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ABSTRACT

Electrolyte depletion in rats, produced by dietary restriction of

K aloné or K, Na and C1, is known to causé a po]y&%psia and a

significant impairment of urine foncentrating ability. In erdér to

determine wigther'the increased drinéing observed in.electro]yte
dqp1etion ;esu]ts‘from activation of the renin-angiotensin system (RAS),

young adb]f mg}e rats were fed a low NaCl/K-free (1.5 mM NaC1/100 g

food) diet for a 2 weedeperidd during which measurements were made of
daily water intakes and urine volumes, plasma osmolatity and
electroiytes, and PRA and angiotensin I (AI) concentration.

- Water intake and urine volume increased beginning on day 2 of the
electrolyte deplete d@ét, peaked by days 4;5, and remained at this
level, paralleling the time course of increases in PRA and AI plasma
concentrations. Rats maintained on the e!ect%o]xte deplete diet were
hypokalemic, hypochl&remig ané had a hypoosmotic plasma with
persiﬁtent1y elevated PRA and Al concentrations. The urine
concentrating defect (UCD) occurt?d.after the increase in water intake
in electrolyte depleted rats, the;efore plasma hyperosmolality does not
mediate the development of polydipsia. In fact hyperosmolality was not
present in these animals. The UCD was corrected within days by allowing

.. the rats access to_contro] rat chow.

r—\\v Anpther group of rats received electrolytic Tesions of the
subfornical organ (SFO),.Q small midline” circumveniricuiar structure in
the brain believed to mediate angiotensin-fﬂduced thirst. Following
lesions of the SFO involving partial to complete ablation of the

structure, 24 hr intakes - of water were significantly lower than in

—
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sham-operated rats on the same electrolyte deplete diet, but there were
no differences in PRA and Al concentration. ‘SFO lesions did not prevent
the development of a UCD in the presence. of normal or high ci;;ulatiné
levels of antidiuretic hormone (ADH).

These results suggest that the effect of the 1§w NaCl/K-free A%et
is to induce primary polydipsia. Moreover, it seems that the polydipsia-

results from stimulation of AIl receptors at the SFO by high_ levels of .

circulating AII.
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AN 1,0 INTRODUCTION

There is a broad interest in the fact that many peptide hormones
produce profound effects on behaviour. So called "motivated behavioré"
(Mogenson, 1976), such as thermoregulation, feeding, and drinking, have
_evolved in order to help preserve homeostasis in conjunction with
Shysiological regulators. In the case of fluid and electrolyte

homeostasis, a combination of renal, hormonal and behavioural mechanisms

contribute to the presérvation of homeostasis. Water ;loss in either the

celtular or extracellular fluid compartments of the body initiates
drinking, and a simultaneous deficit in both compartments has an
additive effect on thirst. Although renal mechanisms are capable of
"~ conserving body fluids, they cannot replenish actual water deficits.
This can only be achieved by ingestion of fluids via drinking, or via
the water content of foodstuffs,

The present study is concerned with elucidating the possible CNS
mechanisms mediafing polydipsia induced by dietary electrolyte
depletion. This section of the thesis will describe in general terms
the importance of water intake to the maintenance of body f1u1& balance.
Section 1.3 and 1.4 will discuss the renin-angiotensin sys£em and the
renal mechanisms involved in the conservation of body fluids. Section
1.5 revie@s the effects of electrolyte depletion on water metabolism.
Section 1.6 then de;cribes the importance of the hormecne angiotensin I
(AIl} as a centra) médiator of extracellular thirst that acts via
specific receptor sites in the circumventricular organs of the brain.
The introduction is concluded with a general statement of the problem

under, investigation.
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1.1 Cellular Dehydration as a Stimulus for Thirst

Depletion of the cellular fluid compartment is an effective
stimulus for inducing thirst. Experimentally, this can occur following -
water deprivation, administﬂltion of membrane impermeéb]e hypertonic
solutions, and potassium depletion (Fitz;imdns, 1979). In 1937 Gilman
demonstrated that dogs drank twice as much watet following infusions of -
hypertonic NéC], which dehydrates cells, as they did following infusions .
of equiosmotic urea, which does not. Gilman‘conc1uded.thaf ce;lular
dehydration, rather than an increase in cellular osmotic pressure, is
the stimulus for thirst. Gilman's pioneering experiment wag'confirmed
Sy other investigétors (Holmes et al.,1950) who found that drinking
activity was initiatéd only by solutions excluded from the cell interior
and not by changes in serum Na* or C17 levels.

Wolf (1950) was able to exper‘imen.taﬁ_y detern‘gﬁe the threshold
for thirst resulting from intracellular dehydration by slow intravenous
infusion of hypertonic solution that would more éccufate1y parallel the
slow rise-in plasma osmoTafity observed under normal physio]ogica1l
conditions. He foung that a 1-2% change in blood osmafélity would lead
to thirst and drinking in doés and man., Fitzsimons (1961) demonstrated
that the volume of water ingested by bilaterally nephrectomized rats
given injections of hypeftonic ;o1utions was preciée]y that needed to
restore boHy fluid isotonicity. This provided for a quantitative
relationship between cellular dehydration and water intake. The
mechanisms controlling urinary water losses via antidiuretic hormone

(ADH) and those regulating water intake operate synergistically in most

_conditions to maintaia\ce11u1ar fluvd volumes.

s



1.2 Extra@Blular Dehydration as a Stimulus for Thirst

There are methanisms for ensuring the constancy of the
extracellular fluid volume. The mechanisms include those involved in
the regulation of fluid exchange at the capillary, controls intr%hsic to
the circulatory system, such as the adjustment of cardiac output to
veﬁous return, the direct effects of arterial presere 6n glomerular
filtration, cardiovascular refliexes invelving the autonomic nervous -
system, and other vasomotor controls (Fitzsimons, 1972).

Hoﬁever, an actual body fluid deficit can only be corrected by
the ingestion of water. A decrease in extracellular fluid volume,
either naturally occurring or experimentally induced, is known to
stimulate thirst (Fitzsimons, 1972). Experimentally, effective

dehydration of E£CF can be produced by injecting a hyperoncotic solution

(polyethylene glycol, PG) into the peritoneal cavity {Fitzsimons, 1961).

* The colloid draws fluid from the plasma by a Starling mechanism without

a concurrent effect on body flutd osmolality. A functional hypovolemia
may be achievedrby physically impeding the circulation to sPecific
areas; for example, cofistriction of the éenaI arteries leads to
drinking_(Fitzs%mons, 1972).

Baroreceptors_in large vessels entering the heart and in the wall
of the atria send impulses carried in the vagus nerves that exert an
inhibitory effect on thirst neurons. In additionlto direct nervous
activity from baroréceptors, there are hormonal responses to ECF\

hypovolemia. The regulatory hormonal system of interest to this study,

the renin-angiotensin system, is discussed next.



1.3 The Renin-Angictensin System'

Renin, angiotensin I, Il and 111, and aldosterone constitute a
cafcade system which is considered to play a major role in blood
preégure homeostasis and in the regulation of fluid and electrolyte
homeostasis. The-system is vasoconstrictor and antinatriuretic, acting
in concert with other homeostatic mechanisms to maintain constant ~{\/¥
arterial pressure over a wide range of physical activity and sodium
intake.

The kidney is the major source of circulating renin, although
brain, arteriolar smooth muscle, uterine smooth muscle, placental
tissue, submandibular g1aﬁds, and certain tumors have been shown to
produce renin-like enzymes (Oparil et al., 1974). Active renin is an
acid protease which cleaves 2 leucine-valine bond in human
angiotensinogen and, leucine-leucjne bond in angiotensinpgen of other
mammalian species to form angiotensin I (Tewskbury et al., 1979).
Circulating renin substrate arises mainly from the Tiver. Angiotenéin
I, the producf?of renin reaction is a decapeptide with 1ittle biological
activity. Al is converted to the octapeptide AII, by converting enzyme,
dipeptidylcarboxypeptidase, found in vascular endothelium of the lung, |
kidney and other organs (Oparil et al., 1974). The half-life of
circulating AIT is short, about 30 sedonds, due to rapid degradation by
angiotensinases in bicod. Removal on:he N-terminal aspartic acids
results in a heptapeptide, angiotensin II1 (AIIT).

‘ Angiotensin I possesses some'biologica1 activity in that it is as
potent as AIl in stimulating catecho]am?ne production by the ;ﬁrena1

medulla, and may facilitate release of norepinephrine from peripheral
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sympathetic neurons {Peach, 1977). ‘Angiotensin II is the major active
componént of the.renin system and has a var%ety’of physiologic actions.
Its action is mediated by receptors on vascular smooth muscle to prométe
vasoconstriction, an effect mediated byrca1cium. Angiotensin Il

interacts with the sympathetic nervous system, both centrally by in-

~ creasing efferent nerve activity to the periphery, and peripherally by

increasing release of catecholamines from the adrenal medulla and by '

enhancing release and blocking reuptake of norepinephriné from

. peripheral sympathetic neurons (Peach, 1977). The central pressor

. effect of AIl is partly mediated through the area postrema of the caudal

medulla which lies outside the blood-brain barrier. Low salt intake
decreasgs the pressor response of All and high salt diet increases this
response {Brunner et al., 1972),

In the kidney,'AiI-decreases renal blood flow, particularly in
the outer cortex: In the presence of prosfag]andin synthesis'
inhibition, AIl consistently deéreases inner cortical and meduliary
blood flow (reQiewed in Peach, 1977}, but does not appear to be
important in renal autoregulation. An important physiologic effect of
All is the stimulation of aldosterone ﬁroduction in the adrenal zona
glomerulosa by binding receptors on the membrane. Through aldosterone,
the renin system contributes to changes in extracellular fluid volume
and potassium homeostasis. Aldosterone works at the distal nephron by
stimulating an active pump located at the pericapillary membrane to
transfer potassium from the blood into the tubular ce}]. The transport
involves a Na-K-ATPase pump, such that aldosterone also effects an

increase in tubular sodium reabsorption. AIl also stimulates Whe

posterior pituitary to release antidiuretic hormone (Malvin, 1971;

P
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Bonjour et ai., 1970; Haack et al., 1978). Angiotensin II is a potqﬁé/j
dipsogen and may play qA important role in extracellular fluid vo]u;e
(ECFV) homeostasis (Kucharczyk and Mogenson 1975 and 1977).
’ AIIl, in sharp contrast to its efficacy in promo;ing aldosterone
useérgtion (Peacﬁ and Chiu, 1§74), is 2 re]atiJe1y poor dipsogen and
pressor agent presumably because éhe heptapeptide does not stimulate All
biosynthesis (Evered and Fitzsimons, 1951). However, recent studies in
the pig (Mutter, Lemoine, Tsang and Kucharczyk, 1984) and gerbil {Wright
et al., 1984) have shown that, at least in these species, AIII can
induce water intake when given centrally or systemically. As wé11} Alll
has béen found to have a primary effect in stimulating salt appetite in
the pig (Mutier et al., 1984).

Renin release regulates the level of activity of the
renin-angiotensin cascade system, There is a creat dezl of literature
devoted to the mechanisms which reguiate renin release. Renin is
produced and secreted by juxtaglomerular (JG) cells, which are
differentiated smooth muscle cells located in the renal afferent
arteriole. There ére four major mechanisms which regulate renin
release. These include the baroreceptors located in the renal afferent
arteriole, the sympathetic nervous system, the macula densa, and

.negative feedback of AIl. Agents such as prostaglandins and calcium may
mediate some of these mechanisms.

