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R : - .Abs‘tract" B

The relat10nsh1ps between sodlum‘(N a*) mtake and sympathetlc nervous system (SNS)

act1v1ty were assessed in mice fed 0. 05%, 1 OO% or 3 00% Na* for varymg durauons Acutely, o

- SNS actlv1ty assessed as norepmephnne (NE) tumover after synthe51s mhlbmon d1d not differ”
between Jmice fed 0. 10% Na* or3 05% Na* for 1 day, 0. 05% Na or'1.00% Na* for 5 days, or

(‘ 0: 05% Na*.or 3. OO% Na for 5 days in brain, ktdney, heart or mterscapular brown adtpose us'sue
§ubsequent1y, the effects of 1ncreased Na* intake- (from 0.05% to 3. OO% Na 1) on the short- term-
adaptatlon"' pattem of unnary Na creatinine, free NE and free dopamtne {DA), subchronic 13 dav
mcreases m’\,Na intake on cardJac and renal NE turnover rate and chronic 30 day i increases in Na”
.intake on central and penpheral NE turnoyer in normotensrve mice were investigated. Na* ‘.excreuon

- was greater in mice fed the 3.00% Na+ dlet within 1 day of supplementanon and remained elevated

throughout the 10 day study. Unnary creatmme was greater in rruce fed 3. OO% N a compared to

those fed O 05% Na* on days 4,6,7 and 9. 24 h urmary free NE excretion expressed in absolute

terms, or in relanon to creatinine declmed over t1me in mice fed the low Na dret such that free ’\JE ) B

was lower in mice fed O 05% Na dletcompared to those fed the 3.00% Na diet on days 2; 4 and 6.

through 10. Stmtlarly, 24 h free DA excretron decreased in response to the low 0. 05% Na dlet To

‘determme the organs at Wthh sympatheue neuron funcnon was bemg altered in response to feedm0

a Iow 0.05% Na* diet subchromcally, nnce were fed diets coq_tammg O 05% or 3. OO% Na* for 13

. days and NE turnover assessed in heart and kldney Fracuonal and total NE turnover rates were ;

57% and 79% lower, respectlvely, in heart only of mice fed the O 05% Na* dtet compared to those
fed the 3. OO% Na* diet. In ‘mice fed chromcally 3.00% or 0. 05% Na* diets for 30 days, NE

turnover did not differ in any organ exarmned “These results suggest that dtfferences in sympathetlc o

act1v1ty produced by alteranon in dietary Na* within a phymologlcal range are temporal and reﬂect

suppreSsxor of noradrenerglc actrv1ty in response to prolonged consumthon of a low Na* dtet rather

- than stimulation of sympathetlc act1v1ty in response toa high' Na™ diet. =«

e

°

.(.'



; Yy ..A'ck’n‘owledgemgnts

T - .
. . . »

¢

. 'Sgécial thariks to my supervisor, Dr. J.L. Johnston for her continued sdpﬁort , guidance,

 and enceuragement; to my committee membery, Dr. T. Clandinin, Dr. P, Trayhum; and
; 'Dr. G. Baker for their examination. of this thesis; and to. my frfends and colleagues, for
) their support throughout. | S . B
' i R » S~
T o . o N > 2 l‘,‘ . .
‘This work was supported by grants from NSERC.
.)v‘ -
L ¢ v
- 4
\ R
- 4
By -
1
V3
!
0. vr'
s
13 -
, vi .




x

T

™
? 4

'+ TABLE OF, CONTENTS

’

Introduc_tion . ' _ , '. /

'}Thé Effect of Increasin
System Activity:

A.
'B.

D.
E.

Sympathetic Activity and Essential Hypertension

.Relatfénships Between Sodium Intake and éympathetic and
- Dopaminergic Activity .

1. Mechanisims of Sodium Homeostasis
i

2. Natriurctic Hormone Hypertension Hypjothesis:

. :f“he Effect of Increasing Sodium Intake on Sympathetic Activity

1. Studies of Normotensive Humang

- 2. Studies of Hypertensive Huﬁans

3. Studies of Normotensive Animals
4. Studies of Hypertensive Animals
Implications

References

Effects of Acute Increases-in Sodium Intake on Central

- and Peripheral
A.
B.

Introduction T : .

Methods . ‘ e
1. Animals and Diets |

o

3. Analytical Methods and Statistical Analysis .

Results

<

D. Discussion

E. References

vil -

Experimental Protocol .~ . o -C\

<7

g Sodium Intake on. Sympathetic Nervous
"A Proposal for the Induction of ‘Hypertension

Norepinephrine Turnover in Normotensive Mice

Page :

14
15
16

17

18

.25



; ‘%
' Page o

III.  Effects of Subchronic ‘and Chronic Increases in Sodfum Intaké on
. Sympathetic Nervous System Activity: A Temporal Study

A." Introduction ., o - o 48
"‘B.v fv'Ieth.Ods"‘ : :
1. Animals aid Diets ] 50
23 »Ex;.)erimcnvtal Protocol S _ | | 51
3. Analytical Methods and Statistical Analysis . s
C Résuls . D N s
D. ‘Discussion . . . , | .72
E. References o | | - T8
IV. Appendices | .

. Appendix . 1. Assay of Tissue Norepineﬁhﬁne .for Turnover Determination 82
“Appendix 2. A'ssay.of Urinary Sodium . 1 B ' 83
Appendix 3. As..say of Uﬁnary Creatinine T | 84
Appendix 4. Analysis of Urinary Nor'e;;inep'hrine and Dopamine 85

V. Via T 86
\ s .
A
: >

viii



e
- '~ LIST OF TABLES Ve .
R ¥ SRR
" TABLE Il - 1 Diet constituents : » 30
TABLE II - 2 \<Unique mineral mixture: constituents D 31
TABLE II'- 3 Effects of 0.10 or 3.05% sodium intake for 1 day.on USsue 35
norepinephrine tumover %xp 1 \

TABLE II - 4 Food and water intake of mice fed 0.05 or 1.00% sodlum ¢ 37
. for 5 days: Exp 2 . \

TABLE II - 5 Effects of 005 or 1.00% sodium intake for S days on tissue 38
R ' norepmephnne turnover: Exp 2 ,

TABLE IT - 6 Food and water intake &f mice fed 0.05'or 3.00% sodium diets 40
for 2 days Exp 3

TABLE II - 7 Effects of 0. 05 or 3.00% sodium intake for2\5 days on tlssuex 4
_— norepinephrine, turnover: Exp 3 ,

TABLE III - 1 Efféet of 0.05% and 3.00% sodium mtakes on daily water intake 57
« " and'urine volume: Expl. ‘ '

TAB LE III>2 Analysis of variance with day treated as repeated vanable Expl 65.
1 . . :
_TABLE IIT - 3 Newman-Keul ana.ly51s of urinary parameters for 51gmﬁcant 66 .7
- differences due to day within treatments Exp l1°

- >

TABLE III - 4 Effectof 0. 05% or 3.00% sodium intakes for 13 days on tissue 68 S
norepmephnne turnover:Exp 2 \

TABLE I - 5 Effect of 0.05% or 3.00% sodium mtakes fqr 30 days on, tissue 70
norepinephrine turnover: Exp 3

ix



Figure

i3
-

“igure

rigure’

Figure

Figure

1

I-2

I1I-1

I1-2

-3 - biséppea_.rant'e of norepinephrine from :m‘bu's"é b'rain,ihéa'rt, o420

~ kidney, and intersc_:apula;,brown adipose tissue (IBAT) after

-2

11-3

-4
CII1-5

I1¥-6

I11-7

sodium diet for 10 days (Exp 1),

. \ ‘ V : ‘ | /
. LIST OF FIGURES ¢

Pl

The autonomic nervous system: sympathetic and., .2

p mpathetic branches. \ . } .
T::J\%motor center and its control of the circul ory system 3

t
through sympathetic and parasympathetiq nerves.% . .
Disappearance of nofepinephr’ine from mokse brain, heart, 36

kidney, and interscapular brown adipose tissue (IBAT) after c -
methyl-p- tyrosine administration in mice fed a 20% protein diet

,containing 0.10% or 3.05% sodium for 1 day (Exp 1).

Disappearance of norepinephrine from mouse br;iin, heart, . 39
kidney, and interscapylar brown adipose tissue (IBAT) after
’ Lo N

a-methyl-p-tyrosine administration in mice fed a 20% protein

diet containing 0.05% or 1.00% sodium for 5 days (Exp 2).

a - methyl-p- tyrosine administration in mice fed a 20% protein

- ~ diet containing 0.05% or 3.00% sodium for § days (Exp 3).
-1 °

. Average pooled daily sodium excretion in mice fed - 58,
0.05% or 3.00% diets for 10 days (Exp 1). L ’ o
Total daily creatinine excretion fo}'mice fed 0.05% 59
or 3.00% sodium diers.(Exp1). - ) o ~. .
Daily free norepinephrine ex.ci'etion:.of mice fed.a 0.05% -~ 60"

or 3.00% sodium diet for 10 days (Exp 1).

Daily free dopamine execretion of mice feda O.\OS %.0r3.00% T 61
Sodium excretion relative to creatinine ir mice feda 0.05% or .62
3.00% sodium diet for 10 days (Exp 1). - , i

' Daily free norepinephrine excretion relative to creatinine 63

- in mice fed 2 0.05% or 3.00% sodium diet for 10 days (Exp 1), ~

Daily free dopamine excretion relative to creatinine in mice fed 64

+20.05% or 3.00% sodium diet for 10.days (Exp 1)..

-~

)



‘,Figx.lre II1-8

Figure III-9

® L4

Dlsappearance of norcpmephrme from mouse kldney a.nd

~ heart after o.- -methyl-p- tyrosine adrmmstratlon In mice S
fed a 20% protein diet with 0.05 % or 3. OO% sodium for 13

days (Exp 2). : » -

-

Disappearance of norepinephrine: from mouse bram heart
kidney, and.interscapular brown adlpose nssue (IBAT} after _

a-methyl-p-tyrosine admiristration in mice fed a 20%

purified protein diet w1th 0.05%-or 3.00% sodium for 30.days |
y(EXP3) e

69



I.  Introduction

The E’f‘fect of Increasing Sodium Intake on Sympathetic Nervous System

X Activity: A Proposa_l for the Induction ot: Hypertension )

| The autonomic nervous system consists of sympathetig and parasympathetic ~.

~ divisjons (Figure I-1). The sympathetic nervous system (SNS) pldys a majar role in the

- regulation of cardiovascular functlon and systemic cmculahon The vasomotor center of the A
brain stem transnuts 1mpulsesdﬁwnward through the spinal cord and then through the |
postganglionic sympathehc vasoconstrictor fibers to all or almost all the blood vessels of
.the body and to the heart (Flgure 1-2). Anatomical differences between the sympathetic

- and parasympathetrc divisions of the autonomic nervous system’ mdrcate the relative |
unportance of each system on the. regulatlon of circulation. Sympathetic activity affects
heart rate, ‘heart contracuhty and degree of vasoconstnchon whereas parasympathettc

- act1v1ty affects cardiac output only Funcuonal consequences of altered sympathetrc actmty
on systemic c1rculatlon in relation to altered sodlum (Na*) intake havé been proposed asa
mechanism by which d1eta1'y Na™ influences blood press,ure

Epidemiological data indicate that populauons with a thh Na* /intaké have a thh

prevalence of hypertensxon (Scnbner 1983 Berglund 1983) The hypothesxs that a hlgh
Na* mtake in some way is responsible for the i mmauon and matntenance of essential
hypertension has led to increased research designed to clanfy the relauonshlp between
dlaary Na™ and blood pressure regulation. One hypothesmed link is the rela!nonsmp
between Na* intake, Na* homeosta51s and neural functlon This rev1ew will survey the
reported effects that i 1ncreasmg Na intake has on neural function, specifically SN S‘
’acuvr?y, and will relate this effect to proposed mechanisrns by which Na* intake is thought - .

4

- tq influence SNS activity. } ' =
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Figure I-1 The autonomic - vous system consists of sympathetic and

para;ympathctié divisions. The connections of both systems with the
0\ ) .
‘ hypothalamus and higher brain centers have been omitted in this figure

(From Kandel and Schwartz 1985). :
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--subjects (Wallin et al. 197

¥

DR A Sympathetlc Act:vnty and Essential Hypertensnon \

Prtmary or, essenual hypertensmn is: not lmked to a single etlology Heredlty
predxsm§es an 1nd1V1dual to hypertensmn but envuonmental neurogemc humoral and
vascular factors also interact and mﬂucnce blood pressure to vanous extents (Horan et al :

1985) Most patients with essential hypertenswn show helghtened vascular and cardlac

= reactlons to sylnpathehc stlmuh mcludmg norepinephrine (NE) and sympathonumet]c
' .amine mfusmn arid mcreased dietary Na* (Goldenberg 1948; Trendelenburg 1965;- Parfrey' ‘

et al 1981; Skrabal et al 1984). It may be that enhanced SNS act1v1ty, as reflected by -
‘ elevated plasma NE 1s assoc1ated wtth mcreased salt sensxtmty and consequently,

predlsposmon towards essennal hyperten51on (Campese 1982 Dustan 1985 Skrabal et. al

1984). Salt sensmvny is based on blood pressure responses to salt-loadmg whereby

humans categorlzed as salt-sensmve d1splay a nse in mean arterial pressure equal to or

greater than 10% after Na intake is increased from low to hlgh levels from 10 to 200

mgol Na*/day, respecuvely ‘Non-salt sensmve humans show a change in blood

' pressure less than 10% when glven a 51m11ar Na* load (Campese 1982; Kawasak1 et al

1978; Koolen and Van Brummelen 1984): Animal studies suggest ‘that 1ncreased salt-

' sen51t1V1ty may anse from a geneuc or acquired deﬁcrency in the ktdney s ability to excrete

Na* , or from increased vascular re51stance secondary to enhanced SNS activity and

: concomrmtant release of the chronotrop1c pressor agent NE (Dustan 1985; Abboud 1984).

\l

Increased vascular re51stance secondary to excesswe sympathenc drive has been

descnbed by "Abboud (1\5‘34) to be an 1mponant factor in the develOpment of hypertensron.

~*In human hypertensmn ,mcreased sympathetxc act1v1ty has been recorded from peripheral

Ll 1

nerves by a nucroneurographlc techmque employing tungsten rrucroelgctrodés to record

multiuni; sympathetlc act1 ity in skin and muscle nerves of normotenswe and hypertensive
‘§§, ‘Campesé et al. (1980) proposed mcreased sympathetic

neuron activ -ty, as reﬂected‘by elevated levels of plasma NE, to be a major pathogehic

factor‘in the eatlier stages of this disease, whereas increased vascular responsiveness to NE

i

4
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o

or other non-neurogemc factors may become major determmants n the mamtenance of

A}

i blood pressure in the later stages of hypertensio: .
o Lesrons at specrﬁc sites in the central nervous system such as the nucleus tractus
sohtanus of the medulla have been shown to cause excessrve sympathetic activity and
'sustamed hypenensmn in the rat (Doba and Reis 1974) Furthermore, sympathetlc

| :abnormahnes have been identified in-varigus models of hypertensron In two genetic

models of hypertenmon including the Dah}-salt-senstive rat and the spontaneously\

s hypertensive rat (SHR), there appears to be fac1htated release of N = during syrppathetie

A

stimulation (Takeshita and Mark 1978; Collis et al. 1980). o
Interv,entlons wh1 i reduce sympathetlc nerve activity-have been shown to red ce
or prevent hypertension. Prcdommant among these is the lesion of the anteroventral
-portiori of the third ventncle in rats whlch has been shown to correct and also prevent
hypertensmn in a variety of animal models (Brody et 1980; Abboud 1984).
Neurochemical mterventrons which interfere with symCithoadrenal discharge or with
adrenerglc receptors on the effector cell such as the o - adrenergic agonists clomdme or
' prazosm,\wﬂl lower blood : pressure {de Champlain et al 1968)
| Sod1um depletion has been proven to be one of the most effectlve mechamsms for
'reducing arterial pressure and appears to exert its effect through a reductlon in
sympathoadreral drive (de Champlain 1968; Brosnihan 1981; Mark et al. 1973).

