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ABSTRACT

-

Hypoch1orem1c metabo11c alkalosis was 1nduced in 7 dogs with a

comb1nat1on of C1 -free diet™ and furosem1de 1n3ect1ons and was
subsequently m$¥azéwned for 8 weeks by feedjng Cl -free diet. Alkalotic
dogs‘demonstrated hypokalemia, hyponatremia, plasma hypooémo1a]ity‘and
palyuria with impaired ur%ne conCenE;gfing ability.- -Alkalotic dogs were
also extface]Tu]ar fluid volume (ECFV)-contracted as indicate@fby‘the
body weight (BWT) loss and a 10-fold plasma renin activity (PRA)
increase.

' ‘The plasma arginine vasopreésin (pAVP) was not different in
unstressed normohydrated or dehydrated a]ka]ot%c or non-alkalotic dogs.
Non-suppressed pAVP during alkalosis indicated that the urine |
concentrating impairment was independent of pAVP and that it was of
nephrogenic origin. Further, the quantitative relationship between Posm
. and pAVP was significantly altered in alkalosid. The osmotic threshold

for AVP release was approximétely 10 mOsm/Kg.H- ‘lower in alkalotic dogs

2
compared to controlls, while the slope of pAVP/Posm relationship

increased nearly two-fold (from 1.185 pg.m1'1/m sm.Kg'1 control to 2.487
, . , ;-

The polydipsia observed in alkalotic ddgs appeared to be duefto the

pg.m]‘llmOSmﬁﬁgzl).

L

chronically increased circulating angiotensin II XAIT) 1eye]s,

indicated by a 10-fold increase in PRA. The alkafgtic dogs'fa led to

drink in response to AII infusions (250 ng min™1 for i.v.) which
may be'related to pre-occupancy of All receptors with elevated

“ ¢irculating endogenous All.

i
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!

A]though water intake (m]/KgBHT) induced by a 2 h i.v. 1nfus16n of
1500 mOsm Na SO4 (0 09 mT/Kg BHT/m1n) Was not significantly d1fferent in
a1ka1os1s, the rate of drinking (m] water/Posm) was s1gn1f1cant1v
]owered {.297 ml/min in a]ka]os1s from .420 m1/min in the contro]\

Considered together these results éugge&t’that the set-points for

osmotic release of AVP was lowered and.the sensitivity of AVP release

wag-igi:eased in chronic metabolic alkalosis. The rate of drinking in

alkalosis is reduced. The urine concentrating impairment is -not due to
& - :

" inappropriate release.of AVP and rather is of nephrogenic origin.

-
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INTRODUCTION
Maintenance of homeostasis depends upon the integrated actfons of
I

physiological -and behavioral mechanisms. So called "motivated

behaviors" (Mogenson, 1977) such as thermoregulation, feeding, and
. R

‘ drinking have evolved in order.to help preserve homeostasis in

conjunction with physiological regulators. In case of-f]uid and
electrolyte homeostasis, a combination of renal, endocrine and drinking
behavioral mechanisms all make important contributions. In situations

of fluid-electrolyte imbalance such as in pregnancy, the luteal phase of

menstrual cycle, certain bronchijogenic tumors, circulatery and renal

disorders, both physio1ogic51 and behavioral mechanisms are altered.
The presenf study attempts to elucidate how neuroendocrine and

thirst mechanisms are altered in metabolic alkalosis, an acid-base

- disorder that also presents with fluid-electrolyte disturbances.

1.1 Fluid electrolyte Homeostasis

Fluid-electrolyte homeostasis contributes to the hemodynamics of
the circulatory system. A variety of physiological mechanisms are
involved fn the -regulation of extracellular fluid volume (ECFV) and '
compos{tion. At the capillary level, the Starling forces promote fluid
e#ﬁhange in accordance with changes in hydrostatic pressure, colloid
osmotic preésure,_and lymphatic drainage. Contéols intrinsic to the
circulation include the adjustment of cardiac output to venous retﬂrn,
Fhé autokegulation_of blood flow in peripheral tissues, and the direc®

effects of arterial pressure on glomerular filtration and urinary

. output. As well, there are cardiovascular reflexes invb]ving the

autonomic nervous system, adrenal medullary secretions and other



N o _ .
vasomotor controls. Finally, a strong endocrine influence is exerted on

both‘rena1 funﬁ%ion and drinking behavior.by the
Fenin—ggg?alensin—aldosterone (RAA)-system and by arginine vasopressin
(AVP), especially in response to internal needs for sodium and water.

The total body water (TBW abdut 60% of body weight in males) is
‘distributed between the intracellular (60% of TBN)Eand extracellular
{(40% of TBW) spaces.-ﬁﬁpproximateTy 20% of "the ECFV ig confined to the -
intravascu]ér spaﬁes (the plasma water). Osmotic forces arelimportant
in determining the distribution of water Eetween t%ése corpartments..
Each compartmeat has one major solute which, because of its restricted
trans-membrane mobility, acts to hold water within that compartment.
Therefore, Na+ sg]ts (extracellutarly), Kt salts -(intracellularly), and
proteins {intravascularly} help to 5aintain the vﬁiﬁmﬁﬁ'ﬁf-the
extracellular, intraceilular and intravascular spaces. Since the ce%]
membranes are permeable to water, the extracellular and intracellular
fluid; are in osmotic equilibrium.

Despite wide variations in dietary intake, the vo1gbes and
composition of the body fluids are maintained within an extremely ‘narrow
range. Variations in urinary excretjon are effective‘means by which the
body maintains water and electrolyte balance. However, while urinary
excretion can effectively eliminate excesses of substances, deficits éan

X : b .
be corrected only by increased intake. When relying exclusively on
renal systems, animals suffer from an accompanying loss of Electro1ytes
and negative fluid and electrolyte halances .are realized. On the ather
hand, the behavioral adjustments to Fluid deficits are rapid and

precise;




1.2 Regulation of Fluid Intake.

Of the three main sources of fluid intake, ie., drinking, water
contained in fooé, and water generated by oxidation of carbohydrates,
fats and proteins, the latter two are relatively copstan%. On the other
hand, the amount of water ingested by drinking can vary depending upon
the tonicity of body ffuids, state§ of cellular and extracellular
hydration and volume. Their relative contributions to fluid-electrolyte

homeostasis are described below in more detail.

i) Osmotic stimuli for thirst. The mechanisms underiying cellular-
dehydration-stimuiated thirsthwere established by Gilman (1937) who
demonstrated that the dogs drank twice as much water following infusions
ofﬁbypertonic NaCl, which aehydrated cells, than fo]]owing egquiosmotic

urea, which did not. Holmes et al. (1950) confirmed'that the drinking
attivity_was initiated only by so]utién excﬁuded from the cell interior
and not by changes in serum Na© and C1~ Je§g1s. The evidence for a
quantitative re]ationshib between celiular dehydration and water intake
was provided by Fitzsimons (1961). He noticed tc?t the volume of water
ingested by bilaterally néphrectomized rats given injections of

* hypertonic solution was precisely that which was needed to restore body
“fluid tonicity. .

Wolf (1950) was able to determine experimentally that a 1-2%
decrease in the volume of the intracellular fluid induced by slow i.v.
infusion of hypertonic Na(Cl initiated drinking in dog and man. These
results were confirmed in nephrectomized and intact rats by Fitzsimons
{1963). The mechanisms controlling urinary water loss via AVP from the
neurohypophysis (Verney, 1947) and those regulating water iptake operate -

synergisticaﬁ]y in most conditions to maintain cellular fluid volume.
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51} Extracellular-dehydration-induced thirst. There are mu]tiﬁle

mechanisms for maintaining extracellular vdlume and compdsition. These
inc]ude regu]aiiOn'of fluid excﬁange at the capil]ary and, controls
?nfninsic to the circulatory system, such as the adjustment of cardiac
oﬂtput'td venous return, the direct effect of arterial pressure on
'g]omerhlar filtration, cardiovascular reflexes involving the autonomic
nervous system, and other vasomotor controis (Fifzsfﬁong. 1972}).
However, an actual Eody fluid deficit can only be correctad by the:
ingestion of water. A decrease 1n’EC? volume, either
_hatura11y—occurring or.experimenta11y—induced, is known to stimulate
thirst (Fitzsimons, 1972). Experimentally, effective-dehydration of ECF
can be produced by injecting a hypertonic colloid solution {polyethylenc
glycol, PG) into the peritoneal cavity (Fitzsimons, 1961). The to]]oid
draws fluid from-the plasma by a Starling mechanism without exerting a
concurrent effect on body fluid osmolality. A functional hypovolemia
induced by physically impeding. the ciréu]ation to the renal arteries,
leads to increased plasma renin activity (PRA) and subsequehtly to
drinking (Fitzsimons,.1972). Baroreceptors, in large vessels entering
the heart and in the walls of the atria, send impulses carried in the
vagus nerves that exert an inhibitory effect on thirst neurons. in
addition to direct nervous activity from baroreceptors, there are
hormonal responses to ECF hyﬁovolamja. The-regu1atory hormonal system
‘of interest to this study, the ren{n-angjotensin1system, is'discussed in
the next section. : \

From the evidence cited above, it is clear that watér intake is
important for maintaining body fluid homeostasis and that ?rinking is

initiated as a regulatory responSe to reduction of either the cellular




or extracellular compartments. Furthermore, cellular dehydration and
extracellular volume loss are each separately competent stimuli for
thirst, but have an additive effect on drinking when activated together

(Epstein, 1982).
. ]

1.3 Renin-angiotensin Systém
The RAA system plays a major role in _hlood pressure homeostasis and

in the regulation of fluid and .electrolytes.

i) Generation of renin and angiotensin

' The kidney juxtaglomerular (JG) cells in the renal afferent
arteriole are the hajor source of circu1éting renin, although brain,
arterio1aflsmooth muscle, uterine smooth muscle, placental tissue,
submandibular glands, and ceftain tumors have been shown to produce
renin-1ike activity {Oparil et al., 1974). Renin is released in
response to hypochloremia (Abboud et al., 1979), hypovolemia (Davis et
al., 1976) and hyponatremia (Fray, J.C., 1980). Acttive renin is an acid
protease that cleaves angiotensindgen at the leucine-valine bond in
human angjotensinogen, and at the leucine-leucine bond in
nangiotensinogen of other mammalian species, to form angiotensin I (AI)
{Tewksbury et al., 1976). Al, a decapeptide, is copverted into AII, an
octapeptide, by the éction of a converting enzyme called

' dipeptidy]carbokypeptidase, found in the vascular endotheiium of the
lung, kidney and other organs (Oparil et al., 1974). The half-life of
AIl is short, 30 seconds, due to rapid degradation by angiotensinases in
the Bloodﬂ AIIl, a heptapeptide product of ALl metaboiism, plays an
important role in fluid-electrolyte balance {Mutter et al., 1984) which

is described below.
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ii) Physiological effects of angiotensin

¥
AIl is the major active component of the renin-angiotensin system and

has a variety of physiological actions. Its action is mediated by
receptors on vascular smooth muscle to promote vasoconstriction. All
intéracts with‘the s;hﬁathetic ﬁervous syétem, bofh centrally by
- increasing efferent nerve activity to.the periphery, and peripherally by
increasing release of catecholamines from the adrenal medulla and by
enhancinghrgiease and blocking reuptake ofénorepinephrine from
periphgral sympayﬁetic neurons (Peach, 1977)? The central pressor
effect of ALl is‘part1y mediated through the area postrema of:the caudal
medulla which lies outside the blood-brain barriér. Low Na' salt intake
decreases the pregéor response of AIl and high Na* salt diet incréases
this response (Brunner et al., 1972). i

AIl is a potent dipsogen‘and may play an important role in ECF
volume homeostésis'(Kuéharczyk and Mogenson 19755 1977). The dipsogenic -
action o% AIl is mediated vfa AIT receptors present in the preoptic area . .
‘-GPDA) (Epstein, Fitzsimons and Rolls, 1970), the subforﬁical organ (SFO)////ﬂ—///
(Simpson and Rottenberg, 1973); and the organum vasculosum of the lamina
terminalis {OVLT) {Schrager and Johnson, 1980). [t appears that the
preoptic region is the principal receptor site for AIl of cerebral
origin (KucharCZyk.aﬁd Mogensoy, 1977), whereas the SFO mediates
drinking induced by increased periphera].A&I (Kucharczyk, Assaf and
Mogenson, 1976}.

