
Sodium Appetite in Sheep Induced by Cerebral Ventricular 
Infusion of Angiotensin: Comparison with Sodium Deficiency 

Abstract. Intraventricular administration of supraphysiological amounts of renin, 
nerw growth factor preparation, or angiotensin II greatly increased the consump- 
tion of water and hypertonic sodium bicarbonate solution by sheep. These effects 
were antagonized by intraventricular administration of drugs that prevent the for- 
mation of angiotensin I1 or block its receptors. The fact that these angiotensin- 
blocking drugs did not change the sodium intake of sodium-deficient sheep 
challenges the idea that central angiotensin action is involved in sodium appetite due 
to a deficiency. 

Recent reports indicate that intracere- 
bra1 (IC) administration o f  renin or angi- 
otensin I 1  (AII)  causes intense thirst and 
also salt appetite in rats (1). Such effects, 
apparently caused by an isorenin con- 
taminant o f  nerve growth factor (NGF) 
(2 ) ,  have also been observed after 
IC atlministration o f  NGF preparation 
(2.5s) (3). Nerve growth factor is pre- 
paredl from mouse submandibular gland, 
which is also a rich source o f  an isorenin 
(4). Although there has been extensive 
investigation over the last decade o f  the 
role o f  the renin-angiotensin system in 
water drinking, the effects on sodium 
intake have received less investigation. 
Thus it was o f  interest to determine 
whether IC administration o f  renin or 
A11 would cause sodium appetite in 
sheep, and whether the evidence would 
point to a cerebral renin-angiotensin sys- 
tem that had a role in the physiological 
induction o f  sodium appetite in sodium 
deficiency. 

W e  used sheep with permanent in- 
dwelling cannulas acting as guide tubes 
for access to the lateral cerebral ventri- 
cle (51, and infusions at 0.38 mlihour or 
injections o f  0.25 ml o f  test substance 
dissolved in an artificial cerebrospinal 
fluid (CSF) (5) vehicle were made into a 
lateral ventricle. W e  confirmed in the 
sheep, as in the rat, that intraventricular 
(IVT) administration o f  0.025 Goldblatt 
units o f  partially pure sheep renin ( 1  Ul 
mg) elicits rapid water drinking within 10 
minutes and after a longer latency (6 to 
12 hours) increases intake o f  a hyperton- 
ic soclium solution. A lower dosage o f  
renin had no effect on sodium appetite or 
thirst (Table 1 ) .  The effects o f  IVT renin 
were blocked by central administration 
o f  the converting enzyme inhibitor tepro- 
tide (SQ 20881; Squibb) (Table 1 ) .  Both 
effects were also attenuated or blocked 
by IVT infusion o f  saralasin (Norwich 
Pharmacal; P113)  at 10 or 30 ygihour. 
Intraventricular A11 (Hypertensin, Ciba; 
1.9 yglhour for 24 hours) more than 
doubled water intake but had no effect 
on sodium appetite despite the fact that 
within only 5 minutes the concentration 
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o f  A11 entering the third ventricle proba- 
bly exceeded by a hundredfold the high- 
est physiological concentration mea- 
sured in sheep CSF (6) .  Infusion o f  3.8 
yg o f  A11 per hour for 24 hours more 
than doubled daily intake o f  NaHC03 
and water. This effect on sodium appe- 
tite was not reduced by IVT teprotide 
(100 yg every 6 hours for 24 hours) but 
was eliminated by IVT saralasin (30 ygi 
hour for 24 hours) (Table 1). The in- 

creased water intake with this dose o f  
saralasin, but not with 10 ygihour, may 
represent agonist activity on water in- 
take. 

Sheep were also injected intraventric- 
ularly with 50 yg o f  2.5s NGF or 0.025 U 
o f  sheep renin; 75 minutes later CSF was 
withdrawn and assayed for AX1 (7). Con- 
centrations o f  A11 were elevated above 
the normal concentration in CSF o f  
15.1k8.9  fmolelml ( N =  18) to 
639 -t- 119 fmoleiml with IVT NGF and 
to 816 r 161 fmoleiml with IVT renin. 
On another day IVT injection o f  50 yg o f  
2.5s NGF caused rapid water drinking 
within 5 to 20 minutes and large sodium 
appetite after 6 to 18 hours (Table I ) .  
Both effects were abolished by IVT ad- 
ministration o f  teprotide each 6 hours 
(Table 1 ) .  The 2.5s NGF used in these 
experiments and those o f  Lewis et al. (2)  
was prepared by the method o f  Bochini 
and Angeletti (8) and is contaminated by 
mouse submandibular gland isorenin (4). 