It is therefore possible that a high Na* intake is responsible for the development of

o~

essential hypertension through its sumulatory effect on SNS activity.
-

B. Relationships Between Sodium Intake and Penpheral Sympathetlc and
_ ' Dopaminergic Actmty _
The exact mechamsm by which dletary Na* affects SNS§ act1v1ty remains to be
determmed Changes in dietary Na* intake could affect sympathetlcneuronal funcuon in
several ways. First, Na* mgesuon influences the haemodynarruc/ state by affecting body

tivities of the

fluid volume which in tumn may lead to reﬂcx adjustments in the



sympatheue and dopammergrc systems and the remn-anglotensm aldosterone systern :
(Davis and Freeman 1976 de Champlain 1976). Second, dietary Na , by altenng
extracellular Na* concentration, may affect neuronal function mdlrectly by initially
stimulating the release of natriuretic hormone, as proposed by Blaustein (Blaustein and

Hamlyn 1983; 1984). )

[

';' ‘9" N
1. . Sodlum Homeostasns and Sympathetlc and Dopaminergic Actmty

Na* homeostas1s and peripheral SNS function are closely related. Ev1d&nce has
been obtained that the lcxdney possesses both alpha and beta-adrenerglc receptors and is
. directly innervated with NE-containing nerve termmals (Schrier 1974 Hall et al 1974
‘Vollmer 1984) In the kidney, the adrenerglc neurohumoral transmitter NE is pnmanly an
alpha adrenerglc agomst Increases in renal sympathetic tone, therefore produce- -
vasoconstriction of the renal vasculature at several sites including the afferent and efferent
arterioles as well as the \'/enules (Schrier l974) With marked adrenergic stimulation, renal
vascular resistance increases as a result of vasoconstnctxpn at all of these locations
and subsequently, both glomerular filtration rate andrenal blood flow decrease prombtmg
Na* reabsorptlon with mvolvement of the macula densa natnoreceptor (Schner 1974)

NE has also been shown to affect Na* balance directly by sumulatmg beta
adrenergic receptors in renal juxtaglomerular cells thereby Increasing renin release
Evidence for this direct sympathoadrenergic actllon 1ndependent of vascular and macula
densa receptors comes from Johnson et al. (1971) who showed that electrical snmulanon
‘of the renal nerves could increase renin nelease in dogs with nonflltermg k1dney (and
| therefore inactivated macula densa) and with the vascular receptors macnvated by the

vasodilating agent papaverine (Johnson et al 1971). . >

Alpha and beta adrenergic receptors in juxtaglomerular cells have opp051te mﬂu~
ences on renin release. The stlmulalmg mﬂuence of the beta receptors appears ta Se

- _
mirrored by a suppressing action of alphas receptors which can be seen both'in the intact

'
/



animal and in the isolated perfuse‘c‘l‘ lcidney or in kidney slices (Zanchetti . 1?85). The SNS,
therefore, is believed to play an important role in achieving or majntaining Na* homeostasis
by alteﬁng the functional interrel'ationshjps among the macula densa, the juxtaglomerular
cells, and the glomerulus. Spec1ﬁcally, noradrenel gic dctivity may alter Na* excretion
indirectly through alpha adrenerglc mechamsms leading to renal vasoconstnctlon and
subsequently decreased glomerular filtration rate and Na* reabsorptlon or d1rectly through
: beta adrenergic mechanisms affeCUng renin release and, via the renin- -angiotensin
aldosterone system increasing®Na™ reabsorption (Johnson et al. 1971; Davis 1971; Kopp
and Di Bona 1984). . ' ~
Evidence for a direct role for neurotransmitters in the regulation of Na* balance has
1nvolved the study of 1solated perfused kidneys and pr@xunal tubules in which infused NE =~ -
or renal nerve stimulation produced renal vasoconstriction, reduced natriuresis, and
increased renin secretion (Morgunov and Bames 1981; Imbs et al. 1984). Renal o-
adrenergic blockade has been shown to reverse the antmatnuretlc response to renal nerve
, sumulatJon (Morgunov and Bames 1981). In contrast clearance studies indicate that
.dopamige (DA) promotes natriuresis and is d1rectly related to dletary Na* (Alexanderet al.
1974; Oates et al. 1979). Intravenous and renal arterial infusions of DA have been shown
to increase Na* excretion throUgh a direct vasodilating effect on renal vasculature, (/ ) \
decreasing perltubular oncotic pressure, ﬁltratlonffractxon and, subsequently, Na*
reabsorptlon (Imbs et al. 1984). Dopammerglc receptors 1 and 2‘have been charactenzed
and shown to promote vasodﬂatlon of renal and meeentenc beds and mhlbrt presynaptic NE
release, respect:vely Doparnme has also been shown to hold o-and B- adrenerglc receptor
 activity (Miller 1984), o | (. )
| Further ev1dence for a natriuretic role for DA and an antinatriuretic one for NE came
' from studJes relatmg catecholamme excretion and dletary Na* intake. A direct correlation
between Na* intake and urmary DA excretion and an inverse on with NE were noted (Oates

™ et al. 1979). The opposite effects of NE and DA on the renal handhng of Na* suggest that
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pOSSlble therefore, that hypertension associated with high Na* 1ntakes may be attributed to

3
S\ — . "

) ‘ » -
both peripheral sympathetic afid dopaminergic activity play important roles in the

regulation of Na* homeosta51s SNS activity, in turn, may be expected to be%uenced by
chetary Na™ to effectively maintain Na* balance ' |
The precise mechanism by which d1etary Na™ may influence noradrenerg{gheuronal
junction is unknown. De Champlajn suggested that-the state of Na* balance could affect
NE disposition in peripheral sympathetic neurons (de Champlam et al. 1968). He ‘
proposed that the ablhty of sympathetlc granules to store NE was inversely related to Na*
intake. This hlypothesm was supported by the finding that in deoxycorticosterorie acetate
(I%OCA) salt hypertensive rats, NE. concentration in eardlac’sympathetic neurons was
reduced.,‘In addition, ﬁeld-'sn'mulated [3H] NE release was increased relative to

normotensive controls, indicating an inéreasedrate of firing or decreased ability of the

‘ neurons to take up and retain NE. Conversely, when these rats were Na* depleted

&
followmg maintenance ona low Na diet (0.05%Na") for three weeks and treatment with a

diuretic, cardlac NE content increased (de Champlam and Van Amermgen 1981).

Similarly, Cambotti-Kaufman et al. ( 1984) reported that DOCA-Na* hypertensive rats

"~ maintained on a low Na* diet for one month but without diuretic treatment, had hlgher NE ‘

concentrations in cardiac, renal and meSenteric arterial tissue thah‘their hjgh Na* fed 4 |
counterparts (Cambottl Kaufman et al. 1984). Increased penpheral SNS actmgy
followmg Na” restriction provides a mechanism by whlch hypotens1on resulting from:

l

decreased blood volume secondary to decreased Na* availability for renal reabsorptlon can
\
be prevented through mtrarenal and extrarenal systemic alpha -adrenergic vasoconstncnon
There is mcreasmg evidence that hlgh N a mtakes are also assocxated W1th

mcreased SNS act:wrty in humans as measured by plasma concentration and urinary

'excrenon of cateeholarmnes (Luft et al. 1979; Romoff et al 1979 Nlcholls et al. 1980).

For example Nicholls et al (1980) showed that when Na* mtake was mcreased from 120

~to 240 mmoL’day, pldsma free NE increased approximately 50% in normotenswe men. Itis

A
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‘a maladaptwe response wherein dletary Na* enhances SNS act1v1ty which may lead- to
reduced Na excretion and increased vascular resistance through alpha-adrenergic actions. -~
. : | , | . //.
2. Natrluretlc Hormone Hypertension Hypothesns | '

A mechanism by which high Na* intakes rmght alter neuronal function is
summanzed by the ® natnuretxc hormone hypertension hypothesi's” proposed by Blaustein
and Hamlyn (Blaustem and Hamlyn-1983; 1984) The hypothesxs states that defectwe
active Na transport out of several cells, including arterial smooth musclé cells and -
Sympathetic neuron; is the underlymg cause for essential hypertensmn The hypothesis
suggests that a h1gh Na® intake leads to the reFease of a hypothalamic natriuretic hormone
wjnch then mhlbltS Na*-potassium (K™).pumps in many cells including renal tubular cells,
vascular smooth muscle cells and sympathetic neurons:(Blaustein and Hamlyn 1983). By
inhibiting active Na transport across renal basolateral membranes and out of the cells the
* ‘natriuretic hormone promotes natriuresis and inhibits reabsorption so that Na* homeosta51s
may be achleved In vascular smooth muscle cells, however, inhibition of the Na*+ K+
A'I'Pase pump would lead to decreased Na ~calcium (Ca? ) counter transport since less
extracellular Na* is ava1lable to move down its concentration gradlent into the cell and fuel
Ca2 counter transport out of the cell The resultant Increase in intracellular Ca concen-
tration then leads to increased vascular tone since in vascular smooth muscle intracellular,
cytoplasrruc Ca®"is the normal trigger for contraction. The CaZ2" that triggers activation of
\%scular smooth muscle cells enters the cytoplasm from two sourges: (1) from the
'extracellular fluid, via voltage- and transmitter-regulated Ca *_selective channels in the
plasma membrane, and (2) from the intracellular stores in the sarcoplasmic reticulum
(Blaustem and Hamlyn 1984) NE released from sympathetic nerve terminals or
| varicosities tnggers conuachon by promoting Ca%* entry into the cytoplasm from both

: sources (Blaustein and Hamlyn 1984). Thus, if there is increased release and/or delayed
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removal of NE, smooth muscle is activated for a longer than normal penod and blood

piessure should increase. »

The pnmary mechamsm for termingting the postsynaptlc action of NE is by its

\

) extenswe reuptake by the neurons (Blausteln and Hamlyn 1984). This reuptake is
< mediated by a Na‘ -NE cotransport system tha derives its energy from the Na*
electrochemical gradient across the neuronal plasma membrane (Haddy et al. 1973)
‘Partxal:gnbmqn of the Na pumps by cuculatmg natriuretic hormone causes the Na* |
electxocherrucal gradient to dechne primarily as a result of an mcrease in mtracellular Na™*
concentratlon As a result, the rate and extent of NE reuptake will be reduced and more NE
will remain in the mterstltlal space, prolonging the actlvatlon of vascular smooth muscle
~ effector cells (Haddy and Overbeck 1976). |
The norrnal trigger for the release of catecholammes from adrenerglc neurons is an
increase in intracellular Ca? (Blaustetn and Hamlyn 1984). Ca ion transport across
_ .neuronal and plasma membranes depends in patt, upon counterflow exchange of Na* for ,
»C .~ This exchange 1s dependent on extracellular Na* concentratlop Wthh 1‘:1' turn, is }
dependent on ATPase act1V1ty and the Na* K+ transmembrane gradient. Therefore a
dechne in the Na electrocherrucal gradient will lead to decreased Ca?" transport out of the
cell which in turn w111 lead to NE release (Blaustem and Hamlyn 1983; 1984). ThlS Na*-
dependent Increase in intracellular Ca?" should enhance. spontaneous NE release, as well as
the release evoked by nerve stimulation (Blaustein and Haxnlyn 198-3; 1'984; Blaustein .
. '1977). The inc_rease in NE release, and decrease in NE reuptake will increase
, vasocor‘stﬁction b‘eyond that seen with Na*-K* ATPase inhibition by natriuxeu'c hormone
and subsequent contraction of artenolar smooth muscle cells (Blaustein and Hamlyn 1984,
Blaustem 1977) l‘ | _
| The natnuret1c hormone hypertensmn hypothesm was inspired by previous studies
that showed Na*-K* ATPase activity to be- suppressed 1n various cells mcludmg artenolar

venous smooth muscle cells and cardlac cells from ammals w1th low renin hypertensmn
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‘(Haiddy and Overbeck 1976; Iuersen 1973). In 1976, Haddy reported-that Na*-K* pump
acu'vity,- as estimated by ouabain-sensitive 86 Rb uptake is suppressed in the arteries and.
veins of dogs with one myel of low renin hypertens1on (one- krdney) ‘Subsequent studies
observed the same changes in ouabain- -sensitive 36 Rp uptake _nd I}Pa -K* ATPase activity
1in other models of low renin hypertension (one- -kidney, one clip: one-kidney, DOCA, salt ;
reduced renal mass, salt) but not in two geneuc models of hypertensxon (Haddy and -

Overbeck 1976) Haddy also showed that suppressmn of Na*-K+ pump activity increased

11T

the contractile, activity of arterial smooth and cardiac muscle and that ouabain produced a large - - ‘

increase in arterial pressure in the anesthetized dog prepared so that diuresis could not occur.

The investigation of Na* transport in human hypertension has relied heavily on cells -

other than those from the vascular smooth muscle itself, pamcularly platelets, erythrocytes
and leukocytes. Since vessel walls have been shown to undergo structural changes when

‘. hypertensron is present, it is difficult to be confident that any p]terauons in composmon are
not simply a consequence of this transformahon Furthermore, samples of blood vessels
from living normotensive and hypertensrve panents can rarely be obtained (I—hlton et al
1986).. There is, therefore extensive literature on cellular Na* transport of blood cells in
human essennal hypertensmn (HlltOl'l et al. 1986; Poston et al. 1981; Ambrosxone et al.
1981). - |

| Cytosohc free ca1c1um concentration in platelets has been conelated to systolic or
drastohc pressure and was reported to be 51gmf'1cant1y hrgher in hypertensrvc humans than
in those of normotensives. Increased cytosolic calc1um concentrations were postulated to
be secondary to Na*-K* ATPase mh1bmon in‘association with hypertension (Sang and
Devynck 1987). Similarly, increased diastolic pressure has been assoc1ated with mcreased
levels of mtraccllular Na* and w1th a diminished value for the rate-constant of Na* efflux in
leukocytes from patients with essential hypertensron indicating suppressed ATPase activity
(Poston et al. 1981; Ambrosioni et al. 1981; Hilton et .al. 1986)._ It is apparent, however,

that these cells can have no direct involvement in the mechanism of hypertension and that

o
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the study of them is of value only to the extent that their transport processes are
representatlve of those that take place in other body tissues. o

Karakl et al. (1978) showed that in rabblt aorta ouabain and K™*-free solution
produced a concentration-dependent potenmauon of NE contracuon that was inhibited by
infusion of phentolamine, an alpha-adrenergic blocker. Karakl et al. concluded that
ouabain and K*-free solution affect contraction both 1nd1rect1y via the release of
endogenous catecholamines and directly by acting on vascular smooth muscle. Caution in
interpretation of data 1s wartanted here as, although larger blood vessels such as the aorta
and its main branches are the most convenient for the’ assay of cellular Na*-K™ transport, :
thty are known to diffe_r both anatomically and fuhcdonally from the smaller résistance_ :
ves-els and may therefore be less appropriate for the study of Na* metabolism in _
" hypertension (Hiltorl et al.1986). '

vadence for the involvement of a circulating Na*-K* pump inhibitor in the genesis
of essential hypertensxon is derived from a study conducted by Hamlyn et al. ( 1982) in
> which a highly m?uﬁcant correlation was found between levels of a plasma mh1b1tor of
Naf7K+ ATPase acuwty and mean arterial pressure in age- manched normotensive and
hypertensive deV1duals Na -K* ATPasc inhibition was mgmﬁcantly greater in the
hypertensive group (Skrabal 1984). Moreover, incubating leukocytes from normotenswe IS
SUb_]CCtS In serum obtained from humans with essential hypertension was found to cause an
impairment in Na transport similar to that found in the leukocytes of the hypertenswe

group (Hamlyn et al. 1982)

Various laboratones have used plasma urine, or tissue as potential sources of the

Na* K* ATPase inhibitor (Haupert et al. 1984; Akagawa 1984; Gruber et al. 1980; Haber

and Haupert 1987; Flynn and Davis 1985). Most of these efforts are ata prclmunary stage.
| Gruber et al. (1980) partially purified from dog plasma a peptidic substance that inhibited
Na -K+ A'I'Pase and whose concentration varied with volume expansxon Becalyl,se the

rrudbram has been implicated in the control of cmculatmg Na*-K* ATPase inhibitors, the

/
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brain as a source of the natriuretic hormone has been extensively studied. Brody et al.