AIT has also been shown to stimulate AVP release when administered
systemically (Malvin, 1971; Bonjour et al., 1970; Haack et al., 1978)
and centrally by direct injection of AIl into the SFO (Simpson et‘al.,

1979)}. These interactions are descrfbed in detail in.section 1.6 below.

v
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"AI, along with AIl, is capable of stimulating catecholamine
production by the adrenal medu]]g, and may facilitate release of
norepinephrine from peripﬁ?a1 sympathetic neurons (Peach, 1977).

An important physib]ogica] effect of AII and AIIIl is the
stimulation of aldosterone prodﬁption in the adrenal zona glomeru1osa.

This action contributes to the changes in ECF volume and Na® and Kf

k\\\\\‘q_////_-ﬁome0stas1'5. Aldosterone binds to a c&top]asmic receptor and the

complex migrates to the nucleus where it initiates an increase in nRNA
synthesis at the level of transcription of DNA. The induced RNA
stimulates protein synthesis at the ribosomal level. The function of

the aldosterone~induced protein or proteins is a topic of current

debate. Onghypothesis holds that the protein increases the passive

permeability of the cell to Na® from the tubular lumen {pe meése‘
hypothesis}; another holds that the protein -increases the Z idatibn of
substrate to provide ATP (metabolic hypothesis); ;hd a third holds that
the brofein acts d1rect1y_to increase the activity of the sodium pump
(l\ia+ pump hypbthesis). In any'case, the effect 'is increased active
transport of Na+ from the tubu}sr lumen to the interstitium and hence to
the blood-stream. Low Na' and elevated K™ levels are also pbtent
stimuli for’a1doste}one production {Marver and Kokko, 1983). The
studies of Hanley and Kokko (1978) suggest chronic mineralocorticoid
treatment of rabbit stimUiates net chloride flux out of the cortical
collecting tubule. Thus these studies show that mineralocorticoids do
pér@iéipate in overall volume homeostasis via effects on the cortical

collecting tubule salt reabsorption.



jii) Requlation of renin-angiotensin system .-

The renin-angiotensin system is regulated at its act{vation stage
via the release of renin, as well as at the level of Ai[ receptors and
All destruction-by enzymes present in the blood. The renin substrate
and the converting enzymes are AOrﬁa11y present in suf%icient amounts-so
that their concentrationé are not physiologically rate-limiting for the
formation of AlI. Therefofe, a relatively small change in concentration
of PRA js usally the major determinant 6f the final concentration of
circulating AIl. AIIl suppresses renin secretion by a direct effect on
the JG ceT]s‘YKeeton et 51., 1980), representing a means of ufeedback
#egu]ation'. Renin release in respanse to Na® transport into the macul
densa {(Opara-Stitzer and Martinez-Maldonado, 1976) may be inhibited by
potassium entry into these cells (Linas, 1981}. Renin has also been
krown to inhibit its own re¥ease {Davis, 1276).

Vasopressin inhibics the secretion of renin in a variety of species ™
including the rat (Henderson et alﬁ,-1978), dog (Malayan et al., 1980},
and human (Khokhar et al., 1976). Mechanisms by which AVP inhibits
renin release may include reflex respbnse-médiated via the renal nerves,
by virtue of its antidiuretic activity, by alterations in thefrena]
handling of Na+, or by its direct action on the JG cells. Further :
studies are required to establish the relative importance of these
different mechanisms in the inhibition.of renin secretion by vasopressin
(Gregory and Reid, 1984).

1.4.Rote of Arginine Vasopressin (AVP) \

AVP plays an important role in maintaining fluid-electrolyte
homeostasis in the body. Water is eliminated from the body via the

urine, stool and evaporation from the skin and respiratory tract. The




evaporative losses are relatively constant in contrast to urihary water
ekcretion,lwhich is high1y vari551e, being Targely dependent upon the
presence or absence of arg1n1ne vasopress1n (AvP).

AVP is a neuropeptide with a molecular weight of 1084 daltons and
the following amino ac1d composition:
H-Cys;Tyr-Phe-G1u-(NHZ)-Asp-(NHZ)—Cys-Pro-Afg—G]y-NH2 (Walter et al.,
1067). AVP is synthesized in the supraoptic {SON) and paraventricular
(EVN) nuETE?';nd transferred to the infundibular process of the_—
neurohypophysis by a fast axonal transport mechanism. Histochemfca]
studies by Shute et al. (1966) and electrical stimulatory studies by
Brooks et al. (1966) have provided evidence for
hypothalamo-neurchypophysial transport of AVP release.

Ry virtue of its principal physiological effect of promoting: renal
"conservation of water, AVP helps maintain the osmotic pressure and the
volume of ECF and blood. Thus AVP plays én important role in
f]uid-e]ect?o]yte homeostasis. ‘

Circulating AVP (pAVP) allows water reabsorption to occur at the
distal tubule and the co]]ect1ng duct of tﬁ;/nephron The medu]]ar§
thick ascending 1imb of Henle in rats also responds to AVP by increasing
NaCl reabsorption (Hall et al., 1980; Herbert et al., 1981). AVP, by
increasing the permeabi]it} of collecting ducts to-urea Paintains the
hypertoniéity of the medulla which, along with the countercurreﬁt
multiplication system, is responsibTé for urine concentratioﬁ and

dilution mechanisms (Burg et al., 1973; Kokko et al., 1972; Rocha et
al., 1973).
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1.5 Control of Vasopressin Secretion

i) Osmotic stimuli

"It has been demonstrated that an increase of 1-2% in body fluid

osmolality can effectivg1y stimulate AVP release (Robertson et al.},

1976). Thus at plasma osmolalities below a certain minimum or threshold
value, pAVP is uniformly suppressed to below 1 pg/ml, a concentration
low enough to permit the development of maximum urinary dilution. The
marked rise in free-water excretion that normally resu1t§ from urinary
dilution serves to prevent further expansion and dilution of body
f]uids.,rThus; pfovided renal fumction and solute excretion are normal,
the osmotic threshold for AVP release normally determines the lowest
level to which plasma osmolality and sodium can be depressed. Changes
in the osmolality {(number 6f osmotically active‘partic1es per kilogram
of solvent) of the body fluids are sensed by central and peripheral
osmoreceptors. The anatomical location of these receptofs End their’

role in the osmoregulation of AVP are discussed next.

a) Central osmoreceptors

The antidiuresis resulting from injections of variéus hyperosmolar
solutions into the carotid arterv of conscious dogs undergoing a
transient water diuresis led Verney (1947)'t0 formulate the'osmoreceptor
hypothesis. Since the antidiuresis produced by these intracarotid
injections could be mimicked by the injections of posteridr pituitary
extract, he suggested that the osmoreceptor influenced the release of an
antidiuretic hormone from the posterior pituitary gland. Subsequent to
ligation of the right interng] carotid artery, injections of hypertoﬁic
solutions into this artery failed to produce an antidiuresis, thereby

suggesting that the osmoreceptors are located somewhere along the
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internal carotid artery..-Later studies by Jewell and Verney (1957)
localized this e%fect;io the anterior hypoth;1amus. More recent studies
have established the presence of osmoreceptors in the subfornical organ,
the organum vasculum of the lamina term%na]is (Weinjan, 1975), and the
-ﬁéupraoptic énd paraventrfcu]ar nuclei (Sachs, 1967; Schrier et al.,
1979).

b) Peripheral osmoreceptors.

-

There is some evidence that Tiver is capable of responding to the =~
osmolality of the portal blood in the rat (Habreich, 1971) and guinea
pig (Niijima, 1969). However, the‘re;h1ts'6f'ﬁﬁke recent ﬁtudies do not
support hepatic ogmoreception-(G1asby and Ramsay, 1974; Liard et al.,
1984). Thus, the evidence to date for a physioldgicaT role Qf. -

extracerebral osmoreceptors has been inconclusive.

ii) Volumetric regulation

pAVP is also influenced by volume stimuli. Volumetric control of
AVP secretjon is modulated by sensory elements in the cardiovascular
system, with afferent pathways passing primarily via the carotid sinus
nerves, the aortic nerves, and the vagi. It has been well established
that atrial stretch receptors with vagal afferents can, when stimulated,
inhibit the secretion of AVP in anesthetized (DeTorrente et al. 1969)
and conscious animals (Zehr et al., 1969; Zucker et al., 1979).. In its
simplest form the role of the left atrial volume receptor is as folTows:
an increase in left atrial pressure excites receptors and their rate of
firiﬁg increases; the impﬁlses are transmitted via the vagus to the
diencephalon where they efféct a decrease 1in the re1ease of AVP.
Conversely, a detrease in the rate of firing occurs at low left atrial

pressures and more AVP is secreted. - These changes in AVP secretion

e
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following atrial distension and relaxation are rather gquick: 2 and 4.

min, respectively (Ledéome'éiag}:, 1983). .

‘While plasma osmolality, blood volume and atrial pressure are known
to influence AVP secretion, the relative jmportanﬁe and interactions of
these different controllers are poorly understood.' Dunn et al. (1973)
reported that in rat a 14% decféase Qf‘estimafed blood volume could
enhance the osmotic sensitivity for AVP release. Similarly, Robertsorr
and Athar (1976) reported that the osmotic threshold for vasopressin
release in human was a]tered;by changes in central venous volume induted
by either postural changes or 3% saline infusion. Quiilen et al. (1983)
have demonstrated a significant modulation of “the osmoregu1atioﬁ of pAvVP
by changes in b]dad volume induced by Teft atrial pressure. As a-result
of this modulation, pAVP is re§y1ated so that contraction or Expansion
of the blood volume is more'expéditiously'corrected than woﬁ]d occur if
osmoreceptors alone regulated pAVP. Wade et. a].,'(1983)‘iqvestigated

the contribution of hypovalemia and hyperosmolality to the rise of pAVP

in dogs and concluded that the increase in tonicity plays a greater ro]eﬂ

in the elevation of pAVP than'does the reduction in" the volume.

Hypovolemia is- known to stimulate drinking and secretion of AVP and
activat%oh of the reninLaﬁgiotensin-a1dosterone system {Davis et al.,
1976; Share 1§74). Furthermore, these responseé are physiologically
appropriate in.that they lead to increased water intake and retention of
extracellular fluid-and soTutgs, and thus provide the means for
restoration of ECF volume.

Another nonosmotic stimu1ué, nahsea, has also been- discovered
‘recently. Unlike the other two stimuli, however, it seems to be-

extremely potent and usually increases pAVP to levels 10 to 1000 times
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those required to produce maximum antidiuresis (Rowe et al., 1979).

1.6 Interaction of AVP and Angiotensin II in Flujd-Electrolyte
Homeostasis ‘
The importance_gf the integrated activities of drinking, AVP
secretion and thé renin-angiotensin system in the total body water and
extracellular osmolality is we]1 recognized (Cowley, 1975;7Fit25imonst

1979; Kucharciyk, 1984). AVP and the }enin-angiotensin system interact

" in two major ways. Angiotensin II, the physiologically active component

of the renin—angioténsin system, acts centrally to stimulate the release

of AVYP. AVP, in turn, acts on the kidney to.inhibit the secrepion’ﬁf

renin (Reid et al., 1983). Angiotensin II, when injected into the

cerebral ventricles in dogs and rats (Share, 1979; Keil et al., 1975)

stimulates AVP release as determined by increased AVP in CSF.

