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A

increase in arter1a1 pressure and normal1zed the elevated ‘NE

turnover ip the hypothalamus and[skeletal muscle seen after

AdN"ttansection.t, In- the acutely hypotensive. group the

o, s

significantly increased NE turnover seen’ <in ~the PH was
h 3

"ebolished . after .renél'.'éenervation; however, renal

denervation did" not chénge NE turnover in the peripberal

‘ A I \
organs of acutely hypotensive animals. The data in renal

denervated rats subjected to acute hypotension sugg;if'g

dissocxation between charnges in hypothalamlc and per1p 1

‘noradrenergrc"activ1ty !!zmoval of renal nerves in the

acutely‘hypertensive,enimals caused a significant decrease
in NE turnover in Ehe’hypothalamus, suggesting that removal

of renal nerves unmasked an inhibitory influence of "loaded -

. baroreceptors” on the noradrenergic activity .in the

hypothalamus. It is suggested that there is an 1inhibitory
influence from the baroreceptors and an excitatory i;fluence
from the renal afferents to the noradrenergic systems in the
hypothalamus. In addftion, these fihdings shggest that
hypothalamic and periéheral noradrenergie activity are not
tightly 1linked, as dissociation” of these two systems can be

produced under certain conditions.




ABSTRAC*(

A role for central and peripheral noradrenergic systems
has been implicated .in the baroreflex control of arterial

pressure. Most of the information in this regara is derived

as a byproduct of stqgies exam{ning'poradreﬂergic mechanisms

in various models of experimental hyperteqéion. However, it

is not ‘clear if th; altered noradrenergic systems in the

hypertensive models aafe the ‘cause or an .eﬁfect of the

hyéerteﬁsive process. - In addition, it is no£ clear how
-~

changes in the hypothalamjic noradrenergic activity are

related to éhanges-in peripheral sympathetic aptivity.°

To determine £he rélapionship bet&een hypbthaygmic and
peqipheral noraérenergic’ activity, tRe first 'séries of
experiments examined the changes in hypathalamic and
peripheral noradrenergic'ac;ivity in response tb changes fn
baroreceptor *input" to the central nervous system (CNS) in
- consclous Wistar rats. The change in baroreceptor input to
- the CNQ was achieved by four methods 1) transeétioning- of
aortic depressor nerve (ADN) to remove. a specifié
baroreceptor input to the CNS, 2) acﬁte hypotension for

60 min produced by infusion of nitropruséide, 3) acute

hypotension by hemorrhage‘ for 60 min, and 4) acute

hypertension for 60 min 'by'infusion of phenylephrine. An

index of,norepinephrineﬁ(NQ) turnover was used to assess the
noradrenergic actividz by measupiﬁg the decline in
endogenous concentration of NE after inhibition of tyrosine

hydroxylase, the rate 1limiting eniyme in the synthesis of

111
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’

'NE, by a-methyltwrosine. NE was measured using either .

fluorescence ~assay or High Per formance L1qu1d Chromatography
in, combination with_. an eléctrochemical detector after
extPaction with.alumina. . ; -

~

In the study with ADN transection, there was a.

significantly elevated arterial pressure and heart rate that

the _hypothalamus,. midbrain, medulla, skeletal muscle, and

at 3 days was associated with an increased NE turnover in

. kidney but not in duodenum. In acute - studles 60 m1n of

hypotension produced a reflex increase in heart rate and an

increased NE turnover in the posterior hypothalamus (PH) and

all the peripheral‘organe examined (skeletal muscle; kidney'

and duodenum). In the baroreceptor loaded group there were

-

no significant changes in NE turnoever in’the_hypothalamus or:

the peripheral organs examined. The studies ‘in baroreceptor
"unloaded"” rats suggest the prgsence of an inhibitory
influence from the baroreceptors on the noradrenergic

L activity in the hypothalamus &nd peripheral organs.

Recentiy there has been electrophysiological and
neurocanatomical evidence to suggest' that baroreceg}or
information and afferent renal tibers may interact at the
level of the hypothalamus. To determine the nature of such
an interaction, in the second part of this project the
effect of renal denervation on hypothalamic and peripheral
noradrenergic responses to changes in“baroreéeptor input

I"

were examined. Renal denervation prevented the' normal

iv




increase in arterial pressure and normalized the elevated NE
tutnover-'in the hypothalamus and(skeletal muscle seen after

ADN transection. - 1In the acutely hypotensive group the

significantly increased NE turnover seen -in ~the PH was
y

abolished . after renal .Aéenervation; however, renal

denervation did’ not chénge NE turnover in the peripheral
. * 9 ' i

organs of acutely hypotensive animals. The data in renal

denervated rats subjected to écute hypotension suggz:t’g

dissociation between changes in hypothalamic'and berip ral

- noradrenergic qactiVity.v"!emoval of renal nerves in the

acutely'hypertensive'énimals caused a significant decrease
in NE turnovér in Ehe’hypothalamus, suggesting that removal

of renal nerves unmasked an inhibitory influence of "loaded

. baroreceptors” on the noradrenergic activity .in the

ot

hypothalamus. It is suggested that there is an inhibitory
influence from the baroreceptors and an excitatory i;fluence
from the renal afferents to the noradrenergic systems in the
hypothalamus. In addftion, these findings sﬁggest that
hypothalamic and periéheral noradrengrgié activity are not

tightly linked, as dissociation™ of these two systems can be

produced under certain conditions.
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* . CHAPTER 1

~. INPRODUCTION

Y a -

As early as 1867 Ludwig gééhered enough info;matién to
write é complete ﬁ&hograph “absut - blood pressure and its
regulation. Of the variou; hypotheséﬁ that attempt to
explain the mechanisms for the control of arteriél«freésure
and the develppm;nt of elevated -;rterial pressufe}, one
Ahypothesis that hasvbeen'pfomihent; even before the sE&néard
measurement techniques for’bload¢‘preséure were:. widely
available, was that the nerv0us'me6hanisms were invoiééd in
the establishment of arterial hypertension. At the turn of
this century the nervous system was thought to play a
crucial role inhtﬁe regulation-of blood pressure. HoWeQer,-
some fifty vyears later, the neurogenic !Bncept fell out of
grace mainly due to failure of sympathectoﬁy (Smith, 1948),
ganglionic blockers (Frew et al., 1949; Kleinerman et al.,
1958; Celigg\et al., 1959), and reserpine(a drug that
depletes norepinephqihe from noradrenergic terminals)
{Moyer, 1959) to control eleyated blood pressure.
Furthermore, evidence of - hyperresponsiveness of Elqod
vesselé, from hypertensive ﬁatients ~ to vasoconstrictor
stimuli favoured the "vascular abnqrmality" concept (Doyle
et al., lQSS),thch_ied tottbe idea of the non—neurogenic
mechanisms being involved in elevated arterial pressure

(Conway, 1963),



R ————————S————————.
.. ‘ | 5

At the same time, the "neurogenic hypertension" concept
suffered yet another)blow'in that ;levated arterial pressure
in baroreceptor deafferented animals, was not of a 1large
magnitude' and -the -érteriolar medionecrosis of malignant
hypertension never developed (Crout, 1959). In addition,
other animal models of hypertension were easily deéeiépéd by
administration of desoxycorfiqosterone '(DOCY .Pplus salt
(reviewed in Genest- 1973)u ‘by renal .arterial 1stenosi§
.(toldblatt¢1934), or by wrapping the v}idney (Pagé) 1939) .

This led to the concept of "humdral ‘hypertension”.
i '1‘ . . .t

Nevertheless, in the past ten -to  fifteen years the
concept of the involvement of noradrenergic mgphadiSms in,
the control of arterial pressure and‘ the 'efiblgby of

hypertension has been revitalized (see reviews by:Chélmers,

1975; Folkow, 1974; Julius et al., 1974; de .Champlain,

1977;  Frohlich, 1977; Chalmers, 1978; NIH Hypertension
Task Force Report, 1979; Brody et al., -198d; Apboéd et
al., 1982). Both empirical evidence of the 'success of
antiadrenergic drugs in theltreatment of hypertensioni and
studies on experimental animal models 'of hypertenéidn tend
@’ to support such * a proposal. However, 1t is notivclear
whether the proposed sympathetic hyperactivity in the
hypertensive models results from some - dysfuncfion‘ at the
level of the peripheral nervous system or whether it ié g .
secondary'manifestation of a primary dysfunction elsewhere
along the reflex arc regulating arterial pressure. 1In

addition, there have been relatively few attempts to tie
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together observations of changes in, the central
noradrenergic actibity " to %hanges in the peripheri}

component of the sympathetic nervous system. Furthermore,

’it is not clear if the chéng?s in noradrenergic activity

observed in hypertensive models are a cause or an effect of

the hypertensive process.

Using experimental results ih conjunction with computer
analysis, Guyton et al. (1974) have proposed that the
kidneys act as a servocontroller of long-term arterial

¢ |
1l.e$sure; In other words, renal function in relation to

=renal perfusion pressure establishes the "set-point™ around

wi}ch chronic blood pressure will be regulated.: Combining

this hypothesis with the idea of sympathé;icafnvolvemept in
> the hypertedsive disease, Coleman et al. (1975) have
logicélly proposed that exceésive nervous input to the
kidney ' could produce a chronically elevated arterial .
pressure. Consistent with' this "hypptﬁesis, renal
denervation has been shown to delay the development of
genetic hypertension (Liard et al., 1977; Kline et ;I.,
:1978: Dietz et al., 1978;4 Kline et al., 1980; Winternitz
et al., 1980; Diz et al., 1981; 1982) and DOCA-salt
hypertension (DOCA for deoxycorticosterone acetate) (Katholi
et al.,‘l979; 1980), .and reverse the -elevated arterial
%ressure associated with one- ‘and two-kidney, one-clip
Goldblatt hypertension (Ratholi et al., 1982a; 1982b) and
" one-kidney Grollman hypertension (Katholi et.al., 1982a) in

‘rats. However, Katholi- et al. (1982a; 1982b) have shown
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that the decrease in arterial pressure after renal
denervation in one- and two-kidney, one-clip Goldblatt
hypertension was not due to a pressure natriuresis and
diuresis, They found that renal denervation normalized a
previously elevated plasma NE Eqncentrationaand proposed

tha¢ increased activity of renal afferent fibers may be

\
4

responsible for the enhanced peripheral sympathetic tone in

these animals.

There are several lines of evidence to 1indicate that

renal affexent nerves may ‘participate in cardiovascular
. A X

regulation. Electrical stimulation, of renal afferent nerves

has been shown by several investigators to produce changes

in systemic arterial pressuré (Ueda et al., 1967; Aarslket
al., 1970; Calaresu et al., 1976) and renal denervation has
been sHPwn to alter the concentration of NE iﬁ hypothalamic
sites /\known to be involved in the regufation of
cardiovascular. variables (Calaresu et al., lQéla). An
,ihteraction between renal gfferents and baroreceptor
afferents is sdggested by the studies showing ‘that renal
afferent fibers prbject to hypothalamic sites known to
influence bardreceptor reflexes (Ciriello et;ai., 1980), and
that a majority of single units in the hypothalamus which
respond to stimulation of afferent renal fibers also respond
to electrical stimulation of arterial baroreceptor afferent
fibers (Calaresu et al., 1981b), Recently, - Faber et

al. (1983) shawed . that intact baroreceptors can mask renal

nerve-dependent arterial pressure changes produced by acute’




renal artery stenosis, suggesting an interaction between’
baroreceptors and afferent renal nerves. In one- and
two-kidney, one-clip Goldblatt hypertensive rats, renal
denervation decreased arterial pressure and normglized both
the increased concentration of NE in the hypothalamus and
blood (plasma) (Katholi et al., 1982a; 1982b; Winternitz

—— -

et al., 1982). Therefore, it is conceivable that removal of
afferent renal figers may affect noradrenergic‘mechanisms in
the hypothalamus which in turn may bé involved in modulating'
the neurohormonal control qf the circulation and body

fluids.

It should be noted, however, that most of the
information +to date has been\\obtained from studies on
varigus models of experimental hy;értension where the cause
and effect relationship between changes in nogadéenergic

activity and arterial pressure are not clear. In the

-~ ., | S

Fl
conscious rats -that were subjected o changes in arterial

present study experiments we{Q\jieﬁﬁormed in normotensive
pressure and removal of MDN (aortic depressor nerve). The
purpose of the present study was two fold: 1) to

investigate the relationship between hypothalamic and

3

" peripheral noradrenergic activity in normotensive rats

»

»

subjected to changes in arterial pressure and removal of
aortic baroreceptor nerves, and 2) to examine the possible
interaction between arterial baroreceptors and renal

afferent information at the level of the hypothalamps as

measured by cKManges in noradrenergic activity.
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, . The Historical Review which follows will concentrate on
reyiewing the evidence for the involvement of hypothalamic

. ‘and peripheral ﬁoradfenergic systems in the regulat{on of
& arterial " pressure 'and the ~role of renal nerves in the

regulation of arterial pressure.




CHAPTER 2

HISTORICAL REVIEW

2.1 Evidence for the involvement of hypéthalamic and
peripheral noradrenergic systems in the regulation of

arterial pressure
2.1.1 Hypothalamus and arterial pressure

2.1.1.1 Neurophysiological and Neuroanatomical evidence

One of the earliest studies to suggest the involvement
of ;upramedﬁllary structures in the control of
cardiovascular variables was donedby Karpus et al. (1909).
They were able to elicit cardioacceleration and an elevation
of arterdal pressuré by stimulation of the hypothalamus.
For the foliowiag half a century there was a general belief
tﬁa; medullary sites and not supramedullary structures were
inQéived » in regulation of arterial pressure. Such a
hypathesis was supported by reports that transection of the
brainstem at the pontomedullary junction did not aiter
arterial pressure, whereas a transection at the level of the
obex decreased it (Alexander, 1946). Nevertheless, ‘there
were reports by various inveétigators (Kabat et al., 1935;
Magoun et al., 1938; Hess, 1957) that stimulation of the

different sites within the hypothalamus caused either a
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pressor or a depressor response,. Later Manning (1965)
presented the first evidence for the involvement of higher
centres in Baroreceptor reflexes. He made large lesions

just ventrolateral to the Nucleus Tractus Solitarius (NTS)

ip cats. These lesions did not significantly impair

cardiovascular reflexes to bilateral carotid " occlusions or
sciatic nerve stimulation. Normgl pressor responses to
hypothalamic stimulation wére also intact. Supramedullary
decerebration prevented all these response;, indicating that

higher control centres exist and are an integral part in the

maintenance of cardiovascular reflexes.

Since these reports, there have been several
electrophysiological_  studies to suggest further that
cardiovascular ‘afferents have an influence on the
hypothalamus. Thomas et al. (1972) reported that units in
the posteromedial hypothalamus were responsive to electrical
stimulation of the carotid sinus afferent nerve. Spyer
.(1972),- reported that single unit activity in the
hypothalamic depressor area (anterior hypothalamus) could be
affected b?kcarotid sinus nerve stimulation, and Dreifuss et
al. (19"’/6), Yamashita (1977), and Calaresu et al. (1980)
-have reported electrophysiological data supporting the
exi;tence of functional connections between carotid sinus
afferents aﬁd the supraoptic and paraventricular nuclei of

the hypothalamus. Taken together these data provide

electrophysiological evidence for direct functional

connections between the baroreceptor afferents and the

[
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hgpothalamus. There has also been a large body of evidence
to suggest that the hypothalamus is involved in the control
of the autonomic nervous system (for review see Mancia et
al., 1981). The presént account cannot possibly endeavour
to review all the njirophysiological studies that have

-

attempted to investigate the pathways foliowed‘ by
cardiovascular afferents to the hypothalamus and the«
integration by the hypothalamus of various cardiovascular
reflexes. The details of such studies have been extensively

reviewed elsewhere (for detail see Calaresu et al., 1975,

Spyer, 1981, Mancia et al., 1981).

These electrophysiological studies have been supported
by neuroanatomical evidence of ascending projections from
the NTS (the site for primary synapse of baroreceptor
afferents (Crill et al., 1968; Biscoe et al., 1970)) to the
hypothalamus (Sakumoto et al., 1978, Ricardo et al., 1978).
Sakumoto and. coworkers used a combination of retrograde
neurohal tracing techniques (horseradish peroxidase) and
- fluorescence histochemistry to identify noradrenergic cell
bodies and connections between Al aqd A2 catecholamine cell
groups in  the brainstem and the medial anterior
hypothalamus. The lateral and periventricular hypothalamus
receive noradrenergic fibers f;om many additional locations
in pontine and medullary regions. Recently Swanson et
al. (1983) have shown that the A2 cell group from the NTS

projects to the paraventricular nucleus of the hypothalamus

via a primarily noradrenergic pathway. 1In addition, they

\
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have also reported a massive projection of Al cell group .to
the vasopressinergic regions 1in both the paréventricular
nucleus and §upraoptic nucleus. The Al cell group is known
to receive non-noradren;?aic projection from the
noradrenergic A2 cell group region of the NTS (Swanson et
al., 1983). These data substantiate the existence of
connections between the NTS and the hypothalamus, supportiﬁg

the reports concerning hypothalamic involvement in the

regulation of baroreceptof> reflexes.

At the same time that advances were' made in
neurophysiology and neuroanatomy there were parallel
“advances in the mapping of central catecholamine cell bodies
and their terminal networks. Since the original work of
Dahlstrom et al. (1964), Fuxe (1965}, and Anden et
al. (1966) there have heen a large number of papers dealing
1with this subject (reviewed in Hokfelt et al., 1978, Moor et
al., 1979 and recently by Chalmers et al., 1981) which give
additional’important information concerning the distribution
of catecholamines in the brain and spinal cord. Th:re‘is
now general agreement that cell bodies of the central
noradrenergic system are found predominantly in the
brainstem, with concentrated projections of these cell
bodies to the hypothalamus and reticular formation, and
minor projections to the cerebral‘cortex and basal forebrain
structures. Other axons descend 1in the spinal cord

(Chalmers et al., 198l1). From these studies it 1is evident

that the pathways followed by the noradrenergic neurons are
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strikingly similar to the <central pathwayé involved 1in
cardiovascular regulation (Korner, 19&1). As a consequence

of these neurocanatomical studies plus numerous other

y biochemical, physiological and pharmacological studies it is
. postulated that the norédrenergic systems in varioys
medullary and hypothalamic si;es may be involéed in the
regulation of cardiovascular parameters (Chalmers 1975,

Haeusler 1975, Antonaccio 1977).

The rest of this section will concentrate on the
evidence that the noradrenergic mechanisms in the
hypothalmus are involved in the regulation of blood

pressure.

2.1.1.2 Noradrenergic mechanisms and arterial pressure

Electrical stimulation of the posterior hypothalamus
elicits a rise in blood pressure along with a host of other
s?matic and autonomic effects, all of which together have
been termed the "defence reaction" (Folkow et al., 1966) .
Folkow et al., (1966) have reported that chronic stimulation

. of the posterior hypothalamus can produce a sustained
elevated arterial pressure.‘ However, recently Bunag et
al. (1979) have reported that chronic hypothalgmic
stimulation in awake rats fails to induce‘hypertension. But

, it should be ‘ﬁoted that there was greater brain daméqe"in

the study by Buhag et al. (1979) comparea to the study by

Folkow et al. (1966). Nevertheless there 1is general

[
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agreement that acute electrical stimulation of the posterior
hypothalamus produces an increase in arterial pressure
(Mancia et al., 1981 ). Recent evidence suggests that the
pgessor responses .resulting froﬁ. stimulation of the
hypothalamus may be due to the release of NE in the
hypothalamus. The - posterior hypothalamus contains a high
density of noradrenergic nerve terminals which originate
mainly from cell bodies 1located in the locus coeruleus
(Auden et al.; 1966, Palkovits et al., 1974). Stimulation
of the 1locus~ céeruleus causes a pressor .response which is
reduced by lesions of the postefior hypothalamus (Przuntek

et al., i973). Electrical stimulation of the posterior

hypothalamus causes a rise in arterial pressure and enhances

the release of NE from the posteiior hypothalamus (Philippu
et al., 1970), while the rise in arterial pressure is
prevented by local applicatiéh invtﬁe posterior hypothalamus
of d-adrenoceptor blocking drugs (Philippu et al.,l 1974).
The pressor response is further potentiated by superfusion
of the hypothala&us with desipramine, an inhiBitor of the
reuptake of reléased NE by nerve endings (Philippu et al.,
1971). - Conversely, perfusion of the hypothalamus w}th
bretylium, an inhibitor of NE release from nerve endings,
reduced the effects of eléctrical stimulation of the
posterior h&pothalamus on blood pressure (Przuntek et al.ﬁ
1971). Destruction of nbradréﬁerg}c nerve endings in the

hypothalamus by prior treatment with 6-hydroxydopamine did

. not affect the basal arterial pressure but reduced the rise
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in pressure elicited by electrical stimulation of thé"
posterior Jhypothalamus (Przuntek et “ai.) l97l).l
Furthermore, direct application’ of NE to the posterior
hypothalamus by superfusién of this:area‘causes an- increase

in - artgrial fpressure which is also 'potent{ated by

desipramine (Phillippu et al., 1973).

‘

The pressor response observed by stimulation of the
posterior ,ﬁypothalamusitcan be attributed to activation of

Al

) a—recept?rs_in the posFerior hypothalamus, since it 1is
inhibited by «-receptor blockade.. Interestingly,‘¢2receptor
stimuléfiqn of the aﬁterior hypothalamué causes a depressor

rrespénsé (Ph&iippu et al., 1§74$. It should be noted that &

NE applied to a 1localized area such as the posterior

hypothalamus causes a pressor effect while application of NE

to the anterior hypothalamus causes hypotension and
bradycardia (Struyker-Boudier et al., 1974). It'éppears
that the no;adfenergic “mgchanisms in the anterior
- hypothalamus may have an Opposiné function to the
norandrenergic mechanisms in the posterior hypothalamus in

terms of controlling arterial pressure.

More recently, using a push-pull cannula, in the
anterior and posterior hypothalamus of the anesthetized cat
(Sinha et al., 1980) ‘and conscious rabbits‘(rhilippu et al.,
1981), it'rhag been reportéd that the sﬁperfdsate from the
posterior hypothalamus of animals which - wére subjected to

hypotension had higher concentrations of _NE than before
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hypotension and ‘the animals which were subjected to elevated
. 4 .
blood pressure had enhanced release of NE in the anterior

hypothalamus. From these results Philippu and co-workers

(1981) have postulated that noradrenergic mechanisms in the
e !

anterior hypothalamus are concerned with eliciting a

depressor response while trying to counter an elevated

arterial pressure. Conversely the noradrenergic mechanisms

in the posterior hypothalamus are involved.with the pressor
-

-

response to counteract a fall in arterial pressure.

. 'Congisﬁent with such an hypothesis, Wijnen et al.
(1978) have demonstrated an increased turnover of NE in
paraventricqlar nucleus of the hypothalamus in response to a
decrease in arterial pressure by controlled hemorrhage or
administration of guanethidine (deplete; NE from terminals
by promotingl release). Contrary to these findings,
experiments by Haeusler et al. (1975) reported that partial
deplgtion (80% in hypothalamus and 45% iﬂ medulla and pons)
of © central noradrenergic éontent by: injection of
6-hydroxydppamine"into the lateral brain ventricle of rats
did not affect the fall in arterial pressure elicited} by
bilateral electrical stimulation of the sinus nerves. These
results indicate that central noradrenergic neurons may not
be necessary for baroreceptor reflex. - However, since the
destrdction of central goradrenergic netirons was known to be
incomplete it is concéivable thatﬁtransmiséioq through the

reflex arc’ may have been maintained by the residual

noradrenergic neurons.
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The studies desgfihed above are 'a summary of the

evidence role of noradrenergic mechanisms in the
" regulation of arfelial pressure obtained from "normotensive
énimals'. In ddition, there has been a large body of
literature publis ealing with the possible role of the
central noradrenergic mechanisms in experimental
hypertension. The reader is referred to review articles by
Chalmers (1975), Haeusler (1975), and Antongccio (1977) for

in depth coverage of this topic.

L)

The next section .will concentrate on the evidence
- regarding ’;he.'role of -noradrenergic mechanism of the
hypothalamus in the etiology and maintenance o%,experimental

hypertension.

2.1.1.3 Hypothalamic noradreneréic mechanisms in

various models of expérimental hypertension

¢
/

2.1.1.3.1 Baroreceptor Deafferentation

The arterial baroreceptor reflex is a‘ homeostatic
mechanism which serves to“regulate arterial pressure through
a negative feedbaci loop to minimize ‘'changes. in arterial
pressure (}eview by Korner, 1979). This negative feedback
mechanism depénds on the presence of inhibitory afferent and
excitatory efferent 1limbs of the reflex arc.. The primary

inhibitory afferents consist of carotid sinus 'nerves and

»
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aorFic‘depressor nerves (Korner, 1971; Spyer, 1981 ), which
make th%irtfirst syna?se in the NTS (%{iil et al., 1968;
Spyer, 1981). T"Neurogenic hypertension" is produced either
byqperipheral sinocaortic denervation (Krieger, 1964) or
le§ioning the NTS (ﬁoba et al.; 1973), t£us reducing the
inhibition of tonic bulbospinal vasomotor activity. As

&
observed above{ there 1is a great similarity between the
centrai’ noradrenergic pathways and, neurons subserving
central cardiovascular control, implying a crucial role for
norédrenergic mephanisms in control of arterial. pressure.
This conéepg is supported by results obtained in "neurogenic
hypertension” where it has been demonstrated that sinoaortic
denervation 1in rabbits produces an increased turnover of NE
in the hypothalamus (Chalmers et al., 1972); ‘The increase
. in horadrenergic activity in the hvpothalamus and ‘the
observation that midcollicular decergbration abolished
hypertension produced by NTS,Lesion (Doba et al., 1973) is

consistent with the concept that baroreflex function is not
mediated purely at the m&dullary level, but in fact utilizes
neural lopps involving high;} centers like the hypothalamus
(Manning, 1965). In add;tiOn; 6-hydroxydopamine
administered centrally prevents neurogenic hypertension
produced by sinocaortic denervation (Chalmers et al., 1972).
Doba et al. (1974) havg made similar observation in the |NTS
lesioned rats. Simf}at to the siﬂgaortic denervaéed and NTS

lesioned rats, lesioning of the aortic depressor nerve (ADN)

alone, also causes an increased drterial pressure (Ciriello
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et al., 1980) in rats. Furthermore, lesions of the
paraventricular nucleu; of the hypothalamus in ADN
transected rats prevents (zhang et al., 1983) and reverses
§Zhang et al., 1982) the "neurogenic hypertension" produced
by bilageral aortic nerve transection. Since there 1is a
very dense noradrenergic innervation of the hypothalamus
(paraventricular nucleus), it is plausible that
noradrenergic mechanisms of the hypothalamus
(paraventricular nucleus) play an integral role 1in the
neurogenic control of arterial pressure (Swanson et al.,
1983). These results.taken together suggest an integral

role for noradrenergic mechanims of the hypothalamus in

neurogenic control of arterial pressure.

2.1.1.3.2 DOCA-salt Hypertension

' Administration of deoxycorticosterone acetate (DOCA)

and substitution of 0.9% NQCl for drinking water to drink is

known to produce hypertension (reviewed in Genest, 1973).

In‘ this' model of hypertension there has been some evidence

. for the role of central noradrenergic mechanisms 1in the
control of arterial pressure. Nakamura et al. (1971) have
\demonstrated a decreased turnover of NE in the hypothalamus

and have suggested that this is a primary cause for the

‘elevated arterial pressure in this model of hypertension.

This suggestion 1is supported by the fact that ganglionic

blockade abolishes the hypertension but not the decreased
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turnover of NE in the hypothalamus and medulla (Qakamura et
al., 1971). 1In addition, intraventricylar administration of
6—hydroxydopaminevprevgnts the‘ihductioh and the de?elopmenq
of DOCA-salt bypertensioﬁ kFinch et al., 1972, Hauesler et

al., 1972). However, it is of interest to note that

Hauesler et al. (1972) have demonstrated that a similar

-

6-hydroxydopamine E?;B;ment in the chronic ‘ £
DOCA-salt hypertension will not normalize arterial pressure.
This evidence sugggsts that noradrenergic mechahisms in the
centralvnervous system are involved‘in the"initiaﬂion of an

elevated arterial pressure in this model of hypertension,

but not the maintenance of hypertension.

