
Feeding Produced in the Satiated Rat by Elevating the 

Concentration of Calcium in the Brain 

Abstract. When the concentration of calcium ions in the cerebral ventricles is 
elevated, a fully satiated rat eats voraciously. This feeding response is not pre- 
vented by prior intraventricular administration of alpha- or beta-adrenergic block- 
ing agents, or other pharmacological antagonists. This supports the concept of 
an independent ionic mechanism, rather than a neurotransmitter one, for modu- 

lating a "set-point" for weight or hunger. 

In a fully satiated cat, an imbalance 
in the ratio of essential cations in the 
extracellular fluid in the hypothalamus 
evokes voracious feeding (1). A 

hyperphagic response occurs when cal- 
cium in excess of its normal physiologi- 
cal concentration is perfused by means 
of push-pull cannulas in the ventro- 
medial region, or when excess sodium 
ions are perfused in the lateral hypo- 
thalamus. It has been postulated there- 
fore that an ionic mechanism may gov- 
ern a "set point" for hunger (2) with- 
in the central neural circuit that is dele- 
gated to feeding behavior; this might 
be similar to the proposed sodium- 
calcium mechanism, in the posterior 
hypothalamus, which establishes the 
"set point" for body temperature (3). 

We now report that spontaneous 
feeding occurs in the satiated rat when 
the intracerebral ratio of Na+ to Ca2+ 
is artificially reduced by elevating the 
concentration of calcium. This ingestive 
response does not depend on adrenergic, 
cholinergic, or other humoral systems, 
since intracerebral Ca2+ induces feed- 
ing even after the administration of 
adrenergic and other blocking agents. 

In each of 15 male rats of the Long- 
Evans strain (4), a 21-gauge guide 
cannula was implanted stereotaxically 
just above the lateral cerebral ventricle 

according to procedures described earli- 
er (5). After this operation, a 26-gauge 
injector cannula was lowered just to the 
level at which artificial cerebrospinal 

Table 1. Differential blocking of spontaneous 
feeding in a satiated rat. Results are expressed 
as the mean percent by which an injection of 
phentolamine blocks the feeding induced by 
subsequent infusion of excess Ca2+ (50.4 or 
100.8 mM), or of norepinephrine (NE) (10 ,ug), 
into the cerebral ventricles. The numbers in 
parentheses indicate the number of animals 
tested. 

Feeding Blockage at phentolamine 
induced dose (ug) of 

by 8 16 32 

Ca2 28% 36% 50% 
a(13) (18) (9) 

77% 84% 89% 
(6) (13) (4) 
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fluid (CSF) flowed into the cannula. 
A physiological solution (6) was in- 
fused by gravity flow over an interval 
of 15 to 45 seconds. We added the 
chloride salt of Na+, Ca2+, Mg2+, or 
K+ in graded amounts to the solution 
to be infused intraventricularly in order 
to alter the normal concentration of an 
essential cation in the rat CSF (7). 

Before an experiment began, each rat 
was brought to its test chamber, where 
water and 45-mg Noyes pellets were 
freely available. When the animal dis- 
continued feeding, the content of the 
food well was adjusted so that ten Noyes 
pellets (0.45 g of food) were always 
present. A block of wood was placed 
on the floor of the cage to ensure that 
the eating response was not due to 

nonspecific gnawing behavior. No ionic 
solution was infused until the rat failed 
to eat or drink for at least 30 to 60 
minutes. 

If either the physiological control 
solution (6) or one containing an ex- 
cess in Na+, Mg2+, or K+ (8) was 
infused intraventricularly, there was vir- 

tually no activation of ingestive be- 
havior. However, when an excess of 
Ca2+ (2.5 to 151.2 mM above normal) 
was infused, the rat consumed food 

pellets and drank water for an interval 

lasting usually for 20 to 40 minutes 
but never longer than 40 minutes. The 

magnitude of the feeding response de- 

pended on the concentration of excess 
Ca2+ in the infusate; the latency period 
between infusion and feeding was in- 

versely related to the concentration of 
calcium ions (Fig. 1, top). When the 
calcium concentration was increased to 
50.4 mM, the latency period fell sharply 
and was relatively constant at 3 minutes 
even when the concentration was in- 
creased further. When the calcium con- 
centration was increased to 151.2 mM, 
the intake of food declined, not because 
the rat did not feed (Latency, Fig. 1, 
top), but rather because of the rela- 

tively adverse side effects such as ataxia, 
hyperactivity, twitching, and convulsive- 
like motor symptoms (9). 

Water intake was directly related to 

the concentration of calcium in the in- 
fusate (Fig. 1, bottom). Drinking ap- 
peared in most instances to be prandial 
as indicated by latency periods that were 
much longer than those for feeding. 

We then attempted to determine if a 
neurohumoral factor could be implicated 
in the feeding induced by Ca2+ be- 
cause: (i) The Ca2+ ion may release 
transmitters, including norepinephrine, 
serotonin, and acetylcholine, in the cen- 
tral nervous system (10); (ii) an adre- 
nergic system in the brainstem has been 
postulated to mediate the feeding re- 
sponse in at least two species, the rat 
(11) and the monkey (12). Prior to 
the infusion of excess calcium ions 
into 18 rats that showed the feeding 
response to excess Ca2+, we adminis- 
tered, intraventricularly, pharmacologi- 
cal antagonists which block alpha-adre- 
nergic, beta-adrenergic, serotonergic, 
and cholinergic receptors. 

