken over a 5 min period or until such readings had become

stable. Substance P (Peninsula Laboratories) was then admin

istered via the intrathecal catheter. It was delivered over a

period of 15-20 sec in a dose of 10;gg (6.5 nmoles) dissolved in

10 ~l of artificial cerebrospinal fltild (CSF; aqueous solution

of 128.6 mM Nacl; 2.6 mM KC1, 2.0 mM Mgc12'and 1.4 mM CaC12).
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Following delivery of the peptide the intrathecal catheter was

flushed with 10 pl of CSF (catheter volume was 6-8~1).

Experiments on Anaesthetized Animals

Eac~ rat was anaesthetized with urethanë (2.5 g/kg i.p.)

and an intrathecal catheter was inserted as described above:-

A second catheter (Intramedic PE-60) was inserted into

the left common carotid artery facing the heart for direct

monitoring of arterial -pressure via a Statham transducer (Gould

P23 ID) connected to a Grass E5 polygraph. Heart rate was

calculated from this record. Systolic and diastolic pressures
~

were measured from the ratemeter records and mean arterial

pressure was calculated from these measurements. The number of

heart beats in a 10 sec period was counted, and that number was

multiplied by six to obtain heart rate in beats per min.

In some experiments a third catheter was inserted into

the right femoral vein for the intravenous infusion of drugs.

Rectal temperature was maintained at approx. 37 0C by a

heating pad.

After surgical preparation, a 30 min period was allowed

for stabilization. Baseline readings of arterial pressure and

heart rate were then taken over a five min period and substance

P was administered intrathecally as described above. Readings of

arterial pressure and heart rate were taken each minute ~or the

next 15 min, and then at 20 and 30 min.

An additional series of experiments was done on

anaesthetized animals to determine the pharmacological
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specificity of the effects of substance P: [D-pro2 , D-Phe7 ;

D-Trp9]-substance P, which has antagonistic properties in the. .
central nervous system (Fuxe et al.,·l982 Hanley, 1982; Piercey

et al., 1981; Stoppini et al, 1983; Yashpal & Henry, 1984) was

administered prior.to substance P to determine whether the

response tO'substance P was altered. Thus, in this series of

experiments, after.baseline readings of arterial pressure and

heart rate were taken, ~e antagonist was given .intratheca1ly in

a dose of 10 ~g in 10 pl and the catheter was flushed as above.

In a previous study.(Yashpal et al., 1982), this dose was found

to block totally the~ffects of substance P on tail flick

latency, when the two peptides were given intrathecally.

Measurements of arterial pressure and heart rate were taken at

one min intervals as before. Then, 15 min after administration

of the analogue, substance P was given and measurements were

taken each min for the next 15 min,. and then at 20 and 30 min.

As a control for [D-pr02 , D-Phe7 , D-Trp9]-substance P,

vehicle replaced the analogue solution. ~As a control for

substance P in this series, a small number of experiments was

done with angiotensin II (peninsula Laboratories; 10 ~g in 10 ~l

of CSF).

statistica1 Ana1ysis

Results from each rat were tabulated as changes in

arterial pressure and in heart rate from the baseline values

determined before intrathecal injection. Data for the figures

were summarised by takingthe mean + S.E. of the values from
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• each group of ratp at each min following administration. To

determine statistical significance··student's ~-test was applied

to compare the two values (substance_P vs CSF groups) at each

sample time after administration of substance P or of the•
analogue.

1

RESULTS

Our preliminary experiments demonstrated that the

diffusion of Fast Green dye over 30 min was limited to 2

segments rostrally and 3 segments caudally from the site of

injection. Furthermore, the rapid onset of the response at 1

min, as seen in earlier experiments (Yashpal et al, 1985;

Yashpal et al, 1982), suggests a local rather than a remote site

of action•.

Effects of Intrathecal Administration of Substance P in the

Awake Rat

Intrathecal administration of substance P to the awake,

restrained rat increased arterial pressure and heart rate. The

mean baseline value for systolic arterial pressure was 129.8 +

6.1 (S.E.M.) mmHg and for heart rate it was 362.5 ± 15.2 bpm (n
.

= 7). 'At one min after administration these mean values were

143.7 ± 6.0 mmHg and 400.5 ± 24.5 bpm, respectively. At five min

they were. 151.9 ± 3.8 mmHg a~d 379.5 ± 21.8 bpm, respectively.

The results are summarised in Figure 1. In some cases, some of

the dramatic behavioural responses described in a previous paper
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(Yashpal et al, 1982) were observed. It was concludea that the

cardiovascular response~ observ~d may be secondary to these

behavioural responses and therefore.that ~e unanaesthetized

animal is an unreliable model in which to study the

cardiovascular effects of intrathecal administration of

substance P.

Accordingly, the remaining results were obtained from

anaesthetized rats.

Effects of Intrathecal Adminis~ration of Substance P on Arterial

Pressure in the Anaesthetized Rat

Intrathecal administration of substance P to the

anaesthetized rat provoked an increase in mean arterial

pressure. In pilot experiments the magnitude of the response was

found to be related to the dose' administered; 5 fig produced a

smaller response than did 10 #g and 1 ftg barely altered

cardiovascular parameters. This effective dose range resembles

that found in other experiments at the spinal level (Cridland &

Henryt 1986; Yashpal et al., 1982). This effect was observed

one min after injection and progressed to about 4 min, when it

peaked. From this time there was a gradual decrease in arterial

pressure toward pre-administration levels. A characteristic

response from one animal is shown in Figure 2. In control

experiments, when CSF was given instead of the substance P

solution there was no change in either arterial pressure or

heart rate. The data from these experimentsare displayed
/

/

graphically in Figure 3A.
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Before administration the baseline systolic and

diastolic pressures were 117 ± 3.6 and 65 ± 3.1 mmHg,

respectively, i~ substance p-trl8ted rats and 113 ± 4.9 and 65"±

4.3 mmHg, respectively, in CSF-treated rats. At 4 min

post-administration, systolic and diasto1ic pressures were 136 ±"

4.7 and 83 ± 6.4 mmHg, resp~ctively, in CSF-treated rats. The

changes from baseline values were significantly different

between the two groups of rats at 2-20 min inclusive after

administration (2 min, p < 0.05; 3 min, p < 0.005; 4-15 min, p <

0.001; 20 min, p < 0.025; 1 and 30 min, not significant). Pulse

pressure remained constant throughout the sample period.

To pursue the possibility that substance P delivered

into the intrathecal space might pass into the circulation and

express its effects via a peripheral action, these experiments

were repeated, except that the same dose of substance P was

administered intravenously in a volume of 500 ~l of

physiological saline. Prior to administration the mean systolic

and diastolic pressures of the four animals~stedwere 124.5 ±

2.3 and 60.3 ± 3.9 mmHg, respectively. Changes from t~ese

baseline values were 0.5 ± 7~4, -4.0 ± 3.9, -8.0 ± 5.3 and -7.0

± 4.8 mmHg at l, 5, 10 and 15 min, respectively, after

administration.

Effects of Intrathecal Adminstration of Substance P on Heart

Rate in. the Anaesthetized Bat

Heart rate showed a roughly similar effect of substance

P. There was an increase which could be observed at one min
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after injection. This increase progressed to peak at about 9

min, after which there was a gradual decrease toward

pre-administration levels. Injection of vehicle alone had no

effect on heart rate. The data from these experiments are

summarized in Figure 3B.

Baseline heart rate was 323 ± 12.1 bpm in substance

P-treated rats and 332 ± 15.4 bpm in CSF-treated rats. Ae 9 min

after administration these values were 379 ± 18.5 and 328 ± 16.6

bpm in sub~tance p- and CSF-treated rats, respectively. The

values were significantly different between the two groups of

rats at 1-15 min, inciusive (p < 0.001).

Effects of Ganglion Block on Responses to Substance P

To puruse the possibility that substance P delivered

into the space might be passing into the~irculation and

producing its cardiovascular responses via a peripheral

mechanism the experiments were repeated in the same manner as

above except that prior to administration 'of 'substance P,

hexamethonium wa~ given systemically to block synaptic

transmission in sympathetic ganglia. The rationale was that this

would eliminate responses due to activation of sympathetiq

preganglionic neurones, leaving responses provoked via other

mechanisms.

Mean baseline systolic and diastolic pressures in the

four animals tested were 116.3 ± 12.1 and 45.0 ± 5.3 mmHg,

respectively. Administratio~of 10 mg/kg of hexamethonium i.v.

decreased pressure by approximately 20 mmHg. Subsequent,
224 -



admministration of substance P failed to alter s~stolic or

diastolic pressure. These results are illustrated in Figure 4A,

along with results obtained from six control animals in which

CSF replaced the substance P solution.

, Mean baseline heart rate was 378.3 ± 34 bpm in the

substance P-treated rats. Administration of hexamethonium.

increased heart rate by about 25 bpm but subsequent

administration of substance P failed to alter heart rate

further. These results are illustrated in Figure 5B.

Effects of [D-Pr~, D-Phe2, D-T~l-substance P on

responses to substance P

[D-pro2 , D-Phe7 , D-Trp9]-substance P was given 15

min prior to substance P in a further series of experiments to

determine whether the responses to substance P could be blocked

by an analogue with central antagonist properties in other

experimental paradigms. Mean baseline values of systolic and
\

diastolic pressures were 11~ 3.8 and 65 ± 3.1 mmHg

respectively, in rats given the..analogue (n = 7). In control

experiments, in. which vehicle solution replaced the analo'rue

solution, these same respective values were 109 ± 5.3 and 63 +

4.6 mmHg.

When substance P was given in rats pre-treated with CSF,

arterial pressure showed roughly the same response as in the

earlier experiments: an increase over the first 4 min followed

bY.~slow decline toward pre-administration levels. However,

when substance P was given after the antagonist this response
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was completely absent. The results are illustrated in Figure 6A.

The.differences between the two groups of animals were

statistically significant at minutes 1-15 inclusive after

substance P administration (p < 0.01).

Heart rate ~easurements revealed a similar antagonism of

the substance P response by [D-pro2 ,. n-Phe7 ,

D-Trp9J-substance P, yetthe typical response to substance P ..

was observed in rats pre-treated with CSF (Fig. GB). The results

are illustrated in Figure 4B. Baseline values for

analogue-treated and ·CSF-treated rats were 333 ± 10.5 and 3~8 ±
• >

15.3 bpm, respectively. Post-substance P.values were

significantly different at minutes 1-15 inclusive after

adm~nistration (p < 0.01).

The pharmacological specificity of the substance P....
analogue in blocking the responses to substance P was

investigated by administering it prior to the administration of

angiotensin II, which had effects on heart rate and arterial

pressure slmilar to those of substance P (Yashpal et al.,

submitted). The same protocol was followed as that described

above; 10 ~g of angiotensin II given to CSF-pretreated rats

increased both parameters. When the [D-pro2, D-Phe7 ,

D-Trp9J-substance P solution replaced the CSF, the effects of

angiotensin II were roughly the same.

other Effects of [D-pr~, D-Phe2~ D-T~J-substance P

[D-Pro2 , D-Phe7 , D-Trp9J-substance P had two

observable effects besides the antagonism described above.
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One of those effects was a transient increase in both

arterial pressure and heart rate. These responses may be seen in

Figure 5. Arterial pressure at one min after injection had

already reached a mean of 22 mmHg greater than

pre~administration levels and it remained distinctly greater

than the pressure in CSF-treated animals up to 4 min. At 9 min,

this situation was reversed and the mean of the arterial

pressure in animals given the analogue fell below that in

animals given CSF, remaining below to the end of the 15 min

period: An increase in heart rate also occurred, although it was

somewhat slower,reaching a peak at about 5 min, while a

decrease to below control levels did not occur. . ~

[D-pr02 , D-Phe7 , D-Trp9l-substance P also led to

death in about 60% of the animals given the analogue; animals

which died were excluded from the results listed above.

Furthermore, of the animals which were included in the results,

when substance P was given the mean systolic and diastolic

arterial pressures were 100.0 ± 5.9 and 55.0 ± 3.5 mmHg,

respectively, in those pretreated with the substance P analogue

while these pressures were 113.6 ± 6.2 and 60.7 ± 5.1 mmHg,

respectively, in animals pretreated with CSF. It should be noted

from~Figure 6 that recovery from the depressant effect of the

substance P analogue had occurred by 35 min after it~ _

administration.
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DISCUSSION

These results have demonstrated that the intrathecal

administration of substance P~to the ninth segment of the

thoLacic spinal cord increases arterial pressure and heart rate.

These responses are absent after prior administration of a

substance P analogue with central antagonistic properties (Fuxe

et al., 1982; Hanley, 1982; Piercey et al., 1981; stoppini et

al., 1983; Yashpal & Henry, 1984).' This antagonism appears to be

pharmacologically specifie to substance P because tha-increases

in arterial pressure and heart rate in response to similar

administration of angiotensin II (which fail to occur after

administration of hexamethonium; Yashpal et al., 1986) are not

blocked by the substance P analogue. In addition to

demonstrating that cardiovascular responses occur upon spinal

administration of substance P, the present study also provides

physiological evidence that the increase in the output of

catecholamines from the adrenals, which is induced by similar

'administration of substance P (Yashpal et al., 1985), may be

great enough to alter cardiovascular parameters •.
These responses to substance Pare probably due to an

action in the spinal cord because they were absent in animals in

which the sympathetic ganglia had been blocked and because

intravenous administration of substance P fails to produce

sim~lar effects. Furthermore, substance P is known as a potent

vasodilator peptide periphe~ally (Tenner et al., 1980). Although

the possibility exists that substance P activated or mimicked
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primary afferents (cf. Henry, 1976) and may have thus brought

about the cardiovascular changes, it seems more 1ikely'that the

action was on sympathetic preganglionic neurones. The basis for

this conjecture is twofo1d: substance P-containing terminals are

particu1arly dense in the intermediolateral nucleus of the
...

thoracic spinal cord (Oitirro et al., 1981; Holets & Elde, 1982;

Ljungdah1 et al., 1978} and substance P applied by
1

microiontophoresis onto these neurones causes excitation

(Backman & Henry, 1984; Gi1bey et àl., 1983):
•

These pressure responses were observed in unanaes-

thetized as we11'as in anaesthetized rats. The qualitative

similarity of the responses in the two types of preparation was

not surprising. In the first place, as the action is in the

spinal cord, relative1y few central synapses are involved in
• 1

mediating the effects compared to studies in which agents are

administered intracerebra11y. Secondly, of the various possible
o

anaesthetics, urethane has less of a disruptive effect on

baseline parameters and on cardiovascular reflexes as well as on

respiratory parameters than do other anaesthetics in the rat

(Armstrong. 1981; OeWildt et al., 1983; Sapru & Krieger, 1979).

The anaesthetized rat was considered to be better suited

to these expe~iments because in unanaesthetized rats the

cardiovascu1ar changes might be secondary to behavioural

responses elicited as the primary effect of peptide

administration (Hylden & Wilcox, 1981; Yashpa1 et al., 1982).

Furthermore, heart rate fluctuated widely after administration

of substance P in the awake rat. This is indicated by the
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,varying mean values as well as by the large error bars.~ Our

close attention to proving that qualitatively'similar results

are observed in both the awake and the anaesthetized animal, and

the choice of the unanaesthetized animal for these experiments.

prompts us to point out that most investigators who study
)

intracranial injection of peptides to determine their effects on

cardiovascular parameters do not repeat their experiments in

anaesthetized animals and these lnvestigators thereby fail to

ensure that the effects observed are not secondary to

behavioural responses (Berecek et al., 1983; Falcon et al.,
i'

1978; Feuerstein et al., 1984; Fisher et al., 1985; Unger et

al., 1981). , .

c

The time course of the changes in arterial, pressure and

heart rate in the anaesthetized rat is slower'than that of the. ,

responses observed upon electrical stimulation of lateral hom

neurones in the cat (cf. Henry & Calaresù, 1972). The onset of

the responses we have reported here may be delayed by the time

taken to diffuse from the surface of the spinal cord to the site
.

of action; in earlier experiments on the effects of substance P

on tail-flick latency (Yashpal et al., 1982) it was found that

the peak effect occurred at about one min after administration,

The very prolonged nature of the responses in the present

experiments, lasting 15-20 min, suggests a prolonged action of

the peptide on the spinal neurones, and is consistent with the

prolonged'effects on adrenal medullary o~tput observed in our

earlier experiments (Yashpal et al., 1985).
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•This very slow time course of the action of substance P

may be especially app~opriate for control of autonomie function,

where requlation is of events spanning seconds or minutes,

rather than tens of milliseconds as in the case of control of

somatic function. Thus, substance P may be viewed as a slow
,~

regulator of excitability in spinal pathways controlling

sympathetic output .

. The mechanisms by w~ich the changes in arterial pressure

and heart rate are elicited probably include direct neural

connections (cf. Henry & Calaresu, 1972). In addition, an·

adrenal compon~nt probably also exists because our earlier

studies demonstrated that intrathecal administration of

-;:: -._--

substance P at the ninth t~oracic leve~also increases adrenal

medullary output of free epinephrine and free norepinephrine

(~~shpal et al. 1985).

Increases in arterial pressure and heart rate upon

adminiStration of [o-pro2 , O-Phe7 , O-Trp9J-substance P. . . ....
suggest transient agonistic effects. Agonistic effects were not

observed in our earlier e~eriments in the tail-flick test, in

the male Sprague-Oawley rat (Yashpal & Henry, 1984). •

o

The later, prolonged decrease in arte~ial pressure

produced by the substance P antagonist suggests that'substance P

pathways impose a tonie excitation on the sympathetic ~
preganglionic neurones, at least in our experimental protocol.

This possibility is consistent with the earlier report (Henry &, '

Calaresu, 1974) that transection of descen~lng excitatory

autono~ic fibres'in the dorsolateral funiculi leads to a
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sustained reduction in arterial pressure and with the

hypotensive effects of intrathecal administration of another

substance P antagonist (Loewy & Sawyer, 1982).

The premature deaths of some rats after administration

of [D-pro2 , D-Phe7 , D-Trp9]-substance P may be ;elated to

the motor deficit reported previously when this analogue is

given intrathecally (Piercey et aL, 1981; Yashpal .& Henry,

1984) and recent evidence has been presented which suggests that

these effects of the antagonist may be due to local anaesthetic

actions (Post et al., 1985). Given the possibility that

substance P antagonists might be useful clinically for the

alleviation of essential hypertension it is important to select

an analogue which lacks central "neurotoxic" effects (Couture et

al., 1985).

As this paper was about to be submitted for publication

a closely related paper appeared by Keeler, Charlton and Helke

(1985). They used a synthetic analogue of substance P which is

more stable than the endogenous peptide. Their report confirmed

our earlier paIler (Yashpal et al., 1985) that intrathecal

injection of substance P to the lower thoracicspinal cord

increases adrenal output of norepinephrine and epinephrine.

Keeler et al. (1985) reported qualitatively similar

cardiovascular effects to those we report ~ere, except'that the

effects of the synthetic analogue last longer than those of the

endogenous peptide. Keeler et al. also_found that

pharmacological blockade of sympathetic ganglionic transmission

prevents the expression of these cardiovascular changes.
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In summary, our results support cumulative evidence

implicating substance P as a chemical mediator of synaptic

transmission in descending inputs to lower thoracic sympathetic

preganglionic neurones (Chan-Palay, 1979: Ditirro et al.,1981:

Helke et al., 1982: Hokfelt et al., 1978: Holets & Elde, 1982:

Ljungdahl et al., 1978). If this is the case, then our data

suggest that these inputs are distributed at least to
--~-

sympathetic preganglionic neurones in pathways regulating

arterial pressure and heart rate. Furthermore, our results

suggest that substance P mediates specifically an excitatory

synaptic input to these neurones, to bring about an increase in

arterial pressure and an increase in heart rate.
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Figure 1. Mean systolie arterial pressure (A) and mean heart

rate (B) in the awake, restrained rat (n = 8) induced by

substance P (SP)· injected intrathecally to the ninth thoracic

spinal segment. Substance P was given in a dose of 10 jJg

dissolved in artificial ~erebrospinal fluid. The abscissa

indicates time after administration. Vertical bars each

represent one S.E.M.
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Figure 2. Polygraph records showing arterial pressure response

'-to intrathecal administration of substance P in one rat.