2.1.1.3.3 Renal Hypertension »

Support  for the hypothesis  that hypothalamic
noradrene}gic mechanisms are 1involved in thg hypertensive
process in the one-kidney, one-clip Goldblatt model of

hypertension comes from the recent findings that NE content

(De Quattro et al.f 1978, Eide et al., 1980) and tyrosine

hydroxylase activity (Eide et al., 1980) of the hypothalamus

are increased 3 weeks after renal. artery clipping in

uninephrectonlized rats. Eide et al. (1980) found no changes

in the hypothalamic NE content or " tyrosine hydroxylasg
activity in the two-kidney, one-clip hypertensive rat,
despite elevation in blood pressure comparable to that seen

in the one-kidney model. This suggests that the elevated

L]
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‘hypothglamlc NE concentration observed in the one-kidney
model 1is not a compensatory response to increased blood
pressure. Winternitz et al. (1982) have alsc demonstrated
. ,
"an elevated poncentration of NE 1in the hypothalamus of

one-kidney, onejclip Gol@blatt hypertensive rats one week

ifter,renal artery clipping,

-

In conf&ast to these studies Petty et al. (1977) found
a reduction in the NE concentration of the peri- and
c
paraventricular, anterior and posterior hypothalamic nuclei
e

3 days after renal artery clipping (one-kidney, one-clip

Goldblatt model). In a subsequent study, Petty et

‘al. (1979) . reported ~a similar - decrease in tyrosine
hydroxylase activity in the peri- " agd paraventricular and
. posterior hypothalamﬁs; No changes }n NE concentration and
tyrosine hydroxylase activity- were present in animals
studied 7 day; or 4 @eeks after clipping. Similarly, Wijnen

r .
et al. (1980a) using the two-kidney one-clip model of

Goldblatt hYpertension showed a transied!'(3 days) decrease
: | .

in NE turnover in two nuclei of . the anterior hypothalamus

(nucleus intersitialis striae terminalis and paraventricular

nucleus). This increase was no longer present at 3 and 5

weeks after the clipping of the kidney.

. . ' »
Although the discrepancies between the studies quoted
above are difficult to resolve, all these studies allude-to

- noradrenergic mechanisms being involved in the hypertensive

process of the Goldblatt renal hypertengive rats. Further

« . 4
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support for this concept comes from the experiments dealing
with intervention of “~the central neural mecthisms with a
treatment of 6-hydroxydopamine or lesioning of
periventricular tissue surrounding the anteroventral third
ventricle (AV3V) or ventromedial—median eminence regions of
the hypothalamus. Such interruptions of central nedral
mechanisms have been reported to prevent the development of
hypértension in " renal hypertension (Dargie et al., 1976;
Brody et al., 1978; Johnson et al., 1981). In addition,
posterior hypothalamic 1lesions, areas with relatively rich
noradrenergic innervation (Moor et al., 1979), have been
shown to lower blood pressure in the chronic established
phase of hypertension in the one-kidney one-clip Goldblatt
model (Bunag et al., 1976), again alluding ®o the hypothesis
that noradrenergic mechanisms of the hypothalamus may be
involved in renal hypertension.

 J

- . A
2.1.1.3.4 Spontaneously Hypertensive Rats (SHR)

o

‘A vast number of studies have been done to measure
changes in the metabolism of NE in the CNS of SHR, however
the age of «SHR studied and the choicg, of normotensive
controls have remained a major préblem (Patel et al., 1981).
Initially, rats of normotensi;e outbred Wistér strains were
generally used as congrols. Recent comparisonsxhave Been

" performed between the SHR and Wistar Kyoto (WKY) as a

" mcontrol™. Pgtel et al. (1981l) have suggested that better
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comparisons can be made .within the SHR at various ages

before and after the development of hypertension.

The strongest evidence for the involvement of central
catecholaminergic mechanisms in the hyper&ensivg process of
SHR comes from Haeusler et al. (1972) who demonstrated that
central administration of 6-hydroxydopamine during the
prehypertensive stage inter;upts ﬁhe development of
hypertension in the SHR. Administration of
6-hydroxydopamine centrally in mature hypertensive animals
has ;little effect on the level of argerial pressure (Finch
et al., 1972). This suggests that central catecholaminergic
systems are somehow involveé in initiating or triggering the
hypertension in the SHR rat but that they _do not play a’
significant ’role' in the mgintenance qf the elevated blood

pressure.

L) « . . .
Evidence for altered noradrener$§ic mechanism in the

hypothalamus of SHR is provided by Nagaoka et al.‘.ﬁ977)“who
’reported that the activity of tyrosine hydroxylase and
dopamine B—hydroxylasekip the hypothalgmus of 3 week old SHR

was not different from that of 3 wéeﬁ old WKY rats;-
‘however, at'a 1ateg stage (5-8‘weeks of age) of spontaneous
_hypertension, tyrosinke | hydroxylase and dopamine
B-hydroxylase activity in the hypothalimus were higher than
in WKY controls. These results suggéﬂt an  enhanced
synthesis of NE 1in the hypothalam&s at a later stage of

spontaneoys hypesﬁension. B The results of Patel et
’n



al. (1981) agree with the results above qualitatively, in
that, they observed no significant chahge ‘in NE ‘turnover
betweén SHR and‘WKY“at 5 weeks of age. However, there was
an increased turnover of NE in the hypothalamus of SHR gt’
9 weeks of age compared to 5 weeks of age while comparing
within the SHR strain., These measuréﬁents were made in
.gross brain areas making interpretations difficult. Studies
performed byAwijneq et al. (1980a) wusing discgete brain
regions showed a decrease in the activity of noradrenergic

neurons in the anterior hypothalamus during the onset of the
development of £he hypertension. It was spectulated that
the 1lower =-activity in a noradrenergic hypothalamic
inhibitory system during the onset of hypertension, might be
related to enhanced 9ympaéhe£ic nerve activity and thus the
cause of hypertension. Whereas, alterations in the activity
of the noradrenergic systems in the hypothalamus from 5 to 9

weeks of age might be seen as possible compensatory change

in activity to counteract the rise in blood pressure in the

SHR (Okomoto et al., 1967; Wijnen et al., 1980b; Patel et
al., 1981). However, Wijnen et al. (1980b did not have a
measure of symﬁathetic nervous system *{SNS) activity. 1In
addition, Ciriello et al. (1983) have shown recently that
lesioning the paraventricular nuc¢leus of hypothalamus (PVH)

(area rich in noradrenergic innervation) in the SHR delays

the "hypertensive _process (at 5 weeks of age) but éoes not

prevent it, again alluding to the involvement of

hypothalamic noradrenergic mechanisms in the initiation of
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an elevated pressure in this model of hypertension.

In summary, the results obtained with destruction of
central noradrenergic pathways would support the concept of
increased noradrenergic activity in the CNS as a
contributing factor in the early stages of spontaneous
hypertension (Haeusler et al., 1972). However, the reduced
NE turnover ‘in the brain (specifically the hypothalamus)
which may be associated with hypertension and the finding
that destruction -of central noradrenergic pathways prevent
the development of hypertension are harld to reconcile.
Furthermore it 1is not 'clear if the altered nprbdrenéfgic‘
activity in the hypothalamus of hypertenéive tats is éhé
cause or the effect of the hypertensive process, or relaﬁed

at all.

2.1.2 Periéheral Sympathetic System and arterial pressure

[}

2.1.2.1 Sympathetic Nervous System (SNS) in normotensive’

rats

The first evidence for a role of catecholamines in the
control of arterial pressure was provided by}Oliver et
al. (1895) when they demonstrated that the active ingredient
in the adrenal medulla could raise arterial pressure. Later
Von Euler in 1946, identified NE as the neqfotransmitter of

the sympathetic nerves. Since then there has been a grqat
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L 4

advance in our knowledge concerning the pharmacology,
physiology and biochemistry of the sympgthetic nervous

system (specifically containing NE), (Axelrod, 1973).

The baroreceptor reflex for the regulation of
cardiovascular homeostasis uses the peripheral sympathetic
system as one of the primary neurogenic pathways to control
peripheral resistance and cardiag output (Chalmers 1975;
Korner, 1979; Abboud, 1982). This reflex arc presumably
uses noradrenergic neurons- in spinal cord,‘brainstem and
hypothalamus (Chalmers 1975). Studies examining the reflex
changes' in peripheral sympathetic activity in response to
changes in arterial pressure have been relatively few in the
receﬁi past (Kezdie et al., 1968; Echtenkamp et al., 1980;
Takimoto et al., 1981). De Jong et al. (1975) have reported
" that electrical stimulation and application of

-
micro-injection of NE in the NTS (primary site of
barorleceptor input) of the brain stem results in a reduction
in arterial pressure, heart rate and, presumably, in
efferent sympathetic impulse flow. In addition Ectenkamp et
al. (1980) have demonstrated a reflex reduction in
sympaphetic efferent impulse flow in response to an
increased firing along the carotid sinus nerve in the
monkey. Conversely, sectioning the ‘barocafferent sensory
nerves (Krieger 1964) or lesioning the NTS (Doba et al.,
1974) 1interrupts the reflex arc and thus tauses an increase

in peripheral resi1€ance which is a result of elimination of

inhibitory input from baroreceptors. Chalmers et al. (1971)
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have shown an increased activity of tyrosine hydroxylase,
the rate-limiting enzyme in NE biosynthesis in thoracolumbar
cord (a site for preganglionic sympathetic outflow),
suggesting an increased neuronal activity in this region of
the sincaortic denervated rabbits. Similarly De Quattro et
al. (1965) have shown an increased turnover of NE in the
heart and adrenal glands of sinocaortic genervated rabbits.
Alexander et al. (1974) have demonstrated regional
hemodynamic patterns that are consistent with the turnover
.studies, indicating activation of sympathetic nervous
system. Subsequently a number of studies have shown an
increased noradrenergic activity in rats after baroreceptor
denervation by sectioning the carotid sinas and aortic
depressor nerves (Alexander et al., 1976; Alexander et al.,
1980) . Furthermore regional resistance changes 1in the
mesenteric and skeletal muscle reported by Touw et
al. (1979) also agree with the concept of increased
vasoconstrictor tone in animals with removal of major
baroreceptor input (ADN). Finally, Doba et al. (1974) have’
shown that 6-hydroxydo§amine administered centrally prevents
the exaggerated peripheral sympathetic response observed‘

after NTS lesion.

Taking all these data tdgether it has been suggested
that changes in the noradrenergic activity in the central
structures, possibly the hypothalamus (see section 2.1.1.2
of Historical Review), may be responsible for the activation

of peripheral sympathetic activity.
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2.1.3 Relationship between hypothalamic and peripheral

-

. horadrenergic mechanisms

The evidence in normal' animals‘ that siimulatiod of
various areas of the hypothalamus rich in NE can cause
either vaéopressor or-vasodepressor responses, incr@®ases or
decreases in the heart rate, and interaction with
baroreceptors suggests a direct relationship between changes
in hypothalamic and peripheral noradrenergic mechanisms
(Przuntek et al., 1971; Philippu et al., 1971). This
suggestion 1is further supported by the observation that
applicatiop of NE directly 1in wvarious hypothalamic areas
produced responses in the SNS siﬁ}lar to those observed
following electrical stimulation of the same areas (Philippu
et al., 1974). In addition, Fo;kow et al. (1966) have
.reported that chronic stimulafion [ of the posterior
hypothalamus can produce a sustained hypertension. However,
more recently Buhag et al. (1979) have failed to reproduce
the results reported by Folkow and co-workers. On the other
hand depletioﬁ of catecholamines in the hypothalamus with
6-hydroxyq8pamine reduces the effect of the electrical
stimulation of the hypothalamus' (Przuntek et al., 1973).
Overall these studies suggest a direct relationship between

-,

noradrenergic mechanisms in the hypothalamus and peripheral

organs.

In theory, €functional changes in the SNS in

hypertension could result from altered activity at any
k N
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changes in renal vascular vasomotor tone could cause a shift
in the renal function curve and cause chronic arterial

hypertension (Cowley et al., 1979).

In the past, many experiments which have shown an
effect of the renal nerves on sodium and water excretion
have been interpreted as indicating a airect action of the
nerves on tubular processes (Di Bona 1982). However it is
only recently that direct assessment of tubular function by
micropuncture teéhnidues has been used to study the role of
renal nerves in tubules (Gottschalk, 1979). A dep;ession of
proximal reabsorption‘;f sodium, water and other solutes has
been shown to occur following denervation in kidneys in
which the glomerular filteration rate and renal blood flow
were the same before and after denervation (Bello=Reuss Ft
al., 1975; Takacs et al., 1978; Di Bona et al., 1981). An
increasé in proximal tubular reabsorption has been reported
to occur after low-levél direct or baroreceptor reflex
stimulation of renal sympathetic nerves in the rat (Di Bona
et ava/i977; Di"Bqna et al., 1981). It is now an accepted
fact that renal nerves have a direct action on the proximal
tubulé to influence sodium and water excretion and thus

renal function (Di Bona 1982) .

There is ample evidence to show that renal nerves can

als effect renin release (see review Di Bona, 1982).

-

Direct electrical stimulation of renal nerves or activation

of renal nerves under a variety of conditions such as

: )
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activity wer; not obtained 1in that éludy. More recentlf

Nagamura et al. (1981) have demonstrated a decrease 1in the

dopamine B-hydroxylase activity and NE content 1in the

posterior hypothalamic nucleus with an elevated plasma level

of - epinephriné/“and dopamine B-hydroxylase one week after
sino-aortic baroreceptor denervation 1in rats. It is of

interest to note that even though dopamine fB-hydroxylase

activity was increased, the plasma level of NE was not

changed (Nakaﬁura'et al., 1981); Generally the results from

studies in neurogenic models of hypertension suggest a

direct relationship between ‘changes in hypothalamic and

peripheral noradrenergic activity.

In contrast to these findings WNakamura et al. (1971)
and Van Ameéringen et al. (1977) have reported a reciprocal
” rélationship between central ndradrenergic activity and

peripheral noradrenergic activity in DOCA-salt hypertensive

e

o

rats. WNakamura et al. (1971)\pbserved a decreased turnover
of ' NE in the hypothalamus and medulla with a concomitant
increase in NE turnover in the heart. Similarly Van
Ameringen et al. (197%) has shown a decreased NE turnover in
the brainstem with an eievated NE turnover in the intes;ine.
Furthermore it 1is suggested that the primary change was at
the bulbar level since neither ganglionic blockade (Nakamura
et al., 1971) nor cervical cord section (Van Amerigen et
al., l9i7), which - abolished the hypertension apd the

increase . in peripheral sympathetic activity (i.e. NE

turnover), had any effect on the NE turnover in the brain.

/

-
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Similarly a reciprocal relationship between central and
peripheral noradrenergic mechanisms has been 'suggested " to
exist in SHR (Yamori et al., 1972 Okomoto et al., 1967).
More recently, Patel et al. (1981) supported tHis contention

with a systematic comparison of NE turnover in brain and

peripheral organs of SHR and two normotensive control

strains Y and Wistar) at various ages (5 weeks -
prehypertensive\ stage; 9 weeks - developmental stage;
18 weeks - est3blished hypertensive stage) . They

demonstrated that /at_ 5 weeks, the turnover of NE was

significantly 1lo in the cortex and significantly ‘higher
in the'kidney and skeletal muééle of SHR. By 9 weeks,
within SHR, NE turnover had increased significantly in
hypothalamus and brainstem, while decreasing siénificantly
in kidney and duodenum. No such changes were seen in these
regions of ﬁormotensive WKY or Wistar rats at -5 and 9 weeks
of age. These data suppoft the hypothesis that decreased
centra; noradrenergic acLivity. may be responsible for
increased noradrenergic activity 1in peripheral organs of
.young SHR (5 week old), which in turn ﬁay have initiated or
contributed to the development of hypertension.- Changes in
turnover of NE in peripheral organs between 5 and 9 weeks in
SHR suggest compensatory respenses to increasing arterial
pressure or changing central noradrenergic activity;
hoﬁever, similar changes 1in NE turnover were ‘noﬁ seen

between 9 and 18 - weeks, although pressure continued to

increase (Patel et al., 1981). As with other hypertensive
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models, it is not <clear if the altered noradrenergic
acy(;ity in the central and peripheral structures of the SHR

are the cause or the effect of the hypertensive process.

On the other hand ' Tanaka et al. (1982) have
demonstrated in one-kidney, pne-clip Goldblatt hypertension,
an increased turnover of NE in the aorta, mesenteric artery,
and left ventricle; however, there was no change in the
turnover of NE in the brain areas of hypothalamus, midbrain
ana’ medulla. In addition, tﬁey found no changes in central
or per;pheral noradrenergic activity in the two-kidney,
one-clip Goldblatt hypertension. It is clear from reviewing
the pertinent 1literature that there is no definite
consistent relationship betwgen the‘central and peripheral

noradrenergic mechanisms in the various models of

experimental hypertension.

In normotensive .rats, Wijnen et ‘él. (1918) have
demonstrated an increased turnover of NE in spﬁcific nuclei
of the hypéthalamus in response to a decrease in arterial
pressure; hbwever no measure of peripheral sympathetic
activity was reported. On the other hand Takimoto et
al. (1981) showed an increased tyrosine hydroxylase activity
in the peripheral organs in response to hypotension in
anesthetized rabbits but did not look for changés in the

central nervous system.

-

In conclusion, it appears that it is not clear how the

changes in the noradrenergic activity in the hypothalamus
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are related to changes in peripheral sympathetic system.
Furthermore it 1is still not clear whether the changes in
noradrenergic mechanisms in various hypertensive models are

a cause or effect of the hypertension.

2.%&4 Interaction between nonneural mechanisms and

- noradrenergic mechanisms

Many studies have provided strong evidence that there
are large numbers of vasopressor agents such as vasopressin
and angiotensin IT which are -endogenously secreted to
participate in the stabilization of arterial pressure in
response to various cardiovascular chalienges .(Cowley et
al., 1980). This  section will examine the interaction
between two major vasopressor agents, vasopressin and

angiotensin II and noradrenergic mechanisms.

L]

2.1.4.1 vVasopressin

Recently there has been increasing evidence that the
neurohypophysial hormone vasopreésin, is not only involwved
in the concentration of urine but may participate also in
the regﬁlation of the cardiovascular system (Cowley 1982).
Vasopressin has been identified in the paraventricular and
supraoptic nuclei of the hypothalamus (for review see

Swanson et al., 1983). Neurophysiological evidence for the

involvement of the supraoptic and paraventricular nuclei in
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cardiovascular regulationw has been provided by
electrophysiological studies: Electrical stimulation of the
buffer nerves or selective. baroreceptor, chemoreceptor or
atrial stretch stimulation has " been shown to gfter'unit
activity in the paraventricular and/or supraoptic nuclei
(Calaresu et al., 1980; Yamashita 1977; Kannan et al.,
1978; Koizumi et al., 1978). In addition, Calaresu et
- al. (1980) demonstrated that caéotid sinus nerve stimulation
affected activity in.- almost halﬁ, of thé identified units
recorded froﬁ the paraventricular nucleus. This suggests
that possibly barorecé;tor information is responsible for
vasopressin‘ release. These studies together indicate the
involvement of vasopressin from -the paraventricular and
supraoptic nuclei of the hypothalaﬁﬁs in the regulation of
arterial pressure (see review by Swanson et al.,. 1983).
Furthermore, it has been suggested that vasopressin
participates in the regulation of arterial pressure by
modulating neurotransmissioﬁ in various brain areas (Tanaka
et al., 1977). Tanaka et al. (1977) have reported that® NE

turnover is increase in the hypothalamus, thalamus and

medulla oblongata i response to administration of

vasopressin into the cerebral ventricles.

Vasopressin hag also beer shown to modify the activity

of the peripheral sympathetic system by augmentation of the
vaso@bnstrictor ef ect of peripheral noradrenergic activity

by 1its action on either ganglia, sympathetic terminals, or

sympathetic adrenergic receptors (Bartelstone et al., 1965;

»
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Commarato gt al.,1969; OGerke e£ al., 1977). Recent studies
using receptor blockade have demonstréted that in addition
to having a direct effect on vascular smooth muscle cellg,
vasopressin could interact with pre- and post junctiaval
adrenergic s}fes, enabling it to facilitate both Ehe
indirect and direcf effects of 'the adrenergic agonist (Gwrke

3

et al., 1976; Erker et al., 1977).

”
Although the major sites of vasopressin action and the
~ . -

specific interaction between noradrenergic mechanisms and

. vasopressin remain unclear, data suggest that vasopressin is

in&plved in the’' control of the car@iovascuiar system and
that these alterations can occur at plasma concentrations of
vasopressin that are well within the observed physiological

range (Cowley et al., 1982).

L4

2.1.4.2 Angiotensin II

There is a growing body of evidence that angiotensin II
affects the function of peripheral noradrenergic nerves and

of the adrenal medulla (Ferrario et al., 1972; Zimmerman’

L]

1978) . Similarly there has been a focus on the action of

‘angiotensin II on the central noradrenergic mechanisms

(Severs et al., 1973; Antonaccio, 1977). The observation

that tdepletion of central noradrenergic  neurons //%ifh

‘reserpiné blocks the hypertensive effect of intraven;gicula{ .

*

angioternsin suggestg that‘the,pfessor action of angiotensin

may  be 'mediated by noradreneigic neurons in the CNS (Sweet

J
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et al., }971)."In addition,wthe central pressor effect of
angiotensin AII’is blocked by u-antégonists (Camacho et al.,
1981)ﬂ Administration of renin or angiotensin II into the
cerebrospinal fluid .stimulates NE turnover - in specific
hypothalamic nuclei (Ganten et al., 1980; Sumnars et al.,
1983) and Fukyama (1973) has shown that intfaventr}cular
adminisEratién of angiotensin II reduces the gain of the
baroreceptor reflex. Thesebregults taken together show that
brain regions rich in norepinephrine are influenced by
centfa giotensin II injections and indicate that central
nora ergic mechanisms may be involved in mediating the
‘central angiotensin Ii presgor response. However it should

be recognized that in these studies the doses of angiotensin

are in-.the pharmacological ranges.

Yet other studies refute this hypothesis ., that
aﬁéiotenéin'is involved centrally in mediating noradrenergic
activity. Two separate groupé of researchers, Coleman et
al. (1981) and Zerbe et al. (1981), have demonstrated that
endogeﬁous“angiotensin has no influence on the baroreceptor

function and angiotensin Il is not essential for the release
-of catecholamines in response to hemorrhage, respectively.

T

In summary it is not clear how angiotensin II interacts
physiologicaily with central and peripheral noradrenergic

systems in controlling arterial pressure.

~
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2.2 Evidenée for the involvement of renal nerves in the

L

reguldtion of arterial pressure .
v

\ . ' &

2.2.1 Role of efferent renal nerves in normal pressure

regulation

Pne of thé‘hajor fundtions served by the kidney is :the
control of body fluid homeostasis. Guéton and coworkers
(1974) have suggested that the renal®” function curve, é
graphical representation of the steady state felationéhip
between the urinary output and arterial' pressure provides
the basis for’ understanding the relationship between renal
function and long-term arterial pressurer\regdlatlbh. Such

- relationships ‘were initially reported upder acute qpndktions
in isolated kidneys (Selkurt 1951; Guyton et al., 1967) and
have since been Eeported undetr chronic conditions in humans
(Murray et al., 1978), dogs (De Clué et gl., 1978) and rats
(Norman et al., 1978). Guyton et al. (1974{ haVe‘;uggested
that a change in the slope or thé position of the renal
function curve along the pressure axis dictates the "set"

level of chronic arterial pressure around which arterial

pressure would be regulated (Guyton et al., 1974).

",

It is now known that numerous factors, both intringic
and extrinsic to the kidney, can operate to alter the
relationship between arterial pressure and urine output,

that is, cause shifts in the renal function curve (Guyton et

al., 1969; 1974; 1976) . It - is conceivable that the
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efferent sympathetic nerves could _ alter the’posigion)and
slope of the renal function curve (Coléman et al., 1975).
Such a contention is supported by anatomical; physiological

and pharmacological'studies.

\ Anatomical studies have reported . extensive
noradrenergic  innervation’ of afferent and efferent
arterioles (reviewed in Barajas et al., 1978),
juxtaglomerular aéparatus (Gorgas 1978; Barajas et al.,
1981) Pnd proximal and distal tubules (Di Bona 1977).  For
further details refer to’reviews by Barajas (1978; 1981)
and Di Bona (1982). Generally, the ééatomical evidence
suggths that there 1is innervation of all parts of the
nephron and ‘§o it is conceivable that the sympathetic
nervous system is capable of altering renal function by its

action on any one or all parts of the nephron (Di Bona,

.1982).

“w

0

. It has been demonstrated that electrical stimulation of
efferent fenal nerves causes constriction of renal
arterioles by activation of sympathetic receptors (Auckland
1976) . Similarly activation of Eenal nerves has been
produced by a variety of physiological manoeuvers as well
(see reviews by Donald et al., 1980; Coleridge et al.,
i980; Di Bona, 1982). It 1is suggested that changes in

. renal nerve activity would change blood flow which
consequently changeé the sodium and water excretion by the

kidney irand "thus the renal function (Di Bona 1982). Such
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changes in renal vascular vasomotor tone could cause a shift
in the renal function curve and cause chronic arterial

hypertension (Cowley et al., 1979).

In the past, many experiments which have shown an
effect of the renal nerves on sodium and water excretion
have been interpreted as indicating a airect action of the
nerves on tubular processes (Di Bona 1982). However it is
only recently that direct assessment of tubular function by
micropuncture teéhniéues has been used to study the role of
renal nerves in tubules (Gottschalk, 1979). A dep;ession of
proximal reabsorption‘;f sodium, water and other solutes has
been shown to occur following denervation in kidneys in
which the glomerular filteration rate and renal blood flow
were the same before and after denervation (Bello-Reuss Ft
al., 1975; Takacs et al., 1975; Di Bona et al., 1981). An
increasé in proximal tubular reabsorption has been reported
to occur after low-levél direct or baroreceptor reflex
stimulation of renal sympathetic nerves in the rat (Di Bona
et ava/1977; Di-Bqna et al., 198l1). It is now an accepted
fact that renal nerves have a direct action on the proximal
tubulé to influence sodium and water excretion and thus

renal function (Di Bona 1982) .

There is ample evidence to show that renal nerves can

als effect renin release (see review Di Bona, 1982).

Direct electrical stimulation of renal nerves or activation

of renal nerves under a variety of conditions such as
4 1



38

hemorrhage, constriction of the thoracic vena cava and mild
sodium depletion can produce an increase in renin release
from the kidney (Di Bona, 1982). Evidence is available to
support the view that renal nerves may affect renin release
by: 1) producing changes in the degree of constriction' of
the renal arterioles through activation of a renal vascular
receptor; 2) changing glomerular filtration rate and thus
filtered sodium load to the macula densa;- and 3)
stimulation of the juxtaglomerular apparatus directly
(reviewed in Davis et al., 1976; Reid et al., 1978; Fra&,

1980; Di Bona, 1982).

In summary, electrical or physiological stimulation of

renal . sympathetic nerves directly, reflexly
(physiologically) or centrally (electrically) can
significantly alter renal hemodynamics, glomerular

filtration rate,. renin release from juxtaglomerular
apparatus and tubular reabsorption (bi Bona, 1982). On the
basis of these results it 1is apparent that sympathetic
activity is capable of altering renal function and
consequently tﬁe long-term level of arterial pressure

(Gugton et al., 1974; Coleman et al., 1975).