( -1987‘), seeking a site of control for ATPase activity, demonstrated that lesions rn the
region of the anteroventral tlnrd ventricle of the brain prcvcnted the hypenensmn of volume
expanswn Hdupert and colleagues (1984) isolated and partially punﬁed extracts from

bovme hypothalamus that were apphed to the serosal surface of the toad urmary bladder

-/ and produced reversible, nontox1c inhibition of active Na* transport ACross. the membrane.-

Infusion of the hypothalarmc mh1b1tor into 1solated perfuscd rat kldney produced - ' <

‘ natnuresw The hypothalarruc inhibitor was shown to be a low- molecular-wexght

. nonpeptidic substance that appeared to be hydrophilic. In contrast, partially purified bovme 4

hypothalamic 'ATPase 1nh1b1tor was reported to be peptidic in chermcal nature by Akagawa -
et al (1984). Recently, pepndes extracted from rat atrial tissue were sequenced and found
to promiote natriuresis and diuresis when mjected into rat plasma«(Zlynn arld Davis 1985).

- Further investigation is needed to determine the source, chemical nature ar1d
physiologial significance of the natriuretic hormone. The relations bet\ueen ATPase

activity, SNS activity, renal and vascular hemodyna'rniCS a* homeostasis remain

unclear. .

13
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C.  The Effect of Increasing Na* Intake on SNS. Activity

1. . Studles of Normotensxve Humans
An assessment of human stud1es on the effect of Na intake on- SNS act1v1ty 4
reveals results that are contradmtory ‘That is, certam stud1es on the effect of Na* loadmg o
. indicate iricreases in sympathetlc activity (Berglund 1983 Campese 1982, Dustan 1985;
Parfrey et al 1981 lecholls et al. 1980) whtle others mdxcate decreases (Luft et al. 1979;
H'&omoff et al 1979; Nicholls et al. 1980). For example the. stimulatory affect of Na on S
: gNS act1v1ty is illustrated by the study of Nicholls et al (1980) in Wthh plasma free NE
- mcreased 51gmf1cantly when 12 normotenswe subjects 1ncreased thelr N a mtake from 120
to 240 mmol/day for one week. Conversely, Luft et al. (1979) reported that when Na™
intake 1ncreased from lO to 300, 600 800, 1200, or 1500 mmol/day for three days plasma B
and unnary free NE decreased in normotensives. One explananon for this contradlcnon ,
may be the lack of specificity and sensitivity of plasma’ and unnary measurements Plasma
and urmary\NE measurements are limited by their dependence on the rate of removal from
o/ circulation, rate of release from sympathetic neurons and by their mablhty to detect regional -

e\dlffe ces in SNS actlv1ty (Esler et al. 1984; Folkow et al. 1983) Spemﬁcxty may be

disappearance of injected [3H] NE from tissules or the rate of decline in NE concentratron
after synthe51s inhibition by a—methyl -para- tyrosine (de Champlain 1976; Folkow 1976)
' Luft et al. (1979) showed that when normotenswe humans 1nereased thetr Na* a’
1ntake from lO to 300 mmol/day for three days, plasma NE concentration and urmary NE ]
.decreased 58% and 72% resmctwely (Luftet al. 1979). Similarly, Romoff et al
(1979) have shown plasma NE concentranon to be hlghest when Na* is restricted at 10

_ 'mmol/day and to decrease by 42% when Na mtake is increased to 200 mmol/day dunng
a seven day penod (Romoff et al. 1979) These results suggest a decrease in

- .noradrenergtc activity when Na* intake is mcreased from a level near the dally

[
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" requirement to the ..rather high level of a typical North 'Ameﬁcar =2 Ina study }
conducted by NlChOllS et al. (1980), 12 normotenswe subjects ‘e given three different.
levels of Na*t 1ntake (10, 120, and 240 mmol/day) for one week. Plasma NE
concentratlon was shown to decrease by 64% when Na* 1ntake increased from lO to 120
mmol/day However, ‘when Na* intake va: f_rther mcreased from 120 to 240 mmol/day

| for the same length of time, plasma NE coneentratlon mcreased by 53% (Nicholls et al.

1980). Parfrey et al. ( 1981) showed that plasma NE concentration decreased by 18%
when the SUbJCCt s habitual diet was supplemented for 12 weeks with 100 mmol Na*
daily (Parfrey et al. 1981). Berglund (1983) found that urinary excretlon of NE doubled ! )

. when Na™ intake increased from 180 to 340 mmol/day after four weeks. The different |
dosage and duration of Na* supplementation make thise studies difficult to compare but

. lead to the speculation that there may be a time-aﬂf?:se—depcndent sympathetic response

,to Na* intake. err taken at face value and assuming Na homeostasis had been

~ achieved, the rev1ewed stu es suggest there i is not a linear relanonshlp between Na*

1ntake and SNS actlvxty Instead it would appear that a U-shaped relanonshlp exists. At -9

, the recommended Na* mtake of 0.5-0.6 g(9 26 mmol)/day (RNI, 1983), sympathetlc :

| act1v1ty may be mcneased to compensate for a blood pressure fall induced by the decrease

in blood volume (as part of a renal cor, rvation mechamsm) SNS activity appears to

declme as Na* mtake 1s mcreased to normal 1ntake levels 2to5 g Na'*/day. When' N a

| is mcreased beyond this range SNS actmty again appears to be ele\ated

2. Studles of Hypertensnve Humans ’
- A relationship different from the above studies in normotensive individuals .be‘fween
Na*vintake and SNS activity has been demonstrated in salt-sensifi ve subjects with essenual
hypertens1on Campese et al. ( 1982) have shown that hypertensxve SUb_]CCtS rece1v1ng 200
| ‘mmol Na+/day for three weeks have plasma NE: concentrauons 84% greater than

norinotenswes consurmng a similar Na mtake Parfrey et al. (1981) found patlents with -
@
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mild essential h.ypertension' to have higher plasma NE concentration than normotensive
subjects on snrular unregulated diets. These studies suggest that SNS hyperactivity may be
‘a causal or conmbutmg factor to the development of hypertensmn
" o X
3. Studies of Normotensive Animals N »
-Experiments investigating the effects of increasing dietary Na* or%radrenergic
- activity in normotensive ammals provide hrmted evidence that a negatlve correlation
between Na* intake and SNS actmty exists. In a study involving normotensive Wistar rats
chronically given low Na®, basal, or hlgh Na* diets contamlng 0. 02%, 0.66%, or 6.87%
Na respectwely for f1ve weeks, Kaufman and Vollmer (1984) found kldney, ventricular,
atnal and arterial tlssue NE concentranons and baseline and electncally stimulated plasma
- NE concentranons were affected by Na intake. Baseline plasma NE concentmnon was
elevated approxunately 64% in low Na*-fed rats as compared to basal but not high Na*-fed
rats. In response to sympathetic stin{uladon (4 Hz, 50 V for 40 sec), the plasma NE level
~in low Na*-fed rats was 69% higher than in basal and 116% higher than in high'Na*-fed
rats. NE concentrations measured in the above tissues were consistently higher in rats -
maintained on the low Na* diet as compared to basal and high Na*-fed rats (Kaufman and. |
Vollmer 1984). ’
Similarly, Saavedra et al, (1983) reported that a one week increase in dletary Na
from 0. 18% to 3 2% reduced the actlvmes of tyrosine 3- hydroxylase by 5% and doparmne
B- hydroxylase by 18% in Dahl Na* -re51stant rats thereby associating the lower Na* diet
with ennanced NE synthesm (Saavedra et al 1983). In contrast, de Champlam et aI J
(1969) reported mcreased NE turnover in the heart, intestine, and spleen of normotensn/e
rats when fed a 1% sodium chlonde (N aCD dlet for four to 51x weeks.
Ina s' :dy conducted by Tanaka et al (1982), NE turnover rate was estimated from

the dechne in tissue NE concentration after blockade of NE synthes1s by a- methyl -para-

tyrosine in normctensxve rabblts fed low, normal, or high Na™ diets containing 0.005%,

® -
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0.4%, or 2.46% Na* respeetively for three weeks. Na* intake exerted opi)osite effects .

NE turnover-in cardiovascular tissues and brain stem. In tﬁe thoracic aorta, mesenteric

vem and left venmcle the rate of NE turnover éls directly related to Na* intake such that

1ts rate apprommately doubled with each increase in Na* intake from low: (0.005%) to high ‘

(2.46%) Na* levels. Gonversely, in the hypothalamus, midbrain, pons and medulla, NE

17

turnover was inversely related,te Na?* intake and was lower in both 2. 46% and 0.4% Na*-) :

fed rabblts when compared to 0.005% Na*-fed rabbits (Tanaka et al. 1982) These
studies suggest that 1ntraspec1es and mtempecxes dlffCI‘CHCCS exist in relation to tlssue

noradrenerglc resrmnses to aJtered Nat mta.kg.J ¢

4. Studies of Hypertensive Animals =~ o h ~ (
Wintemi& and Oparil (198" ) investigated Na*-neural interactions in the

pathogenesis of hypertension in the spontaneou-sly hypertensive ret of the Okamoto strain

(SHR). Male SHRs were given diets of ither low (0.05%), normal (0.29%) or high

(3.4%) Na* contents for three weeks, after which plasma NE concentration, urmary NE

excxetxon and blood pressure were measured In SHRs receiving the highest Na* diet,

plasma NE concﬁentratlon and urine NE excretion were 40% and 77% higher, respectively,

“han in rats fed the low or normal Na™ diets. In addition, a highly signifi

it positive
correlation was seen between plasma NE concentrétion and systolic bl pressu;re ,
W intenﬁtz‘and Opanl 1982). These results support the hypothesis that the increase in
‘blood pressure seen with hypertensi‘o;l associated with a high Na* intake is in part d‘ € to
enharicedperipherall sympathetic activity. 1

de Champlain_'et al.(1969) reported increased NE turnover assessed by the rate of
~‘disap}pearance of endoge‘nous NE after inhibition of tyrosine hydroxylase by a-methyl-
para-tyrosine, in heart, intestine and spleen of control rats and those made hypertt;{(lswe by
DOCA and Na* administration. The rats were fed a 1% NaCl diet for four to $ix weeks

NE turnover rate was greater in all tissues examined in the hypertensive animals
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(de Champlam et al 1969) S1mllarly, Dietz et al. (1980) found sympathetic activity, as

assessed by plasma NE concentration, to increase with Na* loadmg In spontaneously’

hyp lensweﬁrars In\thls study, male stroke-prone spontaneously hypertensive (spSH) -

rats and control Wlstar\Kyoto (WK) rats were fed either a high Na* diet contammg 3. 5%

~ Na* or a standard Na* dlet of 0.57% Na* for 14 days. Plasma NE concentratxon was 72%

higher in the high Na*-fed spSH-rats, compared to thb(Standard Na fed spSH rats (Dletz
et al. 1980). : !

D. ' Implicatipns _

The reladnshlp between Na* intake and SNS act1v1ty is not fully charactenzed A
review of both fqan and animal studies indicatd a relatlonshlp between dietary Na* and
sympathetlc actmty exists. Whether this relatiopship is U shaped as normotenswe human
’studles suggest, dlrect and positive as hypertens{ve animal studies mdlcate Or negative as

normotenswe animal studies tend to decate has\yet to be determmed

StUdlCS in normotenswe humans indicate that low Na* mtakes between 10 and%o
_mmol/day are negatively correlated to plasma NE concentratxon or urmary/NFf excretlon
Converaely, at high Na* mtakes (200 360 mmol/day), dietary Na and plasma or urinary NE
concentration are posmvely correlated in humans Although these results suggest that a ,

u- shaped or curvﬂmear Ielatlonshlp exists between Na intake and SNS activity, the

- apparent nonlmeanty of such a relationship may be due to differences between studies in: (1)
duration of Na* mtake (2) concentration of Na* in diet, and/or 3) method of assessing SNS
activity |

In contrast, studles in hypertensive animals indicate that a positive correlation may
exist between Na* mtake and SNS activity. Although the mode of assessing SNS activity
was generallx consistent in thesé studies and involved the measurement of NE turnover ,

the effects of M a* intake on sympathetic activity cannot be accurately described smce

duration of Na* treatment and dletary Na concentratlon varied between studies. To fully

\
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oharacterize the relationship that exists between Na* intake .‘and YSNS activity, Na*
concentration and I:Ia* treatment duration need to be investigated separately tov determine
their relative, indcpendent effects on sympathetic activit)" A moré complete assessmeﬁt of
the dietary Na* effect would involve studying the effccts of different levels of Na* mtake
on- SNS activity, ensurmg that the duration of Na* meatment and method of SNS

1
. assessment be maintained constant. Similarly, to determine how thc duratlon of Na*

-

concentratlon affects sympathetxc activity, studies must be de51gned to alter Na treatment \

duration whﬂe keeping Na* intake and methodology for SNS assessment constant. .Such
studies would then be able to distinguish the effects of Na* concentragon from Na*
duration of feedmg on sympathetic activity and would fully charactejx/'lze the time and/or -
dose dependcnt course of SNS response tgNa* ip”‘take. Cons_cqucnt_ly, these studies may
also clarify the relative contributions of Na* intake and Na* cooccntratjon towards the

[N

' genesis of hypertension.
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II. -Effects of Acute Increases it Sodium Intake o—mntral and Peripheral

Norepinephrine Furnover in Normotensive Mice
A. Introduction

Several lines of ev1dence suggest enhanced sympathetlc activity may be respon51ble

-for the m:ductlon or maintenance of hypertensron assoc1ated with a high Na* intake.
Epldemlologlcal data indicate that populations with a high Na* intake have a high
prevalence of hypertension (Scribner 1983; Berglund 1983). Enhanced sympathetic
activity, reflected by elevated plasma or urinary NE, may be associated with increased salt
sensitivity and, consequently,.predisposition towards essential hypertension (Campese