Goldblatt et al? (1934) in their pioneer experiments, induced
hypertension by constriction of the renal artery in the dog and
postulated that renal ischemia promoted the release of a pressor
substance into the circulation. The substance was renin. Tobian et

*al. (1959) suggested that renal baroreceptors in the afferent arteriole

¥



'stretch' in response to renal perfusion pressure, signaling the

release o% renin. The presence of barorebeptors was confirmed using the
nonfiltering, denervated kidney model, which responded to hemorrhage and
suprarenal aortic constriction by increasing renin release (Blaine et
al., 1971). The role of the macula densa in control of Tenin release
was suggested by Goormoghtigh (1945). It has been demonstrated thaé
chloride as well as sodium transport into the macula densa may be the
signal controlling renin release (Opava-Stitzer and Martinéz-Ma]donado,
. 1976). -

Sympathetic nerve endings surround JG cells; which.ceontain,
f-adrenergic receptors on their membranes. When the renai\nerves.are
stimulated without changing remal bleod flaw, glomerular filtration, or
sodium excretion, an increase in renin release occurs which is specific—
ally blocked by propran;1 (Taher et al., 1978). He;ce
g -adrenergic stimulation of renin release occurs without evoking
baroreceptors or macula densa signals. AII suppresses renin secretion
by a'airbct effect on the JG cell. This represent§ a means of 'feedback
regulation' of renin re]ea;e; The inhibitory effect of AII can be
blocked by specific All antagonists (Keeton et al., 15565. Potassium
also plays a rcle in renin release, an effect that is probably

manifested through the macula densa mechanism (Linas, 1981).

Vasopressin suppresses renin release (Bunag et al., 1967). ’

1.4 Urine Concentrating Ability . .

Urine concentrating ability is influenced by both neuroendocrine
and intrarenal factors. The renal mechanisms for a maximally
concentrated urine require the distal tubules and collecting ducts to

respond adequately to ADH so as to allow water reabsorption to occur.



The madullary thick ascending limb of Henle may aiso respond to ADH to
insrease NaCl reabsorption (Hall et al. 1980; Herbért et al:. 19815
Greger, 1981; Knepper et al., 1983y. Furthermore, the hypertonicity of
the medulla must be maintained. This involves adeauate sodiudrch]oride
delivery to the loops of Henle, normal rates of sodium chloride
transert out of the thin and thick segments of the ascending 1imbs’, lTow
medﬁ]Tary blood flow, delivery of adequate amounts of urea to the
medulla, and its subsequent reabsaorption by urea permeable co11géting
ducts. " Finally, thére'hust be Tow rates of fluid delivery to inner
medullary c011ect1n§ ducts, wﬁere maximum concentration of urine occurs.

The accumulation of urea in the medulla is of importance for
several reasens. It accounts for approximate1y‘50% of the medui]ary
in%eréti%ﬁum against which ufine is concentrated and it may drive
passive‘NaC1 reabsorption frdm\tge thin ascending limb of Henle (Kokko
et al., 1972; Ka#amura et al., 192§e“1ma1 et al., 1974).. Urea
delivered to the papillary colTEEting duct comés from the glomerular
filtrate, urea secretion by the pars recta (Kawamura et al., 1976), and
ascending limb (Imai et al., 1974).

-To date., evidence supports the counter-current multiplication
system as the most likely expianatiop of urine concentrating mechanisms.
Active C1 transport was implicated in the thick ascending 1imb of Henle
(TAL) as the primary driving force in the counter-current multiplication
system responsible for uriﬁary concentration and\dilution (Burg et al.,
1973; Rocha et al., 1973). There is recent evidence that the TAL
actually transports Cl actively in co-transport with primary Na
transport (Herbert et al., 1981; Greger, 1981; Knepper ¥t al., 1983)

This co-transport+also involves the K ion (Greger et all], 1981).

\
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Secondary active 1 transport is driven by the electrochemical gradient

for Na from the lumen tec the cell interior. This depends on the
baso-]aterq] Na-K-ATPase for removing Na from the cell to keep the
gradient intact.

1.5 The Effects of Electrolyte Depletion on Water Metabolism

The development of potassium depletion affects water and ~
electrolyte homeostasis through central as well as rena1<mechanism§.

The water-losing disorder characterized by po1ydipsié, polyuria and a
renal concentrating defect in hypokalemia has been recogenized for
several decades (Relman et al., 1958). Chanoes in renal hemodynamics
and medullary solute concentration, have been postulated as possible
mediatof; of the concentrating defect characteristic of potassium
depletion (reviewed in Berl, 1980). A d;crease in ﬁedu11ary blood flow
has been shown which could not effect a 'washout' of medullary solute
content (Whinnery et al,, 1979; Peterson, 1984). Antidiuretic hormone
release appears to be normal or elevated as 2 consequence of - -
hyperosmolality in pota§sium-def1cient rats {Paller and Linas, 1983} and
the impazirment in urinary concentrating abiiity seems unrelated to
circulating levels of ADH (Berl et al., 1977).

Data from ciearance studies in potassium depleted rats suggest.
that both impaired concentratiﬁg and di1ﬁting ability are the result of
reduced Na transport by the TAL into the medullary interstitium (Eknoyan
et al., 1970). A striking impairment in TAL function has been
demonstrated in potassium depleted rats by single nephron perfusicn, and
measurement of solute concentration in the TAL fiuid presented to the
early distal site (Gutsche et al., 1984). This impairment can be

reversed when by systemic infusion of potassium suggesting that net NaC)
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reabsorption by the TAL is impaired because decreases in perifubu]ar K
concentration limit Na® efflux across the peritubular membrane by
decreasing the activity of the Na-K-ATPase pump (Gutsche et al., 1984):

Smith and Lasater (Berl, 1980) noted that dogs increased their
water intake soon after being placed on a potassium deficient diet.
Brokaw (1953) made similar observations in rats and also found that
w%ter turnover was further augmented by removal of sodium from the
potassium deficient diet. Berl ef al. {1977) were able to demonstrate
that the increase in water intake precedes the development of a
concentratiﬁé'defect in potassium_dep]etion, and that the polyuria of
this disofder js Yargely a consequence of the polydipsia.

The fact that increased water intake precedes a defect in water
conservation suggests that the stimulus té tLirst is not hyperosmolality
but rather of a nonosmolar nature, which has lead to attempts to assess
some of the potential nonosmolar factors (Berl, 1980). Since potassium
depletion is characterized by persistently elevated plasma renin
activity (PRA) (Davis et al., 1976; Linas, 1981), and angiotensin 11 is
a potenf dipsogen (Fitzsimons, 1976), it is possible that this is the
mechanism responsib]e for the polydipsia. In this regard, studies
employing converting enzyme inhibitor {5Q14225)-have been inconclusive,
since the agent itself appears to cause an increase in water turnover in
normokalemic rats (Berl, 1980; Schiffrin et al., 1982). Therefore,
although potassium depletion is characterized by 2 primary polydipsia,

its mechanism remains unresolved.
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1.6 Angiotensin and Central Thirst Mechanisms -
.

The current view is tht thirst results from a depletion of
either cellular or extracellular compartments of the body (Fitzsimons,
1972). Thirst is believed tq arise following depletion -of cellular
water as a regult of activation of specialized cells, osmorecepto;s or
possibly sodium receptors Yocated in the brain. The drinking induced by
extracellular yolume depletion appears to be mediated by the production
of elevated 1e§e15 of circulating angiotensin II and perhaps by
activation of vdscular baroreceptors. Therefore, by employing a variety
of manipulations that induce fluid deficits in these compartments
investigators can evaluate various thirst control mechanisms,

Some of the effects of AIl mediated via the brain are: i) a
neurogenic pressor effect; ii) increased adrenocorticotrophic hormone
secretiony iii) increased antidiuretic hormone ;ecretion; and iv) evoke
water ingestion. These central effects of AIIl involve syn;;gistic
responses, both behavioural and physiological, directed at maintenance
of extracellular fluid homeostasis.

The first evidence impiicating renal renin in thirst was the
observation that ligation of the inferior vena cava in the abdomen just
below the liver was a less effective stimulus for drinking in the
nephrectomized rat than in either the normal rat or the rat made anuric
by ureteric ligation (Fitzsimdns,‘1964). Since most of the known
physiological effects of renin are mediated by AIl (Peart, 1976)
investigators examined the effects of AIl on drinking. Short-latency
and vigorous drinking béhaviour could be induced by injecting small

quantities of angiotensin into the anterior hypothalamus and preoptic

region in the rat (Epstein et al., 1970). Renin and the precursors of °




All are also effective,sbut by use of specific antagon1sts of the
various reéct1ons that lead to the formation of ang1otens1n II. it has
‘been shown that their effects are mediated through angiotensin II
(Epstein, 1978; Fitzsimons et al., 1978).

Since AIl exerts its effects by way of interaction with brain

receptors, the questidn of where such effects occur becomes important.

Sufficient evidence for inferring a locus ‘oRangiotensin-receptive

neurons concerned with behaviour requires #Greement of evidence from

g “AIl must meet the
-l:“

the b1ooﬂ borni hormone .must be

different experipenta] techniques. C

—e

criteria of accessibility, meaning tha
accessible to neurons presumed to be affected by it. There are
gtructures collectively termed the circumvéntr%cu1ar organs, in regions
of the brain\that possess a reduced, or cémp]ete absence of the |
b]ood-bﬁain hqt:ier. These structures include thé area poztréma, the -
neurohypophysis, the median eminence, the organum vasculosum laminae
terminalis, and the subforﬁiga{ organ. Theé% are regions which possess
yascular specializations that allow rapid equwilibration of blood-borne
peptide hormones with the interstitial fluid. Largely fbr\this latter
reason, the possibie action of AIl at these structures have been
evaluated. Direct evidence for AIl dipsogenic receptor localization is
obtained from studies on animals where drinking behaviour is used as the
experimentally dependent variable.

Experiments (Epstein, 1978; Swanson et al., 1973) have
demonstrated that intracranial AIl was more effectiveithen was
intravenous AlIl in eliciting drinking. This.indicat;d‘a central site of
action of AIl for the effect. Johnson and Epstein (1975) reported that

extrahypothalamic applicgtion of AfI produced dipsogenesis only
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following diffusion of the injected substance to unknown sites of action
bordering the cerebral ventricles. One structure suggested to be
involved in drinking control in the rodent, is the subfornical organ

~ {SFO) (Simpson et al., 1972). The SFO is a small nodule of
neuro-é]iovascv1ar tissue, situated in the midline on the rostal wall of
the third ventricle, near the point where the choroid plexes of the
lateral ventricles join together. Three regions are identified in the
rat SFO (Dellman et #1., }976; Phillips et al., 1974): a rostral region
dominated by nerve fibres interspersed with relatively few neurons and
glia; the centrazl region occupying the largest area of the SFO and
containing most of the neuronal perikarya and gliz; and the caudal
region dominated by nerve fibres. Efferent projections from many SFO
neuronslterminate within the diencephalon, and in particular in the
organum vasculosum and the sﬁpréoptic nucleus (Miselis et al,, 1977;
Shapiro et al., 1978; Renaud et al., 1983). The latter efferent
projection may participate in the release of vasopressin following
activation of All receptors in the SFO (Renaud et al., 1983).

