
birds seem to be crucial components of 
their timekeeping machinery, but major 
differences may exist between them (for 
example, pinealectomized birds are ar- 
rhythmic in DD whereas pinealecto- 
mized lizards are not). There is strong 
evidence that the avian pineal is the site 
of a master driving oscillator; the data 
presented here show that the lizard pine- 
al is also an important component of cir- 
cadian organization, but its exact func- 
tion and the routes by which it is coupled 
to other components of the circadian sys- 
tem await elucidation. 
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Intravenous Self-Feeding: 

Long-Term Regulation of Energy Balance in Rats 

Abstract. Rats learned to press a lever for intravenous self-injection of liquid diet 
during periods of several weeks when oralfood was not available. The intakes were 
low hut regulated, and were sufficient to balance energy expenditures at low body 
weight. Systemic receptors alone are thus adequate to motivate feeding behavior 
and meter the caloric yield of the intravenous injections. 
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The frequency of meals and their size 
together determine the daily food intake 
of animals. We do not fully understand 
the physiological states which generate 
these meal patterns, yet such informa- 
tion would considerably aid appetite con- 
trol programs. When an animal begins to 
feed there is a decline of intracellular en- 
ergy production (from all fuel sources) 
below a critical level (1, 2). Sensory in- 
centives, such as taste, have a modulat- 
ing and sometimes overriding influence 
on these energy factors. The determi- 
nants of meal size are also complex, in- 
volving conditioned and unconditioned 
factors at peripheral (oral and gastric) as 
well as duodenal and systemic levels 
(3). 

We have studied the capacity of sys- 
temic receptors alone to motivate and 
sustain ingestive behavior in rats (4). The 
participation of taste and other orogas- 
tric factors was eliminated by allowing 
the animals to feed themselves intra- 
venously. We now report the character- 
istics of the long-term regulation of in- 
gestion so achieved. 

Adult male rats were fitted with per- 
manently implanted intravenous (auricu- 
lar) catheters. Our surgical preparation 
and infusion apparatus, described else- 
where (5), allows the animals complete 
freedom of movement. After a few days 
of postoperative recovery, the rats were 
deprived of oral food and given access to 
a lever which was positioned outside a 
window in the cage wall (in order to mini- 
mize accidental presses). Relays and 
timers caused each press on the lever to 
activate an infusion pump and deliver 
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Fig. 1. Cumulative record (ex- 
pressed as lever presses) of in- 
travenous self-feeding in rat 
178 on consecutive days. The 
concentration (c) of the in- 
fused fluid was halved on days 
45 to 48, with an average in- 
crease of 40 percent in the vol- 
ume injected. 

Fig. 1. Cumulative record (ex- 
pressed as lever presses) of in- 
travenous self-feeding in rat 
178 on consecutive days. The 
concentration (c) of the in- 
fused fluid was halved on days 
45 to 48, with an average in- 
crease of 40 percent in the vol- 
ume injected. 

through the catheter a known amount of 
nutritive fluid from a 50-ml syringe. Sev- 
eral types of fluid were used, all of a con- 
centration about 1.0 kcal/ml and con- 
taining most of the nutrient requirements 
of the rat (2, 6). Water was freely avail- 
able, but intakes were low despite the hy- 
pertonicity of the self-injected fluids. 