Baseline record was taken just prior to administration. This

record spans 10 sec of the record. The dashed horizontal line

indicates 190 mm Hg. Heart rate at each respective time is

given below each record.
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Figure 4. Change in heart rate induced by CSF or substance P

injected intrathecally to the ninth thoracic spinal segm~nt of

the anaesthetized rat. The ordinate shows the mean change "in

heart rate as compared to the pre-admini~trationvalues. Details

are otherwise as in the legènd to Fig. 1.
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CHAPTER IV

SUBSTANCE P ADMINISTRATION TO THE SECOND ~ORAC~C SPINAL

SEGMENT INCREASES ARTERIAL PRESSURE, HEART RATE

AND ADRENAL MEDULLARY OUTPUT OF CATECHOLAMINES IN THE RAT

./
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ABSTBACT
•

Administration of substance P intrathecally to the second

thoracic spinal segment of the anaesthetized rat produced an

increase in mean arterial pressure and heart rate. This

administration also led to an increase in circulating level of

adrenaline and a non-significant increase in the levels of

noradrenaline. The increase in ârterial pressure peaked at

about three min after administration, reaching a value of 15

mrnHg above pre-administration levels; ~covery occurred slowly
-

over the next 10 min. ,The heart rate response was more rapid
/~

"in onset, with an increase of 35 bpm at one min after \ ~
---.) \..,

administration and reaching a peak of 5o-bpm at 5-10 min~J

recovery-also occurred slowly, with pre-application levels

being reached

one. minafter

,
only after 20 min following administration.

administration ad~naline and noradrenaline

At

levels were approximately 150% of baseline level~. Comparison

of these results with similar results obtained at the ninth

thoracic segment in an earlier study revealed a number of

interesting features. _ The level of significance attained by

the changes in catecholamine levels in the present study was

considerably less than the level of significance obtained when

stlbstance P was given at the ninth thoracic segment; this is

not surprising in view of the predominance of neurones

projecting to the adrenals from the lower segment. The

arterial pressure responses were roughly similar at the two

levels of the spinal cord. The heart rate response was
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considerably greater and more abrupt at the second thoracic

level~ again this is not surprising in view of the predominance

of cardioacceleratory sympathetic neurones in the upper rather

than in the lower thoracic spinal cord. Taken together, our

results sugges that substance P has a general ~xcitatory

c

, effect on sympatheti

thoracic spinal cord.

1

..

eurones throughout the length of the
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INTRODUCTION

Substance P has been implicated as a chemical mediator of

synaptic transmission onto sympathetic preganglionic neurones

in the spinal cord. Substance P binding sites are found in the

intermediolateral nucleus (Charlton & Helke, 1985; Maurin et

al., 1984; Takano and Loewy, 1984). The substance P-like

immunoreactive material which is also found there (Ljungdahl et

al., 1978) is concentrated in nerve terminals surrounding

sympathetic preganglionic neurones (Ditirro et al., 1981;

Holets & Elde, 1982). In electrophysiological studies,

substance P excites single sympathetic preganglionic neurones

in vivo (Backman & Henry, 1984; Gilbey et al., 1983).

We have recently reported that intrathecal .administration

·of substance P to the ninth thoracic segment of the

anaesthetized rat causes an increase in the adrenal medullary

output of catecholamines (Yashpal et al., 1985) as well as an

increase in arterial pressure and heart rate (Ya~hpal et al.,

submitted). Similar results have been reported by Keeler et

al. (1985) using a synthetic analogue of substance P. In view

of evidence that different functional types of sympàthetic

preganglionic neurones are found at different levels of the

spinal cord (Henry & Calaresu, 1972 and Holets & Elde, 1982),

1

our earlier experiments were repeated, but in this case

substance"P was injected at the,second thoracic segment rather

\

o
than at the ninth. )'The obJective was to

different responses to substance P would

249
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two,levels. OUr experiments were also dir~cted by the

possibility that comparison"of results from injectionat the

second with those from the ninth thoracic segment might yield

information on similarities or differences in cardiovascular

control by humoral (ie. via the ninth thoracic segment and
"

adrenal output) and by neural (ie. via the second thoracic

segment and the sympathetic pathways to the heart) mechanisms.

METHODS

Details of the experimental procedures are outlined in

previous chapters. The major points are outlined below.

Male Sprague-Dawley rats (approximately 350 g' were

anaesthetized with urethane (2.5 g/kg, i.p.). An Intramedic

PE-10 catheter was passed intrathecaily via a slit in the" dura

between the occipital bone and the atlas so that the inner tip

lay at the ievel of the second thoracic vertebra. This catheter

was used for intrathecal injection of substance P.

In experiments on plasma catecholamines, a second catheter

(PE-SO)' was passed via the left femoral vein into the inferior

vena cava so that the inner tip lay between the renal veins and

the heart. This catheter was used for the collection of blood.

In all experiments a catheter (PE-SO) was placed in the

left common carotid artery facing toward the heart for

continuous monitoring of arterial pressure via a Statham P23 ID

transducer connected to a Grass polygraph.

c 250 ..



o
Rectal temperature was maintained at approximately 370 C

with a heating pad.

EXPERIMENTS ON CATECHOLAMINES

Once surgical preparation was complete, 30 min were allowed

for stabilization. Then a 1.5 ml sample of blood was taken to

establish the baseline, 10 pl of substance P was administered

intrathecally 5 min later and three more samples of blood were

taken at one, 10 and, 30 min after substance P administration.

Substance P, from Peninsula Laboratories, was ~iven ~ver a

period of 15-20 sec in 10 pl of artificial cerebrospinal fluid

(CSF; for composition see Yashpal et al., 1985). Following

delivery of the peptide the intrathecal catheter was f1ushed

with 10jUl of CSF. In éontrol rats, CSF alone replaced the

substance P solution. Each sample of blood was replaced with

an equal volume of warm (37oC), heparinized saline.
,,~

Upon withdrawal, each sample 'of blood was placed into a

cooled heparinized Eppendorf tube and centrifuged at 2,000

r.p.m. at 4oC. The plasma was taken and stored at -70oC

until assayed for free catecholamines. These were quantified

j using high pressure liquid chromatography (Waters M45 solvent
j

delivery system, Bioa~alytical Systems LC-4 electrochemical

detector) using a method modified from Hallman et al. (1978).

The reliable detection limit was 0.5 ng/ml. ç-
Levels of adrenaline and noradrenaline in samples taken

after substance P or CSF administration were calculated as a
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percent of the respective baseline value for each rat. These

percent values were then averaged for each group of rats (ie.

substance P-treated vs CSF-treated) for each
~'

post-administration time. These mean percent values are
;j

(

plotted in Fig. 1. Student's ~-test was applied to compare the

two values at each sample time, for adrenaline and for .

noradrenaline.

EXPERlMENTS ON ARTERIAL PRESSURE AND HEART RATE

After surgical preparation at least 30 min were ~llowed for

stabilization. Then baseline readings of arterial pressure and

~ heart rate (calculated from the arterial pressure record) were

~aken over a 5 min period, and once these readings were stable,

substance P was administered via the intrathecal catheter as

described ~b~ve; either 5 or 10 pg were given. Control rats

were given CSF instead of the substance P solution. Readings

of arterial pressure and heart rate were taken each min for the

next 15 min, and then at 20 and 30 min.

Results from each rat were tabulated.as changes from the

baseline values of arterial pressure or heart rate. .Data for

the figures were summarized by taking the mean ± S.E. of the

values from eaçh group of rats, at ·each min following

administratio? Student's ~-test was used to c~mpare the two

values at each sample time.
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BESULTS

In our earliest experiments we found that over a period of

30 min, diffusion ôf Fast Green dye in the cerebrospinal fluid

was "limited to two segments rostral and three segments caudal

to the level of injection. We have also consistentlY iound

that injection of CSF is with6ut effect on plasma catecholamine

levels and on heart ratè and arterial pressure; similar control

experiments were done in the present series, and the results

are illustrated in Figs. 1,2 and 4. Furthermore, tbe rapid

onset of the responses at one min, as seen in these and in

earlier experiments (Yashpal et al., 1982,1985, submitted),

·fayours a local rather than a remote site of action.
~

EFFECTS OF SUBSTANCE P ON PLASMA LEVELS OF ADRENALINE

Intrathecal administration of la ?g of substance P

increased plasma~evels of adrenaline. This effect,

illustrated in Fig. l, was observed in the first post-injection

reading at one min, and persisted until la min. Mean baseline

values of adrenaline were 5.98 ± 1.42 (S.E.) ngjml plasma in

rats given substance P (n = "9) and 7.72 ± 2.20 in rats given

CSF (n = 8). At one min after injection r adrenaline levels in

substance P-treated rats had risen to 153.2 ± 22.9 % of the

baseline value, while those in CSF-treated rats had risen to
•

107.1 ± 6.5 % of the baseline value; this difference was not

statistically significant (p> 0.05). At la min, levels were
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142.2 ± 15.1 and 104.5 ± 7.4 % for substance P- and CSF-treated

rats, respectively; thisdifference was statistically,
significant (p<0.05). Thirty min after injection, the same

respective levels were 137.0 ± 11.9 and 100.3 ± 11.1% of

baseline; in this case thése values were also significantly

different (p< 0.05).·

EFFECTS OF SUBSTANCE P ON PLASMA LEVELS OF NORADRENALINE

Substance P also increased plasma lev~ls of noradrenaline

but in this case the change was not significantly different.

The results obtained re summarized in Fig. 1. Mean baseline

v~lueswere 2.04

rats (n - 8) and 2.76 ±

ml pla~ma from substance P-treated

ng/~l from CSF-treated rats (n =

\

8). Values of noradrenaline were calculated from the same

samples of plasma as were those of adrenaline, but in one.case,

assays of noradrenaline in substance P-treated rats were

unreliable, and hence the number of samples giving rise to the,
-....J

data is different'for adrenaline and.for noradrenaline. 'Mean

levels of noradrenaline'after administration of substançe P

were 164.0 ± 25.4, 159.2 + 27.1 and 147.8 ± 30.3 % of base. -
values at 1,10 and 30 min, respectively, and in rats given CSF

they were·111.8 ± 9.7,.111.4 ± 11.2 and 116.4 ± 11.0%,
•

respectively~ Differences between the two groups were not

-c
J,

statistically significant at any of the three

post-administration sample times.
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EFFECTS OF SUBSTANCE P ON ARTERIAL PRESSURE

These experiments were_initiated using 10jUg of substanceP

because this was the dose used in similar experiments at the

ninth thoracic segment (Yashpal et al., 1985). From the

initial ~xperiments at the second thoracic segment it was

concluded that more reliable results would .be 'obtained if the

dose were lowered to 5 pg. This conclusion was reached for a

number of reasons. One was that with a dose of 10 ~g the

increase'in heart rate was much greater than that observed with

the same dose in our earlier experiments at the ninth thoracic .

level, where the increase with this dose in heart rate peaked

at about 60 bpm. In contrast, the Mean peak response at the

second thoracic level was 120 bpm. A second reason was that

the c~anges in arterial pressure with 10 pg w~re inconsistent,

with some animals showing an increase and others showing a

decrease. Finally, in a number of animals there was a

considerable decrease in pulse pressure within the first few

minutes ,of substance P administration. This decrease ranged

from 20 to 30 % within two minutes. In fact, in one· animal

pulse pressure decreased from 50 to 30 mm Hg at 3 min

post-administration and to 15 mm Hg at 4 min; from this point

respiratory depression occurred and the arterial pressure had

fallen almqst to zero by the time the reading was to, be taken

at the fifth min. Figure 3 illustrates this dramatic

, cardiovascular response.
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± 4.9drespectively, in CSF-treated rats (n = 14) and were 120.0

The results obtained with 5 pg of.subs~ân~ce pare

illustrated in Figure 4. Hean arterial pressure.~howed a clear

increase, starting w~thin two min of administration of .

substance P and peaking at 3 min. From this time there was a

gradual decrease over the next 10 min toward pre-administration

levels. Whert CSF was given insteàd of t~e substance P solution

there was no change in arterial pressure.

Hean baseline systolic and diastolic pressures before

administration were 122.1 ± 4.S 9and 70.1 ± 5.3 mmHg,
~---

c

and 64.4 ± 4.1 mmHg, respectively, in substance P-treated rats

(n = 13). After administration, mean systolic and diastolic
~

.~

pressures at 3 min were 121.4 ± 5.2 and 68.9 ± 5.0 mmHg, : '.",

respectively, in CSF-treated rats and 133.8 ± 5.9 and 81.2 ± .,, .-
7.0 mmHg, respectively, in substance p-treated rats. Baseline

values were not significantly different betweenthe two ..

groups. However the mean changes from basellne arterial·

pressure for the two groups were different from two to '13 min

after administration (2 min, p< 0.25; 3-11 min, p< 0.005; 12

min, p< 0.25; 13 min, p< 0.05).

EFFECTS OF SUBSTANCE P,ON HEART RATE

c

Heart rate·was also increased byadministration of 5 ~g of 0

substance P. These effects are illust~ated in 'Figure 5. Upon

administration of substance P there was an immediate increase
.

in heart rate to about 35 bpm above baseline values. Heart
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rate continued to increase until it reached a peak at about 10

min, at which time it was about 55 bpm above baseline values.

From this time therewas a slow decrease until, at 30 min, the

response had ended. In the group of animals given CSF instead

of the substance P solution there was ~gradual tendency for

the heart rate to increase, but there was not the abrupt change

seen in thî:l.substance p-treated rats. ". ~'.' "

Mean heart rate before administration was 333.9 ± 11.9 bpm

in substance P-treated rats and 361.4 ± 13.2· bpm in cSF-treated

rats. At one min after administration mean heart ràte was

372.5 ± 17.6 bpm in substance P-treated rats and 364.3 ± 4.3 in

CSF-treated rats..At 10 min heart rate was 385.4 ±·11.9 bpm in

•substance p-treated rats and 368.1 ± 12.7 bpm in CSF-treated

rats. When changes from baseline values were compareà (these

changes are illustrated in Figure 5) the two groups were

significantly different between one and 20 min after

administration ·(one min, p< 0.01; 2-15 min, p< 0.005; 20 min,

p< 0.025).

,
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DISCUSSION

The results demonstrate that the intrathecal administration
0,.;- .....-, •

of substance P at the second thoracic level of the spinal cord, '-

increases arterial pressure and heart rate, and also induces

moderate increases in plasma levels of adrenaline and perhaps

also of noradrenaline. These responses began within one or two

minutes of administration. The rate of onset of these

responses is similar to that observed in experiments in which

the intrathecal administration of substance

nociceptive reaction time in the tail flick

P decreased
~

test in the rat

(Yashpal et al., 1982). ~he effects of substance P in the

" ... ~ .
present experiments are probably mediated via an action on

.substance P receptors because in earlier studies we have found

that the effects ±n the two experimental paradigms (i.e.

sympathetic activation and f~ilitation of tail flick) were

blocked by prior administration of substance P antagonists

(Yashpal & Henry, 1984; Yashpal et ·al.~ 1985, submitted;

Couture et al., 1985).
~

In addition, the cardiovascul~r

responses are blocked by administration of hexamethonium . .•
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of sympathetic

that its action

i~ suggested from the present
,,-,

play a'rolè in the regulation/' .

the upper thJracic spinal cord, and
1

output in

!<ubmitted). It

tubst~nce P may

(Yashpal et al., submitted; Keeler et al., 1985) suggesting

th'at'they ~ere due·to sympathetic activatio~. Finally, similar

~ympathetic activation occurs with the intrathecal
. u ~-

administration of substance P to the awake rat (Yashpal et a~.,

study, then, that

,.
--
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there is to increase this output.

Similar, but not identical effects to those.reported here

were observed when this peptide was administered intrathecally
\

at the ninth thoracic segment. Thes~ latter results have been

presented in two earlier papers (Yashpal et al., 1985,

submitted). l shali attempt a comparison of the effects of

substance P at th~ two spinal levels and then present an

interpretation of how substance P might be involved in the

control of sympathetic output at the spinal level.

Let me first' focus on the effects of substance P on heart•
rate and arterial pressure. In the present experiments there

was a clear increase in both parameters, beginning within one

to two min of administration, and lasting for 10 to 20 min.,
•While these results might be explained by an action on

substance P receptors in somatosensorY pathways in the dorsal

horn (Henry, 1976), it seems more plausible that the changes in

heart rate and arterial pressure are due to an action on

sympathetic preganglionic neurones. This latter possibiity,is
,

supported by the earlier reports that substance P-containing

terminals and receptors are found in the intermediolatera1

,nucleus (Çharlton & Helke, 1985; Ditirro et al., 1981; Holets &

Elde, 1982; Ljungdahl et al.; 1978; Maurin ~t al., 1984; Takano
~

et'al.; 1984) and that substance P applied by
, .~ .

microiontophoresis cnte these'neurones causès excitation

(Backman &,HenryL 1984; Gilbeyet al., 1983).

comparison'~f the results of the present study with those

obtained earlier at the ninth th9racic level demonstrates that
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'. at the second thoracic segment the increase in heart rate was. ,
much more abrupt than that observed at the ninth thoracic

level. This difference might,be attributable' to the greater

preponderance of neurones involved in direct (ie. neural rather

tha~ humora~) pathways to the heart in the upper rather than in

the middle thoracic segments (Henry & Calaresu, 1972).

Perhaps a more important difference bétween the result~,

the two spinal levels isthat substance P was considerably more

potent in elicitingthe heart rate response at,the second than

at the ninth thoracic level. This may be attributable to the

greater preponderance of neurones involved in·direct pathways

to the heart in the second thoracic segment. In the

experiments wherlV 10 pg were given in the present study the

cardiovascular changes were not necessarily only of greater

magnitude than those observed with 5 ~g; rather, the dramatic

increase in heart rate accompanied by the decrease in pulse

pressure while the mean arterial pressure remained roughly the

same, tempts the speculation that despite the mar~d increase

in heart rate, cardiac output/decreased profoundly. This could
. .

have been in part~o increased peripheral resistance as a

result of a marked in~ase i~ peripheral vasocd~~triction and

in part due to a reduced~ven~us return which CO~ld also have
1 •

• \ J
been due to the marked ~ncrease in peripheral vasoconstriction.

, With regard to the r~ults with plasma catecholamines,

these experiments have shown that there is a delayed increase

in adrenaline levels but that noradrenaline shows a

non-significant increase after substance P is administered into
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the intrathecal space of the second thoracic segment. These

results are in contrast to those obtained when substan~e P was

injected at the ninth thoracic level (Yashpal et al, 1985); in

this case substance·P administration clearly led to abrupt and

prolonged increases in plasma levels of noradrenaline and of...
adrenaline. The difference between the effects at thetwo

le~els of the spinal cord is' not surprising in view of the
, ~

observation that of the sympathetic preganglionic neurones

projecting directly· to the adre~als in the rat 72% lie in the
-~

seventh to twelfth thoracic segments of the spinal cord (20% in

the ninth thoracic segment alone) while only 9% lie in the

first four thoracic segments (Holets & Elde, 1982). Thus, on
"'.

the basis of numbers alone one could expect this difference te

occur.

comparison of the present results with those obtained a~
•

the ninth thoracic segment indicates that substance P activàtes
i

s~pathetic output àt the two levels. This lack of segmeQtal
.//

selectivity as Wèll as the lack of functional :Sèl~~ity

between neurones in pathways to the heart vs '~ose in pathways .

to the adrenals, suggests that substance P is a general

'·excitatory agent in spinal sympathetic pathways, sti~ulating

cardiovascular parameters both by neura~>(viidirect neural
-, -

·pathways) and by humoral (via activation of the adrenals)

mecha~isms. Finally, the roughly equal effects on arterial

pressure at the two levels is consistent with the earlier, , ,

observation that electrical stimulation of the

intermediolateral nucleus at levels below those at which
,.
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changes in heart rate were observed was still capable of

eliciting an increase in arterial press~re (Henry & Calaresu,

1972) •

In terms of the functional neuroanatomy of the substance
~ ,

P-containing neurones, 'althoughsome neurones ~n the

intermediolateral nucleus of the rat, may synthesize substance,P. . .-

•

/'
(Davis et al., 1984), most substance p-containing terminals ar~

probably associated with neurones projecting caudallyfrom a

region in the ventrolateral medulla. i:heVidence supporting

this conjecture is that this medullary egion has been

implicated in cardiovascular'control (Dampney & Moon, ,1980;

, Henry & Calaresu, 1974) and.neuronesin this region project

directlyto the intermediolateral hom (Henry & calalesu, 1974;

Caverson et al., 1983; Ross et al., 1984). Substance

P-containing ce1l bodies are found in the yentrolatera1 medulla

and these'neurones project ~o the intermeâiolatera1 nucleus

(He1ke et al., 1982; Lovick ,and Hunt, 1983).i Kainic acid

injection into this region induces the release of'substance P

into a perfusate of.the thoracic spinal cord (Taka~o et al., '.