Angiotensin II has been reported to increase pAVP following i.v,
injections 1n‘dog§ (RBonjour and Ma1v%n, 1§70; Ramsay et al., 1978), in
rats (Knepel and Heyer, 1980) and in %he_human {(Uhlich et al., 1975;
Padfield and Morton, 1977), or ;fter intracarotgd‘injection iﬁ dogs
(Reid et al., 1982), however, in all, cases the dﬁses_required are large
and the responses small. The likely sites of action of angiotensin-II
in effecting AVP release inclyde the subforﬁicaT organ (Simpson et a1.,;
1979; Mangiapane et al., 1982), the organum vasculosum of- the lamina

terminalis (Bealer et al., 1979), and the:supraoptic nucleus ‘itself

(Simmonet et al., 1979). The physiological significance of angiotensin

-"I1-induced AVP release is still not clear. Observations indicate that

the renin-angiotensin system plays little or no role in control of AVP
secretion dqring hemofrh ge, poStural changes, sodium depletion or caval

ligation. It may play a %ole during dehydration and in some forms of

-
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hypertensioh, but further studies are required (Reid et al., 1983). L.

1.7 Chronic Disturbances of Fluid-Electrolyte Homeostasis

i) Hemodynamic influences on yﬁp secretion. The hemodynamic effects L
I'4
‘were discovered many years«agg by Verney and have since been shown to be b

mediated largely, if not totally, by pressure-sensitive receptors.
located in the left atrium and large arteries of chest and neck.’
Therefore, it is important to understand both the functioqg]iproperties
of the barorebu]atory system and the way it interacfs with ihe
osmoregulation of vasopressin,

Roberféon and Athar (i976) demonstrated that acute hemodynamic
stimuli appear to act by producing queSt upward or déwnward adjustments
in the set-point of the osmoregulatory system. As a consequence of
these shifts, the amount of AVP secreted in responsé to a:given plasma
osmolality change, is increased or decreased by an amount proportioha]
to the magnitude of the disturbance in biood yo1ume or pressure.
However, thé secretion of AVP stiT] remains fully responsive to osmotic
influences. Consequeht1;th?¥ plasma osm01a1ity.fails, AVP secfetion can
still belsuppressed to levels thaf permit the development of a mqiimum
water diuresis. The only difference is that the protective limit is
lower when blood pressure or blood volume is reduced, and is sliaghtly
higher when blood préssure or volume is increased. Therefore the only
effecF of intermittent hemodynamic stimuli in healthy adults is to widen
§1}ght1y the allowable limits for fluctuations in plasma osmolality.

Kﬁthough AVP secretion is regulated-principally by Posm, the
responsiveness of this mechanism may be significantly altered by_modest
changes in blood volume (Dunn et.al., 19;3). Intraperiotoneal

injections of polyethylene glycol in the rat, which decreased blood



volume without altering osmoIaIityl also increased plasma AVP but this
response followed an expdnential pattern and did'noﬁ-become significént
until volume had decreased by 8% orrmore} A£ these levels of acute
state @f hypovo]emfa, the osmoregulatory system continued tb function
vbut showed'%‘1ower th}eshold:and increased sensitivity to'osmotic
‘stimulation,

.Rgﬁﬁnt studies have shown that Targer, more sust;ined alterations
in blood volume, bring about adaptive changes in the low-and
high-pressure baroreceptor control for AVP release. Quillen et al. .
(1984) Ha@é demonstrated that in anephric dogs main@ginéd at chronically
Tow, normal and high volume states, the ‘siope of Posm-pA¥P relationships

were not significantly different. This was in marked contrast to the

r

findings of Qui]ﬁen et al. (1983), in which acute volume changes were
demonstrated to modulate the nofmal osmotic control 'of pAVP. The

absence of differences in the chronic hyﬁo-, norﬁo—‘and hyper-volemic
state Posm—pAf$ relationship in anephric dogé suggested. that low- and
high-pressure baroreceptor contro]jhaé’adapted so as not to influence

AVP secretion as has been shown to occur acﬁte1y (Quillen et al., 1983).

ii} Pregnancy and osmorequ1at16n

It is importqnt‘to note that a downward resetting of the osmostat
can also occur in the absence of hypovolemid or hypotension. One
fascinating example is in pregnancy. Recently Durr et al. {1981) showed
that.the fall in plasma osmolality and éodium concentration-durihg
pregnancy in rats is associated with a downward resetting of the
osmostat for both thirst and vasopressin secref1on

It has been demonstrated that dur1ng pregnancy in rats plasma

volume increases up to 74% (Barron et al., 1984). yet the rats secrete



AVP in response to fractional decreases in blood volume in a manner
similar to virgin animaTé, a]though this occurs in the former at a
markedly increased intravascular volume. This indicates that the
relationship between total blood volume and AVP secretion is altered
during gestation, such that £he.expanded int%avascu]ar volume that
accompanies the gravid state is recognized as normal. These results
complement the prévious‘resu1ts of Durr et al. (1981}.who dgmonstréted a
resetting of the osmotic threshold for AVP release during preanancy.

. Similar alterations of osmoregulation have been reported in human
pregnancy {Davison et al., 1984).

i5i) Hypochloremic metabolic alkalesis and osmoregulation

Hypochloremic metabolic alkalosis is primerily a disturbancé of
acid-base homeostasis and has geveral metabolic 6onsequepces. These
incTude increased pH, HCO3, pCOz, and decreased plasma C1, Na+, x* and
dsmo1a1ity. Extracellular fluid Vo1ume is contracted which gives rise
to PRA and‘plasma AIl (Nascimento and Calcagno, 1981). Polydipsia
(Sitorc, 1984}, po]yur{a and impa{red urine-concentrating ability are
also observed (Cogan and Liu, 1983; Kassiren and Schwartz, 1966;

¢

Schwartz and Cohien, 1978). .
More than thirty years ago evidence was obtained in the rat that
chloride aep1etion may interfere with normal waternconservation {Cooke
et al., 1952). Since then, numerous studies have evaluated the
concentrating ability of the rat and dog using nitrate or bicarbonate
admin%s£ration. For examp1e; nitrate jnfusion in the dog leads to a
red@ct{on in free-water c1earange acutely {Luke et al., 1977; Wallin et

al., 1973).and in a more chronic preparation, nitrate-induced-chloride

depletion metabolic alkalosis has beep\as&Dciated with a concentrating

-

A




imbé?kment (Van Ypersele de Strihou, 1965). Luke et al. (1977) found
increased urine flow rate, natriuresis angjdimihished free-water
reabsorption in acutely chloride-depletéd rats which were not altered -
by administration 6?/;ynthetic AVP. The resuits of more recent studies

(Luke et al., 1978; Galla et al., 1981) suggest that selective chloride

’depletion alkalosis is associated with impaired solute. removal by the

th{ck ascending limb which leads to the development of a concentrating
defect. Gutsche et al. (1984) have recently obtained evidence in
perfused nep@E?ns that nitrate or bicarbonate substitution for chloride
leads to impaired solute removal by the thick ascending 1imb jn vivo.
Thus, decreased NaCl reabsorption by the thick ascending loop impairs
renal diluting and concentrating ability.

\

‘The results of the above-cited studies, along with<the observation

of polydipsia and hypoosmolality, indicates that metabolic alkalosis is

~also a disturbance of fluid-electrolyte homeostasis. A]théugh attempts

have been made to elucidate mechanisms underlying the urine
concentrating'defects in metabolic alkalosis prior to our studies
(Sztorc, 1984), factors such as changgs in water intake and mechanisms

of AVP release have not been examined;

; o . | )
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‘dogs, initially induced by furdsemide and C1 -free diet;

18.

1.8 -Objectives of the Present Study

f‘This research project had four obiectives:

1. To maintain a state of stang chronic metabolic a1kalosis.in
L .

-
-

" 2. To determine the effects of chronic metabolic alkalosis on
daily water jntake, and on the responsiveness to osmotic and
extracellular stimuli of drinkfng;

3. To exa%ine the role of AVP in the u}iﬁe concentrating defect in
a1ka1osis; and,

4. Finally, to detérmine the mechanism underlying persistant

hyponatremia in metabo]%c alkalosis, .



. 2. METHODS
/,— '

2.1 ﬁnimais

The experiment; were carried out on 2 male and 5 female adult
mongrel dogs that were fuTiy conditioned and weighed between 9.0 and
18.0 kg. The dogs were housed in standard dog metabolic cages in a
_temperature- and hﬁmidity—contro]]ed roﬁm with Tights on from 06.00 -
18,00 h. The animals were allowed 10.90 outdoors into a spécia] animal
containment facility for 20-30 min at the same time each morning. “
During these exercise periﬁds the dogs were watched c1dse]y to avoid
ingestion of NaCl or other salt deposits left on the floor or the
fencing enclosing the area. The mepabéﬁ?c cages were washed daily with
detergent and water and dried béfare the animals were returned.
2.2 Diets ~

For a period of. time which averaged 2 weeks, the ddgs were fed 30
g/kg body weight per day of Purina Dog Meal (Ralston Purina Canada Inc.,
Mississauga, Ont.}). Distilled water was available to the animals ad
libitum. Following ‘completion of the preliminary measurements (see 2.4
below), the regular lab diet was replaced by a special chloride-free
synthetic diet at a daily ration of ?0 g/kg body weight (Van Ypersele de
Strihou et al., 1969). The percent composition of the C1 -free diet is

shown in Table 2.1 below:
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Table 2.1. -Composition of dog diet*

g/Kg Cl-free diet q % dryweight,
Caseine 137.5 30.6
Dextrin . 137.5 30.6
Dextrose : 75.5 16.7
"~ Fat (corn oil) 68.7 15.3
Agar - 13.7 3.0
Polyvitamin mixture 0.8 0.2
Vitadol (Orangeville,
Ont.)
**Salt mixture 16.4 ' 3.6
Distilled water . 550 L : -
**Satt mixture composed of: ' % w/w
Mg Acetate 17.64
ZnSO4 : .08 .
CaCO3 62.7
Mnsoq'H 0 0.8
CuSoy5R0 0.06
cakpd 12.96

Fe citrate'SHZO 5.75

3.5 mEq/kg BWT Na' and 2.5 mEq/kg BWT K were added to the dietas
sulfates. v

*A11 chemicals except vitamin mixture were purchased from Sigma Chemical
€o., St. Louis, MO0., U.S.A.
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The diet was prepared in smail amounts of approx%mateTy 5 Kg. This

avoided frequent handling and thus chloride contamination of the diet.

The specific procedures used were as follows: Agar was added to a

freshly washed and distilled-water-rinsed 6L slain]ess siee]»pot.
:'DistiITed water was added and the pot was p]éced on & hot plate. The
.solution was heated and stirred with a magnetic stirrer until the

solution became quite viscous. At this point salt solution and carn oil

were added. After 10 minutes of heating, all of the other ingredients,

except the vitamin mixture, were added. The mixture was stirred

continuously until the temperature was near boiling. The vitamin mix,

which was pre-dissolved in corn oil, was then added. Stirring was

contiﬁuéd for another 10 minutes after which the mixture was poured into
5 cm déep plastic dishes and allowed to solidify, These dishes were

then stored and refrigerated at 4°C in the laboratory. The finished

diet had a semi-solid consistency. The‘dogs were offered this diet once
2 déy at the same time in the morning. In all cases the entire qu]yL ’
dietary allotment was promptly eaten, Occasionally, following the
completion of experiments, the dogs were given small amounts of C1 -free
dried-dief as-a reward. ‘

The distilled water available for drinking was held in 5 L

polyetylene bottles connected by tubing ﬁo a Teak-pfoof nozzle located
withinfeasy reach of the animal in the metabolic cage. The reservoirs

weré refilled to the rim at the same time each day, and the vo1ume_added'

was recorded as the daily intakes (= 1 mT);

+



Urine osmolality was measured in small (2 m1) samples collected in
a washed, distilled-water-rinsed and dried 2?0 cm diameter x 10 cm deep
stainlgss-stee1 dish at desired intervals (see below).

Body weights were recorded daily on a large animal balance (Teledo
Scale Co., Model 2081, Windscr, Canada)n

. 2.3 Procedure for Induction of Alkalosis

Following a control period lasting a minimum of 15 davs, dogs were
fed C1™-free diet for at least 5 days. The study can be divided into

the following three periods.

Period I: Furosemide injections. The anima]s received an injection
of furosemide (4-chlor-N-furfuryl-5-sulfamoyl-anthranilic acfd, 20 mg
j.m. per day, Lasix, Hoechst Canada Inc., Montreal) for 4 or 5
consecutive days upti1 arterial pH and plasma HCO3 values were
significantly elevated compared to controls.

