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ABSTRACT

Alter 24-h watar dsprivation, five men {2J-41 yr; 78 = 3.6 kg)
vansumed, within 4.0-6.2 min, 12 mL’kg of one of six fluid formu-
lations {16.5 C) onca a week over a period of 6 weeka: water, hypotanic
autine (0.045% Na*), isotonic saline (0.36% Na' ). hypertonic giucose
(9.7% glucosa), and two commercial mildly hypertonic 9.7% carbohy-
drate drinka. Bload samples wara drawn 5 min before and 3, 8, 15, 30,
and 70 min after compietion of drinking. Ingestion induced na nig-
nificant change in plasma Na~, K*, samatie, ¢r protein concentra-
tinnz; blood pressure; or heart rate. Plasma volume (FV) was in-
vroasued (P« 0,05} batwaan 30-70 min with isctonic saline und the twe

commercial drinka. Ingestion induesd a decrease in plarma AVP
(PAVP) st 3 min, which wes maximai (P < 0.05) at 15 min with ajl
drinks. Thus, the act of drinking, independent of the compesitian ar
osraolality of the fluid absorbed, leads to a prompt inhibition of PAVE
secration in man. With the axesption of rehydration with isctonic
stline. this prompt response was followed by a long lasting inhibitien
of PAVP, There wes no change in PRA, plasma aldestarone, atrial
natriurstic peptide, or epinephrine, but an increase in plasma nor.
epinephrine occurred immediataly after ingestion, which suggests,
liks that for PAVP depression, a drinking-stimulated neural mech-
anism. (J Clin Endacrinol Metab 81: 2111-2136, 1996}

VEN THOUGH plasma arginine vasopressin (PAVD) is
not required for the stimulation of normal thirst, AVP
secretion and thirst are stimulated by similar mechanisms,
mainly by an intracellular comporent linked to cellular os«
molality via osmoreceptors and, to a lesser extent, by an
extracellular component associated with blood volume(1, 2).
Although relative osmotic thresholds for AVP secretion and
thirst are still debatable (2), they are similar. Thu, vasopres-
sin secretion almost correlates temporally with the onset of
thirst, which is initiated in dehydrated subjects before urine
has reached ity maximal concentration, thus before renal
mechanisms are saturated (2-4).

Because dehydration increases PAVP and aldosterone
‘ongentrations, which promote renal water and sodium con-
wrvation, respectively, as a first line of defense before or as
fluid intake is stimulated, it was probable that termination of
drinking would be associated with inhibition of their secre-
tions, Elevated PAVP decreases to normal leveis quickly after
drinking water in humans (5~11) and animals (12-17), ie.
before any postabsorptive change in plasma volume (PV) or
osmolality. When rehydration is achieved with isotonic sa-
line or artificial extracellular fluid in dogs (12, 16) or with
slightly hypertonic saline in man (10) and hypertonic saline
solutions in dogs (12), a rapid, but transient, decrease in
PAVP also occurs, suggesting that drinking is foilowed by a
decrease in PAVP regardless of the osmolality of the solution
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consumed, triggered by reflexes related to the act of drinking
per sc. One recent study in which rehydration in dogs was
achieved using a variety of saline and carbohydrate solutions
confirmed and extended these findings (12},

The purpase of the prasent study was to test the hypoth-
eses that as the inhibition of AVP secretion in response to
drinking appears to occur as 2 neural mechanism: 1} it Is
likely to be independent of the composition or osmolality of
the solution ingested, in man as in animals; and 2) it may
possibly correlate with changes in other neurally regulated
hormones involved in salt/water homeostasis,

Subjects and Methods
Subjecta

Five men, 23-41 yr oid (mean = 52,32 = 3) and 66-87 kg (meen, 750 .
= J.6 kg), volunteored as test sublects. They gave written informed
conmmt and completed a comprehensive medical examinarion, includ-
ing history, blood and urine analyses. and a rreadmiil exercise test, They
took no medication, were nonsmekers, and were requested to refrain
from consuming alcohol ar caffeine for 24 h before testing. This study
was approved by Ames Research Centar's human research institutionat
review board.