1984). Injection of kainic acid into this region also produces

cardiovascular responses which can be blocked by the

intrathecal administration of a substance P antagonist (Doewy &

Sawyer, 1982) •

•
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The present results complement a growing body'of evidence

implicatin~ substance P as a chemical mediator of excitatory

synaptic transmission between fibres descending from brain stem

structures to sympathetic preganglion~-heuronesin the spinal
>.

cord, especially to those neurones specifically involved in

regulation of arterial pressure, heart rate and adrenal output

of cat:Cholamines. This evidencé raises the interesting

possibility that excessive activity in descending substance P

pathways to sympathetic neurones may underly some animal models...
of hypertension and may be involved in some cases of'es~ntial

"'hypertension in man.

J

'. 1
/

/
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Figure 1. Time effect curve for the effects of the intrathecal

administration of substance P (10 pg; n=8; .'--.') or of

artificial cerebrospinal fluid JCSF; n = 8; • - - e) on plasma

levels of noradrenaline in the rat. Administration was at the

second thoracic. spinal level. The ordinate shows nqradrenaline

'level expressed as a mean percentage of the baseline value in

plasma.extracted from blood which was taken'prior to the

intrathecal injection. 'Vertical bars each represent ± one..
S.E.M. The abscissa shows the ti~e after intrathecal

•
injection; the vertical arrow indicates the time of injection,

taken as 0 min. There was no statistical di~ference between

the .two groups at any of the three sample times •
... '.
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Figure 2. Time-effect curve for the effects of the intrathecal

administratièn of substance P (10 pg; n = "':; .--.--•• ) or of

artificial cerebrospinal fluid, (CSF;'n = 8~ •. - .) .on plasma

levels of adrenaline 'in the ~at. D~tails are otherwise as in
•

the legend to Figure 1. The' differences ba±ween .,the· two groups

were statistically significant at 10 and 30 min, but not at one
'"

C·

min post-administration (*, p<O.OS).
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Figure 3. Records from one rat illustrating the rapid·increase

thoracic spinal level.

, '

in heart rate and the
~

intrathecal injection. .

decrease in pulse pressure induced·by
1

of,10 pg oi substance P at the second

Each of the first tour reéords spans a

10 sec period. The last reco,rd on the right begins at'the same,

time scale and then is reduced so that the·total period covered

is about three min. Times' indicated above the ~ecords are min
v . .

"'after injection. The ca~brati~n at the left indicates

al:;terial pre~sure in llllllHg'.', .va1ues: below records are hèart l:;ate

,(HR) in beats per min and resp~ratlon rate (RR) in breaths per \
• ,.
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Figure 4.. Change in arterial pressure induced by intrathecal

injection of substance P (SP) or of artificial cerebrospinal .

'fluid (CSF) to the second thoracic spinal segment of the rat.

The ordinate shows the mean change in mean arterial pressure

frOID pre~administration levels. vertical bars each represent +
"-

one S.E.M. Readings at 2 to 13 min were significantly

different between the two groups of animals (~values are given

in the text).
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CHAPTER V

EFFECTS OF ADRENALECTOMY ON SYMPATHETIC ACTIVATION

INDUCED BY THE INTRAThECAL ADMINISTRATION OF SUBSTANCE P

IN THE RAT
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Abstract

Administration of substance Pinto the intrathecal

spAce of the ninth thoracic segment in the anaesthetized rat

leads to comparable increases in arterial pressure and heart

rate in adrenalectomized and in sham operated animals, whereas

similar administration of artificial cerebrospinal fluid is

without effec~on either parameter. These results suggest

that cardiovascular responses to spinal administration of

substance P may be elicited via purely neural mechanisms. In

view of our earlier finding that this administration of

substance P increases the adrena~ output of catecholamines,·'

this study also suggests that the contribution of the adrenals

to these responses is probably of only minor importance •

•
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INTRODUCTION

r
In earlier experiments we found that the intrathecal

administration of nanomol~ quantities of substance P at the

ninth thoracic spinal level produces sympathetic activation,

manifested as increases in heart rate and arterial pressure

(Yashpal et al., 1986a) as well as increases in the

concentrations of adrenaline and noradrenaline.in venous plasma

(Yashpal et al., 19~5). Our earlier studies have also shown

the

that when substance P is administered at the second thoracic

level,· the incr~se in heart rate is more immediate , while

increase in catecholamine output is less significant in

comparison to the changes in heart rate and arterial pressure

evoked by substance P administrati~n at the ninth thoracic

level (Yashpal et al., 1986b). These results suggest that while

neuronal components at the second thoracic level are

responsible for the increases in heart rate and arterial
•

pressure, a humoral component, via the adrenals, may

participate in the cardiovascular responses when substance P is
'oz

given at the ninth thoracic level.

The present study was done to investigate the...
involvement of humoral mechanisms via the adrenal glands in

<-
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mediating the cardiovascular responses to intrathecal

administration of substance P. The experimental approach was to

repeat thé earlier experiments at the ninth thoracic segment,

but in adrenalectomized rats. The objectivé was thus to provide

results which could be compared to the earlier results from
/"

rats with intact adrenal gland~.



EXPERIMENTAL PROCEDURES

~ As the experimental procedures are described in detail

elsewhere (Yashpal et al),. 1985, 1986a),

description will be.provided here. ~~.. .

Animal preparation,

only a brief

Male Sprague Dawley rats (approx. 350 g) were

anaesthetized witb urethane (2.5 g/kg, i.p.). Each rat was

implanted with an intrathecal catheter (Intramedic PE-IO),

which was passed through a slit in the dura at the

atlanto-occipital junction and positioned 50 that the inner

tip lay at the ninth thoracic vertebral level. The vertebral

spinous processes were used as a basis for determining the

length of catheter to be inserted. A second catheter

(Intramedic PE-60) was placed in the left common carotid

artery facing toward the heart for continuous monitoring of.

arterial pressure via a Statham P23 ID transducer, connected

to a Grass polygraph. Heart rate was calculated from the

arterial pressure records. Rectal temperature was maintained

at approximately 370 C with a heating pad.

AnimaIs were adrenalèctomized bilaterally, usi~g a

surgical method. A midline incision was made in the-abdomen,

and each adrenal gland was exposed. It was separated from its

surrounding tissue and removed manually. Sham operated

c
,

control rats were treated in the same manner,
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adrenal glands were not removed.

A stabilization period of 30 min was allowed 'following

surgical preparation. Baseline readings were taken over a five

min period and substance P (Peninsula Laboratories) was then

administered via the intrathecal catheter. The substance P
•

__ was delivered ,over a period of 15-20 sec in a dose of 10 ~g

(6.5 nmoles) dissolved.in 10 pl of artificia1 cerebrospina1

fluid (CSF; an aqueous solution of 128.6 mM-NaC1, 2.6 mM KC1,

2.0 mM Mgc12 and 1.4 mM CaC12). Fo11owing de1ivery of the

peptide th~ catheter was f1ushed with 10 #1 of CSF (catheter

volume was' 6-8 ~l). In control experiments CSF replaced the

substance P solution.

Results from each rat were tabulated as ch~ges from

the baseline values of arterial pressure or heart rate. Data

for the figures were summarized by taking the mean ± S.E. of

the values from each group of rats at each sample time

following administration. Student's ~-test was used to

compare the two values at each sample time. The level of

significance was taken as p~0.05.

. A number of experiments .was done at the beginning of

this project to determine the success of-the adrenalectomy.

In these experiments, a third catheter (Intramedic PE-60) was

passed via the left femoral vein into the inferior vena cava

50 that the inner tip lay between the renal veins and the

heart. This catheter was used for collection of blood. A

baseline.sample of 1.5 mi of blood was withdrawn and placed
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immediately into cooled heparinized Eppendorf tubes. This

blood was immediatel~ replaced with 1.5 ml of warm (37oC)

physioloqical saline, heparinized to keep the catheter
.

patent. After 5 miri, substance P was administered as above.

"Additional blood samples were taken at l, 10.and.30 min after

substance P administration. The four samples were then

centrifuged at 2,000 rev/min at 40 C and the plasma was

stored at -70oC until assayed for free catécholamines. This

was done by high pressure liquid chromatography using a Waters

M45 solvent delivery system and a U6K manual injector. ~he

assay itself was done with a Bioanalytic Systems LC-4

electrochemical detector. The detector had a sensitivity of

2.0 nA/V, and the reliable detection limit was 0.5 ng/ml.

RESULTS
G

Verification of the correct placement of th~ inner tip

of the intrathecal catheter was done in a number of pilot

experiments, in which a wire.was passed through the catheter

until its end reached the inner tip of the catheter. X-rays

'of the rats implanted this way confirmed the reliability of

our method for placement of the catheter (see Fig. 1 in ref.

Yashpal et al., 1985).
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We have also found that the diffusion

Green dye is limited to two segments rostral

,
of 10 IJq of Fast

and three

segments caudal to the level of injection. Furthermore, the

rapid on~t of the responses we observed suqqests that the

site of action of substance P in increasinq cardiovascular

parameters was in the spinal cord rather than at $ome remote

region, reached only after diffusion of the peptide.

Levels of adrenaline and noradrenalfne in the

adrenalectomized animals are presented in Table l, along with

similar values obtained in our previous study on intact

animals; the latter results are fully illustrated in our

earlier paper (Yashpal et al., 1985) and are presented here in

tabular form only for the con~enience of comparison.

Intrathecal administration of substance P increased

arterial pressure and heart rate both in sham operated

controls and in rats in which the adrenal glands had been

removed bilaterally. Administration of

either parameter. To satisfy ourselves

CSF had no effect on
/J

that "'the rats in each

o

group were comparable in terms of their arterial pressure and

heart rate before experimental manipulations, these parameters

were examined carefully. The mean baseline systolic pressures

were 114.4 ± 5.5 mmHg in the 7 sham operated animals, 118.0 ±

6.1 in the 8 adrenalectomized a~imals given CSF and 125.4 +

5;0 in the 15 adrenalectomized animals given s~bstance P; the

respective diastolic pressures were 65.0 ± 4.5, 70.0 ± 7.5 and
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-59.4 ± 5.2 mmHg. Similarly, ~e mean baseline heart rates

were 326.3 ± 17.9, 316.1 ± 7.3 and 317.5 ± 8.0 bpm,

respectively, in the three groups.

Adrena~Omy altered these parameters. A"fter the end

of the 30 min stabilization period, animals given CSF had a

systolic pressure of 105.6 ± 3.9

66.3 ± 2.2 mmHg and a heart rate

mmHg, a diastolic pr~ Of._,

of 325.1 ± 12.4 bpm. '"I~ '.

c

/) .
animals given substance P these :parameters were 103.3 ± 5.2

.
mmHg, 56.1 ± 3.7 mmHg and 326.~ ± 12.1 bpm, respectively.

Figure 1 illustrates the changes in mean arterial

pressure for the three groups of animals. Administration of

substance P in intact animals had.similar eff~cts to those

reported in our earlier report (Yashpal et al., 1986) in terms

of time course and ~agnitude of change. Administration of

substance P to adrenalectomized animals had a similar ~fect,

at least in terms of the magnitude of the change during the

first 10 min. After that time, the arterial pressure in the
a

intact animals tended to show a second increase; this later

rise in arterial pressure was also observed in our earlier

study. Administration'of CSF failed to change mean arterial

pressure. (It is perhaps also worth noting that arterial

pressure in these adrenalectomized animals did not change over

the testing period of the experiment, suggesting zhat changes

in arterial pressure induced by the adrenalectomy had.
stabilized during the recovery period). The difference

between the two adrenalectomized groups (i.e.
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substance P-tr~ated vs CSF-treated) was statistically

significant at one to 14 min (at 1 min, p<O.OS: 2-11 min,

p<o.OOS: 12-14 min, p<O.OS). The difference between the two

groups given substance P (i.e. adrenalectomized vs intact) was

statistically significant only at 15 min (p<O, 05) .'

Figure 2 illustrates the changes in heart rate in the
*

three groups of animals. Again, in intact animals the change

in heart rate was similar in time course and magnitude to that

observed in our earlier study. In adrenalectomized' animals

the increase occurred much more abruptly, even though the

magnitude of thèlincrease was similar hetween the intact and

the adrertalectomized animals at 5 min after administration.

Heart rate in CSF-treated animals tended to increase gradually

over the period of the experiment: this may have been due to

the adrenalectomy, because a similar gradual change in heart
,

rate was not seen in our earlier study in which CSF was given

to intact animals. The difference between the two

adrenalectomized groups, (substance P-treated vs CSF-treated)
/

-, was statistically significant for 20 min (1-15 min, p<O.OOl;
, - '~

20~0.025). The difference between the two groups gi~-~
)

substance P (i.e. adrenalectomized vs intact) was

~ statistically significant at 1 to ~min (1 and 2 min, p<O.Ol;

,3 min, p<0.025: 4 min, p<0.05) .

•

o
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DISCUSSION

The principal conclusion which can be drawn from this

study is that adrenalectomy does not abolish the

cardiovascular responses elicited by the intrathaeal

administration of substance P to the ninth thoracic segment of

the spinal cord and, therefore, that the cardiovascular

responses observed in the adrenalectomized animaIs were

elicited by neural.rather than humoral mechanisms.
-...

Substance p-containing terminaIs have been observed

surrounding sympathetic preganglionic neurones projecting
•

directly to the adrenal medullae, with the greatest \

concentration at the ninth thoracic level (Holets & Elde,

1983). As changes in arterial pressure in the adrenalectomized

animaIs were.presumably elicited exclusively via neural and

-not humoral mechanisms in the present study, a further

conclusion is that substance P-containing nerve terminaIs may

also be found surrounding sympathetic preganglionic neurones

in pathways to the vessels and to the heart •
•

~ It is not possible to reliably comment on the

impotf~ of the adrenal glands.in inducing changes in (

cardiovascular parameters, at least in the experimental

protocol used in these experiments. However, the similarity in

the magnitude of the responses elicited in intact a~d in

adrenalectomized animaIs might suggest that the humoral----

mechanism is relatively. unimportant in comparison with the·
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neural mechanism. It.is interest~ng in.this context that

Robinson· et al. (1983) stimulated extens~velY throughout the

hypothalamus and monitored arterial pressure and adrenal

output 'of catecholamines. They reported thàt there was no

consistent relationship between the secretion of
. ~

catecholamines and the concomitant change in arterial

pressure. In the pre~ent study, the second rise in arterial

pressure at 15 min in the intact animaIs raises the

possibility that catecholamines released from the adrenal

glands may have given rise·to the more. prolonged effèc~ in the

intact animaIs. In fact, a biphasic increase in arterial

pressure has been reported upon electrical stimulation of the

hypothalamus in the rat with intact adrenals (Eferakeya &

Bunag, 1974). In this case, the secon~but not the first.phase

was abolished by bilateral adrenalectomy, suggesting that the
, ~

eàrly phase of this biphasic response was elicited via neural

mechanisms and that the later phase was el~cited via humoral

mechanisms.

The 'more rapid onset of the increase in heart rate in

the adrenal~ctomized animaIs in the presen~~<T~y'is a curious
-

observation and may be due to a facto 'released by the

adrenals, which causes cardiac slowing .

. In view of the suggestion that cardioacceleratory

neurones lie in the first six thoracic segments (Henry &

Calaresu, 1972), the increase in heart rate elicited by neural

.~
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mechanisms from the ninth thoracic segment in the present

experiments suggests that there ~ay have been some diffusion

of substance P to at least the caudal part of the first~ix

~horacic segments. This is entirely feasible using the present

experimental paradigm, although the experim~ts described

above using Fast. Green dye suggest that this diffusion could

not have been extensiv&. The increase in arterial pressure

elicited via neural mechanisms from the region of theninth

thoracic segment in this study is consistent with the earlier

report that neurones involved in increasing arterial pressure

are also present at this level of the spinal cord (Henry" &
~.

calaresu, 1972).

Goadsby (1985) has recently repo~ed that the increase

in àrterial pressure elicited by electrical stimulation of the

locus coeruleus is completely eliminated by bilateral

adrenalectomy in the cat. These results suggest that some

central pressor pathways exist, whlch express their effects

exclusively via the adrenal glands. Our present study

suggests, on the other hand, that descending pressor and
,

cardioacceleratory pathways which release substance P at the

spinal level do not require tPe ·adrenals. Therefore,· one May

specula~e that the descending pathway from the locus coeruleus
o

does· not include ~ substance P-mediated syn~e at the spinal

level.

Holets and Elde (1982) have demonstrated a differential

distribution of neuropeptides in nerve terminals surrounding
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sympathetic pregan~lionic neurones, with somatostatin being

found only in terminaIs surrounding neurones to the adrenals

and with oxytocin being found only in terminaIs other than

those surrounding neurones to the adrenals. Substance P, on

the other hand, was observed surrounding both types of
•

sympathetic preganglionic neurone. In view of this varying

selectivity in the regulation of sympathetic function, the.
\

present results agree with the intimation from the study of

Holets and Elde (1982) that the functional role of substance P

in spinal autonomie pathways is to regulate sympathetic output

in a more global and general way, than to selectively act on

one particular population of sympathetic preganglionic

neurones, subserving one specifie function.

In conclusion, our results show that the intrathecal

administration of substance P to the ninth thoracic segment

increases heart rate and arterial pressure in the

adrenalectomized rat and that the magnitudes of the responses

are comparable in both adrenalectomized and intact groups,

although there may be differences in the time cou~ses of the

responses in the two types of animal. In view of our earlier

finding that similar administration of substance P increases

~drenal output of catecholamines, these results suggest that

substance P regulates the cardiovascular system at the spinal

level via both neural and humoral mechanisms, although the

extent of the ~?ntribution by humoral mechanisms·may not be

significant, at least in terms of .effeèting changes in heart

rate and arterial pressure.
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Figure 1. Change in mean arterial pressure induced by

substance P injected intrathecally to thè ninth'thoracic level

of the spinal cord of the adrenalectomized (K-----.) or of the

sham operat~d ( .- -. ) rat. Artificial cerebrospinal fluid

(CSF) instead of the substance P solution was given to a third

group of animaIs (.-----.). The ordinate shows the mean

change in mean arterial pressure as compared to

pre-administration values. The abscissa indicates time after

administration. Vertical bars each represent one S.E.M.
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Figure 2. Change in heart rate induced by substance P

injected intrathecally in the adrenalectomized (Il: .) or

in the sham operated (e - - e) rat. CSF replaced the

substance P solution in a third group of rats (~ .) .
Details are otherwise as in the legend to Figure 1.
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Table 1. Plasma levels of f~e adrenaline and noradrenaline
-

(nq/mL.plasma) in intact and adrenalectomized animaIs before and

after intrathecal adminis~ration of substance P.