Table I .  Effect on mean intake of 0.6M NaHC03 or water of IVT injection of renin or nerve 
growth factor preparation or IVT infusion of angiotensin 11. These agents have been adminis- 
tered with or without IVT treatment with converting enzyme inhibitor injections (teprotide, 100 
yg each 6 hours for 24 hours) or IVT infusions of saralasin (10 or 30 ygihour for 24 hours). 
Baseline values represent the mean intake on the days before treatment (mean t- standard error 
of the mean). Data were analyzed by two-way analysis of variance and subsequent t-test. N.S., 
not significant. 

Treatment 

Baseline 
0.0025 unit of renin 

Baseline 
0.025 unit of renin 

Baseline 
0.1 unit of renin 

Baseline 
0.025 unit of renin + 100 yg of 

teprotide per 6 hours 

Baseline 
0.025 unit of renin + 10 yg of 

saralasin per hour 

Baseline 
50 yg of NGF 

Baseline 
50 yg of NGF + 100 yg of 

teprotide per 6 hours 

Baseline 
1.9 yg of A11 per hour 

Baseline 
3.8 yg of A11 per hour 

Baseline 
3.8 yg of A11 per hour + 100 

yg of teprotide per 6 hours 

Baseline 
3.8 yg of A11 per hour + 10 

yg of saralasin per hour 

Baseline 
3.8 yg of A11 per hour + 30 

yg of teprotide per hour 

Sheep 
(No.) 

10 
5 

14 
7 

8 
4 

10 
5 

10 
5 

10 
5 

12 
6 

4 
4 

18 
9 

10 
5 

8 
4 

10 
5 

Mean intake of 
0.6M NaHC03 

(millimoles 
per 24 hours) 

331 + 122 
426 + 193 N.S. 

183 + 63 
1266 t 103* 

460 + 88 
287 i. 119 N.S. 

135 + 53 
180 2 122 N.S. 

344 2 67 
780 2 242f 

210 t 74 
817 t 264* 

234 2 68 
426 2 137 N.S. 

~ 

*P = .001. tP = .05. SP = .01. 
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Mean intake of 
water 

(milliliters 
per 24 hours) 

. .- 

1780 + 127 
1610 t 152 N.S. 

1802 t 99 
3611 t 564* 

1 6 8 1 t  77 
6013 t 469* 

1715 + 116 
1350 t 127 N.S. 

1770 2 310 
2130 2 536 N.S. 

2462 + 252 
6310 t 1026* 

1814 + 176 
1366 2 83 N.S. 

1638 t 137 
2388 t 613 N.S. 



The dipsogenic- and salt appetite-induc- 
ing actions of centrally administered 
crude N G F  preparations in sheep, rats 
(3), and dogs (9) therefore appear to  be 
due to  generation of A11 after the action 
of an isorenin contaminant of the N G F  
preparation. 

There is early evidence against renal 
renin as a determinant of salt appetite in 
sodium deficiency (10). In sheep with 
IVT renin or A11 there is a time delay of 
6 to  18 hours before maximum effect on 
sodium appetite. In both instances, the 
concentrations in C S F  required to in- 
duce salt appetite results in A11 concen- 
tration therein at  least a hundredfold 
greater than that measured in severe 
sodium deficiency (11). On the basis of a 
liberal estimate of the volume of the third 
ventricle of the rat, o r  volume of in- 
jection (1 pl) in the instance of cranial 
cannulas, the concentrations of A11 con- 
trived in the rat brain were probably 

u ~ a s e l i n e  day m ~ r e a t m e n t  day 

Fig. 1. The effect of various treatments on the 
bar-pressing behavior of sodium-deficient 
sheep. Animals were made deficient by loss of 
saliva for 22 hours and were then allowed to 
bar press for 0.6M NaHCO? (15 ml per deliv- 
ery = 9 mmole). The baseline shown by the 
open bar is the number of deliveries on the 
preceding day. Treatments (shown by the 
hatched bar) were (A) injection of 100 pg of 
teprotide into a lateral ventricle every 6 hours 
for 24 hours (N = 4); (B) injection of captopril 
(20 pg each 6 hours for 48 hours) into a lateral 
ventricle (N = 6); (C) infusion of saralasin (10 
pglhour for 24 hours) into a lateral ventricle 
(N = 4); (D) infusion of saralasin (30 pglhour 
for 48 hours) into a lateral ventricle ( N  = 5); 
(E) infusion of angiotensin I1 (3.8 pglhour for 
48 hours) into a lateral ventricle (N = 5); (F) 
sodium deprivation for 48 hours (N = 7); (G)  
infusion of 0.7M mannitol-CSF at 1 mllhour 
for 3 hours into a lateral ventricle beginning 1 
hour prior to bar pressing (N = 6); and (H) 
administration of a sodium load of 600 mmole 
of NaHC03 into the rumen 3 hours prior to 
bar pressing. Mean and standard error of the 
mean are shown. Statistical analyses were 
made by two-way analysis of variance (re- 
peated measures design) or t-test, or both. 
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massive (12) in the experiments of Fitz- 
simons and Wirth (10) and of Avrith and 
Fitzsimons (I). 