Procedure

The subjecta were inatructed to dehydrate for 24 h before testing by
restricting all fuid intake. eating dry food, and eliminating food after
2300 h on the evening before their test. They were tested ance a week
aver a pericd of § weeks. Two subjects were tested per day and reported
tg the laboratery (temperarure, 22 = 0.1 C; refative humidity, 47 = 6%}
at U730 and 0530 h, respectively, where they urinated and were weighed
in shorts {model 5780 digital scale, Nationa! Conrrols. San Carlos, CA).
A Teflon catheter (Quick-Cath Baxter Heathcare Corp., Deerficid. L)
was then (nserted into an antecubital vein, and the subjects remained
~eatid quietly for the duration of the vxperiment,
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Rehvideatinn sodutiona

Aller 3 4% min sitting control periad, a blood sunple fram the de-
hwdrated subpect was deawn 5 min butore the siset of ehydration at
tmw Ao, The subject then drank slowlvy oae of s formulations in a
randunt urdur, Drink | wits water (0 mawmol /gl drink U was hypo-
twinie saline LI5S Na ;71 mosmol/kg): drink ) was bsstonic <aline
W.3n% Na ' 270 imuamol / kg in the farm of sodittm chioride and sudium
citrawe to ameliorate the ynpivosant taswe of NaCl and prevent the well
Kisorwn afiarrhetic effect of o [t volume of isotonic safine orally: drink
I was hepsertonie ghreose (2,77 gitcumse and D45, Na 2 e5) mosmai /7
Led In addition, two commercial silutions wene lested: Jrink ¥, Per
o (Shaklee US., Sun Francizen, CAY and Jrink Vi, Power Suepe
(Pere Products, Muscow, PA); both were mildly hypertonic (80 and 390
mwsnud Sk, respoctively), with 9.77% Lotal carbohvidraces, mainty in the
form of maitndeatring, and some Na© vitrate, The numiatone swastener
aspartame and annettn (natural orangy colorime) were added 5o sl
salutions would appear and taste oisentinliv the same, byt the high sail
cuntent (157 mEg Na ™) of drink (1 was evident 10 the subjcts, Drink
vojumy was {2 mL/kg (7891044 mL}, tempueranire was 16 = 0.5 C and
muwan Jrinking lime wos $.0-6.2 min.

Cardinvascuiar measuremaents

Heart rate (Cardiotachometer, model 78203C, Flewsett-Mackard,
Waltham, MA) and arm blond prussure (Digital sphygmumanomeicr
UA-101, Somatronix, Brstoil, CT) were measured at the heart fevel at

<15, -« 1y, and -5 min during the predrinking perisd, and a1 0. 2, 4, 7,
and M1 min and every 5 min thereafter during the postdrinking period.

Blowd mensurenients

Bloanl samphes (18 mL) wone deawn aid placed inie chifled hwpas
riniasd tles 5 min boeture and 3, 9, 15, U1, and 70 min after drinking wis
vonaluded. Fue atrial natrivectic peptide (ANPY measurement, bivod was
Jrawn intu chitled tubaes comtaining 5% ethylenodiamine tetraacetate (0
ph/ml bload) (14), Plasma way separated by centrifugative at 3 C, and
alivguoly fur vasoactive harmaone measurments were stored at 80 C,

Quad ruplicate mivrolwmatornits were spun for 10 inin in 3 contrifuge at
LR} rpm (mvadet MEB, Lsternational Equipment Co.. Nowdham Heighe,
MaAd and asid on o modified microcapillary tube reader (modad CR, In-
hemuationad liguipment Co), Raw  hematarit values wen: comaciad
{lL 790 Hor trappad plasma and whole body hematocrit, Bhood hemaogho
hin war determuned with the cyanmethwmoglobin method (Coulter Elec-
tremicy, Hialeah, FLY. The porcent chaage in plasnis volume (%.30V) was
calculated with the hematocrit and heawogiobin transfurmation wyuatjion
18) Plaxma Na© and K” concentrations were measuned with sperific icn
vhoctrodees (iystem E2A, Beckman [nstruments, Bema, CA), and asmolality
was detirmined by frvezing poine depression (maded 3DIL Advanand in-
strurmwnis Digital Csmometer. Needham Heights, MA) in frash plasm,
Proteit were mensured with the Bradford colurimetnic assay rogent
emuthod (Plercy Chernical Co., Rackiond, 10