Only two of these antagonists (13) 
had any notable effect on feeding in- 
duced by Ca2+. Propranolol, a beta- 
adrenergic blocking agent, injected in- 
traventricularly 30 to 60 minutes be- 
fore the infusion of 50.4 or 100.8 mM 
calcium, not only failed to inhibit the 
feeding response but rather enhanced 
eating by an average of 38.1 percent in 
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Fig. 1. Amount of food pellets (average 
number) (top) and of water (average 
milliliters) (bottom) consumed by 15 rats. 
The latency periods for each, in response 
to an infusion of Ca'+ into the cerebral 
ventricle, are indicated on the right-hand 
axes. The normal CSF concentration of 
1.26 mM or five concentrations in excess 
of this value was given in a volume of 5 
tl. The standard errors are indicated by 
the vertical lines. 
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8 of 11 rats. Phentolamine, an alpha- 
adrenergic antagonist, partially attenu- 
ated the feeding induced by Ca2+, but 
only in some animals. (Table 1 presents 
the average percent of blocking, by 8, 
16, or 32 /Ag of phentolamine, of eat- 
ing induced by Ca2 +.) Even though 16 
j/g of phentolamine given intraventri- 
cularly approaches a toxic level (14), 
the Ca2+ infusion still evoked feeding. 
In spite of uncoordinated motor move- 
ments after administration of 32 ,ug of 
phentolamine, the animal nevertheless 
struggled over to the food well and 
consumed food pellets in an amount 
that was 50 percent of that ordinarily 
eaten after calcium infusion. 

These results add to the doubt al- 
ready expressed by Krebs and Bindra 
(15) pertaining to the role of nor- 
epinephrine or a related adrenergic sub- 
stance as the sole transmitter involved 
in the diencephalic coding of feeding, 
either in the rodent or primate (11, 12). 
When a noradrenergic antagonist virtu- 
ally inhibited the feeding in response to 
norepinephrine in the rat, excess Ca2+ 
infused after alpha-adrenergic blockade 
still produced a feeding response that 
was 65 to 75 percent of the normal 
feeding induced by Ca2+. The beta- 
adrenergic antagonist failed entirely to 
reduce the induced eating (16). 

It could be argued that Ca2+ acts 
in the central nervous system to release 
norepinephrine presynaptically onto 
postsynaptic receptor sites not occupied 
by the alpha- or beta-adrenergic block- 
ing compounds; feeding would thus still 
occur. A possible alternative explana- 
tion is that a dissociation exists between 
a humoral circuit for motivated feeding 
behavior and the mechanism proposed 
here in which a "set point" for hunger 
(2), weight regulation (17, 18), or lipid 
metabolism (19) is established. If this 
is the case, norepinephrine could medi- 
ate the former, whereas an ionic ratio 
could modulate the latter. Evidence in 
favor of this latter view includes: 

1) One of the principal homeostatic 
"set points," that for body temperature, 
seems to depend on the constant ratio 
of Na+ to Ca2+ in the caudal hypo- 
thalamus (3). When this ratio is 
altered in the posterior hypothalamic 
area, the temperature of an animal may 
be stabilized at a new level that is as 
high as 40?C, or as low as 32?C, for 
many hours. At these temperatures, the 
animal will nevertheless thermoregulate 
around the new "set point" (20). Al- 
though the anatomical locus for a "set 
point" for hunger or weight in the rat 
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is unknown at the present time, it is 
likely that some distinct region of the 
hypothalamus is involved. Because the 
cat feeds after a slight elevation of 
Ca2 + in the ventromedial hypothalamus 
(1), the relatively short latency period 
of the feeding induced by Ca2+ in the 
rat would suggest that this cation is 
acting on a structure such as the ven- 
tromedial nucleus lying close to the 
ependymal wall of the third ventricle. 

2) Powley and Keesey have postu- 
lated that a "set point" mechanism for 
weight regulation exists in the hypo- 
thalamus (17) and can be altered selec- 
tively by a discrete hypothalamic lesion. 
When a rat is starved prior to ,the abla- 
tion of the lateral hypothalamus, the 
classical aphagic syndrome (21) is re- 
duced substantially if not entirely 
abolished. Such a basic "set point" func- 
tion would have to be controlled by a 
very fundamental biological mecha- 
nism based on an intrinsically stable 
property of the nervous system. 

One could envision that as the di- 
mension of the lesion is increased, more 
and more cells whose steady-state firing 
rates tend to maintain the inherent 
weight regulation "set point" are de- 
stroyed. At the same time, the ionic in- 
fluence on these cells would be reduced. 
Thus, the constancy in the balance in 
the ratio of sodium to calcium could 
provide the milieu whereby such a 
steady-state activity of the neurons sets 
the level of weight or hunger inde- 
pendent of those hourly changes in ,the 
degree of appetite or satiety (22). 
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