- 1982; Dustan 1985; Skrabal 1984). Na* supplementatxon has been shown to enhance
sympathenc activity in both hypertensive and normotensive humans and animals. It i is
therefore possible that a high Na* mtake predisposes an individual toward hypertensxon
through its effect on SNS actmty

Sodium supplementation in experimental animal models indicates that Na* intake is

directly related to sympathetic activity. Increases in Na* intake m 0.05% to 3.4% for
three weeks i increase plasma NE concentration and’ urinary NE ex¢retion by 40% and 77%,
respectxvely, in spontaneously hypertenslve rats (Wmtemltz and anl 1982). Sumlarly

' Dletz et al. (1980) found plasma NE concentration to increase with Na* loading i in

i spontaneously hypertensive rats when Na* intake increased from 0.60% to 3. 40% for 14
days. Plasma NE measurements however, are subject to several limitations. One is the
dependence of the plasma concentration on plasma clearance of NE. A second is the

' uncertainty that exlsts as to the source of the NE, should the plasma level be elevated

| _ Urmary NE measurements also do not indicate the source of altered NE spﬂlover should

NE. CXCI'Cthl'l change, and as_yell assume that a constant fraction of plasma NE is excreted ‘

in the urine (Folkow: 1982; Elser 1982). ’ h
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Central and peripheral NE release rate and peripheral NE turnover incsease in

animal models of hypertension receiving Na supplementanon Rats made hypertensive by

deoxycomcosterone acetate (DOCA) and 1% sodium chloride show an increased rate of
3 dlsappearance of endogenous NE in the heart, intestine, and spleen relative to normotensive
controls (de Champlain et al. 1969). Stimulated [3H] NE release from portal vein and -
anterior hypothalamus have also been shown to be dJrectLy related to Na* intake i in
“spontaneously hypertensﬂ‘?e and Wistar-Kyoto control rats (Meldrum et al. 1982)
Experiments investigating the effects ‘of i Increasing dietary Na* on noradrenergic
activity in normotensive animals i 1S hrmged prov1d1ng inconsistent evidence that a negative
¢« relation exists between Na\ mtake'and SNS activity. Kaufman and Vollmer (1984)
tound kidney, ventncular amal and aﬂerla.l tissue NE concentration decreased when Na*
intake increased to 0.66% or 6.87% from 0.02% Na* for five weeks. Plasma NE levels
were also shown to decrease approximately 64% with srrmlar 1ncreases in Na* intake.
Slmllarly, Tanaka et al. (1982) found NE turnover rate to decrease n the brain stem when
dietary Na* increased from 0.005% to 0.4% or from 9.4% to 2.46% N a* for three weeks.
However, opposite effects wére reported in cardio'vascular‘tissues, involving the thoracic _
aorta, mesenteric vein and left ventricle where a direct relationship between Na* and NE

turnover was observed (Tanaka et al. 1982). Normotensive animals j in these eXpenments

were fed at extremes of Na™ intake (Kaufman et al. 1984 Tanaka et al. 1982). Therefore '

5

‘the relatlonshlp between Na* intake within a physiological range and noradrenerglc act1v1ty
is unclear and hence the role of Na* intake in the genesis of hypertension is undetermined.
. Hariations in dietary Na* concentration and in treatment duration in normotensive
humans and anlmal studies make it difficult to assess the relationship between Na* intake
and noradrerergic activity. Consequently, the role of di sodium as a smgle factor i in
- the development of the neurogenic component of hypertensron is unclear Before the role

‘of dietary Na™ ir, hypertensron can be fully apprecxated a better understandmg must be

- developed of the changes that occur in sympathetlc neuronal functlon in normotensrve
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~ animals.mai’ntained on djets of various physiological levels JF Na*, using more direct tests -

of SNS activity. Therefore, the purpose of the present study was to examine the effect of
acute changes in Na* intake within a physxologlcal range on NE turnover in bram and
several peripheral sympathetlcally innervated organs namely heart, mtercapular brown |

adipose tissue and kidney. These organs were chosen because,offects on sympathetic

activity by other dietary manipulation have Qeen reported within such tissues (Johnston and ©

Balachandran 1987). Both Na* concentration and duration of Na” treatment were varied

independently in an attempt to identify the dose-and time-dependent relationships between - -

Na™ intake and sympathetic activity. L
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B. Methods
1. Animals and Diets
Four-week-old female normotensive mice (C57 BL/6J, +/+ Jackson Laboratories,
' Bar Harbor ME.) were smgly housed in hangmg wire-mesh cages in a temperature-
controlled room (23 £1°C). A 12-hour light: dark cycle with lights on commencing at
0900 was maintained throughout experiments. Three diets with a range of Na*

L

concentrations were used (Tables I1-1 anc?\l’f[‘-2) Dietary Na* composition was confurned

1

by Alberta Agnculture s Food Laboratory Services Branch. Mice were fed diets varying m'

Na* content for different treatmer} durgtions as follows 0.10% Na* or'3. 05% Na* for 1
day (Exp 1); 0.05% Na* or 1. 60% a* for 5 days (Exp 2); 0.05% Na* or 3.00% Na*

for 5 days (Exp 3). The dlet contammg 3.05% Na* in Exp 1 wasajusted t0 3.00% for all
subsequen_t experiments where this high Na* diet Was fed. -

In each ex'periment 36 rrljce were used. rBody weight, food intake corrected for
_' spﬂlage and delomzed water mtake were measured daily between 0900 and 1200 The

rmce were adapted for one week to the low Na* (0.01% Na* Exp 1 0.05% Na* » Exp 2,3)

I

purified diet contammg approxunately 20% of metabolizable energy as protein, 60% as
carbohydrate and 20% as fat (T able II-1). The low Na* diet of 0.05% Na* was employed
because it provided the minimum requirement of Na* for rats (and pnesumably mice)

(S ubcommlttee on Laboratory Animal Numnon NatJonal Research Council, 1972)

-
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2. Experiméntal Protocol . -

Experiment 1 L
- After one week of ad libitum feedmg of the 0. 10% Na d1et 18 of the 36 mice
were sthched randomly toa hlgh Na*diet of 3. 05% Na* for one day (Table H-l')' the rest

‘continued feedmg on the 0.10% Na diet. Mice fed the high and Iow Na* diets were fed

2.85¢g and 3. O7g of dlet/day respectively, to prov1de equal calonc intake between .

treatments “The energy intake was caqulated from average ad libirum intakes obtained -

l during adaptatlon to the 0.10% Na* diet for mrce fed the low Na* diet and increased for the
| 3.05% Na* dlet to prov1de equal caloric 1ntake Mrce w1th1n both treatment groups
'_consumed all food offered. e - ‘ SN

e . Mice were k111éd 24 h after 3551gnment to the expenmental groups. Mice were.

bkﬂled by decapltatlon begmmng at 0900h at O 3,and 6 hours after 1.p. 1nJect10n W1th o- .

'methyl p—tyrosme in physiological saline (ci- methyl D L p—tyrosme methyl ester

hydrochlonde Slgma Chemical Co. SL Louis MO.; 400 mg/kg body welght) Brain

dissected i 1nto left and right cerebral hemispheres, heart, kidney w1th~sapsule removed and
interscapular brown adxpdse tlssue (IBAT) were rapldly removed, \i/rapped in alurmnum '
foil, welghed and unmedlately frozen on dry Ice. TISSUCS were held at -40°C for

subsequent determination of NE within one month. R
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TABLE II-1

Diet constituents
Constituent g Constituent/100 g Diet
Low Sodium  Low Sodium High Sodium High Sodium High Sodium

« (0.05% Na* (0.10% Na*) -(1.00% Na*) (3.00% Na*) (3.05% Na*)

\ Diet | Diet Diet - - Diet " Diet
casein ¥ . 23.0 23.0" 23.0 © 230 . 123.0
mineral mix AIN-76! 0.0, 3.5 3.5 3.5 3.5
vitamin mix AIN-76 2 1.0 1.0 1.0 1.0 1.0
choline bitartrate 0.2 - 0.2 0.2 0.2 0.2
cellulose 4.0 4.0 4.0 4.0 4.0
comoil 10.0 - 10.0 10.0 10.0 10.0
starch 58.3 o 583 56.0 51.1 , 50.9
NaCl . 00 . 0.0 23 7.2 - 7.4
unique mineral mix 3 3.5 0.0 0.0 0.0 0.0
protein (%)4 - - . 19.8 '19.8 20.3 214 214
carbohydrate (%) 5P © 57.8 56.9 54.7, 54.5
fat (%) ~ 223 -22.3 22.8 24.1 24.1
energy density 5 4.0 4.0 39 3.7 3.7

"AIN-76 mineral mixture (ICN Nutritional Biochemicals, Cleveland, OIW _ . : . v
Composition in g/kg: Cal¢ium phosphate, dibasic 500; sodiu ride 74; potassium citrate, monohydrate 220; potasssium sulfate 52;
magnesium oxide 24; manganous arbonate 3.5; ferric citrate 6; zinc carbonate 1.6; cupric carbonate 0.3; potassium iodate 0.01; sodium selenite

0:01; chromium potassium sulfate 0.55; and sucrose 118.03.

AIN-76 vitamin mixture (ICN Nutritional Biochemicals, Cleveland, OH) - : , |
Composition in mg/kg: thiamin HCI 600; riboflavin 600; pyridoxine HCI 700; nicotinic acid 3000; D-calcium pantothenate 1600; folic acid 200;
D-biotin 20; cyanocobalamin 1; retinyl palmite 800; d,l-a:{ocopheryl acetate 20000; cholecalciferol 2.5; menaquinone 5, and sucrose 972474 § -

Refer to Table 11-2 for constituents. . .. ‘ . . - S
Casein is 87% protein, % is % of metabolizgbl®egdergy. .
The energy densities of the diets expressed as kcal/g based on 4, 4 and 9 kcal/g cm:.ar.&o_.n%_m m:ﬁmw from o&m;..mg:

and corn oil, respectively. L . ,

> N -
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TABLE 1I-2

Unique mineral mixture: constituents

": Constituent - Constituent/100g Mineral Mix
calcium phosphate dibasic ! 50.00 ’
NaCl . : ‘ 3.24
potassium citrate monohydrate - 22.00
‘potassium sulfate _ 5.2

magnesium oxide-

24 .

manganese -bonate . ‘ 0.35
. ferric citrate ‘ "0.60 , '

zinc carbonate ' 0.16
cupric carbonate - - 0.03 .,
potassium iodate 0.001 - o
sodium selenite ' 0.001 —
chromium potassium sulfate . ‘ - +0.055 -

.«

sucrose . ‘ s : ~15.96

ho'g
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Experiment 2 |
Mice »\:ere adﬁpt_ed for one week tovth-e pMﬁed diet containing 0.05% Na* by
weight (Table II-1). Eighteen mice were then randomly assigned to a 1.00% Na* diet for 5
days wﬁile the remainder cohtinued to be fed on the 0.05% Na* diet, both ad-libitum: On
the sixth day of the experiment, NE turnover was determmed in brain, heart, kldney and

IBAT as in Expenment 1.

Experiment 3

Mice were adapted for one week to the purified diet containing 0.05% Na™ and then

- were Tandomly fed diets containing either 0:05% Na* or 3.0% Na* for 5 days, both ad-

libinfm. NE turnover was determined in brain, heart, kidney, and IBAT as in Experiments

1 and 2.

.l

L

3. Analytical 'Meth6d§ and Statistical Analysis = ~

"‘—

A\nalj'tical ‘Methods | _

NE was extracted onto alumina umne conditions from the ssue _
homogenate supernatant by a previously reported method (Bloanalytmal Systems, 1980;
Appendix 1). Separatlon of NE was achieved by high performance liquid chromatography

(Model 2000, Varian Canada Inc., Geor@etown Ontario) with detection by electrochermcal

detection (LC 4B, Bloanalytlcal Systems Inc. Lafayette, IN.), using ¢ mobile phase of

0. O7\M mo ochloroacemc acid wn.gh 250 mg/l sodium octyl sulphate as an ion- -pairing

agent dehvered across a reversed-phase analytlcal column at a flow rate of 1.7 ml/rrun

Statistica! Analysis
NE te mover rate was calculated by lmear regressmn of the log NE concentration
versus thé t1me penods spec1ﬁed (O 3 6 hours) and the slopes were compared usmg the -

L
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variance estimated for difference between ..slopes (Gill, 1978). Slopes of the regression
lines were calCulated by. the least squares method and- were plotted with averaged log tissue
'NE concentrations, semi-logarithmically. Total NE turnover rate was calculated asthe
produet of the fractional turnover rate and the estimated endogenous NE concentration at
time O hours for each organ (Brodie et al. 1966) Fractional turnover was expressed as
‘%ih w1th standard error relative to that of the slope All values are expressed as means

* SEM. The student's t test was used for group comparisons between treatments where - -
appropriate

gy

. C. Results
Experiment 1
| - Body weight did not differ between mice fed the 0.10% Na* and 3.05% Na* diets
for one day, subsequent to one week of adaptation to the low Na* diet (15.25g + 0. 10 and
16.31g +0.10, respectively). Excessive spillage from mice water bottles during cage
transport and o-methyl-p-tyrosine injection procedures prevented water intake frorn being
monitored. Endogenous tissue NE concentrauons fractional NE turnover and'total NE

turnover did not differ between tneatments in any of the organs analyzed (T able H—3

Figure II-1).

- Experiment 2
| Body weight did not differ between mice fed the 0. 05% or 1.00% Na* diets for 5 -7

days (16 3g+0.1 in 05% Na* fed vs 16.1g 'F&E) lin l 09% Na* fed mice). Food intake ,. i
did not differ between mice fed the two diet treatments (Table [I-4). Water intake,
however was SIgmficantly greater on Days 1 and 2 in mice fed the 1. OO% Na* diet
compared to those fed 0.05% Na™ (Table II 4). Tissue NE concentrat]on and NE turnover
. ratein brain heart, kidney, and IBAT dld not differ between nuce fed 0. 05% Na* or A

| 1. OO% Na¥ for 5 days (Table II-5; Figure H 2).

bl
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Exberiment 3 ,

| Body wéight did not differ between mice fed 0.05% Na* or 3.00% Na* for 5 days
(15.1g£0.1 and 13.9¢ + 0.1, respectively). Food intake was‘ lower in 3.00% Na*-fed mice
on Days 1 and 3 when compared to 0. 05 % Na controls but did not differ for 2 days prior to
the measuremenf of NE turnover (T able II- 6) Water mtake was approximately 40% greier in T
" 3.00% Na*-fed mice than in 0.05% Na*-fed counterparts and was conmstently different
between treatments (Table I-6). IBAT organ weight was found to be significantly lower in
3.00% Na*-fed mice when compared to low Na*-fed mice (Table H—7). ‘Tissue NE
concentratién and NE turnover did not differ between mice fed 0.05% or 3.00% Na™* for 5

days (Table II-7, Figure II-3).