Before

Administrat·ion

Noradrenaline:

% of p~eadministration levels

10 min

Intact (n-17) 153 .5±11. 8 142.8±10.7

Adrenalectomized (n=12) 2.9±0.5

Adrenaline:

115.8±22.9 113.5±17.2

Intact

Adrenalectomized

8.3±1.3

0.5±0.1
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154.8±10.8

91.7±19.0

•

141. 9±12.1

104. 0±11. 4
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CHAPTER VI

ANGIOTENSIN II STlMULATES SYMPATHETIC OUTPUT

BY A DIRECT SPINAL ACTION
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Abstract

Angiotensin II, administered intrathecally in a dose of

10 ~g to the ninth thoracic segment of-the spinal cord in the

anesthetized rat, produced a transient increase in systolic and

diastolic arterial pressures lasting 1-4 min. Heart rate was

also increased, but in this case' for more than 30 min. Neither

-- the change in arterial pressure nor the change in heart rate was

observed in rats given hexamethonium (10 mg/kg, i.v.) to block

.nicotinic transmission in sympathetic ganglia, suggesting that

the effects were mediated by spinal activation of sympathet~c

output. When angiotensin II was given i.v., only brief changes

in arterial pressure and heart rate occurred. Pretreatment of

the rats with [Sar1 ,Ile8]-angiotensin II three min prior te

angiotensin II blocked the increase in arterial pressure but not

the increase in heart rate. When the antagonist was given 15 min

prior to angiotensin II, the full pressor response appeared,

suggesting that the antagonist was effective for less than 15

min. In addition, when the antagonist was given 15 min prior to

angiotensin II, heart rate increased gradually over the 15 min

period, suggesting that it had agonist effects on mechanisms

regulating heart rate. These results suggest that angiotensin

II-activates sympathetic mechanisms by a spinal action and that

arterial pressure and heart rate are regulated differentially,

arterial pressure via a mechanism in which [Sarl ,Ile8]

angiotensin II is_an antagoni~t and heart rate via a mechanism

in which the analog is an agonist.
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INTRODUCTION

~dant evidence-has iMplicated angiotensin II in

central control 'of the cardiovascular systeM (for recent

references'see Corwin et al., 1985; Lappe & Brody, 1984; Guo &

Abboud, 1984; Freg1y et a1.,1984; Scholkens ,et al., 1982).

Although cardiovascular responses to central adMinistration of

angiotensin II are apparent1y Media~ed at least partly via

'sYMpathetic activation (Lappe & Brody, 1984; Unger et al.,

198~; Scholkens et al., 1982; Falcon et al., 1978),

physio1ogica1 studies di~ected at identifying the precise site

of action 1argely overlook the spinal cord as a possible site

for these sYMpathoexcitatory effects (Buckley & Jandhyala,

1977; Ganten et al., 1978; Scholkens et al., 1982)~

Recent anatomical studies, on the other hand, have

implicated the int~~diolateral nucleus (ILN) of the spinal
!

cord as a possible sïte for the actions of angiotensin II. In

an' early study uslng the indirect iMmunohistochemical Method,

Fuxe et al. (1976) observed a high density of nerve te=inals

containing iMmunofluorescent Material located in the ILN in the

rat. Ganten et al. (1978) subsequently confi=ed this

observation and added that this iMmunoreactivity was not

observed in nerve te=inals in the ILN one week after

transection of the spinal cord. ,AccuMulation of iMmunoreactive

material was observed in descending fibers in the lateral

funiculus, although the cell bodies giving rise to these

...
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descendinq fibers were n~t identified.' In colchicine-treated

rats, Brownfield et al. (1982) found that cell bodies containinq

immunoreactive material were restricte~~ maqnocellular cells·

in the paraventricular, supraoptic and accessory maqnocellular

nuclei of the hypothalamus in the rat, suqqestinq that

anqiotensin-containing nerve terminals in the ILN are

associated with fibers descending from the hypothalamus to
. '. ,

directly innervate spinal sympathetic neurons. Radioautographic

studies on central binding sites of anqiotensin also implicate

angiotensin in synaptic transmission in the spinal cord: While

the existence of high affinity binding sites for angiotensin in
-central nervous tissue has been known for some time (Sirette_et

_ aL.,1977;Bennet & Snyder, 1980; van Houten et al.,1980)

Mendelsohn et al. (1984) have recently demonstrated low

concentrations of binding sites specifically in the spinal grey

matter.

It was with this historical perspective that we

initiated the present physiological ~tudy. We have been

investigating the effects of the intrathecal administration of
'-

neuroactive peptides on cardiovascular parameters (Yashpal et

al., 1985, 1986a,b), and angiotensin was selected as one of the

peptides for study on the basis of the information outlined

above. We report here that administration of angiotensin II to

the ninth thoracic segment of the spinal cord induces a

reproducible, transient increase in arterial pressure and in

heart rate which is not mimicked by similar administration of

the delivery vehic~e. These responses are prevented by
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pharmacological blockade of synaptic transmission in
~

sympathetic ganglia. The prior intrathecal administration of

the angiotensin II antagonist-[Sarl ,Ile8]-angiotensin II

blocks the increase in pressure but'not the increase in heart

rate. Some of these results have been presented in abstract

form (Yashpal et al.,1985b).

METRODS

Male Sprague Dawley rats weighing approximately 350 g

were used. The~ were anesthetized with urethane (2.5 g/kg,

i.p.). An intrathecal catheter (Intramedic PE-10) was passed

through a slit in the dura at the at~anto-occipital junction

and p6sitioned so that the inner tip lay at the T9 vertebral

level, using spinous processes as landmarks. rn prelimiriary.
,

experiment?~he validity of this method for correct posftioning

of the inner tip of the catheter was confirmed in X-rays of

rats implanted with wire-filled catheters (see ref. Yashpal et

al.,1985, ~ig. 1). It was via this catheter that angiotensin

II was administered intrathecally.

A second catheter (Intramedic PE-60) was inserted into

the left common carotid artery facing the heart for monitoring·

ar~ërial pressure via a Statham transducer (Gould P23 ID)

connected to a Grass polygraph. Reart rate was calculated from

this record. Systolic and diastolic pressures were m~asured

•
from the ratemeter records and mean arterial pressure was
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calculated from these measurements. The number of heart beats

\J in a 10 sec period was counted and that number was multiplied

bY,six to obtain heart rate in beats per min.

In experiments where agents were administered
.

intravenously, a third catheter was inserted into the left

femoral vein facing the heart.
'.

,-

Animals respired spontaneously throughout the

~\experiments. Rectal temperature was maintained at
( ) . '

../ approximately 370 C by a heating patio

Experiments with intrathecal administration of angiotensin II

After surgical preparation, a 30 min period was allowed for

stabilization. Baseline readings of arterial pressure and
~

heart rate were taken over à five min PuriOd and angiotensin II'

(from.peninsula Laboratories, Belmont, Calif., or from Institut

Armand-FrapEier, Laval, Quebec) was administered intrathecally.
in a dose of 10~g delivered over a period o_f 15-10 sec in 10

~l of artificial cerebrospinal fluid (CSF; an aqueous solution

of 128.6 mM NaCl, 2.6 mM KC1, 2.0 mM MgC12 and 1.4 mM

CaC12). After delivery of the peptide the intrathecal

catheter was flushed wi~~ 10 fl of CSF (the internal volume of

th~ catheter was approximately 8 pl). With zero time being the
•

time of i~jection of CSF, readings of,arterial pressure and

heart rate were taken each minute for the next 15 min, an~hen
at 20 and 30 min.

... 297
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Experiments with intravenous administration ot anqiotensin II

In view ot the .possibility that angiot~sin II was producing

its effects via a peripheral mechanism after passage from the,

perispinal space intb the circulation, the experiments

describedab?ve were repeated, but angiotensin II was

administered intravenously ~ather than intrathecally. The

•

protocol was the same,'with a

of baseline values and, after

stabilization period, calculation
, "-

administration of the peptide•

o

calculation of arterial pressure and,heart rate at 1-~5 min and

20 and.30 min. The peptide was dissolved in 0.5 ml of saline

for these experiments and the ca~eter was flusRed with 0.5 mi

of saline.

1

Effects of intrathecal angiotensin II after sympathetic block

AS,a further check against the possibility that ang~ensin II

delivered into'the intrathecal space was passing to the

periphery to exert its effects, the experiments with

intrathecal administration were repeated, but in animaIs which

had been given a sympatbetic ganglion blocker;.the rationale

was that the persistence of a response to angiotensin 1I would

suggest that the peptide was indeed having a peripheral effect.

In these experiments, after baseline readings had been

taken, hexamethonium was administered via the venous catheter

in a dose of l mgjlOOg body weight (concentration of 10 mg/ml
. riin saline). Three more readings were taken at one m n

intervals, angiotensin II was administered intrathecally as
.

above, and readings were taken each min for the next 10 min.
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Intratbecal administration of rsarl,Il~l-angiotensinII An

additional series of experiments was done to determine wh~ther.
the responses to intratheca~ administration of ~ngiotensin II

could be blocked by an angiotensin II antagonist. The

antagonist chosen was [sarl, IleS]-angiotensin II; this

analogof angiotensin II has been shown to effectively block

effects of angiotensin II in the central nervous system
~

(Akaishi et al., 19S0). The protocol outlined above was

modified .so that the analog was adMinistered 3 çr 15 min prior

to angiotensin II. Thus, in this series of eXperiments, after

baseline readings of arterial pressure and heart rate were

taken, the analog was given intrathecally in a dose of 10 f-!g in

10'~1 of CSF, and the catheter was flushed as above.

Measurements of arterial pressure and heart rate were taken'at

one min intervals as before. Then, either 3 or 15 min after

this administration of the analog, angiotensin II was given and

'measurements were taken each min for the next 15 min and at 20 '

and 30 min.

As a control for
o

[sarl, IleS]-angiotensin II,

-c

vehicle replaced the analog .solution.

J

Statistical analvsis. Results from each rat were tabulated as. .
systolic and diastolic arterial pressures and heart rate (f~r

Figs. land 2) and as changes in these p~rameters from the

baseline values determined before intrathec~l injection (for

Figs. 3-6) . Data for the figures were summarized by taking
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the mean ± S.E. of the values from each group of rats at each,

min following administration. Student's ~-test for unpaired

data was used for comparison between the two values

(angiotensin II vs CSF groups) at each sample time after

administration of angiotensin II or of the analog.

RESULTS

pilot experiments demonstrated that the diffusion of
,

intrathecally administered Fast Green dye was limitéd to two

segments rostral and three segments caudal to the level of

injection over a,period of 30 min after injection. The rapid
~

onset of the res~onses in these and in previous experiments

(Yashpal et al., 1985, 1986a,b) suggests furthermore that

peptides administered intrathecally act at the level of

injection rather than at a remote site in the central nervous
, ,

system. Intrathecal administration of angiotensin II provoked

an increase in arterial pressure and in heart rate. There was

no effect on respiratory frequency, which remained at a mean

value of approximately ~OO breaths per minute. In our earliest

experiments it was observed that lower doses of angiotensin II

than 10ug provoked smaller cardiovascular responses or no

response at all. It was also observed that repeated injections

of 10ug of angio~ensin II, given at 5 min intervals, provoked

successively. smaller responses.
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Effects of intrathecal administration of angiotensin II

In terms of arterial pressure, both systolic and

diastolic pressures were increased. The results are

illustrated in Figure 1. This effect was transient, peaking at

2 min after administration and being over within five min.

Figure l also illustrates that.the intrathecal injection·o~ the

vehicle failed to alter systolic or diastolic pressure. Before

administration the mean systolic and diastolic pressures were

110 ±8.6 and 50 ±8.3 mmHg, respectively, in rats given

angiotensin II and 113 ±4.9 and 65 ±4.3, respectively, in rats

given CSF. At the peak of the response, the systolic pressure

had increased by approximately 15 mmHg and the diastolic

pressure by approximately 20 mmHg. When the changes in

pressure were compared between the peptide- and CSF-treated

rats, the changes were different between the'two groups at 1-3

min after administration (p< 0.05).

The heart rate response followed a different time
•

course. In this case, illustrated in Figure 2, the increase

began to plateau at about 4 min and the heart rate remained

elevated at the same approximate level throughout the rest of

the experimental period, to 30 min after administration. Prior

to administration the mean heart rate was 354 ± 13.4 bpm in

rats given angiotensin LI and 332 ±15.4 bpm in ràts given CSF.

Comparison' of the changes in heart rate between the two groups

•
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indicated significant differences throughout the 15 min after

administration (lmin, p< 0.025; 2-10 min, p< 0.005; 11-14 min,

p< 0.025; 15 min, p< 0.05).

Effects of intravenous administration of angiot~nsin II

To.pursue the possibility that angiotensin II delivered

into the intrathecal space might pass into the circulation and

express its effects via a peripheral action, these experiments

were repeated, except that the same dose of angiotensin II was

administered intravenously in a volume of 0.5 ml of

physiological saline. Prior toadministration the mean

systolic and diastolic pressures of the seven animaIs tested

were 123 and 56 mmHg, respectively; changes from these values

were 7, l, -5, -1 and 1 mmHg and 33, 16, 6, -3 and -3 mmHg,

respectively, at l, 2, 5, 10 and 15 min after administration.

Similarly, mean heart rate was 390 bpm before administration of

angictensin II and was 66, 66, 42, 18 and 0 bpm greater than

this baseline value at l, 2, 5, 10 and 15 minofollowing

administration.

Effect of ganglion block on responses to angiotensin II Results

from these experiments are presented in Figure 3. prior to the

administration of 10 mg/kg of hexamethonium i.v., mean baseline

systolic and diastolic pressures i; the four
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animals tested were 130 and 60 mmHg, respectively; the mean

baseline heart rate was 353 bpm. Administration of

hexamethonium had decreased mean arterial pressure by 17 mmHg

and increased heart rate by 32 bpm by the time angiotensin II

was given three min later. Figure 3 shows that both mean

arterial pressure and heart rate were unaltered by the

administration of angiotensin II in these animals pretreated

with hexamethonium systemically.

-Effects of [Sarl, Ile8J-angiotensin II on responses to

angiotensin II [Sarl ,Ile8]-angiotensin II was given at two

times prior to angiotensin II to obtain information on whether

the response to angiotensin II could be blocked and, when it

was found that this occurred, to determine roughly how long the

antagonism persists.

The antagonist was given three min prior to angiotensin

II in 7 rats. The mean systolic and diastolic arterial

pressures prior to administration were 121 and 53 mmHg. The

mean heart rate was 325 bpm. Administration of the antagonist

had no obvious effect on arterial pressure (Figure 5) and led

to a minor increase in heart rate (Figure 6). The subsequent

administration of angiotensin II failed to alter arterial

pressure. However, heart rate was increased by the

administration of angiotensin II. This increase had the same

general appearance as that illustrated in Figure 2.

When CSF was given instead of the antagonist there was
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no change in either arterial pressure or heart rate. However,

when angiotensin II was given to these animaIs it increased

both arterial pressure and heart rate; both responses followed

roughly the same time course as that of the responses obtained

in the absence of the antagonist (see Figures land 2).

When the antagonist was given 15 min before,the

angiotensin II, it failed to block the arterial pressure

response. This is illustrated in Figure 7. Heart rate showed
" .

a ve~ different pattern. The results are illustrated in

Figure 8. The antagonist led to a graduaI increase in"heart

r~~e", and the subsequent a~ministration of angiotensin II had

little effect on the slope of this increase.

DISCUSSION

This study has demonstrated that the intrathecal

administration of angiotensin II to the ninth thoracic spinal

segment increases arterial pressure and heart rate in the rat.

These responses fail to occur in animaIs in which synaptic

transmission in sympathetic ganglia is blocked, and therefore

the conclusion is reached that the responses observed did not

occur by the passage of the peptide from the intrathecal space

into the circulation. (This is an important issue because of

the possibility that the angiotensin II may have passed into

the circulation and then crossed back into the central nervous

system at a higher level; Van Houten et al., 1980, 1983.)
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Rather, it is ~uggested that the responses were due to an

action o;~ng~ns;n-II within the spinal cord. This action

was probably an excitation of ~pathetic preganglionic

neurones. As stated above in {he Introduction"high dens~ties

of nerve terminals containing angiotensin II-like matsrial are

found surrounding these neurons (Fuxe et al., 1976; Ganten et

al., 1978) and angiotensin II binding sites are found in the

spinal grey matter (Mendelsohn, et al., 1984). Sensory neurons'

are probably not involved in mediatingthe effects reported
/

here because angiotensin ~ is without effect on dorsal hom

neurons in vitro (Miletic & Randic, 1982) and, when angiotensin

II is given intrathecally at the lower lumbar level in a dose

similar to that used in the present study, it is without effect

on tail flick latency (R.A.c~idland & J.L.Henry,unpublished

observations).

with the presumption that sympathoexcitatory actions of

angiotensin II in these experiments would be on sympathetic

preganglionic neurons, it was felt that as no central synapses•
were involved in mediating the responses observed, these

experiments could justifiably be done in anesthetized animals.

In fact, with this approach, arterial pressure could be

measured reliably and easily by the direct method. In

addition, artifactual changes in cardiovascular parameters due

to changes in the behavioral states of an awake animal could be

avoi~ed. This latter point was considered to be important in

view of oehavioral responses induced by the intrathecal
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administration of~ome peptides (Yashpal et al., 1982; Hylden &

Wilcox, 1981; Seybold et al., 1982;-Piercey et al., 1981). We

also found in an earlier study (Yashpal et~1.,-1986a) that
~

anesthesia has n~ quantitative effect on cardiovascular

responses to intrathecal administration of substance P•
•Therefore, 'the experiments were aIl done in the anesthetized

rat. Urethane was used because it has less of a disruptive

effect on baseline parameters and on cardiovascûlar reflexes as

weIl as on respiratory parameters than do other anesthetics in

the rat (Armstrong, 1981; DeWildt et al., 1983; sapru &

Krieger, 1979).

The possibility was considered that angiotensin II may

have diffused to brain stem structures to produce the pressor

and cardioacceleratory effects reported here. However, this

possibility was considered unlikely for a number of reasons.

Injection of dye intrathecally to the ninth thoracic level

spreads no farther rostrally than the seventh thoracic level

over a 30 min period. Secondly, the time course of both the

pressor response, which peaked at 2 min after injection, and

the cardioacceleratory response, which had reached a stable

level by 4 min, was too rapid for diffusion of the peptide to

the brain stem. In addition, in other studies in w~
/

substance P was administered at the ninth vs the ~econd

~
thoracic levels, noticeably different responses were observed

at the 'two levels (Yashpal et al., 1986a, b). Finally, the rat

is unlike the dog (Ferrario et al., 1972; Gildenberg et al.,
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1963; Joy& Lowe, 1970), cat (Ueda 'et a1., 1972) and rabbit

(Dickinson &.Yu, 1963; Ferrario et al., 1972; Yu &

Dickinson, 1971), in which th area postrema seems to have a

prominent role in expressing the effects of

c

angiotensin II; in these other speci a greater pressor

response to angiotensin II occurs whe it is administered

into the vertebral rather than into th carotid artery

(Dickinson & Yu, 1963; Fukiyama 1971; Sweet et al.,

1971). In the rat, the e evoked by

administration of angiotensin II into the vertebral artery

is significantly less than that to administration of

angiotensin II into the carotid artery (Haywood et al.,

1980). Rather than the area postrema, it appears that the

principal site of the pressor action of angiotensin II is in

~he periventricular region of the preopti~ area of the
.

anteriër hypothalamus (Bealer, 1982; Brody, 1981; Johnson et

al., 1981).

Another aspect of the present stugy was the relatively

large amounts of angiotensin II used, compared to those used

in studies in supraspinal structures. In our experiments we

found that 10 pg yielded cardiovascular responses which were

clearly different from controls; in the case of

intracerebroventricDlar and intracerebral administration,

investigators typically use doses between 10 and 500 tg to
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elicit pressor responses in the rat (Akaishi et al., 1980;

Falcon et al., 1978; Hoffman & Phillips, 1977; Jones,

1984).

The results with the antagonist are, at face value,

unanticipated and perplexirig. In the first place, when the

antagonist was given three min prior to the administration

of angiotensin II it blocked the arterial pressure

response, but the heart rate response was essentially

indistinguishable from the response when CSF had been given

instead of the antagonist. When the antagonist was given

15 min prior to angiotensin II, very different results were

obtained: the antagonism of the arterial pressure response

was not observed, but there was not the same increase 1n

heart rate that was seen when the antagonist was given

three min before angiotensin II.