2.2.2 Role of afferent renal nerves in arterial pressure

regulgtlon \»;7

LN
The functiodnal significance of the afferent signals

that originate from the kidney is as yet unclear. Various

-

->
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different feceptor groups have been identified in rats
(Astrom et al., 1967; Recordati et al., 1978), cats
(Beacham et al:, 1969; Calaresu et al,, 1978), dogs (Jchida
et al., 1971; Francisco et al., i§80),\and rabb;ts (Niijima
1975). Receptors that respond to mechanical distortion of
the structures surrounding the nerve terminal have been
termed "renal mechanoreceptors" (Recordati et al., 1978).
Such receptors are selectively sensitive to changes in
arterial perfusion pressure, compression of the kidney, or
alterations 1in venous and ureteraldpressure. Nonmechanical
stimuli, such as the infusion of chemical substances and
renal ischemia (Astrom et al., 1967) activate renal afferent
fibers through a second set of receptors called "renal
chemoreceptors" (Recordati et al., 1978; 1980) . Recordati
et al. (1978; 1980) have qlassified the chemoreceptors
into two groups. Rl renal chemoreceptors are stimulated by
renal ischémia as produced by renal artery occlusion,
systemic hypotension, renal vein occlusion, or systemic
asphyxia (Recordati et al., 1978). The R2 teceptors are
activated by changes in the chemical environment of the
renal_interst{tium as produced by changes in the excretory
function of the 'kidney; i.e. the passage of ions from the
renal pelvis across the pelvic epithelium (Recordate et al.,

1980) . i

Electrophysiological studies .have demonstrated that
stimulation of afferent renal nerves evokes responses in

neurons of various hypothalmic nuclei presumably involved in
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cardiovascular regulation of sodium and water balance in
cats (Ciriello et al.,<l980), and rats (Rnuepfer et al.,
1989). In .addition Calaresu et al. (1981lb) have reported .
that 75% of the hypothalamic units that respond to renal
afferent stimulation also respond to afferent carotid sinus
nerve stimulation. In agreement with thesé results, was the
finding that electrical stimulation of afferent renal nerves
elicited 'changes in systemic cardiovascular variables,
suggesting the eXxistence of cardiovascular reflexes
originating from renal receptors. In support of such a
hypothesis Aars et al. (1970) showed that electrical
stimulation of renal afferents produced a reflex dec?ease in
cervical sympathetic efferent nerve activity and systemic
blood pressure. Similar decreases in pressure have also
been observed by other investigators in dogs (Ueda et al.,

1967) . In addition, Kostreva et al. (1981) have

demonstrated that renal afferents, activated by increases in
renal venous pressure, can reflexly inhibit contralateral
renal and cardiopulmonary sympathetic efferent nerve
activity, decrease contralateral renal vascular resistance,
and decrease right ventricular contractile force, without
altering heart rate. Fﬁrgperﬁore, they observed two types
of renal afferent fiberslﬂmThe‘majority were activated in
response to renal vein occlusion and were not tonically
active. However, there were a few afferent fibers that were

tonically active and they decreased their activity during

renal vein occlusion. These data agree with Calaresu .et

¢




ra

R EEE—BBmm..."

- ¥

41

al. (1978) who suggested three types of afferent fiber
groups (Ag, As and C) with the majority of the fibers being
unmyelinated C fibers that are tonically active. The
cardiovascular reflex responses }eported above are different
from those described by Calaresu et al. (1976) wﬁo showed
that stimulation of the central end of a sectioned renal
nerve in the anesthetized cat produces an elevated arterial
pressure and tachycardia. fhe conflicting results have been
attributed to differgnt prepaiations used, species
difference, anesthestic effects, and parameters of

stimulation, since selective stimulation of chemo or Dbaro

receptors could be expected to elicit different results.

Although the physiological signififance of ren;l chemo—
and mechanoreceptors remains to be determined, it |is
conceivable that participate in reflexes arising in the
kidney and affect cardiovascular and renal mechanisms
important in the regulation of arterial pressure, regional
vascular resistance, and ‘body sodium ’and water balance
(Calaresu et al., 1978; Kostreva et al., 198l; Di Bona et

al., 1982).

2.3 1Interaction between renal afferents and noradrenergib
mechanisms in the hypothalamus and peripheral

[ J
sympathetic system

As pointed out in {the previous ' section many

manipulations‘ within the kidney have been shown to affect

-
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afferent renal nerve activity. However, it is not clear
- whether the renal afferents influence the noradrenergic
mechanisms in hypothalaﬁic areas implicated in.
cardiovascular regufation (see section 2.1.1.2 of Historical
Reviéﬁ) or the peripheral sympathetic activity. There is a
growing body of electrophysiological evidence to shggest
that renal afferent information reaches the hypotﬁa;amus.
Ciriello et al. (1980) have .rgported that electrical
stimulation of the afferent renal ﬂerves of the cat causes
excitation of 96% of the spontaneously active units recorded
from in the hypothalamus. These units we?e observed
primarly in the prgoptic area, lateral hypothalamus and
paraventricular nucleus. Similarly Knﬁepfer et al. (1980)
have reported that stimulation of renal affere;t nerveg in
the rat produces changes in the unit activity of neurons in
the AV3V region. These findings suggest that renal afferent
fibers are capable of influencing neurons in the
hypothalamus. Combining this concept Qi;h the idea that
barofeceptor mechénisms uge the same hypothalamic neurons aé
a part q@f the reflei ;grc (see Histor'ical Review Section
2.1.1.2) it is COnceivablexfhat\thé two modes of ‘information
interact at the level of the hypothaiamus. The first piece
-ofnevidenge for such an interaction wagdbrovided by Calaresu
' e;\ al. (1981b). They aemonstrated that the majority. (75%)

a

-of hypothalamic neurons responding to stimulation of the

afferent renal nerves also. respond. to stimulation of carotid

sinus nerve. In addition, Mahoney et al, (1978) have

r‘
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reported that stimulation of renal afferent ﬁerves in the
rat resulted in decreased vasomotor 'tone in hindlimbs,
&esenteric and renal vascular beds, and that this response
was abolished by lesioning of the AV3V region (Brgdy et al.,
1980). | Further evidence that changes produced by afferent

renal nerve stimulation may be ,mediated via hypothalamic

neurons comes from studies reporting that stimulation of

afferent fibers elicits efferént sympathetic responses’ yith
reflex latency period comparable to known somatésympathetic
reflexes which are modulated at central leyels (éalaresh et
al., 1978). All these studies considered together suggest a
hypothesis that the afferent renal nerves may have an
excitatory effect on the hypothalémic neurons and thereby
the peripheral sympathetic nervous system. Such an effect
of afferent nerves on central and peripheral noradrenergic
mechanisms imply that it may be important in Ehé regylation

of arterial pressure.

'

Renal nerves.and their possible rol.flh the development
and maintenance 'of arterial hypertension has received m;ch
interest in recent years (Di Bona, 1982). éowever, it is
not clear what relative roles both renal efferent and

afferent fibers may play in the hypertensive process.

The first study to suggest that renal nerves. ‘may
trigger the onset of hypertension was reported by Ratner,

(1953). He reported that ©bilateral rena} " denervation

prevented the neuroggnic hypertension induced by sino-aortic
L ~
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deafferentatiQQ in rabbits. Since then renal denervation

has been shown to delay the development of genetic
hyéertension (Liard et al., 1977; Kline et al., 1978;

Winternitz et al., 1980; Diz et al., 1981), DOCA-salt
h;pertension (Katholi et al{, 1980) and reverse the elevated

arterial pressure associated with one- and two-kidney,

one-clip Goldblatt hypertension (Katholi et al.,

1982a;1982b) and one-kidney Grollman hypertension (Katholi

et al,, 1982a) in rats. The decrease in arterial pressure
after renal denervation in -one- and two-kidney, one-clip
Goldblatt hypertensive~fa:s was not mediated by alterations
in sodium intake or excretion, watef intake or excretion,

" creatinine clearance or plasma renin activity (Ratholi et
hd al., 1981). In addition, it has been reported that Fenal
denervation in one-clip, one—k{dney Goldblatt hypertensive
rat normalized both elevated plasma NE concentration
(Katholi et al., 1981) as well as increased concentration of

| NE in the hypothalamus (Winternitz et al., 1982). These
data suggest that renal denérvation w}th interruption of
renal afferent fibeig can modulate nor;drenergic activity in
the hypothalamus, leading to a decrease in peripheral

sympathetic activity and arterial pressure.

v - Recently Faber et al. (1983) have shown that activation
of renal afferent nervés by acute renal artery stenosis
causes an ,increased sympathetic activity and an elevation of
arterial pressure. Howeveg, blocking the renin—angiotenéin

system with captopril prevents the sympathetic and arterial
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pressure response to renal artery stenosis. Since
baroreceptors were intact in these animals, baroreflex
mechanisms may  have obscﬁréd renal nerve-dependent
cardiovascular changes. Subsequent ‘ experiments in
baroreceptor éeafferented (sino~aortic dehervated) rats

demonstrated that captopril no longer blocked the

sympathetic and arterial pressure response to renal artery
stenosis and that renal denervation (of the occluded kidney)
prevented the response (Faber et al., 1983) . They concluded
that renal ?fferent nerves were important in the
cardiovascular responses observed in response to acute renal

?
artery stenosis.

Surmised from the review of the pertinent literature to
date, it would seem reasonable to propose that there is an
interaction between an inhibitory influence from
baroreceptors and excitatory influence from renal afferents
at the level of the hypothalamus. This interaction may
involve the ﬁypothalamic noradrenergic system.  This
interaction may also be important in modulating péripheral
s&mpathetic activity and neurohormonal responses related to
cardjovasgular adjustments _ahd to thé control of body
fluids. A working modei of such an hypothesis is‘shown'in

Figure 1.



&

FIGURE 1

Proposed interaction between baroreceptor afferents and
A

renal afferents in the regulatidn of noradrenergic activity

at the level of the hypothalamus and the peripheral

" sympathetic system.

v
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CHAPTER 3
.OBJECTIVES

The aim ofl£bis,research is to .test the ﬁypotheses
‘deQeioped in Chapter 2.. The e*pe;iments can be divided into
two:major’g;oups of s;wbral relatéd projects. The " first
grbué of experiments examingd) the ‘}elationship between
changes ’in ﬁoradsenergic “acﬁivity in the hypothalamic
structures .and changes in sympathgtic putflow. The second
.group of experiﬁeﬁts’investigated ‘the interaction 'between

inhibitory influences from baroreceptor afferez;s and

".excitatory influences from renal afferents on the

ho-

noradténefgiq activity at? the level of the hypothalamus.

The speéific objectives of the studies presented in this

thesis are: .
.1) Toiexamin hypothalamic anh'peripheral néradrenérgic

’ responsé to surgiocal reﬁgyal of aortic aféh

’ bgroreéeptor input by transection of ADN.

22) " T§ investigate hypothalamic aﬁd periphéral

' ‘noradrenergic response to changes in arterial pressure
(*loading and unloading baroreceptors®) in conscious

rats,

’
LAt

3) To determine the effect“of renal denervation on, ihe

noradrenergic response -to removal of ADN and to changes

in arterial pressure. '

4) To investigate the effect of electrical stimulatioh

of afferent rendl nerves on hypothalamic and periphenql

noradrenergic activity.

48
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i CHAPTER 4

Q

GENERAL METHODS AND MATERIALS
. R

This Chapter deals with the rationale for the use of
the NE turnover technique’ in this project as well as the
assumptions involved in using this techniéhe. Secondly, the
measurement of NE concentration using a fluorescence assay
and- High Performance Liquid Chromatogfaphy (HPLC) in
combination with an electrochemical (EC) detector after

L3 ‘ k3 L] r
alumina extraction aredescribed. The fluorescence assay has

been used in Dr. R. L. Kline's laboratory for a number of

g

years now and is well established (for details see Patel,

1980). The HPLC in combination with an EC detector assay

]

was deyeloped to increase sensitivity ‘and specificity of NE

measurement during the progress of this ‘project. The

initial studies were performed using the fluorescence assay

(studies in ADN transected rats) and the rest of the project
Lo . & o
wag done using HPLC in combination witht EC. The specificity
4 ! = )
and detection 1limits of the HPLC with EC assay are also

discussed. Thirdly, this section illustrates the histology
of the anﬁerior‘and posterior hypothalam%c sections used for

analysis of NE turnover. Specific measurements and

¥

techiigues, such = as arterial pressure measurement Or

»w

surgical techniques, are desc?ﬁijﬂ in detail in thé relevant

Methods sections of subsequent
' \

apters.

e
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4.1 Measurement of Turnover of Norepinephrine (NE}

4.1.1‘ General Comments

Over the last 20 years there has been a remarkable
increase in our knowledge about the biochemistry and
pharmacology of noradrenergic neurons. During that same
time several teéhniques have been devised to evaluate
sympéthetic nerve func;ion. The next section will

concentrate on some of these techniques and the

“interpretation of results obtained with these techniques.

Piasma NE 1evéls are often measured in hypertensive
anima;s and _m;n to assess sympathetic tone, as circulating
‘'NE is mainly derivéd from transmitter released' from
noradrenergic neérve endings supplying blood vessels (Reid et
al., 1975; Kopin et al., 1978). An increased" sympathet}c
drive, with a concomitanL rise in arterial.pressure leads to
the inference that the two are related; Such , an inference
is supported by ¥amaguchi et al. (1979) who have demostrated
a direct relation;hip between stimulation of the complete
sympathétic outflow from the spinal cord of pithed rats and
the increases in plasma NE concentration and arterial
pressure, However this technique for measurfbg sympathetic
activity hasﬁ,two majorL shortcomings. 1) A generalized
sympathetic nerve activity is measured with this technique
so it would be very difficult to know how the sympathg;iq

nerve actijvity was affected in specific vascular beds. 2)

-
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It is unlikely that there would be a simple relationship
between the amount of transmitter measured and the
‘constrictor tone it evokes because many factors,
particularly the méchanism of termination of the action of
NE and receptor sensitivity, influence the Eelationship, and
these factors va;y in different vessels and under different
‘circumstances (Brodie, et al., 1966; Blaschka, -1973).
Estimation of the‘ plasmd NE is currently the best method
available for assessing levels of sympathetic tone in man,
but it should be recognized that significant changes- in
sympathet;c nerve and vascular smooth muscle interaction
could occﬁr without detectable changes 1in plasma NE

coéncentration,

[y

In animals more invasive techniques have been devised
to measure the dynamic function of the noradrenergic neuron.
Figure ? shows a schematic representation of the
multifactorial equilibrium that exists in ‘Poradrenergic

-~ e

neural tissue.

The effector drgan is under the influence ofﬂa "restinq
gecretion™ of 'NE from postganglionic sympétheéic nerves.
This resting. secretion consists of two components: 1)
spontaneous random dischargei of packets -or gquanta of NE
which are far too small to cause a response of the effector

[

organ (Plaschko, 1973), and’2) release of relatively large
amounts of NE as a result of impulse traffic from the

central nervous system, which maintain' tonic activity,

A



FIGURE 2

Schéhatic representation of the various processes at a
noradfenergié nerve terminai. 1) propagation of action
éotential in presynaptic terminal; 2) synthesis of NE from
tyrosine; 3) release of NE; 4) neuronal uptake of releasgd
NEa S5) catabolism of released NE; 6) overflow of unchanged

NE td circulation.
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particularly in the vascular smooth  muscle. Since
endogenous concentrations of NE in the tissues are
maintained at a fixed level characteristic of each
individual organf it appears that there is a dynamic balance
between the rates of synthesis of NE and its \disappearance

(Brodie et al., 1966; Tozar et al., 1966).

A measurement that describes either the rate of
production or decline,K of NE in noradrenergic t}ssue is
referred‘to as the turnover of NE (Brodie et al., 1966).
This turnover of NE is influenced by five factors: 1) rate
of synthesis (strongly influencgd by frequency of electrical
imLulses), 2) storage of NE within nerve terminals, 3)
catabolism, 4) uptake into the nerve terminal, and 5)
diffusion away from the site of release (see Figure 1).

Change in any one of these factors could cause an alteration

in the turnover of NE. Synthesis, uptake and catabolism of

NE. are under the influence of electrical impulse; that is,

a change in the electrical impulse traffic is accompanied by

a change in synthesfs, uptake and catabolism, thus

.maintaining a steady balance between synthesis and

disappearance of NE (Brodie et al., 1966; Tozar et al.,

1966: Blaschko, 1973). Therefore the turnover of NE can

- conceivably be used as a method of indirectly assessing

sympathetic nerve activity provided all other factors are

copstaﬁt (Brodie et al., 1966; Tozar et al., 1966;

- Sharman, 1981).
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The turnover of NE is estimated using different methods
based on the conversion of radig-labelled preéursor
(tyrosine or dopamine) to labelled NE (Udenfriend et ?l.,
1963; Gordon et al., 1966; de Champlain et al., 1969), the
decline in specific activity of labelled NE over time (Costa
et al., 1966; Kopin, 1978), and the rate of decline in
tissue NE concentration after -:inhibition of tyrosine
hydroxylase (Brodie et al., 1966). The various techniqﬁes
give roughly the same results }Brodie et al., 1966; Tozar
et al., 1966; de Champlain et al., 1969; Sharman, 1981).
However isotopic procedures require evidence that the .-

labelled 'H -NE is evénly distributed throughout the stores

-0of endogenous amine (Brodie et él., 1966; Shagﬂan,’ 1981).

For further details about -the various techiques used for .
- * -
ey . .
measurement of catecholamime turnover refer to Sharman

(1981) .

The next few paragraphs' will concentrate on the
nonisotopic method. using a tyrosine hydroxylase inhibitor,
as thys was the technique used in this study and it is among

the best measurement techniques to access noradrenergic

activity to date (Salzman et al., 1979; Sharman, 1981).

When the synthesis of NE is inhibited at the
rate-limiting step .(i.e. tyrosine to dopa stage wi;h
a-methyl-tyrosine), the NE content in. sympathetically
innervated organs decreases exponentially with time

(Carlsson et al., 1963; Spector et al., 1965; Sharman,




————————————————————______f_iI1-----IIIII1IIllllllllllIllllllllllllllllllllllll
k] ’ - ' 516 .
1981). Several studies indicate that the frequency of
neural impulses plays an important role in the depletion of\
NE from a sympdthetically innervated organ after inhibition
K #
of synthesis (Tozar et al., 1966; Grabowska et al., 1976).
Since no new NE is formed, “continuous tonic release is

sufficient to lead to gradual depletion of NE (Bhagat,

1967). Thus it seems acceptable to usa this technique of

measurement of NE turnoyef as an index of sympatheticf nerve
activity (Brodie et;'al., 1966; Grabowska.et al., 1976;
Patel, 1980). The validity o6f this technique for measuring
turnover of NE in sympathetigélyy innervated tissue is based
on the following assumptiofis:

1) a—methyl—tyrosihe ‘completely inaqtivates tyrosine
hydroxylase. | sifice. u—methgl—tyﬁosine is a reversible and
competitive inhibitor (Nagatsu ét al., 1964) the effect
would be expected to last only as .long as adegquate

‘ concentrations of inhibitor were present in the tissues.

This can be achieved by administration of several doses of

the inhfbitor during the experiment to maintain a maximal

o block. Once inhibition was maximal, increased amounts of

| inhibitoirwould not be expecteﬁ.to hasten the rate of NE C
depbetionA since. the latter would depend on the rate of NE
utilization. Such was found to be the case (Spector et al.,
1965) .

2) a-methyl-tyrosine does not release the

catecholamines or change their catabolic rate. Spector et .

al. (1965) have demonstrated that «-methyl-tyrosine does not
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release the catecholamines or alter their rate of
- ihactivation.
» A s

3) Theainactivation of tyrosine hydrbgylase is rapid.
fhe rapidity of the blockade is evident from the fact that
‘the regression line for NE concentrationl'versus time
}ntercﬁpts the vertical axis at the point which describes

* the initial concentration of the NE (Brodie et al., 1966).

" In spite of the limitations of this technigque for

- "measuring the turnover of - NE, several investigators have
L]

) _demonétrated that NE turnover rates in brain and heart are

) similar to those observed by radio-labelled isotope methods
Y N - = ¢

e S (Udenfriend et al., 1963; Brodie et al., 1966; Costa et

al,, 1966; Iversen et al., 1966; Neff et al., 1968; -
Sharman, 1981). The fact that estimates of NE turnover made
by different methodé have given comparable results suggests
that the same process is being measured by the different
;approacﬁbé to the problem. It has been well documented that
N the process being measured by these various techniques is
directly related. to electrical activity in the neurons
examined (Salzman et al., 1979; Sharman, 1981). Such
evidepce | i provided by studies showing increased NE ®
turnover: in% nerve terminals 1in bresponse to elecFrical
stimulation of the nerve, in vivo and in vitro as well as in
< : eiperiments designed to increase sympathetic outflow
(e.é. stress) (Salzman et 31., 1979; Sharman, 1981). In
addition, thg}tgch;ique using decline in NE concentration

after iphibitipn of synthesis has been used by several

-

.-




58

investigators in the various models of hypertension to
evaluate sympathetic nerve activity e.g. de Champlain et
al. (1969); vVan Amerigen et al. (1977), and, Nakamura et
al. (1971) 1in DOCA-salt hypertension, Yamori (1972), Louis
et al. (1969), and more recently by Patel et al. (1981) in
SHR, where increased sympathetic outflow has been
demonstratedeby electrophysiological techniques (Judy et

al., 1976).

:Recently Patel et al. (1981) used this technique to
measure changes in turnover of the various peripheral organs
of SHR. The results of changes 1in . the turnover of NE
observed‘inrthe peripheral organs of the SHR agreed with the
results of Touw et al. (1980) who reported similar changes
-in neurogenic vasoconstricéor tone of peripheral vasculature
in the same model of hypertension at 9 weeks of age. fhese
results suggest that NE turnover can be a good'inéicator of

peripheral sympathetic activity. o
/7/

In the CNS it has also been possible to demonstrate

*

»
increased NE turnover in response to increased neural

activity (Salzman et al., 1979; Sharman, 1981). As in the
peripheg&,_ increased impulse flow ‘ (via electrical
stimulation) Ehrough central noradrenergiclngurons rgsulteq
in increased Nﬁ turnover in the brain regions in which the
rierve terminals are located (Grabowska et al.), 1976;
Salzman et al., 1979). Thus this technique for measurement

of NE turnover should provide a valid. index of mean
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noradrenergic neuronal: activity in the CNS as well as the

peripheral sympathetic nervous system.
. 4
" 4.1.2 Procedure

The decline in endogenous NE was @easured following
inhibition of NE synthesis with the tyrosine hydroxylasé
inhibitor, (DL)-a-methyl-p-tyrosine (Spector et al., 1965)
using tﬁe method originally describedM by. éroﬁie et
al. (1966) and more recently by Van Ameringen et al. (1977)
and Patel et all (i981). The methyl ester HCL salt‘of the
inhibitor (Aldrich Chemical Co., Milwaukee, Wis., . U.S.A.)
was dissolved in saline (60 mg/ml) and aéministered at a
dose of 300 mg/kg (i.p.) every 4 hbﬁrs. Fér the rest of
this thesis, the tyrosine hydroxylase -inhibitor will be
referred to as a-methyltyrosine. In the 1initial studies
(Chapter 5) tiésue rNE~ was dete;mined at different time
intervals after inhibition of tyrosine hydroxylase. A - plot
off NE concentration as a peféent 6? the initial value on a
log scale versus time gave a straight 1line. Linear
regression analysis gave a correlation coefficient greater
yhan 0.8} for all organs examined. ‘Since it wag
demonstrated that there was a single exponential
relationship for the disdppearance rate of NE in the various

‘l;issues afger inhibifion of tyrosine hydroxylase, in
subsequent chapters I wused a single Fime interval in

combinafion'with zero time controls to infer the turnover of
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NE. This procedure has been suggested and used by several

. investigators (Wijnen et al., 1978; Anden et al., 1980;

Sole et al., 1980; Wijnen et al., 1980; Persson et al.,

1981). Further details pertainihg, to- each particular

chapter are provided in the respective methods sections.

A

The ‘rest of this sectiony will concentrate on the
details of fluorescence assay for NE fwhich was well

3 . L3 ’
established in Dr. R. L. Kline's laboratory when this

project was begun), and' the NE asgsay using HPLC in
combimftion with EC detection (which was made operational

during, the progress of this project). *
A\
4.1.3 Fluorescence Assay for NE

4.1.3.1 General Comments : _ -,
, | o

&he technique used for §§saying '\tiQ§de lfor " NE
y +  concentration was esseﬁ?ially €ﬁ§ ér{hidroxyindo}e (Tﬂi)
method described by Antoﬁ et al. (1962). Modifications were
; adopted from reviseg methods qéscribed by Sipes (1969) sand
y Shelleqbe{ger et al. (1971). Briefly, the assay involves

tissue homogenization " in perchloric acid, adsorption of

. . . 8 ' ‘ -
catecholamines onto activated aluminum oxide, extraction and
oxidation. Norepinephrine is thereby isolatgd and oxidized .

at a slightly acidic pH to form its quinone dé;ivative,

k4

nor adrenochrome. In alkaline solutions,  theé gquinone




q { ' ‘ | 6 1
T , : . o

’undefgoes intramoleculer rearréngement to form the cyclized
kiihydfoxyindole, nb%edrenelutine: - The _fluorescent
no}adrenolutine derivatiee is stabilized by ihe addifion of

a reducing agent and readjustment to a slightly acidie¢ PH.

The actual procedure is descrlbed in detall below.

o

4.1.3.2 Chemicals and Reagents

Chemicals:
. L

Ail chemicals used were reagent ‘grade" (Fisher wunless
otherw;se steted)J .
‘Acetic acid (cn,eooa, glacié]:_)
‘ Aluminpm ox{de (AL, O, , alumina,,aetivity grade ‘1, Woelm
Pharma, ICN Nutriﬁioﬁal Biochemicals)
‘Ethyleﬁediamineeetracetic acid, dfeddium saleﬂ(EDTA) :
Hydrochloric acid_(Hcr, concentrated) - i .

Iodine ‘(resublimed) . . | .

L-Norepinephr%ne'bitartrate_monoﬁfdrate (M.Ww. 337.2,
Sigma) . ' i

Nitric,aci% (HNO, , concentraeed)

Perchlorlc acid (70%)

Pota831um dlhydrogen phosPhate (KH PO, )

Potassium 1od1de (KI) - . .

Sod1um hydrogen phosphate (Na,HPO, )

Sodium ‘hydroxide (NaOH, pellete) :

Sodium metabisulfite (Na, s, 0,)
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Sodium sulfite (Na, SO, )

Trizma base (Tris-(hydroxymethyl)~-aminomethane, Sigma)

Reagents: - (ﬂ' . o

—ar

TTTTTY——

~

All solations were"'prepared | using . deionized ,
glass-distilled, water ,(GDW). All glassware was thoroughly
- ; .‘ - - - °
washed 'in 30% nitric acid and rinded with deionized GDW.
o S )

-

.Hgapgenizing solution: 34.5 ml of 70% perchloric acid
(approx. . 11.6 N) was diIutedxfo'l litre with GDW. 1.0 g

J.$pdium metabisualfite and 0.5 g EDTA were then -added. The

o

'sdlution was kept refﬁige;atéd.

<~ HCl (2.0 N): 167.0 ml Sf concentrated HCl was diltued

to 1 litre with-GDW. : .o L <

>

&

=

Aluminum oxide: 250 g of alumina was ‘placed in a

é liter cylinder and washed.with f%oﬁing tap water for 12 h
~ such that thege.réas cgnstant  mixing'.;nd the lighter
partiéles were. washed-: aﬁay.‘ Two-liters of 2.0 ﬁmﬂci,were
pgépared qby' diluti—"ngh334 ml\c;f’ aoncen'tragtedd AC1 with GDW.
500 ml of 2.0 N: ﬁCI';ére'added to the w;shéé alpmfna in a
1 liter beaker, ﬁlgcéd onﬂa magnetic siiffer and heated at
‘90716% C for 45 min in é fume hovod. ghe beaker was removed
. ftq?Athé heat, the élumﬁpa allowed to seitlecfgf 2 ﬁiqy and
" the éupernqtapg decanted and discarded. ’; ‘

-

. .

o

250-mlﬂof!2;0 N Hciu:g%e then added'td the alumina " and

-the mixture heate@ at 70'bbfpt 10 mih. The supernatant waé

y »
o

3
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decanted and discarded. This was repeated once. 500 ml of
dcid werp then added and the mixture heated at 50 C for
10 min. The s éernatant was again discarded and the alumina
washed in flowing ‘distilled water to pH 3.4. f\e,alumina
was dried in an oven at 250-300 C and stored in a

“,
degiccator.

’ ‘ . .
‘ Tricine solution: 0.525.N NaOH was prepared by
dissolving 21.0 g. of NaOH pellets in GDW and adjusting the

volume to 1 liter. To this were added 17.9 g of Trizma base

* ‘and 25.Q g of disodium EDBTA.

,'Perc,hlori‘c acid (0.05 N): 4&1&1 of 70% perchloric

acid were d;iuted to.l liter with GDW.

Sodium hydroxide (5.0 N):. 20.0 g of NaOH pellets were
f

»
dissolved in GDW and the volume adjusted to 100 ml.‘

Phosphate buffer (0.1 N): 4.27 g of Na,HPO, ‘and 9.52 g
" of KH, PO, were dissolved in GDW and the volume adjusted to

lvliter. 9.0 g of EDTA were added and:Ehe pH adjusted ko

7.0 with 5.0 N NaOH. .

—~ ' 4 . . -
Iodine reagent (0.1 N): 4.0 g of potassium iodide and

, ~ 1.0g. of iodine were:  dissolved in GDW and the volume

adjusted to 80.0 ml; The solution was stored in an meqr'
, , . E )
'(u bottle under refrigeration and filtered through glags~wool

pefore use.
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Alkaline sodium sulfite- (2.5%): 25% sodium sulfite was
. * . .
prepared by dissolving 25.0 g of Na,/SO, in 100 ml of GDW.