The possibility exists that A11 mea- 
sured in C S F  is locally generated in the 
brain; persistence of A11 in C S F  after 
nephrectomy supports this (13). Accord- 
ingly, the very high concentration in 
CSF required for appetite effect may 
reflect that required to  cause appropriate 
concentration at a distant site, such as  is 
generated by local production under 
some stimulus associated with sodium 
deficiency. 

An alternative explanation is that a 
precursor of A11 is directly synthesized 
in neurons and that A11 acts as  the 
neurotransmitter o r  a modulator of pepti- 
dergic neurons (14), which subserve salt 
appetite. The massive IVT doses re- 
quired may reflect penetration at  suffi- 
cient concentration to a distant synaptic 
site in the brain substance, whereas the 
rapid action of A11 on thirst may be 
because of the juxtaventricular situation 
of the reactive elements. 

Our next step was to  probe the rele- 
vance of angiotensin-induced sodium ap- 
petite to physiological salt appetite 
caused by sodium deficiency. The block- 
ing, by saralasin infusion, of thirst and 
salt appetite effects caused by IVT renin 
in sheep and rats (2) shows that the 
competitive antagonist can effectively 
pass to sites where A11 acts. Sheep with 
parotid fistulas were made sodium-defi- 
cient by a 22-hour salivary loss (deficits, 
350 to 550 mmole of sodium). The sheep 
were then allowed to bar press for 
NaHC03 for 2 hours (each delivery to 
drinking cup was 15 ml of 600 mM 
NaHC03,  which is equivalent to  9 
mmole of sodium). The effect of IVT 
administration of drugs that block the 
renin-angiotensin system was investigat- 
ed in these sheep. The IVT infusion of 
saralasin at 10 or 30 pglhour for 24 hours 
had no effect on sodium or water intake 
during sodium deficiency (Fig. 1). In 
addition to  giving saralasin at  the dosage 
that over a period of 24 or  48 hours 
blocked the effect of IVT AII, teprotide 
was given IVT for 24 hours with the 
same procedure that blocked completely 
the effect of IVT renin or 2.5s NGF. 
Similarly, IVT teprotide or captopril (SQ 
14225; Squibb) had no effect on sodium 
or water intake in sodium deficiency 
(Fig. 1). 

In addition to  these findings, sodium- 
depleted animals responded predictably 
to physiological manipulation of sodium 
status. If 1.0 liter of 600 m M  NaHC03 
was given into the rumen by tube 3 to  4 
hours before bar pressing, mean intake 
was reduced to a very low level (Fig. 1). 

Giving 1.0 liter of water in the same 
manner on the three preceding days had 
no effect. Allowing the animals to be- 
come sodium-depleted for 46 hours in- 
stead of 22 hours almost doubled the 
number of bar-press deliveries (Fig. 1). 
Furthermore, IVT infusion of isotonic 
(15) o r  0.7M mannitol in artificial C S F  
begun 60 minutes beforehand (which 
lowered sodium concentration in CSF by 
10 to 20 mmoleiliter) acted to double 
sodium intake (Fig. I), whereas an in- 
crease of sodium concentration in C S F  
by 10 to 20 mmoleiliter, produced by 
IVT infusion (at 1 mlihour) of 500 mM 
NaCl in artificial CSF, more than halved 
sodium intake (15). However, IVT A11 
(3.8 pglhour for 48 hours) in sodium- 
depleted animals had no influence on salt 
appetite in 22 hours and caused an in- 
crease that was not statistically signifi- 
cant in the 22- to 46-hour period (Fig. 1). 
There was a significant effect on intake 
of water which was continuously avail- 
able. The IVT A11 infusion given to the 
same fistulated animals, when main- 
tained sodium-replete by immediate 
pumping of saliva back into the rumen, 
similarly caused a large increase of water 
intake and increase of sodium intake, the 
increase of sodium intake being signifi- 
cant during the access period after 48 
hours of infusion. 