TABLE II-3

Effects of 0.10 or 3’.05% sodium intake for 1 day on tissue norépinephrine
- turnover: Exp 1 ‘

8

Organ Endogenous Fractional NE Total NE
Weight -~ NE - - - Turnover Turnover
(mg) X (nmol/g) \(\%/h) (nmol/g/h)
BRAIN
i . : ' ‘
“0.10% Na* 2005+ 1.11 255+0.052 17.33 +0.75 0.428
3.05% Na* 184.8 + 1.7 249+0.18 18.01 £0.97 __ . 0.436
) . _
HEART
0.10% Na* 77.4+£0.5 3.82+£023  2578+0.01 1.024.
3.05% Na* 83.0+ 0.6 4.01 £ 0.20 .36.78 £ 0.03 ' 1.727
. ) &
KIDNEY - '
. _
0.10% Na* 94.1+0.8 4.04 £0.41 22.29 + 1.46 0.931
3.05% Na* 98.740.6 499+ 0.55 16.16 + 1.16 - 0.775
IBAT
0.10% Na* 100.8 £ 1.0  3.04%0.44 27.64 * 0.02 - 0.672
3.05% Na* 96.7+2.3 3.15+043 23.52+£0.04 - 0493

1 Values are means + SEM for n=18 mice in each treatment group.
2 n=6 mice per time point.

. V‘T\
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Tnme (h)

Fxgure II-1 D1sappcarance of NE from mouse brain, heart, kldncy, and mtcrscapular

-

brown adipose tissue (IBAT) after o - methyl- -p- tyrosine a istration’in
mice fed a 20% protein diet containing 0.10% Na* (—) or 3.05% Na (---).
for 1 day (Exp 1). Each point represents mean + SEM of § - rmcc Slopes
of the two lines within each treatment did not differ in any of th organs

‘analyzed (p>0 05). The numbers shown are half-times for dlsaﬁ»pcarancc of
~ NE in hours. - _ : ¢

Equations for least squares fit of log transformed conccntmtlons
[y=log NE(pmol/g); x_tJme(h)] ,

Brain: 0.10% Na*  y=3393-0.075x  :r=-0.933 .
3.05% Na*  y=3384-0.078x  :r=-0.90]

Heart: . 0.10% Na*  y=3.594 -0.011x ° ;1= -0.946
3.05%Na*- y=3.672-0.016x  ;r=-0.798

Kidney: 0.10% Na*  y=3.621-0.097x :rs -0.856
3.05% Na*  y=3.681-0.070x  :r=-0.842

BAT: 0.10% Na* "y=3.386-0.120x  :r=-0.814
3.05% Na*  y=3.322-0.102x :1=-0.581
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TABLE II-4

<

" Food and water}htake‘ of mice fed 0.05 or 1.00% sodium' diets for S days: Exp 2

Food (g/24 h) Day 1 2 3 4 5
| 0.05% Na* Z9%011 25501 26+0.1 24403 25407
1.00% Na* 27+ 01  24%02 26403 26+02 25403
. N e . ’
~ Water (ml/24 h)
0.05% Na* L 39402 37£02 43403 ..43403

1.00% Na* 48+02% 44+03% 44%03 43+03

1 valyes are means + SEM, n=18.
. * different from mice fed 0.05% Na*, p <0.05. ' ' ’ &



TABLE I1-5

~

Effects of 0.05 or 1.00%. sodium intake for 5 days on tissue
. ' turnover: Exp 2

.

G

norepinephrine

Total NE

Organ Endogenous Fractional NE
Weight NE Turnover Turnover
(mg) (nmol/g) "~ (%/h) (nmol/g/h)
BRAIN
0.05% Nii\fOZ.‘i +09! = 285+0.062 ,12.0..5 + 0.63 0.331
1.00% N 2041407 301006 12.81 % 0.56 0.367
HE/RT L
0.05% Na* 847 £05  432+023 19.62 + 0.93 0.307
1.00% Na* 84404  400%023 2201£129  0.896
KIDNEY | ‘ s
;.

0.05% Na* 98.8 £0.8 435 +0.12 23.07 £ 1.55 0.951
1.00% Na* - 94.6 + 0.5 4.34 + 0.25 ‘ 22.»554 + 1.00 0.909
IBAT | - g
0.05% Na* - 124.9 '_*"1.3 - 2.75+0.30 - 17.590 +1.59 0.420
1.00% Na* 123.8.+1.9 2.32+0.17 ° 1946 £ 1.74

0374

y
t

! Values given are means + SEM for n=17-18 mice in each treatment group.
2 n=5-6 mice per time point. o '
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BRAIN . ’ KIONEY

" NE (nmol/g)

0.0

0 3 60 3
| Time (h)-

(&)

Figure I1-2 Disappearance of NE from mouse brain, heart, kidney, and interscapular

' brown adipose tissue (TBAT) after o - methyl-p- tyrosine administration in
mice fed a 20% protein diet contarning 0.05% Na* (—) or 1.00% Na* (- - -
for § days (Exp 2). Each point represents mean + SEM of 5 - 6 mice.
Slopes of the two lines within each treatment did not differ in ény of the
organs analyzed (p>0.05). The numbers shown are half-times for
disappearance of NE in'hours.

Equations for least squares fit of log transformed concentrations
[y=log NE(pmol/g); x=time(h)]: :

' Brain: 0.05% Na*  y=3.439-0.052x  : r=-0902
1.00% Na®  y=3.457 - 0.056x = ;r=-0.93]

Heart: 0.05% Na* y=3.614 - 0.085x ; r=-0.908
1.00% Na*  y=3.610 - 0.096x ; r=-0.887

Kidney:  0.05% Na*  y=3.615-0.100x  : r=-0.858
1.00% Na*  y=3.605- 0.098x  :r=-0.930

IBAT: 0.05% Na* y=3.378 - 0.076x ;br= -0.768
' 1.00% Na* .y=3.284 -0.084x  :r=-0.804




N

Food and water intake of mice fed 0.05 or

\

TABLE II-6

Food {g/24 h)
0.05% Na*
3.00% Na*
Water (ml/24 h)

0.05%
3.00%

W

Day 1

27+£0.21
2.1 +£0.3*

U W
o
H

oo

H I+

ol
OQ

3

24102

2.1 +0.2%

o
co

W N

4 S

23402 26402

23%+0.2 2802 -

o
Vol
+ 4+
oo
W -
*

' Values are means + SEM, n=18
* different from mice fed 0.05% Na™, p < 0.05

40

3.00% sodium diets for 2 days: Exp 3
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TABLE I1-7

“Effects of 0.05 or 3.00% sodium intake for 5§ da
turnover: Exp 3

L4y |

ys on tissue norepinephrine

. , , N .
~ Organ “Endogenous "Fractional NE ~ Total NE
- Weight NE Turnover Turnover
(mg) (nmol/g) (%/h) (nmol/g/h)
?
BRAIN
’ =Ty .
0.05% Na* 20354081 463 +0222 10.03 + 0.69 0.439/

. 3.00% Na* 2000+ 1.0 5.15+0.24 11.01 £1.14 0.523
HEART |
0.05% Na*_ 798+03 746+ 027 120,14 £0.79 1.461
3.00% Na* 73.2 +£0.2 6.90 + 0.34 20.70 + 1.60 1.434
KIDNEY " |
0.05%' Na* -~ 903+ 04 6.12.+0.27 21.55+1.50 1.152
3.00% Na* 932405 602033 23.09 + 1.93 1332
IBAT | L
0.05% Na*  1385+14 . 3.9+ 02] 19.72 £ 1.68 0.627
3,09% Na+ " 835+10* 594+ 0.75 23.52+2.35 1.130

! Values are means + SEM for n=18 mice in

2 n=6 mice per time point.
* different from mice fed 0.05% Na*, p<0.001

each t:reatment group.
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BRAIN 6.3 H :Q\.‘ KIDNEY 3.2 H
N ) ] \ . '
- ﬂ“‘fﬁi___ﬂ. ‘ \ 8 /
1 ) . 6.9H i 3.0H
' a . o=0.o§7. Na
'% ©=3.00% Na u
- 10 . —
c :'\EART ‘3_4 H ) IBAT
. ° LRt ., 3.0H
L . \ .. _
Z 1 R yo- it
" 34H
0.1L = ‘ . ~
) » 3 : 6 0 ' 3 6

Tlme (h).- .

- Figure I1-3 Dlsappcarancc ofNE from mouse brain, hcart kxdncy, and interscapular
brown adipose tissue (TBAT) after o - methyl-p- tyrosine administration in
mice fed a 20% protcm diet comammg 0.05% Na* (—) or 3.00% Na* (- -2
for 5 days (Exp 3). Each point represents mean + SEM of 5 - 6 mice. ‘
Slopcs of the two lmcs within each treatment did not differ i in any of the

h “ ‘organsganalyzcd (p>O 05) The numbers shown are half-times for
i f:r 4g§ap§émncc of NE in hours. o
fiﬁ"%’ w ’

@ﬁs for least squares fit of log transformed concentratlons:' o

| "{‘?Jiagsﬁl Z(pmol/g); x= tlmc(h)]
Brain: 0.05% Na*" y=3.641 - 0.044x . r=-0.843
3.00% Na*  y=3.676 - 0.048x  :r=.0772 i

Heart: 0.05% Na*  y=3.861 - 0.087x ; r="-0:908

' 3.00% Na*  y=3.841 - 0.090x ;r=-0.887

Kidney: 0.05% Na  /=3.728 - 0.094x = -0.842

3.00% Na*  y=3.7¢. - 0.100x.  ;r=-0.802
IBAT: 0.05% Na*  y=3.502 - 0.086x  :r=-0.768
\ 3.00% Na*  y=3.681-0.102x :r="0.803

~
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-NE turnover in brain, heart, kidney, or IBAT’GExp 1).

D. Discussion

)’ .

The results of this Ady indicate that acute increases in dietary Na* within a

irement level of 0.05% to 1.00% (Exp 2) or 3.00% (Exp 3) for 5 days
did not affect NE turnover i in the brain or peripheral sympathencally mnervated tissues.
Srmrlarly, an acute increase in Na* mtake from 0.10% to 3.05% for one day did not affect

These. ﬁndrngs are relevant for several reasons This is“the first report of the effects
of acute increases in Na* intake on n NE tumover Secondly, these findings exarruned

separately the effects of dietary Na* concentmtron at 4 levels of intake and 0ver two

- treattent durations. Further, Na* concentratrons employed were within a physrologlcal

" range, eliminating a potentially toxic pharmacologrcaj effect that extreme Na* mtakes may

have on sympathetrc response. -

Results are contrary to those reported with chromc Na* supplementatron In
normotensrve rats wherein a negative relattonshrp between Na* mtake and sympathenc
actrvrty was observed (Kaufman and Vollmer 1984 Dretz et al. 1980 Saavedra et al.
1983) Specrﬁcally, rats in these studies were generally at extremes of Na intake

- consummg 6 87% or 8. O% Na* ~supplemented purified diets (Kaufman and Vollmer 1984)
' or were controls consummg a deﬁcrent 0.02% Na* diet (Kaufman and Vollmer 1984 Dietz

_ et al. 1980; AIN Report of the Amencan Inshtute of Nutrition Ad Hoc Comrmttee on

Standards for N utntronal Studies, 1977). Thus the mverse effect of Na* mtake on

_ sympathetrc activity apparent through their measurement of plasma or trssue NE :

concentrations was not supported by our study. Our re ults are consrstet with recent

ﬁndrngs of Dawson and Opanl (1987) who reported noei ~*on renal NE concentration
when dretary Na? increased a'om a ‘normal’ level, assur physiological, to 3.4% Na* ..

for two weeks.

43’
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Variation in treatment duration from 1 to 5 days, regardless of dietary Na*
| concentrat10n within a physmloglcal range did not affect central or peripheral NE turnover
(Exp 1, Exp 3) It remains possible that noradrenerglc responses to alterations in dletary
Na™ are temporal in nature and are dependent on time as well as dose of Na* treatment.
Specrﬁcally, treatment duration in excess of 5 days or even between 2 and 5 days may be
required to ehcrt a noradrenergic response in normotenswe mice to 1ncreased Na intake
within a physiological range. Alternatively, sympathetic activity may respond to-‘more
extreme changes in Na* intake only’, and/or to treatment duratioht .
NE concentration declined monoexponentjally in all tissues examined except IBAT
demonstrating th{at one of the major assumptions of steady-state kinetics had been met. The
decline in NE concentration in IBAT apperared to be biphasic and may underestimate NE
turnover rate. These results are similar to those reported ina 'previous study where the £
of the data for the monoexponentlal curve was less significant in IBAT than in other organs
studled when NE concentration was determmed at seven time points over a 6 hour period
(Johnston-and Balachandran 1987). |
Experimental food and water intake data suggest Na* and fluid balance is altered in
response to-increased dietary Na* from 0.05 % or 1.00% (Exp 2) or 3.00% (Exp 3).
Observed increases in water intake in response toaltered dJetary Na suggest enhancement

of nat:nureth and diuretic processes. Whether these processes and their concomitant. effect

tivity chronically remains t6°be

on Na* balance are assoc1ated with altered noradrenerglc ;

determined. Recent studies demonstrate that Na* and fluid homeostasis regulatlon 1s hnked
to noraurenergic activity through a-adrenergic control of renal filtration rate and B- .,
adrenergic conhtrol of renin release (Hall et al. 198.6; DiBona 1986). Efferent renal

sympathetic activity has been shown to undergo appropriate changes to facilitate renal Na* . ey

conserv’ation Juring Na*t deﬁcit and to promote Na™* excretion during Na* excess through

increased or de ‘reased renal efferent artenolar constriction, respectively (DtBona 1986)~ ’4

Ani mverse relaticn between Na* and free NE excretion in chronigally denervated one ﬂ )
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kidney rats has been reported by Morgunov and Baines (1981) and between Na* intake and
jxnnary NE i n rmotenswe/ﬁajnan studles by Alexander et al. (1974) who reported free
’ NE ei‘crendn decreased 44% when Na* intake mcreased from 9 to 209 or 259 mmol/day
for 10 day§ Therefom it is posmble that more prolonged consumpuon of a high Na* dijet
is necessmy to-elicit a sympathetm response to alterec{Na mtake for mamtenance of Na* |
balance. e . |
More srudles mvesugatmg the individual effects of dietary Na* concentratxon Na*
balance, and Na* ﬂﬁeatment duratlon on SNS acﬁvny in normotensive animals are needed to

clarify the association between dietary Na* and sympathetlc acl:wty and so charactenze the

possibie role of enhanced noradrenerglc acnvny in the development of hypertensxon
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III. Effects of Subchronic and Chronic Increases in Sodlum Intake on
‘ Sympathetlc Nervous System Activity: A Temporal Study
@ ’& |
" A. Introduction
&

* There isq increasing evidence that high sodium (Na*) intakes are associated with .

]

increased sympathetic nervous system (SNS) activity, as measured by plasma

ccmc[:en‘u'ation and urinary excretion of catecholamines in normotensive humans (Luft et al.

1979; Parfre_y et al. 1981; Romoffet al. 1979; Dustén 1985; Campese et al. 1982;

Berglund 1983; Nicholls et al. 1980). For example Nicholls et al. (1980) showed that

- when Na* intake increased from 120 to 240 mmol/day, Iplasma‘norepinephrine (NE)
increased approxunately 50%. Thus hypertensmn assocmted with high Na* intakes may be

_attributed to a maladaptwe response wherein dletary Na™ enhances SNS actlwty leading to
reduced Na* excretion and increased vascular re51stance through alpha-adrenergic actions
(Scribner 1974; Hall et al. 1986; Vollmer 1984)

Experiments investigating the effects of i Increasing dletary Na* on noradrenerglc
achvxty in hypertensive animals prov1de consistent ev1dence that a posmve correlatlon
between Na* intake and SNS achvuy exists (Battarbee et al. 1979; Wmtermtz and&Opanl
1982 Dletz et al. 1980). In spohtaneously hypertensxve rats, an increased Na mtake has ‘

R been shown to increase plasma NE concentratlon increase unnary NE excretxon and

~accelerate the onset and severity of blood pressure elevation (Winternitz and Opanl 1982;
Dietz e al. 1980) Similarly, Dletz et al (1980) found sympathetic activity as assessed b‘y

| plasma NE concentrahon to increase with Na* Ioadmg In spontaneously hypertenswe rats.