Period I1: Post-furosemide. Observations were continued for an

additional 15 days without fufther iniections of furosemide until the
acid-base status of the animal had stabilized at a level (de. pH > 7.48)
at which animals can be classified as alkalotic.

Period III: Testing perijod. A1l urine-concentrating tests, water-

restriction tests and infusion tests (see below) were carried out at

\
this time.

2.4 Blood Sampling and Processing.

(i) Acid-base evaluation: Dogs were trained to lie on their sides
on a table. Their front legs were then tied together with a cotton

strap, one end of which was fastened to the table. One hind leg, the
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one on the resting side, was also tied with a cotton strap and fastened
to the table. The femoral artery was Tocated by palpation in the ubpen
thigh and a sma]f puhcture insertion was made wjth a 20-23 gauge needle
attached to a 3-5 ml heparinized glass syringe. The syringe quickly
filled with blood and was then withdrawn and the needle stoppered
quickly. A cotton squ'yas promptly placed over the puncture point and
preésed firmly for at Teast 3 minutes in order to avoid a hematoma. The
blood sample was quickly taken to the lab for acid-base analysis, the
b]ood was analyzed for pH and tCO2 within 5 minutes of its arrival in
the laboratory. The total elapsed time between the sample co]]ection
and the determination of‘the acid-base status of the animal was Tess
than 10 minutes. |

(i) Venipunctures: Blood samples were taken from either the

cephalic or saphenous vein with the dogs standing quietly in a modified
Pavlov stand, to which they were accustomed. For arginine vasopressin
(AVP}, plasma renin activity, (PRA) and ang{otensin I (Al) analysis,
blood was collected into pre-chilled EDTA tubes kept on an ice bath.
After collection the tubes were geﬁt]y mixed and centrifuged at 760 G
for 15 min at 4°C. Hemolysis-free plasma was then collected in aliquots
of 1 m1 and was frozen {at -20°C) immediately. For analysis of
osmolality and electrolyvtes the blood was collected in heparinized
‘vacutainer tubes and samples were spun down at 4°C, and hemolysis-free
fresh plasma was used for pOsm determinations, where as an aliquote of

the same plasma was frozen to be utilized for electrolyte determinations

later on.
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2.5 Minor Surgical Procedures

The dogs were brought to the exﬁerimenta] room at least 30 minutes
prior to the start of infusion tests and placed in the Pavlov stand with
drinking water available ad libitum. This procedure was repeated
several times in order to ensure that the dogs were familiar with the
experimental situation. The cephalic vein was cannulated with an 18
gauge in-dwelling catheter (Monoject, St. Louis, M0.). Upon
confirmation of the proper insertion of the butterfly into-the vésse]
(determined by the blood flow), the catheter was secured in this
position by wrapping a piece of masking.tape around the lea. The.
catheter was then attached to a 1.0 meter-long piece of polyethylene
tubing (PE—190;'I.D. 1.19 mm,, Clay Adams Becton, Dickinson Co.,
Parsippany, N.J., U.S.A.) via a custom-made adaptor. The other end of
the polyethylene tubing was attached to the infusion pump. At this
point the saphenous vein in the contralateral hind 1imb was punctu}ed
with a 21 gauge butterfly (winged infusion set, Jermo Corp, Tokyq,
Japan); the pre-infusion blood sample and subseauent timed blood samples
were collected from this site. On certain days, pre-infusion samples
were drawn from the site of infusion before the catheter was hooked up
tg the infusion pump.

2.6 Infusion Tests

About 15-20 minutes after the minor surgery gescribed in 2.5 above
a pre-infusion blood sample was drawn from a contralatera) saphenous

vein using a butterfly. Two types of infusion tests were carried out:

“{a) Na,50, infusion - (1) above Na2504 infusion with no access to water;

0.75 M Na2504_( 1500 mOsm) was infused for 120 minutes at a rate of

0.09 m1/kg.min and blood samples were drawn at 20 minute intervals for



pAVP, PRA/AI and Pésm and were processed as described in 2.4(ii);—

(2) Na2504 {1500 mOsﬁ) was infused as in (1) but with access to water

- and blood samples were drawn for the Posm determinations. The time of
onset of drinking and the cumu]q;ive water intake were recorded.

{3) 300 mOsm and 281 mOsm Na250; infusions were also carried out in the

" control and aika]otib periods, respectively as described in (1) above.

(b) Angiotensin 1l infusion. Angiotensin Il was infused at 250 ng/min

-

for 15 minutes; tﬁé Tétenc& period till the drinking commenced and the
cumulative water”intake were recorded. Blood samples were drawn at
2-minute intervals for determination of pAVP and PRA/AI,

A1l infusion tests described in {a) and (b) above were carried out
in the control and alkalotic period. A 48 hr rest period was allowed
between any two infusion tests.

The infusion pump (Sage Instruments Model EQ}}“Cambridge, Mass.,
U.S.A.} was pre-calibrated by dispensing the £est solution into a 25 ml
graduated cylinders for timed intervals of 5 minutes. Then by dividing
the volume by the time, infusion rates were caicu]atéd for four sbeeds‘
of the infusion pump. For a 30 ml Rgastic syringe (Plastipak, |
Becton-Dickinson, Co., Rutherford, N.J., U.S.A.), speed settings 6, 7, 8
and 9 were tested. To double-check the calibration, a fixed volume of
10 m1 was dispensed and time was recorded at speeds 6,7,8 and 9. Then
by using the same formula (volume/time) the infusion rate was
calculated. Mean values of infusion rates obtained by both methods were
then plotted on a linear graph paper as pump speed versus infusion rate.
The best-fitting straight line was drawn and the desired infusion rate
was matched to the pdmp speed. The speed setting on the infusion pump

was adjusted to 0.09 ml/kg.min according to the individual dog's body
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weight. Solutions were infused for 120 minutes ahd the blood samples

were drawn at 20-minute intervals during the infusion period.

2.7 Infusion Solutions

Angiotensin I [(Iles)-Angiotensin , Sigma Chemical Co., St.

¥

Louis, Mo.], Na2§04 and NaC]‘so]utions were used{ Al] and NaZSOﬁ
solutizﬂE“WE$Q\fresh1y prepéred on the day of the infusion experiments.
Isoton'c_Nazsoq‘(O.ls M) was prepared by;addiﬁg 21.30 g of Na,S0, to 1
liter of distilled water. This solution was then sterilized for 20
minutes at 121°C and storéd at 4°C for later use: A0.75 M Na2504
solution was prepared by disso1ving 10.6545 g of the salt in 100 ml
‘steri]e distilled water. A stock solution of 250 ng/ml "All was prepared
by dissolying precisely 1 mg of AIl powder .in 40 ml of sterile-0.15 M
Na,50,. On the day of the experiment, 1 ml of stock All was added to 99
ml of Q.lS-M Na2504 to achieve d4 final concéntration %o 250 ng m1L1 of
AIl. A recovery (rest) period of 48 hrs was allowed between infusion

experiments in individual dogs.

2.8 Urine-Concentrating Tests

After the daily urine output volume, body weight and water intake
had been recorded, a venous blood sample was collected for AVP, AIl and
osmolality determination. Dogs were then water-deprived for a period of -
24 hrs. An overnight urine sample was collected, and-its-vo1ume Was
measured and savdd for urine osmolality determination; another blood
sample was withdrawn for AVP, AI1 and osmolality analysis before
returning food and water to the dogs. A1l urine samples were collected

under mineral 0i1 and stored at 4°C., OsmoTaiity analysis were done

within 48 hrs of urine collection.
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2.9 Water-Loading Tests

-

Dogs were éi]owed to have free access- to food and water. The urine
initially voided on the morning after the feeding was discarded. Dogs
were offered 500 mls of 2% milk-water solution of-about 2 mOsm/Kg.H,0 in

a normal feeding pan, Usually this hi1k-watef was ingested quickly.
Blood samples for Posm were drawn before offering the drink and M
afterwardé, at 30-minute intervals for 120 mins. Urine samples were

' q&]]ected in the metabolic cage collecting receptacles for Usom at every. .
30-minute intervals for 120 minutes. Percent of water load excreted

(WLE) was calculated by the following formula: WLE =

Total Urine volume X100

volume ingested

2.10 Analyses

(1) Na* and k¥ were analyzed by flame photometer (Instrumentation .. -
Laboratory Inc., Lexingtoh, Mass. U.S.A., Model IL343 and 443)-using a
Tithium interné] standard:_ ﬁ1asmé chloride concentration was determined
on a Chloride Titraéor-(Radiometer, Copénhagen, NV, Denmark, CMT 10
Chloride Titrator) using a c0u16metric principle. In couTomef?ic

/
analysis the sample concentration is determined from the equivalent

amount of total e1ectrica1 charg; consumed during titration, j.e., the
current;time intggra]. The sample concentration-(miliequivalent/litre)
is proportional to the elapsed time of the t%tration.

{ii) Blood pH. Hepérinized whole blood pH was Measured on the.
acid-base analyzer (Radiometer Type PHM72, ﬁopenhagen N.V. - Denmark).

(111) Total €0, Total C02 of heparinized plasma was analyzed on a

965 Carbon Dioxide Anaf&zer (Corning Medical and Scientific, Medfield,
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MA. U.S.A.) C02 of plagma i5 released fhrough reaction with lactic acid

and then released. CO2 concentration in mmoles/L was -measured by means

of a thermal conductivity detector. ' -

(1v)'0§ﬁo1a11tz. Osmolatity measurements in plasma and urine
samples were determined by freezing-point depression {u Osmette model
5004; Precision Science). The total concentration of all dissolved
particles in solution, including ionic and non-ionic substances,Kcauses
a proportiona} Towering of freezing point which is measured by the

osmometer. v : : - 7

(v) Packed cedl volume and p1ésma4proteins. Micro-capillary

hematocrit tubes were filled with heparinized blood samples and spun in
an IEC micro-capillary centrifuge Model MB. PCV was determined on an
IEC micro-cagi]]ary reader Model CR {1EC, Needham Hts., Mass).

The plasma in the hematocrit tube was used for protein ana]ysisQ
(Model 10406 Proteinometer, American Optical, Bgffa]o, N.Y.). The
proteinometer utilizes the principle of refraction to determine profeiq
céncentration'of plasma.

2.11 Hormonal Analyses

(i) AVP radioimmunoassay. AVP concentrations were determined by

" Dr. D. Bichet, Sacre COEUF‘HOSpita], Montreal. Blood samples collected
in chilled EDTA tubes were centrifuged at A°C at 760 G for 20 min and

plasma was collected for the AVP determfnatjon. AVP was extracted by a
modification of the acetone method described by Robertson et al. (1973)
and Durr et al. (1981}, Briefly, 1 ml of thawed sample is miqu with 2
ml of cold acetone and centrifuged. The éupernataﬁt is then mixed with
5 ml of coid petro]eum ether and recentrifuged. Tubes are then frozen

to -80°C and the top phase {liquid) is discarded. The bottom phase is



29.

then thawed énd evaporated to dryness a¥ room temperature under & stream:
of cold air (Concevator sample édncentrator, E-C-Apparatus Corp. St.
‘Pé%ersburg, Florida 33709). The dry residue is recdn;;ituted in 750 u1'
of @ 0.1 % bovine albumin selution (M1Tes,.P 0. Box 2000, Alkhart,
Indiana, 46515) also containing 0.1% sodium 2zide (pH is adjusted to 7.2
“with Tris-Base). " i
The assay buffer was 0.1 M sodium phosphate at pH 7.6 and contained

70.3% swt[vo1)'ﬁaCI, 0.1 g/lOO‘g bovine serum albumin (Miles) and 0.1
g/100 g of sodium azide. Standard cﬁrves were pfepared;with purified
AVP (Batch No. BAA'525, 1 mg = 450 TU, Ferring Pharmaceuticals, Box
30561, $-200 62, Maimo, Sweden) in"quantities that.rangeq from 0.05 to
10 pg per assay tube. 200'_1 of standards in buffer or 200 1 of -
reconstituted piasma extra&tt and 200 1 of antiserum in buffer were
incubated in tripiicate for the standards and in duplicate for the
.unknown, for 2-da§s at 4°C; then 100 1 of tracer (200 to 800 cpm) was
added and incubation was carried 6n for Fn dditional 3 days. ‘Free and
bound fractions we;e'then separatéd ?y a dextran-charcoal method.