The SFQO pessesses fenestrated capillaries surrounded by wide
perivascular spaces, characteristics believed to be responsib]q for the
absence of thg biood-brain barrier. Many circulating molecules that are
normally barred from the brain thus may gain rapid access to the SFO
(Broadwell et al., 1976) and influence its function. Early reports of
ﬁnvo]vement of the SFO in AII drinking indicated that injection at the
S%O of low doses of the hormone provoked short-latency drinking in rats
(Simpson et al., 1973). Lesions of the SFO redtced drinking elicited by
large doses of AIl administered systemically (Abdelaal et al., 1974;

Kucharczyk et al., 1976; Simpson et al., 1975). Experiments have
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confirmed that the SFOJdoes possess receptors for the dipsogenic action
15f All, invo1§ing intracranial injections of AIl directly into the SFO
provoking short-latency do;e dependent drinking (Simpson et al., 1978).
The threshold dose for AIl drinking at_ﬁhe SFO was lower than for any
other locus that was tested, 1néluding the p?éoptic area, lateral
ventricle, dorsal or rostroventral third ventricle, and ventral fornical

commissure. Additional studies in rats indicated that the effect on

_drinking of SFO lesions is permanent and selective for models of

extracellular dehydration (Simpson et a].,>1978).. Drinking to cellular
dehydration was unaltered foliowing these 1esionsi

The criteria of pharmacological specificity for localization of
All dipsogenic receptors has also been evaluated for the SFO.
Intracranial infusion of saralasin acetate, a specific combetitive
antagonist of, AII, reduce& or prevented the drinking elicited by
intravenous infusions of low doses of AII (Simpson et al., 1978).
Maximal suppression of elicited drinking was observed if the antagonist
was app]iéﬁ directly to the SFO and not to adjacent tissue or
ventricles. The effect 6} SFO infusions of saralasin was specific for
AIl drinking in that the treatment had no effect on drinking to osmotic
stimuli {Simpson et al., 1978). <

The SFO thus satisfies some important criteria for localization
of receptors for the dipscgenic action of cibculating AII. The
structure lacks the blood-brain barrier, and circulating AII is
accessible to neurons located there. Second, direct injéction of low
doses of AII produced short-latency drinking at the SFO, a site
sensitive to AIl. Selective lesions at the SFO specifically and

permanently eliminated drinking to intravenous infusions of AIL.
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Fourth, antagonism of AIl at the SFd prevented drinking to AII, showing . .
that the action of AIl at the SFO possesses pharmacological specificity.
The tissue bordering the optic recess of the third ventricle,
including the organum vaculosum laminae terminalis (OVLT) may also be a
site of Al aktion.‘ The QVLT, 1ike the SFO, has fenestrated
capillaries. Lesions centered in the region of the optic recess produce

~

dramatic changes in body fluid homeostasis (Fitzsimons et al., 1978;

"y

Buggy gt al., 1977). Sdch destruction includes damage to the OVLT, the
medianﬁggebptic region: and adjacent*parenchyma and ependyma. The OVLT
has been 1ocaiized as the tissue responsible for the deficits in
drinking to AIIl applied intraventricularly or sy§temica11yﬂ?o]1@hiqp
“such lessons. Anatomical data describing the efferent pathways of the
*SF0"indicate that its neurons project to and throdéh this region
{Miselis et al., 1877; Shapiro et al., 1978). This Euggests that the

defjcits in All@drinking prodhced by the dieﬁéepha]ic 1ésions may be due
. ~

in part to des;ruction of efferents of the SFO.

Currént‘]iteratﬁfe suggests that two of the circumventricular
organs, thé SFO and OVLT, are sites of dipsogenic act;on of AII; and
that they subserve All drinkiﬁg in different manners. The subfornical
organ (SFO) is one central site at which a complete analysis of

angiotensin 11 (AII) dipsogenic efficacy has been accomplished. This '

s not preclude a dipsogenic action of AIl at other loci.

N - 7 THe Present Study - Statement of Purpose
The data presented suggests the possibility that the iﬁLreased
- water intake produced by potassium depletion may be due to stimulation
— of AII receptdrs in the SFO by high levels of circulating hormone. The

objectives of this study are:

Ny

7
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1) to define more c]oserAthe role of the renin-aNgiotensin system in

dietary electrolyte depl®ion (defined earlier as res jon of K alone
or K, Na and C1) induced polydipsia; and

-

!

?2) to determine whether ation of CNS structures (SFD) involved in
angiotensin induced water intake will prevent the development of

polydipsia induced by a K-free diet and by a Tow salt diet {defined as a
low NaCl/K-free diet).

-

\.‘/



Vo | 2.0 GENERAL METHODS

Methods common to all experiments in this study are described in
this section. Procedures and techniques specific to individual
experiments are described in Section 3.

2.1 Animals, Care and Diet

Male Sprague-Dawley rats (Charles River, Montreal, P.Q. and from
a2 colony at the University of Ottawa) weighing 175-225 g at the
beginning of the study were used. They were housed in individual, wire
mesh, metabolic cages in a temperature controlled room on a 14 h:10 h
light-dark cycle and allowed ad Tibitum access to food and distilled
water. At the start of'the-study, amipals were randomly divided into
groups. .
Experimental anima]s with SFO-lesdions, or sham-operation rats.
were oberated;pn using sterile surgical techniques,'énd were a119wed a
minimum o? 7d6§§i post-surgical recovery Lefore the study began. Water =
intakes and urine owtputs (= 1.0 g), as well as body weights {z 1.0 g},
were measured at the same time each day. The study began whe; body
weights were équa1 to or surpassed‘pre-surgica1 levels. .
Tables 1 and 2 Tist the chemical composition of the three
syntheti¢ diets used in this study. The e]ectrglyte content is

expressed in mmolee® per 100 g food and the chemicals used are expressed

in g per 1.0 kg of diet.
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Table 1

Electrolyte content (mmoles/100 g food) of rat diets used in the present
study :

Control K-free Diet Low NaCl/K-free diet

Dietary electrolytes

Sodium (Na) ) 16.3 16.3 1.5
Potassium (K) 27.47 0 0

Chloride (C1) 16.3 16.3 1.5
Magnesium (Tg) 19.37 14,72 11.13
Phosphorous {P) 9.14 9.35 . 8.60
Calcium (Ca)t 14.2 14.23 14.23

Ca/P ratio ‘ 1.56 1.62 1.65

|

an
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Table 2

Chemical composition of rat diets used in the;present study

Control K-free diet Low NaCl/K-free diet
-

Chemical ingredients

Sodium Phosphate Monobasic v

(Nah,P0,.H,0) : - 12.9 -

Sodium Chloride ’
(Nabh 9.5 4.07 0.877

Potassium Phosphate Dibasic
(KZHPD4) 15.93 - -

Potassium Citrate Monchydrate -
(X citrate) 9.93 - -

Magnesium Phosphate dibasic-
trihydrate . t
(MgHPO4 3H20) - - 14,994

Magnesium Chloride
(Mg C1,.6H,0) - 9.59 -

Magnesium Carbonate n-hydrate ‘
(4 MgC03.Mg(0H)2nH20) B.35 4.31 1.09

Calcium Carbonate
(Ca C03) 14.25 14.24 14.24

. -
Jeklad electrolyte

free diet
(Teklad test charts,

‘—"\;::5 Madison, Wisc.) 942.04 954.9 968.8
Total weight 1 kg + 1 kg 1 kg
- values expressed in units of graﬁs/kg food
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2.2 Blood Sampling and Analysis

i) Cardiac Puncture: Animals were.anesthetized with ha1othang and the
heart was located by palpating the chest wall. A 26'gauge needle,
attached to a 3 ml syringe, was inserted into the heart through the
chest wall. A 1-2.0ml b]oqp sample was withdrawn of which 0.5 ml was
immediately transferred to a chilled heparinized Eppendorf tube, and the
remainder to a chilled test tube containing EDTA. The an%mals were
returned to their cages to recover.
i1) Analysis: The blood samples were kept on ice for approximatély 30 to
90 minutes until aliquoted for analysis. The whole blood in the
heparinized Eppendorf tubes Qas cenfrifuged in an Eppendorf Centrifuge
3200 C (Brinkmanﬁ Instruments, Rexdale, Ontario) to separate the plasma
from the cells. The plasma wi{LBSEd for analysis of osmolality and
electrolytes (Na+, K and C17). Plasma osmolality was measured in 8 ul
duplicate samples on a Wescor 5100 CXR Vapour Pressure Osmometer (Johns
Scientific) or 50 ul duplicate samples in a Precision uOsmette Mode!
5004 freezing point depression osmometer (Precision System, Inc.,
Sudbury, Massachusetts). Plasma C1 (10 u1) was measured coulometrically .
using a Radiometer CMT 10 Chloride Titrator (Radiometer, Copenhagen).
Plasma Na and K were.measured by flame emissign spectroscopy using a 1L
Model 443 Flame Photometer (Instrumentation Laboratory Inc., Lexing£on,
Ma.) with lithium as the internal standard. Plasma electrolytes were
also measured in duplicate. \

The whole blood in the test tubes containing EDTA was centrifuged
in a Damon/lfc HN-SII Centrifuge (Needham, Ma.) at 4% Cc, The plasma was
aliquoted into micro-centrifuge tubesland stored at -20° C unti)

. radioimmunoassay (RIA) analyses for plasma renin activity (PRA), and
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angiotensin 1 (AI} concentration could be carried out.® Plasma renin
activity and angiotensin I concentration were measured by RIA using a

kit from New England Nuclear (North Billerica, Ma.). Under the
conditions of this assay, the accumulatien of\AI is favoured by a]]owing.
the endogenous renin and substrate to react in the presence of reagents
which inhibit both p]asﬁa converting enzyme and proteolysis by
angibténsinases!

Samples for RIA analyses were collected 1nto EDTA containing
tubes as described earlier and were stored at -20° C until analyzed.
Prior to the RIA procedures, the samples were thawed at 4° ¢ and p
extracted. Once extracted, the samples were counted fon’lD min on a LKB
Walloc 1282 compugamma Universal Gamma Counter.

The amount of generated Al is measured by radioimmunoassay (RIA).
The basic principle of RIA involves competition between radicactive and
non-radioactive antigen for a fixed number of antibodj binding sites.

<

Labelled Antigen + Specific Antibody £——— Labelled Antigen

(AI*) (Ab) Antibody complex
(AT*Ab)

+ Tr—

Unlabelled Antigen (In standard solutions
(A1) or unknown samples}

N - L3
M)
. . Unlabelled Antigen

Antibody Complex

(AI-Ab)

If increasing amounts of non-radiocactive Ag (ie. standards or
unknowns) and a fixed amount of tracer are allowed to react with a

constant and limiting amount of antibody, a decreasing quantity of
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radicactive antigen i$ bound to the antibody. The separation of bound
from free antigen is accomplished by differential absorption of the free
material onto activated charcoal and the concentration of Ab-bound Ag in
the supernatant is determined by gamma counting.

The relétionship of bound to added can be expressed as a standard
curve from which values of the unknowns may be obtained by
interpolation. Plasma renin activity is expressed as ng/ml/hr of
angiotensin I generated. *

For detailed information on the reagents and step by step
procedure of the assay for analysis of p1asma-samp1es, the reader is
referred to the Angiotensin I 125Iodine Radiommunocassay Kit Cat. No.

NEA-026, 022 Instruction Manual.