Limited studxes have been conducted to detemune the site(s) at which sympathetic
functlon is al.ered by dletary Na™ intake. The effect that a high Na* diet has on tissue
noradrenergic zcuv1ty is mot clear. In several hypenensive models, a high Na* intake has .

+ been reported to increase sympathetic neuronal activity assessed through determination of

- 48
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NE turnover rate in cerebral hermspheres (Gradm et al. 1985), the pons (de Champlam and
Van Ameringen 1972), or the heart, intestine, and spleen of DOCA -Na* hypertenswe rats
(de Champlain et al. 1969). P

| Normotensive animal studies mvestlgatmg the relaUOnJ&fup between dietary Na* and
SNS function are limited and prov1de 1ncon51stent evidence that a neganve correlatlon
‘between Na* intake and sympathetic actxv1ty exists. A five week increase in Na* intake
'frorn 0.02% to 0.66% Na* was reported to decrease kidney, heart, and arterial tissue NE
coneentrations in rats (Kaufman and Vollmer 1984). Slrmlarly, de Champlain et al. (1969)
reported increased NE tumover In hean intestine, and spleen of normotensive rats when ’
feda 1% Na* chlorlde diet for four to six weeks In contrast Na™ loading has been shown |
to increase adrenal NE concentration in Dahl Na* —re31stant rats (Saavedra et al. 1983).
Increased Na™* mtake from 0. 02% to 6.87% Na* was shown not to affect endogenous
tissue NE concentrations by Kaufman and Vollmer (1984). Three week Na* loading has
been shown to exert opposite effects on NE turnover in rabbit cardlovascular tissues and
bram stem (Tanaka et al 1982). Conlflicting results between studies may be attributed to
| intra- and 1nterspec1es variation in noradrenerglc response to alteration in Na* mtake orto -
differences rn methods of SNS assessment. Alternatlvely, dischepancies may be attributed
to the application of extreme, variable dJetary Na* concentration, and the confoundmg
effects of variation in treatment duratlon on sympathetic response. A more complete
‘assessment of the effect of Na* mtake onSNS activity would involve studging the
independent effects of dietary Na* ~ concentration and Na* treatment cur: onon |
noradrenergrc activity.

The purposes of the present study were first to detemune the time- dependent '

relanonshlp between Na* intake, NE and DA excretion, and NE turnover in heart and
kidney and second to determme the effects of physmloglcal levels of Na* intake chromcally
on NE turnover in bram and severa] peripheral sympathetically mnervated organs namely -

heart, IBAT and kldney Organ specific NE tumover and urmary excretion of NE Mere
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used to assess noradrenergic activity in response to altered Naﬁ\?@ake to characterize the
relationship between Na* treatment duration and sympathetic activity.

&

4 ' B. Methods .
\ . I ‘ ‘ ' o '
L Animals and Diets ' .' '
Three expenments were conducted using four-week-old female ngrmotensxve @e/
(C57 BL/6J. +/+, Jackson Laboratones Bar Harbor ME). In all expenments Na intake
" was increased from 0. 05% to 3. OO% Na* composmon as prev1ously reported (T able II- 1

Table II-2). Treatment duration was varied to characterize the t1me dependent relationship

W)
between increased Na* mtake and sympathetlc activity. MJCC were fed ad libitum as

follows: 0.05% Na™* or 3.00% Na for 10 days (Exp 1); 0. ﬁg N
days (Exp 2); 0. 05% Na or 3.00% Na for 30 days (Exp 3) ‘_w (0.05%) and high T
(3.00%) Na* diets contained approximately 20% of metabolizable energy as proteirr, 60%
as carbohydrate and 20% as fat (Table II-1). The l‘ov\‘/.Na+ diet of 0.05 % Na* was
employed because it proyided the minimum requirerr;ent of Na* for rats and presumabiy
mice. (Subcomrmttee on Laboratory Animal Nutrition, National Research Council, 1972).
Dietary Na* content was confirmed by Alberta Agnculture s Food Laboratory Services

| Branch Mrce had ad libitum access to deionized water A 12-hour light: dark cycle with

B hghts on commencing at 0900 and a room temperature of 23 T 1° C was maintained

throughoyt experiments.

\ars

aNa™ or 3.00% Na* for 13 -

50
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2. Expe?imental Protocol
' Experlment 1 Protocol ) ) {

. N '
Urmary excretlon of Na free NE anﬁA and crea%e were measure L. mice fed a low

(0.05%)-or high (3. 00%) Na diet o detej , terpiBiafiinpta
] ' TV }._ 3
Forty-eight mice were adaptedﬁto the 0. 05 % Na™* diet gelatlngd' 0¥ thé

agar (Agar Purified, Difco Laboratones Deﬁoi‘t, MI) W1th a dlet to—water rauo saf . 21 for
~one week in metabolism cages contammg 4 mice per cage after which Lhey either contmued
to receive the 0.05% Na*t dxet or were fed a 3.00% Na* diet for 10 days. Mice were fed
260¢g gelatmxzed high and low Na* diets daily (14. 28g;<‘ivl/et/24h) providing

4 60 mEq and 0.08 mEqNa/%4h/4 mice, respectively. Assuming equakfood mtake among
individual mice within each cage, 0.05% and 3 00% Na* treatment groups were provided
with 0.02 and 1.15 mEqNa/24h/mouse respectlvely Water intake was measured daily.
Mice were fed at 2000h to minimize urme contammalnon by diet. The mice cxcreted their
greatest proporuon of urine in the light penod prior to 2000h. Urine was collected pnor to

.

: 2QOOh as well as the following morning in n=24 cases to provide completely \»

- uncontammated samples for estimation of the conmbutxon of dietarymNa™* spillage to unnary

NE excretlon Otherwise all urine was collected daily at 0900 h in water cooled, acid-

treated ( 150u.1 6 N HCl) collection cups for subsequent deterrmnanon of 24 h Na*, free

NE, free DA, and creatinine excretion. Urine volume was measured and ahquots were

¥

transfered into un(reated vials for determmaﬁon of Na* and creatlnlne and v1als treated

51

with 20ul EDTA/glutathlone stabilizing solution and frozen at -40° C unti] assayed for free

NE and DA (onanalytical Systems Inc., 1982).
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Experiment 2 Protocol

Thirty six mice were housed singly in hanging wire mesh cages and were randomly
fed diets containing either 0.05% Na* or3. OO% Na™ for 13 days. Mice were killed by
decap1tahon beginning at 0900h at 0,3, or 6 hours after i.p. injection with o, -methyl-p-

- tyrosine (400 mg/kg body welght) in physiological saline. Kidney with capsule removed
| and heart were rapidly removed wrapped mn-aluminum foil, wei ghed and 1mmedxate1y

L.\\’
frozen on dry ice. Tissues were held at -40° C for subsequent determmatlon of NE within

one month.

Ex periment 3 Protocol

Forty-eight mice, housed singly in hanging wire mesh cages except for\IO)days at |
the beginning of Lée expenment when they vﬁere housed 4 / metabohsm cage (Exp \K were
adapted for one week to a diet containing O. 05% Na* (Table aI-1). After one week of\
ad libitum feeding of the 0.05% Na™ diet, 18 of the 36 mice were randomly 3551gned to \the
3.00% Na* diet for 30 days, whﬂe remaining mice contmued feedmg on the 0.05% Na*
dlet Mme were killed by decapitation beginning at 0900h at0,3,o0r6 hours after 1. p-
mjecuon with a-methyl-p-tyrosine (400 mg/kg body welght) in physiological saline. Brain
dissected into left and right cerebral hemispheres, heart, kidney with capsule removed and
mterscapular brown adipose tissue (IBAT) were rapxdly removed, wrapped in alurmnum
foxl weighed and unmedxately 0zen on dry ice. Tlssues were held at -40° C for |

' subsequent determination of NE'within one month.

\
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"3. Analytical Methods and Statistical Analysis

Analytical Methods '

Urmary Na* was measured by ﬂame emission spectrophotometry (Model SP9
Phlhps Instruments Ltd., Vancouver B C Appendrx 2). COITCCUOI‘I factor for Na*
spillage was calculated frorry averaged differences in urinary Na* concentraﬁon between -
~ urine colletted at 2000h (prior to feeding) and 0900h (subsequent to feeding) for mice. fed
the hlgh\so/Em diet only. Mice fed the low sodium diets consistently sHowed no food
spillage in the urine collection cups. -
| * Creatinine excretion was measurec (nitially to determine the completeness of urine
collection. Urmary creatmine was determmed colourimetrically by a kit (#555 Sigma
Chermcal Co., St. Louis, MO. Appendrx 3).

~ Free NE and DA in pooledi24-h- -urinary excnetrons were srmultaneously determined
by high-performance liquid chromatography with electrochermcal detection under -
lcondmons drscussed previously (Chapter II). In bref, 1 or 2 ml samples for quannﬁcauon
of free forms were decanted onto 1solauon columns (Econ(»Column Bio Rad R
Laboratones Richmond, CA) containing cation- -exchange resin (Bio Rex 70, BIO Rad -
Laboratories, Rxchmond CA., Appendix 4). Eluted NE and DA were subsequently
o acted onto alumina under alkaline conditions and were separated chromatographrcally

by e -viously reported method (Bioanalytical Systems Inc., 1982).
E in the tissue hemogenate supertnatant adsorbed on alumina arid extracted in | k

e

0.2M pe-chloric acid, was assayed by high performance liquid chromatography

(Mode 2000, Varian Canada Inc. Georgetown, Ontano) with electrochemical detection .
(M- +LC4; Bioanalytical Systéms Inc., West Lafayette, IN.) t%r detemtinat;idn of NE.

t overratg in YExperiments 2 and 3 (Appendix 1). L T

%
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Statistical ‘Analysis
As creatinine was used initially as an indicator of completeness of urine collectlon
© an analysis of covariance of creanmnc with urine vojume Na* excretion, free NE and free
DA excretion was done. The effects of treatment (0. 05% Na*, 3.00% Na* diets) and day
(1 through 10) and their interactions on urine volume Na* excretion, creatinine excretion,’

free NE and free DA excretion were tested b

L\l

y least squares analysis of variance with day

treated as a repeated variable (BMDP-2V Program, BMDP Statistical Software Inc. ,Los °

Angeles CA.). Where sxgmflcant interactions were found, this was followed by a Student

Newman Keul s multiple companson procedure within each treatment to identify wheére the
significant differences between days lay (SPSS Guide to Data Analysis, 1986). A p value
<0.05 was considered significant. 'All urinary parameters are expressed as means +SEM.
Total NE tumbve_r rate (K) was calculated as the product of the estimated NE
concentration at time Q for each orgal\] and the rate constant (k) where k= =slope/0. 4'34 -
(Brodxe et al. 1966). Fractxonal turnover (kxlOO%) was expressed as % /h: standard error
(SE) of k (SEk) equalled SE for b (SEb) d1v1ded by 0.434. Rate of NE turnover was
.‘ calculatcd by lme‘ar regressmn of the log NE concentration versus the tlme penods spemﬁ ’
©0,3,6 l&)urs) ‘and the slopes were c0mpared using the variance estlmated for dxfference g
' between slopes (Glll 1978) I"Iihegstudent s t test was used for group comparisons between
| treatments where appropnate Tlfmover values are ex,pre,ssed as means + SEM.

I" v' &
kS

g

S ‘_n‘" .

e L st
'Exll‘.é’l"iment 1 L :

I3 o ;
Daxly water intake was consistently three- fold greater in mice fed the 3. 00% Na*

daﬁdlet compared to those fcd the 0.05% Na* diet (23.24 + 1.63 vs 6.81 . 0 45 ml/24h;
qr‘f' o

" Table HI-1). 24h urine volumeWas also 51gmﬁcantly greater in mice fed 3.00% Na diet

. and was approumately six-fold greater than that seen with mice fed the 0.05% Na* diet
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when averaged over the 10 day trehtment duration (17.03 +0.91 vs 2.83+0.15 rr11/24h;
 Table ITI-1).

The contribution of diet spillage to urine Na* excretion was 2.24+ 0.58 mEq/24h in”

the mice fed the 3.00% Na* diet (n=24). Af&t:'r subtradtingdthis amount from the total Na*
excretion on the high Na* diets, 24 h Na* excretion Was 44 fold higher than control

. .(1.86 £ 0.31 versus 0.04 + 0.00 mEqNa/Z4h) after 1 day on the 3.00% Na™ diet; peaked
at a 140-fold elevation above control on day 3 (7.37 + 0.047 mEqNa/°4h) and remamed

elevated throughout the balance of the study (Figure II-1). Average darly Na* intaké'and

dauy Na* excretion w;re comparable within 0.05% and 3. OO% Na” treatment groups and

‘were 0.0840.01 vs 0.05+0.01 mEqNa/24h/4 mice and 4.60%0.32 vs 4.59+0.57

mEqNa/24h/4 mice for the intake and excretion of mice on the respective dietary treatments.

Unnary creatmme excretion/24h was greater in mice fed 3.00% Na than in those
fed 0. 05% Na on days 4 6 7and 9 (Figure III- 2) Average creatinine cxcretron was 49%
higher in mice fed the. 3 00% Na*lulet than in those fed the 0.05% Na* diet (1.68 +0.20

vs 1.13+0.14 mg/24h p<0 OS) Daily creatinine excretion was constant within’
treatments and did not differ between- days within high or low Na* groups (Table III-2 3).
Unna.r;' ‘I@\NE excretion/24h was significantly lower in mice fed rhe 0.05% Na*

dlet than in tﬁo&e f@i the 3:00% Na dret ondays 2,4, and 6 through 10 (Figure II1-3).
Free NE exctfctlon was 4% Tower in rmce fed 0.05% Na* diets (0.302 £0.048 pg/24h)
compared to those fed 3.00% Na* (0. 527 +0 038 Hg/24h) when averaged over the 10
 days. There e’f'ppeared tobea curvﬂmear decline in NE excretlon with continued -

, {consumptlon of the 0.05% Na*.diet such that drfferences octween treatrnents became

. consistent by day 6, 13 days afterinitiation of the low-Na* feedmg reglmc (Flg IH 1).
This appeared as a 51gn1ﬁcant day-by- tmatment mteractxon (Table II-2) such that in' the
" mice fed O 05% Na™ diets, free NE cxcreuon was 51gn1ﬁcantly lower on days 2 through 10

than on day 1 (by Newman Keul S multlple mmpmson procedure Table II- 3)

e
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Urinary free DA excretion/24h showed a temporal response similar to that of free

NE (Figure III- 4) Free DA excretion was approxrmately 52% lower
(2.41 £0.43 vs 3.59 + 0.46 Hg/24h) in mice fed 0. 05% Na* diet when averaged over 10
days. Free DA levels were srgmﬁcantly lower in mice fed the O 05% Na* a” diet on days '
4,6, 7, and 9 when compared to 3. OO% Na* counterparts (Frgure II1:5). The curv1lmear

P ,
decline in free DA excretion in mice fed the 0. 05% Na* diets appeared staustlcally as a day

.by treatment mteractlon (Table ITI-2) such that free DA excretron was significantly lower on
days 2 and 4 through 10 than on n days 1 and 3 (Table ITI-3)