“~Just before use, 1.0 ml of this mixture was added to 9.0 ml
.0of 5.0 N NaOH and thoroughly mixed.

. ' - t

—

Acetic acid (0.02 M): 1.2 ml of glacial acetic acid

was diluted to 1 liter with GDW.

IS

Norepinephrine stock solution (100 pg/ml): 19.9 mg of
L-norepinephrine bitartrate monohydrate were dissolved in
100 m1 of 0.01 N HCl. The solution was kept refrigerated.

. New stock solutions were prepared at least once per.month.
P

?

-
4.1.3.3 Homogenization procedure

éegipheral tissues: The left kidney, a section of the N

A g intestine (duodenum) and a piece of skeletal muscle (from

L]

hind limbs), were quickly removed from each rat and placed

in 10 ml jof chilled homogenizing solution iq polycarbonate
éentrifuge tubes (28 x 100 ﬁm).- The tissues were then -
homogenized for 30 sec using a Polytron homogeﬁizer»:
(Brickmanﬁhinstruments, Mohel P? 10-35),'a£,a spéed coﬁtfol
setting:.of 5 for ‘kidney and intestine and'% for skplétai
nuscle. The ‘éubes were then spun in a refrigerated

centrifugq (Sorvall Model RC-2) for .15’min'-ét 4 C and -

30,000 x g+ Two seperate 3.Q ml‘aliquots were = taken from

° ” the Cclear supernatant fluid and placed in clean

polypropyleﬁe tubesv.{lélx 100 mm), cappeg\kdnd stored at

L.
- : .
» v + ¢ ° . <
4 ’ . -
’ -1 . . .
. .
-

’ . A . « .

.
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=75 C.  These duplicates were then assayed in different
assay batches as describéd below. A third aliquot of 3 ml
was taken from' some samples to serve as 'anQ internal
standard. An assay batch consisted of 6 samples ‘and two*

internal standards.

Example:

Sample 1 2 4. 6
AN AN/ /N I
Aliquots 1,11, 222, 33 44, 55,5, 6866,
. , & ‘ '
standards added.to 13\‘ 2, 3 53 63
T—
\ '
Assay batch A 1, 2,3, 4,5, 6, 1, 6,
Samples Internal
' Standards
’ »
Assay batch B 1z 2z 3, 4z 5, 6, 23 S3
Samples Internal
Standards

A standard dilution of NE (200 ng/ml) was prep?red. by
diluting 0.1 ml of NE stock solution (100 ng/ml) to 50'mf“
with 0,02 M acetic acid. A total of 40 ng (0.2 ml .of ~NEq

, dilutié&, 200 ng/pl) of NE were added to each of the
internal standard tubes. The tubes were capped and stored

-

at 75 C as above.

Brain tissues: Brain tissyes were treated similarly

eicept that 3.5 ml of‘homogeni;ing gsolution were used and

3

1l ml sampies were placed }n each of’ the assay ‘tubes and

apprépriate internal standard tubes.
= Lo N . \

AJ



4.1.3.4 Extraction procedure £

The extraction of NE was performed in groups of 8 tubes

at a time (1 assay batch) consisting of -6 tissue samples and

two cd&reéponding internal standards. On the day of.

extracﬁioh,l tpe‘ tubes were removed. from the freezer, 3 ml
ana 5 ml Bf homogeniziné solution added 'to ' the peripheral
and brain tissgéj sample? reépectively, and the solution
éiloyed‘to thaw, Each tube then had a total of 6 ml of
homog;nizihg'soLution. Activated alumina (300 mg) was added
to each tube apd thoroughly mixed.‘ Approximately 4.0 ml of
"tricine solution were added and, after miilng, the pH was
caref&lly adjusted to 7.80 i 0.05 wiﬁh'a drop-wise addition

of tricine. The " tubes were then placed on an inversion

shaker and mixed genfly at slow speed for 20 minutes.

After the Tatechols were bound {o the alumina the tubes
were spun in a clinical centrifuge (Internationgl Model CL)

Py
at 6,000 r.p.m. for 5 min and the supernatant solution

’ L]

aspirated and discarded. The alﬁmina Xas then washed

2 times with 10.ml1 aliquots of GDWZ cgntrifuging " and
discarding _the w&sh water gach time. After the last wash,
the catechols were eluted from the alumina by adding 3.0 ml
of .0!5,; perchloric acid and §paking vigorously for 20 min
on a horizontal:shg‘er (Eberbacﬁs. The tubes were then spun
in a refrigerated centrifuge for 10 min at 10'C. and
30,0pb x g. A 1.0 ml aligquot of the éupernatant‘ solution

from each tubé‘ was placed in a borosfjlicate glass tube

.
) ’ .&. .

’
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(13 x 100 mm), covered with Parafilm and stored at <75 C.
From one of the tisgue samples in an assay batch ap

additional aliquot was taken to serve as the tissue blank

(To) during the oxidation procedure.

4.1,3,5 Oxidation procedure

The oxidations were performed in groups of 9 tubes at a
time consisting .of 6 tissue samples, 2 intérnal standards
and a tissue blank (To). The tubes were removed from the" ¢’

\S( ffeezer and allowed to thaw. Phosphate buffer (1.5 ml) was
\added to each tube and mixed thoroughly. For the oxidation
ofl NE 0.2 ml of iodine reagent was added, the tube shaken

briefly, and the reaction timed for exactly’ 2 min. The

oxidation was then- ®topped by adding 0.5 ml of freshly
prepared alkaline sodium sulfite, shaken and ﬁiméd for

exactly 2 min. Glacial acetic acid (0.4 ml) was then_ added ‘
L] % , , “
" "to bring the pH to 4.4 - 4.8. It was. thus possible’ to react

8 sémplés in the oxidation process at 15 sec intervals in
one batéh. The tissue blank (To) was prepéred by \aqgition
of the reagents .in fever¥e order: i.e. acetic acid,
followed by alkaline sodium sulfite, then iodine reagent.

This procedure prevents oxidation of the catecholamines.

»

After oxidation or‘reverée"oxidation, all tubes were

: placed in a boiling watef bath fog 4 min, as heating of the -
i ] ' -

acidified solution enhances the”developmenttof fluorescence,

, A 5 ; o .
». then coolgd in an {ce bath for a further -4 min., Tubes were

\ , , . .-
- , )
. i ) !
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then removed from the ice! coveréd with Pafafilm and allowed
to reach room tempefature. Pre;ious studies using this
techhiqué have shown fluorescence intensity to remain stable
for  20-30 min  after oxidation (Anton et al., 1962).
éluorescence 'iﬁténsity was read on an Aminco-Bowman
spectrophotofluorometer (American Instrument Co.), fitted-
with an off-axis ellipsoidal condensing system. and an RCA'
1p-28 pﬁotomultiplier tube. The excitation and emiséion
wave léngths wused tofk NE  were 388 mu | and 488 mp,
reépectivgly."The tissue blank was read between each tissue

~

Sample.

4.1.3,6 Calculation of NE conc%ptration in the tissue >

The concentration of NE (ng/ml) in the samples was
determined by‘ firs?l subtracting the perce&t tfansmission
(% T) of the tissue blank (To) ffom that fof the tissue
sample and then multiplying by Fhe meter multiplfer settiﬁg .
to obtain the relaEive fluorescence (RF) of sample. The
corfesponding NE conteht in 3 ml was then Ealculated By the

formulas l ' .

S



‘NE ng = RF sample x 40
RF internal standard

where: 40 = the standard amount of NE added in ng

ﬁF sample = the relative fluorescence of the sample
RF internal standard = the mean of the differences
- ‘in relative fluorescence (RF)
" between. the RF of " eaqh
interhal ‘standard and the RF

of its corresponding sample

Total NE (ng) present in the tissue sample was

calculated by"multipyying .the value '©btained from the
:previous calculation by an appropriate conversion factor to
correct for dilgtion;due to watgr content of the tissue. A
. correction factor of 77 to 79% (water content) was used in

-

all the brain tissues, intestine and skeletal muscle as the
R ‘ . ‘
water confent did not clange in these tissues * after

injection of :tyrosine hydroiylése inhipitor. Howeye;, ih
_the kidney, there was an indication that water accumulated
over time after the injection :0f _tyrosinq‘ hydroxylase
. " inhibitor (Table 1). Tﬁerefore, from each of the raﬁs the
right kidney was weighed when wet and again after having
dried to constant weight in an oven at>60 C. The water
content of each right kidney was subsequently used as a
correctign factor in NE concentration calculationg 'fbr the
corresponding left kidney. The total NE (ng) was then

- . v
divided by the wet tissue weight to obtain the [NE] in ng/g.

]

| S | r
— \ .
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'
he TABLE 1
¥
’ \ -
Wassr Accumulation in the Kidney Qvér Time After
Injection of‘?yrosine Hydroxylase Inhibitor
Time éfter the 1lst Injection of Tyrosine
Hydroxylase Inhibitor
_____________________________ oo
0 hr 2 hr 4 hr 6 hr: 8 hr
$HO 77.4+40.2 82.3113ﬁ 82.7+1.1 83.7+0.8 84.340.3
Content/}S .
e

Sample: From 9 week old Wistar rats.

Note: The zero time value was obtained from rats that were
not injected with the tyrosine hydroxylase inhibitor.

‘a

n =3 - 6 at each time period

s
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.>A*sample calculation is as follows: \

500 mg of tissue homogenized in 10 ml of solution,

RF . sample = 2.10
; RF internal standard = 1.46
“Total volume = 10.00 ml + 0,39 ml

»

pcorréétion for water .content) = 10.39 ml

‘ .o mmmemm = 60 ng
CL . . < 1.40 o
C . L
Total NE Q;gsent in sample = 60 x 10.39 .
’ S mmm e = 207.8 ng
y . . 3
Tissue NE,concentratintin ng/g wet weight ="
207.8 o '
---—- = 415.6 ng/g
0.5 g :
' \

4.1.3,7 Determination of Assay Variabiltty

The specificity of £he!flgére30ence=assay for . NE has
been .investigated &n getaiL and diséuséed Aby prev%qus
workers (Ahton et al., 1962; Sheilénbergér et “al., . 1971)..
In  addition we have determined that ‘there was no
interference of tissue extracts with tﬁe meaqﬁremght of NE
by assaysgg denervated .kidneys devoid of NE (3 daysjéfter
surgical stripping and application of alcohol to,‘the renal
vesgels)., Theée samples yielded fluérescence values that.
were not significantly different from tissug.blaﬁks qbtéined

by reverse oxidation. In the present study standard curves

for NE concentration (ng/ml) versus relative fluorescence

)

L
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(RF) were prepared by oxidizing samples containing known

amounts of NE, using three different stock solutions of NE

(100 pg/ml) . A plot of NE concentration versus RF was‘

constructed (n = 36) and the regression line calcu%?ted'
using linear - req#ession_ analysis. A sample %Prggrfig
illustrated in Figdre 3. Thg linear range from ;}5nq{ﬁl to
5 ng/ml covered all the tissue samples. encountered

throughout the study. ,*‘fa‘@

1

The variability of the assay procedure over a long time
pefiogv was determined by two separate procedures: l)‘The
efficiency of the extraction procedure was determined by
measuring the percent recovery. Percentage recovery was
determined ,by comparing tﬁe valﬁe of an internal standard
and the value obtained by oxidation of the same amount that
d1d not go through the extraction procedure, and was found
to be approximately 70%. This is comparable to the percent
recovery in previous studies done in this laboratory (Stuart
et al., 1979). 2) To check the consistency of the oxidation

and reading procedures, new regression lines were generated

at various times during a period of a year by the method

@

*described abovi. At no time were there . significant
ween

the sleopes or intercepts of regression
lines calculated for sﬁandard‘cutves. The coefficient rof
' ” '

variation (calculated from internal standards) between all

the assays.performed among organs was less ‘than' 20%, with

‘the varlathn w1th1n an assay of less than 5%. Furthermore

the majority of the duplicate sampies, corrected for percent

\
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FIGURE 3

Typical standard curve of NE concentration versus,,
relative fluoresceﬁce; Two additional curves were obtained )
\one.month and four months after the ériginal curve. Curves

were derived using linear regression analysis. Using a
t-test for 1linear regression, there was no significant
difference between the slopes of ‘these curves. The
Y-intercepts of the 1latter curves fell within the 95%

confidence interval for the Y-intercept of the original

curve.
.
Regression Corralation
Equation Coefficient
(Y = )

Original Curve 0.66x - 0.08 0.99

Curve obtained 0.66x - 0.01 0.99

1 month lkater

Curve obtained 0.66x - 0.08 0.99

4 months later ‘ .

» " [ ] ]

-
n = 36 for each curve

»
4
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. . recovery, ' were within' 5% of the mean for ‘that sample
' .o : , ..
(determined from S0 random iﬁpples). S

.
2]
&

4

4.1.4 Determination of NE by High Performance Liquid

. Chromatography . (HPLC) in combination with
"‘- / Electroclemical Detection (EC{ ‘ | l I
. «
. . ( C oy
. "4.1.4.1 General Comments g .
., a .

!
A
e L3

‘ L R ‘
The second technique used for assaying tissue NE after

extraction on activated aluminum oxide was essentially

_ : & .

derived from the original work b Keller et al, (1976)
] " . 'é Y ) ' ﬁ)—-i-l . '1
"kmown as thé HPLC in combination - with EC (pioneered by

 Kigsenger et al. (1973)),’ Briefly,‘ the assay involves

) » (3 . » 3 J. '
tissue homogenization in perchloric acid, adsorption of

] - 3 -y °
¢ : .. ' 3 ° - . s .’
catecholamines onto = alumina oxide, .  extraction with

. N ' t ‘ ‘ .
perchloric acid and injection of each sample on the HPLC.
/ = e ‘ S M .

\

The catecholamires are quickly and éffiéiently separated by

the HPLC.. The separated cat®chols "then pass a’sensitive

) L “ K ’
electrochemical detector. .All catechol derivatives
TEEERY .

g

“are

readily oxidized. at a.glassy carbon elecktrode, to generate

2

. . two protons and two electrons.

-~
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-
i

This anodic oxidation is used analyticall;) to ‘measure
the raté at which electrons are transferred across the.
éleéﬁrode-soluﬁion interface, in .-other ®» words, the anodic
curgent. The instantanedus current is g}réctly proportional
to the number of molecules coming into ,contact with the
interface per “*unit time and can, therefore, be used to
determine Eﬁe concentration of the reactant in Epe
neighboring solution. The compound of interest (identified
by retention times of standards) is quantified by
calculating the height of the peak using a Hewlett Packard
3390A integrator, and ‘their actual amount determined by
using . a known amount  of artificial catecholamine
dihydroxybenzylaminq’(DHBA) included in each sample as an
internal standard (for details of the calculation see
section 4.1.4.6f. The actual procedure 1is described in

detail below.

4

4.;.4.2 Chemicals and Reagents .

~

This  is an extension of the. list of: chemicals and

reagents presented in Section 4.1.3.2.

Chemicals: L,
: H ‘
. _ . . w‘
Potaggium Phosphate (KH,PO,monobagic) HPLC grade
Ociyl sodium sulphate (Kodak)

Methanol HPLC grade




: : ?
3,4,-dihydroxybenzylamine hydrobromide (DHBA, Sigma)

¢ : : %

Reagents:

Phosphate buffer: 15.0 b of KH1?04, 0.75 g of octyl

sodium sulfonate, and 0.1 g of sodium EDTA were dissolved in

GDW after which 300 ml of methanol was added and the volume

adjusted to 2.liters. The pH was adjusted to 4.0 and the

solution was then filtered 'through a 0.5 um organic

Millipore filter (FH, 0.5 pm, Millipore Corp., Bedford,
Mass.). Degassing of solvents was achieved by continuous
stirring of the solution in the reservoir feeding the pump

(Figure 4). .

Standard stock golution: Stock solution of
norepinephrine (100 bg/ml) and dihydroxyﬁenzylamine
hydrobromide (100 pg/ml) was made by dissolving 19.9 mg of
L-norepinephrine bitartrate monohydrate and 15.8 mg of
dihydroxybenzylamine hydrobromide in 100 ml1 of 0.0l N’HCl.
The solution was aliquoted into 5 ml vials and stored at

’[70 C in the freezer.’ Each 5 ml vial was thawed and kept in
the refrigeré;of prior to‘use. Solution from such a 5 ml
vial was not gg@d if the vial had been refrigerated for

longer than 1 month.

Dihydroxybenzylamine stock: 15.8 mg of
dihydroxybenzylamine hydrobromide were dissolved in 100 ml
of 0.01 N HCl. The solution was packaged the same way as

s;andard stock‘solutioh described aboyg.

e | 77



Figure 4

« -

Solvent reservoir for element; stirring plate to héep
the solvent degassid;\ Pump with damping coil to limit
Apﬁmping pulsations; solvent filter; injector fﬁr on-line
injection of 0 to 2 ml sample; Guard Columh with uBondapack
C18 packing same as the actual columﬁ for filtering possible
contamination of sample; Column for separation of
catecholamines - pBondapack C18; Eiectrochemical detector
' for measuring the oxidation of catecholamines; controller,
potentiostat-amplifier; Integrating reqorder which
converted the .signal from the controller into a

" chromatographic trace and measured the area or height of

each peak in the chromatograph.

9
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L d

4fl.4.3 Apparatus

The vchcomatographic system consisted of a 2 liter
conical glass flask used as a eolveot reservoir with stir
bar, a Model M45 ﬁgﬁljpistoﬁ pump, a Model U6K injector and
a 6.25 mm x 30-cm uéondapak C;S ‘column eall from Waters '
Assoc., Milford, Mass., U.S.A.) (Figure 4). The detection
device consisted of a detector block (TL-8A Bioanalytical
Systems) and a controller, similar to the amperometric
cootroller‘ (Model LC-27A) from Bioanalytical‘Systems.(West
Lafayette, Ind., U.S.A.), made in the Department of
Physiology, University of' Western -Ontario. The detector:
consisted of glassy carbon electrodes with a flow cell
defined by the 0.127 mm gasket. The electrode potential was
maintained at' 0. BV;versus a silver-silver chloride reference
cell. The signal generated by the detector was converted by

a Hewlett ‘Packard 3390 1ntegrator to a- chromatographic trace

(Flgure 4).

4.1.4.4 Homogenization procedure

The homogenization procedure used was similar to the
one used in the fluorescence assay described previously with
the exceptionvthat different volumes were used for some of
the tissues. Ohly the differences in the homogenization
procedure will be highlighted, Kidney and skeletal musc}e
tissues were homogenized in 6.5 ml of solution; intestine

and brain were homogenized in 3.5 ml solution. A 6.0 m}
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aliquot for kidney and skgle£;l~musélé and a 3.0 ml aliquot
for intestine and brain tissues were taken from the clear -
supernatant fluid and placed in clean polypropylene tube

(17 x 100 mm), capped and stored at -75 C.

N :
4.1.4.5 Extraction procedure

A Y

The extraction of NE was performed in groups of
16 tubes at a time (1 assay batch) consisting of 14 tissue
samples and two external étandérds. On the déy of
extraction, the tubés\were removed from the freezer and 3 ml
of'homogenizing solution added to intestine and brain tissue
samples, ‘and the solutions allowed to thaw. Each tﬁbe then
had a toﬁal of 6 ml of solution. The stanéaras consisted of
6 ml of homogenizing solutign with an addition of 100 n;
each of NE and DHﬁA.‘ A 100 ng of DHBA ,was also .added to
each sample to control each sample for.loss of NE during the

extraction process. The samples were then extracted using a

procedure identical to the one outlined in Section 4.1.3.3.

»

f

4.1.4.6 Injection Procedure and Calculation of NE

Concentration in the Tissue
~n

The tubes containing extracted catecholamines in
perchloric acid were removed from the freezer and allowed. to
thaw. Calibrftion standardg " and samples (50 ml) were

injected onto the HPLC columh_hsing a Hamilton microsyringe
v :

".
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* [ “- .

with a stainless-steel needle. The calibration .standards ‘
A\ ‘ : ‘

were injected first and response factors were calculated and

averaged over the two standards. The response factor (R) is .

calculated as a ratio of peak height of 100 ng DHBA to peak
height of 100 ng NE in the calibration _standards. This
factor (R), obtained for each batch of 14 extracted samples
was then‘used to calculate the NE content of the samples, as
illustrated below:

Amount of NE in saﬁple prior to extraction =

peak height of NE in sample x R x 100*

“peak height of DHBA in sample
R

peak height of NE in calibration standard
peak height of DHBA in calibration standard
* = 100 ng of DHBA was added to each _sample - prior to
'extragtion ‘
Total NE (ng; present in the tissue gamble was
. ~ calculated by. ‘multiplying the wvalue obtaiﬁed from the
p;evious calculation E;/an appropriate conversioh factor to
correct fo; dilutigp, due to water.content of the tissue.
See Table 1. The total NE (ng) was then divided by the wet
tissue weight to obtain the [NE] in ng/g; Calculation based

a
on a 6.0 ml sample from 6.5 ml of homogenate or a 3.0 ml

saﬁple from 3.5 .ml of hohogenate were made using the

r
following formulae:




o

6.0-ml sample:

NE in 6 ml sampleg(s.é + (0.77xwt.))s Total ng

--------------------- bmmmmms—m-mmo- 2 —o=----= = ng/g v
( ) wt

3.0 ml sample:

NE in 3 ml samplex(s 5 + (0,77xwt’, )) Total ng .
e m e — e — e m— e @ s—ese——— = ng/g

3 ’ ‘ 4 wt
‘ *
N

(o

The catecholaqige .assay using HPLC wfzgzelectrochemlcal

4,1.4.7 Specificity and Detection Limits

detectron involves a separation of the catecholamines by
reverse phase chromatography (Keller et/ al., 1976) and
consequent detéction by a highly séns?tive electrochemical
detector introduced by Kissinger et al. (1973). The
usefulness of HPLC with EC detector in the determination of

catecholamines has been amply demonstrated Ry a number of .

laboratorles (Kissinger et al., 1973; Refshange et al.,

1974; Adams, 1976; Borchardt et ali, 1978; CHristensen et
51., 1979). 1It is knéwn'that geparation_of catechol groups
;nd maximum detector response are affected by changes’ in
solvent pH (Moyer et 'él., 1578). In the preseﬁi studf I
observed an optimum solvent pH of‘4.0_for/;ﬁe separation Of §
the peaks observed in this stuéy. The kidne& tissue'seemed -
to produce the most complex- chromatograph seen in this ..
study. An unknown substance co—chromatographed with NE at;'
solvent pH' of 5.0. However at a solvent pH of 4 0, .

4 = . - M
separation of the unknown substancer and NE peak . was

-y
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satisfactory (Figure 5). Although Figure 5 does not show a
chromatogiém at pH 4.0, Figure 7C shows a clear separation

of the unknown peak from NE peak. at pH 4.0.
T _

To enhance the: resolﬁtion of catecholamines and
particularly .to effect baseline separation between closely
chromatographed peaks, the technique of ion pairing was used
(Moyer et al;, 1978). Sodium octanesulfonate was used since
it was demon;trated to ﬁrov}de the best separation by Moyeg
et al. (1978). The potential difference for oxidation was
set at 6:8 V since in my. system it provided the maximum -
detector response at this potentiai for NE'(Figufe ). A
sampie tracing of the separation of cateéholamipes in a
~standard is«Mprovidgd in Figure 7A. Examples of the
separation seen for extracts of brain and periphefal tissues
;re,shown in Figure 7B, 1C, 7D, 7E. The specificity of this
asséy for NE has been investigated in detail and .discussed
by previous workers (Horvath et al., 1976;‘ Molnar et al.,
1976; Moyer et al., 1978; Sasa et al., 1979). 1In addition‘j
we hqée determined that there was no interference of tissue:
;exﬁracts with .Mmeasurement of NE by assaying surgically
denervated . kidneys and chemically ~ denervated

(G-Hydroxydépamine$ intesgﬁpe and skeletal mﬁscle,“whiqh are

devoid of NE. ~Thésg samples yiélded no peaks  on the

chromatograph which correspon‘id with the NE'”peaks in . the
v

chromatographs of samples taken from animals with intact’

A

innervation.




FIGURE 5

Effect of pH on the separation of NE f (unknown) in the
kidney sample. pH of thSphate buff;r was adjusted by
additiqn of HC1l. Solvent flow rate, 1.5 ml/min. 100 pnl  of
the same sample (with-addition.of 1 ng DHBA) was injected at
each different solvent pH. The numbers at tbe zenith of
each peak }eéresents the retention time of the peak. PA

represénts pico-amps. .




68 PA

) L3

1.5

4.12

— o $.5)

.9

sToP

STOP

STOP

3N



7

- FIGURE 6 & -

'Signaf response generated by e}ectroche@ical detecgtor
versus pqtentialu difference (P.D.) across thé cell. The
phosphate buffer“w;s at pH 4.0. Sol&ent flow rate, 1 .5
ml/min. 1 ng of NE in 100 ul" was injeéted qt each

. ¢ v
different P.D. Area represented inxl0 area counts (1 area

ocount = 9,125 uv-sec). .

[4
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FIGURE 7 k - -
_Examples of typical chromatograms: |
A Typical chromatogram of stock solution agter extractiop
with alumina. Final 50 pl ‘of injection soluti;n
- containing 1.75 ng NE, DHBA and Dopamine (DA).' .
B Typical chromatogram for hypothalamic ti;sue (anteridrj
sample 1.75 ng DHBA in 50 pl of injection volume.
C Typicgl chromatograph for kidney sampie~i.75 ng DHBA 1in
50 nl injection volume:
D Typical chroma;ograph for muscle sample with i.75 ng DHBA ’
in 100 nl injectfén-volume.
' E Typical chromatograph for intestine sample 1.75 ng DHBA
in 100 plinjection volume. |
The numbers at the zenith of each peak represents the ]
%4

retention time of the peak. nA represents nano-amps.

-
4
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-8tandard curves for NE (pg to ng) versus current
(piéo—amps) were prepared by injecting known amounts of‘ﬁE.
A plot of NE concentration versus current (pico-amps) was
cokstructed (n = 24) and -.the regression 1line calculated
using linear regression anlaysis. A sample curve is
illustrated 1in Figure 8. Thé linear range from 50 pg to
2000 pg covered ail the tissue samples encountered
throughodf the study. ’ Similar standard curves were
constructed for other catecholamines inclﬁding DHBA, which
also showed linearity over a widewrange. Thus DHBA could be
ﬁsed,as an internal standard for Sach sample (Figu&g - 9)
(Moyer et al., 1978). In addition, standard curves were
constructed using various tissue homogenates. A plot of NE
added to the tissue sample versus the NE calculated with the
use of DHBA as an internal stqua;d showed a linear

relationship in heart, kidney, hypothalamus and skeletal

muscle tissue homogenates (Figure 10). Therefore, NE and

DHBA were extracted in a constant ratio over a wide range of

coricentrations., The linear range from 0 to 200 ng added "to
the sample covered all the tissue samples encountered

throughout the study.

Rt

The variability of the assay procedure was determined,
by balculating the coefficient of variation. The
coefficient of variation (calculated from injection of known
amount of NE) for 13 separate injections waé 3.6%. The

largest coefficient of variation calculated for two

injections (highest value and lowest value) was 9.6%.




FIGURE 8 . o, '

"

Typical ' standard curve of NE concentration versus
current (pico~amps) . Curve was derived using linear

regress

ion analysis. n = 24
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FIGURE 9

Standard curves of NE, Epinephrine, DHBA and DA.

Curves were derived using linear regresgion analysis.

»
3

Substance Regression Correlation

‘Equation . Coefficient
(Y =) : :
Norepinephrine ‘ 10.80 + 0.60x 0:99
Dopamine - -11.40 + 0.51x 0.99 .
Epinephrine - 9.40 + 0.45x 0.97 i
Dihydroxybenzylamine 7.70 + 0.4éx 0.98 S

n = 11 for each curve

<r
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FIGYRE 10 .

b4

Standard curve of NE calculated from addition of iknown"

amounts of NE and DHBA tokheart) kfaney, hypothalamic and

.,
musch‘BamQ}es.
%

Tissue

Heart
Kidney
Hypothalamus

Muscle

&

n = 4 for each curve

Regressiom
Equation
(Y =)

- e n —— -

106 + 0.99x

52 + 0.51x
32 + 0.45x

128 + 0.46x

, 2
) } *f
L 3
Correlation * o
Coefficient
.0.99
&
, 0.99
0.99
0.99 )
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§.2 Analysié of Data

The data were anglysed with appropriate statistical
analyses in,;ach section of this sfudy: For detailé of the
statjstical analyses used, refer to the Methods section of
the relevant chapter., Statistical significance was inferred
at'P < 0.05 and the data were expressed‘aﬁfa’mgan + standard

error of the mean,

4.3 Histology. ‘ .
. . s s ® '.‘ ‘\

The hypotharamus is‘ défined (Jacobson, 1972) as
follows: The ventral and medial reglon of the diencephalon
forming the- wall of the ventral half of th% third ventrlcle,
delineated frqm the thalamus by the hypothalamlc sulcus,
lying medial to the 1Aternal capsule and subthalamus,
contlnuous with precommlsural septum anteriorly and w1th the
mesencephallc mldbraln tegmentum and central gray substance
posteriorly. Its ventral éurfaqe is marked by, from,f;ont

to back: 1l) the optic chiaémé, - 2) rrthe unpaired

jnfundibulum, and 3) the paired»mamilléry.podies.