Extracts of plasma from four patients at.Sacre Coeur Hospital with
comp]eté central diabetes insipidus failed to displace traéer and were
used regulariy as controls.

The tracer used was yaéopress{n-B—afginine [1251] -monoiodinated
(Amersham\iﬁith a high specific activity (1820§to‘2200 Ci/mM}. A
Non-specific binding was aiways 3%,

The antiserumn(As—2849) used at a final Hilution of 1/2.5 x 10° was
geng&ous]y prOV1ded by J. Durr and M. L1ndhe1mer (Dept. Obstetrics,
Gyneco1ogy and Med1c1ne, Un1vers1ty of Chicago, 1ine®s 60637). The

fee oo

cross reactivity of this antiserum wév‘Jess than 8% for



1ysine—vasopress§n and less than 4% for arginine-vasotecin. Sensitivity
of the assay using this antiserum in cur laboratory was always 0.1
pg/assay tube and the 50% displacement was 1.2 pg/tube. Cold
vasopressin was added to the plasma of patients with Eentra] diabetes
insipidus énd'thé mean recovery was 102 * 4%, Intraassay coefficient of
variation for AVP plasma values between 2 and 5 pg/ﬁ] was 5 to 13%,

Mean interassay coefficient of variation for plasma vasopressin values
between 0.5 and 18 pg/ml was 20% (0.2 * 0.12, mean * SD).
Characteristics of this antiserum‘and radioimmunoassay have been
described previously (Bichet et al., 1984).

(ii) Measurements of plasma renin activity (PRA).

Blood samples were collected in chilled EDTA tubes, centrifuged at
4°C at 760 G for 20 min and kept ét -20°C until assay. Incubation for
generation of angiotensin I was carried out at pH 6.0 for‘Z hours'with
8-hydr6xyquin01e1ne. The antigerdm used was highly specific. Tracer

was 1251-angiotensin I from New England Nuclear (Boston, Mass).

’/’;;:Faq(d curves were prepared with synthetic angiotensin 1 {Sigma,
St. Louis, Mo) in quantities that ranged from 10 to 500 pg per assay
tube. Plasma renin activity was measured as ng of angiotensin I‘per ml

of plasma per hour of incubation (Stockigt et al., 1971).

2.12 Rendl Histology
At the end of the.experimenta1 period, dogs were sacrificed and thelﬁ
kidneys were preserved in 10% buffered-formalin solution. Several parts'
of the cortex and the medulla of both kidneys of each dog were fixed and
wax sections were cut. These sections were s*ained with HPS, Van Kossa
qnd Alzarin "S" stains (Sarkar et al., 1973). The sections were
examined under light microscope by Dr: Blair Carpenter'at the Children's

Hospital of Eastern Ontario.
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2.13 Statistical Analyses

A1l data were ana]yzedkon a Wang 600 §eries Computer (Wang
Laboratories Inc. Tewksbury Mass. U.S.A.). ‘Quantitati}e resuits are
expressed throughout as Means * Sténdarg error of the mean (S.E.M.).
Paired t-test was used when only two related groups were compared and a
value with p < 0.05 was considered significant.

Ana]ysié of the quantitive relationship between Posm-pAVP and
Posmiml(water were determined by 1ineé} regression for several
experiments in eagh animai and for pooled data for three animals during
the éontro1 and alkalotic conditions. Significance of the differences
‘between the slopes was determined by ANOVA, and a value with p  0.05-

Was considered statistically significant.
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3. RESULTS

3.1 Characteristics of chronic metabolic alkalosis induced by dictary

c1” deprivat{on.and furosemide.

h A1k§1osis developed gradually after the cémbiqed Cl-free diet and
furosemide tréatment, and was maintained for several weeks in the dogs
kept on C1 -free diet. The maintenance of stable alkalotic state was
determined by blood pH elevation as presented in Fig. 3.1 Longitudinal
profi{es of'p]asma_e?ettro]xtes are also presented in the same.diagram.
A compariéon of pH and electrolytes jn alkalosis and pre-alkalosis are
shown in Table 3.1 (Eath animal served as its own control).

Blood pH and plasma HCO3 were significantly elevated inla1ka1osi§
(7.41 =_.004 to 7.51 ¢ .005, and 21.2 # .19 to 31.7 + .74 mmol/L,
respectively}, whereas plasma C1, Na*, and K™ were decreased
significantly (114 = .6 to 91 £ 2.0, 152-= 1.2 to 140 .9, 4.2 + .10 to
2.8.+ _15 mEq/L, respectively) in all 7 dogs.

Alkalotic dogs showed a significant loss of body weight (14.9 + .91
control to 12.6 + 1.0 kg alkalosis), elevation of hematocrit and plasma
protein (42 # 1.3% &s 52 + 1.1% and 5.9 = .08 vs 7.0 + .06 g/dl,
respectively) (Fig. 3.2 & Tab1€K3.2).

Daily water intakes and urine volumes were measured in four. dogs.

' Fig. 3.3 indicates that there was a significant increase in daily water

intake (76 + 6.7 to 117 = 10.2 ml/kg) and urine volume (20 % 2.9 to 70
11.0 ml/kg) A gradual decrease in plasma osmolality was observed in
alkalotic dogs (Fig. 3.4A). Pooled data of Posm during 1-6 weeks (789 :

2.4 mOsm/Kg.HZO) and 6-8.weeks (282 = 1.0 mOSm/Kg.HZO) were both
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4

Fig. 3.1 Blood pH and plasma electrolyte concentrations of 7 dogs in
the control (nonfaTka]otic) and stabilized alkalotic period.
The: arrow represents the start of 4-5 injections of 20 mg/d
i.m. furosemide. Each point represents mean * S.E.M. of weekly

determinations,
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TABLE 3.1: Dlood pli, plasma __nou. plasma C17, plasma __..a+. and plasma ¥* before and during alkalosis (n =7).

pH " HCOy (méol L) **CL" (mEq/L) *Ruat (mEq/L) *x* (mEq/L)
DOG . CONTRAL  ALKALOSIS  CONTROL  ALKALOSIS  CONTROL ALKALOSIS CONTROL ALXALOSIS COHTROL ALKALOSIS
gre 7.41 7.51 21.4 32.6 113 89 156 138 4.5 2.3
: +.003 1.011 .45 £.72 .9 1.0 .6 :.5 +.03 .07
gt 7.39 7.49 21.9 32.6 114 95 154 143 4.5 2.2
, £.,013. 1.002 2,32 £,71 4.6 1.6 +.3 +.3 +.06 1,07
‘Fre 7.41 7.53 21,6 * 32,9 113 85 154 143 . 4.4 2.8
© o %,003 +.015 +,20 +,91 *.7 +1.6 +.6 21.0 7 £,03 +.10
e 7.40 . 7.52 21,1 33,9 116 8s 147 137 4.0 3.0
, +.001 +.008 +,48 11,10 .6 +.8 . .6 +.5 1.03 . t.15
T 7.41 7.51 20.8 29.7 112 g9 149 - 139 4.0 3.1
_ . +.006 +.004 . £.50 - £,12 1.6 .3 1.6 .2 +.03 £.10°
Tew 7.40 7.51 20.9 32.5 116 93 151 139 4.0 .2 .
+.009 £.005 .19 22,15, 4.7 .7 £.1 %6 +.03 +.25
I 7.42 7.50 20.4  28.4 115 99 151 142 3.9 /3.0
1,006 +.005 460, 2,59 2.7 1.1.2 .6 1.1 +.03 .10
/ < ’
. _ . - .
MEANA* . 7.41 7.51 .21, 31.7 114 91 152 140 4.2 2.8
: +.004 +.005 1,197 +.74 P 2.0 21.2 £.9 210 £,15
PAIRED T-TEST 5 : ‘
t = 19,7466 17.4081 12.2465 ©10.2321 5.6700
. P ~901 7001 -001 ‘ -001 .01

*Mean ¢ 5.E.M. of multiple determinations of cach variable during control and stable period,

- + o+ ¢
**n_,zm.x<mﬁcmm;m<um*m_mm_w:%@:.mﬁ:nmﬂ:mmmzmﬂmamﬂmwaﬂzmao:udmmsmmmavﬁmmmﬁ01ma

ﬁﬂomm: for several weeks in polyethylene tubes that may have allowed some dehydration to take
place,
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Fig. 3.2 Body weight (BWT) packed cell volume (PCV) and plasma

protein (PP) in control and alkalotic dogé. Data are means
+ S.E.M. Weekly averages of BWT, PCV and PP measured every
second day were pob]ed for the control and alkalotic periods.
The means were statistically compared by paired t-test..
Significant losses in BWT occurred in alkalosis (t = 3.4272,
p < .05, n=7), and increases in PCV (t = 5.0531, p < .01,
n=7) and PP (t = 12.3858, p < .001, n = 7) were also

observed. ’
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Table 3.2: Body weights, hematocrits, and plasma proteins of dogs
during the control and alkalotic periods {n = 4).

BODY WEIGHT - HEMATOCRIT PLASMA PROTEIN
(kg) 2 (grdl)
D0G CONTROL ALKALOSIS CONTROL ALKALQSIS..CONTROL ALKALOSIS
'B! * 15.2 13.2 44 ‘ 47 5.7 6.7
+.12 .18 +.3 +.5 *+.06 +,07
prox 15.8 13.2 45 753 61 7.0
.12 .17 +.3 _*.3 +.03 .05
'F! * 15.0 13.9 40 55 6.0 7.2
=0 +.06 +.3 +.7 +.03 +.10
'K * 15,5 13.9 37 51 6.0 7.1
+,07 +.10 .2 +.4 +,09 +.05
M * 18.2 16.6 42 49 6.0 7.0
.06 +.11 +.3 +.6 x,03 +.06
T * 10.2 9,2 41 55 5.6 7.1
+,.06 +,01 +.3 +.6 +.03 .06
Y * 14.1 13.1 48 52 6.2 7.0
+.07 +.05 +.3 +.3 +.10 + 05
MEAN 149 12.6 42 2 .59 7.0
+.91 £1.0 +1.3 =1.1 +.08 +.06
PAIRED T-Test L
t = . 3.4272 -5,0531 12.3858
p < .05 .01 .001

*Mean + S.E.M. of multiple determinations of each variable during
control and stable alkalotic period in individual dogs.
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Fig. 3.3 Daily normalized water intakes (WI) and uriné volumes {UV) of
| dogs during the control period and in a1kalosisfnﬁweek1y
averages were pooled for the control and the aTkaﬁotic period.
The mean WI in the control period (76 ; 6.7 ml/kg) and
alkalotic period (117 * 10.2 m1/kg) and the mean UV in the
control period {20 * 2.9 ml/kg) and in alkalosis (70 = 11.0
ml1/kg) were statistically compared by paired t-test.
Significant polydipsia, WI = {(t = 6.8576, p < .001, n = 4)) aﬁd
polyuria, UV = (t = 3.8047, p < .05, n = 4) were observed in

alkalosis.
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Fig.\3.4 Plasma osmolalities {Posm) of control and alkalotic dogs. Fig.
N4(A) shows a gradual decrease in Pasm (week]j average + S.E.M.)
er the alkaiotiq period. In Fig. 3.4(B), the mean Posm in the
control period (300 = .4 mOsm/kg'HZO) was compared to the mean Posm
during 1-6 weeks {289 = 2.4_m0;ﬁ/Kg'H20) and-6-8 weeks (282 = 1,0
mOsm/Kg'HZD) in alkalosis, with a paired t-test. During metabolic
alkalosis tﬁe dogs were hypoosmotic [t = 4.0466, p < .05, n=4
(during 1-6 weeks) and t = 14.6000, p < .001, n =.4 (during 6-8

weeks].
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significantly different from the control (300 : .4 mOsm/Kg.H?O) shown 1in
Fig. 3.4B.

|47

Plasma AVP was measured in 3 dogs. Ambient AVP levels in alkalosis
were sfmi]ar £6 those found in the control cenditions in the same —
animals (Fig._3.5). A 10-fold increase in PRA was observed in alkalosis
(from 1.11 + .128 to 11.57 = 1.882 ng/ml/h) (Fig. 3.6) As described
previously, ECF contraction and low plasma chloride (91 mEq/L)} are known

to be potént étimu1i for PRA increases.

