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Abstract

If food is withheld for 6 hr after insulin injection, enhanced feeding in response to glucoprivation
can still be demonstrated even though blood glucose has returned spontaneously to normal.
Moreover, the magnitude of the glucoprivic feeding is unattenuated by the delay. Like feeding,
glucoprivation-induced increases in hypothalamic norepinephrine (NE) turnover also persist after
the spontaneous return to normoglycemia, fostering the notion that these neurons may mediate the
feeding. Rats were allowed restricted access to saccharin (0.1% solution) or isocaloric quantities of
D-glucose or D-fructose (18% solutions), fat (lard), or pelleted rat food during a 30-min period 1.5 to
2 hr after insulin (2.5 units/kg, s.c.) or saline injection in order to specify the conditions responsible
for the termination of the glucoprivic stimulus to feed and to determine whether these same
conditions would be associated with normalization of NE turnover. Delayed feeding was measured
in a 2-hr test 4 to 6 hr later. Nutrients were selected for their differences as substrates for brain
energy metabolism and their caloric values were equated with the number of calories (7.9 kcal)
which abolishes delayed glucoprivic feeding (DGF) when ingested as pelleted food. Norepinephrine
turnover (the decline of NE concentrations after synthesis inhibition with a-methyl-p-tyrosine) was
normalized after glucoprivation by ingestion of pelleted food and glucose but was unaltered by
ingestion of fructose or fat or by non-nutritive orogastric stimulation. Similarly, DGF was totally
abolished only by ingestion of glucose or pelleted food and was unaffected by non-nutritive
substances. However, fructose and lard significantly attenuated the feeding response. Thus, the
activity of NE neurons may be controlled by substrate availability to the brain, whereas the
termination of glucoprivic feeding may require the cooperative action of both central and peripheral

signals.

Systemic or cerebral glucoprivation elicits food intake
in the rat and most other mammals (Mackay et al., 1940;
Miselis and Epstein, 1975; Engeset and Ritter, 1980;
Slusser and Ritter, 1980; Smith and Epstein, 1969; Houpt
and Hance, 1977; Houpt, 1974; Thompson and Campbell,
1977). In addition, glucoprivation increases hypothalamic
norepinephrine (NE) turnover (Ritter and Neville, 1976;
McQueen et al., 1976; M¢Caleb et al., 1979; Bellin and
Ritter, 1981a). Since NE itself elicits feeding when in-
fused into the hypothalamus (Grossman, 1960, Slangen
and Miller, 1969; Liebowitz, 1975; Ritter and Epstein,
1975; Ritter et al., 1975), it has been suggested that NE
neurons are involved in the control of glucoprivic feeding.
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Recently, we have reported that, if food is withheld
during insulin-induced glucoprivation, both increased
feeding and hypothalamic NE turnover persist even after
blood glucose concentrations have returned sponta-
neously to normal. However, if the animals are allowed
to eat as little as 30% (2.5 gm) of the amount of food that
they would have eaten had the food been continuously
available during the glucoprivic episode, both the delayed
feeding and the concurrent increased hypothalamic NE
turnover rate are abolished (Bellin and Ritter, 1981a).

The relatively small amount of food that must be
consumed during glucoprivation in order to abolish de-
layed feeding and normalize NE turnover rates suggests
that termination of these responses may not depend
entirely upon postabsorptive caloric effects of the in-
gested food. However, the complexity of the diet used in
these experiments (pelleted rodent chow) precluded the
identification of the specific parameters of food intake
that might be involved in the termination of these two
responses.
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In the following experiments, we varied the quantity
of pelleted food that animals were allowed to eat during
the 30-min glucoprivic feeding period and, in addition,
we utilized a number of simpler dietary substances in
order to identify the specific aspects of ingestion respon-
sible for the normalization of NE neuron activity and for
the abolition of feeding following a glucoprivic episode.
After determining an approximate threshold amount of
pelleted food necessary to normalize these postgluco-
privic events, the effectiveness of glucose, fructose, and
lard, ingested in quantities which were equicaloric with
the threshold amount of pelleted food, were evaluated.