(5i) Abdomina) Aorta - Terminal Sample: A1l animals were anaesthetized

with pentobarbitol sodium (25-35 mg/kg, i.p.) and & 6-8 cm_mid]ine
abdominal incision was made. The intestines were reflected to one side
and a section of the aorta was isolated. An 18 gauge needle, a;tached
to a hepa??nized 3 ml syringe, was inserted into the abdominal aorta an&
a 1.5 ml blood sample was withdrawn for analysis of plasma electrolytes
and osmolality. The 3 ml syringe was quickly substituted with a 3 m]
syringe containing ethylene diamine tetra-acetate (EDTA) for analysis of
PRA and Al concentration. The blood samples were processed ;s
previously described. This method of taking blood was replaced by the
cardiac puncture procedure (section 2.2(i)) so &% to standardize the
method of collecting repeated blood samples frgm control and

experimental animals. -

—
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2.3 Surgical Procedures - Stereotaxic lesions of the SFO

In the rat the SFO is a relatively small structure projecting
into the 1u%en of the third ventricle at the intersection between the
two lateral and the third ventricles., It lies approximately 2 mm above
the dorsal edge of the anterior commissure, and its stereotaxic
coordinates are (Pelligrino and Cushman, 1967): frontal 0.0 to -0.4, and
dorsoventral -4.5 to -4.75 with respect to bregma and cortex,
respectively.

Standard stereotaxic procedures were used in
Innovar-Vet-anesthetized rats }4<h. dosage is 0.13 m1/kg) by passing a
1.0 mA anodal direct current (Lesion Maker, C.H. Stoehing Co., Chicago,
I11inois) through a st2zinless-steel bipolar electrode {RMI, model
SNE-200) for a dﬁration of 15-20 sec. Penetrations of the electrode
were made into the SFO at three different rostro-caudal levels. The

sterectaxic coordinates used for SFO lesjons are shown in Table 3.

Figure 1 is a schematic diagram of the rat brain showing the SFO.



Table 3
Stereotaxic Coordinates' Used for SFO Lesions

mm from Bregma

Intracranial Site Angle from Perpendicular Anterior- Lateral Vertical*
(measured towards midline) posterior

Subfornical Organ
(SFO) 12° +0.2 - 0.2 1.0 4.4-46

Sham operation+ 12° +0.2 - -0.2 1.0 3.4 -3.6 °

*The vertical coordinate is the distance from the surface of the cortex to the
most ventral position of the electrode.

'‘Modified from the atlas of Pelligrino and Cushman (1967). .

(

+No current passed.
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Figure la:
Location of the SFO ‘in a mid-sagittal schematic of the rat
brain, ac, anterior commissure; AP, area postrema; cc,
corpus callosum, OVLT, organum vasculosum of the lamina
terminalis; III, third ventricle; IV, fourth ventricle; Lat

V, lateral ventricle; SFO, subfornical organ.

1b:
A schematic of a sagittal view showing 3 zones and relative
position of the SFO to other structures. BV, blood
-vessels: subfornical artery dorsal and vein ventral; CP,
chorotd plexus; AC, anterior commissure; CF, column of
fornix; H, hippocampus commissure; S, septul; TS, septalis
triangalaris; }IIrd V, third vent}icle. Arrows indicate
possible flow patterns of the cerebrospinal fluid.

(Phillips et al., 1974).
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\
2.4 .Histology

A1l animals with stereotaxic lesions#f the SFO or sham
operations were perfused transcardially into the left ventricle of the
heart with 60 ml of 10% bufféred formalin. The brains were sectioned
_and—get in paraffin. The placements of the lesions were determined in
serial sections of the brain stained with cresyl violet with reference
to a rat stereotaxic atlas (Pelligrino and Cushman, 1967). Analyses of
each brain involved examination of serial cyrenal sections to determine.
the extent of damage to the Subfonrical organ (SFO). Following
examination of histological sections each rat was assigned to an
experimental group {ie. sham-operation or lesions of the 5F0 sustaining
damage to the body-caudal region or damage to the caudal region alone,
otherwise the animal was discarded from the study if the lesions did not
extend to include the SFO). A1l data was then statistically analysed
according to the experimental grouping of these anim;1s.

2.5 Statistical Analyses

A1l data were analyzed on a Wang 600 series computer.
Quantitative results are expressed throughout as Mean = Standard error
of the mean {SEM). Paired and unpaired t-tests were ugsed when only two
related or unrelated groups were compéred. For mu]tip?é comparisons a
one-way ANOVA or two-way ANOVA was used depending on the number of
independent variables being considered. A Scheffe test was used to
determine where the statistical significance occurred in the ANOVA. A
probability less than 5%'(p 0.05) was considered significant.

g

adt

Vi

-
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3.0 EXPERIMENTAL RESULTS AND DISCUSSION

The series of.experiments which make up this study are described
in the four parts of this section and the results obtained in each part
are considered separately. A general discussion and summary of they

results are given in Section 4 and Section 5, respectively.

~
—\ =

3.1 Study 1 - Preliminary Study on Electrolyte Deplation as a Model for

the Development of quydipsﬁa.

The current study depends on the use of a re11331e'mode1'of
poiydipsia in order to test whether the observed drinking behaviour is
mediated by the\ action of angiotensin II on. central receptors located in
the circumventricular organs of the brain. Rats fed a potagsium
deficient diet develop a polydipsia characterized by persistently
elevated plasma renin activity (PRA) (Linas, 1981; Davis et al., 1976).
Brokaw (1953) noted that water turnover was further augmented by removal
of sodium from the potassium deficient diet. The purpose of the current
study was to determine the possible role of the fenin—angiotensin gystem
in the development of polydipsia associated with dietary e]ectroljte
depletion, more specifically K-depletion and salt depletion (Tow NSC]/

K-depletion).

METHODS
© Study la involves a total of 30 male Sprague-Dawley rats housed
in individual, wire mesh metabolic cages in a temperature controlled
room on a 14 h:10 h light-dark cycle. fhéy were allowed ad 1ibitum

access to either a dry synthetic control diet (n = 8), K-free

[
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FERERN diet-(g ='12)'or Tow salt diet {low NaC]/K-free diet, n = 10), and ad
...._L‘ _ 1ibitum access to distilled water. Water®intakes and urine outputs (%
. }[6 g), as well as body weights (% 1.Q g), were measured at the same
/time 3ﬁ;b4q§y for a total of 11 days. Blocd samples were collected at
o the end via puncturé of the abdominal aorta for analyses of plasma
‘_,)/' electrolytes, osmolality and plasma Al concentration and PRA. As shown
in Figure 2, Study la; rats maintained on the Tow salt diet showed a

-

significant and sustained increase in dajly H20 intake compared to
controls. ‘Therefore, the 1ow‘sa1t diet provided a more suitable model
for elecirolyte depletion induced polydipsia from which fdrther studies
could be undertaken. '

Aﬁbther group {Study 1b) of 20 male Sprague-Dawley rats were
housed and maintained under the same conditions as described abovei
« : They were allowed ad libitum access to either a control diet {n = 5},
K-free diet (n = 8) and low salt diet (n = 7), and ad libitum access to
- r.}tdistilled water. Water intake and body weights (+ 1.0 g} were measured

at the same time each day for a total of 5 days. Blood samples were
co]]ecgéd via cardiac punctures at this time for analyses of p]aéma
electrolytes andeplasmayosmpiality.

A third group (Study 1¢) of 20 male Sprague-Dawley ratg‘were
allowed ad 1ibitum access to either a dry synthetic control diet (n =
5), K-free diet (n = B) and low salt diet (n = 7), and ad‘Tibitum access
to distilled water for a total of 11 days. Blood sampleB were collected

\\k\\\via cardiac.pungfure on the 3rd and 11th day of the study for analyses

of plasma electrolytes, plasma osmoiality and plasma Al . concentration -

7

k]

and PRA.»
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RESULTS AND DISCUSSICN

, The main purpose of study 1 was to characterize the polydipsia
associafed with dietary electrolyte dep1etion.(K-dep]etion and Tow NaCl/
K-deﬁlgtion) and the possible role of the renin-angiotensin éystem.

Table 4 summarizes results obtained from terminal blood samples
taken via the abdominaf aorta 11 days after igtroducing the three diets
(control, K-free and low NaCi/K-fEee diets). Both dieta(y depletion
groﬁps showed Hecveased'p1asma K% and C1” conpentratibns whereas only
the Tow salt diet groups sdeed a statistically significant decredse in
plasma Na+ concentration {control 141.75 = 0.49 vs 138,92 +.0.74 mEq/]

_p]asma,‘b < 0.05). Hypokalemia was moré pronounced in the K-free diet

animals (cgptrol 3.77]+ 0.05 vs 1.94 + 0.05 mEq/1 - plasma, p < 0.005).

Both groups developed a hypoosmotic plasma compared to control diet fed'
-animals.

| Figure§‘2 and 3 show 24 h intakes of water and urine outputs;’
respectively, in the three groups studied. A statistically sfgnificant
increase in water intake occurred as ear]i as day 3.1” the low salt,diet
group (control 32.77 1, S-vs 30.44 £ 2.47 m H20/24 h/lOO g bwt,

{ -
p< 0.005). The peak of poTydipsia occurred by day 4 for both dietary

depletion groups, whgreas onlythe low salt diét'group maintained.a
significantly {ncféased water intake throughout the‘ll day dietary
electrolyte depletion study. The increaséd daily water intake of the
Tow salt diet group was significantly higher than the K-free diet

animals throuéﬂéut_rhis period. Both depletion groups developed

polyuria Ci&iiiiant]y with the polydipsia.
! N
Figu shows the mean daily body weights of rats in the

- \
control, K-free diet and low salt diet groups of thi§ study. The low

- ;
(
r
|

!
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3

Plasma electrolytes and plasma osmolality in control, K-freé
diet and low NaCl/K-free diet groups. .Resu1ts are expressed
as mean + S.E.M. The number of animals are shown in
parentheses. ‘Blood samples were collected via abdomina]
aorta from rats 11 days after introduciﬁg the diets.

*p < 0,05 and **p < 0.005 compared to control, +p < 0.05
and ¥p < 0.025 compared to K-free diet group using one-way

ANOVA and Scheffée test.
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TABLE 4

%2

- . Study 1} \\\\¥/—
J-""“'
Control Diet K-Free Diet Low NaCl
-~ {n = B) {n =12) K-Free Diet
, ‘ (n =10)
Plasma Electrolytes
{mEq/1)
Na+ 141.75 ¥ 0.49 140.48 * 0.54 *138.92 * 0.74
k* 3.77 * 0.05 **1,94 + 0,05 | %+ 2.47 + 0.1
c1” 102.1 0.8 **93.5 0,89 | +%%90.85 * 1.19
=
Plasma Osmolality
(mOsm/Kg H20) 298.9 t 0.85 *293.09  1.46 *288.9 t 2.47
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Figure 2; Study la;

24 h water intakes by control, K-free diet and low
NaCl/K-free diet groups. Results are expressed as means =
S.E.M. The number of animals are shown in parentheses.

Data analysed using one-way ANQVA and Scheffé test.

.*p< 0,05, *p< 0.01, and ip < 0.005 compared to control.

"+p < 0.25, *ﬁ < 0.01 and *p < 0.005 compared to K-free diet

group.
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K-FREE DIET
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CONTROL DIET
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Figqure 3; Study la: ‘
24 h urine outpwut by control, K-free diet and Tow
NaCl/K-free diet groups. Results are expressed as means
S.E.M. The number of animals are shown in parentheses.
Data anlyzed using one-way ANOVA and Scheffé test.

*p < 0.05, 3p < 0.01 and Ep < 0,005 compared to control.