In the initial studies the "hypothalamus” was defined
R s

as the area from the optic chiasm to the mamillary bodies
b}

rostrocaudally, from corpus callosum to the ventral surface.

dorsoventrally, and laterally to the edge of the'aptic tfact

(Chapter 5).
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In the subsequent experiments the hypothalamu§ was.‘
defined more wdifcretely and  was further divided into>
anterio;iand éostetior hypoth&lamus. In thesé gtﬁdies thé
hypothalaﬁus was defined as thé tissde from the optic chiasm
to the mamillary bodies <rostroéaudélly{ from ‘the dorsal
aspect of tﬁe third ventricle (75 ﬁm from ‘the ventral
‘surface) to the ventral surfage dorsoventrally, . and
laterally £o the edge of the internal capsule. The
hyéothalSmus'Qag ﬁurthér divideq equally .into anterior = and

*

posterior séctions by a coroW;I/transection.,

o X
To determine the wvariability in the dissection

pfocedure 6 brains fixed with 10%yform§lin were sectiohed aé
.stated above. The hypothalamié t§ssdes were fro?en and "
sectioned at 50 um, mounted;~an6 stained .with tﬁionin for
hig£olqgicéi verification of the borders _for the - anteiior
and posterior hypothalamus. Fiqure 11 and lé give the:
extent and variabili;y in the _coronai, sagittal, and
horizontal  sections madg’ tq- obtain the anterior and
posterior - h}pothélamic tissues. ~ Evidence, of the
reproducibility of the diséection procedure ié,suggested by

 the mean (iSJD.)” qfﬂweights for each of* the hyﬁqtbalamicﬁ

tissues. <
Apﬁgriof hyppthalamus - 6l.2.+ 6.2’ mg
Posterior hypothalamus 64.4 + 11.1 mg
n = 12 | | .

»

Appendix 1 shows coronal sections midway through the

anterior and posterior hypothalamic tissues showing the




, - B FIGURE 11

{ éagittal section of rat brain showing the location of
‘t;ansverse and horizontal cuts made to obtain the anterior
angd posteriér hypoéhalamic sections. The stippled. area
represehts the exteﬁt‘ of variation of cuts ﬁisto}bgically
Verif;ed;in_G animals. Number in thg upper- -right corner
represents distance‘in‘ mm from the midsagittal section.

Sagittal section from de Groot (1959).

AHA: Anterior hypothalamic area; ARH: Arcuate fucleus
of the hypothalamus; DMH: Dorsomedial- nucleus of the
hypothalamus; MM: Medial mamillary nucleus; PH: Posterior

nucleus of the hypothalamus; . PMD: Dorsal , premamillary

-

nucleus; .POA: Lateral preoptic area; PVH: Paraventricular

. . # . : :
nucleus of the hypothalamus; RE: Reuniens: nucleus of.the

thalamug; SC: Supraéhiasmatic nucleus; VMH: Ventromedial

nucleus of 'the hypothalamys
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. FIGURE 12

-

Coronal section of the rat brainjshd&ing the extent and
variation of sagittal and horizontal cuts (n = 6). Format
-as ih Figure 11. Number,K in the upper left corner indicates
rostrocaudal d{stancé in mm from Bregma. This coronal

. section w;; at the level at whiéh‘ anterior and posterior

hypothalamic sections were separated. Coronal section from

Pellegrino et al. (1981).

]
ABA: Anterior hypothalamic °area; AM: Anteromedial |

nucleus of the thalamus; ARH: Arcuate nucleus of the

hypothalahué; CC: Corpus callosum; CI: Internal capsule;
LHA: Laperaf hypothalamic area; OT: Optic tract;
PH: Poéterior nucleus of the hypothalamus; RE: Reuniens
nucleus of .- the thalamus; RT: Reticular nucleus of the

’ , : .
thalamus; V: Ventricle; 2I: Zona incerta

»

7

& - .
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various nuclei that are present in these sections.
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CHAPTER 5

Noradrenergic response in brain and peripheral organs

<

)

after ADN transection

5.1 1Introduction .

]
The 1owering”of blood pressure in hypertensive man and

animals by administration of drugs which interfere with the
phygiological action of NE have proved to be the main
indirect evidence indicating the involvement of
noradrenergic mechanisms in the control of arter'al\pressure
(de Champlain et al., 1975). Some direct evidence has been
provided by the reports of hyperactivity of the peripheral
sympatﬁetic system in various models of experimental
hypertension (Chalmers, 1975).° 1In . fact most of Ehe
information implicating noradrenergic mechanisms in the
control of arterial pressure has been obtained as! a by
product of studies 1in various models of experimental
hypertension. However, it 1is not clear whether the
sympathetic hyperactiéity in various models of experimental
hyperteqsion results from é dys}unction at the level of the
peripheral nervous system, or a secondary manifestation of a
primary dysfunction elsewhere along the blood pressure
regulating reflex arc. One reason for the uncertainty is
that previous stﬁdies have been concerned with the p;gplems"’

O0f central nervous system (CNS), PeriQEg;alWGSﬁéonents of

the ngpathetic nervous syétem (SNSf; and effector organs

‘ \ 106
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(heart and vascular system) * separately. There have been
relatively few attempts to tie together observations of
changes 1in the noradrenergie activity in the CNS to changes
in the peripheral sqmgonent of the SNS. Furthermore;
altered NE metabolism has been shown using the tufnover of .
NE in brain and peripheral organs in various Hypgrtensive
models (Chalmers, 1975; Antonaccio, 1977); however, there

are no systematic studies (studies examining CNS and SNS

simultaneously) of NE turnover in normotensive rats
subjected to chan;%s in baroreceptor input. - Therefore, it
is not <clear if the changes in turnover of NE observed in
hypertensive models are a cause or an effect of the.

hypertension.

Recent evidence suggests that there may be functional
differences between aortic and carotid baroreceptor reflexes
¢ in the overall control of arterial pressure, as bilateral
transection of the- ADN produces a sustained increase in
arterial pressure (Ito et al., 1979; Ciriello et al.,
1980a) while carotid sinus denervation does ppt chronically
eLQVaﬁe arterial pressure (Krieger, 1964; 1Ito etﬂal., 1978;
/éiriello et al., 1980a). These findings suggest that ADN
input to the CNS may be preferentially baroreceptor
mediated. In addition, Sapru et al. (1979) have shown that
the aortic depressor nerve is not chemosensitive.
Therefore, in this study I examined the changes in the .

hypothalamic and peripheral noradrenergic activity in g

response to surgically removing a specific baroreceptor
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input to the CNS (Sapru et al., 1977; Ito et al., 1979;
Ciriello et al., 1980a). by transectioning the ADN

bilaterally in the rat. '

5.2 Methods

Studies were conducted using male Wistar rats
(Bi?breeding LaQoratories, Ottawa, Canada) weighing
350-400 g. The animals were assigned randomly to one of two
groups and placed in individual caées 'in a room with a
controlled 12 h light cycle and maintained at 20-22 C. Food

‘and water were available ad libitum.

Arterial pressure was measured in tﬁe conscious rat
using an indirect tail-cuff method with the rat pla&ed'in a
temperature-controlled restraining ’ ,devicé (Narco
Biosystems){ Pressure was recorded on a Grass Model 7
polygraph using a Grass piezoelectric microphone connected
to a balloén plethysmograph and a 7P8 preamplifier. The
pressure at which the pulsations appeared during the slow

release of pressure from the occlusive tail-cuff was taken

e

s

to be’the Arterial,pressure. Pressures obtained by this
method have been found to correlate well with those obtained
by ;irect arterial cannulation (Pfeffer et al 1971). 1In our
own laboratory the tail cuff pressure is closer to mean
arterial préssure than systolic’pressure. At .léast three

good -recordings of an individual rat's pressure were

obtained over a 5-10 minute period and averaged to represent

.

.
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the arterial préssure on that day. Heart rate was obtained
by counting arterial pulsations on the blood “pressure

tracing (for 5 sec) and expressed as beats per minute.

In one group of rats (n .= 32) under ether anesthesia,
the ADN and cervical sympathetic nerves were apérgached by a
ventral midline incision in the neck, dissected free from
the vagus nerves for approximately 1 cm and cut bilatérally.
The carotid arteries were also stripped of all connec;ivé
tissue. 1In the other group of rats (n = 31), the vagus, ADN
and cervical sympathetic nerves were exposed in  the neck,
pu£ weré not damaged (sham oéeration). The‘animals were

given postoperative care and were allowed to recover from

- the anesthesia.

5.2.1 Measurement of disappearance rate of tissue
norepinephrine concentration after inhibition of '

tyrosine hydroxylase

After a postoperative survival period of either three
‘or thirteen days, the disappearance rate of NE in brain and
peripheral organs was determined using the technique
deécribed in Cbapter "4, in bothf ADN—transecPed and
sham-operated raﬁs. The rate of decline of endogenous
levels of NE was peasuéea fblléwing inhibition of tyrosine

hydroxylase with e«-methyltyrosine (300 mg/kg, i.p. ~ every

4 h). Rats with a survival period of three days were killed

by cervical dislocation at 0, 4, and 8 h after iﬁhibition of
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tyrosine hydfoxylase, and the brain, left kidneyd’a section
of the duodenum, and a piece of skeletal imuscle from the
hindlimb (anterior ané posﬁerior‘ femoral muséles) were
éuickly removed. The sample from skelet&l muscle represents
a homogéneous tissue id terms of norad?energic innervatién
to wvasculature (Rhodin, 1967): whereas, noradrenergic
innervaéion to the‘kidney is involved in three functions 1)
vasoconstriction, 2) renin Felease, and 3) sodium
. ;eabsofption ~(De Bona, 1982). The duodenum represents yet

Al

another major vascular bed, the mesenteric circulation, which

may respond differently to changes in baroreceptor input

(Kifchheim; 1976) compared to skeletal muscle and kidney.
] o e

The brain was further divided into three areas: the
medulla (from 1 mm caudal to approximately 4 mm rostral to
the obex), the midbraiA (extendin§ from the rostral end of
the medulla to just caudal to the mammillary bod}es)~and the
"hypothalamus" (from the optic chiasm to the‘ mamﬁillary
bodies rostrocaudally, from . the corpus callosum to the
ventral surface dorsoventrally, and laterally to the edge of
the optic tract). Similarly, in rats aftér a postoperative
periﬁd of thirteen days NE concentration in - the

hypothalamus, kidney, and skeletal muscle was determined at

0 and 8 h after inhibition of tyrosine hydroxylase.

t P
_The tissue samples were.'weighed, homogenized in

perchloric’acid,,and the homogenates were immediately frozen

i

at -75 C. NE was assayed using alumina extfaction and a
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fluorescence assay as previously described (Chapter 4)f All
samples were corrected far percent recovery using internal

standards and results were exéressed as ng/g wet weight.

In three rats, ganglionic blockade was used to produce

b d !

hypotension 'in order to examine the effect of removal of.
baroreceptor inhibition on the’diéappearance rate of NE  in
brain areas and peripheral organs of sham-operated and
ADN-transected . rats. Hexamethpﬁium chloride (10 mg/kg,
i.m., Sigma Chemical Co.) was administered every 2 h and NE

¢

concentration was determined at 6 h after inhibition of -

tyrosine hydroxylase.

5.2.2 Data Analysis

The rate of decline of tissue NE was determined by
expressing the tissue concentration of NE at diffe;eﬁt tiée
intervals after inhibition of tyrosine hydroxylase as a
percent of the mean initial valde.‘ Data points
(mean + S.E.) were plotted on a log scale and a best fit
line - §as calculated using linear regression analysis.
Cérrelation coefficients greater than 0.90 were obtained for
all organs except the -kidney (r = 0.83) and muscle
(r = 0.81) of the ADN transected group. Differences between
slopes of lines obtgined fog sham and experimental groups,
which weré idterpreted to reéresept a change in NE turnover,
were ’‘tested for statistigéi\\significance using a t-test.

Half-life values were calculated from the regression
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L4

equations. Comparisons between mean percentages for 8 h *
values was done using Duncanfgé;ultiple range test (anzan,

1955) and a P value of less than 0.05 was considered to

indicate statistical significance. ~
5.3 RESULTS

5.3.1 Arterial pressuré and heart rate after ADN

transection

F&r thg_two days immediately following surgery, both
systolic arterial pressuré and heart rate were significantly
elevated in rats with ADN transectio:’(Figure 13, 1l4). On
the other hand, in the group of rats that were observed for
‘thirteen days, only arterial pressure remdined .consistently
elevated while heart rate tended towards control values. On
day 12, artérial pressure was 124 + 3 mmHg and 140 + 3 mmHg,
while heart rate was 341 + 7 beats/min and
352 + 5 beats/min, for the sham—oéerated and ADN-transected
groups, respectiveiy. -Blood pressure and heart rate did not
differ significantly between the two groups prior to tRe AD

L
operation.

~

k)

5:3.2 NE concentration in brain and peripheral organs

Endogenous concentration of NE ih brain and peripheral

1

organs at 0 time: 3 days after sham or ADN surgery are



\ FIGURE 13

Effect of ADN transection on arterial pressure. Arrow
indicates day of either ADN transection (n = 24) or sham

operation (n = 24). Values are means + S.E.
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FIGURE 14

Efffect of ADN transection on heart rate. Arrow’

indicates day of either ADN transection (n = 24) or sham

operation (n = 24). Values Aire means + S.E.
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summar ized gﬂ; Figure 15. Compared to control the NE
concentration in the hypothalamus and midbrain was
significantly higher in rats with ADN transection. However,
there was no significant differencé in NE concentration in
the medulla betweeﬁ’the two groups. In peripheral organs,

- the only difference noted ‘was significantly fowe; NE
concentration‘iq the kidney of ADN transected rats. For

"0 time” values at 13 days, there were no significant
differences in NE concentration between the two ,groups for

any organ examined (Table 2), although the values for

hypothalamus tended to be higher.*

5.3.3 Disappearance rate of nonépinephrine in brain and
peripheral organs\ after . inhibition of mtyrosine
hydroxylase

Figures 16, 17, 18 shows that three days after ADN

;ransection; the disapbearanc: rate of NE was increased

“significantly in all three brain regions‘;xamiAed (ind}cated
- ' as a significant difference between slopes of regression
| lines for th two\groups of rats). The half-life of NE in

::ts with ADN transection when compared to values obtained

for sham-operated -animals was 2.7 vs 5.0 h in the
hépbthalamus; 3.0 vs 4.9 h in the midbrain} and 3.1 vs 5.2 h

in the medulla. In shaﬁ-operated rats (n = 3) treated with

hexamethonium, the disappearance rate of NE in brain areas

' tended 'to increase, ~but no effect was observed in
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TABLE 2
»-‘a'
Norepinephrine concentration in tissues 13 days
J
after either ADN transection or sham operation
Organ . Sham operation ADN transection
Hypothalamus 846 + 34 969 #-59 ,
Kidney .. 179 + 11 178 + 11
Skeletal Muscle 71+ 5 70 + 3
——— ~ P
»

Mean norepinephrine concentration given as ng/g wet

weight + S.E. in animals killed at 0 time.
) ~

n = 4 £for each group. .
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- FIGURE 15

Endogenous concentratién of NE (+S.E.) in

peripheral organs of rats 3 days after

_transection or sham operation.

* p < 0.05 compared. to sham operated group.

brain |
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. FIGURE 16

. Disappearance rate of NE in hypothalamus of rats 3
ﬁdays after either ADN transection or sham operation. Each

point represents NE concentration expressed as a percent

(#S.E.) of initial concentration (n = 5-6 for each poiné).

Slope of regression line for hypothalamus from ADN

transected rats is significantly (P < 0.01) different from
1

control. See text for half-life values.
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FIGURE 17

Disappearance rate of'NE in midbrain of rats 3 days
after either- ADN transection or sham operation. Format as
in Figure 16. Slope of regression line for midbrain from
ADN transected rats is significantly (P.< 0.01) different

from control. See text for half-life values.

\




124
@
I
W
2>
—

031vd3d0 WVHS O
NOILO3ISNVHL NQV @

NIVE80IN

0Z

0%

0,2,
00l

3TVA WILINI NV3W 40 %%




9

A

- FIGURE 18

Disappearance rate of NE in medulla of rats 3 days
after either ADN transection or sham operation. Format as
in Figuré 16. Slope of regression line for medulla from ADN
transected rats is significantly (P < 0.01) different from

control, See text for half-life values.
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ADN-transected rats (n = 3). Due to the relatively few
animals examined, no statistical comparisons were done in
these hexametﬂonium treated animals, although approximate
half-life values were calculated. The half-life of NE for
sham and ADN groups respectively was 3.8 and 3.4 h in the
hypothalamus, 3.4 and 3.1 h in the midbrain and 4.0 and

3.6 p in the medulla.

The disappearaqce rate of NE in peripheral organs is
shown in Fiqures 19, 20, 21. Significant differences
between the slopes of regression lines obtained in sham and
ADN-transected rats were found for kidney and skeletal
muséle, but not for duodenum. The half-life of NE decreased
dramatically in skeletal _muscle,l changing from 9.0 h in
controls to 2.5 h in rats with ADN trans;ction. Half-life
decreased in kidney from 5.5 to 4.0 h, while there was no
change in the duodenum (4.5 vs 4.4 h). Hexamethonium
treated rat% showed a decreased disappearance rate of NE in
peripheral organs as would be expected foilbwing blockade of
sympathetic nerve activity.

1

In animals studied at 13 days after ADN transection,
tissue INE concenfrgtion determined 8 h aftér inhibition of"
tyrosine hydroxylase was expressed as a percent of the
initial concentration, and the results were used to infer
changes in NE turnover (Figure 22). Included in this figure
are the 8 h values obtained 3 days after ADN transection,

-

also expressed as a percent of 1initial concentration, for




1
)

FIGURE 19

Disappearance rate of NE in kidneys of rats 3 days
after either ADN transection or sham operation. Format as
in Figure 16. Slope of regression line for ADN transected
rats is significantly (P < 0.0l1) different in the kidneys of
ADN transected rats compared to controls. See text for

half-life values,




129

«

- (HH) 3NWIL

7

14

. , ,@. 9
- = I

031vH3d0 NVHS O

NOILO3SNWVHL NV @

I

I

1

]

| I I B |

K
07 =
B
=
Zz
=
>
0y
g
m
09
08
00!




£

FIGURE 20

Disappearance rate of NE in intestine of rats 3 days
]
after either ADN transection or sham operation. Farmat as

i{ Figure 16. ‘Slope of regression line for ADN transected

o
v

rats 1isg not significantly different in the intestine of ADN

transected rats compared to controls. See text for

half-life values,
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FIGURE 21

o
Disappearance rate of NE in skeletal muscle of rats 3

days after either ADN transection or sham gierétion. Format
as in Fiqure 16. Slope of . regression 1line for ADN
trénsected rats_is signif&cantly (? < 0.01) different in the
skeletal muscle of ADN.transectedarats compared to controls.

See text for half-life values. o - .
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comparison of the two studies. At 13 days, ADN-transected

animals had slightly, but significantly lower NE levels in

the hypothalamus 8 h af;er o -methyltyrosine when comp;red to

sham-operated animals; however, no significané differences

were found in muscle and kidney.These results suggest that

although NE turnover remained slightly increased in the

hypothalamus, there was no evidence for increased turnover

of NE in muscle and kidney at this time .

5.4 DISCUSSION ,

-

Surgical removal of specific baroreceptor afferents by

transection of ADN and cervical sympathetic nerves in the
rat produced an elevated arterial pressure and heart rate,
which at three days was associated with an incrieased rate of
disappearance of NE after inhibition of tyrosine ‘hydroxylase
in the hypothalamus, midbrain, medulla, skeletal muscle, and
kidney, but not in the duodenum. At 13 days, arterial
pressure was still elevated but heart rate was normal, and
there Qas no evidence of altered turnover of NE in the

peripheral organs examined (skeletal muscle and kidney).

These data sug?est that the early elevqtion of arterial

: pressure following ADN transection is due to increased

< } sympathetic activity, while the welevated pressure at- two
weeks is maintained by factofs other than incéeased
sympathetic activity. It may be argued‘that ADN transection

does not produce chronically elevated arterial pressure as

1




FIGURE 22

Norepinephrine concentration 8 h after
«-methyltyrosine, expressed as a percent (+S.E.) of initial
concentration. Values.were obtained from rats  at 3 or
13 days after either 'ADN-transection or sham operation.

*P < 0.05. **p < 0.01, compared to respective sham-operated

control.
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there is evidence that tot;l baroreceptor deafferentation
produces . only labile arterial pressure in dogs (Cowley et
al., l973) and rats (Norman et al., 198l1) and that the
elevated arterial pressure observed may be related to the
teqhnique used to measure pressure (tail-cuff method)
(Norman et al., 198l1). . This explanation would not be
inconsistent with our findings at 13 days, as turnover of
NE, determined with animals housed in their home cages, is
apparently normal in peripheral tissues. On the other hand,
if arterial pressure is elevated only during the actual
measurement of "blood pressure it might be expected that

heart rate woula also be elevated (Alexander et al., 1980).

This was not observed, as the heart rates were similar to
those measured in sham-operated animals at 13 days.
Similarly, Ciriello et al. (1980a) reported elevated
arterial pressure and normal heart rate 85 days after ADN
transection in rats, in which arterial pgessure was measured
by a chronic 1indwelling catheter in the femoral artery.
Therefore, although the data are not conclusive, the
available observations suggest that ADN transection produces

‘a mild chronic hypertension in rats (Fink et al., 1980b).

In resent years, several reports suggest the
participation gfﬁéentfal noradrenergic neurons in the normal
control of arterial pressure and in the development of
hypertension in variéus experimental‘models (Chalmers, 1975;

Antonaccio, 1957). The data reported in this study support

the suggestion of a role for noradrenergic pathways in the

4
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hypothalamic and brainstem regions in producing an elevated
arterial pressure 3 days after removal of baroreceptor
information carried by the ADN. Although the disappearence
rate of NE as measured in this study can be influenced by
several factors invélved with étorége, release, and uptake
of the neurotransmitter, it is pr&bable that the changes
observed were related to alteration of activity of central
noradrenergic neurons and peripheral sympathetic fibers.
Similar results have been reported after sino-aortic
denervation (de Quattfo et al., 1969), and suggest that the
_increased activity of central noradrenergic pathways after
removal of ADN inhibiéory effects facilitates a rise in
a;teriiiffgfessure by increasing sympathetic outflow to
cardiovascular effector organs (Doba et al., 1974). It
seems reasonable to suggég! that in the ADN model, .the
increased turnover of NE in £he brain is the cause of the

increased activity in sympathetic nerves. This suggestion

is supported by the observation that the disappearance rate

of NE in the brain tended to increase during prolonged

hypotension produced by autonomic blockade with

hexamethonium in control animals, and did not increase

further in animals with ADN section. -

Although it is difficult to assign functional roles to
changes in NE concentration in brain regions, the results of
ghis study are similar to those reporteé by Chalmers et
al. (1979). In sino-aortic denervated rats, NE

concentration o%,specific braingtem-nuclei and hypothalamic

o
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areas was significantly increased when compared. to control
rats 7 days after the operation, but was unchanged 28 days
later. Similar differences were found for changes in
tyrosine hydrofylase - activity. On the; contrary,
phenylethanolaﬁine N-methyltransferase activity in the
hypothalamus was not changed at 7 days, but was decreased at
28’days.. They concluded that noradrenérgic mechanisms in
the brain were responsible €for initiafing the iﬁcreased
arteria} pressure after baroreceptor denervation, but that
adtenergic neurons were responsible for maintaining the
increased arterial pressure. However there was no ﬁeasu;e
of peripheral noradrenergic activity in these studies to
demonstrate that sympathetic activity was actually increased
at these times. Our data support the idea that removal of
baroreceptor input to the CNS éctivate% noradrenergic
mechanisms which in turn initiate the rise in ar&erial
pressure arfd heart rate via an increased sympathetic
‘activity; however, if adrenergic neurons are involved . in
maintaining the elevated preésure the mechanism apparently
does not involve the peripheral sympathetic nervous Sysiem.

<

Similar cpnsiusions concerning the time-course of the
involvement of 'thg Asympathetic . nervous system after
sino-aortic denervatiop 1n rats have recently been reported
(Alexander et al., ”1979).7"A1exander et  al. (1979) have
shown an elevated plasma catecholamine concentration and
dopamine—c—hydroxflase activity during the first 1-3 weeks

after sino-aortic denervation but not later.
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Finally, the finding of a differential ef@ect of ADN
traﬁsgction on the. disappearance rate of NE in peripheral
organs is interestiné in light of the nonuniform
distribution of sympathetic activity to vascular beds during
activation of baroreceptor reflexes (Kirchheim, 1976). In
the present study, thé disappearance rate of NE in skeletal
muscle was increased four fold, significantly increased in
kidney, but not éhanged in the duodenum. These changes
agree well with a report by Touw et al. (1979) in which

- B
aortic baroreceptor deafferentation produced significant,

neurally mediated increases in vascular resistance in kidney
and hindlimbs bu£ not in the mesenteric circulation. -
S}milarly, bilateral lesions of the NTS show differential
changeés in véscular resistance, with large changes 1in
skeletal muscle and moderaté changes in kidney and
mésenteric gdrculation (Snyder et al.,*1978). 1In the latter
study, however, no attempt was made to determine the

contribution of neural components to the changes ip vascular

resistance.

?n conclusion, I have described alterations in the
disappearance rate of NE' in brain and peripheral organs
following 'surgical removal of a specific baroreceptor
influence by ADN transection in the rat. The data indicate
that within three‘ days after removal of thé inhibitory
effects of the ADN on CNS produces elevated arterial
pressure and ﬁégrt'rate presumably as a result of increased

[y

sympathetic activity initiated ‘by increased noradrenergic
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activity in the hypothalamus and brainstem. On the’ other
hand, two weeks after denervatioﬁ, the disappearance rate of
T,

NE was normal ip peripheral organs but artegiél pressgre
remainéd elevated. The exact mechanism by which the
arterial pressure remains elevated is unknown; however, Ait 3
seems there 'is 1little contriSution to the sustained |
hypertension frém peripheral noradrenergic pathways. It may
well be that the increased NE turnover in the hypothalamus
at 2 weeks after ADN transection was due to the perpetual
loss of ADN afferent input to the CNS, and other mechanisms
are responsible for returning th; peripheral noradrenergic

activity back to normal.

%«%




CHAPTER 6
Changes in hypothalamic and peripheral noradrenergic
activity in response to acute changes in arterial

pressure in conscious rats

- . A

6.1 1Introduction

There is a large body of evidence to suggest the
involvement of ghe sympathetic nervous system in nearly all
models of experimental hypertension (Abboud, 1982).
Similarly, alterations 1in central noradrenergic mechanisms
have been described and linked to enhanced sympathetic
activity in several forms of experimental hypertension (see
Historical review). Most of the information concerning the
role of central and peripheral noradrenergic pathways in the
control of arterial pressure has been obtained by ’studying
either the effects of acute and chronic sino-aortic
denervation (De Quattro et al., 1969; Chalmers et ai:, 1979)
or lesions of the nucleus tractus solitarii (Doba et al.,

1974), the primary site of termination of cardiovascular
afferent fibers (Cottle et al., 1964; Crill et al., 1968;
Biscoe et al., 1970). In the last <chapter it was

demonstrated that 3 days after ADN transection in the rat;

arterial pressure is elevated concomitant with .an increased
activity of noradrenergic neurons in the .hypothalamus and
brainstem, as well as an increased sympathetic activity to

peripheral organs, particularly skeletal ‘muscle. Taken

together, the data obtained from these and@ other studies
14 A
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suggest that the augmented sympathetic activity which
results from the release of baroreceptor inhibition (Doba et
al., 1974; Laubie et al., 1979) méy be mediated by
egcitation of central noradrenergic neurons. However all of
these studies which report changes in noradrenergic activity
-have also reported an elevated arterial pressure. Therefore
it ié not clear if the altered norad}energic activity
observed in the central sfructures in theée’studies is the
cause or the result of the hypertension.  Furthermore, even

though a major baroreceptor reflex was removed in the Apﬁ

3

sectioned rats all the other baroreceptor reflex mechanisms -

4

were intact. Thus the altered noradreneréic mechanisms® in
these studies cannot be attributed totally to the removal of

aortic baroreceptors alone.
¢
The present study was done to investigate the gause and
_effect relationship between noradrenergic mechanisms in the
hypothalamus and sympathet&c outpdt to kidney, intestine and
skeletal muscle in résponse to changes in arterial préséurp
(baroreceptor input) in normotensive conscious rats. The
turnover of NE was measured in the antefior isd posterior
hypothalamus (known\ depressor and  pressor areas

respectively, (see Historical review)) as -wellWfmas

. . L N , .
peripherally in the kidney, intestine and skeletal muscle in

response to acute changes in arterial pressure induced by

either ~ infusion of nitroprusside (vasodilator) or

phenylephrine (vasoconstrictor), or controclled hemorrhage.