The present results were obtained 
from 30 rats that did not develop patho- 
logical or other problems such as leaks in 
the infusion line. These rats were studied 
for 5 to 30 consecutive days. Although 
they had had no prior experience with le- 
vers, some 70 percent of them self-ad- 
ministered a fairly constant amount of 
nutritive fluid from day 2 or day 3 of the 
experiment. The remaining 30 percent of 
the rats showed little spontaneous press- 
ing, and had to be attracted to the bar by 
placing a few drops of sweet fluid on it. 
Operant responding was immediately ini- 
tiated, and no further oral incentives 
were given. Thereafter, all of the rats de- 
liberately activated the infusion pump 
with a single press of the lever. Most rats 
were placid or groomed a little during in- 
jections, but three animals consistently 
chewed the lever. After steady respond- 
ing was established, the daily intakes 
were 27 kcal per 24 hours (range, 15 to 50 
kcal); no arbitrary "learning criterion" 
was applied. Presses of the lever were 
distributed throughout the 24 hours, with 
the highest density occurring around 
nightfall (Fig. 1). This corresponds to the 
time of maximal locomotor activity, 
hence of energy expenditure. In terms of 
calories, the amount received by each rat 
per injection (quantum) was most usually 
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Table 1. Experimental manipulations of intravenous self-feeding. The continuous infusion of 
four rats (two with lipids, two with glucose and amino acids) causes a rapid reduction in the 
amount of fluid that is self-injected. The programmed infusions were continued for 2 to 4 days of 
which the first two are indicated. Data from the first day without continuous supplement are 
shown in the line for recovery. Note the slight lag in decrease and recovery of intravenous in- 
takes. A decrease (N = 7) or increase (N = 2) of injected quantum through a twofold change of 
infusion rate caused no change in the calories self-injected. The effects were immediate and 
persisted for the 2 to 5 days of modified quantum, returning to baseline on the first day of recov- 
ery. In all cases the range was ? 30 percent of the indicated mean. 

Intravenous feeding (N = 4)* Quantum change (N = 9)t 

Experi- Continuous Self- Change Intravenous Change 
Day Continuous Self- 

ment ii i in body self- in body infusion intake 
s(kca) (kcal) weight intake weight (kcal) (kcal) (g) (kcal) (g) 

1 Baseline 0 32 34 
2 Baseline 0 31 -1.5 36 -1.7 
3 Supplement 32 8t +0.3 34 -1.0 
4 Supplement 32 2t? -1.3 32 +1.0 
5 (or later) 

Recovery 0 27 -6.7 35 -0.5 

*The infusion mixture consisted of lipid for two of the rats and glucose and amino acid mixture for the other 
two. tThe amount of fluid injected (quantum size, in kilocalories) was halved (in seven rats) or doubled 
(in two rats on days 3 and 4). tReduced from baseline in all four rats. ?Day 2 < day 1 in all four rats. 

fixed at 1.5 to 2.0 kcal, infused at a rate 
of 0.4 to 1.0 ml/min; it proved difficult to 
establish or maintain the rats' respond- 
ing with quanta below 1 kcal. 

The low daily caloric intake, only 
some 30 percent of the free-feeding oral 
intake of adult rats, was insufficient to 
maintain normal energy balance, and 

body weight fell in a negatively acceler- 
ated manner for 1 to 2 weeks. The weight 
then restabilized at 60 to 80 percent of 
the original and was thereafter main- 
tained for up to 3 weeks. This stabiliza- 
tion, together with the temporal pattern 
of intake which seemed to parallel cur- 
rent energy expenditures, suggests that a 
new level of energy regulation is attained 
at which both caloric intakes and outputs 
are reduced; technical reasons alone 
(most rats eventually developed endocar- 
ditis) seem to limit the duration of this 

regulation. 
If this formulation is correct, the new 

level or "set point" (7), which may be a 
characteristic of the regulatory capacity 
of unassisted systemic receptors, should 
be defended against perturbation. As a 

partial test we assessed the rats' abilities 
to defend against further weight loss in 
two ways. First, ten rats were starved to 
70 percent of their normal weight before 

being allowed to feed themselves intra- 

venously. When they were placed on the 
infusion regime only, little or no further 

weight loss occurred and such rats stabi- 
lized at the same levels as animals which 
had been responding throughout the 1- to 
2-week period of weight loss. Second, 
four rats which had already stabilized at 
about 70 percent of their body weight 
were deprived of the lever for 24 hours, 
this leading to additional weight loss. 
When the lever was restored each of the 
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rats pressed the lever two to four times 
within the first 30 minutes, and the 24- 
hour intakes were elevated by some 50 

percent over the next 2 days, during 
which time body weight returned (fi-om 
below) to the stable 70 percent level. 
Conversely, three rats subjected to a sec- 
ond intravenous self-feeding period (fol- 
lowing several days oral feeding during 
which time operant behavior ceased) 
once again lost weight to the same 70 per- 
cent level as before. 