+p < 0.05 and *p < 0,005 compared to K-free diet group.

-



URINE OUTPUT (m1/24 h/100 g bwt)

40

32

24

16
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K-FREE DIET (n = 12}
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Figure 4; Study la: ' s
Mean daily body weight of control, K-free diet and Low
NaC1/K-free diet groups. Results are expressed as means.

The number of animals are shown in parentheses.




Body weight (grams)
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sait diet anima]s‘remained at 2 relatively constant body weight
throughout the 11 day study. On the cother hand, the K-free:diet group
showed 2 slow but steady increase in body weight. Animals maintained on
a control diet showed the normal rate of growth (body weight) from day
to day. The greatest retardation of growth occurred in the low salt
diet animals.

Figure 5 is a histogram of plasma renin activity (PRA) and
angiotensin I(AI) concentrations in control, K-free diet and Tow salt
diet groups, sampled on day 11 of the study. Both groups show
significantly elevated Al and PRA plasma levels compared to control
animals. The low salt diet group had significantly higher AI“
concentrations {308.6% * 16.61 vs 227.64 * 16.47 ng Al/m1) and PRA
(128,21 + 12.05 vs 83.96 * 12.45 ng Al/ml/hr) levels than the K-free
diet animals (p < 0.005, respectively). In both cases the levels were
significantly elevated from control Al concentration (31.03 ¢ 7.67 ng
AI/m1) and PRA {37.97 = 8.78 ng Al/mi/hr) levels (p < 0.005).

Table 5, Study 1b summarizes results obtained from blood samples
taken via cardiac puncture 5 days after introducing the diets show
decreased plasma k* and C1” concentrations in both experimental groups.
Again hypokalemia was more proncunced in the K-free diet animals
(control 4.31 ¢ 0.04 vs 2.52 + 0.07 mEq/) plasma, p < 0.005). Both the
Kzfree diet group (275.86 * 1.58 mDsm/kg HZO).and the low salt diet
group (273.86 = 1.97 mOsm/kg HZO) developed a hypoosmotic plasma by day
5 of the study when comparea to control (280.4 + 1.12 m0sm/Kg HZO)
animals (p < 0.05 and p < 0.025, respectively).

Figure 6 shows 24 h intakes of water for of the three diet groups

in.study 1b. A statistically significant increase in water intake
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Figure 5; Study la:

Plasma renin activity (PRA) and angiotensin I (AI)
concentrations in control, K-free diet and low NaCl/K-free
diet groups. The blood samples were collected via
abdominal aorta on the 1l1th day of the study. The results
are expressed as means * S.E.M. The number of animals is
shown in the lower left hand corner of the histod?am.

*p< 0.05 and :p < 0.005 compared to control. *p< 0.01
and #p < 0.005 compared to K-free diet group using a

one-way ANOVA and Scheffé test.
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Plasma electrolytes and plasma osmolality in control, K-free
diet and low NaCl/K-free diet groups. Results are expressed
as mean + S.E.M. The number of animals are shown in
parentheses. Blood samples were collected via cardiac
punctures from rats‘S days after introducing the diets.

*p < 0,05, **p < 0.025 and ***p < 0.005 compared to control,
+p < 0.025 and #¥p < 0.01 compared to K-free diet group using
a one-way ANOVA and Scheffe test.



|

*Low NaCl
K-free Diet

{n =7)
Na* ' 139.8 + 0.51 140.58 + 0.46 +138.75 + 0.62
K" \ 4.31 + 0,04 ***2,52 + 0,07 F**3,08 + 0.14
c1” ~_ 103.8 ¢+ 0.8 ***97.5 + 0,57 **39 : 1.40

Plasma Osmolality (mOsm/kg H20) 280.4 + 1,12 *275.86‘:_1.58 **273.86 + 1.97

*In reference to control diet fed rats of study 1 a range of normal
lasma osmolality levels in each series of animals (Study la, b and ¢
Eto follow p. 48%) is observed. We attribute some of these
discrepancies in pOsm to animal variability. It is important to note
that the supply of experimental animals was from two different sgurces
(Charles River and a colony from the University of Ottawa when
available). Furthermore, in each case we deal with a small sample size
(n < 8). One approach would have been to pool all control data for
comparison to experimental rats and in this way reduce wample variation
~dg§t§p a small sample size. However, we found it appropriate to have a
cohtrol with each experimental group or have animals serve as their own

~_ tontrols. In this way we may ginimize variability due to the source of

rats and different times during which the studies were conduced. Also
it is iMportant to be aware that it is Study 1b which shows the lower
ext of control pOsm data. I may be that in these rats the water
conserving ability is not to the same capacity as rats of the other
studies and may account for the lower normal pOsm. Finally, it is.
important tg note that in every case, rats maintained on the deplqtion

diets deweldp a plasma osmolality that is isotonic or hypotonic to R
control diet fed animals, further supporting the fact that
hyperosmolal3 es not mediate electrolyte depletion induced .

polydipsia.

S
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. Figure 6; Study 1b: N
‘ /"‘7 " 24 h water intakes by control, K-free diet and Tow -
NaC1/K-free groups. Results are expressed as means *
S.E.M. The number of‘ énimzﬂs are shown in parentheses.
Data analyzed using one-way ANOVA and Scheffé test.
" ' *p < 0.05, ¥p < 0.025, and ip < 0.005 compared to control.
, +p < 0.05 and #p < 0.005 compared to K-free diet group,
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_occurred as eh}ly as day 2 in the low salt diet group (control 11.07 =
0.52 vs 17.34 = 2.82 m] H20/24 h/100 g bwt, p < 0.05) and day 3 in the
K-free diet group (control 9.70 = 0.58 vs 19.08 = 2.79 mlfH20/24 h/100 g
bwt, p < 0.025). The increased daily IQter intake of the l?w sait diet
group was greater than the K-free diet animals thréughout the 5 day
study.

Table 6 lists the plasma e]éctro]ytes and osmolalities of bloed
samples taken via cardiac puﬁctgre on day 3 and day 11 after introducing
the diets (control, K-free and low NaCl/K-free diets) of rats in study
lc. Both dietary depletion groups showed decreased plasma K"
concentration by day 3, whereas only the low salt diet animals showed a
decreased plasma C1° 1Lve1 (control 101.7 + 0.51 vs 98.21 = 0.82 mEq/]
plasma, p < 0.005). The low salt diet group show a statisfica]]y
significant decrease in plasma osmolality as early as the 3rd day of the
study (control 294 = 0.45 vs 290.07 # 1.32 mOsm/kgH,0, p < 0.05). By
day 11 after introducing the diets, both dietary depletion groups
developed hypochloremia and hypokalemia. The hypokalemia was most 3

significant in the K-free diet animals (control 4.47 = 0.08 vs 2.70
’ 0.13 mEq/1 plasma, p < 0.005). By day 11, the low salt diet. animals
showed a statistica]jy significant decrease in’plasma Na® concentration.
Both dietary depletion groups developed a hypoosmotic plasma at this
time. \

Figures 7 and 8~gre histograms oanngiotensin I {AI)
concentrations and plasma renin activity‘iPRA), respectively, from blood
samples on day 3 and again on day 11 after introducing the diets

(control, K-free and low NaCl/ K-free diet} of the study. In both

experimental groups, PRA and Al concentrations were significantly
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Plasma electrolytes and plasma osmolality in control, K-free
diet and low NaCl/K-free diet groups. Results are expressed
as mean * S.E.M. The number &f animgls are shown in
parentheses. Blood samples were collected via cardiac

e

punctures from rats on day 3 and day 11 of the study. Data

was analysed using two-way ANOVA and Scheffé test.
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. - TABLE 6
Study lc
/// Control djet K-free diet ‘ Low NaCl
(n =5} ° (n = 8) K-free diet
-~ b (n =7)
/ ,
Day 3 Bloeod Samples /
Plasma Electrolytes
(mEq/1 plasma)
Nat - I 140.51 + 0.52 141.23 + 0.44  140.86 * 0.62
K" 4.76 + 0.25 ***3.69 = 0109 ***3_ 62 + 0,09
c1” 101.7 = 0.51 100.71 = Ol5  #*»%9p 21': 0.82
Plasma Osmolality ' . .
(mOsm/kg HZO) g 294_ + 0.45 290.86 = 1.71 *290.07 = 1.32
. .
Day 11 Blood Samples SNe—y
Plasma Electrolytes /
(mEq/1 plasma)
Na+ 140,56 + 0.3? 140.58 + 0.46 +**138.75 + 0.62
+ sedek hokk
K 4.47 + 0,08 +++2.70 + 0.13 ¥ ++3.23 + 0.09
- sk * A de R .
C ‘ 102.7 % 0.41 ++492.79 + 1,13 $44484.93 + 1.06
Plasma Osmolality e
(mOsm/kg H20) 295.1 =+ 0.51 ***289.43 £ 1.19 + ++286.14 + 1.39

*p < 0.05, **p < 0.01, ***p < 0,005 compared to control,

++p < 0.01, ++4p <. 0,005
tp < 0.05, ¥p < 0.025, %

compared to Day 3.

p < 0.005 compared to K-free diet group.



49

e

Figure 7; Study lc: ' o T
Angiotensin I (AI) concentrations in control, K-free diet
and low NaCl/K-free dfet groups. The b1oog samples were:-
ccllected via cardiac puncture on day 3 (blank bars) and on
day 11 (hatched bars) of the study. The results are
expressed as means = S.E.M. The number of animals is shown’
in parentheses. tp < 0.005 compared to control, and
%p < 0.005 compared to K-free diet group and +p < 0.005
compared to day 3 data using a two-way ANOVA and Scheffé

test.
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Figure 8; Study 1lc:
Plasma renin activity (PRAJuin control, K-free diet and lTow
NaCl/K-free diet groups. The blood samples were collected
via cardiac puncture on day 3 (blank bars)‘énd on day N
(hatched bars) of the study. The results are expressed as
means * S.E.M. The number of animals is shown in
parentheses. :p'f 0.005 compared to control, +p < 0.05 "

compared to K-free diet group and +p < 0.005 compared to

day 3 using a two-way ANOVA and Scheffe test.
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elevated as early as day 3 of the study. The low salt diet group had
significantly higher Al concentrations (311.41 = 16.35 vs 183.2 + 10.23
ng Al/ml, p 0.005) and PRA (104 * 7.28 vs 83;25 + 7.30 ng Al/ml1/hr,

p 0.05) Tevels as compared to K-free diet animals, respectively. In
both cases these levels are significantly increased from control Al
concentrations (38.86 * 3.56 ng AI/ml) and PRA

(23.66 = 1.14 ng Al/ml/hr) levels at this time {p 0.005). Both
dietary electrolyte depletion groups had significantly higher levels of
Al concentrations and PRA on day 11 compared to day 3, whereas control
animals showed no significant changes between day 3 and day 11 of the
study. )

Brokaw (1953) has reported that water turnover was further
augmented by removal of sodium from the potassium deficient diet while
the water turnover of pdtassium-deficient rats drinking saline was only
slightly greater than thaf of the saline drinking controls. In the
preéent study, 3 groups of animals were used in order to determine the ”
most reliable model for the development of polydipsia (control, K-free
and low NaCl/K-free diets). Both of the dietary depletion groups Showed
significant]yhgaévated intakes of water by days 3-5 on the diets,
whereas only the low salt diet group remained at the elevated 1evei
(Figs. 2 and 6). With the development of polydipsia there was a
concurrent increase in urine output (Fig. 3). Dietary electrolyte
depletion suppressés norﬁal growth in animals. A refard@tion of growth
was observed, measured as the relative rate.of increase(in daily body
weight, was suppressed in the dietary dep]etﬁon-groups (Fig. 4).