3.2 Impaired urine-concentrating ability.

Dogs were water-deprived for 24 h and their pOsm; Max Uosm, plasma
AVP and PRA were measured. As shown in Fig. 3.7 there was a 30%
decrease in urine-concentrating ability in‘6 ddgs’during alkalosis {(Max. -
" Uosm 1559 + 75.7 in alkalosis vs 2296'i 92.6 mOsm/Kg.H20 in control
conditions). This decrease in Max Uosm is statistically significant.
Posm elevéfions during éehydration in the contro1.(300 + .4 to 312 ¢+ 3.3
mOsm/Kg.HZO) and the alkalotic state (290 = 1.6 to 301 + 2.9
mOsm/Kg.H,0) were of similar magnitude (Table 3.3},

A 24‘6 dehydration induced an increase of similar magnitude in
plasma AVP during control and alkaltosis periods (Fig. 3.8). The
observation that tﬁe increase in pAVP following dehydration in alkalosis -
wa§ of the same magnitude as found in the control period (Table 3.4) . .
indicated that dehydration was equipotent stimulus for AVP release in
the non-alkalotic and alkalotic periods in the same animal, A
significant increase in PRA was observed after 24 h water-deprivation in
both alkalotic and-control dogs {Fié, 3.9). However, since ambient PPA
levels in alkalosis were already 10-fold higher, the praoportional

increase following dehydration was less than in control dogs

""‘—_/
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Fig. 3.5 Plasma arginine vasopressin (pAVP) concentrations in control
and alkalotic dogs. Weekly averages wefe pooled for the
control and alkalotic periods. The mean pAVP in the control
period (1.48 + .193 pg/ml) and alkalotic period (2.02 = 1.233
pg/ﬁ]) were not significantly different (t = .4892, p < .05,

n=3) (paired t-test).
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Fig. 3.6 Plasma renin activity (PRA) in control and alkalotic dogs.
Weekly averages were pooled for the control and alkalotic
period. The mean PRA in the control period (1.11 % .128
ng/ml/n) and alkalotic period (11.57 % 1.882 ng/ml1/h) were
statistically different (t ='5.9186, p <.05, n = 3) by paired

t-test, Alkalotic dogs had an elevated resting PRA.
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Fig. 3.7 Maximum urine concentrating ability (Max Uosm) in controT and
. alkalotic dogs. The average of at least Z measurements of Max
Uosm following 24 h water deprivation for each dog was
determined from pooled data from the control and alkalotic
periods, The mean Max Uosm in the control period (2216 + 91.4
2O) and the alkalotic period (1559 % 75.7 mOsm/kg.HZO)

mOsm/kg.H
‘ \
was compared statistically by paired t-test. Alkalotic dogs

showed a significant deqreaSe in urine concentrating ability

(t = 5.5540, p < .01 n = 6).
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Table 3.3:

CONTROL
ALKALOSIS

ra

Increases in Posm during alkalosis and control

(before alkalosis) in hydrated and dehydrated dogs.
values are presented as means * S,E.M. {of 4 dogs).

animal served as jts own control. :

PLASMA OSMOLALITY (mOsm/Kg.H,0)

Ambient

300 +
289 +

.4
2.4

24 H dehydration Difference
312 £ 3.3 12
1301 = 2.9 ‘ 12

51

Posm
Each
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Fig. 3.8 Plasma arginine vasopressin (pAVP) after 24 h water-deprivation
in coé&ro] and alkalotic dogs. The average of at least 2
measurements of pAVP for each dehydrated dog was determined for
the control and alkalotic periods: The mean pAVP in the
control period (11.06 + .680 pg/ml) and thevalkalotic period
(8.74 = 3.040-pg/m1) were not differenf (t = .9032, p » .05,

n=3) (paired t-test).
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Table 3.4:

CONTROL _
~ ALKALOSIS

54

Changes in plasma AVP during control (pre-alkalosis) and
alkalosis periods in hydrated and dehydrated dogs. pAVP
values are presented as means * S.E.M. of 3 dogs. Each
animal served as its own control.

pAVP (pg/ml}
Ambient 24 H Dehydration

1.48 + .193 11.06

[+

.680
2.02

i+
yes

1.233,  8.74 * 3.040
N
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Fig. 3.9 Plasma renin activity (PRA) after 24 h water_deprivationiin
cdntro] and alkalotic dog;. At Teast 2 measurements of PRA
were made for each dehdyrated dog in the control and alkalotic
perigd. The mean of PRA in the control period (2.43 + 651
ng/mi/h) and in the alkalotic period (12.56 * .483 ng/m1/h)
were compared statistica11§ by paired t-test. Alkalotic dogs
were found fo have significantly elevated ;RA (t = 27.64,

p <.001, n= 3),.



56

———

PRA (nG/mL/HD

24

20

18

{2

- I GUR

= S. 8

T

T P <

.001

' CONTROL

P

ALKALOSIS



: \\\\\ ) | . o . | o

i) Table 3.5: Changes in PRA during control (non-alkalotic) and alkalotic

periods in hydrated and dehydrated dogs. PRA values are
presented as means * S.E.M. of 3 dogs. Each dog served as
its own control. ,

PRA (ng/ml/h)
Ambient 24 H Dehydration

CONTROL : 1.11 + 128 2.43 = ,651

+
1+

ALKALOSIS 11,57 + 1.882 12.56 * .483
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(Table 3.5).

3.3 Excretion of a water-load.

1

Several water-loading tests were performed in one alkalotic deg and

the results are summarized in Table 3.6. In the hydrated state, 77% of

[y

the water load was excreted within 1-2 hours of voluntary drinking of

dilute milk-water (2-3 szm/kg.HZO). Minimum Uosm was found to be 176

mOsm/Kg.H20 after 30-60 minutes, and a drop of 1.0 mOsm in Posm was
observed during the same. period. After 60 minutes of water loading,
Uosm and Posm started increasing.

3.4 Altered drinking response 'to Angiotensin I1 (AII).

Alkalotic dogs did not drink when they were infused i.v. with 250
ng/min AIl, whereas the same dogs responded to the AIL stimulus when
they were not alkalotic.

3.5 Altered thirst response to osmotic stimulus in alkalosis.

The latency for drinking to a hyperosmotic Na2504 stimulus in
alkalotic and contro]'d;gs was about the same (Fig. 3.10).7 Although the
water drunk (mi/kg) over a 2 h period of Na,S0, infusion (1500 m0sm
Na2504 infused at 0.09 ml/kg/min, i.v.) was not significant]y different
in alkaibsis when compared to the control dogs (35.2 + 6.08 m1/kg
alkalosis vs. 46.6 + 4.45 ml/kg contral, p> .05 n = 3) (fig. 3.12), the
rate of drinking was significantly lower in alkalosis (.297 ml/min
alkalosis vs. .420 ml/min controﬁ) (Fig. 3.11) determined by ANQVA,
Therefore, the rate of drinking.in respdnse to a hyperosmotic stimulus
was reduced in alkalosis. Control experimehts of Na?_SO4 infusion ~
equiosmotic to ambient Posm (300 = 1.0 mOsm during control and 281 =+ 1.0
mOsm during alkalosis) did not\jnduce drinking. This ruled out the

possibitity of non-specific drinking or drinking induced by excitement.
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Table 3.6: Excretion of a water-load in one alkalotic dog.

# *Yolume **Urine Excretion Uosm ) Posm
consumed excreted 4 Pre-test 30-60 60-120 Pre-test 30 min 120 min

(m1) (m1) min min .
1 4QO 300 75 220 155 208 286 285 287
2 - 360 280 77.8 252% 178 238 284 * 282 286

) /‘1\__/’ -z

3 360 270 75.°0 7 245 - 185 - 285 284 288
4 235 185 78.7 279 185 .- 285 283 . 285
MEAN 339 259 77 | 249 176 223 . 285 284 287
+SEM +41.4 +29.3 x1.1 +14.0 8.2 +21.2 *,5 .7 7

*500 m1 of a dilute solution of 2% milk and watex of 2 = 1.0 mOsm was presented to a
fully hydrated dog.

1

**A]1 urine samples were collected in a metabolic\cage.
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Fig. 3.10 Hyperosmotic sodium su]fate {1500 mOsm/kg, NaZSOq at 0.09
ml/kg BWT/min, i:v.) inducea water intake during the control
-and alkalosis periods. Results areraverages of 2 experiments
in each condition. Mean water intakes during osmotic loading
in the control (46.6 * 4.45 ml/kg. BWT) and a]ka]osis {35.2 ¢
6.63 ml/kg. BHT)'periods were compared statistically by paired

t-test. The volumes of water ingested were similar (t =

3.3282, p < .05, n = 3).




61

LATENCY (MINUTES)

DRINKING

22

20

18

16 T

14 T

12 1

10

FIGCURE 3.10

NS

. CONTROL

I

~ ALKALQOSIS




62

Fig. 3.11 Cumulative water intake versus time in 3 dogs subiected to
osmotic loading (1500 m0sm*Na,S0, at 0.09 ml/kg BWT/min,—i.v.)
during the control (thiﬁ line) and alkalosis (thick line}
period. The's]opeé'éf regression lines during alkalosis and
control were significantly different as determined by ANOVA.

Regression equation for each period was: Control rate of

drinking = .420 [time - 3.10], r = .936% Alkalosis rate of

drinking = .297 [Time - 4.7541, r = ,799,
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Fig. 3.12 Hyperosmotic sodium sulfate (1500 mOsm/kg, NaéSO4 at 0.09
m1/kg BWT/min, i.v.) induced water intake during the control
and alkalosis beriods. Results are averages of 2 experiments
in each condition., Mean water intakes during osmotic loading
in the coétré] (46.6 + 4.45 ml/kg. BWT) and alkalosis (35.2’!
6.08 m1/kg. BWT) periods were compared statistically by pa{red
t-test. The volumes ‘of water ingested were similar (t =

3.3282, p < .05, n = 3).
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3,6' Altered sensitivity for osmotic release of AVP.

Although the osmotic threshold for AVP release was 10wéred‘by
approximately 10 mOsm/kg in alkalosis compared to the control period,
(287.6 mOsm/kg alkalosis vs., 297.7 mOsm/kg control)(Fig. 3.13}. This
difference was?no% statistically significant. However the sensitivity
for AVP release in response to osmotic loading was increased neariy
two-fold (2.487 pg/m17m05m alkalosis vs.'1.185 pg/ml/mOsm control}, as

determined by linear regression.

3.7 Osmorequlation in alkalosis,

Changes in Posm during 1500 mOsm Na2504 infusion 'in alkalotic dogs
were similar to the non-alkalotic dqgs when the dogs were a]]oWeQ\%g
drink during infusion (Fig. 3.14) or when the dogs were not a11owe8 to
drink (Fig: 3.15). Thus it appeared that alka]otic doas were capable df )
osmoregu1atin§ their Posm.