Several conclusions are offered on the basis of the

results from these experiments with-the antagonist.

Comparison of Figures 5 and 6 demonstrates that the

arterial pressure response was blocked but that the heart

rate response was not blocked. Figures 6 and 8 demonstrate

that the analogue of angiotensin II causes a slow increase

in heart rate; such an effect was not oberved on arterial

pressure (Figures 5 and 7). These comparisons suggest that
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the two cardiovascular responses are mediated via two different

types of receptor, the former being medi~ted via-receptors at

which [Sarl ,Ile8 ]-angioten&in II is an antagonist and the
_o~. "

latter being mediated via receptors at which this analogue is

an agonist~ The suggestion that the receptors mediating the

two cardiovascular responses are differentis consistent also

with the very different time courses of the two responses

iilustrated in Figures land 2;

Comparison of

furthermore, that the

Figures 5 and 7 demonstrates~

// "'"analogue blocked the ~ase in arterial
(

pressure at three min but tnet this effect was gone by 15 min .
.~

This period of effective blockade is shorter than that observed

with another peptide in earlier experiments; an analog of

substance P blocked the cardiovascular response to the
1

intrathecal administration: of substance P for at least 15 min

(Yashpal et al., 19B6a).

with ·regard to the effects of angiotensin lIon heart

rate illustrated in Figure B, it is difficult to determine

either way whether the analog blocked this response because the

increasing variation in the results in the control group made

com~arisons unreliable.

Our evidence suggests that angiotensin II s~mulates

sympathetic output via a spinal site of .action, presumably by

direct excitation of sympâthetic preganglionic neurons. In view
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of anatomical evidence that angiotensin II is, round in nerve

terminals surrounding sympathetic preganglionic neurons, our

results suggest further that a~tensin

excitatory chemical mediator of sy~ic

II may be an

transmission cnte

o

these neurons. Thus, in addition to its well documented .

effects on sympathetic output, via actions at supraspinal sites

which have recently been reviewed by Unger et al. (1985),

angiotensin II also seems to stimulate sympathetic output via a

spinal action.,
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Figure 1. Changes in mean $ystolic arterial pressure (upper

records) and mean diastolic a~terial pressure (lower records)
"", -~

induced by intrathecal administration of angiotensin ÏI.(A II; 10

j!g) or of artificial cerebrospinal fluid (CSF) to the ninth

thoracic spinal segment of the anesthetized rat. Angiotensin II

was given in a dose of 10 pg dissolved in CSF. The abscissa

indicates time after administration. Vertical bars each represent

one S.E.M.
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those given inearlier legends.
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CRAPTER VII

THYROTROPIN-RELEASING HORMONE INTRATHECALLY

INCREASES ARTERIAL PRESSURE AND HEART RATE

o
IN THE RAT

o
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ABSIRACT

In view of the presence of TRH-containing terminals '

around sympathetic preganglionic neurons and the excitatory,

effects of TRH on these neu~ons, this peptide was administered

in a dose of 6.5 nmoles intrathecally at the T9 and at the T2
,~

'spinal levels in the anêsthetized rat. At T9, TRH increased

arterial pressure and heart rate: these effects peaked at 8

min and decayed over the next 10-15 min. At T2, the pressor

effect was absent and the increase in heart rate was smaller.

Hexamethonium (10 mg/kg, i.v.) ,blocked the pressor effect at

T9 but did not bloék the increase in'heart rate. In view of

the fact that i.v. administration of 6_5 nmoles of TRH failed

.. '

c

to alter arterial pressure or heart rate, it is suggested that

the effects observed were due to an action of TRH in the

spinal cord, that the pressor effect is mediated in the

sympathetic ganglia via nicotinic transmission and that the

increase in heart rate is mediated at least partly via
"

,non-nicotinic transmission. Our results support the suggestion

that TRH is a chemical mediator of synaptic transmission cnte

.s~~pathetic preganglionic .neurons and lead to the further

suggestion that ,it participates at leaat in pathways

regulating arterial pressure and heart rate.

..
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INTRODUCTION

Although thyrotropin-releasing hormone (TRH) is

best known for its involvement in neuroendocrine .

regulation, of the pituitary-thyroiœ axis, its extensive

distribution throughout the central nervous system

(Brown~tein èt al., 1974; Jackson & Reichlin, 1974;

Oliver et al., 1974; White et al., 1974; Winokur &'

Utiger, 1974) has generated considerable interest in

other possible functiqns of this peptide. A large body of

Feuerstein et al., .1983; Lux et al.,' 1983; Holaday &

Faden, 1983; Amir et al., 1984). Furthermore, TRH has

been reported to alter arterial pressure and heart rate

when given intracisterna~ly (Beale et al., 1977) or

intraventricularly (Delbarre et al., 1977; Eriksson &

Gordin, 1981; Koivusalo et'al., 1979; Holaday & Faden,

1983; Somiya & Tonoue, 1984; Tsay & Lin, 1982; Brown,

1981), or more specifically into the medial preoptic'

nucleus of the hypothalamus (Feuerstein et al., 1983; Diz

& Jacobowitz, 1984).
o

Thefocus of the present study is the possible

involvement of TRH in regulat~on of arterial pressure and

heart rate at the spinal level. Little physiological
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evidence has accumulated on its possible role in spinal

autonomic pathways. This is surprising because

substantial concentrations of TRH are found in the

spinal cord, including moderate amounts in fibers and

terminals around sympathetic preganglionic neurons in

the intermediolatera~nucleus (Gilbert et al., 1982;

Hokfelt et al., 1975; Lechan et al., 1983). Besides

anatomical evidence, ackman and Henry (1984) have

reported that the ionto horetic application of TRH ante

single sympathetic prega~c neurons in the upper

thoiacic.spinal cord induces a slow and prolonged

excitatory effect.

,- The present experiments were therefore done to

determ}~e the effects on arterial pressure and heart
~~.. '

rate of intrathecal administration of TRH at the second

and ninth thoracic spinal segments in the rat •

METHon

Animal preparation.

Male.sprague Dawley rats weighing approximately

350 g were used. They were anesthetized with urethane"

(2.5 gjkg, i.p.). An intrathecal catheter (Intramedic

PE-10) wa~ passed through a slit in the dura at the

atlanto-occipital junction and positioned so that the

inrie~ tip lay at the second '~r ninth thoracic vertebral

\
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level (T2 and T9, respectively) using spinous processes

as landmarks, I~ preliminary experiments, .the validity

of this method for correct positioning of the inner tip

of the catheter was confirmed in X-rays of rats

implanted with wire-filled catheters (Yashpal et

al.,198S, Fig.l). It was via this catheter that TRH

was administered' intrathecally.

A second catheter (Intramedic PE-60) was

inserted into the left common carotid artery facing the

heart for monitoring arterial pressure via a statham

transducer (Gould P23 ID), connected to a Grass'
•

polygraph. Heart rate.was calculated from this

record. sys~olic and diastolic pressures were measured

from the ratemeter.records and mean arterial pressure

was calculated from these measurements. The number of

heart beats in a 10 sec period was counted and that

number was multiplied by six to obtain heart rate in

beats per_ min.

In experiments where agents were administered

intravenously, a third catheter (Intramedic PE-60) was

inserted into the left femoral vein facing the heart.

Animals respired spontaneously throughout the

experiments. Rectal temperature was maintained at

approximately 370 C by a heating pad •
•

330



/ Peptide Administration

After surgical preparation, a 30 min period was

allowed for stabilization. Baseline readings of

arterial pressure and heart.rate were taken over a five

min period and TRH- (from Peninsula Laboratories,

Belmont, Calif,) was administered intrathecally at

either the T2 or the T9 level in a dose of 6.5 nmoles

delivered over a period of 15-20 sec in 10/yl of

artificial cerebrospinal fluid (CSF: an aqueous

solution of 128.6 mM Nacl, 2.6 mM KC1, 2.0 mM MgC12

and 1.4 mM.caC12).

In preliminary experiments at T9, 6.5 nmoles

were.found to he the minimum dose which would reliably

alter arterial pressure and heart rate. As one of the

objectives of the study was to compare the relative

pote~cy of TRH at T9 and at T2, this was the only dose

used in this study. Doing so hàs allowed comparison on

the basis of magnitude of change. After delivery of the

peptide the intrathecal catheter was flushed with 10 f-!l

of CSF (the internal volume of the catheter was

approximately 8 ~l). with zero time being the time of

injection of C?F, readings of arterial pressure and

heart rate were taken each minute for the next 15 min

and then at 20 and 30 min.

·C
. .
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Block of ganglionic nicotinic transmission

To determine the involvement of ganglionic

nicotinic transmission in mediating any changes in

arterial pressure and heart rate, the'experiments with

intrathecal administrati~n were repeated but in animaIs

which had been given hexamethonium: the rationale was

that the persistence of a response to TRH woul~ suggest

either that the effects were mediated at least·partly

via non-nicotinic ganglioniè transmi~sion or ,that the

peptide-was pass'ing into the circulation and havinga ..
•

bromide ,

dose '0'was a~nistered via"the intravenous catheter in a
\ - ,

of lO mg/kg body weigh~ {concentration of 10 mg/ml in
\..J' , .

saline). Three more readings ~ere taken at one min

peripheral effec~. In .these experime~ts, after

baseline readings had been taken,. hexamethonium

intervals, TRH was administered intrathecailY as above,

and readings were taKen eac~ min for the

Effects of i.v. administration of .TRH

Given the possibility. that TRij was producing...
its effects via a peripheral mechanism after passage

from the perispinal space into'the circulation, the

experiments described above were repeated, but TRH,wa~

administered intravenously rather than intrathecall~.

The protocol wasotherwise the same as above. The

peptide was dissolved in 0.5 ml of saline for these

experimentsJune.
,

and the catheter was flushed with 0.5 ml of
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Statistical analysis

Results from each rat were tabul~ted as

systolic and diastolic arterial pressures and heart

rate. Changes in these parameters from the baseline

values were also determined. Data for the figure~ were

summarized by taking the mean ± S.E. of the values'from

each group of rats at each min following

administration. Student's i-test for unpaired data was
<---_.......---'--~ . J

used for comparison between the two values (TRH vs CSF

groups) at each. sample time after intrathecal

administration.

RESULTS

) , '

In preliminary exper~ments in which.10 ul' of

~Green, followed bY,l.O fl of CSF, was injected via

the intrathecal catheter it was observed that over the

30 min period of the experiment diffusion of the dye

waslimited to two segments rostral and three segments

addition, the
.. r
~n.prev~ous

caudal to the level of injection. In
)

rapid onset of the responses in these and

experiments in our laboratory (Yashpal et al., 1982,

1985) supports a local action near the site of _

injection rather than a more remote action elsewhere in

•
'.

c
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the central nervous system.

Intratheca1 administration of TRH had no effect

on respiratory frequency, which remained at a mean

value of approximate1y 100 breaths per minute.

Effects of TRH at the T9 1eve1

Intratheca1 administration of TRH at the T9

1eve1 increased both systo1ic and diasto1ic pressures.

This effect was transient, peaking at about 4 min after

administration. Simi1ar injection'of the vehic1e

fai1ed to alter systo1ic or diasto1ic pressure. The

mean values of diasto1ic and systo1ic pressures in the

14 TRH- and in the 13 CSF-treated rats at each samp1e

time are i11ustrated in Figure 1. When the mean value

at each samp1e time was compared to the mean value

before administration, the maximum change in systo1ic

pressure was +16.6 ± 3.5 mm,Hg and occurred at 4 min;

when~he changes in systo1ic arteria1 pressure were

compared between the two groups, these differences were

statistica11y significant at 3 to 10 min after

administration (3-8 min, p < 0.005; 9 min, p < 0.01; 10

min, p < 0.025). With regard to diasto1ic pressure,

the maximum change was +19.3 ± 4.3 mm Hg aad occurred

at 4 min; the respective values of the two groups of

anima1s were statistica11y different at 2 to 15 min

(2-13 min, p < 0.005; 14 min, p < 0.05; 15, min, p <

334
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Heart rate was also increased by administration

of TRH at the T9 level. The results are summarized in

Figure 2. In this case the i~rease

slowly, reaching the maximum dhange,

occurred more

+43.6 ± 11.9·bpm,

c

at 7 min. Prior to administration the mean heart rate

was 332.2 + 8.0 bpm in TRH-treated rats and 332.8 ±

15.4 bpm in CSF-treated rats. When the changes from

preadministration values were compared they were

significantly different between the two groups of rats
-.

at l to 11 min (1 min, p < 0.025; 2-7 min, p < 0.005; 8

min, p < 0.01; 9-10 min, p < 0.025; 11 min, p < 0.05).

Effects of TRH at the T2 level

with the same dose as used above, the effects
• •of TRH at the T2 level were,quantitatively different

from those at the T9 level.

The effects on arterial pressure are summarized

in the graphs of Figure 3. Systolic pressure in

TRH-treated rats (n=ll) was increased from 3 to 7 min

after administration (3 min, p < 0.025; 4-7 min, p <
----.

0.05). In this case, the maximum change was +7.6 ± 3.5
.

mm Hg at 3 min,while at this time the'change in

CSF-treated animals (n=14) was -l.~ ± 4.9 mm Hg.

Diastolic pressure was riot altered (p > 0.05 for the

difference between the two groups at ea'ck,

335
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postadministration time).· In the TRH-treated group the
\
'.

greatest change from the mean prea~nistration

diastolic pressure was +12.S ± 3.S mm Hg at 6 min after

administration of the peptide. In the CSF-treated

group the mean change at 6 min was :~. 9 ± 6.3 mm Hg.

Heart rate was increased significantly. Figure

4 .shows the changes from baseline heart rate for the·

TRH- and CSF-treated groups. The values were different

between the two groups during the period 1 to 20 min

after administration (1 min, p < 0.01; 2-3 min, p <

O.OOS; 4-11 min, p < 0.02S; 12-20 min, p < o.OS).

During, this period the greatest change in the

TRH-treated group was +32.S ±~ ~pm, at 3 min. At
, ~

this t~me the same change in the CSF~treated group was

+4.1 + 2.0 bpm.

Effect of nicotinic block on responses to TEH

These experiments were done following the same

general procedure as above, administering TRH at the. T9

'level, except that 3 min prior to administration ot TRH

intrathecally, hexamethonium was·given in a dose of 10

mg/kg i.v. to block nicotinic transmission in·

sympathetic ganglia. Mean baseli~e systolic and

diastolic pressures in the 6 animals tested were 129 ±

4.~ mm Hg and 'S2.0 ± 0.9 mm.Hg, respectively.

Administration of hexamethonium decreased these
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pressures by about 50 and 15 mm Hg, respectively.

o
Subsequent, administration of TRH at the T9 level failed

to alter systolic or diastolic pressure. These results

are illustrated in Figure 5 along with results obtained

from 6 control animals in which CSF replaced the TRH

solution.

Mean baseline heart rate in TRH-treated rats

#" was 384.7 ± J.9. 3 bpm. After administration of

hexamethonium heart rate increased hy about 8 bpm.

After subsequent administration of TRH intrathecally at

the T9 level, heart.~te increased gradualJ.y throughout

the following 8 min. Changes in heart rate after

administration of CSF followed a different pattern:

while the-effects of hexamethonium were similar, after

CSF was given heart' rate did not change. The results

obtained in these experiments are summarized in Figure

6.

Effects of intravenous administration of TRH

In view of the fact that TRH increased heart

rate in rats treated with hexamethoniùm, the

possibility was considered that TRH delivered into the

intrathecal space might have passed into the

circulation and.expressed its effects, at least on

peart rate, via a peripheral action. Therefore, the

earlier experiments were-repeated, except that the

337
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volume of 0.5 ml of physiological saline. Prior to

administration of the peptidè the mean'systolic and

diastolic pressures of the 4 animaIs used were 124.5 ±

11.2 and 62.0 ± 6.3 mm Hg, respectively. As can be

seen in the data summarized in Figure 7';' administration

o
same dose of TRH

/
was administered intravenously in a

of TRH fails·to change either systolic or diastolic

pressure.

The results with'heart rate are illustrated in

Figure 8. The mean heart rate before administration of
/

TRH was 347.3 ± 9.0 bpm.

to change heart rate.

Administration of TRH failed
~

•

This study has indicated that the intrathecal

administration-of 6.5 nmoles of'TRH to the ninth

thoracic spinal segment increases arterial pressure and

heart rate in the rat. Interestingly, the

administration of a similar quantity of TRH at the

second thoracic level increased heart rate but had a

relatively minor effect on arterial pressure; Systemic

administration of a similar dose changed neither

arterial pressure nor heart rate.

The arterial pressure responses elicited at T9

were greatly reduced 'or t.ailed to. occur altogether in'

animaIs in which nicotinic transmission in sympathetic

ganglia had been blocked, and therefore the conclusion
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is reached that these responses werefmedia~ed primarily

or exclusively via a nicotinic mechanism in the

sympathetic ganglia.

On the other hand, hexamethonium had no eff~ct

on the heart rate response. The response was roughly

similar in time course and magnitude in rats with

normal ganglionic transmission and in those in which

nicotinic transmission in sympathetic ganglia had been

blocked. Thus, the mechanisms increasing heart~ate

and thosé increasing arterial pressure must be

different~ While it is possible that TRH increased
\

heart rate via a peripheral action, this seems unI kely
•

because the peptide had no effect on heart rate w en.'
the same dose was given intravenously. This ack of

effect upon systemicadminis~rationis supported by the

study of Koskinen and Bill (198~J, in which even a much

higher dose, 2mg/kg i.v., failed to produce an effect

on heart rate in the rabbit. An increase in heart rate

has been reported with i.v. administr~tion of TRH in

the Sprague Dawley rat (Holaday & Faden, 1983) but in

this case 4 mg/kg wàs used, a dose 1400 times greater

than was used in our study.

In view of the existence of non-nicotinic

transmission in sympathet~c ganglia (Ashe & Libet,

1981; Blumberg & Janig, 1983; ~rown, 19677 Emme1in &

MacIntosh, 1956; Nishi & Koketsu, 1968;'Jan & Jan,'
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1982: ~choo et al., 1986) it is proposed that the

increase in heart rate produced by intrathecal

administration of TRH is due to the releas~ by the

sympathetic preganglionic neurons of a transmitter

besides acetylcholine. It ois unfortunate- for

comparative purposes that in previous studies in which

.heart rate increases were observed i~ response to- )

electrical stimulation of the intermediolateral nucleus

(Henry & Calaresu, 1972: Faden et al., 1978) effects of

ganglion block were not studied.'

On the basis of this evidence, then, it is

suggested that the cardiovascular responses producedby

intrathecal administration of TRH were due to an action

within the spinal cord. This actionwas prc~dbly an

excitation, of sympathetic preganglionic neurons for

several reasons. TRH is contained in fibers and

terminals around sympathetic preganglionic neurons ~n

the intermediolateral nucleus (Gilbe~ et al.; 1982:

Hokfelt et al., 1975: Lechan et al., 1983) and

iontophoretic application of TRH onto single
,.'.

sympathetic preganglionic neurons induces a slow and

prolonged excitation (Backman & Henry, 1984). Little

evidence exists for a possible ,action on sensory

neurons in the dorsal homo The TRH levels in this

region are relatively low compared to the lateral Ànd

ventral horns (Kanazawa et al., 1979: Kardon et al.,
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1977) and TRH-containing fibers and termina1s are not

found thera (Gibson et al., 1951; Gilbert et al., 1982;
.~

Hokfelt et al., 1975).

TRH has been suggested to play a ro1e in

regulati~of somatic motor output at the spinà1 1eve1
l,.. • ~

(Hokfe1t et al., 1975; Nicoll, 1977; Cooper & Boyer,

1978; Lighton et al., 1984), and this must be-
considered in the interpretation of the resu1ts of the

present study. However,such a mechanism canbe

-- exc1uded because motor effects have been observed on1y

-with much 1arger doses (Cooper & Boyer, 1978).