Plasma analyses o;,eXéctroTytes (Tables 4 and 6) showed that these

dietary depleted rats are hypochicremic and hypokalemic on day 11 of the
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diets. The decrease of plasma-potassium concentrations was less in rats
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_ receiving the low salt diet because continuing sodium deprivation

reduces rgnal potassium excretion by increasing the rate of potassium
reabsorpt{on by the collecting duct (Peterson et al.,. 1977). Plasma
sodium concentration shows a statistically significant decrease in the
low salt diet group by day 11 of the study. Plasma osmolality for both
groups of dietary electrolyte depleted rats have a hypoo§motic plasma as
compared to controls o; day 11 of the diets (Tables 4 and 6). The data
shows that dietary electrolyte depletion results in a decreased plasma
osmolality ;s early as day 5 compared to control (Table 5). This

corresponds temporally with the initial attenuation of water intake

(Fig. 6): . .

-
I

In order to correlate the peak of polydipsia with circulating All
levels, blood was sampled on the 3rd and llth days of the depletion
diets. The data shows that both plasma Al concentrations and PRA are

significantly increased whereas statistically significant changes in

‘plasma osmolality are not yet seen as early as day 3 (Table 6 and

Figs. 7 and 8). The depleted animals show significant decreases of
plasma K levels by day 3 and the low salt diet grdup shows a

statistically significant decrease in p1asha C1 at this time (Table 6).

" Finally, both plasma renin activity (PRA) and Al concentration is

significaﬁt]y elevated in the dietary depleted rats as compared to

. . \ -~
control (Figs. 5, 7 and 8). / - -

4

The Tow salt diet is a more potent stimglus for the develcpment

of polydipsia as-well as for increased plasma renin activity (PRA) and

. Al concentrations (Figs. 2, 5, 6, 7 and 8) than dietary potassium

depletion alone. This data suggests that the development vf digtary
' b

¥
i
] —r

.
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electrolyte erTetion induced polydipsia may involve the
renin-angiotensin system, mediated by.the action of elevated circulating
AIT acting on central receptors. With continued dietary depletion the
developing hypotonicity of plasma may act as an inhibitory osmotic
inflaghce on thirst, thus antagonizing the action of elevated levels of
circulating AIl on the drinking behaviour of these animals. The
hypotonicity of plasma may attenuate any further development of
polydipsia or may even overide theldipsogenic action of circulating AlIl.

Paller et al. (1983) has reported that rats maintained on a
K-deficient diet for 2 weeks deve1qp a sustained polydipsia and
hypertonic plasma. This contradic;s the present findings concerning the
development of a hypotonic plasma. A hypertonic plasma would provide an
osmotic stimulus for drinking, thgreforé potentiating any action of
elevated circulating AIl in the development and maintenance of
polydipsia throughout the dietary electrolyte depletion period.

It is important to note the geographical differences between this
1aborat6ry and that of Berl, Linazs and Paller. Their work.was done in:
Denver, Colorado (a1t1;ude'v 5280 ft, Bar. pres. 630 mmHg, 02
tension ~ 130 mmHg) where the humidity is less and acclimatization to
altitude may be an important factor. Under the conditions of high
altitudes the continuous water loss from the skin and through
respiratjen (insensible wate}'loss) and a variable amount of sweat
(sensible water loss} in therregu1ét10n'of body temperature may be.
increased re1ativé to studies at sea level conditions. Also, when using
the rat as the experimental model, an animal with a high relative rate
of metabolic activity and respiration rate (resp. rate ~80-150 per
min.), the effects of altitude changes on water metabolism become more

2
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significant, These considerations will be discussed further in section

4, General Discussion.

3.2 Study 2 - Preliminary Study of Urine Concentrating Ability in

Relation to Dietary Electrolyte Depletion.

An impajrment of uripe concenfrating ability associated with
-hypoka1emia‘has been observed in man (Rubiniy 1961) énd in animals
{Mannitus Et al., 1960; Bennett, 1970). In potassium depletion, the
water-losing disordr is characterized by p&dipsia; polyuria and an
’impaired maximal urine concentrating gbi]ity (Berl, 1980). There is
evidence that polydipsia and the urine concentrating defectégccur
entirely independént of each other (Berl et al., 1977). Studies con-
cerned with the effects of anions on urine concentrating mechanisms show
“that hypochloremia influences renal fdnction (Abboud et al., 1979; Galla
et al., 1981; and Luke et al., 1977).
This study was undertaken to determine if the development of
increased water intake was a primary event‘or secondary to the
development of a urine concentrating defect during dietary electrolyte <\

depletion,

¢ METHODS

A1l rats were housed and maintained under the conditions
“, described in section 2.1, General Methods. Maximal uriﬁary
‘ concentrating ability (Max Uosm) was evaluated in all anim$19 by water
dep}iving for 24 hrs and food depriving for the last 4-6 hrs of the 24
hr period, Urine was collected from clean.metabolic cages into urine
ggr bottles uéﬂér 0il to prevent any evaporative water loss during the last
4-6 hrs of the 24 hr test period. -



. of maximum urine conéentrating ability on the 11

electrolyte depletion of animals maintai

o 3 i

A total of'§4 rats were maintaimed on synthetic control digt
during which time maximum urine concentrating abifity (Max Uosm) was
tested (Figs. 9, 10 and 11). After a minimum 3 day frecovery period.
fo]IowinQ dehydration, a group of 12'rats was fed a K-free diet and
evaluated for Max Uosm 11 days post commencement (Fig, 9). The other

group of 22 rats were maintained on the Tow salt diet of which 10

animals were evaluated for Max Uosm on day 6 and day 11 of the dep]etioni

period (Fig. 11). The remaining group of 12 rats were evaluated for Max
Uosm on the 11th day of the low salt diet followed by control chow and
evaluated for Max Uosm on dqy 5 of the dietary electrolyte repletion

period (control diet) (Fig, 10).

RESULTS AND DISCUSSION

The main purpose of this study was to determine how s&ﬁn
following dietary electrolyte depletion does an impairment of urine
concentrating ability manifest itself. Figures 9, 10 and 11 are
l;istograms of maximum urinevsmo'laﬁty (Max Uosm) meZsured prior to

dietary electroiyte depletion and at various times dyring depletion on

the K-free and low salt diets. Figure 9 shows a ¥ignificant impairment

1 day of dietary

_ oh the K-free diet (control
3120 = 73.63 vs 2458.62 + 74.73 mOsm/kSﬁ SUN < 0.001). Similarly, .
animals maintained on the low galt diet show a significant decrease in

Maf Uosm by the 11th day of dietary depletion (Figs. 10 and 1}).

Figure 10 shows that the impairﬁént cf urine concentfa?ing ability seen

in rats following 11 days on the low salt diet is corrected with dietary

[
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electrojyte repletion within 5 days (rep]etidn d!‘si\138 vs 2587.8 + -
146 Wsn/kg H,0, p -0.005). Figure 11 shows/ng/ gidnificant impairment
. ) 2' '
of urine c;;EEEXrating ability on day 6 of dietary gleCtrolyte depletion
on the Tow sglt diet (control 2918 : 148 vs 275)(4 = 170 mOsm/kg H,0),
whBreas an impairment was confirmed by day Il o%‘the diet (control 2918
+ 148 vs 2363 * 166 mOsm/kg HéO, p 0.005). ‘N\ .“
The results of °the study confirm the development of a uring

concentratifg impairment of the kidney in rats maintained on the

electrolyte free diets (Figs. 9, 10 and 11). The impairment of urine

r the rats are maintained on a low NaCl/K-free

diet or the K-free diet alone. Berl et al 7) demcnstrated that the
increase- yn water intake precedes the develo centr&f*ng |
defect in potassium yep1etion, and that the polyuria igq}arge]y a

concentrating aBility becomes significant at least by the 11th day of
dietary depietion, whetS@

consequence of the polydipsia. To dete:mine whether the primary effect
of the electrolyte deplete diets is to.induce polydipsia, rather than
béing secondary to the development of a urine concentrating impairment
and polyuria, rats mhintq{ned on tHe Tow salt diet were tested for Max
Uosm on day 6, a tﬁme by wh{ch the elevated in}yJQatér intdke was well
estab]isﬁed in rats maintained cn the dep];?ion diets (Figs. 2 and 11).
... The data are in gnggment with the findings of other
investigators (Berl, 1980). Thé fact that increases in the intake of
Water precedes an impairment of water conserviné ability and the
deve]opment of a hypoosmotic p]asma-?n this study suggésts that the
§timulus for thirst is not hyperosmolality but rather of a nonosmolar
nature. It seems that the polydipsia induced by dietary é]ectro]yte

depletion is concomittant with elevated circulating AIl levels, whereas

™
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Figure 9:
gure ~

Maximum urine osmolality (Max Uosm) made prior to dietary

-» electrolyte depletion {btank bar) and on day 11 of the
i K-free diet (hatched bar). Results are expressed as means
+ S.E.M. The number of an1ma1§ is shown_in the lower 1ef£
hand cornef of the histogram. :p < 0.001 compared Eo
control using an unpaired t-test.
A%
o . . . \\ s
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Figure 10:

Maximum urine osmolality (Max Uosm) made prior to dietary
electrolyte depletion (blank bar), on day 11 (hatched bar)
of the low NaCl/K-free diet and on day 5 (blank bar) of
dietary electrolyte repletion (control diet). Results are
expressed as means * S.E.M, The number of animals is shown
in the Tower left hand corner of the histogram. A;p < 0.005
compared to control and +p < 0.005 compared to repletion

using a oné-way ANOVA and Scheffé test.
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Figure 11:
Maximum urine osmolality (Max Uosm) made prior to dietary
electrolyte depletion {blank bar), on day 6 (cross-hatched
bar) and day 11 (hatched bar) of the low NaCl/K-free diet.
Résu]ts are expressed as means = S.E.M. The number of

animals is shown in 4{€?1ower left cor‘er of the histogram.

_*p < 0.01 compared‘td control and +p < (7 ompared to day

6 using a one-way ANOVA and Scheffé test.

-
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the urine concentratiqg defect may result from an impaired NaCl
transport by the thick ascending 1imb (TAL) coupled with reduced solute
delivery to the loop of Henle in dietary electrolyte depletion (Gutsche
et a].,'1984; and reviewed in Peterson, 1984).

3.3 Study 3 - Preliminary Study con the Effect of Subfornical Organ

Lesions on the Development of Polydipsia Induced by Dietary

Electrolyte Depletion y 4

Since rats maintained on a low salt diet are characterized by
elevated PRA and plasma Al concentrations as demonstrated in this lab,
and angioteﬁsin IT is a potent dipsogen {Fitzsimons, 1976),.1t is
possible that this is the mechanism responsible for the polydipsia
induced by dietary electrolyte depletion. The purpose of the third
study'was to determine whether ablation of the SFO, 2 sma117h1d1ine s
circumventricular structure in the braih believed to mediate
angiotensin-induced thirst in the rat would prevent the development of
polydipsia in rats fed a low salt diet.

’

METHODS

-
’.

A total of 27 animals with Qtereotaxic lesions of the SFO, 9
sham-cperated rats and 6 non-lesioned rats were housed and maintained
\\h_under the conditions described earlier. All rats were allowed a minimum
of 7 days post-surgical recovery while being maintained on control diet.