Vasoprossin woy extractad with bentonite and cluted with acidified
acrtone (K12 acelone-20% 1 N HCTL The owan recovery of AVP-frec
plasma was 66 = 3%, The intra- and internssay coefficients of variance
were 7.5% and 14.5%, respectively. Masma ANP (PAND) was extracted
using Sep-Pack cartridyes (Waters Assoclates, Milford, MA). Elution
was performed with 60% acetonitrile in ammonium acetate, The intre-
and interassay voefficlents of variance were 10% and 12%, respectivedy,
Vasopressin and ANP wurw then mensured with sensitive RlAs (18, 20).

PRA and plasma aldosterone were measured by RIA uging commer-
vial kits [New England Nuclear Corp. (Busion. MA) and Coaz-a-Count
kit. Dirgnostic Products (Las Angelus, CA)L respectivelyl. Plasma nor-
upinephane (PNE) and vpinephrine (PE) were measured by high per
inrmanee liguid chromatography with clectrochemical derection (21).
The intraasaay coefficients of variance were 5% and 3% for NE and B,
respeetivelv. The detection limil was § pg/mL for both.

Statistical analysex

Data ape vnpressed as tee moan = s For sach test solition the data
wore atalvzed using the Kruskall-Wallis west tor nonparaimeteic distri:
butiom, Signitivant Jifferences hitween the dehwdrtion contrat ¢ 8
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min) and e pestdrinking data ax well as between treatments were
duterminad with Wilcoxon's mawched paies, wigiaed rank wst, The i)
hypothasis was rected winen 2 ¢ U3, and nomsignificant difforeneey
wure denoted NS,

Results

After rehydration and regardluss of Jdrink compuosition,
there was no significant change in plasma Na", K*, ot pro.
tein concentrations in the 70-min posedrinking period,
Plazmiu vsmalality (.} which rangiad from 7908 © 2o 08
= | masmol/kyg just before drinking (-3 min). decreased
upon drinking water and hypotonic saline and remained
unchanged 70 min after rehydration with the isotunic and
hypertonic solutions. P,,,, decreased by 4 and 5 mosmol/kg
30 and 70 min after drinkinyg water and by 3 mosmuol / kg 70
min after drinking hypotonic saline, but due to the smal
rumber of subjects, the decrease did not reach statistical
significance. :

All plasma volumes tended to increase 30 min after drink.
ing. Thereafter, water, hypotonic saline, and hypertanic glu-
cose induced no change (D-1%) in PV, whereas isotonic Na*
increased PV by 7.6%, Performance increased PV by 4.6%,
and Power Surge increased PV by 1.9% (P < (L05) at 70 min,
with no significant change in mean corpuscular hemoyglobin
concentrations. The increase in ShAl'V 7 min atter drinking
isotonic saline was greater (P -< .05 than thazafter drinking
water, hypotonic saline, and Mower Surge. ‘

Heart rate and blood pressures were essentially un-
changed and unaffected by Jdrink compositiun Juring the
70-min postdrinking period. Blood pressures averaged
120/75 mm Hg, and heart rate was about 71 beats/ min

PAVP decreased with all drinks by 3 min ofter drinking
began; the decrease was significant with hypotonic saling
Performance, and Power Surge. The decrease in PAVP bed
came buth maximal and significant for all drinks 15 min after
drinking, from dehydration control concentrations of 1.7-3.7
to 0.1~0.7 pg/el (P < LUS) PAVD fell by 70-85% of de;
hydration control vaiues (Fig. . Plasma AV remained dey
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throughout the 70-min experiment. However, at 70
in, with water and isotonic saline, PAYP reached concen-
trations (0.8 = 0.3 and 1.0 = 0.5 pg/mL, respectively) lower
‘than but no longer significantly different from those duting
dehydration (2.2 = 1.0 and 1.7 = .5 pg/mLl, respectively).
The kinetics of the change in PAVP after drinking were
simiJar with all solutions and independent of the controf
PAVP concentration (2.2 = 1.0, 28 * 03, 1.7 = 0.5, 28 = .9,
3.7 = 1.1, and 2.2 = 0.6 pg/mL before drinking soiutions {,
II IIL, IV, V., and V1, respectively) or the solution asmolality.
These immediate and long lasting decreases in PAVP oc-
curred with no concomitant significant changes in PRA or in
PA (Fig. 2). PANP varied between 27.2-35.2 pg/mL after 24
h of dehydration and showed only decreasing trends 15 and
30 min after drinking water, 9 min after drinking hypotonic
saline, and 9 and 15 min after drinking isotonic saline (Fig.
2.