Furthermore, in the present study blockade of nicotinic

transmission in sympathetic gang1ia abolished the

pressor effects; if the responses had been elicited via

an action on the somatic motor system this manoeuver:

wou1d have been without effect.
,

Additional evidence exc1uding a somatic motor

mechanism lies in the fact that motor effects were not

observed in these experiments except for a mild tremor

which was s.een on some -occasions. -Finally, - in another

experimental paradigm in unanesthetized'rats, a simi1ar

dose of TRH i5 without effect on re5Çtion time in tail

flick -test (R.A: Crid1and and J.L. Henry, unpublished

observations)" a test which' invo1ves a local motor

response.

With regard to the difference in the effects of

/

"v-.....
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TRH at the ninth and second thoracic segments, ,the data
.-

suggest that there i& a greater preponderance of TRH
, .

receptors at the lower level and therefore that there

is a differential regulation of sympathetic out~t at

the spinal level, at least as far as control via

TRH-containing pathways is concerned.

This study was done.in anesthetized animals for

several reasons. As delivery of the peptide was at the

spinal level, few central synapses were involved. In

fact, if

neurons,

TRH acted upon sympathetic preganglionic" .as suggested above, then no central synapses

40nld be involved. Furthermore, with this approach,

arterial pressure could pe measured reliably and easily

by the direct method, and artifactual changes in

cardiovascular parameters due to changes in the

behavioral states of an awake animal could'be avoided.

This latter point was considered to be especially

important in view of the behavioral responses induced

by the intrathecal administration of some peptides
. -

(Hy1den & Wilcox, 1981; Dobry et al., ~981; Seybo1d et

al., 1982; Yashpal et al., 1982). Urethane was used as

the anesthetic because it has a less disruptive effect

on baseline cardiovascular parameters and reflexes as

well as on respiratory parameters than do other

anesthetics in the rat (Armstrong, 1981; De wildt et

al., 1~83; Sapru & Krieger, 1979).

~.
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The possibility was considered that TRH may
,.

have diffused to brain stem structuresto produce the

cardiovascular effects reported here. However, othis

possibility was considered unlikely for a number of

reasons. If ~he action had been in the brain stem, one

would have expected a greater effect at the second than

'at ~e ninth thoracic level, and the opposite was the

case. Secondly, TRH administration, either

intra~isternally (Myers et al., 1977) or selective~y

into the nuclei of the tractus solitarius (Carter &

Lightman, 1985; Feuerstein et al., 1983), induces

hypotension and either cardioacceleratioD (Feuerstein

et al., 1983) or no change in heart rate (Carter &

Lightman, 1985). In ~ddition, in our own experiments

injection of dye intrathecally to the ninth thoracic

level spreads no farther rostrally than the seventh

thoracic level ovèr a JO min period. Furthermore, the

time course of both the pressor response, which peaked

at 4 min after injection, and the heart rate response,

which peaked at 7 min, was faster than might be

anticipated for a mechanism which required diffusion of,

the peptide to the brain ste . larly rapid onset

c

of effect on adrenal output of catechola <nes has been

reported when substance P is adminis~ered a the ninth

thoracic segment (Yashpal et al., 1985).'

343

'"



o

•

In summary, our results support evidenê~

implicating TRH as a ch~ical mediator of synaptic

transmission in descending inputs to sympathetic

preganglionic neurons (Gilbert et al., 1982; Hokfelt et

aL, 1975; Lechan èt aL, 1983; Backman & Henry, 1984)

especially in lower thoracic segments. The effects of

TRH are central si?ce intravenous administration of

this peptide fails te produce any effect on arterial

pressure and heart rate. The results with hexamethonium

lead to.the suggestion that the arterial pressor

responses are mediated via predominantly nicotinic

transmission in the sympathetic ganglia a~d that the

increase in heart rate is.mediatëd~argelyvia
. "

non-nicotinic transmission. The results. from this study

"prompt the further suggestion that TRH is involvea in

functional pathways which include at least those

regulating arterial pressure and hea;:-t rate:----.
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CHAPTER VIII

EFFECTS OF SPINAL ADMINISTRATION OF SOMATOSTATIN ON

ARTERIAL PRESSURE AND HEART RATE IN THE RAT

\ ...
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..

- ..ABSTRACT

c

•

•
Adm±nistr~tion of 6.5 nmoles of somatostatin

i~trathecally to the spinal T9 level of the .anesthetized rat

provoked a transient.increase in systolic and diastolic

. pressures lasting from l to 5 min after administration.

Heart rate was depressed; this effect began'at 5-10 min and

lasted until 15-20.min after administration. At T2 there...
was a biphasic effect on both pressurè and heart rate,

consisting in each case of an initial increase followed by a

decrease below control.levels. The ti~e course of these

changes resembled that of the changes at T9. Adrenalectomy

did not abolish either pressure or heart rate responses to

administration of somatostatin at T9, suggesting that the

adrenals are not necessary for the expression of the

responses. In fact, the pressor effect was potentiated in

adrenalectomized rats and '~re was an initial

cardioacceleration resembling that elicited from T2. When

given i.v., somatostatin failed to have similar effects on

either arterial pressure or heart rate, suggesting that the

effects of intrathecal administration~eredue to an action

in the spinal cord. Blockade of nicotinic transmission in

sympathetic.ganglia with 10 mg/kg of hexamethonium bromide

i.v. decreased dramatically the pressure effects but the

heart rate response wa~-:;fected; these results suggest

----- .
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that the pressure responses were mediated by nicotinic

ganglionic mechanisms and that the effects on heart rate

were mediated at least partly by non-nicotinic ganglionic

mechanisms. Our results support evidence ~mplicating

somatostatin as a chemical meqJator of synaptic
',-

transmission in descending pathways to sympathetic neurons "

.in the spinal cord but demonstrate that the a.drenals are

not necessary for the expression of the effects of

somatostatin in the spinal cord.

•

1

~,

. \. ,
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IFm:lODUCTImi

The extrahypothalamic presence of somatostatin in

the central nervous system has prompted investigations

into .its·possible functional roles i~ the central nervous
. 1:.

systém. The total spinal cord content of somatostatin is

tpe second highest in the nervous system, being lower

only than that of the hypothalamus (Patel & Reichlin,

1978). Somatostatin in the spinal cord is concentrated

mainly in the dorsal horn (Hokfelt et al,'1976; Johansson

et al, 1984; stine et al, 1984) and here it may be

largely of primary afferent origin (Hokfelt et al, 1976;

stine et al, 1982), although some is alsoapparently of

intrinsic origin (Burnweit & Forssman, 1979; Dalsgaard et

al, 1981; Forssman, 1978). In addition, somatostatin

content in the sp~nal cord decreases caudal tO.a

transection~' indicating the additional supraspinal origin

• of some spinal somatostatin (stine et al, 1982).

Somatostatin positive'terminals can be found in

areas ventral to the dorsal horn (Burnweit & Forssman,

1979; Forssman, 1978), including,,:the thor~coJ.umbar

intermediolateral nucleus (DiTirro et al, 1983; Holets &

Elde, 1982; 'Massari et ,al, 1983;,Schoenen et al, 1985).
f

In particular, somatostatin is present in descending .
,

fibers to the spinal cord (Holets & Elde, 1982) which
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innervate predominantly sympathetic preganglionic neurons

projecting to the adrenal medullae (Hancock,. 1982: Holeta

have ·implicated somatostatin in sensory mechanisms

, & Elde, 1982). ~

While physiological studies at the spinal level

..

--../".

(Hy~en & Wilcox, 19a1~ Randic & Miletic, 1978: Miletic &
1,

Randic, 1982: Murase et al., 1982) little is known about
1

its involvement in re~lation of sympathetic output:
1

Elde et al. (1984) hav~ demonstrated that somatostatin'
1 •

immunoreactive fibers ~eferentially.occupythe neuropil

surrounding sympathoadrenal~eurons, and on this basis

they have suggested a specific role for

somatostatin7containing fibers in regulating aympathetic

output to the adrenal medulla. The present experiments

have attempted to investigate, in physiological

experiments,. the possible role of somatostatin in

regulation of sympathetic output.

Some of the data in this manuscript have.been

presented in abstract fo= .<Yashpal et al, 1986).

METHOD

Animal preparation;

Male Sprague Dawley rats, weighing approximately..
350 g were anesthetlzed wlth"uretharre (2.5 g/kg, 'Lp.)

and implanted with a~intrathecal~catheter (Intramédic

i
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~

PE-10) which was passed~ough a slit in the dura at the

atianto-occipital junctio~-and positioned 50 -that the

inner tip lay at the ninth or the second thoracic

vertebrallevel (T9 andT2, respectively). spinous

processes were·~sed as landmarks; in preliminary

experiments the validity of this method for correct •
,

positioning o~ the inner tip of the catheter.was

confirmed in x-r~-s ~f ra~s implanted with wire-filled
~ ~

catheters (Ya~al et al, 1~85, fig. 1). -It was via this

catheter that somatbstatin was administered intrathe-

cally.

A second catheter (Intramedic PE~63l-was inserted
.

into the left common carotid artery for monitoring

arterial prèssure via a'statham transducer (Gould PE23

ID), connected to a Grass polygraph. Heart rate was.,
calculated from this record. Heart rate was measured as,

~ thé number of beats in a 10 sec period multiplied by six

to obtain the rate in:beats per min.

In experim~nts in which agents were administered

intravenously, a third catheter (Întramedic PE-60) was

inserted'into the left femoral vein.

~-

,
J

\"
f \ -- \, ~-

Animals respired spontaneously throughout the
~

experiments. Rectal temperature was maintained'at
-approximatelY'370 C by a heating pad.
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Preparation of adrenalectomized animals.

In view of the evidence èited in 'the Introduction

implicating soma-êostatin specifically' in re'gulation of,

sympathetic output to the adrenals, the experiments

de$cribed above were repeated in adrenalectomized rats.
, ,

Thus, in addition to the preparation ~bove, some animals "

were adrenalectomized surgically'." A midline incision was ,

made· in the abdomen and each adrenal gLand ~as exp~sed•
..

'It was separated from its surrounding tissues andrremoved'

manually using a pair of forcep~. Sham operated control'
. '. -

"
, "--.:../'

•

ratswere treated in the same manner exce~t ~hat,the

adrenal glands were not removed.

pei: ide ,administration.

A, 30 min period,was allowed for stabilization
•

','

afte'r surgical preparation of the' ani~ls. Baseline

•readings of, arterial pressu~e and heart rate were taken

over ,a. five min period and somatostatin (from Peninsula

Laboratories, Belmont, Calif.) was administered

"intrathecally at either the T9 or the T2 level in a dose

of, 6 ',5 nmoles, del~veI:ed over a pet:iod of 15-20' sec in 10

~l of artificial cerebrospinal fluid (CSF; an ~eous,

solution of 128,.6 mM NaCl, 2.6 mM }<Cl, 2.0 mM Mgc1 2 and

1. 4 mM caClÛ" A,fter delivery of the peptide the
, .

intrathecal c~thet~r~,was flus~ed with 10 ~l of CSF (th~

,"

internaI, yol~e of the catheter was approximat:1Y~ )yI).
" ,

"

,0
'0

"

;'

.. ,.

-.< .
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with zero time being the time of injection of the '

flushing solution, readings of arterial pressure 'and

heart rate were taken each minute for the next 15 min and

then at 20 and 30 min.-
Block of ganglionic nicotinic transmission.

To determine. the degree of involvement of

nicotinic transmission in sympathetic ganglia in the

mediation of cardlovascular changes' observed,- experiments

with intrathecal administration of somatostatin were
:

repeated but in animaIs which had been given'

hexamethonium bromide (1 mg/IDD g body weight i.v.;

concentration of 10 mg/ml in saline). Thus, the

persistence of a response to somàtostatin would suggest

either that the effects were mediate~ via non-nicotinic

.ganglionic transmission 'or that the peptide was passing

into the circulation and having a peripheral effect .
.,

Experiments with i. v. ,administr.ation of somatostatin.

In view of the possibility that somatostatin.

might have been producing its cardiovascular effects by

passing into the general circulation and thereby

expressing its effects by a peripheral action, the

experiments were performed as usual except that

somatostatin was administered intravenously rather than

intrathecally. The protocol was otherwise the same,
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-...
except that the same dose of the peptide was dissolved in

0.5 ml of ~hysiological'saline for these experiments and

the catheter'. was flushed with 0-.5 ml of saline.

statistical analysis.

Results from each rat were tabulated as systolic

and diastolic arterial pressures and heart rate and as

éhanges in these pa~ameters from the baseline v.alues

determined before intrathecal injection. Data for the

figures were- summarized by taking the mean ± S.E. of the

values from ea,~h grqup of rats at eacll min following

administration.
J

Student's ~-test for unpaired data was

used for comparis~n between the two values (somatostatin

vs CSF groups) at each sample time after intrathecal

administration.

RESULTS

preliminary studies demonstrated that the"

diffusion of 10 pl of Fast Green dye, followed by 10 #1

of CSF, over 30 min was limited to 2 segments rostrally

...

c

and 3 segments caudally to the site o~ injection. In

addition, the rapid onset of the response to intrathecal

injection of peptides in these and in earlier studies

(Yashpal et al, 1982, 1985) suggests that the action of

somatostatin was local, rather than at a remote site.
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Intrathecal administration of somatostatin-had no

effect on respiratory frequency in'these experiments;

this frequency remained at a mean value of approximately

100 breaths per minute.

•
Effects of somatostatin at T9

Administration of 6.5 nmoles of somatostatin

intrathecally at the T9 lev~ransientlY increased both

systolic and diastolic arterial pressures. Initial

experiments were done using larger doses, which produced

a biphasic effect, consisting of an increase followed by

a decrease, the l~tter being such a profound and

prolonged depression of pressure that animaIs expired.

Therefore aIl the following data were obtairied using 6.5,

nmoles. Figure 1 shows the mean values for systolic and
, . l ,

d~astol~cpressure at each m~n throughout the

experimental period, for each of the two groups of rats

(somatostatin-treated, n = 10: CSF-treated, n - 13).

Mean values for these pressures during the period just

prior to peptide administration were 122.2 + 5.2 and 67.5

± 5.6 mm Hg, respectively! in the 10 animaIs tested. In

the control animaIs, in wh~ch CSF alone was administered,

these respective values were 112.8 ± 4.9 and 64.8 ± 4.0

mm Hg. In each of the two groups of animals'the changes

from baseline values were compared between the two groups

of animaIs; systolic pressure showed a significant
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increase over controls in somatostatin-treated animals at

1-2 min (1 min, p< 0.025; 2 min,-p< 0.01) and a decrease

at 10-15 min (10 min, p< 0.05; 11 min, p< 0.01; 12-15

min, p< 0.001); diastolic pressure showed an increase at

1-6 min (1-3 min, p< 0.01; 4 min, p< 0.005; 5 min, p<

0.01; 6 min, p< 0.025) and a decrease at 9 min (p<

0.05) • In somatostatin-treated animals the maximum

c

increase in systolic'pressure was +14.3 ± 4.8 mm Hg,

which occurred at 2 min after administration and the

largest decrease ~as -16.2 ± 2.9 mm Hg at 14 min; the

maximum increase in diastolic pressure was +17.0 ± ;.8 mm

Hg, which occurred at 3 min, and the largest decrease was

-9.1 ± 5.9 mm HG, at 15 min.

Effects on heart rate are illustrated in Figure

2. Baseline heart rate in somatostatin-treated rats was
•

341.6 ±.lY.5 bpm and was 332.0 ± f5.4 bpm in CSF-tr~ated

rats. Somatostatin administration did not change heart

rate initially, during the period in which arterial

pressure was i~creased. However, 10 min after t~

administration of somatostatin there was a decrease which

occurred 11-15 min after administration (11-13. min, p<

0.025; 14-15 min, p< 0.05) •

. Effects of somatostatin at T2

Baseline systolic and diastolic arterial

pressures were 130.9 ± 3.5 and 62.5 ± 2.6 mm Hg,

------
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resp~ctive1y, in somatostatin-treated rats en - 11) ànd

121.1 ± 4.2 and ?9.4 ± 5.3.mm ~g, respective1y, in
, -

CSF-treated' rats en = 14). The curve of the readings

obtained when the same dose of somatostatin was,

administered ~~.the second thoracic 1eve1 (shown in
. '.~.

Figure 3) resemb1ed that obtained at the ninth thoracic

1eve1. Thus, there was an 'initia1 increase in the mean

systo1ic pressure at 1-3 min (p< 0.05) and in mean

'diasto1ic pressure at 1-2 min (p< 0.01). Maximum

increases were: systo1ic, 11.6 + 4.5 mm HG at 2 min;

diasto1ic, 11.5 ± 4.1 mm Hg at 2 min. In each case the

increase was fo11owed by a decrease, systo1ic pressure at

7-15 min (7 min, p< 0.025; 8 min, p< 0.005; 9-15.min, p<

0.001; 1argest decrease of -31.9 ± 5.8 mm Hg at 13 min),

diasto1ic pressure at 5-13 min (5 min, p< 0.005; 678 min,
•

p<.O.OOl; 9-12 min, p< 0.025; 13 min, p< 0.05; 1argest

decrease of -10.3 ± 3.7 mm Hg at 12 min). By 20 min both

systo1ic and diasto1ic pressures had returned to normal

and were simi1ar in the somatostatin- and CSF-treated

groups.

Mean base1ine heart rate was 313.8 ± 8.8 bpm in

somatostatin-treated and 361.5 ± 15.5 bpm in CSF-treated

rats. The experimenta1 resu1ts are summarized in Figure

·4. From 2-7 min after administration thère was an

increase in mean heart rate, but the changes in

'somaêostatin-treated rats were not significant1y
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ditterent trom the changes in CSF-treated rats. At 3 min

after somatostatin had been,administered mean heart rate

had in~reased by 30.9-± 15.4 bpm. At 8 min heart rate

decreased past control levels and there followed aperiod

of depressed heart rate, reaching a level 13.8 ± 4.4 bpm

below the preadministration level (11-12 min, p< 0.005;

13 min, p< 0.001; 14 min, p< 0.01; ~5 min, p< 0.025). By

20 min, heart rate had returned to control levels.

Effects of adrenalectomy on responses at T9

The bi~asic appearance of the cardiovascular

responses to intrathecal administration of somatostatin

and the prolonged nature of the second phase suggested

the possible mediation of a humoral mechanism, and the
r'

adrenals werethe most likely source of such a mechanism,

particularly in view of the evidence cited above that

somatostatin-containing nerve terminals are found

distributed preferentially around sympathetic

preganglionic neurons to the adrenals. Therefore the

experiments at T9 Were repeated in adrenalectomized rats

to determine whether the configuration of the responses

would be different from those derived from rats with

'intact adrenals.

Baseline systolic and diastolic arterial

c

pressures before and after

Table 1. Administration of

adrenalectomy are\~::. in

somatostatin had biP"~iC.
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effects on these pressures, simi1ar to the effects in

intact rats. Figure 5 i11ustrates the resu1ts. As

before, the effects were biphasic. In this case the

initial increases in systolic and diasto1ic pressures

were greater than those in rats with intact adrena1s; the

maximum increases occurred at one min after peptide

administration, with systolic pressure increasing by a

mean of 22.3 ± 3.3 mm Hg and diasto1ic pressure by 25.8 ±

3.6 mm Hg. The increase in systolic pressure in

somatostatin-treated rats (n=l5) was sIgnificantly

different from the change in

1-3 min after administration

CSF-treated rats (n=8) at
, .

(1 min, p< 0.001; 2-3 min,

p< 0.05); the subsequent decrease was significant at 9-13

min (9 min, p< 0.025; 10-12 min, p< 0.01; 13 min, p<

0.025). The greatest decrease was 21.7 ± 4.3 mm Hg at 11

min. similar1y, diasto1ic pressure was increased at 1-2

min (1 min, p< 0.001; 2 min, p< 0.005) and was decreased

at 6-13 min (6 min, p< 0.05; 7-13 min, p< 0.025); the

greatest increase was 25.8 ± 3.6' mm Hg, at 1 min, and the

greatest decrease was 18.9 ± 3.9 mm Hg, at 11 min.