The group of 27 SFO-iesioned rats were fed a low salt diet for 11

consecutive days followed by 5 days of repletion on the control diet.

. -
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Water intakes, urine outputs and body weights»(t 1.0 g) were meas;red
daily. Blood samples ( 1.0 ml whole hlood) were taken via cardiac
puncture (n = 14) during the post-surgical recovery period for plasma
electrolytes and osmolality analyses. Four days later this group of 14
rats were fed the low salt diet during which time blood samples { 2.0 ml
whole blood)‘were taken vialcardiac puncture on day 1 {n = 5), day 2 (n
= 5), day & (n = 4) aﬁd again on day 11 {n = 14) for analyses of plasma
electrolytes, osmolalities, plasma Al concentrations and PRA, On the
5th day of repletion (control diet),lblood samples (n = 14) were taken
via cardiac puncture for analyses of plasma electrolytes, osmolalities,
plasma Al concentrations and PRA. The remaining group of 13
SFO-lesioned rats were tesfed for Max Uosm on the 1l1th day of the low
salt diet period and again on“day 5 Q: the repletion period (control
diet). The sham-operated rats were tested in the same manner for urine
concentrating ability on the low salt diet and rep1etfon.diet {control
diet). Blood samples were taken via cardiac puncture from Six
nﬁn-]esioned rats while on the control diet, day 2, and-day 11 of the
low salt diet, and again on day 5 of the repletion period, in the same

-

manner as the lesioned rats.
’ At the end of the study all rats with stereotaxic lesions or sham
cperations were peffused transcardially with 10% buffered formalin

solution for histological analyses for 1ocg1izati%p of the lesions.
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RESULTS AND DISCUSSION |

The pufpose of the current study was fo determine whether
ablation bf the SFO would prevent the.de?e]opment of polydipsia
associated with dietary electrolyte dep1etion_(1ow NaCl1/K-free dﬁét).

On the basis of histological analyses of brain tissue,/the rats
were divided into three experimental groups. "éroup 1" rats (n = 9) had
sham operations; "Group 2" rats.(n = 17) had lesions of both the medial
and posterior regions of the SFO; and "Group 3" rats (n = 10) had
lesioﬁs of the posterior part of the SFO. A1l lesioned animals in the
siuﬁ} s:;tAined varying degrees of SFO damage, as well as non-specific
damage extending into the adjacent hippocampal and thalamic structures,
Behavioural data were assessed. with reference to the sham operatioqh
group. Photomicrographs showing the 1oc$tion of SFQ lesions are givéh
in’ Fig. 12.

Tabfe 7 lists the plasma electrolytés and osmolalities of blood
samples taken via cardiac puncture from rats with electrolytic lesions
of the SFO and without lesions. Samples were collected from rats fed
control d{ét, at different I?BEE during the 11 consecutive days on the
Tow salt diet and again on day 5 of dietary electrolyte repletion

.(control d{%t). Boph SFO-lesioned animals and centrols had decreased
plasma k™ concentrations by day 1 and 2 éfter introducing the Tow salt

diet as compared to their pre-dietary depletion values, respectively.

wgned animals showed a decreased plasma C1~ level (control

100.64 + 0.p9 vs

7.75 + 0.75 mEq/} plasma, p <0.025} by day 4 of the
Jow salt diet—" At this time a significant decrease in plasma osmolality
was seen (control 287 = 1.11 vs 283.7 = 1.76 mOsm/Kg HZO’ p < 0.025).
By daj 11 of the low salt diet both SFO-lesioned animals and controls

P

/

J
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A

Figure 12:

Coronal photomicrographs of 40-60 thick brain sections
from two animals. Thick black arrow shows section with an
intact SFO. The sites of lesions are designated by Thin
black arrows. Adjacent vertical bars are 1 mm apart.
lesion centered in ventrolateral hippocampus in which there
is partial damage to thé~bo®&y-and caudal part of the SFO
(Group 2?.

4 ,

lesion centered in dorsal midline thalamus in which there

is partial damage to the caudal part of the SFO {Group 3).
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Plasma electrolytes and plasma osmolality in rats with

lesions of the SFO and withou: fesions at various times |
during control, Tow NaCl/K-free and repletion (control) diet
periods of the study. Results ~are expressed as,means of t‘
S.E.M. The number of animals shown in parentheses. ?,Data

anlyzed using one and two-way ANOVA and Scheffé test.

*p < 0.025, :p < 0,01, ip < .0.005 compared to pair controls.
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developed a.hypochloremic; hypokalemic and hypotonic plasma. All
animﬁ]s showed a statistically significant‘increase in plasma osmo1ality
by day 5 of dietary-repletion (control d1et), returned to the1r
pre-dietary treatment levels, of both plasma eIectrolytes, and
osmolality.

Figures 13 and 14 show 24 h intakes of waterAand urine outputs,
respectively. A statistically significant increase in water intake
occurred as early as day 2-3 of introducing the low salt diet in group 1
(sham-operated), group'2 and group 3 animals. In these rats the peak of -
polydipsia occurred by day'3-5.and tﬁey maint3ined significantly -
jncreased intakes of water compared to the{r pre-dietary electrolyte
depletion levels. Only group 2 shows statﬁstfca!ly tignificant lower.
intakes of water than the sham-cperation animals (grodp 1) on days 2, 3,
5, 6 and 9 of the dietary electrolyte depletion period of this study.
Group 3 doesvnot QEPW any statistically significant difference from the
sham operation animals for. the same period. A1l three groups show a
return to g;ntrol levels for intakes of water following dietary
rep]et1on (contro] diet). fF1gure 14 ;hows thaf during the same per1od
of dietary electrolyte dep]et1on, sham operation and group 2 animals
developed polyuria concurrent]y wjth the polydipsia.

Figures 1g‘ynd 16 are h{stograms of plasma renin activity (PRA)
~and @ngiotensin I (AI),qpncentration, respectively, of rats with lesions
of the SFO (groups 2 and 3) and withoutl]esions.' Dﬂta was obtained from -
blocd samp]é; taken via cardtac puncfurq‘while on the control diet, at
different times dugjng ihe 11 consecutive dﬁys on the Tow ﬁaltldiet and
again.dn day 5 of dietary electrolyte repletion (ﬁbntro1 diet). Both

groups show significantly e1evqted levels of Ai and PRA as compared to
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~

Figure 13:

A histogram of 24 hr intakes of water by rats with sham
operation (Group 1) and lesions of the SFO (Group 2 =
medial-caudal damage; and Group 3 = caudal damage).
Results are expressed as means = S.E.M. The number of
animals are shé;n in parentheses. Daté analyzed using
paired t-test f§r comparison between dietary conditions
within groups, and one-way ANOVA and Scheffe test for
between group comparisons for a given condition.

+p <0.05, ¥p < 0.025 and *p < 0.005 compared to pair

control.,

to.
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NS 0.05 NS
NS ns NS NS
«NS 5 NS NS

0.05 NS
RS
NS

0.05
NS
NS

NS
NS 0.025 NS
NS NS

0.065 0.025

N
NS
NS

Group 2 vs Group 3
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Figure 14:
Mean daily urine output of rats with sham operation and
lesions of the SFO. Results are expressed as means *
e

S.E.M. Dq{i’analyzed using paired t-test and one-way
ANOVA, - - -

[<}

\ N
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Figure 15:
Plasma renin activity (PRA) in rats with electrolytic
lesions of the SFO and without lesions at various times
during the control die;, Tow NaCl/K-free diet and repletion:
(control diet) periods of the study." Results are expréssed
as means * S.E.M. The number of animals shown in the‘]ower'
left hand corner of the histogram. pata analyzed ;sing

one-way and two-way ANOVA and. Scheffé test. *p < 0.005

compared to control diet.
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Figure 16:
Plasma angiotensin I concentrations (Al) in rats with
elect?o]ytic lesions of the SF0 and without lesions af
various times during the control diet, low NaCl/K-free diet
””/;//,/énd repfétiﬂn (control dietj periods of the study. Results
are expressed 3% means *+ S.E.M. The number of animals
shown in tie Towen 1$ft hand corner of the histogram. Data ;

anakyred usiﬁg one-way and two-way ANOVA and Scheffe test.

*p < 0.005 compared to control diet.
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pre and paéf-dietary e]ectro1§te depletion levels while on the control
.diets. The SFO-lesioned animals show significantly higher Al . -
concentrations’ (control 37.25 + 5.90 vs 110.28 + 13.52 ng Al/m¥

p < 0.005) and PRA Ycontrol 24.27 = 3.27 vs 61.44 = 12.33 ng Al/ml/hr,
p < 0.005) levels compared to the pre-dietary electrolyte depletion
levels of control anﬁ;;1§. Throughout the depletion)period both groups
of animals. maintained elevated Al concentrations and PRA levels. No
significant differences in PRA or Al levels were observed between iFO-
lesioned and control animals for corresponding days of the study. ™

.. Figure 17 is a histogram of Max Uosm of control animals (no

lesions) from study 3.2 (Figure 10) and rats with SFO lesions and
sham-operatioﬁ{nn day 11' of the low salt diet and day 5 of dietary
e;ectrolyte repletion (condrol diet). In all three cases a urine
concentrating impairment was confirmed by day 11 of the dietary
electrolyte depletion period. The impairment of urine concehtrafing
ability is corre;ted with dietary repletion in both the sham-operation
group (repletion 2914 + 2426 vs 2381.7 = 193.7 mOsm/Kg H20, p< 0.005)
and SFO-lesioned animals (repletion 3105 = 132 vs 23dé + 254 mdsm/Kg
HZO' p< 0.005) as compared to the dep1efion Max Uosm data..

Based on hist@ﬂﬁgica] analyses (Fig.'12) of rat brain, animals
were assigned into three groups depending on the extent of damage to the
subfornical organ. Behaviohra{(data of 'the daily Water intake and. urine
volume were anaﬁyzed according (o this grouping, A11'these animals
showed significantly elevated ihtake; of water by:éy 3-5 on the low
. salt diet which remained elevated thereafteg (Fﬁg. 13}. With the
déve]opment of po]ydip;ia there was a concurrent incréase in urine

- ' ‘ L
volume (Fig. 14). Plasma analyses of electrolyte concentrations

.
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Figure 17: ) -
Maximum urine osmolality (Max Uosm) of controls,
sham-operation and SFO lesioned animals made prior to

dietary electrolyte depletion {control diet) (blank bar),

on day 11 of the low NaCl/K-free diet (hatched bar) and on

day 5 (blank bar) of dietary electrolyte repletion (control
diet). Results are expressed as means * S.E.M. The .number
of aﬁimals is shown in lowér left hand corner of histoéram.
Data analyzed using one-way ANOVA with Scheffé test and
unpaired t-test. *p < 0.005 compared to control and

+p < 0.005 compared to repletion.

wa
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(Taﬁlé’})ISthed'that rats with or without. SFO lestons maintained ;h the "
diet became hypochloremic, and hypokalemic, and developed a hypobsmotic
plasma thch was corrected within 5 days of dietary e1ectro]yt§
rep]etion'(contfo] diet). Plasma sodium concentratjon showed a )
statistica]]y‘significant decrease byAthe 11th day on the low sa]t‘d;zt
Both plasma renin activity (PRA) and plasma Al conce%tfation§¢§re o
significantly elevated as early as the lst day of intrbduciné_tbe;low
”salt diet (Figs. 15 and 16). An impairment of urine concentfating
ability is gonfirmed by the 11th day of introducing the low salt diet in
control, sham-operation and SFO-lesioned anima]s'(Fig._IT). This
impairment was corrected within days by a}]owing the rats access to
' control diet. o ' =,