Although PE concentrations wuere essentially unchanged
after drinking (Fig. 2), there were significantincreases in PNE
concentrations between 39 min with all solutions, except
water, that lasted for 30 min, from concentrations of 288 =
85,269 = 9, 264 = 48,252 = 40,247 = 61, and 189 = 24 pg/mL
before drinking solutions [, II, 111, IV, V, and V1. Elevated FNE
concentrations with hypertonic glucuse and Power Surge
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continued for 70 min. The average PNE increased by J0% 3
min after the onset of drinking and by 50=70% 9 -3} min after
drinking hypertonic glucose and the two commwercial drinks
(Fig. 3).

Analysis of hormonal responses after drinking showed no
difference between treatments for PRA, PNE, and PE, but
oceasional differences at various time points for plasma
ANP.

Digcussion

A first finding of the present study is that in man, drinking
solutions with a wide range of lonicity regardless.of the
compesition induces a prompt acute decrease in PAVP that
is independent of P, as it occurs at a time where such an
AVP response is entirely inappropriate with regard to the
concemitant P .

We and others have suggested that it is the act of drinking
per se that appears to activate the afferent limb af a reflex
causing the immediate inhibition of vasopressin secretion (5,
9, 10, 12, 16, 17). Aithough drinking water or hypertonic
saline decreases PAVP, gargling with water for 2 min with-
out swallowing does not (10), nor does holding a hypertonic
saline solution in the meuth for 30 min (9). In addition,
oropharyngeal motor activity and swallowing do not induce
inhibition of AVP secretion in dogs unless liquid, not solid,
is swallowed (17). Thus, the oropharynx appears to have a
system that can both discriminate between solid and liquid
food and meter the intake, and swallowing plays a major role
in the initiation of the reflex. Of note s the recent description
of water-sensitive receptors in the pharyngolaryngeal area in
man. They appear to initiate a swallowing reflex, the latency
of which increases as a function of the concentration of NaCl
added to the solution, wherecas added carbohydrates have a

limited cffect (22).
Our data also pravide evidence of a long lasting inhibition
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of:PAVP after drinking in man, as PAVP was still decreased
significantly 30 and 70 min postdrinking with all salutions
except water, where it was at the limit of significance, and
tsotonic saline, where the decrease was present but no longer
significant. Seventy minutes after drinking water or hypo-
tonic saline, PV was not significantly increased, but a de-
crease in P, although nonsignificant, occurred, and this
pustabsorptive change may have explained the sustained
decrease in PAVP. The faster return of PAVP to the predrinks
ing concentration upon drinking isctonic saline despite a
7.4% increase in PV agrees with the observation that the
higher the esmolality of the saline solutions drunk by de-
hydrated Jdags, the shorter the time PAVP was suppressed
(12). Interestingly, PAVP remained significantly depressed
30 and 70 min after drinking the three hypertonic carbohy-
drate soiutions, a response different fram that after drinking
hypertonic saline or hypertonic manaitol (12), Absorption of
hypertonic salinre (12) results in expansion of extracellular
fluid volume, which may not be the case with hypertonic
manaitol (isotonic mannitol tends to ¢contract PV) (23), but in
both cases, there is a rise in P,,,,,,; the latter is a strong stimulus
for AV secretion and can override the suppressive effect on
AVP secretion of oropharyngeal receptor stimulation (9),
Seventy minutes after drinking in our study, PV bhad in-
creased maodestly, bat significantly, with the mildly hyper-
tonic carbohydrate solutions ( +4.6% with Performance and
+1.8% with Power Surge) and nonsignificantly with hypar-
tunic glucese, Meanwhile, P, increased transiently and
nunsignificantly at 3 and 15 min of rehydration, suggesting
that most of the carbohydrate content in our hypertonic
solutions was metabolized during the 70-min period, so that
their osmotic effect was progressively diminished and thus
no longer a factor of stimulation of AVP. This would explain
why the duration of the AVP inhibition was not reduced in
our study by increasing the vsmolality of the glucose solu-
tiuns, in contrast to the vbservativns imade in dogs drinking
mannitol solutiuas of increaging osmolality (12). On the other
hand, it should be noted that infusion of hypertonic glucuse
hay been shown to induce in man a paradoxical small, but
significant, decrease in PAVP, despite the increase in I,
that has been ascribed to a concomitant decrease in plasma
Na*, which did not occur in the present study (24).