Heart rates before intrathecal administration are

a1so given in Table I. The effects of administration,

i11ustrated in Figure 6, ·resembled those observed when

somatostatin was administered at T2 in intact rats,

rather than those when it was administered at T9; after

the peptide was given heart rate increased graduà11y over
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4 min, peaking at a meanmaximum change of +33.6 ± 9.7

bpm (p< 0.05). From this time heart rate declined a

.t...

nadir at 12 min, but this decrease was not s istically

c·

difterent from the values from CSF-treated Fats.

Effects of nicotinic block on responses at T9

Further experiments were done fol~owing the same

general procedure, administering somatostatin at the T9

level, except that prior to administration of the peptide

intrathecally, hexamethonium was given intravenously in a

dose of 10 mg/kg to block nicotinic transmission in,-.
sympathetic ganglia.

Méan baseline systolic and diastolic pre~sures in

the 6 animals tested were 128.0 ± 8.6 and 59.3 ± 5.0 mm

Hg, respectively. Intravenous administration of

hexamethonium decreased these pressures to means of 78.3

± 1.8 and 41.6 ± 3.0 mm Hg, respectively. After

subsequent intrathecal administration of somatostatin,
systolic pressure rose slightly to a maximum of 87.5 ±

4.1 mm Hg and diastolic pressure to a maximpm of 53.3 ±

5.0 mm Hg. The full results are illustrated in Figure 7

along with results obtained from the 6 control animals in

which CSF replaced the somatostatin solution.

Mean baseline heart rate in somatostatin-treated

rats was 356.7 ± 16.7 bpm. Aft/r administration of

hexamethonium heart rate decreased by 2.3.± 13.7 bpm.
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Following subsequent administration of somatostatin

intrathecally heart rate increased to peak at a mean of

16.3 ± 16.4 bpm above preapplication levels. Changes in
~ ,

heart rat~ after administration of CSF followed a

~ different pattern: while the effects of hexamethonium

were similar, after CSF heart rate did not change. The

results obtained in these experiments are summarized in

Figure 8.

·Effects of intravenous administration of somatostatin

As a means of pursuing further the possibility

, that-somatostatin might bQ expressing its effects via a

peripheral action an additional series of experiments was

done in which the same protocol was fol1owed except that

somatostatin was administered intravenously. The effects

on arterial pressure are il1ustrated in·Figure 9. Prior

to administration the mean systolic and diastolic

pressures of the 4 animaIs used were 134.0 ± 9.8 and 58.3

± 13.2 mm Hg. 'While there may have been a minor increase

in arterial pressure at Qne to 2 min after peptide

administration there.was not the type of response

"""'observed upon intra~cal administration ..\ .

Simi1ar1y, whe~tostatinwas administered

i.v. it had no effect on he~~rate except for a gradua1

but continuous increase whicr( did not resemble the time

courses of the changes in heart rate observed when the
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pePti~ intra~eca11y (see'Figure 10).

Base1ine heart rate was 376.5 ± 36.1 bpm in these

anima1s •.

DISeuSSION
.'

An overa11 view of the resu1ts of this study

indicates th~t the intratheca1 administration.of 6.5 nmo1

of somatostatin to the s~ina1 cord.has a biphasic effect

on arteria1 pressure and heart rate. As stated\above,,-
...-.'

this dose wâs the maximum which.1ed t~ the data presented

here because higher doses produc~d such a profound

hypotension that many of the.animals expire efore

end of the exPeriment. Thefull(biPha c nature of

changes was not fu1·1y manifested a the upper or lower

thoracic segments, but became more apparent when the data

are considered together. ThuSv at T9 somatostatin

induced a short ~ime course increase in arterial'pressure
/

but a slower decrease in heart rate, When so~afostatin
•,

was given at the T9 level in adrenalectomized anima1s the
\

pressor effect was observed but this was fo11owed by a

period of depression, particu1ar1y of diasto1ic

pressure. More striking1y, heart rate'\in these animal~

1>was increased, fo1lowing roughly the same time c~as

the pressor effect. On the other hand depressiôri of the
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heart rate was not apparent in these animals. When

somatostatin was given at T2, the pressor effects were

smaller in magnitude, although the depressor response and --

the changes in heart rate followed the same time course.

The probable site of action of somatostatin in ---
'ellciting the responses observed is the spinal cord. In

the first place, systemic administration of the peptide

failed to mimick the responses.observed when it-was given

intrathecally. In addition, the p~ssibility was

considered that the injected pep.ide diffused or was

carried rostrally to the brain stem; this isa

particularlY'important possibility in view of the recent

interesting observation that mi~~~jectrrn of

somatostatin and related peptides into t~nuclei of the

tractus solitarius induces changes i~arte~ial pressure
'-..--/ .

and heart rate (Koda et al, 1985). HOwever, there is

evidence to suggest that the effects at the spinal level

are mediated via different mechanisms.from those provoked

from the-nuclei of the tractus solitarius, and therefore

,

that the effects observed in the present study were not

due to passage of the plptide ta the brain stem. In the

first place, the effects of somatostatin administration

into the nuclei of the tractus solitarius were only

hypotension and bradycardia while those observed in the

present study were biphasic, consisting of initial

pressor and tachycardie effects, followed by depressor

o \

"
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and bradycardie effects. ·In addition, diffusion of dyé

in the intrathecal space never exceeded two segments

rostrally"throughout 30 min, the period of-~he

experiments. Therefo~t is suggested that the effects

observed in our study were due to a-spinal action.
,"Anesthetized animals were used in this study for

specifie reasons. As delivery of the peptide was at the

spinal level few central synapses could have been

involved in mediating the effects observed. In fact, if

somatostatin acted upon sympathetic preganglioniè

neurons, a possibility in view of the fact that at least

some types of these neurons are surrounded by nerve

terminals containing somatostatin (Holets & Elde, 1982),

then-no central synapses would be in~~ved. Furthermore,

in anesthetized animals, artifa~ c~es in

cardiovascular parameters-dùe t9 changes in the

behavioral state of an awake an~mal could be avoided;

this point is ccnsidered importa~ in view of the (

behavioral responses induced by ~e intrathecal
)

administration of some peptides JHylden & wilcox, 1981;

Dobry et al, 1981; Seybold et al. 1982; Yashpal et al,

1982). Urethane was used as the anesthetic because it

has a less disruptive effect on baseline cardiovascular

parameters an~ re~lexes, as well as on respiratory

parameters than do other anesthetics in the rat

(Armstrong, 1981; De Wildt et al, 1983;· Sapru & Krieger,

j
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1979) and because..this was the anesthetic used in the

study cited above in which somatostatin. was injected into

the nuc1ei of the tractus solitarius (Koda et al, 1985.).

Adrena1ectomy did not abo1ish the effects of

administration of somatostatin at the T9 1eve1, and

therefore it is conc1uded that the adrena1s are not

necessary for the full response seen when the peptide was

administered at this 1eve1 in intact anima1s. These

observations are not consistent with the possibi1ity

suggested by .Elde et al. (1984) of a specifie role for

somatostatin containing fibers in regulating sympathetic l'
output to the adrenal medulla .. In fact, the increases in

arterial pressure and in heart rate were greater in

adrenalectomezed than in intact animals, and there may be

a depressor and cardioinhibitory agent released from the

adrenals, in addition to the catecholamines.

Hexamethonium reduced the pressure responses to
"

the point that it seems likely that they are mediated

primarily if not exclusively via nicotinic transmission
....

in the ganglia. After hexamethonium there was a mean

increase in heart rate of 15 bpm; this was greater than

in the intact rat and'less than in the adrenalectomized

rat. In view of the existence of non-nicotinic

transmission in sympathetic ganglia (Ashe & Libet, 1981;

Bach90 et al., i986; Blumberg & Janig, 1983; Brown, 1967;
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Jan & Jan, 1982: Nis~i & Koketsu, 1968) it is suggest~d

that the cardioacceleration m~ have been mediated at,

~east partly via non-nicotlnic transmission in

sympathetic ganglia.

The basis for the biphasic nature of th~ effacts

observed in this study is not readily· apparent. .It does

not seem to be due to mixed central and peripheral

actions because systemic administration of somatostatin

did net mimick either phase of the responses. It

similarly does not seem to be due to mixed fleuraI and

humoral mechanisms because both phases·were present in

adrenalectomized rats. It is suggested, then, that the

biphasic nature of the responses observed may have been

due to two actions of somatostatin in the spina~ cord,

one of which ·would most likely De due to a direct

excitatory action on sympathetic output. (Electro

physiological studies have shown somatostatin to have

postsynaptic effects on spinal neurons; Miletic & Randic,

1982.) One possibility to account.for the depression of

arterial pressure and heart rate could be an.inhibition

of a tonic excitatory descending input to sympathetic

preganglionic neurons (Henry & Calaresu,~974).