' The general aim of this study was to prevent the deve1opménf-of
polyd1ps1a that is associated with d1etary eTectrolyte depletiog (low
NaCl/K free diet). H1sto1og1cal ana]yses show that animals with 1es1ons
experience varying degrees of damage to the SFO 1nvo1v1ng nonspecific
damage 1ntp adjacent areas S?thout complete ab]at1on of the SFO. The
data from this study would seem to suggest that although these anima15.~
become polydipsic when maintained on the low salt E}et, the maénitﬁde of
increase in water- turnover of these -rats maybe idf1uenced:by the extent
and spe;ificity of damage to the'SFO and surrounding structures_and-

Q -
~ therefore available AII receptor s1tes . '
¢ The phys101og1ca1 basis for the abserved d1fferences 1n water
N .
~u‘TﬁE;kes between sham-operated (Group 1), Group 2 and Group 3 {SFO

lesioned) rats can only be speculated on. .The SFO is a small midline
circumventricular structure attached to the hippocémpa] commissure and

protrudes into the third:ventricle above thefintraventficu1ar fordmen, *

. [ - . “(1’.
) -. . - *’.7>
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The. SFO cqntaips neurons, glial cells, and fenestrated capiilaries"
(Dellman and Simpson, 1979)._ The arterial supply of -the SFO inc]udﬁhftsﬂf_,v
subfornical artery wﬁich inme&fate]y before‘reaching the SFO anastomoses
with the arterior and posterior choroidai arteries. Dellman et al. °
(1976} in théir transmission and scanning elgct;on microscopic studies
of the subfornical‘organ'have demonstrated regional differences within
the structure of tﬁé SFO. bepending upon which regions are damaged, the
lesions may have different effects on function. For examp{e, lesions
confined to the rostral region would affect afferent/efferent nerve
fibres in passage. Lesions of the central region would damage the body
of the SFO and lesions of the caudal region may interfere.with thé blood
supply to fhg'entire structure. Therefore, an understand:;g of the role
of the SFO in electrolyte depletion inmduced ﬁolydipsia requires an

evaluation of the experimental results with respect to the anatomical

" regions affected by any experimental treatment.

It s we]l'esnglished that circulating AII activates receptors
in the subfornical organ (SF0), resulting in drinking, vasopressin

release and by a pressor effect an increase in mean arterial pressure

© (Simpson, 1981). Circulating AIl of periphéral origin binds the central

part of the SFO quP Houten et al., 1980), a region which is highly
vascularized and contains most of the neuronal population of the SFO.

This region also contains All-immunoreactive terminal fields which

- appear to arise from cells in the lateral hypothalamus, zona incerta and

nucleus reuniens (Lind et al., 1984 and 1985). The zona incerta and
lateral hypotha]amic'érea are involved in the behavioural control of
fluid balance, particularly to osmotic stimuli. This may be achieved in

part by All-containing projections to the SFO, where neural and humoral



jnputs of AIT from.two different sources may be inteqrated (Lfnd et al.,
,1985). : . -
Neuroanatomical studiés hgve shown that the neural outputs of the
. SFO also contain All (Lind et al., 1984). These efferent pathways frém
the SFO project to several treas of the forebrain and typotha1amus 7
16;01ved iﬁ fluid-electrolyte metabolism (Lind et a{., 1982; Miselis,
1981). Many efferents to the anteroventral third_ventricu1ar area of
the pre?ptic region emerge from the rostal SF0. The second pathway is
out of the body a.anterior stalk of the SFO to the hypothalamus,
particularly to the neurosecretory magnocellular nuclei. This has Tled
to proposals that information from b1ood-borne and synaptically te1eased
AIl in the SFO may be relayed to the hypotha]am1c structures controlling
behavioural and endocr1ne responses by way of a neura] pathway that
employs the same peptide, AII, as a neurotransmitter (Lind et al., 1982
and 1985). Although the subfornjca] organ {(SFO) is one central site of
angiotensin I] dipsogenic receptfvity, this does not preclude a ,
dipsogenic action of AIl at cother loci. This is discussed further in

section 4, General Discussion,

3.4 Study 4 - Effect of-SFO Lesions on the Development of Polydipsia

Induced by Dietary Electrolyte Depletion and Urine Concentrating
’ .

. Ability Following Electrolyte Depletion .

The brevibus study suggested that animals maintained on the Tow
\
salt diet become polydipsic, and that the magnitude of increase in.water
turncver may be influenced by the extent and specificify of damage to

the SFQ and therefore available AIl receptor sites. The impairment of




urine concentrating abi]ity of rats mainfafned on the diet is
independéﬁt of these lesions. As a]read& mentiongd, the céntral §ttés
for angiotensiﬁ_II dipsogenic effica;y are 1ike1yfnot'confined'to_the'
SFO. The SFO has vehtral]y directed efferents which mediate drinking
response, cafryinb information to structtures in nﬁe region of ;he
anteroventral third ventricle (AV3V) which plays a crucial role in the
central neural control of f]ui& balance {Buggy et ai., 1977; Lind et
- ‘

al., 1982; Miselis, 1981). This area seems necessary for the normal

dipsogenic, antidiuretic and pressor effects of intraventricular and

: circulating AILl. The AV3V includes the medial port‘qgs of the medial

preoptic area, arterior hypotha]aﬁus,'median and supr&iptic portions of
the preoptic region and the organum vasculosum of the Qpinae-termina]is
{OVLT), a circumved%&icular structure lacking the b1ood-5rain barrier
(Buggy et al., 1977}. Lesions of the AV3V, which include the OVLT
ventrally and extend to the’arter1or commissure dorsally as well as many
neural efferent/afferent terminals; cause disturbances in both osmotic

and nonosmotic regulat1on of w;:;>~ba1ance (Buggy Jet al., 1977 and Brady

et al., 1978). Anatomical data describing the efferent pathways of the

SFO suggest that deficits in AIl mediated drinking produced by lesions

in the AV3V region may be due in part to destruction of efferents of the
SFO (Mwse11s et al., 1977 and 1981; Shapiro et al., 1978).

The purpose of the current study was to determine whether -

ab]ation of multiple CNS structures beljeved to have AlIl receptors, the

N .

SFO and OVLT, will prevent the development of polydipsia induced by the’
»

low salt diet. The second objection was to assess whether-the UCD is a

consequence of inadequate release of ADH from the magnocel]d]ar

neurosecretory neurons of the supracptic nucleus {SON). The difficulty

N



- (’ | . -
- TN Y
P, with interpreting the present experiments in rats is that the-lesions
impinge on many structures with consequent destruction of many neural

pathways. . o . \

METHODS
~

A total of 18 animals with stereotaxic lesions of the OVLT +“SFOQ
' (n = 12} and SFO alone tﬁ)g 6), as well as 6 sham-operated and 6 '
non-lesioned rats were housed and maintained under the conditions
described earlier. All rats were allowed a minimum of 7 days for
post-surgical recovery while being fed a2 control diet. The stereotaxic

-

, coordinates useﬁ}are shown in Table 8.

1)
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Table 8
. s .
Stereogtaxic Cootginates Used for Lesioning Electrode in Study 4

mm_from Bregma
Intracranial Site Angle from Perpendicular Anterior- Lateral Vertidal*

-

_ (Measured towards midline) Posterior
Subfornical Organ refer to Table 3 . T
Organum vasculosum® o '

of the Taminae 12 -0.3 1.0 7.3-7.6
terminalis (OVLT)

Sham operation + 12° . -0.3 1.0 5.5

~

*The vertical coordinate is the distance from the surface of the cortex
to the most ventral position of the electrode,

°current passed 1.5 mA/15-20 sec.

+no current passed.
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A1T rats were fed 2 low salt diet for 10 consecutive days. Water
intakes and body weights (* 1.0 g) were measured daily. At the end of
the study one-half of the lesioned rats (n = 2) and the non-lesioned
rats (n = é) were tested for Max Uosm on day 11 of the depletion period.
Another group of non-lesioned rats (n = 9) were tested for Max Uosm
while being maintained on the control diet. Fo]lpwiné\tests of Max
Uosm, all animals were killed by decapitation aﬁd blood was collected
into chilled EDTA tubes for ana]ys{s of plasma ADH. RIA for plasma ADH
concentration was carried out in the lab of Dr. Daniel Bichet, Sacred
Heart HOSpifa1! Montreal, QuéBec, Canada,

At the end of the study all rats with stereotaxic lesions and

sham operations that were not sacrificed by decapitation were perfused

transcardially with 10% buffered formalin solution for histological
analyses for localization of the lesions.

RESULTS AND DISCUSSION

The main focus of the current study was to determine whether
lesions of circumventricular structures, the SFO and OVLT, sites of
angiotensin-mediated thirst would prevent the development of po1ydipsi> "
induced by dietary e1ectro1yte depletion {low NaCl/K-free diet).

. _Based on histological analyses 6f brain tissue, the rats were
divided in two exper;ménFaT groups: Sham-operated rats {(n = &), and
lTesioned rats (n = 18) with varying degrees of SFO damage extending from

the body to the caudal region of the SFO. Animals with surgical lesicns

involving the SFO and OVLT showed varying degrees of SFO damage with no

7 (=3



ablation of the OVLT. Leijops directed at the OVLT were either not
evident in the serial sections of rat brain or were confined to an area
dorsolateral to the gptic recess -away from the AV3V regioﬁ. When the
fluid intake from jﬁas.uith Tesions of fhe SFO alone and those with

multi-lesions of the SFO and AV3V region missing the OVLT were compared,

.no statistically significant differences were observed. For this

3

reason, the SFO and OVLT lesioned rats were combined into the one
experimental group described above. The water intake was compared to .
the sham-operated group in this study. Photomicrographs showing.the
location of SFO and OVLT lesions are given in Fig. 18.

Figure 19 shows 24 h intakes of water o% sham-oberated and SFO
1esiohéd animals maintained on control diet followed by 10 consecutive
days of being fed the low salt diet. The sham-operated rats showed a
statistically significant increase‘in their dai!j’waté: intake, which
remained elevated thrbughﬁut the duration‘of the diet, as in our
prevfﬁbs studies.‘ The lesioned rats did not show any significant

increases of daily fluid intake throughout~the dietary treatment.

. Rgther, they maintained pre-digtary depletion levels,but with greater

var%abi1ity.

Figure 20 is a histogram of Max Uosm of control rats (no lesions)
ma1nta1ned on contro! diet, contro1 rats (no lesions) and lesioned rats
following 11 consecutive days on the Tow salt diet. In both control and
lesioned rats 2. UCD was confirmed by day 11 of the diet, as in the
previous studies. Following the test for Max Uosm these animals were

decap1tated for analysis of p]asma ADH concentration after maximal

T stimulation ﬁy 24 hour water deprivation. F1gure 21 is -2 histogram of

plasma ADH concentrations in these control and lesioned water-deprived

I
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Figure 18:
Coroha1.photomicrograhhs of rat brain sections. Thick
black arrow shows section with an intact SFO. ,Thin black

arrows point to sections where the SFO has been ablated.

3 v

A. shows a locus of a lesion in which the body and caudal part
of the SF0Q was destroyed. . \\
B. Serial sections-of a rat brain showing a lesion in which

the caudal -part of the SFO was destroyed.

Yeg
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animals. , ADH