S
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6.2 Methods

¥

Studies were done using male Wistar rats (Canadian;
Breeding Laboratories, St. Constant, Quebeg qr‘Woodlyn
Farms, Guelph, Ontario) weighing 250-325 g. The rats were
allowed. at le;st one week to acclimatizevto the l;boratory

14

animal facility after delivery from the breeder. A°
lZ-hour—light’ cycle “and 20-22 C room temperature wés
maintained in the éﬁimpi housing area. , The rats were
allowed water and food ad l;bitu@. All experiments were

performed between 10 a.m. and 2 p.m. to standardize the

effects of circadian rhythm, -

‘ One éaftprior to the experiment,lrats were qnésthetized
witﬁ methoxyflurane ‘anesthesia: (Pitman—Moore,~’ INC.,
Washingtion Crossing, N.J.)7 ahé were implanéed with femoral
arterial gnd venous cannulae which were exteriorized throgqh
the skin in the back and plugged. On‘ the .day of the
exper iment, medn arterial pressure was técorded on a Grass
médel 7 polygraph in conscious, freely moving ratg 5y
attaching the arterial cagnula' to a Statham pressure

gransducer by a length of Tygon tubing. Arterial pressure

‘

was - recorded for one hour prior to, and- during the.

& - T -

experiment. Heart rate”was determined using a tachograph

triggered by the arterial pulsations.

. _ - " (/
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6.2.1 Measurement of tissue NE concentration after
inhibition of tyrosine hydroxylase as an

. index of NE turnover

Animals were randomly assigned to four experimental

groups: 1) saline-infused, 2) nitroprusside-infused, 3)
hd ) -

hemorrhaged, 4) phenylephrine-infused. One group of animals

with no drug treatment served as zero time controls. Thirty

. )

minutes before infusion of drugs, saline or hemorrhage, all

rats - in the exper1menta1 groups received a-methyltyrosine

" M

(300 mg/kg i.p.).
- ” : ’
“ A .decrease in blood pressure was maintained for 60 min
by infusion of sodium nitroprusside (20-40 ug/kg.min i.v.,
Sigma Chemical Ce.) through the venous cannula using a
Harvard infusion pump. Arterial pressure was also‘dq.reased

'by withdrawing blood via, the-arterial cannula to maintain

4

€he arterlal pressure of the rat at a level ab 1east 30 mmHg
below control level }7 1 +’0 8 ml total volume removed) An
acute hypertension was maintalned for 60 m}n by 1nfuqlon of
phenylephrlne hydrochlorlde (10-15 ug/kg.min i.v., Sigma
Chemical Co.). The control rets received a saline infusion

(10-20 pl/min) comparable in volume to the drug infused

animals for the same period. s
- ‘\’/ , -

In all experimental ‘groups, 90 minutes after
«-methyltyrosine administration, the -rats were killed by
-cervical dislocatlon. The brain, left kidney, a piece of .

)/“ ‘ o, ’ .
skeletal muscle from the hindlimb of all animals and a

A
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“ section of the duodenum in some animals (hypotensive groups

only) were quickly;,removed. The br;ain was dissected on an

' iced‘glass plate to remove the hypothalamus, - which was
defined for this study as the tissue from the optic chias;&

to the mammillary bodies rostrocaudglﬁy, from the dorsal

aspect of the third ventricle to the ventra} surface

dorsoventrally (™5 mm from the ventral surface to the third

ventricle), and" laterally‘ to the edge of the internal

capsule, Note that this is a ;maller section than the 6ne
presentéd in the previous Chapter. 'FQ; further dgtail refer :

to the Histology in Chapter 4. The hypothalamus was  then

further divided equally into anterior and posterior sections

o by & coronal ﬂtranséction. Tissue _ﬁamples wene weighed,
homogenized 1in: cold perchloric acid, and centrifnged at

4

4.0 C for 15 tinutes at 30,000 x g; the supernatants were '

frpzen at —75fC. NE Waé assayed using an alumina extraction
. folfowed-by an HfLC separatiop nnd finalfy electrochemical
detection. DihydroxybenéYlanine~ (PHBA :Sigma) was used as
the internal standard in each tissue sample to quantify the

amount of NE in each 'sample (see Chapter 4).
N 2
6.2.2 Data analysis’ ¢

All data areétf%mted as mean *+ SE Differences in the
turnover of\ NE were 1nferred by comparlng the values for . -

tissue concentration of NE 90 mlnutes afterex methyltyr051ne

r

- o as a percent of the average tissue concentrat;on of NE

obtained from zero time controls. A low percentage of NE

[

\
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Q
remaining 90 min after inhibition of tyrosine hydroxylase
would imply a high turnever of NE in that tissue (Brodie et
R al., 1966; Salzman et al., 1979; Sharman, 1981).
3 Comparisons between the 90 min values as a percent of zero
time controls for control groups ané the experimental groups
were done using the Duncan's Multiple Range test (Duncan,

1955). A P < 0.05 was considered to indicate statistical

significance.

6.3 Results

6.3.1 Arterial pressure and heart rate

L]
L

The control, saline-infused groups had no’ significant
changg in arterial pressure and heart rate during the
60 minutes of “'infusion (Figure 23, 24). Mean ‘arterial
pressure decreased by an average of 35 mm Hg initially and
remainéd an average 38 mm Hg beélow control mean arterial
preéshre during the 60 min of nitroprusside infusion
(Figure 23$. Heart rate changed initially by an average of
100 beats/mih and rema;ned an average of 60 beats/ﬁin above
control level throughout the hypofensive period (Figure 24).
Similarly arterial preséure decreased by an 5verage of '
32 mm'Hg initiailY'and remained an average of 40 mm Hg below

3ontr61 mean arterial pressure during the 60 min period of

hemorrhage (Figure 23). 1In response to such a change in

arterial pressure there ~was an initidl 'increase of
: 1




-

FIGURE 23 * -

The effect of i.v. infusion with sodium nitroprussidé
(20-40 pg/kg.min). or controlled hemorrhage on arterial
pressure in conscious rats. Tﬁe zero time values represent
the érterial pressure before the acute hypotensive period.
The control gfoup received an infusion of heparinized saline
c?mpqrable in volume to the  nitroprusside-infused group

(10-20 pl/min). Numbers in parentheses1fepresent-number of

.y

animals/group. The values represent the mean + S.E.
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FIURE 24

1

The effect of i.v. infusyon with saline kn = 6) or

sodium nitroprusside (20-40 pg/kg.min) (n = 5) or controlled

hemorrhage (n = 4) on heart rate. Format as in Figure 23,

The values represent the mean + S5.E.
a
Y
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100 beats/min in heart rate which was sustained by) an
average of 50 be&ts/min above control ‘during the 60 min
experimental period (Figure 24). Phenylephrine ‘infusipn
produced an average 1increase of 50 mm Hg in arterial
‘pressure initially‘ and the pressure was maintained an
average, of 24 mm Hg higher than the qontrol,mean arterial

pressure for 60 min infusion period (Figure 25). Heart rate

decreased initiallyyby an average 100 beats/min and remained

#®
@

"‘an average of 90 beats/min below control heart rate

throughout the acute hyﬁertensive period (Figure 26). The
reciprocal relationship between the changes ?ﬁ* blood
pressure and heart rate illustrated aq?Jébérational
baroreceptor reflex arc in all tﬁe groupélexamiﬁéd‘ in this
Chapter and the next Chapﬁer (F¥yure 27). It should be
noted® that there qés no significant difierence’ between the
various grodps in’ terms of their arterial pressure at the
start 6f the turnover study. In addition, <« -methytyrosine

administration had no significant effect on arterial

pressure, " )

o
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4
FIGURE 25

The effect of 1i.v. infusion with phenylephrine
hydrochf&@ide (10-15 ng/kg.min) on arterial pressure.
Format as 1in Figure 23. The values represent the

mean + S.E.
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FIGURE 26

The effect of 1i.v. infusion with phenylephrine

hydrochloride (10-15 hg/kg.min) on heart rate. Format as in

~Figure 23. The values represent the mean'+ S.E.
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FIGURE 27
, - .
\
Relationship between changes in arterial pressure and

changes in heart rate in rats with and wi;qut renal nerves.

RDN-represents animals that had bilateral renal denervation.’

~

‘These data., points were taken‘30.min (haifway) through the

infusion period of saline or nitroprusside or phénylephrine.
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. controls ;(Piguzc “30) .- There was no significant change in

V!P

156,

e i .9
6.3.2 Measurement of tissue NE concentration after .

inhibition of tyrosine hydroxylase as an

index of NE turnover

- .

— M N
- s

6+3.2.1 *Effect of acute hypotension on noradrehergic
g ° activity +
- S :

.

There was a significantly increased turnover of NE in

Fd

'the anterior: hypothalamus of‘ hemorrhaged animals and a

tendency toward a similar lhcrease in nltroptuSSLGe-lnfused“
‘q

' animals compared to. saline-infused controls gFlgure 28). . In

the postenlor hypothalamus there was a significantly hxgher
turnover of NE‘Ln the nltropru951de—;pfused and hemorrhaged
groupsocompared to sallne-infused controls (Figure 28) . The

turngver of NE was ’signlficantly increased in kidney,

>

intestine, and skeletal muscle of both hemorrhaged and

nitnoprusside;infnsed - groups, con51stent with a . reflex

B

increase in‘gympathetic activity (Figure 29). Thene\l:; no
significant differences‘ between theiﬁit;oprussidé—l 'usgd'

group"and the hemoiiﬁaged group in all the tissus examined.

ﬂx

6.3.2. 2 Effect of aggte hyperten31on on noradrenerglc

R
Q -

. activity - ' .8 .

SN .
There was no significant change in the turnover of - NE.

in.  the anterior ot. posterior K hypothalamus of the

*

1pheny1ephtine—infus€3§‘g:oups compared to saline—infused

s

.
°" . i . T Y A
- L] B ‘ ., : .
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FIGURE 28

. ) _ i .
Effect of acute hypotension on: concentration of NE

‘remaining 90 min after ethyltyrosine, expressed as a

'perqgnt'(is.E.r of initial concentratjon 'in anterior and

poéterior hypothalamus. Values -rwere obtained.  from

,.saline-infused (control), nitroprusside-infused and

T
hemorrhaged rats. Initial concentration: of NE (ng/g wet

- wt.) in the .anterior hypothalamus was 1264 + 35 and
‘809 + 39 in the poétetior;hypothélamus (n = 6). Numbers in

the bars represent number of animals/group. *p < 0.05,

..

.compared to control animals.

E .
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?IGURE' 29

. Effect of acute hypotension on cdncentratiqp of NE
remaining 90 min after cx-methyltfrosine, exbressed as a
percent (+S.E.) of initial concentration in kidney,
i;tegtine and skeletal muscle. 4Format' as in Figure 28.
Initial concentration of NE (ng/g wet wt.) in thep kidney
was 213 + 12, 917 + 43 in the intestine and 66 + 3.2 in the

skeletal muscle (n ='6). *P < 0.05 compared to control

-
.

group. ) oy
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FIGURE 30

Effect of acute hypertension on concentration of NE

remaining 90 min after «-methyltyrosine, expressed as.

v

percent (+S.E.) of initial concentration in anterior . and
posterior hyﬁzthalamus. values were obtained from
saline-infused (control) and phenylephrine-infused rats.

Format as in Figure 28.
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the turnover of NE in kidney, skeletal muscle and intestine

in response to an elevated arterial pressure (Figure 31).

\

6.4 Discussion

The vasoaciﬁve drugsﬂ nitroprusside and ~pheﬁyLephrine
elicited the gipected depressor and pressor responsés.
respectively; and reéult;d=in én increase (nitroprusside) or
decrease (phenylephriné) in hearf rate ;hroughoutithe 60 min
infusion period, suggesting that the blood pressure change
eliéitea a compensatory reflex response indicative of an
opeﬁgtional baroreflex arc. A similar reflex response in
the heart rate was observed in response to hemorrhagé. The
vasoactiyevdrugs were used to artificially manipulate the
peripheral resistance as Ehe.action of these agents has been
reported to Bg mediated by a direé;~ action on vascular
smooth musclev rather ﬁhan via ﬁalteraglon iq'sympathegic
neuftonal function (Eckstéin et al., 1962; Verhaeghe et al.,

1

1976) . e

This study demonstrated for the first time that an
L)

acute decrease in arterial pressure in conscious rats by

either nitroprusside. infusion or hemorrhage caused a |

LY

significant iincreasg ip the turnover of NE in the posterior
hypothalamus as well as an increased NE turnover in all the
peripheral organs examined. Thése -results suggest that
there is a directh relationghip between changes in the

noradrenergic activié& in the posterior hypothalamus and

[

L 4

\




FIGURE 31

Effect of acute hypertension on concentration of NE

remaining 90 min after «-methyltyrosine, expressed as a
. ¢ Py .
percent (+S.E.) of .initial doncentration in kidney and

q

sﬁeletal muscle.+ Fgrmat as in E{gure 30.
/ . ‘




'O CONTROL

.,B PHENYLEPHRINE

///////////V///////////////////////u

1_
o
-]

1 3|
o. o
f

—p—

-
2 2 o ) ©
-

"INIVA IVILINI HO % -3N




L89
d .

peripherai sympathetic activity. It is concei‘9ble' that

elevated noradrenergic activity in the hypothalamu$ may be
responsible for the increased peripheral "syméathetic

activity. i

4.

. : - _
In the Litgrature, similar obseayaghbﬁs' of increased
peripheral ;§mpathetic activity :Bavs ;een reported by
Takimoto et al. (1981) who measupeé an elevated 'tyrosine‘
hydroxylase activity in variogs&%ﬁgdig&ascular tissues, and
increased sympathetic efferent *fﬁpulse flow (measured by
recording from pre- and postganglionic sympathetic nerves)
in response to nitroprusside- induced hypotension in
anesthetized rabbits.The same group also observed a two-fold
IincreaSe in plasmaﬁcatecholamines inditative of an overall
increase in sympathetic activity; however this group did
not attempt to measure changes in the CNS. On the other
hand Wijnen ét af. (1978) obsgrved an increased turnover of
NE in specific nuclei of the hypothalamus in‘conscious -rats
subjected to a Cont;olled hemorrhage or by. the
administration of guanethidine (depletes NE from terminals);
however tﬁese’ investigators did not provide a measure of

petiphera; sympathetic . activity.

& Nevertheless all these findings are qonsistent with
observations reported in the previous Chapter made in
animals that had specific barareceptor input to the central

nervous system removed surgically by transection of the

3
-

'kfortic depressor nerve (ADN). ADN transection caused a
ﬁignifiéant increase in arterial pressure and NE turnover in
. ° ‘ -



170

the hypothglamus, kidney and skeletal muscle, suggesting
"that surgical rm of an inhibitory in;ﬁut to the central
nervous system by deneqvatiﬁg aortic barorecebtors caused an
excitqtion of noMhdrenergic activity in the hypothalamus and
peripheral orgaﬁs. It‘ is of interest to note that in
contrast to the observation of increased NE turnover in all
peripheral ofgansjin“the acutely hypokenéive animals in this
study, in the ADN transected rats in thg prrevious study
there waé a differential change in turnover of NE in the
peripheral organs. One possible explanation for the
éifference could stem from, the f;ct that in the acutely
hypotensivé rats all of the arterial baroreceptors (ADN aﬁd

carotid sinus) are "unloaded", whereas in the ADN transected
rats only the aortic baroreceptor are surgically removed but
the other major arterial baroreceptors are actually loaded
due to én elevated arterial - pressure. Such conflicting
afferent barorece§€6r information in the ADN transected rat

¢
may be responsible for the different response observed in

the peripheral sympathetic system.

In recent yedrs, several reports suggest the
participation of central ' noradrenergic neurons
(hypothalamic) in the ﬁormal control of arterial pressure
(Chalmers, 1975; Antontccio, 1937). ' Siﬁilar to the ADN‘
transected rats, Chalmers et al. (1979) have reported an
increased éurnover of NE in the hypothalamus and spinal cord
of sinoaortic denervated rats. In addition, Sinha et

al. (1980) have demonstrated an increased release of NE in

- *

?
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the superfusate of the posterior h;pothalamus ;obtéined by

means of a  push-pull cannula) éuring a fall in blood

préssure elicited, by infuéiqn of nitroprsside ;r hemorrhage

, in anesthetized cats. Subsequently Ph;lippujet.al.’(l981)

‘ have repc;rted an increased release of endogenous
catecholamines in response to hypotension produced by
nitrdbéusside infusion in conscious rabbits. Furthermore,
application of NE to the posterior hypothalmuys evokes an ‘
excitatory sympathetic response which can be blocked by B
adrenoceptor blockingv drugs (Philippu et al., 1973;

- Antonaccio et al., V1975). ~ All these studie; considered
together suggested 1) ¥the ’presence o} an inhibitory
influence 6f baroreceptors _on;he noradrenergic activity in
the hypothalamus, ande 2). an excitatory role for the

noradrenergic activity of the- posterior Qypothalamus in the

ihitiation of sympathetic tone in the periphery.

Such an hypothesis would predjct a direct relationship

‘: , between the noradrenergic activity in the hypothalamus and

peripheral organs. Consistent with this hypothesis, when a

’ ]
plot was made of NE turnover in the hypothalamus versus NE

¢ -

*turnover in the musgié using data from . acutely hxpotensive
rats and ADN transectad rats it was observed that there was
a significant correlation between the  two variables
(Fiaure 32). ﬁowever,. it 1is recognized that such a
cortelation does not mean a conclusive cause and effect

+ relationship.
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FIGURE 32 ‘ v ¢
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hypothalamus Versus index of NE turnover- in ‘skeéletal muscle

8

in rets with and without ADN.. Tﬁe index NE turnover is

L3

represented as the percent. of NE left 4h and 8h after

- . <. . ,/—r/.'
inhibition'of tyrosine. hydroxylase with o -methyltyrosine ‘in
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the two groups.
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skeletal muscle in Aréisp . with "saline-inﬁusion~ and

nitroprussidé infusion.!’ Valueé represent percent af NE

N

(js.ﬁ.) p ieft Qd‘min; ‘afte?® infibition of tyrégiﬁe/“

hydroxylase, ’

(3 ]
‘

s J ]
A <
.
: .
/\ -
4 " -
b S .
o - .
t’,}
13 4 s 4
., ) "
T
7 - .
g .
” . 4 P
4 v
-
i
- |

. -, S T
A) Relationship between index of NE' turnover in

B) Relationship betwéen‘ index of NE turﬁqgg; »oinm .

posterior hypothalémus versus index. of NE turnover in-
LY . . . .. -



CE]
Ig
m
m.
M

mmmm

1 -
L EEEL LIPS -—

2l = =)
=

——nas —
—————

—— —
e —— ——
—————

-




173

¢ - . STOHINOD 3INIL-O 40
ALN3IDH3Id SV (IN] SNWVIVHLOJAH HOINI1SOd

00L 08 09 Ov OZ S

L I 1 ] 1 . 0 T

. o

r

m

z o

>

, N ;)

Y, vy T

. , 5
(01)3AISSNUHOHLIN O .ww m
. b 4
(ZL)TOHLINOD @ / 9 5

S N / a
/ n

SR 4 9

N 4 / o~

. / S

/ \ z

O—.o

o

<

-]

o ]

(@]

r

(/4]

o0t
e

STQHLINOD INIL-O0 40
AN3D43d SV [IN) SNNVIVHLOdAH

., 08 09 oO¥ oOF
1 1 Il e |

©

-

0 o < N

o

S$TOULNOD 3NIL-0 40 LNIDHAd SV (3N) 310SNW

<



e o 17 4

In contrast to these results, previoué observations 1in
’SHR .(Yamori 1972, Patel e‘ al., " 1981) and DOCA-salt
(Nakamura et al., 1971; Van Ameringen et al., 1977)
hypertensive rats ™ have suggested a recipfocal relationship
between central and} pefipheral horadrenergic mechanisms,
However, 1in these latter studies it is not clear if the
changes observed in noraérenergic mechanisms in hypertensive
models are a cause or effect of the hypertension. Although
studies with DOCA-salt ;nd SHR models of hypertension usea
similar hypothalamic sections as in the present study, it is
plausible tha; one explanation for the controversy couid be
that the changes occuring 1in various small nuclei witPin
re4atively large brain sections may be opposing one another
under these various different situations. Secondly, the
changes observed in the:,present study were due to a
relatively short term perturbation (60 min) <whepeas the
results from SHR and DOCA-salt study were obtaineé after
long term perturbation lasting several weeks. Furthermore
there ik a controversy as to the proper control for the SHR
(Patel et al., 1981), making it difficult to assess if the
changes observed in'noradrenergic activity in SHR are real
or merely attributable to geretic difgétences. In addition,
de Champlain et al. (1967) have reported a reduced retention'
and storage of norepinephrine in the peripheral organs of
DOCA-salt hypergbnsive rats, suggesting  that ‘changes
observed in the turnover of NE in the peripheral organs may
be independent of .the change reported in the braig. ‘On " the

other hand van Ameringen et al. (1977) have shown that the
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central change in poradrene;gic' activity persists after
normélizing both értier_ial pressure and symp/athetic' activity
by spinal cord transection in DOCA-salt hypertensive rats.
The latter results woéld suggest Lhat tﬁe central

-

noradrenergic mechanisms in this model are involved in the
initiation of - change in ,thé _peripheral noradrenergic
activity.

<

In the present study there was a slgnificant increase

in NE turnover in \the.‘anterior hypothalamus of 'the
. hemorrhaged group compared to saline-infused controls;"
hoyever, no such change was observed in the nitroprusside
infused group. Furthermore there was a tendency toward. a
greater increase in the turnover of NE in the peripheral-
organs of the hemorrhaged group compared to tﬁe

nitroprusside-infused group. One possible explanation for

’
these observations may be that the extra afferent

information (because of volume 1loss) in the case of
hemorrhaged animals would cause a greater s?mpathetic
activity. Such a contention is conceivable since Svensson
et al. (1979) have reported that reflex mechanisms involved
in = conserving intravascular volume also uses the

noradrenergic mechanisms of the hypothalamus and medulla to

activate the efferent sympathetid activity.

According to the hypothesis presented above, loading

the baroreceptors by elevating the arterial pressure should

result in a decreased turnover of NE in the posterior

hypothalamus and the peripheral organs. However thgre was

R R
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no significant difference in NE turnover in all the tissues »

examined from the acutely hypertensive group when compared
to the saline- infused contkols.. Similarly, Tdkimaio; et
~al. (1981) were Junable to elicit a reduc;ion in tyrosing
hydroxylase activity in either sympgthetic ganglia or

vasculature in response to an increase in arterial pressure

produced. by ~infusion of phenylephrine in anesthetised

rabbits. These results suggest  that  there was ii;ile
sympat;etic tone in the peripheral organs under 'resting
conditions. Similarly results from Janother project
(unpublished) showed that thel éurnover of NE did not
decrease further 1in peripheral organs of gnimals that were
treated with hexamethonium (a ganglioﬁic Blocker) prior .to
phénylephrine infusion (Appenéix 2). Tﬁis would suggest
that the turnover of NE obserQeE in the peripheral organs of
'pheﬁylephrine infused group have a very minor component if

‘any from sympathetic nerve activity.

It should also be noted that accerding to Philippu and
coworkers (Philigpu et al.; 1979; 1981) the acutely
hyperténsive group should have showed an increased turnover
of NE in the anterior hypothalamus. No such response . was
observed in the present s;udy; This controversy between my
study and the literature remains unresolved. A possible
explanation may be that the .two .techniéues (pusﬁ—pull and
turnover of NE) being used may be sampling’different areas

of the hypothalamus in terms of size. In the present study

the tissue referred to as -anterior and posterior

LS

/' “ ~
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hypothalamus are relatively large compared to the areas
perfused - during push-pull by "Philippu and co-workers.
“Congistent with results from the present study, Sole et

* o al. (1580) also found an increased turnévér in both anterior

. and posterior hypothalamus in response to ischemia of the

left ventricle. In addition, Moore et al. (1979) describe

.the anatomy of the noradrenergic . terminals . 1in the
hypothalamus as neurons transversing the entire hyﬁothalamus
with vatricositiés alqng Fﬁe entire léngth. In light of such‘

- evidenqe it is conceivable that an incfeased activity in the
noradfenergic neurons would cause an increased NE turnove{

in both anterior and posterior hypothalamus simultaneously.

14

In conclusion the results in this study ‘support and

extend the observation from the previous Chapter suggesting

the presence of an inhibitory influence from the

baroreceptors to the noradrenergic adtivity in the posterior

' hypothglamus and a direct relationshipl between changes in
hypothalamic and peripheral noradrenergic activity

(Figure 32). . .




CHAPTER 7

Effect of renal denervation on the noradrenergic response

to removal of ADN and acute changes in arterial pressure

.- 1)

7.1 Introduction

Renal nerves and their possible role in the control of
arterial pressure have béen an area gf.mucg interest in
recent years. Several studies have shown that an enhanced
+ noradrenergic’' influence on the kidney, produced by chronic"

¢

int;arenal infusion of norepinephrine, : may lead to
chr;nically elevated arterial pressure (Katholi~ et al.,
1977; Cqwley et al.; 1979). 1In addition, renal dgnérvation
has been shown to delay the deyélopment of genetic
hypertension‘(Liarg, 1977; fxliﬁe et al.,ll9781 ﬁintefnitz
et al., 1980; Diz et al., 4982) and DOCA-salt hypertension
(Kétholi et al., 1980), and réberse the elevated, arterial
pressure associated with one- and two-kidnéy, one-clip
Goldblatt hypertension (Ratholi et al., 1982a; 1982b) and
one~kidney Grgllman hypertension in rats (Katholi et al.,
1982a). As renal function has been suggested to be a
primary dete?minant of. arterialk pressure the abundance of :
.evidende demonsttating.aﬁ influence of renal sympathetic
nerves on renal vascular resistance, renin release, and
sodium seabsorption lends further support to the idea that

renal nerves may contribute to the overall control of

arterial pressure, especially in those instances - when

4
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sympathetic activity is increased (see Historical Review).

’

Although most of the work in this area has peen-
direéted towards undgrstandihg the physiology of efferent
renal nerves, there is a growing interest 1in the Léossible
influence of afferent renal nerves on the mechanisms
controlling water balance and arterial pressufe.- Recordéti
(ﬁecordati et al., 1578; i980) ihas démonstrated the
presence of several types of renal receptors, and ‘several
investigators have reported q;réiovascular effects produced
by electrical stimulation of affereét renal fibers (Ueaa,
1967; Astrom:et al., 1968; Aars et al,, i970; Calaresu ét
al., 1976); In addition, recently it ﬁas_ been shown that
renal denervation decreased arterial pressure in one aﬁd
two—kidnéy, ohe-clip‘ Goldblatt hypertensive rats, while
normaliz{ng a préviously elevated concentration of NE in the
hypothalamus and an inc:easéd plasma levei of NE, suggesting
a ormalizatiéﬁ of an increased peripheral sympathetic
agti{zify (Katholi et al., 1982a; Winternitz et al., "1982;
Ratholi et al.,# 1982b) . The depressor effect of Fenal,
denérvation was not mediated dy altergtions in "sodium iniaker
or _exc;etion, water ‘intake or excretion, creatinine
clearance or renin activity (Ratholi et al., 1981). ft ‘has
been‘  suggested that ‘the deéressor effect -of renai
" denervation is second;ry to alterations in hypothalamic
noradrenergic- actiiity prodﬁced by removal - of elevated

activity in renal afferent fibers, with a resultant decrease

in peripheral sympathetic activity.
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ecent studies Aave shown that afferent renal ’fibers

-7 - project "to hypothalamic ~sites known - té infiuence
| ﬁeurohorhoﬂal control of -the circulation (Knuepfer( et al.,
1980; Caleresu et al., ;98}b). Iﬁ eddition, Calaresu et

al. (1981b) have shown that a majority of single units in

"the hypothalamus and medulla which respond eq stimulation of

afferent renal fibers also regpond to electrical stimulation

of arterial barereéeptor adgifent fibers. Therefore, it is

. 'ohceivable that removal of afferent renal fibers may Effect

the baroreceptor control of sympathetic outflow.