tact rats the effects at T2 are greater

tha e at T9. However, the effects at T9 in

renalectomized rats are greater than the effects atT2,
•

~~~ting that effects at T2 may have been greater only

c L. 382
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because there was less activation of adrenal output. This

raises the interesting possibility that a

cardioinhibitory factor May be released from the adrenals

upon sympathetic activation.

In summary, our results. support evidence

implicating somatostatin as a chemical Mediator of

synaptic transmission in descending pathways to

sympathetic preganglionic neurons in the

intermediolateral nucleus of the spinal cord. The

effects of somatostatin are p~obably within the spinal

cord because intravenous administration of this peptide

. fails to produce similar effects on arte~ial pressure and

heart rate. As the responses could be elicited from

adrenalectomized animals, it is suggested that the
,

.adrenals are not necessary for expression of the

effects. Results with hexamethonium suggest that the

arterial pressure responses are mediated via

predominantly nicotinic transmission in the sympathetic

ganglia and that the increase in heart rate is mediated

largely via non-nicotinic transmission.

\
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Table I. Values of mean systolic (SAP) and diastolic
(DAP) arterial pressures (in mm Hg) and of mean he~
rate (KR; in bpm) in adrenalectomized rats.
Pre-adrenalectomy values were calculated over a five min
period just before adrenalectomy. Post-adrenalectomy
values were calculated over the five min period after the
stabilization period but immediately prior to intrathecal
administration. (Somatostatin, n = 15; CSF, n = 8)

Somatostatin CSF

"
'=

Pre-adrenalectomy:

SAP 126.1 + 3.5 + 6.1
r

DAP' 59,1 ± 2.1 ± 0.8

• KR 3.17.9 ± 9.8 ± 8.3

Post-adrenalectomy:

SAP 117.4 + 4.9 05.6~
DAP 68.2 ± 3.9 66. ±

2.1 \'
HR 354.8 + 16.0 325.1 +

1'-' ~..
0

1 min after admin. :

SAP 139.6 + 4.6 104.5 ± 3.6

DAP T

r 97.0 ± 5.2 65.6 ± 3.4

HR
"

366.9 '± l~1Al.O±--", 11.3-
•10 min after <!dmin. :

SAP 94.0 ± 4.2 105.0 ± 3.5

DAP 49.6 ± 2.7 67.5 ± 3.6

KR 359.9 + 11.1 313.0 + 15.1
....
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Figure 1. Time-effect curve for the effects of

intrathecal administration, at the ninth thoracic level,

,
of somatostatin (6.5 nmoles;.'----_ee; n = 10) and of

ar~iàl cerebrospinal fluid (~-----A; n = 13), on mean

systolic (upper curves) and diastolic arterial pressures

in the rat. The abscissa is the time after

administration in min: Administration was at the~rrow.

The vertical bars each represent ± 1 S.E.M.
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F~gure 6. Effects of adrenalectomy on heart rate

response to intrathecal administration of somatostatin at

the' ninth thoracic level. Values for CSF-treated animal~

are also presented. other details are the same as those'

in Figure' 1.
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CHAPTER IX

OXYTOCIN ADMINISTERED INTRATHECALLY

SELECTIVELY INCREASES HEART RATE NOT ARTERIAL PRESSURE

•

,-
\

IN THE RAT

l
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Abstract

Oxytocin, admin!stered at a dose of 6.5 nmoles at

the ninth or second thoracic level, increased heart rate

but had no effect on arterial pressure. The increase in

heart rate began within 1-5 ~in and reached a peak at

10-30 min: the maximum increase, at 15 min after

administration at the ninth thoracic level- was about 40

bpm and when it was gïven at the second thoracic level

this change was about 65 bpm. Administration of

hexam~thonium to block nicotinic transmission in

sympathetic ganglia prevented the cardioacceleration in

response to intratheca~ administration of oxytocin. When.
6.5 nmoles of oxytocin we~e administered i.v.~ there was

a brief decrease in heart rate ~ about 40 bpm and an

increase in diastolic pressure, It is concluded that

oxytocin increased heart rate via an action in the spinal
•

cord. presumably on sympathetic preganglionic néurons.

Our results are consistent with earlier suggestions that

oxytocin may be a chemical mediator of synaptic

transmission cnte sympath~e'C preganglionic neurons

provide the further evide ce that oxytocin may be

involved specifically in pa ways regulating heart rate
"-- . ,
rather than arterial pressure in the rat.
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Introduction

Oxytocin has been implicated as a chemical

mediator of synaptic transmission cnte sympathetic
:.

pregahglionic neurons in the intermediolateral nucleus

of the spinal cord, in particular from terminals of
.

fibers originating in the paraventricular nucleus of

the hypothalamus. It has been known for sorne time from

anatomical studies that inputs to sympathetic

preganglionic neu~ons include fibers originating from

the paraventricular nucleus. Orthograde labelling of

terminals in the intermediolateral nuCleus occurs

following injection of tritiated amine acids or lectin

into the hypothalamus' (Saper et aL., 1976; Luiten et

al., 1985) and retrograde labelling of neurons in the

paraventricular nucleus occurs following inject~on of

fluorescent dyes or HRP into the thoracic dorsolateral

funiculus (Hancock, 1976; Hosoya & Matsush~ta, 1979;

Kuypers & Maisky, 1975; Nance, 1981; Ono et al., 1978;

Saper et al., 1976; Swanson & Kuypers, 1980). The

evidence from these studies has been corroborated by

more recent electrophysiological evidence (Caverson et

al., 1984; Yamashita et al., 1984). Sorne of the.
descending fibers from the paraventricular nucleus

display immunoreactivity for oxytocin and its

neurophysin, (Buijs, 1978; Nilaver et al., 1980;
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Sawchenko & Swanson, 1982; Sofroniew, 1980; Sofroniew. (
Weindl, 1978; swanson, 1977; Swanson & McKellar, 1979;

Swanson & Sawchenko, 1980).

In turn, at least some of these oxytocinergic

descending fibers are likely to project specifically to

sympathetic preganglionic neurons. After injection of

True Blue into the spinal cord, labelled neurons· are

found in the paraventricular nucleus and these neurons

also contain oxytocin-like material (Sawchenko &

Swanson, .1981, 1982). Lesions of the paraventricular

nucleus lead to a decrease in oxytocin content in the"

spinal cord (Lang et al., 1983; Millan et al., 1984;

Hawthorn et al., 1985) and electrical' stimula~, of

the paraventricular nucleus stimulates oxytocin release

from the spinal cord (Pittman et al., 1984). The

greatest concentration of oxytocin and of its

neurophysin in the spinal.cord is in the

intermediolateral nucleus, particularly at the ninth

thoracic level (Jenkins et al., 19à4). Fibers and

terminals containing oxytocin and its neurophysin are

scattered throughout the intermediolateral nucleus

(Swanson, 1977; Swanson & McKellar, 1979), especially

aroun4 neurons which are not labelled after injection

of True Blue or Fast Blue '.nto the adre~\al medullae

(Holets & Elde, 1982). In electrophysiological

experiments, iontophoretic application of oxytocin
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In view of this abundant evidence implicating

oxytocin as a chemical Mediator of synaptic

. ,

causes. excitation of sympathetic

(Bac~an & Henry, 1984).

preganglionic
1

,
\

neurons

~
)

•

transmission onto sympathetic neurons in the spinal

cord, the present study was done in an attempt to

identify the functional type of pathway in which

oxytocin is involved. Thus, experiments were done to

determine the effects on arterial pressure and heart

rate of the intrathecal administration of this peptide
.

at the ninth and at the se90nd thoracic spinal segments
1

in the rat.

Materials and Methods

Animal preparation

Male Sprague Dawley rats,w~

approximately 350 g were anesthetized with urethane

(2.5 g/kg, i.p.) and implanted with an intrathecal

catheter (Intramedic PE-10), which was passed through a

slit in the dura at the atlanto-occipital junctipn and

positioned so that the inner tip layat the ninth or

the second thoracic vertebral level. Spinous processes

were used as landmarks; in preiiminary experiments the
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validity of this method for correct positioning of the

inner ~ip of the catheter was confirmed in X-rays 0t
rats implant~d with wire-filled catheters. It was via,
this catheter that oxytocin was administered -- -
intrathecally.

A second catheter (Intramedic PE-GO) was

inserted into the left common carotid-artery for

monitoring arterial pressure via a Statham transducer

3 ID), connected to a Grass polygraph. Heart

rate alculated from this record by counting the

numb of beatsin a 10 sec period and multiply;ng this

-' numb~r by six to obtain the rate in beats per min.

In some experiments a third catheter was

inserted into the right femoral vein for the

, intravenous infusion of drugs.

Rectal temperature was maintained at

approximately 37 0C by a heating pad. AnimaIs

respired spontaneously throughout the experiments.

Peptide administration

Following surgical preparation, a 30 min period

was allowed for stabilization. Baseline readings of. ,

arterial pressure and heart rate were taken over a five

min period and oxytocin (from Pen±nsula Laboratories,

Belmont, Calif.) was administered intrathecally at
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either the ninth or the second thoracic level in a dose

of 6.S nmoles. It was delivered over a period of lS~20

sec in 10 pl of artificial cerebrospinal fluid (CSF; an

.aqueous solution of 128.6 mM NaCl, 2.6 mM KC1, 2.0 mM

MgC12 , and 1.4 mM CaC12)~ Following delivery of

the peptide solution the intrathecal catheter was

flushed'with 10 ~l of CSF, the internal volume of the

catheter being approximately 8 ~l. With zero time

being the time of injection of the flushing Sblution,

readings of arterial pressure and heart rate were taken

each minute for the next'lS ~in and the~ at 20 and 30

min.

Block of ganglionic nicotinic transmission,

To determine the degree of involvement of

~icotinic transmission in sympathetic ganglia in the'

mediation of the cardiovascular changes observed,

experiments with intrathecal administration of èxytocin

were repeated but in animals which had been given

hexamethonium bromide intravenously in a dose of 10

mg/kg and at a concentration of 10 mg/ml in

physiological saline. Thus, the persistence of a

response to subsequent administration of oxytocin would

suggest either that the effects were mediated via

non-nicotinic ganglionie transmission or that the
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• peptide was passing into the circulation and expressing

its effects via a peripheral action.

Experiments with i.v. administration of oxytocin

In view of the possibility that oxytocin might

have been producing its cardiovascular effects by

passing into the gèneral circulation, the experiments

were performed as usual except that oxytocin was

administered intravenously rather than intrathecally.

The protocol was the same as before, except that the

same dose of the peptide was dissolved in 0.5 ml of

physiological saline for these experiments and the .

catheter was flushed with 0.5 ml of saline.

Statistical analysis

significa~Student'st-test

a was applied for comparison betweenfor unpaired d

determine stat

Results from each rat were tabulated as

systolic and diastolic arterial pressures and heart

r~te, and also as changes in these parameters from the

baseline values determined before-intrathecal

injection. Data for the figures were summarized by

taking the mean ± S.E.~of the values from each group of

rats at each mi followingadministration. To
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,

the two values (oxytocin vs CSF groups) at each sample

time after intratheèal administration.

___ -nsuLTS
. ,

\
Intrathecal administration of oxytocin ha~o

effect on respiratory frequency in these experiments;

this frequency remained at a mean value of
•

approximately 100 breaths.per minute.

Effects of oxytocin at the ninth thoracic level

Adminis~ration of 6.5 nmoles of oxytocin

intrathecally al the ~inth thoracic level transiently

increased heart rate. The results are summarized in

Figure 1. Baseline heart rate in the 9 oxytocin-

treated rats was 335.1 ± 13.0 bpm; in the 13

CSF-treated rats it was 332.2 ± 15.4 bpm.

Administration of oxytocin induced a slow but
~ . .

progressive increase in heart rate which continued

throughout the 30 min period of the experiment.

similar administration of CSF had no effect on heart

rate. When the changes from preadministration. values

were compared between the two groups they were

different from 5 to 15 min (p< 0.025)
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(
al p~essure was,unaffec,.r by

admi~istration ocin and of CSF. Mean values.- of

,

systolic and diastolic pressures at each sample time

are presented in Figure 2. comparison of the changes

from preadministration values revealed that differences

between the two groups at aIl sample times were not

significant.

Effects of oxytocin at the 'second thoracic level

~dministration of the same 6.5 nmole dose of

oxytocin at the: second thoracic level had a,. -
qualitatively similar effect as it had at the ninth

thoracic level. However, the onset of the response in

th th' d f t d the change _was~_ ..e upper or:;:tac~ccpr .: was as er an

greater at any giv. trm~ during the 15 min after

administratio. The effects of this administration at

the second thoracic level are presented in Figure 3.

Baseline.heart rate in. the 14 oxytocin-treated rats was

380.4 + 10.3 bpm and in the 14 CSF-treated rats it was

361.4 + 13.2 bpm. The. changes from preadministration

values were different between the two groups of animaIs
,

from 1 to 30 min (1 min, p< 0.005; 2-30 min, p< 0.001).
,-

Arterial pressure was u~affected by

administration at this leve1. Figure 4 shows the

results obtained.
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Effect of nicotinic block on responses to oxytocin

• These experiments were done .following the same

o

general-procedure as above, administering oxytocin at

the ninth thoracic level, except.that 3 min prior to

administration of the peptide intrathecally,

hexamethonium was given in a dose of 10 mg/kg i.v. to

block nicotinic transmission in sympathetic ganglia.

Mean baseline heart rate in the 4 oxytocin-treated rats

was 381.0 ± 10.0 bpm and in the 6 CSF-treated rats it

was 320.2 ± 13.8 bpm. After administration of

hexamethonium mean heart rate was 397.5 ± 9.9 bpm in

.' rats given oxytocin and .was 338.0 ± 17.2 bpm in rats

given CSF. The mean changes in heart rate for the two

groups'of animals--are illustrat~d in Figure 5. After

administration of oxytocin there was a small but

insignificant increase in heart rate,. to a maximum of

405.0 ± 14.3 bpm. In CSF-treated animaIs, there was a

slow, progressive decrease in heart rate. At no time

during the sample period was there a significant

difference between the changes induced in the two

groups of animaIs ..
Following stabilization from administration of

_hexamethonium, there was no change in arterial pressure

in the two groups of animaIs upo~·administrationof

oxytocin- or CSF (see Figure 6). Mean baseline systolic

and diastolic pressures-before hexamethonium were 118.7.,
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± 11.1 and 51.2 ± 4.3 mm Mg, respectively, in

. .
oxytocin-treated·rats and 105.5 ± 6.0 and 45.0 ± 2.4 mm

admlhistration) these
~

6.2 and 41.2 ± 2.7 mm Hg in

i.v. administration of hexamethonium (ie. just prior
r

respective valuesintrathecal

were 80.0 ±

,
• Hg, respectively, in CSF-treated rats. Three min after

to

oxytocin-treated rats and 69.2 + 1.7 and 32~s ± 1.2 mm
•

Hg in CSF-treated rats.
l '

Effects of intravenous administration'of oxytocin

•
• In view of the fact that oxytocin caused a

small, though insignificant, increase in heart rate in

rats treated with hexamethonium, the possibility was
. .

considered that oxytocin d~livered into the intrathecal

space might have passed into the circulation and

expressed its effects, at least on heart rate, via a

peripheral action. Therefore, the earlier experiments
•

were repeated, except thatthe same dose of oxytocin

was administered intravenously in a volume of 0.5 ml of

physio1ogical saline. Prior to administration of the

peptide the mean heart rate in the 4 animals tested was

421.5 ± 34.9 bpm. As can be seen in Figure 7, i.v.

administration of oxitocin induced an immediate

decrease in heart rate, by about 40 bpm. There was a •

c
slow recovery of the heart rate over the next 10-15 min,
toward preadmini~tration levels.
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In terms of the effects on arteria1

pressure, i.v. administration of oxytocin had 1itt1e or

'no effect on systo1ic pressure but had a·transient

- pressor effect on diastolic pressure, increasing it by

ab~t 35 mm Hg at one min after administration.

t~~ime diasto1ic pressure decreased unti1 at 5-10

~n 'after ,injection the pressure had r:turned to
,~,
~r~administration1eve1s.
\~

DISCUSSION

This study has tlemonstrated that the

intratheca1 administration of 6.5 nmo1es of oxytocin to
/

the ninth and to the second thoracic segments increases

heart rate but not arteria1 pressure in the rat. This

effect was quantitati~y greater at the second

thoracic 1eve1. The cardioacce1eratory response did

not occur in anima1s which '~ad been pretreated with a

b10cker of nicotinic transmission in sympathetic

gang1ia, and the cardiovascu1ar effects of oxytocin

were qua1itative1y different when it was given

~ntravenous1y.

In view of the fact that hexamethonium
1

b10cked the increase in heart rate induced by

intratheca1 administration of oxytocin, it is conc1uded

that the responses were mediated primari1y or

exc1usive1y via a gang1ionic nicqtinic mechanismand
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& McKellar, 1979; Holets & Elde, 1982).

of sympathetic preganglionic neurons via an action in

the spinal cord. This action may have been directly on
~

the sympathetic.preganglionic neurons themselves

because iontophoretic application of oxytoëin to these

neurons causes excitation (Backman & Henry, 1984; the

depression reported by Gilbey et al, 1983, was

artifactual due to application of current itself) and

~ecause nerve terminaIs containing oxytocin-like

material can be observed surrounding at least a

subpopulation of these neurons (Swanson, '1977; Swanson

oxytocin must have induced an/activa~erefore that

C'

!~

l.

A spinal site of action is supported by the

failure of intravenous administration of oxytocin to

mimick the effects observed whenthe peptide was given

intrathecally. In fact, the effects were opposite in

direction.

The possibility was considered that oxytocin

may have expressed its effects

brain stem, after diffusion to

via an act~ in the

that leve~. However,

.this possibility is unlikely because intracisternal

administration of oxytocin in the rat fails to alter

heart rate (Petty et al., 1985). In the anesthetized

dog such administration increases arterial pressure but

aga!n has no effect on heart rate (Tran et al., 1982).

This is very different from ~he present results in

which an increase in heart rate but no change in
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: ,\,. arterial pressure was observed. In addition,

microinjection of oxytocin into the nuclei of the

.' tractus solitarius, which also receives

oxytocin-containing fibers (B~ijs, I978;Sawchenko &
.,

Swanson, 1982; Sofroniew & Schre11, 1981), has ~o

effect on either heart rate or arterial pressure

(Vallejo et al., 1984).

This stUdy was done in anesthetized animals for

several reasons.As delivery of the peptide was at the

spinal level, few central synapses were involved. In

fact, if oxytocin acted upon sympathetic preganglionic

neurons, as suggested above, then no central synap~es

would be involved. Furthermore, with this approach,

arterial pressure could be measured reliably and easily

by the direct method and artifactual changes in

cardiovascular parameters due to changes in the

behavioral state of an awake animal couid be avoided.

This latter point was considered to be especially

important in view of the behavioral responses induced

by the intrathecal administration of some peptides

(Hylden & Wilcox, 1981; Dobry et al., 1981; S~ld et

al., 1982; Yashpal et al., 1982). Urethane was used as

the 'anesthetic because it has a less disruptive effect

on baseline cardiovascular parameters and reflexes as

well.as on respiratory parameters than do other

anesthetics in the rat (Armstrong, 1981; De wildt et

al., 1983; Sapru & Krieger, 1979).
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In summary, our.~esu1ts support evidence

imp1icating oxytocin as a chemica1 mediator of synaptic

.transmission in descending inputs tosympathetic

pregang1ionic neurons. Our data suggest. that

oxytocinergic inputs are associated specifica11y with

pathways reguiating heart rate rat~er than arteria1

pressure.

~

\
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Figure 1. Time effect curve for the effects of the

intratheca1 administration of oxytocin (6.5 nmo1es; n =-
9; _.a-----aa) or of artificial cerebrospina1 f1uid (n -

13;4- - -~) on the change in mean heart rate from the

base1ine leve1, determined just before administration,

in the rat. Administration was at the ninth ~horacic

spinal 1eve1. The abscissa shows time after

administration. Vertical bars each represent + one

S.E.M.
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Figure 2. Effects of oxytocin on mean systolic and

diastolic pressures, administered at the ninth thoracic

leveL Other details are the same as in Figure 1.
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V CLAIMS OF ORIGINALITY

AlI the findings in thi~hesis'are original. To the
/

best of my knowledge after an extensive survey of the

literature, there are no published reports in which the

peptides used in the experiments reported_here have been

applied intrathecally in studies on spinal mechanisms

controlling sympathetic output regulating heart, blood vessels

and adrenal medulla. AlI the relevant literature which l have

found and which pertains ~o the subjects included in this

thesis has been cited.

The principal original findings which have been made

from the experiments are as follows:

(1) The rostro-caudal diffusion of radiolabelled

substance P is localized primarily to the region of the spinal
,

cord where the tip of the catheter is placed.

(2) The rostro-caudal distance over which

radiolabelled substance P penetrates .into the spinal cord is

restricted to one cm around the tip of the catheter

(3) Radiolabelled substance P reaches the lateral

horn within one min of. administration.

(4) passage of the label into the blood is less than

1% of the amount given.
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(5) Intrathecal administration of substance P to the

spinal T9 level of the anaesthetized rat increases.plasma

levels of free noradrenaline and of free adrenaline. These

increases are seen as early as one min after administration of

the peptide and persist for-at least 30 min. Intrathecal

administration of a substance P antagonist 15 min prior to

administration of substance P blocks these increases.

(6) Intrathecal administration of substance.P to the

spinal ~9 level of the awake or of the anaesthetized rat

increases arterial pressur~ and heart rate. These ·responses

begin w1thin 1-2 min of administration, peak· at 4-9 min and

persist for 15 min. These responses are blocked in animals

which received an earlier intrathecal injection of a substance

P antagonist:

(7) These cardiovascular effects of intrathecal·

administration of substance Pare prevented by systemic

administration of a blocker of nicotinic transmission in

sympathetic ganglia.

(8) Bilateral adrenalectomy fails to abolish these

cardiovascular responses.

(9) Intrathecal administ~ation of substance P at the

T2 level reveals a more potent effect on heart rate than .

occurs at T9.

(la) Intrathecal administration of substance P at the

T2 level induces a smaller increase in plasma levels of both

catecholamines than does administration at T9.
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(11) Angiotensin II given intrathecally at the T9 and

the T2 level increases arterial pressuré and heart rate.

° (12) An analogue of angiotensin II which has-
° antagonistic properties in peripheral tissues blocks the

angiotensin II-induced increase in arterial pressure but not

the increase in heart rate. The analogue itself has no effect

on arterial pressure but induces a slow increase in heart

rate.

(13) Both re~ponses are ~lockeâ in animals pretreated

with systemic administration of a nicotinic antagonist.

(14) Thyrotropin-relaeasing hormone given at T9

increases arterial p~re and heart ratè.

(15) At the T2 level the pressor effect is absent and

the increase in héart rate is smaller.

(16) Systemic administration of an antagonist of

nicotinic transmission in s~pathetic ganglia blocks the

pressor effect at T9 but does not block the increase in heart

rate.

(17) When somatostatin is given at T9 i~ increases

arterial pressure but deprésses heart rate.

(18) At the T2 level it has a biphasic effect on

arterial pressure and on heart rate; in each case the response

consists of an initialoincrease followed bya decrease.

(19) Adrenalectomy does not abolish the.arterial

pressure or the heart rate response to admin~stratio~ at T9.

In fact, the pressor effect is potentiated and the heart rate

response resembles that at T2.
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ganglia decreases the pressor effect of administration at T9;

the heart rate response is only partially decreased •

c
•

(20) Blockade of nicotinic transmission "in

..

Sympathet~

. (21) Oxytocin administration to the T9 or to the T2

level increases heart rate· but has no effect on arterial

pressure;

(22) The heart rate response to administration at the

T~.level 1s .greater than that.at the T2 level •.

(23) The heart rate response to administration at the

T9 level"is prevented by block of nicotinic transmission in

sympathetic ganglia.
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The principal original conclusions which have been

drawn from these findings are as follows:

A. Upon intrathecal administration of radiolabelled

substanc P the label remains in the general vicinity of the tip

of the catheter, it penetrates the grey matter to the presumed,
site of action in the lateral horn and it does not pass into

the general circulation in quantities sufficient to account for

the physiological responses observed.

B. Substance P excites spinal sympathetic neurones

involved in pathways regulating hea~t rat~, arterial pressure

and adrenal medullary output of catecholamines.

c. The greater heart rate response at T2 than at T9 'is

most readily acc9unted for by either the greater preponderance

of cardioacceleratory neurones at the upper spinal level or by. .
'\. a greater number of substance P receptors at the upper thoracic

level.

D. The greater increase in catecholamine output
~'\

induced by substance P at the T9 level than at the T2 level is

most readily accounted for by the greater preponderance of

sympathoadrenal neurones at the lower level; this, in turn,

supports the former possibility, raised above in "B", that the

greater response at T2 is due to the greater number of

cardioacceleratory neurones at that level.

E. As the cardiovascular responses can be elicited in

adrenalectomized animaIs it can be concluded that,these

responses are'elicited at least partially via neuronal rather

437



. '

,C
than humoral (via adrenal output of catecholamines) mechanisms.

~ "",
From this it can in turn" be.suggested that the substance

P-containing pathways regulating sympathetic output controlling

cardiovascular parameters do so mainly via direct neural

connections rather than via humoral mechanisms.

F. As the cardiovascular responses were totally

,

. '

'blocked by systemic administra~ion of a nicotinic antagonist it

" is concluded that the sympathetic pathways mediating these

~esponses" included a nicotinic link at the synaptic junction

between the preganglionic and postganglionic neurones.

G. While angiotensin II has been shown to induce

changes in arterial pressure and heart rate when given into the
.

central nervous system, this is the first study to demonstrate

cardiovascular effects upon administration at the spinal

level. Arguements are presented in the text of this thesis
" "

that the action of spinally administered angiotensin II is in

the spinal cord rather than either'in the periphery or in

supraspinal structures.

\

spin'hcardiovascuiar response this is taken as support for a

'H. The_~ore.l-it can be concluded that angiotensin II
~

excites spinal sympathetic neurones involved in pathways

regulating arterial pressure~nd heart rate.

I •. As hexamethonium blocks both types of
•

action of angiotensin II and it is concluded, furthermore, that
. /

synap~~'cônduction'in the sympathetic pathways activated by

c
;-:/ angiotensin I~-- '.

-,./ ~

inputs is nicotinic at the ganglion level.
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J. The selective'block of the arterial pressure

response but not the heart rate response by an analogue with .

previously reported antagonist properties. in peripheral tissues

leads to the novel suggestion that two types of angiotensin II.
recepto~ exist in the spinal cord.

in arterial pressure. In this case

One mediates the i~creasi

the ana:I;Pgue is an

..

antagonist. The other mediates the increase in heart rate and

in this case the analogue is'an agonist.

K. Thyrotropin-releasing hormone (TRH) increases

arterial pressure and heart rate when it is given intrathecally

at the T9 and T2 levels.

L. The greater effects observed when TRH is.given at .

the lower than at the upper thoracic level suggests that there

is a longitudinal, or segmental, differentiation of the numbers

of TRH receptors, a greater number being at the lower level.

M. It is interesting to contrast these results from

experiment~with TRH with those from

P, in which a preferential effect on

from the upper thoracicspinar çord.

experimen~s with substance

heart rate was elicited

This suggests that

different descending pathways, which can be identified on the
. ' .

basis of the chemical mediatingthe synaptic contact, are

involved in differential regulation of sympathetic output and

therefore that neurones in one regian of the intermediolateral

nucleus can be activated without activation of those in other

regions; this is different from what one'would expect if these

neurones all acted as a functional syncitium as suggested by
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W.B. Cannon in the 1920's.

N. As the pressor éffect was abol~shed by

hexamethonium but was not~imicked by i.v. administration of..
TRH it is suggested that the pressor effect was due to an

action in th~ spinal cord and that the pressor effect is

mediated in the sympathetic ganglia via nicotinic transmission.

O. On the other hand, as the heart rate;response was

unaffected by hexamethonium, and i.v. administration of TRH

also failed to alter heart rate, it is suggested that in this

case the effect was also mèdiated via a spinal action but that

the sympathetic pathways activated were non-nicotinic.

P. Somatostatin was the only· peptide for whiih the

cardiovascular responses were complex in configuration. In

general, considering the results obtained with administration

at the two levels as well as those from adrenalectomized

animals, intrathecal administration of somatostatin gave rise

to biphasic ~hanges in arterial pressure and heart rate,

consisting of an initial increase followed by a depression. An

explanation for the mechanisms leading to these responses is

not readily apparent.

Q. As with TRH, the experiments in which hexamethonium

was given before the administration of somatostatin suggest

that the sympathetic pathways mediating the arterial pressure

response to this peptide are nicotinic but that those mediating

the heart rate response are non-nicotinic.

R. In relation to the suggestion in the 1iterature
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that somatostatinergic pathways pre~erentially innervate
")

sympathoadrenal neurones, the results from the presen~

physiological experiments do not provide support fo~ this

suggestion. On thp other hand, they-indicate that the

cardiovascular responses were greater in adrenalectomized than

in intact animaIs.

S. These observations lead in turn to the further

possibility thatthere may be a cardioinhibitory and depressor

factor released from the adrenals. considering the experiments

with substance P, in which the cardioaéceleration oc~rred more

rapidly in adrenalectomized animals.than in intact~imals, a

similar conclusion can be reached.

T. Oxytocin was the only peptide'which i~creased heart

rate but had no effect on arterial pressure. This indicates a

functional differentiation with respect to at least the

oxytocin-containing pathways descending t~ sympathetic neurones

in the spinal cord.·

U. This in turn indicates an even more differentiated

control of sympathetic output than was indicated in conclusion

':L" above. Thus, while both substance P and TRH seem to be

involved in regulation of arterial pressure and of heart rate,

substance P expresses its greatest effect at the upper thoracic

spinal level while TRH expresses its effects primarily at the

lower thoracic level. As stated above, this indicates a

differentiation in terms of segmental control. On the other

hand, the results with oxytocinodemonstrate that there is a
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selective effectË:n'ne cardiovascular parameter (heart· ratè)

but not on the 0 her (arterial pressure) indicating the second

type of differen iation, one in terms of functional rather t~an
'( ,

segmental control.

The greater effect of oxytocin at the upper. V.

....'
thoracic iev~l tha~ at the lower thoracic level, indicates thati

it also participates in differential segmental control.

W. As hexamethonium blocks the response to oxytocin it

is concluded that the sympathetic pathways activated by

oxytocinergic inputs are nicotinic.

X. The blockade of the effects of oxytocin by

hexamethonium and the failure of systemic administration of

oxytocin to mimick:the responses elicited from intrathecal

administration suggest that the latter resgonses (ie. those to

intrathecal administration) are due to an action within the

spinal cord.

Y. The experiments ~ported here provide overwhelming

evidence that the peptides investigated in these studies are
?

involved'in regulation of sympathetic output at the spinal

level.

z. They also demonstrate that there is a specific and

differential control of this outp~t, and that it may be'

identified and accounted for on the basIs of specific,

descending pathways which can be differentiated on the basis of

the chemicals mediating their synaptic transmission.
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