Analys1s of covariance showed creatinine excret:on was a covariate for urine
volume (Fq, 89)= 24 94 p<0.005), urinary Na* (F(1,89)= 12.45, p<0 005), free NE
excretion (F(1,89)= 15.05, p<0.005) and free DA excretion (F(y,89)= 5.36, p<0.005).
However when unnary variables were subsequently expressed relative to creatinine the

treatment effects remained the same exogpr for DA. Specrfxcally, differences bet‘ween
treatments in Na* excretion expressed relative to creatinine were consistent throughout the
study and averaged 86 fold lower in 0.05% Na* -fed*nuc’e compared to 3.00% Na*-'fed
* counterparts (0.05 + O 01vs4.32+0.26 mEq Na*/mg Creatinine / 24h; Figure III- -5).
Urinary free NE levels relative to creatinine excretion were 51gmﬁcant1y lower in 0.05%
® Na* -fed mice on days 3, 6, 7, and 10 when compared to 3.00% Na*-fed mice |
(Frgure I0-6). Free DA excretion did not differ between treatments when expressed
" relatxve to creatinine but showed a temporal response similar to that when expressed

mdependent of creatinine (Frgure [1-4 and Figure O1-7).
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3.00% Naf

19.35 £ 1.47*
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y TABLE III-1
Effect of 0.05% and 3.00% sodium ntakes .on water intake and
- urine volume: Exp 1 ‘ '
Day Treatment Intake Excretion
B ) m1/24h ml/24h

1 0.05% Na* 4210371, 2.35 +0.18!
3.00% Na* 14.56 + 1.16* 11.10 + 1.27*

2 0.05% Na* 4.47+026 2.57+0.32
3.00% Na* 23.40 + 1.34* 15.30 £ 0.87*
3 0.05% Na* . 4.65 + 0.44 3.78 + 0.34
3.00% Na* 24.65 + 1.73* 17.07 + 1.84*

4 0.05% Na* £ 6.05+024 2.63 +0.30
3.00% Na* 27.32 + 1.72* 16.62 + 1.30%

5 0.05%,Na* ' 5.78 + 0.42 3.60 + 0.54
© 3.00% Na* 21.44 £ 1.85% 16.02 + 1.75%

6 0.05% Na* 5.96 + 0.41 2354034
3.00% Na* 33.89 + 2.66* 2132 +2.51%

7 ~0.05% Na* 5.21%0.39 2.58 £0.32
©3.00% Na* 22.96 + 1.33* 15.43 + 1.16*

8 0.05% Na* 5.32 % 0.41 2.83 + 0.4
3.00% Na* . 24.80 £ 1.75* 18.72 + 1.97*
) .

9 0.05% Na* - 6.07 £ 0.51 2.72£0.50
- 3.00% Na* 20.02 + 1.11% 20.02 + 1.11*

10 0.05% Na* 5.72 £ 0.53 2.88 + 0.53

18.68 + 1.84%

I Values are means + SEM; n';6 ca{ges per treatment, 4 mice per cage.
different from 0.05% Na* treatment group (p<0.01, Students t-test).

b3

-

.
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Figure III-1 - Average pooled daily Na* excretion +SEM 1n mice fed 0.05% Na* or 3.00%
Na* diets for 10 days (Exp 1). Values repr@sent mean 24h Na* ex crcuons
from 6 metabolism cages containing 4 mice per cage. Urinary Na* was lower

in mice fed 0.05% Ma* diets than those switched to 3.00% Na* throughout
.. the study, all p< 001. v
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for 10 days (Expl). Values shown are means +SEM for total daily creatinine:
excretion from 6 metabolism cages per treatment.containing 4 mice per cage.
Urinary creatinine was higher in mice fed 3.00% Na* diet than those fed

~.:0.05% Na* diet on Days 4,6,7 and 9 (*p<0.05),
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Figure II1-2  Total daily creatinine excretion for micc' fed 0.05% Na* or 3.00% Na* diets
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Daily free NE excretion of mice' fed a 0.0.)9;01“ 3.00% Na* diet for 10
days. Values shown are means +SEM and represent daily free NE from 6
metabolism cages per treatment contammg 4 mice per cage. Free NE
excretion was lower in mice fed 0.05% Na compared to those fed 3. 00%

Na" on days 6 through 10, 13 days afteri mmatlon of low Na* feeding
(*p<0.05). -~
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Daily urinary free DA excretion of mice fed a 0.05%.or 3.00% Na* diet g £

for 10 days. Values'shown are means *SEM and represent daily free DA
excretion from 6 metabolism cages.per treatment containing 4 mice per
cage. Free DA excretion was significantly lower in low (0.05%) Na*-fed )

%

mice compared to high (3.00%) Na*-fed counterparts on days 2, 4, 6, 7
and 9 (p< 0.01). ' | : < -
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- Average daily Na*/creatmme excretion from low Na*-fed mice was

0.0521 0. 005 (p<0 00S on all days)
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Daily urinary free NE relative to creatinine excretion for mice fed diets
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TABLE III-2

Analysis of variance with day treated as a repeated "’vaﬁable: Exp 1

Urine Volume

G, | F df . [;\

" Day . 4.50 9 p<0.005
Treatment . 186.93- 1 p<0.005

Day x Treatment Interaction 434 - . 9 p<0.005

Na* Excretion L

- F df P

Day " 7.88 9 p<0.005
Treatment” _, 397.32 1 p<0.005

Day x Treatment Interaction 7.77 9 , p<0.005

Creatinine Excretion

F df p
Day - 2.95 9 p<0.005
Treatment o ‘ 19.08 1 p<0:005
Day x Treatment Interaction®, - 114 9 - N.S
Free NE Excretion
. , F df p
Day | | 3.82 9 p<0.005
Treatment ' 57.56 1 p<0.005
Day x Treatment Interaction 5.21 9 p<0.005
Free DA Excretion o . w
' F . df p
 Day - 457 9 p<0.008
* Treatment 13.55 1 p<0.005
9 p<0.05

‘Day x Treatment Interaction ©2.03



TABLE III-3

Newman-Keul analysis g

‘inary parameters for significant differences
due to daym

within treatments : Exp 1 1

Urine Volume”
Day 1 23 % 5 6 7§ g 10

0.05% Na*
3.00% Na*

Na” Excretion
Day 1 2 3 4 57 6 7 8 9 10

0.05% Na* - a
3.00% Na* '

Creatinine Excretion
Dy 1.2 3 4 5 6 7 g o 10

0.05% Na*
3.00% Na*

Free NE Excretion

Day = 1 2 3 4 5 6 7 8 9 10

0.05% Na*
3.00% Na*

Free DA Excretion iy
Day 1.2 3y 4 5 6 7 3 o9 1o

0.05% Na*
3.00% Na* -

b

1 Any two means not underscored by the same li;e are significantly different (p<0.05).

Any two means underscored by the same line are not signiﬁg:ant_ly different.
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Experiment 2 R
Body weight differed betwecn mice fed 0.05% Na™* or 3.00% Na*+ for 13d: s
(15. 47g £ 0.91 versus 13.48g + 1. 24, respectlvely, p< 0. 05) NE concentration dic 1ot

11

differ between treatments in either the heart or kxdney However, fractional and totz =
turnover rates significantly differed between treatments and were 57% and 79% low.
respecnvely, in mice fed 0.05% diet compared to their high Na* fed counterparts (Table
II-4, Figure I11-8). -

Experiment 3

Body weight did not differ betwéen mice fed the 0\ 05% Na* and 3.00% Na* diets
for 30 days, (18.1g + 1.2 versus 17. 6g+ 1.2, respecnvely)\ NE concentrations and NE
tumover rate in brain, heart, kidney, and IBAT did not differ between treatments

7

(T“a‘ble I1I-5, Flgure 1-9). . K

e
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- TABLE III-4

Effects of 0.05% or 3.00% sodium intake for 13 days on tissue
. norepinephrine turnover: Exp 2 '

- O-rgan Endogenous Fractional NE Total NE

Weight NE "~ Turnover Turnover
(mg) K (nmol/g) : (%/h) . (nmol/g/h)

KIDNEY
0.05% Na* *  91.8+0.7! 4.74 £ 0.162 19.62 + 1.27 - 0.852
3.00% Na* 924+1.0 5.05+0.14 2353+1.19 . 1.119
HEART
0.05% Na* 74903 _ 546+0.26 17.06 £ 1.16 0.898
3.00% Na* 73.8+ 0.4 5.34+0.10 27.56 £ 1.18% 1.607*

! Values given are means + SEM for n=18 mice in each treatment group. -
2 n=5-6 mice per time point.

_* different from mice fed 0.05% Na™, p<0.05.
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Figure I11-8

Time (h)

Disappearance of NE from mouse kidney and heart after-at-methyl-p-tyrosine

administration in mice, fed a 20% protein diet with 0.05% Na* (—) or

3.00% Na* (----) for 13 days (Exp 3,).‘ Each point represents meun ISEM of

6 mice. Half-times for disappearance of NE in-hours are shown for

. .\ .
comparison purposes. In the heart, the slopes of the two lines are diffeient
(p< 0.03). ‘ ‘

A

Equations for least squares fi (log transformed concentrations:
[y=log NE(pmol/g); x=time IR . -

Kidney:  0005% Na* “y=3.638 - 0.085x * :r=-0.859
3.00% Na*  y=3.677-0.102x (= -0.912

Hear:  005% Na*  y=3.721-0074x 1= .0.848
© 300%Na' y=3766-0.120x  :s=-0.930
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Effects of 0.05 or 3. 00% sodium intake for 30

¢

TABLE IIL5

norepinephrine turnover: Exp 3

t

70

days on tissue ¢

Organ Endogenous Fractional NE Total NE
Weight NE Turnover Turnover
(mg) (%/h) (nmol/g/h)
BRAIN
0.05% Na* 207.1£071  4.02+0.082 11.48 £0.72 0.436
3.00% Na* 1994 +0.5 4.06 £ 0.13 11.66 + 0.53 0.454
HEART - 2EN \
. 0.05% Na* 949 £0.3 - 2292+ 1.39 1.028 .
~ 3.00% Na* $933+04 - TZ3S9+ 1,10 1.173 .
KIDNEY |
0.05% Na* 109.6 £ 0.3 4.73 £ 0.09 18.86 + 1.67 0.748
3.00% Na* 113.12£0.6 . 4.96+0.06 2276+ 1.48 - 0.927
IBAT | u
0.05% Na* 1144+15, 423+021 1833 +1.88 0.564
3.00% Na* 109.2 £ 1.0 14.33+£0.26 22.64 £ 1.62 0.776

I Values are means + SEM for n=22-24 mice in e
2 n=7-8 mice per time point.

ach treatment group.

1.
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Figure III-9 Dlsappcaranc;c of NE from moUsc bram heart, kidney, and mtcrscapular -
brown adlpose{s;uc (IBAT) after o- mcthyl p—tyrosme admmlstranon in mice
fed a 20% purified proteini diet with 0, 05% Na* (—) or 3.00% Na* (=)
for 30 days (Exp 3).. Eac!;x pomt represents mean £SEM of 8 mice. Slopes of

‘ _ ‘thc two lines within cacﬁ zrcalment are nbt dlfferant (p>0.05). ’Ehe numbers
. shown are half—tlmcs for dlsappcarance of NE in hours '
{ . .
\ :
o - Equatlons for least squares fit of log transformcd concentrations:
. [¥=log NE(pmol/g) X= nme(h)]
: " Brain:  0.05% Na*  y=3.580 - 0050~ :r -0.836. o
e 3.00% Na* - y=3.590.- 0.051x.- ; r=-0.900 S
'J R . - \~ . . P . ’4 }
+ Heart: 0.05% Na* y=3.652 -B.O99x - r=-0.842 -
' 3.00% Nat  y=3.607 - 0al02x &r=-0.897
] Kidney:  0.05% Na* . y=3.598 -0.082x  ;r=-0730
: © 3.00%Na*  y=3610-0.099x :r=-0.824
IBAT: 0.05% Na*  y=3.488 -0.080x ;- -0.679

3.00% Na*  y=3.535 - 0.098x

;1= N.701



L , ' D. Discussion
. Free NE excretion declined temporally in response to prolonged consumption of 3

low (O 05%) Na* diet, apparent by 13 days after the initiation of the low Na* diet, but did
not change over the same time period in normotenswe mice consuming a 3.00% Na* diet.
NE turnover rate in the heart only'was significantly lower with similar treatment duration in
mice fed the low Na* compared to the high Na* diet and thus may be responsible for the
observed decline in free NE excretion associated with consumpuon of the 0.05% Na™ diet.
Chromc (30 day) consumpt;on of the 0. 05 % Na* diet did not affect centraﬁor peripheral
NE turnover indicating a ume dependent relation between Na™ intake and sympathetic
act1v1ty assessed by free or total NE excretion and cardlac NE tumover ‘ / \w .
The results of the present study are significant for several reasons. First, by

studying the temporal adaptation pattern of fluid balance and Na*, :creatinine free NE and

DA excretron to.altered Na* mtake W1th1n a physiological range the prewously
‘ ‘undetermmed tune dependent relation between Na intake, Na* excretion, and sympathetic
activity was assessed Second, this is the first report mvesugatmg the time course of the
effect of altered Na* intake on NE turnover in penpherally mnervated organs of - .
normotensive animals. The series of expenments are umque by v1rtue that they quantify
" 'normal’ physrologleal changes in sympathetrc act1v1ty of normotensive animals i in response
" to altered Na* mtake wrthm a physmloglcal range As such, expenmental ﬁndmgs are
- distinct from those previously reported with normotensive ammals 1nvest1gat1ng the effects
--of extreme. ~hronic N; supplementatrorr (Kaufman and Vollmer 1984 Dtetz et al. 1980; -
' Saavedra et al. 1983) Furthermore observat10ns allow direct compansons between NE
, tumover and catecholarmne excretion methodologles for SNS\asses‘s/ment / R . :

Acute 1 or§ day i mcreases in Na™ intake from 0.05% through 0. 10% to 3. OO% Na*

have been shown not to affect NE turnover in bram heart kidney or IBAT in
normotensrve mice (Srmon et al. 1987). Present ﬁndmgs extend these observations to

“
show that sympathet1c acuvrty, assessed by NE excret10n and cardlac NE turnover rate,
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declines transiently in response to low (O 05%) Na* feedmg for 13 to at least 18 days.
\Results indicated that 24h urinary free NE excretion was a reliable indicator of SNS
activity in that it paralleled changes in cardiac NE turnover in response to feeding the low
Na™* diet. These observed differenges in free NE excretlon and cardiac NE turnover rate
between mice fed low and high Na* diets support the hypothesis that the level of activity of
tﬁe stpatheuc nervous system is modified in response to alteratrons in dietary Na* mtake
These resulfs conﬁrm that a posmve relationship exists between Na* intake and
noradrenergic activity and are in acord with previous studies on the effect of Na* loading in
‘normotenswe humans (Nlcholls et al. 1980; Dustan 1985; Berglund 1932; Parfrey et al.
1981; Campese 1982). h N o :