Although physiological change of sodi- 

lntraventricular A n  (3.8 pglhour) 
i 

z 
0 8 16 24 

Hours 

Fig. 2. Effect of infusion of angiotensin I1 (0) 
(3.8 pglhour for 24 hours) (N = 7) or control 
artificial CSF (e) (N = 5), at 0.38 mllhour, 
into a lateral ventricle on sodium concentra- 
tion of plasma and CSF and on the renal 
sodium excretion of water-restricted sheep. 
Animals were allowed access to food and 0.5 
liter of water 4 hours after the start of the IVT 
infusions. Normal daily water intake of these 
sheep was 2 liters. Mean and standard error of 
the mean are shown. Comparison of the ef- 
fects of IVT A11 with control IVT artificial 
CSF by Student's t-test is denoted by 
*P < .05 and **P < .01. 
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um status produced a marked change of 
appetite, as expected, the IVT infusions 
of blocking agents of the renin-angioten- 
sin system at doses that eliminate effects 
of XVT renin and NGF had no significant 
quantitative effect on salt appetite in 
response to sodium deficiency. In addi- 
tion, A11 added to CSF of sodium-de- 
ficient sheep did not cause further in- 
crease in sodium intake, despite the fact 
that more severe sodium depletion did. 
By contrast, lowering the concentration 
of sodium in CSF with IVT mannitol 
consistently and rapidly doubles sodium 
intake (15). 

While not being completely conclu- 
sive, these data suggest that the sodium 
appetite caused by IVT renin or A11 may 
not be a physiological regulatory action. 
It could result from direct pharmacologi- 
cal actions of A11 or be secondary to 
effects A11 may have on systemic sodium 
balance and ionic concentrations. 

Thus, the data with IVT renin and A11 
may reflect the effect of A11 in vitro in 
altering a variety of ionic fluxes between 
cells and tissue fluid (16), including sodi- 
um fluxes between extracellular and in- 
tracellular fluid, as described for jejunum 
and skin (17). In supraphysiological con- 
centration, the induction of such sodi- 
um movements in the neuronal systems 
subserving sodium appetite may mimic 
events occurring physiologically with so- 
dium deficiency. Such ionic movements 
within the physiological range may also 
be contrived by IVT infusion of mannitol 
(15), a proven stimulus for sodium appe- 
tite in sheep. 

We have measured the sodium con- 
centration of CSF and plasma in sodium- 
replete sheep that were treated with IVT 
A11 (3.8 ~glhour)  and had access to 
water and 0.6M NaHC03. The CSF and 
plasma sodium concentration fell 11 * 1 
and 13.5 t 2.6 mM (N = 4), respective- 
ly, over 24 hours. This occurred also in 
control experiments in which AII-treated 
animals were subjected to water restric- 
tion (0.6 liter in the 24 hours) and were 
not allowed access to 0.6M NaHC03. 
Therefore, the fall of the sodium concen- 
tration is not due solely to increased 
water intake (Fig. 2). Because IVT A11 
causes a rapid onset of natriuresis in 
which the sodium concentration of the 
urine is usually greater than that of plas- 
ma, this phenomenon will contribute to 
lowering the sodium concentration of 
CSF and plasma caused by IVT A11 (Fig. 
2). The increased water drinking and 
vasopressin release attributable to A11 
will augment this effect. In the light of 
our recent data in sheep showing the 
powerful sodium appetite-inducing ef- 
fect of lowering the sodium concentra- 
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tion of CSF (15), this may be an impor- 
tant consideration in sodium appetite in- 
duced by IVT renin or AII. Caution is 
urged before assigning any primary role 
for cerebral A11 in the physiological in- 
duction of sodium appetite in sodium 
deficiency. Evidence over and above re- 
sults derived from introduction of phar- 
macological amounts of renin and angio- 
tensin into the CSF or brain substance 
will be required to give a credible basis 
to such a hypothesis. 
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Binding Protein: 
Immunocytochemical Localization in Chick Kidney 

Abstract. A vitamin D-dependent calcium binding protein in the chick kidney that 
was detected by immunocytochemical techniques was localized exclusively in the 
distal convoluted tubule, the initial collecting tubule, and the early part of the 
collecting tubule. The intercalated (mitochondria-rich) cells in these tubular seg- 
ments were negative for the calcium binding protein. Subcellularly, the protein was 
found in the cytosol and the nucleus of the tubular cells. The results suggest a role for 
vitamin D-dependent calcium binding protein in intracellular calcium metabolism 
rather than a direct involvement in membrane-mediated calcium reabsorption in the 
avian kidney. 

The maintenance of the calcium and 
phosphorus homeostasis is essential for 
the normal functioning of cells and tis- 
sues (I) and principally involves the inte- 
grated actions of the intestine, bone, and 
kidney. This is accomplished by an en- 
docrine system in which the peptide hor- 
mones calcitonin and parathyroid hor- 
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mone (PTH) interact with vitamin D 
and its two chief biologically active 
metabolites 1,25-dihydroxyvitamin D3 
[l ,25(OH)2D3] and 24,25-dihydroxyvitarnin 
D3 [24,25(OH)2D3] (2, 3). Both of these 
dihydroxylated metabolites are produced 
in the proximal tubule of the avian (4) 
and mammalian kidney (5). 1 ,25(OH)2D3 
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