The rapid fail in PAVP after drinking was dissociated from
the other enzyme-hormonat responses. Chronic water de-
privation causes both cellular and extraceliular dehydration,
and hypovolemia due to the latter increases PRA (16, 17).
Because PRA is unchanged by drinking water or isotoric or
even slightly hypertonic saline (Refs. 5and 10and the present
study), correction of cellular and extracellular fluid deficits
may not have occurred (18). Indeed, rehvdration with water

after 24-h deprivation decreases PRA only when an increase -

in PV occurred after fluid ingestion (7, 25).

Our data corroborate the finding that PANT decreases in
dehydrated humans (26). PANP in all dehydration controls
averaged 30 pg/mL, which was substantially lower than the
concentration of 47.9 = 33 pg/mL found in 26 normal eu-
hydrated sitting subjects (18). in man. PANP increases sig-
nificantly only when oral rehydration is sufficient to induce
significant hvpervolemia 6, 7, vven in the presence of @
reduction in P, 135% In the present studv o of the PY

WE A M. 1908
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vr osmolality changes was of sufficient magnitude to induce
a significant change in PANDP during the 70-min pastdrink-
ing period. Thus, ANP does not appear to play 3 role in AVP
suppression after drinking.

Few data are available on the influence of hydration status
on plasma catecholamines taken as an index of sympathetic
activation, even though there appears to be bath inhibitary
and facilitatory effects of noradrenaline an fluid intake. A
possible dual role for central NE in the control of hydro-
mineral fluid intake was recently proposed (27). Our data
show a clear dissociation between PE and PNE respunses to
drinking; although PE was essentially unchanged by rehy-
dration, PNE increased by 3 min after rehydration and re-
mained significantly elevated with hypertonic glucose and
Power Surge. The kinetics of the PNE response were not
significantly different between solutions even though the
increase tended to be of greater magnitude and duration with
the three carbohydrate sclutions. There has been indication
of an increase in PNE in man after rehydration (28), Qur
observation together with previous findings in rats suggest
that insulin-mediated giucose metabolism within neurons in
the ventromedial portion of the hypothalamus may be in-
volved in initiating changes in sympathetic activity in re-
sponse to changes in diet because fasting suppressces the
sympathetic nervous svstem activation, whereas overteed-
ing with sucrose has a stimulatory effect (29), On the uther
hand, seeing a drink and/or getting mentally prepared for
imminent rehydration may induce a state of general arousal,
leading to activation of the sympathetic nervous system, but
the unchanged PE concentration would negate this hypoth-
usiy, Thus, this early increase in PNE associated with the
early decrease in PAVP suggests a neural mechanism acti-
vated by oropharyngeal {(and perhaps gastric) factors that
would trigger both reflex inhibition of vasopressin secretion
and reflex activation of the sympathetic system.

[n summary, the act of drinking, alone or combined with
gastrie stimuli and independent of the composition and os
molality of the fluid absorbed, leads to prompt inhibition of
vasopressin secretion in man. [n addition, with the exceptiva
of rehydration with isotonic saline, this first rapid response
is followed by long lasting inhibiticn of plasma AVP. The
vasopressin response is dissociated from the ather hormonal
responses, which are characterized by no change in PRA,
plasma aldosterone, ANP, or epinephrine, together with an
increase in plasma NE, which immediate occurrence after the
onset of drinking may suggest, as for AVP, a drinking-stim-
ulated neurai mechanism.
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