Results suggest that dlfferences in NE excretron and NE tumover rate produced by
-alterations in dietary Na reﬂect suppressron of sympathetnc act1v1ty in response to -
| prolonged consumptron of a low Na* diet rather than a stimulatory effect of Na* on

sympathetic aCIJVIty as reported in studies with normétensive Rumans (Nrcholls et al.1980;
‘Parfrey et al. 1981; Dustan 1985) or hypertensive animals (Campese 1982 Parfrey et al.
' 1981). Previous normotensrve human studies analyzmg plasma and urinary NE reSponses
to.alteration in Na* mtake have based stimulatory effects of high Na* mtake on +
| neradrenergic activity relatlve to that seen w1th consumptnon ofa low Na™* diet. Similarly, .
| studies of hypertensrve amrnals have reported that i mcreases in dletary Na* enhance - o :
@npathetlc activity by a one- tlme -point, dtrect companson to those lévels of activity seen
‘ W1th lower Na* 1ntake used as controls Companson of fractlonal or total NE tumover
rates across different expenments (Chapter II and Chapter IIT), support that. cardlac NE -
turnover is lower in rmce fed dlets contalm,fzg O 05% Na , subchromcally Present - '_: ;e '
ﬁndlngs stress the i unportance of conductlng temporal studres and analyzing sympathetic .
* Tesponses over time, from onset to terrmnatlon of t:reatrnent, for accurate data i mterpretatlon

The findings clearly indicate that a time- -dependent relationship exists between Na*

mtake and sympathenc act1v1ty Srgmﬁcant dlfferences n unnary free NE and DA levels
' 7



' consumptron of a low Na* dlet

occurred between days Vin response to low and high Na* feeding Free NE excretion
declined over time in response to 0. 05 % Na* feedmg such that differences between
treatments became consrstent by day 6, 13 days after initiation of the low Na* feedmg .
regime. ‘However, the inhibitory effect of low Na* consumption on sympathetic activity
was transient since NE turnover in mice chronica]ly €30 day) fed the 0.05% or 3.00% Na*
diets did not differ in brain or any organ examined. Slgmﬁcant day- by -treatment '
interactions occurred in relatlon to urinary free NE and DA levels, further supporting tlme‘
depengency of sympatheuc response to Na* intake. A .
Dxetary Na* exerted an effect on free NE excretion such that differences in free NE ,
values between mice fed 0. 05% or 3.00% Na* were consistently significantly different by

the sixth treatment day, Decreases in free NE excretion in response to feeding a 0.05% J

Na* d1et for 13 daysxppeared to-be a result of decreased,{\IE turnover rz:te in the heart,

; -;d presumably NE production 15 accordance ‘with steady-
Y

staje kinetics (Elser 1984) f‘us baroreceptor—medlated sympathetlc control of

cardiovascular function may be affected by Na mtake the results therefore supportmg an

* important role for cardxac Sympathetic actlvuy in c1rcu1atory compensatlons assocxated with

altered dietary sodlum StaUStlcﬁIly, it appears unlikely that sympathetlc regulatlon of renal

.‘ hemodynarmcs is 1mportan1.’ in the- mamtenence of Na and fluid homeostasls in response to

physxolog1cal alteratlons in Na intake. However a non51gn1ﬁcant lowering effect of the .

‘.

0.05% Na* a d1et on renal fractxonal and total NE- turnover was apparent, mdlcatmg a ..

;- possible relatmn between sympathetfc actwlty and Na conservahon wrthm the lgdney with

R

nsy . ) , ;
s The results concur wlth ﬁndmgs of Meldrum et al (1985) wherem noradrenerglc

Nk

activity, assessed by ponal vein and antenor hypothalamus NE concentranons decreased

2

5 ;f;:_-m msponse to low (Q.05%) Na feeding for Tt09 days in spontaneously hypenenswe rats-.

-;and normotensive controls. Gradm Dahlof and Persson (1986) mmﬂarly reported that a

. . ) ’ ' ' o
©uh | » ' _ .;,":j.



> )>low dletary sodmm mtake of 0.02% Na™ reduces neuronal NE release in spontaneously
hypertensrve rats when compared to those fed normal (0. 57%) or high (5. 22%) Na* diets.
The direct relatmnsh1p seen between Na* intake, urinary Na*, and DA excretion is
in accord _w1th previous findings (Alexander et al. 1974, Carey et al. 1981; Imbs et al.
1984; Morgunov and Baines 1981; Alexander et al. 1974; Oates et al. 1979). Observed
antinatriuresis in response to low Na* diet as reflected by low Na* excretion and urine
"volume, is attributed to decreased vasodilation of renal vasculature, increased t“ﬂuation,
fraction and Na™* reabsorption secondary to decreased renal dopaminergic activity
(Morgunov and Baines 1981; Alexander et al. 1974, Oates et al. l979) -'
The dnect correlation seen bgtween Na* intake and free NE excrenon is unusual
and does not support the antinatriuretic role for NE suggested by Morgunov and Baines
( 1981) and Oates et al. ( 1979). The significance of altered NE excretion observed in
relat:lon to Na* homeosta51s 1s dtfﬁcult to determine as alpha and beta adrenergic receptors
in renal JuxtaglomerﬁM cells have been reported to exert opposite mﬂuences on renin
release (Zanchetu 1985) Furthermore, although evidence mdlcates that the catecholamines
NE and DA regulate Na excretion, Na* , in turn may regulate cateeholarmne release and
) “excretton as mdrcated by studles showing Na* mtalce can markcdly affect the functlon of )
both the central and penpheral NErvous systems by altermg nerve actmty and/or the storage A
: land release of neurotransrmtter (Chalmers 1975 de Champlam et al 1968 Glachette et al.
1979) Therefore the: mechamsm and physiological 51gn1f1cance underlying the direct
. relationship between Na mtake and unnary NE cxcretlon observed remains unclear It is
possrble the ant1natnuret1c response produce by decreased rwal doparmnerg1c act1v1ty;as
‘reﬂe‘cted biy I;A excxe.t:ton was mappropnate and counter balanced.to some extent % S ' =</ N
. decreased noradnenerglc act_mty to mamtam Na homeosta515 However since N a v
CXCI’Cthl’l was observed to declme in response to Iow Na* feedmg, it is apparent that
1changes in Na* balanc'é’:tre predoxﬁ%antly attributed to the changes in dopammerglc ;ctmty

assoc1ated w1th antmamuresrs



’T
" indicator of noradrenerglc acttvxty . . N R

"?‘

e

v
Y

. l)ifferences in urinary creatinine values may reflact more efficient recovery of
creatinine from mice fed the high (3.00%) Na* diet due to their greater urine volume and
urine flow, improving collection from the metabolism cages compared to mice fed the low
Na™ diet. The small urine volumes relative to water intake suggest this,possibility.‘

Alternatively, the higher creatinine excretion may be attributable to increased ‘renal filtration

3

- No effect on central or peripheral NE turnover was observed wrth chromc 30 day

\

O 05% or 3.00% Na* feectmg The ﬁndmgs are in acgord with recent research of Dawson

and Oparrl (1987) reportmg no dtfference ﬁfu?ena{ NE concentration between normotenswe

[NAY ﬁk"

Sprague Dawiey rats fed diets contzumng exther normal or hlgh (3 4%) Na*

concentrauons for three weeks although NE concentatlon alone 1sa poor and Inconsistent -

-

- NE cor&entranon dechned monOexponentlally in all nssues exammed except IBAT

demonstratmg that one of the major assumpttons of steady state kmetlcs had been met. The |

declme inNE. concentratlon in IBAT apperared to be blphasm and may underesmmate NE

tumover rate. These results are sumlar to those reported ina prewous study where the ﬁt

of the data for the monoexponenual curve’ was, less sxgmﬁcant in IBAT than in other organs a

YRR
studled when NE concentratlon was. determined at seven time points over a 6 hour period

(Johnston and Balachandxan 1987) SR ‘ S

b
~

Our results suggest that the low-Na* -mduced reductron In sympathetic activity,
assessed through urinary NE excretion and card1ac NE turnover, is transient and that

noradrenergic. homeostasis can be regamed over tlme Molecular studies 1 1nvest1gat1ng
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,ad:energic receptor binding broperties or ion exchange across ﬁeﬁronal mémbranes are
needed to determine the underlying mechamsm responsxblc for observed changes in
, sympathetxc activity. ' <o |

The importance of altered sympathetlc act1v1ty in the pathogenesis of hypertension
‘assdc1ated with a high Na* intake is questionable in view of the present findings. Our
ﬁndmgs confirm a direct relatlonshlp exists between dietary Na* and SNS activity.
"However, differences in noradrenergic acnwty .;;rfelwously-atm'buted to increased Na*
intaké appear to be a resultof a decline in Sympathetié activity in réspoﬁse to low Na*
'feeding rather than a stimulatory effect of Na* on SNS activity. The effects of Na* within

' a physiological range on,SNS activity in normotensive rriice‘appear to be.transieont.

1) : . ) el
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B 1Iv. Appendices

Appendix 1

Assay of-Tissue Norepinephrine for Turnover Determination

1.

. Alumina was washed twwe with HPLC -grade water. NE and

Previéﬁsly weighed frozen tissues were homogenized in 1 ml 0.4M perchloric acid
(HCIOq), 20 1 0.2M ethylene diaminetetraacetic acid (EDTA), 10 pul 1.0M sodium
bisulfite (NaHSO3) and 100 Kl 7x 10-6M 3 4- dihydroxybenzamine (DHBA) as an
internal standard. - .

. Homogenates wege centrifuged at 9000 rpm for 10 min. at -10°C and aliquots of the ;

supernatants trans‘gferred to 5 ml vials containing 35 mg acid-washed alumina and 2 ml
Tris buffer (pH §0). - . .

. Sarnples were agitz{té‘éi in a mehanical shaker for 15 min and supernatants removed by

aspiration. . 7

I?HBA were eluted from

IR

the alumina with 200 ul 0.2M HCIO4. ¢

El.uates were injected onto the high performance 'lﬂi‘qui@;chromatc;graphy system.
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Appendix 2

2
. <

Assay of Urin(:‘i‘ry Sodium

1." 100 pl urine aliquots were diluted to 100 ml in volumetric flasks and aspirated into a
SP9 Phillips atomic absorption spectrophotometer set to the flame emission (FES)

mode.
~ : -
2. SP9.operating parameters used for sodium, determination:
Fuel y o Acetylene
Support Gas Air - -
. Acetylene Pressure 4.5-5.5 psi
Air pressure 10-20  psi
< ‘Wavelength 589 . mm
. Wavelength scan 3 nm/min
Band Pass 0.5 nm -
Burner Height - o 17 mm
Damping 0.1 s
3. Analytical parameters used for sample determination and standard calibration using SP9-
computer - - o '
, P Time 02 s
AR . Number ‘ : 2

Progra;m- ‘ 4

4. Standards used for calibration and sodium determination

Standard _Sodium Concentration FES
‘mmol/litre
1 -7 70.024 ' . 20.9
2. - 0.048 . 37.7
3 0.120 : 64.7
4 0.240 : o 96.3
§
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Appendix 3
Assay of Urinary Creatinine

1. 0.3 ml aliquots of urine were reacted with 3.0 ml alkaline picrate solution and 0.1 m]”
. acid reagent provided by Sigma (Kit #555 ,-Sigma Chemical Co. St. Louis, MO).

2. Quantification wiS based upon the formation of a red tautomeric form of creatinine
utilifing the Jaffe reaction and measured by a spectrophometer set at 500nm.

ry
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Appendix 4 , A ‘ ' b : ~ + o .
* Analysis of- Urinary N‘dfepinephring -and Dopamine ‘ - B
g ) : ' 4 . | R o | o : s. // h
- Determlnauon of Free Norepmephrme and Dopamme 4 o
1. 2ml ahquots of urme in 8 ml phosphate buffer (ph 7), 20 ul 0. lM sodjum bisulfite
(NaHSO3), 40 n1'0.3M ethylenediaminetetraacetic acid (EDTA) and 200 p
dihyhydroxybenzamine (DHR 2) as internal standard were apphed toa mmlature cation
- exchange isolation'column _ . »
2; Columns were washed wuh 10 ml hlgh perfermance liquid chromotography (HPLC) ,
‘ gradewater(HzO) L - . R _ Lo
3. Colnmns évere a01d1ﬁed with 1 .5 ml 0.7M H,S04 to desorb cateéhblamineéfrom
- exchange resin.”” b ‘ ' , ¥

‘Pﬁ_\

: Catecholammes were\eluted from columnys with 4.0 ml 2M ammomum sulfate
{(NHg)5S04)] and collected i in 5 0 ml v1als

3

o 5 100 pl 4:% thloglycohc acxd 50 mg acid- washed alumina and 2ml 2M Tns buffer 7 "

L t(pH 8.6)'were sequentlally added to sample contammg v1als

o 6. ', Samples were agltated by a mechamcal shaker for 10 mmutes and supematants ,
o removed by asplratlon i g e

7 'Catecholammes were eluted from the alumiha wi'th 500 ul O7M HzSO4' and vortexed -
'for 10 secqnds . o ' T e T

N
-

8. "Eluates were injected ento the high performance liquid chromatography system.-
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o : , Association, University of Alberta.. Position involvedthe

. - - organization of the following: . L S

) - Annual Graduate Research Symposium
o i - Monthly Speake‘r Series C \
9 . « . - Employment Forum 4 ,
Served as an c;('-ofﬁcio member on 1 niversity administrative '

committees including the Academic velopment Committee -
(ADC) and the Negotiating/Commiittee. - L,
. - ' . . . E ‘ ‘ A ! -
' - Elected-graduate representative for the Faculty of Graduate ~
: .~ Studies and Research (FGSR) Council and the FGSR Academic
o Appeals Committee (AAC). = -~ L _ '
. ' . . : 1
Publications: Abstracvts '
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2"Effect of Acute Increases in Sodium (Na*) Intake on Central and Peripheral Norepir}&phxiﬂe NE)
- Turnover in Normotensive Mice". A.M. Simon, A'V. Balaehandran and J.L. Johnston, Canadian
- . Federation of Biological Societies Proceedings Vol. 122 Abstr # TH:PA-173, June 1987.. '

-

‘Manuscripts in Preparation L
: 1N " L ) » : : . . ”® - .

i Effects of Increasing Diétary Sodium on Sympathetic Nervous System Activity: A Literarure . /
Review. A.M. Simon and J.L. Johnston, 1988. . . ‘ - '

,Eff'ectsigf Acute_Incre;';lse's in Sodium Intake on Sympathetic Nervous System ActiVity. AM.
Simon and J.L. Johnston; 1988.‘ R _

Effects of Subchronic and Chronic Increases in Sodium Intaké on Sympathetic Nervous System |
Activity: A Temporal Study. A.M. Simon and J.L. Johnston, 1988, , _ L

Presentations

"Effect of Acute Increasés in Sodium Intake on Central and Peripheral Norepinep‘hﬁné Turnover in

.Normotensive Mice". AM. Simon, A.V. Balachandras and JL. Iohqstbn; Canadian Federation

- of Biological Societies, June 22.26, 1987, Winnipeg, Mantwoba

— "Effect of Acute and Chronic Increases in Sodium Intake on Central and‘”Peripheral Norépin,ephﬁ‘r’xe
*. 7. Tyrmover in Normotensive Micet. A;M. Simon, A.V. Balachandran and J.L.. J ohnston. Agberta
* Registéred Dieticians' Association; ovember 3, 1987, Edmonton, Alberta. 44 '

. f "Effect of Acute and Chronic Increases in Sbﬁ‘ih}ninrtake on Cer\it\‘fﬁl-\and PehphcrafNoxepmephnne
' . $ Turnover in Normotensive Mice". A.M. Simon, A.V, Balachandrari'and J.L Johnston. . - 's 3,

" University of Alberta Nutrition and Metabolism Grot, February 24, 1988, Edmonton, Albeita: ~ .
- ReferencesuPon request. | SN . e Page 2/2 N
| o