3.8 Renal histology

The HPS, van Kossa and Alzarin "S" stains showed scattered calcium
deposits in the lumen of the tubules at the cortico-medullary Jjunction
as well as within the collecting tubules of the medulla in one of the
dogs. In the other fwo dogs the calcium deposits were mainly in the
lower medulla. The calcium deposits, in all the kidneys'of the three
dogs, wgfe mild in quantity (1+); thus the kidneys of these chronically
hypochloremic, alkalotic dogs were not calcinotic to any siénificant

degree,
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Fig.‘3;15 Relationship of plasma QaSOpréssin (pAVP) to plasma osmoia1ity
(Posm) in 3 dogs sﬁbjected to i.v. infusion of 1500 mOsm Na,S0,
at 0.09 ml/kg BHT/m#n during the control (thin 1ine) and the
alkalotic (thick Tine} periods. The slope of'the pAVP/m0Osm"kg
relationship for alkalosis was‘significant1y increased (1.185

pg'mT'l/m(Js:m’Kg'1 1)

control vs. 2.487 pg'ml;l/mOSm-Kg'
determined by 1inear regressioﬁ ana1ys1s. ﬁegression equafion
for each period was: control AVP release = 1,1846 [Posm -

29'7..7_1, r = .615; Alkalosis AVP release = 2.487 [Posm - 287.61, r

744,
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s

s

Fig. 3.14 Changes in Posm during osmoregulation by drinking in 3 dogs

subjected to osmotic loading (1500 mOsm Na,S0, at 0.09 m1/kg

BWT/min, i.v.) in the control {thin line) and alkalotic (thick

‘1ine) periods. Each experiment was repeated twice. The slopes

Al

of regression 1fnes during alkalosis and the control period
were not different (t = .7689,Up > 0,05, n = 42) when compared
by paired t-test. Regres%?;n equations for eéch period were:
control Posm = 025 ﬁfjme - 121121, re= .600, Alkalosis Posm =

,066 [Time - 4290,91, r = .962.
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Fig. 3.15 Posm during osmorégulatjon by AVP re1ég§§_iﬁ'3 dogs subjected

)

to osmotic Toading (1500 mOsm. Nazsoi at- 0,09 ml/kg. BWT/min,
i.v.) in the control (thin line) and alkalbvtic {thick-1ine )
period. »Eéch.experiment was repeated twice. The slapes of

regression lines during alkalosis and the control period were

not different (t = .4296, p < 0.05, n = 42) when compared bv

'pa1red t-test. Dur1nn/a17a1051s dogs regulated Posm s1m11ar1y

+

#
to the contibl period. Regression equathgi_for -each period

were: control Posm = 166 [T1me + 18001, r = .986; ATka1os1s

Posm = .189 [Tune + 1528. 7], r= 990, ¥
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Fig. 3.16 Changes in plasma osmqlality (Posm).during osmotic

+ significantly different, waevér, the rehression Tines fo

loading (1500 mOsm NaZSO4 at 0,09 ml/kg BWT/min, j.v.) in 3
dogs in the control and alkalotic periods. In one set of
experiments, Posm was increased by hypertonig NaZSO4 infision
with drinking water available (W} in thg control (thin solid
line) aqd alkalosis (thick solid line) periods. In another

set of experiments, the dogs were given the same osmotic load

without drinking water available (NW) (control = thin broken

line; alkalosis = thick_b;akgh Tine), A11\b§£iz;:i:35 were

répeated tw}ce. In each set ;%féxperiﬁénté the™sTopes of the

regression lines for control and alkalosis perii?s were not ' /;ngk
g

alkalosis Na,S0, + W and alkalosis Na,S0, + NW had

4
significantly different sfopes (t = 2.67, p <.01, n-= 42y,

.Regression line equations were:.Contr61-+ W, Posm = ,025 {Time

L066 (Time - 4291),

+ 12112), r = .600; Alkalosis + W, Posm

r = ,9623 for control [Na25b4

+ NW] and alkalosis [NaZSO +
Nwl, see figure legend for Fig. 3-15. l

4
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4, DISCUSSION "
Alkalosis has been successfully induced b} vomiting\and/or géstric
drainége in the dog (Needle et al., 1964) and the rat (Cooké et al.,
-195?; Sztorc, 1984). Diuretigainduced metabolic a1kalos%s in dogs has-
been maintéined by feeding C1 -free diet {Van Ypersele de Strihou
et al., 1969; Cohen, 1968). However, in previous studies the duration
of the alkalotic peribd has been shor; {9-18 days). In this sfudy, it
was found that furosemide-induced metabolic alkalosis can be maintained
by ingesting Cl'-free diet for up to.8 wWezks in otherwise heg]thy dogs.
Maintenance. of metabolic alkalosis for a longer period was not-fhe prime
_ purpose of this étudy. However, i§ was Egperatfve to maintain a stable
.ﬁhronic alkalosis in order t;minvestigate its effects on water wntake,

urine-concentrating ability ard the mechanisms of AVP release.

4.1 Characteristics of hypochloremic metabolic alkalosis

L

Diuretic-induced alkalosis was characterized by elevated blood pH
and p1ésma HC03, hypochloremia, hyponatremia, hypokalemia, piasma |
hypo-osmolality, polydipsia, polyuria and a reﬂa1rconcentrating
impairment. ' | '

It has been_showh'that furosemide inhibits active transport of C1°
in the thick ascending 1imb (Burg.et al., 1973) and enhances hydrog;:\\\{::s
ion secrétﬁbn, which leads to decreaseq,Naf and C1~ co-transport '
{Greger, 1981) ’

The combination of C17-free diet with furosemide injections induces
‘a hypochToremic sta}e (Van Ypersel de Strihou and Morales-Barria, 1969).
In resbonse to hypo;ﬁ1oremié, renal abéorption o% bicarbonate increases

and gIomé;ular fi1tratidn rate decreases (Cogan et al., 1983). Thia

i n between hypoch]oremié and hyperbicarbonateﬁia js the oo
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major qontributor.for maintaining e]evatea blood pH in metabolic
alkalosis. The findings in this study of hypochloremia,
hyperb1carbonatem1a and elevated b1ood pH (Fig. 3.1, Table 3.1) are ie
complete agreement with that of ear11er work é?

Hyponatrem1a has been shown to have multiple etiology. If may
. — ensue from restricted 1ntake’9r’5;;;;;;ve Tosses. It may be due to a
dj]utiona] effect by'extra water retention by the body. Effective
_ volume depletion predisposes towards the development of hyponatremia by
i reducing renal water excretion {Schrier and Bichet, 1981), ahd'by K"
\']oss (Laragh, 1954; Fishman et al., 1971). In order to investigate
renal water retention in hyponat%emic alkalotic dogs water—loeding tests
‘were performed in one dog. Water-load excretion (WLE) -was found to be
77% which is considered within the normal range (normal range is WLE =
75% or more during 4 h after the ingestion of water) (de Wardener,
S

1985).

-

The ﬁypokalemia, observed in the alkalotic dogs; may be- a resulf of

increased flow rate of tubular fluid. Increases in plasma concentration
of HCO3 or other nonchloride anions tend to prohote increases in
.gotassium excrz}ion_(wright and Giebisch, '1985). Elevated pH, as well
as a direct effect of iQspg{sed plasma HCO3 concgntration,-appear to

contribute to the entry of K; into ‘the cells {Farley and Alder, 1977).

s

T

Hypoka]ewia is also broQgS} about by hypera?dosteronieﬁ p}oduced‘by,
diuretic-induced hypovo]emfa (Burg and Green, 1973; Kurtzman et al.
1973). Polyuria can 5150 induce kK™ 1oss but only in the presence of a
coan:rent primary po1yd1ps1a (Harwprasad et al. 1@80) Siﬁ%e all the
et1010g1ca1 factors for- hypokaTemla described above were observed in the'

a]ka]otic dogs, it is very likely that .some or all of.them might pe

involved in the observed hypokaTemie‘state.

. S t e - \
(=3
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It is. important to note, however, that the finding'of ECFV
contraction is not universal in all types of metabolic alkalosis. The
state of ECFV in atkalosis depends upon the means by which alkalosis.is
generated. For example, metabolic alkalosis brought about by an
exceésive ﬁinerafocorticoﬁd secretion results in volume-expansion
alkalosis, where as virtually all human and animal models of
'C1 -responsive alkalosis have coexisting hypochloremia and reduction of
"effective blood volume (Jacobson -and Seldin, 1983). Alkalosis may exist
with virtually ro change in ECFV in cases of sgrreptitious vomiting -in
which patients become highly skilled in their ability tproncea1' )

vomﬁting. They dr#nk a lot of water which repl \é“the water-loss bﬁt
* electrolytes remain uncompensated (Wallace et a].,‘1968).

. From the literature cited above it can be realized’that loss of ECF
does not necessacily ‘Tead to metabolic alkalosis. For ;xample, in acute
hemorrhage; loss of ?épod leads to an isotonic loss of ECFV with no
concomitant eleVafion in blood pH, i.e. no alka]osis.r As we11,
metabolic a1ka1qs}s and ECFV concentration do not alwayg coexist.

~Hypochloremic dogs were aika1otic and had contracted ECF v§1ume.

Judv,

the decreased h\uy weight, increased plasma protein and PCV (E1g 3.2)

. Although no direct measurements of ECF vo]ume were made in the

and a 10-fold increase in PRA seen in the alkalotic dogs are a11

suggestive of ECF contraction. Theése results are consistent with other

[ : : .
studies (Sztorc, 1984; Kassirer and Schwartz, 1966). However, body .
. T 7/ .
weight loss alone is too excessive to be considered as the sole -

indicator of ECFV,doss. Water can also be lost by an increased

mgfabo]ism-o?'protein which_may be occurring in a]kaqu%c dogs. S

2
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\_ .
The low plasma osmolality observed in alkalotic dogs (Fig. 3.4) can

be explained as a result of the preseﬁce of hyponatremia (Fig. 3.1).
Since more-than 90% of the osmotic pressure of piasma and other body
fluids is due to Na, the osmolality of the body fluids is virtually
synonymods with the plasma Naf. "This effect can be discerﬁed in
previous studies (Bosch et al., 1977; Gulyassy et al., 1962; Kassirer
and Schwarfz, 1966) although surprisingly, ituhas not been commented
upon in the Ebntext of studies related to metabo1fc alkalosis in the
past. In our éxpériments the decrease in plasma osmolality was not due

. f
to polydipsia coupled with a renal impairment in free-water excretion,

since it persisted even when the animals Qéﬁ§ pijr-watered in a previous
study (Sztorc, 1984). As the alkalosis progressed, Posm gradually
decreased and in late alkalotic period reached a new low plateau of

282 + 1.0. This gradual decline can be attributed t g gradual

increasing renal jmparement leading to an increasgd losspof electrolytes
where‘as wgter and e]ectronte-intkaes remained unchanged, between early
and. late alkalosis: |

It is possible that the following chain of events occurs in chronic

chloride depletion which leads to development of hyponatremia.

baroreceptors and/or vaUEE‘FEcepLers or stimulated by Angiotensin 1.

Second, the presence pf AMP causes enhanced renal retention of free

%

water which lead to the redg§t1on in pOsm and”the deve]opment of

r

hypoaatrem}a\\::g order for the osmolality of body fluids to decrease
i
from-300 = ;\m0§p/Kg H,0 during the controT condition to 289 2.4

mOsm/Kg.H,0 after Fhe development of metabolic a]kéfa;?g}\epprox1mate1y ‘”'

R :J = S '-\q\

(

—
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340 ml1 of water wdu1d have to be retained. Since our animals had
sustained approximately a 1.8 Kg body wéight loss (a]though not all the
loss was due to the 1oss.of water and eTectro1ytes), the increase 1n-
total body water mediated by AVP would clearly reduce plasma osmolality,
but would be insufficient to correct éhe volume depletion. Since volume
contraction still persists (85% of the deficit remains), AVP secretion
coﬁtinues at this'Tower value of pOsm as sﬁdwn in our study of 51ka10tic
animals. In addition we have demonstrated that the sensitivity of ‘the
osmotic release of AVP is also significantly eﬁhanced in chronic
metabolic alkalosis as discussed in 4.4 below.