‘In tHe previous two chapters ' I have demonstrated an

increased NE turnover in the hypotﬂelamus and peripheral
__organs in response to ADN transection (Chapter 5) and acute
hYpotension (Chapter 6). These preparations would seem.to .
be ideal to test the hypothe51s that afferent renal fibers
play a role in determinlng the act1v1ty of hypothalamlc and
peripheral npradrenergic systems in animals with decregged
baroreceptor input to the CNS. The present‘study examined
the effect of fenal denervatioﬁ'on chahges in’ nofadrene;giq <

response to removal of baroreceptor’ input to the CNS.
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7.2 Methods

L ]

. [4
7.2.1 Renal Denervation in ADN transected rats

.

>

1
7.2.1.1 Effect of renal denervation on the arterial

pressure response to ADN transection

étudies weré done usingh male Wistar rats weighing
250-300 g. In the first study 16 animalé were randomly
assigned to either ‘é sham renal denervated® or renal
denervated group and placed in individual cages. Arterial
pressure was measured using the tail cuff  technique
(descriped in Chapter35). Renal denervation was perfbrmed 3
dayé prior to ADN transection. 'Tail cuff pressure was

measured for 12 days following the ADN transection.

-~

7.2.1.2 Denervation Techniqué

‘Surgical procedures for ADN transection are described

\gn detail 1in the Method section of Chapter 5. For renal

eneteation, animals were anesthetized with either sodium

ital (Satmg/kg, - i.p.s Somnotal,
.CJ Pharmaceuticalg, Hami;ton; Canada) or methoxyflurane
anesthesia. The abdominal viscera were retracted to expose
the" tdneys. The renal arteries and veiﬁs'héfe isolated and
sgrippéa free of connective tisgue, after which 95% alcohol

was apglied,ﬁo the vessels. In this laboratory it has been

\
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reported previpusly that this technique reduces renal NE
concentration by over 90% by 3 days after surgery (Kline et
al., 1978). A fluorescence assay for NEVor'HPLC with EC was
used +to verify that renal denervation was successful.
Sham-renal denervation surgery‘"consisted of expdsing the
kidneys and vessels, but the vessels were not isolatéd -and

alcohol was not applied.

7.2:1.3 Measurement of tissue NE concentration after
inhibition of tyrosine hydroxylase as an

index of NE. turnover

To determine whether rengl denervation affected the
noradrenergic response to ADN traﬁsection, the decline in
tissue concentration of NE after inhibition of tyrosine
hydroxylase  was used as an .index. of NE turnover in
hypothalamus and skeletal muscie. Fifty rats wérg divided
_ randomly into one of four groups 1) Sham ADN + sham renal, a
control group for both renal and ADN surgery 2) ADN + sham
renal, an experimental group to étudy the effects of ADN
transection, 3) Sham ADN + renal, an experimental and
control group to study the effects of renal denervation, ?)
ADN + renal, an experimental group to study the posqible
interaction between ADN transection and renal deﬁervatisn.
Renal denervation was done in all animals 3 days before ADN

surgery. Arterial pressure (tail cuff) was measured before

and after renal surgery and on Day 1 and 2 after ADN
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N
~ surgery, Thg turnover study was done on Day 3 after ADN
surger;, since I measured the chanées in noradrénergic
activity in brain *and peripheral organs breviously at the
same time"period (see Chaptén §). Rats witﬁin each group
were Zﬁgther randomly divié;d iﬁto two subgroupé, which
would be used as O—Eime controls for Neach of  the four
groups, and for 8 h values after inh}bitiqn of tyrosine
hydroxylase with «-methyltyrosine, respectively. The use of
O-time and 8 h values can be justified on the basis that I
have used this method in control and ADN-transected rats and
have demonstrated linear decay curves between d and 8 h when
data were expressed as semi-log plots of percent NE
concentration (remaining vs time (see Resu;ts section
Ch&pter 5). At-0 and 8 h'the rats.were killed 'by cervical

dislocation and the tissue samples were removed and

: ' , ¢
processed as described in the Methods section of. Chapter 5.

\

7.2.1.4 Data Analysis

All data are reported as mean + S.E. Data obtained
over time - were analyzed using an appropriate ANOVA. Post
hoc comparisons befween sélected means were done with
Duncan's multiple range ﬁest when initial ANOVA indicated
stlgistical differences between treatments. -Comparisons
involving only two means within or between groups were done
using a t-test. Differences in the turnover of NE were

inferred by plotting the yalues for tissue concentrations of
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NE 8 h after Y-methyltyrosine as a percent of the average
tissue concent at}on of NE in respedtive O-time controls. A
low percentage of NE gemaining 8 h, after inhibition of
tyr;sine ,hydrg?ylase would imply a high turnover of ﬁE in
that tissue (see éhapter 4). Comparisons between these 8 h
values were done. using Duncan's _test. A' P < 0.05 was
considered to indicate stati%tica&,significance.
K\ .

7.2.2 Rensi denervation and acute éhanges in arterial

pressuge ) (
Studies were done using male Wistar . rats weighing
+250-325 g. The protocol 65 thi's experiment Jaé‘identicél“to
the one ‘followed in <the ﬂeihods section ‘of _Chap;em'G with
one exception, renal denervation was performed* 3 days g§ior‘
to the day ADN werg sectioned. Renal denervation was

performed using the surgical technique . described iq

“Section 7.2.1.2 of this Chapter.

7.2.2.1 Meaﬁsrement of tissue NE concentration after

inhibition of tyrosine hydroxylase as an '
index of NE turnover

¢ - : ‘ -
Animals were randomly assigned to three experimental
groupé:‘ l) - saline-infused and renal denervated -2)

niérdprhsside—infpsed and ° renal denervated, and 3 L&
. : k

e

phenylephrine-infused and renal denervated. A group of
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animals with no drug treatment but with bilateral ré&nal
denervation served as zero time cgntrols for renal
déne;xsfed groups. It should be noted that respective~
control ‘groups with fﬁtact renal nerves were used'from the
p;evious chapter, éidce_th? ekperiménts in the present study

" and previous chapter were perfosyed during the same time

period. | ‘ .

1]

The changeé in arterial pressure with vasoactive agents
wéqe induced under the same brotocol stated iﬁ/the previous
chapﬁer.: Similarly the rest of the protocol for the,
“measurement of inaex of NE turnover in the various tissues

was identical to the one desgcribed in Chapter 6.
»

7.2.2.2 Data analysis
e 1

All data wére“ reportéa as mean + S.E. Cempariséns
between fhe-9b min values as a bercen; of zero time control
for renal innervated and the corresponding renal dener&aiéd
groups were done using’ the ' Duncan's Multiple Range test
(Duncan 1955). Again it should be noted _;hat"appropriate
renal innervated control groups from.thg previous Chapter
were uséd. A P < 0.05 was considered ‘ to indicate

statistical'significance:
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7.3 RESULTS ’ . : -

e

7.3.1 Renal denervation in ADN-transected rats

¥

7.3.1.1 Effect of renal denervation on the arterial
‘ v .

-

pressure response to ADN transection

<

Renal denervation 3 days _prior to ADN transection
B / ’ - - N

completely érevented the rise iq\qrté;ial pressure normally
seen after‘ cutting the ADN (Figure 33). Heart rate
responses were . transient and‘variablef being increasgd.by
53 + 11 and 31 + 9 beats/min in -the . sham~-renal denervated
and renal dengrvaped groups, respectively, on Day 1lgbut

~

returning to control levels by Day 4.

The changes in arterial pressure %uring the turnover
study are summarized in Figure 34A., Arterial pressure on
Day 2 after ADN'transectionowas increased significantly only
in the ratS'yith ADN transection and sham renal denef?ation

(Figure 34a). In additiop, rats which received renal

denervation and sham ADN transection had a significantly

lower tail cuff pressure when compared to the surgical

control group.



- PIGURE 33

Effect of renal denervation on the arterial pressure
response to ADN traﬁseption. Arrows indic;te time of renal
surgery and ADN transection. Both groups had the ADN cut
bilJ!erally. Numbers in ‘parentheses are numbers of

animals/group. Values are means + S.E. F-ratio = 51.77

(1,14) P < 0.01.

N
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FIGURE 34

-

Effect of renal denervation on arterial ‘pressure and

index of NE turnover, after ADN transect¥on.
A) Tail cuff pressure on Day 2 after ADN surgery.

B) ‘Norepinephrine concentration 8h . after
a-methyltyrosine, expressed as a percent (iS.E,) of 0O-time
“ controls for each group. Values were obtained at Day 3
after ADN surgery. Numbers in parentheses are numbers of
animals/group. *P < 0.05, compared to Sham ADN + Sham
renal; +P<0.05 compared to ADN + Sham renal; #P < 0.05

compared to Sham ADN + Renal (Duncan's ‘test).
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7.3.1.2 Effect of Renal Denervation and ADN t;aqsection ~; .-

M
on Index of NE Turnover . e
&

-
-

On déy 3, the data imply that NE turnover w?s increased
significantly in skeletal myscle of rats with ADN
transection ; sham renal dengrvation when cémpared to all of
the other groups (Figure 34B). Rats with only renal
denervation had a significantly- 1argerr percentage of NE ~
remaining in skeletal muscle 86h éf;pr «-methyltyrosine when
- déhpared to the surgical control group. Rats with ADN

transection + . renal denervation had a significaﬁtly lower
. percentage of NE remaining in skeletal muﬁcle when compared
to the sham ADN + renai\ denervated group, but were not
different‘when~compared to the surgical control group. This
relationship 1is shown more clear%y in Figure 35. Note that
the lines are essentially paraliel, suggesting that renal
denervation did not prevent the fesponse to ADN transection.
.'13 the hypothalamus there was a- significant difference
between the two ADN transection groups; however, the ADN +
sham renal ;roup was not significantly different from the
surgjcal 'confrol ‘group (Duncan's least sigﬁificant
diffetence = 7.7 for P < 0.05; actual difference = 6.7).
In addition, there was no significant difference between the
sham AD§;+ sham renal denervated group and sham ADN + renal ,
denervqtéd group in terms of NE turnover in their
hypothalédus. Only data for the sham renal groups ig given

for turnover of NE in kidney, as renal denervation reduced
. . 7

kidney NE cdpcentration in this and other experiments to
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. , FIGURE 35

-l
AL

H

o*

Relationship betweén the presehge or absence of renal

nerves and sympathetic activity to skeletal muscle in rats
with and without ADN transection., The index of sympathetic
activity was calculated as the perceqt;éf NE "used" during
an 8 hour period after inhibitioﬁ of tyrosine hydroxylase

»

with « smethyltyrosine.
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less than 10% of normal. Thq'&aéé;éggééé} that NE turnover
yif-inqréésed significantly in ﬁhe‘kidheys of raté with ADN
ﬁ:gnsectioh + sham rerfal Qenervatiqp.'

N The reciprocal relation ’ﬂ!tween arterial pressure

fecorded on Day 2 and the index of NE turnover in skeletal
mqulf megsured on Day 3 sugdeﬁped a possible correlation
between these tgo variables.’ Figure 36 shows the results of
" .suth a plot and the best fit line .calculated by linear
regression aﬁalysis. There ‘was‘a significant correlation

I

P ¢ :
between the turnover’ of norepiﬁéphrine in skeletal muscle

and arterial pressure under“ the c¢onditions of this

. “ L 3
experiment.

- . ' : h
7.3.2 Renal denervation and acute changes in arterial

pressure

7.3.2.1 Arterial pressure and heart rate
a

The renal-denervated group receiving saline-infusion
had .nb. signifibéht chaqges in arteriai pressure and heart
rate during the 60 minutes of infusion (Figure 37, 38).
Mean érterial pressure decreased- by an average 31 mmHg
initiallynand remained an hverage of 42 mmHg below control
at ‘'the end of thé1 60 min infusion of nitroprusside

-

(Figure 37). Heart rate increased initially by an average

»
-




FIGURE 36

v

L

Correlation between index of NE turnover in’ skeletal
muscleﬂ and érteria}. pressure measured using the tail cuff
techniqué. The x~axi§ plots the concentrétidn of* NE as a
percent of O-time control 8 ﬁour afte;-«—méthyltyrosine
administration. . The relation between this variable and NE

turnover is shown on the figure, n = 24°

.
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FIGURE 37

The effect of i.v. i@fusion with sodium nitroprusside
-(20-40 ug/kg.min)‘ or ‘' phenylephrine (10-15 ng/kg.min) or
,saline on arxerial;pressure in ‘rats with bilateral renal
‘dénervation. The =zero time values represents the argeria;
pressure béforé the infusion period. The control group
.received an iq;usidh‘ of heparinized saline comparable in
volume to drug -infﬁsed groups. Numbers in parentheses
represents number of animals/group. The values represent

the mean + S.E..

- o
.
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.;//7/’\\ FIGURE 38

The e?;éct Of i.v. infusion with sodium nitroprusside
: - <
(20-40 pg/kg.min) or phenylephrine (10-15 ng/kg.min) or

saline-infused on heart rate in rats with bilateral renal

. . S~
denervation. Format as in Figure 37.

e
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of 70 beats/min and remained an average of 50 beats/min
above control 1level throughout the hypotensive period
(Figu;; 38). Phenylephrine infusioﬁ produced :an average
increase of 55 mmHg in arterial pressure initially and the

pressure was maintained an average 40 mmHg higher than the

control mean arterial pressure for the 60 min infusion

" period (Figure 37). Heart rate decreased initially by an

average 70 beats]min and remained an average of 90 beats/min
below control heart rate throughout the hypertensive period

(Figure 38).

It should be noted that the changes 1in arterial
préessure produced in the renal denervated groups in this

study 8uring infusion of nitroprusside or phenylephrine were’

_hot significantly different from the corresponding groups

with intact renal nerves in ‘the- previous Chapter. ‘The

reciprocal relationship between the changes in blood

" pressure and heart rate in renal denervated groups

illustrated an operational baroreceptor reflex arc in all

the groups studied.

7.3.2.2 Norepinephrine Concentration

There were no significant differences in the zero time
value for NE concentration ;n the various tissues from the
renal denervated animals and thg animals with intact rengi
nerves from the previous Chapter (Table 3). The

concentration of NE in the denervated kidneys was below the
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TABLE 3
Norepinephrine concentration (ng/g) in various organs of

intact and renal denervated raats killed af time 0.

-

Norepinephrine (ng/g)

Intact Renal Nerves Renal Denervated

Anterior Hypothalamus 1264 + 35 1318 + 85
Posterior Hypothalamus = 809 + 39 691 + 48
Kidney 213 +'12 . -

Intestine (Duodenum) 917 + 43 ‘ 788 + 61/
Skeletal Muscle 66 + 3.2 67 + 2.4

. s
[

3 days after renal denervation.

Mean norepinephrine concentration expressed as ng/g
wet wt., + SE.

n = 6 for each group.
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&4

detection 1limits of the assay used in the present study
(5-10 ng/qg), indicating better than 95% depletion of renal

NE.

7.3.2.8 Measurement of tissue NE concentration after
inhibition of tyrogine hydroxylase as an

index of NE turnover

The renal innervated groups are used from the previous
Chapter since the experiments from the previous Chapter and
present experiments were done using the same protocol and

during the same time period. 7

7.3.2.3.1 Effect of acute hypotension on noradrenergic

activity in renal denervated rats | ¢

~

There was a significahtly lowér concentration of! NE in
the posterior- hypotﬁalamus of the nitroprusside-infused )

group compared to saline-infused controls as noted in the

previous Chapter; however, in this experiment. this effect
was abolished in rats with renal denervation (Figure 39).
No significant changes were seen in the anterior
hypothalamus. Renal denervation by itself did not produce
any significant changes in NE tufnover in the hyposhalamic
sections examined. The turnover of NE was -significantly

increased in kidney, intestine, and skeletal muscle of the

nitroprusside-infused group, indicative of reflexly




FIGURE 39

Effect of renal denervation on turnower of NE in the
hypothalamus of conscious rats subjected to acute
hypotension with nitroprusside. NE concentration 90 , min
after «x-methyltyrosine is expressed as a perceht (+s.E.) of
appropriate 0-time controls for each groﬁp. Numbers in the

bars represent number of animals/group. *P < 0.05 compared

to saline-infused controls.
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increased sympathetic activity (Figure 40). Changes in the
peripheral organs of nitrobrusside-infused animals persisted

after renal denervation. '

7.3.2.3.2 Effect of acute hypertension on noradrenergic

activity in renal denervated rats

There was no significant change in_thé turnover of NE
in the anterior or posterior hypothalamus of the
phenylephrine-infused group coﬁpared to saline- infused
controls as noLed in the p;évious Chaptér (Figure 41);
howevér, in animals with renal denervation there was “é
significantly decreased turnover of NE in the anterior and
posterior hypothalamus of the phenyléphriné-infused gfoup
(Figure QZ). In additibn, phenylephriné infusion in renal
denervated rats did not have a significant effect on the

turnover of NE in- the skeietal muscle.

7.4 DISCUSSION

These experiments were performed to investigate the
possible interaction ¢ between renal nerves ahd the
noradrenergic responses that were producéd by ADN
‘transection (deécribed in Chapter 5) and acute changes in
arterial pressure (described in Chapter 6). ' The hypothesis

being tested was presented in the Historical Review after

reviewing * the relavent literature (Figure 1). This
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FIGURE 40 &

Effect of renal denervation on the turnover of NE in

the peripheral . organs of conscious rats subjected to acute

hypotension with nitroprusside. , Format as in Figure 39.

*P < 0.05 compared to saline-infused controls; +P < 0.05

compared to saline-infused, renal denervated animals.
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 FIGURE 41
‘ 4 » .
Effect of renal denervation on turnover of NE 1in the
hypothalamus of conscious’ rats subjected ~to acute
hypertension with phenylephrine. Format as in Figure 39,
*P < 0.05 compared to saline-infused renal -denervated

animals.
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Figure 42

Effect of renal denervation on the turnover of NE in

the peripheral organs of rats subjected to acute

hypertension with phenylephrine. Format as in Figure 39.
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hypothesis proéoses that there is an interaction bethéen'an,
inhibitory influence'from baroreceptors and an excitatory
influence from ;enal afferents at, the "level of the
hypothalamus. This interaction may involve the hypotﬁalamic
noradrenergic system. ‘The noradrenergic activity ip ;he
hypothalamus méy in turn be impoftant' in modulating

peripheral” sympathetic activity and consequently arterial

pressure (see Historical Review).

¥

#.4.1 Renal denervation and ADN transected rats

Bilateral transection of the ADN bas been shown to
"result in° an increased NE turnover in the hypothalamus as
well as in kidney and skeietal muscle (as shown in this
Chapter and Chapter 5) with a concomitant increase in
‘ arterial pressure, consistent with the-hypothesis presented |
above. While there is controversy as go‘ whether '
barorecepto:'deafferentation leads to chronically increased
arterial pressure ‘(éowley‘et al., 1973), there are several
lines of evidence suggesting that «there is - increased .
peripheral sympéthetic activity, at least for the first few
days after ADN transection, as ,demonstrated in this Chapter

~

(also see Chapter 5, and Touw et al., 1979).

‘-
-

Of particular interest is the fact that renal
sympathetic nerve activity appears to be increased after ADN

transection (Touw et al., 1979; Fink et al., 1980; .

;hapfer 5). According to the brediction made by Guyton et
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al. (1974), increased renal sympathetic nerve activity could

produce increased arterial pressure as a result of

neurally—mediéfed chdnges in the ability of tﬁe kidney to
extrete urine, This change in the excretory ability of'the
k%gney would be expressed as a change 1in the shape or
position of the renal function cgrve and consequéhtly.
arterial pressure (see Historical Review). Therefore this
preparation of QPN transected rats would seem to be ideal to
test the effect of renal denervation on the control of

’

arterial pressure.

The resulgs‘in the first study clearly demonstrated
;hat renal dene;vation, done 3 days before ADNJgransection,
completely prevented the ” arterfial pressure fesponse to

.

cutting the ADN. SubSequently' we have also shown that
cutting the renal nerves -‘reversed: the arterial pressure
response ‘to cutting the ADN (Kline et al., 1983). The
‘response'was probably not due to elimination of an influence

. A
of the renin-angiotensin system on arterial pressure in

e
thése rats, as acute administration of captopril showed that
there was little if any difference between the contribution
of the renin-angiotensin system to .the maintenance of
arherial preésﬁre in rats before and ,after ADN transection
" (Kline et al., 1983)y. 1In addition, adrenergig blockade with
phentolamine decreased the arterial pressure of ADN
'transected rats to the same level as that in normal rats

treated with the blocking agent (Kline et al., 1983). These

results, which are in ~agreement with those of Pink et
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al, (1980b) obtained one ~month after aortic baroreceptor
denervation in ‘rats, further kA support the idea that the
elevated arterial pressure in the ADN transected rats is

primarily due to increased «f-adrenergic activity.

If the effects of renal denervation were due solely to
the removal of efferent sympathetic fibers, then préssure
diuresis and natriuresis should have__occurred. Kline et
al. (1983) have demonstrated thaé no such changes in fluid
balance occurred after renal” denervation in rats with

bilateral ADN transection. 1It.is possible that due to the

time periods of cbllection and errors inherent in this type

of metabolic study, that transient differences in urinary
sodium and volume may have oécufréd, but if anything, both
groups with ADN transection ~tended to excrete less urine

volume and sodium after ADN transection than before (Kline

et al.,~1983). ° The decrease in urine output, plus the

marked decreases in food- and water intake in rats "~with ADN

transection reported 'by Kline et al. (1983) is similar to

that observed by Werber et al. (1981). These data would

L ] . .
suggest that the decrease in arterial pressure after renal
denervation 'in ADN transected rats may not be due to loss of
efferent sympathetic fibers but possibly afferent renal

nerve fibers.

* 1]
From results in recent studies, Katholi et al. (1982a;

1982b) have proposed that increased activity of renal

afferent fibers ﬁay be responsible for the enhanced

N -
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”,

noradrenergic activity in the hyp&thalamus and peripheral
sympathetic to;e in one-kidney, one-clip Goldblatt model of
hypertension. The above observations taken together with
evidence for involvement of aﬁferenf ‘'renal nerves in the

control of arterial pressure (see Historical Review) makes

it conceivable that removal of  afferent renal fibers may

£
affect the barorijjétor control of sympathetic outflowd

2

To test this hypothgsis, we used the turnover of NE in
skeletal muscle as an index of sympathétic activity in ADN
transected rat;; As reported in Chapter 5 and in the
present study, sectioning the ADN .caused a significant
increase in NE turnover in skeletal. muséle; ' however, Fﬁé
turnover of NE in skeletal muscle was entirely normal in
rats with combined renal nerve and ADN transection. This
observation is similar to that reported by Katholi et
al. (1982a; 1982b) for one- and two-kidney, one clip
Goldblatt hypertensive rats, who used plasma NE
concentration as an index of sympathetic activity. . Thus ,
the eliminatjion of eﬁhanced sympathetic activity exbiains_
both the blood pressure response and the failure to see

pressure diuresis and natriuresis (Kline et al., 1983) in

ADN transected fats with renal denervation.

. The exact mechanism whereby renal denervation produces
these effects is not clear; however, three obsérvations
should be noted: 1) renal denervation alone significantly

decreased the turnover of NE in skeletal muscle
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(Figure 34B), 2) ADN transection in renal denervated animals
did increase the turnover of NE in skeletal muscle when
compared to the gfnal denervated control group and 3) renal
denervation abolished the increased NE turnover in the
hypothalamus gfter ADN transection. These results suggest
that the removal of afferent renal fibers does not prevent’
the noradrenergic response in the peripheral organs to ADN

transection, but that afferent renal fibers may have a tonic

influence on hypothalamic noradrenergic mechanisms and on’

sympathetic outg}ow “to skeletal muscle. That this effect
may be important in the control of arterial pressure, at
-
least over tﬁe) time period during which these experiments
were done, is illustraiéd “in ‘general by the significant
correiatﬁpn obtained between the index of NE turnover ip
skeletal muscle and arterial pressure, and specifically by
the complete prevention of the'arterial pressure response to
ADN transection in renal denervated rats (Figure 36). A
similar correlation between peripheral sympathetic activity
and bloéd pressure in one- and two-kidney Goldblatt
hypertensive rats was shQWn by Katholi et al. (1982a;
i982b), however, these investigators did not reporz data for
animals which received renal denervation alone. Since renal
denervation alone showed an effect on; éhe NE turnover in
skeletal muscle in the present study, a"&milar"change in
the renal ‘denervated group in Katholi's experiments would

have changed tMe conclusion inferred by the authors. 1In

[
that, they would not have suggested an interaction between

oy
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the presence of renal nerves and the peripheral
noradrenergic response in one-kidney, one-clip Goldblatt
hypertensive rat, but rather an effect of renal denervation

and an effect of the clié in the uninephrectomized rats.

Changes in the turnover of NE in the hypothalamus
showed that there was a significant difference between the
turnover of NE in the two groups of ADN transected rats,
illustrating an effect of. renal denervation. It is
suggested that this effect may be due to elimination of
tonic excitatory information carried by afferent renal
fibers. Such a tonic activity in the renal afferent fibers
under basal conditions has been previously reported
(Calaresu et al., 1978; Kostreva et al., 1981) in
anesthetized cats and dogs. The results in this study are
congruent in principle with those reported by Winternitz et
al. (1982) who showed that renal denervation decreased
arterial pressure in one-kidney, one-clip Goldblatt
hypertensive rats, while normalizing a previously elevated
concentration of NE in tﬁe hypothalamus. Both of these
studies suggest that the increased noradrenergic activity in
the hypothalami of hypertensive rats is renal nerve

dependent, possibly involving afferent renal fibers.

Considering the data overall, it seems that there is an
inhibitory 1influence on the noradrenergic activity in the
hypothalamus frém the baroreceptors (Chapter 5, 6) and an

excitatory influence from rengl afferents which |is
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. iy
consistent with the hypothesis presented above (Figure 1).
However, it 1is not <clear what relative roles both renal
efferent and afferent fibers may play 1in the peripheral

noradrenergic response to ADN transection if any.

7.4.2 Renal denervation and acute changes in arterial

pressure

v

. To further investigate the hypothesis proposing an
interabtion between baroreceptor afferents and renal
afferents on hypothalamic and peripheral noradrenergic
activity, in this section of the study I examined the
noradrenergic activity in the hypothalamus and peripheral
organs in animals with and without renal nerves subjected to
changes in arterial pressure. The removal oé renal nerves
abolished the noradrenergic response of the posterior
hypothalamus to hypotension, but did not change the elevated
NE turnover in the peripheral organs. These results suggest
that hypothalamic and peripheral ﬂoradrenergic changes can
be dissociated under these conditions. These results agree

qualitatively with the results obtained in ADN transected

rats with renal denervation, in that, renal denervation did

not alter the peripheral noradrenergic response induced by
transecting the ADN, nor did it alter the peripheral

noradrenergic response to acute hypotension.

The results obtained for the hypothalamus of ADN

transected rats and rats subjected to acute hypotension

LN
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agree Qith the results pf‘studies in one—kidnef, one-clip
Goldblatt rétS'(winternitz‘et al., 1982). All these étudies
concur that renal denervation normalizes increased
noradrenergic activity in' the hypéthalamus of rats inis'*l
response to ADN transection (Chapter 5) acpte' hipotension
(Chapter 6) and renal artery stenosis by application of a
clip (Winternitz et al., 1982). However, the results in
studies with one-kidney, one-clip Goldblatt rats differ
somewhat in terms of the peripheral response to renal
denervation. Ratholi et al. (1982a) showed that renal
denervation abolished the elevated plasma NE concentration
and .concluded that renal nerves were responsible for the
elevated plasma NE concentration in the one-kidney, one-clip
Goldblatt rats. As pointed out.previously the group with
renal deﬁérvation alone was missing in their study, and the
results of this group are crucial to their inferred
conclusions, which differ from the conclusions drawn in the
present study. For example, if renal denervation by itself
decreases plasma NE concentration by eliminating the NE
entering the plasma from the kidney, then there would be a
decrease in plasma NE concentration after renal denervation
in the control group similar to the decrease observed in the
renal denervated one-kidney, one-clip Goldblatt hypertensive

rat.