These results indicate that the lowered 
equilibrium level is defended, presum- 
ably through accurate systemic metering 
of energy inputs and outputs. To further 
investigate the accuracy of the metering 
of intravenous inputs we determined the 
effect of programmed intravenous in- 
fusions on the self-initiated intravenous 
intake. When the same diet was infused 

continuously throughout the 24 hours in 
amounts equivalent to the self-adminis- 
tered intake (without continuous infu- 

sion) presses of the lever were greatly re- 
duced in number within a few hours 
(Table 1). The reduction of self-initiated 
feeding during intravenous loading was 
almost calorie-for-calorie. This consti- 
tutes strong evidence for active metering 
at the systemic level, and suggests that 
the operant response is directly con- 
trolled by that metering. 

A further test of the accuracy of the 

metering of intravenous intake was pro- 
vided in experiments in which the quan- 
tum delivered per press of the lever was 
altered. Data in Table 1 indicate that 
doubling (or halving) the rate of injection 
(and hence the quantum size in kilocalo- 

ries) led to an immediate and exact com- 

pensation in the operant behavior such 
that caloric intake remained constant. In 

other experiments the duration of in- 
jection and concentration of the infused 
fluid were altered. In all cases the rate at 
which the lever was pressed (per 24 
hours) was modified in the direction re- 
quired to maintain constancy of caloric 
intake. Such modifications were, how- 
ever, less adequate or precise than is typ- 
ical for oral feeding (4). In particular, 
when the nutritive fluid was diluted two- 
fold the self-injected amounts increased 
by only about 50 percent. 

These results are the first indication 
that systemic sensors, unsupported by 
oral and gastrointestinal mechanisms, 
may be adequate to ensure long-term reg- 
ulation of energy balance. However, the 
considerable differences between the 
mode of regulation during intravenous 
feeding only and that observed with oral 
feeding attest to the importance of pe- 
ripheral factors in the etiology of normal 
and excessive eating. Factors such as 
taste and texture, and ingestion-linked 
triggering of hormonal release for fat 
storage (8), undoubtedly influence ener- 
gy regulation by facilitating the ingestion 
and subsequent storage of metabolic 
fuels. Stress appears to enhance reactivi- 
ty to food stimuli, with consequent over- 
eating of attractive foods by rats and 
men (9). Our parallel studies of intra- 
venous self-administrations of water (10) 
have generated similar conclusions 
about the importance of both systemic 
(homeostatic) and peripheral factors in 
the regulation of ingestive behavior. 
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determined by some stochastic process, 
thenfi is viewed as the expected value of 
fi(t) over a randomly chosen interval (or 
at a randomly chosen point). In any case, 
we assume that the limits in Eq. 4 are 
well defined. 

Substituting Eq. 4 into Eq. 3, we find 
that as T -> 

Nll/i/N 2 -_ > x 
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The concept of r and K strategies has 
been popular with ecologists for some 
time (1-6). The concept dates to a sugges- 
tion by Dobzhansky (1) that populations 
in frequently disturbed environments 
will tend to have higher maximum rates 
of increase r than will populations whose 
densities are more nearly constant. Con- 
versely, MacArthur (2) showed that in 
undisturbed environments phenotypes 
which can maintain denser equilibrium 
populations (that is, those with higher 
"carrying capacities" K) will be selec- 
tively favored. The idea that species can 
be classified in terms of their positions 
along an r-K continuum was first pro- 
posed by MacArthur and Wilson (3). 
This idea has since become the subject of 
considerable debate (4-8). 

We first develop a simple model of 
competition in a time-varying environ- 
ment. This model extends the Volterra 
(9) competitive exclusion proof to a cer- 
tain class of time-dependent environ- 
ments (10). We then use this model in dis- 
cussing the utility of r-K theory (3-6). 