4.2 Mechanisms for the increased water intdke in alkalosis

-—DPolydipsia developed iﬁ‘a1ka16?Tc~dogs (Fig.k3:3)'ih'the absénée“of
an increase in solute :ﬁtéke and in the presence of a fgnificant

reduction in plasma osmoialﬁty. It is kﬁown that ECF contraction (Davis

et al., 1976; Vander, 1967), hypochloremia {Abboud et™al., 1877,

Kirqﬁner et al., 1978; Kotchen et al., 1976 and 1978} and hyponatremiiffzrfﬂ
(Fﬁéy, 1980; Merriil et a]{, 1973) are all potent stimuli for renim

release. This leads to the activation pf the peripheral

renin—angjotensin system, which results in an increased circulating

Tevels of AII. It seems likely that the primary polydipsia was due to

increased_g]aémé AIl levels which w idally elevated in
‘chloridg-demeted dogs (based the observafion of 10—?o1d elevated PRA
" levels, Fig. 3.6). Circula AIT is a potent dipsogen and plays an
~ important rﬁ]e in ECF .olu homeostasis (Fitzsimons et al. 1978;
Kucha®czyk and Mogenson, 3975). AIII, a product of AIl metabolism, has,
also been: Shown to haye some dipsogenic effects when given centrally in
the pig'fMutéér et‘a1.: 1984) and systeﬁica11& in the gerb?T“(wright’ét'

al., 1984).
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AII jnfused at a rate of 250 ng/min (i.v.) failed, 'however to
induce dr1nk1ng in alkalotic {chronically hypovolemic) dogs, whereas the
same dogs responded to the same AIl st1mu1ds when they were not
alkalotic {normovolemic}. :This finding might be explained on the basis
of the extremely high endogenous All levels, as observed in alkalotic
dogs, so that ATl receptors Qere already occupied. This assumption is
consistent with the suggestion of Reid et al., (1978) ‘that in a state of
salt depletion, ECF is reduced and there $s a high Ieve] of circulating
endogenous AII which occupies the majority of its receptors in the
circulation. Cohsequent1y, very few receptors are avaiTab1e to respond
to the exogenous AII.
Thé osmotic stimulus for drinking remained intact 1in alkalosis
(Fig. 3.10, Fig. 3.12). The dogs responded to hypertonic NaZSOA at
- 0.09 m1/Kg BWT/min (i.v.) in both alkalosis and control periods. Lack
of drinking response to Nazsodlequosmotic to the ambient Posm ruled out
the possibility of non-specific drinking or drinking due to-excitement.
However, in alkalosis the drinking {m1/min) in response to 1500 mOsm
Na2504 infusion {i.v.) was considerably reduced (Fig. 3.11).
~Altered thresholds for thirst and AVP release .are observed in man;ff\“"ﬂza\
volume relaE?dﬂed'd1t1ons, both phys1o10g1ca] (pregnancy, luteal phase 2 //
of menstruat1on, discussed in section 4.4) and pathologic (bronchogen1c
lung cancer). : . ‘ ,;: N
$uﬁnorma1 thresholds for both thirst and AVP have been reported
in patients with brgnchogenic cércinomaﬁof the lung {Robertson, 1982) .
Lowering of the osmostat appdrent]y wasrdue to the chronic hypovoleinia
that resdlts.from obstruction of venous return by lung

‘
[

cancer (Robertson,_1982).
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4.3 Impaired uriﬁe-concentratingﬁabi]ity

in the‘present study. aikalotic dogs'demonstrated an impairment jn
the urine-concentrating ability (Fig. 3.7). Changes‘in‘réna1‘
hemodynamics, medullary solute concentration, and AVP release are
several of the possibilites whiéh.can.be postulated to mediate the
urine- concentrating defect (UCD). It is weT] knowﬁ that a UCD develops
in states of hypochloremia (Luke et al., 1977; Abboud et al., 1979; énd
Galla et al., 1981}, and pypoké1emia {Eknoyan et al., 1970; Berl et al.,
1977; Berl, 1980). Micropuncture studies have shown that C1 -depletion
leading ‘to hypochléremia decreases net reabsorption of NaCl by the thick
ascending 1imb of Henle (TAL}vand‘K+?dep]etion impairs NaCl reabsorption
by thé TAL (Ga]]a/et a., 1981; Gutsche et al., 1984). The reductiop in
p]ésma K+ which occurred in the alkalotic dogs may well lead to aﬁ
impairment in TAL NaCl reabsorption.

.Another explanation for the failure to concentrate urine norma]iy
during electrolyte depletion is that it involves a possible defect in
AVP release. However, resting AVP levels were found to be similar in
alkalotic and non—g?KaTotic dogs (Fié. 3.5), and foilowing 24 h -

" dehydration pAVP increased {n both periods (Fig. 318). These findings
are in agreement with therwork of Paller.et al. (1983\,.wh0 demonstrated
that ﬁxpoké1em1c'rat§ had pAVP similaf to non-a]ké]emic rats following

24 h‘dehydration. Saika]ey'(IQSS) as also obtained similar results.
This sudgests that the UCD in alkalotic dogs is of nephrogenic origin
) rather than due to @ deficient AVP release.

Finally, the renal structural changes, brought about by electrolyte

-

depletion, ‘should also be considered in UCD devélopment. Tobak et al. \§

(1976) have reported the;K+-dep1etion méy be associated ‘with

A



.
_ morpho1dgica1 changes in the TAL, and Levine et“]. (1974) have drawn . T
attention to the exis%ente of nephrocalcinosis s&ecifica]]y associated

with C1'-dep1etion in the rat. ﬁowever, michscopic histological \E
examinations of the alkalotic dog kidneys did not reveal any gross

lesions in either cortical or medullary regions.

4.4 Mechanism of AVP release in metabolic alkalosis

The osmotic threshold for AVP release in the a]ka]otiqiaogs was
about 9 mOsm/kg lower than controls as evidenced by a statistically
significant reduction in pOsm (measured repeatedly in each d&g) after
the induction of metabolic alkalosis. Reget of the osmostat was not
evident from the osmotic looking experiments due to the sma]j number of
observation. There ére several examples. of resét of threshold for ﬁVP
release in different situations of f]uid—e1ectr01yte imbalance. Durr et
Jﬁfl.'(JQSZ) have demonstrated that the osmotic threshold for AVP
secretion deéreases'approximate]y 10 mOsm/kg during gestation in rats.

l;Davison et al. {1984) have reported an approximately 6-8‘mOsm/kg
decrease in osmotit threshold for AVP release in pregnant women, whereas
the osmotic threshold forrfhirst was lowered by approximately 10
mOsm/kg., Unlike the studies just cifed, in the present'study |
sensitivity for AVP ré?ease was increased two-fold (from 1.185 to 2.487
pgAVP/Posm/kyg) in a1ka16tic dogs. Chénges in the sensitiQity for AVP
Fe]ease {ie. pAVP/Posm rel%tjonship) hgie been Eeporfed in sevefal nther

~tates of volume and fTuid—eTectrquté imba]ance.)'Du}ing fhe Tuteal
phase. of the menstgﬁa1=cyc1e df human fema1és, the threshola for AvVP -
release and fhé s13pe of the pAVP/Posm Ee1ationsﬁip are'reducéd ¢omparéd

| to in the fo]]icufi;'phase. The threshoid for thirst is also reduced in

‘the luteal phase (Spruce et al., 1985). Although not statistically
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significant, a slight fall in the sensitivity of AVP release has also

been reported by Davison et al. (1984) in early human pregnancy.

According to these inyestigat&ré, as a consequence of ilower threshold
fér AVQ release, at Tower Posm, AVP secretion persists which reduces

“-solute-free waten‘cTearaﬁce and éauses plasma’ to become slightly
hypotonic. Thiy shi%t_in the 'set of the dsmhstat' accounts for the

Tlower basal Plas a oémo]a]ity. The effect of the reduction in
osmﬁreceptor sensitivity offsets the 1owered'thresh01d of AVP release,
which is particularly apparent as plasma osmo]aiity risest In the
present study, an increase was seen in Fhe'osmoreceptor sensitivity for
AVP release despite of the trend toward lowering of threshold for,AVP
re]ease.r | .

Furthermore, the 1ncre§se in osﬁdFeceptor sensitivityrfor.AVP
release may be due to increased éircu1ating AIl found in the alkalotic
animals. The importance of the ihtegrated,activities of drinking, AVP

. - secretion and the renin-angiotensin system in the maintenance of total
body water and‘extrace11ular osmolality has been well-recognized -

(Cowley, 1975; Fitzsimons, 1979). AII administered systemically has

been shown to increase AVP secretion in dogs {Bonjour and Malvin, 19?0;3

Ramsey et:al., 1978), rats (Knepel and-Meyér; 1§80), and humans kUh]igp
.gt”al., 1975, P;dfie1d and Mdrton, 1977). .Intrécranial injecfion_of All
ixglsb stimulates AVP in the dog (Share, 1979) and the fat E;;i1 $t at.,
1975). It has_béen suggestedothat the site of action of AII on AvVP
release may include the subfornical organ "(SF0) (Simpson et al., 1979;
‘Mangiapane et al., 1982), the organum vasculosum of the lamina
termina1i§'(OVLT)‘(Bea1ér‘et al., lQiil_iii.the supraoptic hucleus {SON)

~(Simmonet et al., 1979). *Neural cqnqgct%ohs betweén‘the_S?O and the SON

2
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and PYN have been demonstrated e]ectroph&sio1ogica11y (Ferguson and
Renaud, 1984). It has also been shown that direct injection of AII into
the SFO causes AVP release (Simpson et al., 1979). 1In view o} the above
. cited evidence, it ﬁay be speculated that increased osmoreceptor
sensitivity %or AVP release in alka]otic dogs is brougﬁt about b} an
1nteract1on of chronically e]evated ATl at the circumventricular orqans

SIadek et al. (1982) have reported that AIT at physiologieal
_concentrations is able to effect1ve1y potent1ate osmotic -stimulation of
AVP release from organ-cultured rat hypotha]gmo-neurohypophyseal st)
explants AVE releése was significantTy.gregter when two stimuli were
presented together‘than whén either was presentéd individually. The
_response of cultured HNS exp]éq}sﬁto simu1€;neous addition of
subthresho1d'congentratjons.of AITl and osmotic stimuli, provides support
for synergism between AIl and osmolality in the stimulation ofTAVP -
release. ThTS 0bservat1on is comsistent WJth the synerq1st1c effect of
simultaneous 1ntracerebroventr1cu1ar application of AII and\Q\FI on
single- un1t electrical act1v1ty of paraventricular and supraoptic
neurosecretory neurons (Aka1sh1'et al.; 1980), as well as the studies
which suggest synergism between AIl and osmolality in stiﬁﬁ]atihg
drinking and AVP yelease (Shimizu et al., 1973). ‘Althqugh the .
hyper-ren{nemic a1ka10tid dogs did not show a significantlincrEase in
ambient pAVP or in pAVP following a 24 h dehydration pef{od, the f

L

sensitivity for AVP release in response to hypertonic Na2504'j.v

o A
infusion was j 12;;%21;/)/—\‘_1/,

[y
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Osmoregulation by AVP. ¥s also altered by changes in blood volume.,

Barron et al. (1984) have demonstrated that duriny gestafTbn in rats the

relationship between total blood volume and pAVP is altexgq\;:ch that

the expanded bTood volume is recognized as normal. Osmoreéu tion, with {

‘1' .

water available, is mainly by drinking rather than by AVP secretion
. (Cowley et al., 1983).- In the present study the regulation of Pasm by ,:::'
drinking (Fig. 3.14) and by AVP release (Fig. 3.15) in alkalotic dogs

was not altered when compared to the non-alkalotic responses.
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- 5. CONCLUSIONS -
1. A stable metabolic 3?5910515 was maintained in dogs for up to 8
weeks by a combination of dfuré&ic admiiﬁstfat%oh and feeding C1 -free
diet. | ‘ )
2. The hypochloremic metabo]ic,éIka1osis was xharacte;fzed by
hyponatremia, hypokalemia, low plasma osmolality, polydipsia and
po]xpria._ The dogs were ECFV—;ontractea.and had markedly increased PRA.
3. Thqlélkélotic dogs also had a significant impairment of
drine-concéntréping ability. Hsiélef, Fhe Uch was independent of the
primary polydips%a. The defect was néphrogenic.in origin‘and not a
consequence of inappropriate release of AVP;
4, Finally, alkalotic doas shqwed é disruption df normal thirst
responses. Specifically, they did not respond to exqgggaus intravenous
AIl and they displayed a decreased rate of drinking in response t&’

05motic;sﬁimu1ﬁ. The sensitivity of osmoreceptors for AVP release was

. . . L. . - .
increased, however, suggesting a lowered osmotic setpoint in alkalosis:
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