The data in the present study suggest that. the
relationship between changes in the noradrenergic activity

in the posterior hypothalamus and peripheral sympathetic
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acéivi;y can bé dissociated under the conditions of the
;tudy in this Chapter. 1In other words, there is no - direct
relationship between chénges in noradrenergic activity in
the postérior hypothalamus and peripheral sympathetic
actiﬁity. Nevértheless, as “pointed outv by several
investigators (Haeusler 1975; Chalmers, 1975; Antonaccio,
1977), NE may play an important modulating role in regions
which receive 1indirect input (hypothalamug) from the
peripheral vascular receptors. Therefore, it is conceiQable
that changes obéerved in noradrenergic activity in the
hypothalamus may be‘responsible for subtle changes in total
sympathetic,activity/dhich‘are obscured in the present study
by “overriding subhypothalamic barorefléx mechanisms. This
suggestion is pl;usible considering the fact that medullary

structures possess all the circuitry for an opératioagl

baro-reflex arc (Calaresu et al., 1975; Spyer, 1981).

If paroreceptor afferents have an inhibitory influence
on the noradreneréic activity in the hypothalamus, then
loading the baroreceptors by elevating the arterial pressure
should result in a décreased turnover of NE in the posterior
. hypothalamus and an increased NE turnover in the anterior
h&pothalamhs according to Sinha et al. (1981). No such
effect was observed in animals 'with intact renal nerves
(Chapter 6). However, in animals without renal nerves the
turﬁover of NE in the hypothalamus decreased significantly
during -acute hypertension suggeséing that renal denervation

permitted the expression of the inhibitory influence arising
: |
)

. N
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-
from the afferents of 1loaded arterial barorecéptors. It
should be noted that contrary to opposing responses observed
by Sinha et al. (1980) in anterior and posterior
hypothalamu; in response to changes in arterial pressure,
the present ‘stﬁdy showed no such distinction between

»

anterior and posterior hypothalamus.

The effect of renal denervation on hypothalamic
noradrenergic activity may be caused directly by elimination -
of excitétory information carried by _afferent fibers of
indirectly by removal of efferent renal nerves. The latter
effect could be attributed conceivably to the angiotensin ITI
formed from neurally released renin (se; Section 2.1.4.2 of
Historical Review). However, recent work by Wihternitz et
al. (1982) &showed that renal denervation in'Bne-kidney,
one~-clip doldblatt hypertensive rats normalized hypothalamic
NE’ concentration without affecting plasma renin activity or
renal renin activity (Katholi et al., 1981). JIn addition,

acute hypertension produced by phenylephrine does not

" elevate plasma renin activity (Levy et al., 1977; Kelton et

‘al., 1980) yet renal denervation in these animals

significantly altered hypothalamic noradrenergic activity.
Consistent with such a hypothesis Faber et al. (1983) have
reported that acute renal artery stenosis in conscious rats
causes an increase in larterial pressure of baroreceptor

deafferented animals, despite interruption of the

renin-angiotensin system with captopril. However, renal

?enervation prevents the increase in arterial pressure in
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response to  acute renal =~ artery stenosis in ‘these
baroreceptor deafferented .rats (Faber et al., 1983) .
Therefore, in the present gtudies, the res;lts suggest that
renal denervation influences hypothalamic noradrenergic
responses to changes in baroreceptor input directly by
removal of an excitatory influence from affgqrent éenal

fibers.

The excitatory influence from renal afferents may

represent ‘a tonic input from the kidneys (Calaresu et al.,

1978;  Kostreva et al., 1981) or perhapé an activation of
renal afferents in response to the effeéts‘sf nitropruéside
and phenylephrine infuysion. - The former suggestion is
probably not correct as renal denervation had no significanE .
effect by itself in the control animals, at least under the
conditions in the bresent\study. The latter possibility is
reasonable given the fact that a variety of stimuli,
including alterations in renal arterial pressure, ischemia,
renal venous‘occlusion, uretral occlus-ion, compression of
the kidney_"and changes in the ionic composi;ion of the
pelvic urine, have been shown to produce alteractions in
renal afferent ‘nefve activity (Recordati et al., 1978;
Recordati et al., 1980; Gottschalk; 1979). Niijima (1972)
has sho;n that infusion of small amouhts of NE in
anesthetized rabbits cagsed an increase afferent renal nerve

discharge rate comparable to phenylephrine infusion in the
\

present study. Conversely lowering arterial pressure by

hemorrhage produced an 1increase in afferent renal nerve

‘
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firing ;ate in anesthetized rats which would be comparable
to acute hypotension by nitroprusside (Recordati et al.,
1978). Furthermore, Faber et al, (1983) have shown that
"acute renal artery stenosis in rats with baroreceptor
deafferentation induces an elevated arterial pressure which
. *is not dependent on renin-angiotensin system but can be
abolished by renal denervation. They- suggest that
activation of renal afferent nerves induces changes in
syhpathetic nervous system activity related to
cardiovascular changes. It should be noted that captopril

(angiotensin II synthesis blocker) prevents the increase in

arterial pressure in response to acute renal artery stenosis

in baroreceptor intact rats. Therefore baroreceptor
deafferenta£ion is necessary to unmask thé effects of
afferent renal nerves on the arterial pressure response .to
acute renal artery stenosis. This is yet another piece of
evidence to support éhe hypothesis that there |is an
interaction between baroreceptor and rePal afferent

information to control arterial pressure.




CHAPTER 8
Effect of afferent renal nerve stimulation on noradrenergic

activity in the hypothalamus and peripheral organs

It

8.1 Introduction

Several investigators have reported -that electrical
stimulation of renal afferent nerves produées a change in
systemic arterial pressure (Ueda et al., 1967;“;ars et al.,
1970; Calaresu et al., 1976),. Presently‘_there is
disagreement améng investigators as to whether the response
to stimulation is ‘pressor or depressor. These apparent
discrepancies have been attributed to differences in
anesthesia, species used, or the stimulation parameters used
(Calaresu et al., 1976). Nevertheless electrophysiological
studies demonstréting that stimulation of {enal afferent
nerves produces changes in the electrlcai activity of
neurons in several regions of the hypothalamus (Ciriello et
al., 1980; Kneupfer et al.,\.1980) provide evidence to
suggest that changes produced by renal afferent nerve

stimulation are mediated via supiamedullary structures.

In the previous Chaéter I provided evidence for an
excitatory iﬁfluence from renal afferents on the
noradrenergic activity in the hypothalamus. 'Winternitz et
al, (1982) have provided indirect evidence suggesting that
activation of renal afferents by clipping the renal artery

causes an activation of the noradrenergic mechanisms in the

225
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. ‘ —
hypothalamus. However, there 1is no direct evidérce to

suggest ~ that activation of renal afferents causes an
. o
increased noradrenergic activity in the hypothalamus.

In order to investigate ‘mofe " directly the proposed
relaﬁionship between activity in’ renal afferents and
noradrénefgic mechanisms in the hypothaiamus: in the ?resent
study, I ‘examined the noradrenergic activity in the
hypdlhalamus in response to electrical stiﬁu@ation,oqurepal

3 afferent nerves for a periéd‘of GI.min in conscious rats.
In addition, I alsé examined the effect of renal afferent

nerve 'stimulation on peripheral sympathetic activity in the

contralateral kidney, intestine, .and skeletal muscle.

. A

8.2 METHODS
Studies were ‘done using male Wistar rats weighing
250-325 gqg. One day prior, .to the experiment, rats were

anesthetized with methoxyflurane anesthesia and were

implanted with femoral arterial and venous cannulae,:

exteriorized through the skin in the back and plugged. At
this time a‘stimulation,cuff'was pla?ed on the renal nerves
(see surgical procedure below) in all rats used in this

study. On the day of the experiment, mean arterial'pressure

was recorded on a Grass model 7 polygraph in conscious,

freely moving rats by attaching the arterial cannula to a
' -

Statham pressure transducer by a length of Tygon tubing.

-

Arterial pressure was recorded for one hour priot to, andg
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”
‘

f§uring the NE turnover experiment.  Heart rate. was
determined wusing a tachograph triggered by the arterial
? 3

pulsations.

, L3
8.2.1 Construction of stimulating cuff

A miniature bipolar electrode cuff was constructed. for
chronic stimulation (60 min) of the proximal end of the cut
renal nerve in awake animals. The cuff was constructed from
a short section (1.5-2.0 mm) . of Silastic tubing
(0.76 mm x 1.65 mm, Dow Corning). ' TWO sflver wires

(04,127 mm diameter) were inserted through the wall of the

~

4 [

tubing crossing through two openings made Qith an 18 gauge
needle in the middle of the tubing. After soldering the two
silver leads (0.5=0.8 mm léng) to gﬁo ( pieces of
Teflon-inéulated 36 AWG copper wire (Bioflex wire, Cooner
Wire $Sales), boéh open ends of the tubing were sealed with
Silastic Medical cement (Dow Corning). . Therefore the only
exposed wire was in the two openings made by the‘paésages,of
the 18 gauge needle. See Figure 43. ,A cut in the tubing

was made to extend from one opening tqQ the other. Such ' a

cut allowed the nerve to .be inserted so that the nerve,

crossed from one opening t;/}the other and therefore, in

contact with the exposed si)ver wiggs. . \

.
! - . -

~ [

e

Ge



Figure 43

Diagram of a stimulating cuff. with copper wire leadsw. -
' Slot in the Silastic tubing is to place the renal nerve.
Por details of the construction and implanting of the

stimulating cuff refer to the téxg. .

® - i »
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8.2.2 Surgical proceduré for implanting the stimula%ing

cuff’

o

The abdomen was opened via a ventral. midline incision
and abdominal viscera retracted to expose the left renal
artery and vein under, methoxyflurane anesthesia. A. branch
of the 1left renal nerve was isolated between the coeliac

 ganglion and the adrenal Qein under 1igh€’m}croscopé (Nikon,
Japan) . The nerve was teéted using a bipolar stainless
steel electrode with a five ,secénd period .of electrical
étimulation (20 ﬁz, 3-5 Vv, 0.1 msec duration). Blaﬁching of
the kidney ahring stimulation verified that the nerve
innervatd the kidney. After identifying a branch of the
\\ o renal nérve“it was -placed in the miniature stimulating cuff
described above. The cuff was filled with a nonécénductive

fluid (Medical Fluid, Dow Corning) and the nerve was

stimulated again to demonstrate that the nerve was in

tf')

. contact with the silver electrode. The distal section of
the nervée was crushed and tied to 'the base of the
stimul#ting cuff. Electrical stimulation of the* nerve was

repeated to varify that no visible changes in the colour of
the kidney occurred. Thus it was possible to stimulate the

afferent renal nerve fibers selectively. The wires from the

°’chff were tied to the dorsal abdominal musdle wall and then
péssed subcutaneously  to the back where they were
exteriorized through the'skin and connected to an eiectrical
socket., Before closing the abdominal wound, the cuff was

covered with petroleum jelly to further insulate the silver
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electrodes and prevent current spread. Animals were allowed
to recuperate for 18-24 hours after surgery. I would like
to add"- that Dr. M. Knuepfer was instrumental 1in the

construction and implanting of the stimulating cuff.

' 8.2.3 Measurement of tissue NE concentration after
inhibition of tyrosine hydroxylase as an

index of NE turnover

Animals were randomly assigned to two groups: 1)
sham-afferent renal nerve stimulated, 2) afferent renal
nerve stimulated. Thirty minutes before stimulation, all

rats received d-methyltyrosine (300 mg/kg i.p.).

The electrical socket was gonnected to the Grass S48
stimulator via a plug in order to .deliver electrical stimuli -
to the afferent renal nerve. Monophésic, square—;ave pulses
(20 Hz, 1.0 msec duration, 2-10 V) were used to stimuiate
the renal nerves. These pulses were delivered in trains
(100 msec duration and 4 trains per sec) using a Graés S48
stimulator in line with a Grass SIU 5 Stimulus Isolation
Unit. Stimulation parameters were set so as to maintain ét
leadt a 10 mmHg increase in 'the arterial pressure of the
sfimulated group during the 60 min of stimilation.

‘Stimulation parameters did not exceed the threshold
stimulation nécessary for‘bghavioural changes such as moving
about and licking the abdomen. In other words, the Qoltage

was increased to produce a blood pressure response, however
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if the voltage used elicited a behavioural response, the

voltége was immediately reduced below the threshold voltage

required to elicit behavioural response.

v

In all animals, 90 minutes after d—methyltyroéine
administrgtion, the rats were killed by ceryical
dislocatibn. The anterior and posterior hypothalamus from
the brain, the right - kidney,. a piece of the hind limb
skeletal muscle, and a piece of the d&odenum were removed

and analysed for NE concentration using the HPLC in

combination with EC procedure described in Chapter 4.

8.2.4 Data Analysis

All data are reported as mean + S.E. Differences in
the turnover of NE were inferred by comparing the values for
tissue concentration of NE 0 minutes after
%-methyltyrosine. Similar comparison o NE-concentrations
after inhibition of tyrosine hydroxylas between various
experimental groups has been used‘to compare noradrenergic
activity (Sole et al., 1978; Ander et al., 1980; Persseon

et al., 1981).

<
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8.3 RESULTS

8.3.1 “Arterial pressure and heart rate

Typical examples of acute responses to stimulation of
afferent renal nerve on arterial pressure are shown in
FPigure 44. The control group, that ha tﬁe operation for
implanting the stimulating electrodes on renal nerves had no
signifigant changes in arterial pressure and heart rate
during the 60 minutes of sham stimulation (Figure 45, 46).
Arterial piessure was significantly increased in the rat
with . renal afferént nerve stimulation compared to
sham-stimulated rat% during the 60 min of stimulation
(Figure‘4§). Arterihl pressure increased by an average of
10- mmHg initially in ;he rats with afferent renal nerve
sﬁimulation and reméined elevated above control by an
average of 13 mmHg at the end of the 60 minutes of
stimulation. Heart rate increased by 37 beats/min initially
and remained elevated by at least 23 beats/min during the
stimulation in the stimulated group, however these

differences were not statistically significant (Figure 46).

-

8:3.2 Measurement of tissue NE concentration after

inhibition index of NE turnover

-

There  was no significant difference in - the

concentration of NE after d-methyltyrosine in the anterior
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FIGURE 44

Typical pressor responses to electrical stimulation of
proximal end of a cut renal nerve in two different concious
rats. Monophasic, square-wave pulses (20 Hz, 1.0 msec
duration, 1-3V) were used. Trains of 100 msec duration and

4 trains per sec were delivered.
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'FIGURE 45

The effect of electrical stimulation of the proximal
cut end of the renal nerves for 60 min on érterial.pressure
in conscious rats. The .zero time -values fepresent the
arferial pressure before the stimulation was started. The
values represent the mean + S.E. Number in parentheses
represents number —of animals/group. P-ratio = 21.2 (1,39)

*P < 0.01. i
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or posterior hypothalamus of the group which received
stimulation of' afferent renal nerves “compared to the
sham-stimulated group where the afferent renal ner§es were
not étimulated (Figure 46). 'However, in “the peripheral.
organs there was a significant decrease in the concentration
of NE in the skeletal muscle of genal afferent nerve
stimulated group compared té sham-stimulated group after
inhibition of tyrosine hydroxylase (Figure 47). In
addition, there was a tendency for a greater decline in
concentration of NE in the intestine of the afferent rendl
‘nerve stimulated group compared to the sham-stimulated group
90 min after & -methyltyrosine. There was no significant
difference in the concentration of NE in the contralateral

kidney between the tw0rgroup§.

8.4 Discussion ~-

-

This study "~ demonstrated for the first time that

¥

stimulation #&Hf afferent renal nerves in conscious rats

*

v produces an acute rise 1in arterial pressure. At higher

stimulation voltages behavioural responses (such as moving
about and licking the abdomen) were observed. 1In this study
the stimulation parameters were maintained at levels below
" threshold values for such behavioural responsé as stated
above. Contrary to the results in this study,?3ars et
al. (1970) and Mahoney et ai. (1998) have reported a

decrease in arterial pressure in chloralose/urethane




* FIGURE 46

The effect of electrical stimulation of proximal cut

end of renal nerve for 60 min on hear; rate. Format as in

Figure 45.
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FIGURE 47

1

Effects of stimulation of afferent renal nerves on %Fe

disappearance of NE in the hypothalamus followiR? inhibition

of NE synthesis. The values represent concentration of NE

P

(+S.E) remaining 90 min after X-methyltyrosine. Numbers

in the bar represent number of animals/group. *p < 0.05-
-

. compared to sham-stimulated controls.

s 1‘4.
T

-
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FIGURE 48

Effect of stimulation of afferent renal nerve on the

disappearance of NE in the controlateral kidﬁey, intestine

and skeletal mugéle following inhibition of NE synthesis.
?The' values represent concentration of NE (+S.E.) 16£t
90 min agtgr.aimeth§¥tyrosiﬁe; f?rmat as 'in Pigqure 47.
*p <'0.05'¢ompa£ed toesham—st§mﬁlated controls., B

K : M X}
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anesthef—ized rabbits and a decrease in vascular resistance
in various vascular beds in pgntobarbital anesthestized rats
respectively. The different responses may be attributed to
the effects of anesthesia and stimulation parameters. It is
conceivable. that during thé» ;hesthesia ¢ certain reflex

pathways are exacerbated while others are obscurred (Farnebo

et al., 1979; Leenen etf al., 1981).

4

In this stuéy I did not observe any-effect of _affefenE\
renal nerve stimulation on the_noradrenergic activity‘in the
"hypothalamus. According to the hypotheéis presented iﬁ
Chapter 2, stimulation of renal afferents w&uld be‘expecfeéj
to cause an increased NE turnover in the hypothalamus.
‘'Failure to obsérve an 'inéreased NE turnover in the
hypothalamus could possibly be explained bg ?hea fact that
electrical stimulation of renal affereﬁt ner&e may be
stimulating fibers carrying opposing types of u}nformation
ard .consequently the effecﬁl is cancelled out in terms of
noradrenergic activity aﬁ the level of the hypothalamus.
Such a contention is" conceivable since stimulating the
afferent renal nerves is comparabie to activation of both

mechano-- and chemo-receptors in the kidney (Recordati et

al., 1978; 1980). Alternatively another explanation for

the lack of change in noradrenergic activity in the
hypo%halamus might be that the . significantly elevated
arterial. pressure (Pigure 45) may be inifiating an

inhibitory influence from the baroreceptors and possibly

cancelling the excitatory influence of the electrically
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"stimulated renal afferent fibers. Such an explanation is

supported by th;igééu}ts of Faber et al. (1983), who showed
that acute renal arteiy;%tendéis did not produce ;n increase
in arterial pressure- iﬁ: rats ‘treated with captopril to
interrupt the renin—angidténsin system, however when renal
artery stenosxb wdﬁ"performed in baroreceptor denervated
animals treated with captopril, the stenosis did produce an
increase in arterial pressure.. ?hey concluded that
baroreflexes may obscure renal affebept 'nerve—dé;endent
cardiovascular changes, Yet another pbésibil;:y for the

lack of changes in £he hypothalamus in response to

stimulation of renal gfferent fibers is that the stimulation

©f the renal afferent nerves may have opposing - effects 1in

discrete areas within the hypothalamus, and therefore
changes may be obscurred by the examination - of the 1argé~_'

hypothalamic sections used in the present study.

Peripherallyihowevér, there was a significant increase-
in the 1index of NE turnover in the gkeietal muscle.
Similarly there was a trend towards an increase 1in the
intestine. These results are in agreement, qualitatively,
with the results that showed a‘significant decrease in NE

turnover in the skeletal muscle in rats with bilateral renal

»

denervation compared to innervated controls (Chapter 7). 1In
other words, according to the results in this study one
would predicf that removing the renal afferent nerves “in

rats, would cause a decrease in the turnover of NE in the

skeletal muscle, which was observed in Chapter 7.
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These results considered together with the blood
pressure data from this study suggest that Iincreased
afferent renal activity is responsible -for an exaggerated
sympathetic outflow to the skeletal muscle and an elevatégr
arterial pressure, It is conceivable that increased
afferent renal nerve activity —causes an increased
sympathetic outflow to the whole circulatory ‘system except
the kidneys (siéce no significant difference in NE turnover

was observed in the coétralateral kidney), thus maintaining

an arterial pressure for agequate renal perfusion pressuce

-

without compromising renal blood flow.

?
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General Discussion

Central and peripheral noradrenergic mechanisms play an
important role 1in the regulatién of arterial preséure
(Chalmers, 1975; Antonaccio, 1977; Méncia, 1981; ABboud,‘
1982). However, the relationships between chanées in the
central (hypothalamic) noradrenergic systems and peripheral
noradrenergic systems. are not clear; In the initial

‘experiments of this study it was demonstrated that removal
of baroreceptor input either by transection of the ADN or by
- a qecrease in arterial pressure caused an increased turnover
of_ NE in the hypothalamus and peripheral orgﬁss. These
results suggest an inhibitory influence of baroreceptors on
the noradrenergic activity in the hypothalamus‘ and a
positive cbrrelation between changes in the hypothalamic
noradrenergic activity and peripheral sympathetic activity
and provide support for the hypothesis‘presented in Pigure 1

of the Historical Review. ‘

However, subsequent experiments in animals which

£4
underwenth renal denervation showed that® there was an

+

increased turnover of NE in the periphéry in .response to
acute hypotension although i;:re was no change in

noradrenergic activity in the hypo¥halamus. These results

show a dissociation between changes in no;adrenergic
activity of the hypothalamus and dﬁanges in péripheral

sympathetic ‘activity. On the basig of these results the

4 ' - 248 [3
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following model 1is proposed (Figure 49). This figure
illustrates ; hierarchical control of peripheral sympathetic
activity. ‘It is conceivable éhat medullary mechanisms were
overriding the influence of hypothalamic noradreﬁergic
activity modulatgng normal sympathetic. outflow, since
meaullary structﬁres possess all the circuitry for an
operational baroreflex arc (Calaresu et al., 1975;1 Spyer,
1981) in renal denervated animals squeéEeq to acute

. &
hypotension,

' Ngvertheless, as pointed oq§”6§ sevéral investigators
(Haeusler, i975;ﬁ Chalmers;‘l975{~ Antonagcio, 1977) NE may
still play an importamt modulating role in regions of the
. éNS' which receive inQ}rect input (i.e. hypothalamus) from
pe?lpheral vascular.receptors.“ ‘Noradrenergic activity 'in
the‘ hypothalamus may modulate the ongoing activity in the
subhypothalamic regions responsible for baroreflex control.
Thus changes in noradrenergic activigy in the hypothalamus
. may produce subtle changes in total sympathetic activity By
" utilization of medullary structu;es known to be involvegd.in
baroreflex sympathetic activity (Figure 49). K

Tpe results of studies in renal denervated rats suggest
that the afferent‘renal nerves exert an ggcitatory influence
on the noradrengrgic activity iﬁ\thé hypothalamus providing
further support for the model preseﬁted in Figure 49. Thus

a reduction in noradrenergic activity in the hypothalamus

due to removal of renal afferent fibers may be involved in



activity. There is an inhibitory influence of ba;oiecebtor

, FIGURE 49
S ,

% Hierarchical control of peripheral sympathetic

-

input and an excitatory influence of renal afferent input on

the noradrenergic activity of the hypothalamus relayed via

the medulla. Although the . noradrenergic activity iﬁ fhév .

hypothalamus .can exert its effects on peripheraf sympathetic

activity via the medulla, a differential input from

[

baroreceptgt afferents and renal afferents can cause a
dissociation between hypothalamic and peripheral

noradrenergic activity. : C {

w
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moduldting thé neurohormonal c¢ontrol of circulation. As
pointed out rgcently (Yates, 1982), this would not be an
unexpected role of renal afferent fibers, given the
dependence of the renal circulation on arterial pressure for
maintenance of blood flow. 1In addition, the results of thé
experiment with renal afferent nerve stimulation complement
this hypothesis, since stimulation increased syméathetic
outflow to the circulatory system, except the kidnéyé, fhus
maintaining an arterial pressure without .compromising renal

blood flow.
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CHAPTER 10

Summary and Conclusions

. The objectives of this research were: 1) té examine

‘ the relationship between changeé in noradf;nerg;c activity

in the hypothaiamus and changes in sympathetié outflow, and

" A2) to investigate the interaction between influences from
baroreceptor ;fferents and influences from renal afferents

as noradrenergic activity at the level of the hypothalémus;

The results of this project can be summarized as‘follows:

) 1) There was an increased noradrenergi¢c ~activity in, the

hypothalamus, kidney and skeletal mbscle in response;to
surgicgl removal of aortic arch baroreceptor input by
transection of the ADN.
2) There 'was an increased noragreqergic ’acﬁivity in the
hypothalamus and all peripheral organs exami;ed in
. response to acute‘ hypotension ' ('unlpading
baéorecepto;s') in conscious rats.
3) There was no significant change in noradr?nergic
activity in hypothalamus and peripheral organs in
.response to ‘ acute hypertension ("loading

-

v baroreceptors®”) in conscious rats. .
4) Renal denervation abolished the hypothﬁlamic
noradrenergic’- response in both ADN transected rats and

' acufely hypotensive rats. Renal deﬂervation also
abolished the elevated arterial pressure and increased

NE turnover in peripheral organs in response ‘to ADN

transection 1in rats, but not the increased NE turnover

253
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iﬂ the peripheral érgans of acutely h§potensive rats.
5) Renal denervation unmasked a decreased turnover of NE
in the pypothalémus of the acutgly hypertensive rats.’
6) Fiﬁally; direct electrical stimulation of afférent
repaln nerves failed to show any significant chanées in
h§pothalamic‘noradrenergic activity, however there was

’.an increased~NE turnover in the skeletal muscle and an

)

increased arterial pressure.

-

In conclusion; these results suggest that there is an
iphiﬁitory influence from tﬁe baroreceptprs and an
excitatory ‘influen;e ﬁrom the renal afferénts tg the
noradrenergic §ystem§T\in‘ the hypothalamus. These results
‘)prdvide biochgmical evidence for an intggaction between
‘renal‘ affeégnt 'informatfon'agd baroreceptqf information at

'

the level of the -hypothalamus.. In addition, these findings
suggest a dissociation between hypothalamic and peripheral

noradrenergic activity uhder acute conditions in renal

denervated rats. = ’ "

-
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K PENDIX 1
TOP: Coronal section mid y through the tissue termed
"anterior hypoﬁ%alamus' in this-study.
BOTTOM: Coronal,;ectiop midway through the tissue termed
‘"pégterior hypothalamué" in this study.
. Nﬁmber in the upper 1left corner of each diagrdh

indicates rostrocaudal distance in mm fromrBrggpa. Sections

from Pellegrino et alf (1981).{; o
‘ AHA: Anterior hypothalamic area; ARH:'Arcﬁate nucleus®
';f the hypothalamus; Bsg: Bed nuc}eus of gtg}a terminaiis;
.CH: Hippocambal commisgure; CI: Internal capsule;
CO: Opti; Chiasm; EP: Entopeduncular nﬁcleus; FX: Fornix;
GE: Nucleus . gelatinosus thalami: éP: Globus pallidﬁs?*
LHA: Lateral hypothalamic area; ‘.ﬁM: Medial 1lemhiscus;
'MFB: Median _.forebrain bundle; ML: Lateral! mamillary
thudleus;‘ MT: Mamillothalmic tragt; PC: Cerebrai peduncle;

PH: Posterior nucleus 6f‘ the hypothalamus; PMD: Dorsal

premamillary nucieus; PMV: Ventral preﬁamillary nucleus;

PVH: Paraventricuyér ﬁuci;us of the hypothalamus;

RE: Reuniens nucleus of the thalamus; RH:  Rhomboid nucleus .

of the thalamus; SC: Suprachiasmatic nucleus; SM: Stria

medulla;is thalami; S0: Supraoptic  nucleus of  the’

hypothalamus; ST: Stria terminalis; TS: Nucleus

triangularis septi; Vs Ventiicle; VM: Ventral nucleuns of

Q‘;}

thalamus; 2I: Zona incerta.
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. APPENDIX 2

Norepinephrine concentration 90 min ’after
o-methyltyrosine, exp}essed.as'a pé}cent (+5.E.) of initial
céncentration in kidney and skeletal nmuscle. vélﬁeé were
obtained from saline-infused, saline-infused + hexamethonium
;reated-k3d mg/kg), phenylephrine-infused (}0—15 ug/kg.min)
and phenylephrine-infused + hexamethonium treated rats,‘

Numbers in. -the bars represent number of animals/group.

*P < 0.05, compared to respectively infused controls.
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