Consider a set of m populations grow- 
ing according to the equations 

1 dNi 
N dNt = - yi F(N 1.. ,Nn,) - fi(t) I 

(1) 

for i = l,..,m. Here Ni is the density of 
population (haploid phenotype) i, ri is 
its maximum rate of increase, yi is a posi- 
tive constant, and t is time. All species 
are limited by the same "limiting fac- 
tor" F(N1,...,Nm) (11). The function 

F(N,,...N,m) is assumed to be an in- 
creasing function of the Ni, with 
F(O,...,O) = 0. The function F(N,,...,N) 
summarizes the effects of population den- 
sities on population growth rates; the val- 
ues of the yi reflect the sensitivities of the 
various phenotypes to these density ef- 
fects. The functions fi(t) are externally 
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imposed, time-varying rates of density- 
independent mortality (12). 

We inquire as to which phenotype is 
most fit. In other words, we ask: After a 
long time has elapsed (mathematically, 
as t -> x), will one phenotype come to 

predominate? And if so, which one? 
A straightforward extension of the 

Volterra (9) competitive exclusion proof 
yields the answer. Consider two pheno- 
types growing according to Eq. 1, which 
can be rearranged as 

- N, dt F(N1.,) - 
1 1 dN, + Af(t)= 

-F(N,...,N,,) (2) 

Since the right-hand sides of these equa- 
tions are equal, Eq. 2 can be combined 
and rearranged to yield 

dN _ dN2 

yiN1 Y2N2 

{[rl - fA(t)]/yl - [r2 - f2(t)]/y2} dt 

integration of which from time 0 to time 
r yields 

N1l',l(T) N_ 1 ((O) 

N2 1 2(T) N211Y2(O) 

exp r., - - j 
fi(t)dtl/y 

- 

r2 - f2(t)dt /y2 r (3) 
T 0 

We now define the average valuesfi of 
the removal functions fi(t) by 

f -^l' i T- 

7I 

iO ~fi(t)dt (4) 

If the removal function is periodic, fi is 
the average value of this function over 
one time period. Alternatively, if fi(t) is 
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if 
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The proof is extended to include all 
phenotypes by considering them pair- 
wise (9). As T - oc, that phenotype with 
the largest value of 

N11YI/N2l1/2 --> 0 
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The proof is extended to include all 
phenotypes by considering them pair- 
wise (9). As T - oc, that phenotype with 
the largest value of 

(ri - f)/yi (ri - f)/yi (5) (5) 

will become infinitely more common 
than any other phenotype. Since the to- 
tal density of all phenotypes must remain 
finite, only the most favored phenotype 
will be retained at substantial densities 
(provided ri > f and N,(O) 7 0 for that 
phenotype); all other phenotypes must 
approach extinction (13, 14). 

Equation 5 provides a useful focus for 
discussing the utility of r-K theory (3-6). 
We first identify 

m 
F(N,...,Nm) = E Ni 

i = N /=1 

the total density of all phenotypes, and 
yi = ri/Ki, where Ki is the carrying ca- 
pacity of phenotype i (15). With this iden- 
tification, which transforms Eq. 1 into 
time-dependent logistic equations (2, 3), 
we see from Eq. 5 that the phenotype 
with the largest value of 

K,(1 - f/ri) (6) 

will replace all others. 
Assume now that the various pheno- 

types do not differ in their susceptibility 
to externally imposed mortality, so that 
i = f for all i. Assume further that there 

exists some trade-off between the ability 
to reproduce at high population densities 
and the ability to reproduce at low den- 
sities. That is, assume that if phenotype 
A has higher fitness than phenotype B in 
one density range, then A will be less fit 
than B in the opposite density range. As 
a concrete example, let the admissible 
pairs of values ofri and Ki for the various 
phenotypes lie on the line defined by 

ri/;'max + Ki/Kmax = 1 

where rmax and Kmax are the largest pos- 
sible values of ri and Ki, respectively. In 
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(1,' - 7i)/Y1 > (I,' - 2)/72 (1,' - 7i)/Y1 > (I,' - 2)/72 