Because both central and peripheral controls of glu-
coprivic feeding have been proposed (Smith and Epstein,
1969; Friedman et al., 1973; Epstein et al., 1975; Gross-
man, 1975; Miselis and Epstein, 1975; Russek, 1975;
Friedman and Stricker, 1976; Stricker et al.,, 1977,
Stricker and Rowland, 1978; Rowland and Stricker,
1979), we selected the dietary substances to be used in
our experiment on the basis of their differing abilities to
serve as substrates for brain metabolism. Ingestion of
both pelleted food and glucose rapidly elevate blood
glucose concentrations and therefore provide a substrate
for brain metabolism. Conversely, under our experimen-
tal conditions, neither fructose nor lard are likely to
provide metabolic energy for the brain (Goodman, 1970,
Oldendorf, 1971; Spitzer, 1973). All four foods, however,
provide nourishment for most peripheral tissues. Sac-
charin, a non-nutritive substance which is relatively pal-
atable and readily consumed (Smith et al., 1980; Smith
and Foster, 1980), also was tested in order to assess the
role of the preabsorptive sensory aspects of food intake
in the absence of postabsorptive caloric effects. Finally,
we tested rats with fructose-flavored cardboard to assess
the role of orosensory stimulation alone.

Our results reveal that the glucoprivation-induced in-
crease in hypothalamic NE turnover can be reversed by
ingestion of nutrients which provide substrates for brain
energy metabolism. However, the conditions required for
the abolition of delayed feeding are more complex and
may involve a constellation of pre- and postabsorptive
stimuli.

Materials and Methods

Adult male Sprague-Dawley rats weighing 400 to 500
gm were used in all studies. They were housed individ-
ually in suspended wire mesh cages located in a temper-
ature-controlled room (22 + 1°C) which was illuminated
for 12 hr during the day (7 A.M. to 7 P.M.). Experiments
were conducted in the animal’s home cage during the
light period. Pelleted rat food and tap water were freely
available to all rats except when noted.

The basic experimental protocol used in all studies was
as follows: (1) rats were given free access to fresh pelleted
food from 8 to 9 A.M.; (2) food was removed and insulin
(Iletin, Lilly, 2.5 units/kg, s.c.) or saline was injected at
9 A M.; (3) food was withheld for 6 hr except during a
30-min period from 1.5 to 2 hr post-insulin injection,
during which time, insulin-treated rats were allowed to
eat a predetermined quantity of a selected food (identi-
fied below); (4) food intake or catecholamine turnover
was measured during the postglucoprivic period 6 to 8 hr
after insulin or saline injection. When blood glucose
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determinations were required, 30 ul of blood was collected
from the tail vein in microcapillary tubes at 0, 1.5, 3, 4, 5,
and 6 hr after insulin or saline injections and assayed
using the glucose oxidase method (Saifer and Gersten-
feld, 1958). When catecholamine turnover was measured,
rats were injected subcutaneously with 350 mg/kg of a-
methyl-p-tyrosine (AMT, 100 mg/ml of distilled water)
5.5 hr after insulin injection and sacrificed 0.5, 1, and 2
hr later in the absence of food (Costa, 1970; Weiner, 1974;
Cooper et al., 1978; Bellin and Ritter, 1981a). The hypo-
thalamus and telencephalon were dissected, as described
by Lorden et al. (1975), and analyzed fluorometrically for
catecholamine content using a modification of the
method described by Jacobowitz et al. (1967).

In a preliminary experiment, insulin-treated rats were
presented with varying quantities of pelleted rat food (0,
0.2, 1.0, and 2.5 gm) during the 30-min restricted feeding
period in order to determine the approximate lower limit
of food consumption required to abolish delayed gluco-
privic feeding. The effect of these same quantities of food
on blood glucose concentrations was determined in a
similar experiment conducted 2 days later. The results
revealed that the quantities of pelleted food less than 2.5
gm had no effect on the magnitude of delayed glucoprivic
feeding. Therefore, in experiments (described below) de-
signed to isolate various parameters of food intake ca-
pable of modulating delayed glucoprivic feeding and/or
catecholamine turnover, 2.5 gm of pelleted food, nutrients
which were calorically equivalent to 2.5 gm of pelleted
food (7.9 kcal), and noncaloric substances were tested.

During the course of base line control studies (con-
ducted at least 2 days prior to experimental feeding
trials), both delayed feeding in response to subcutaneous
saline injection (1.0 ml/kg) and blood glucose determi-
nations were assessed in independent studies. Rats that
consumed more than 2.5 gm during the base line feeding
trial were eliminated from further testing. Using a mod-
ified Latin square design (5 animals/group), the following
substances were presented to insulin-treated rats during
the 30-min restricted feeding period: no food, 2.5 gm of
pelleted food, 0.9 gm of lard, 10.5 ml of an 18% D-glucose
solution, or a 0.1% sodium saccharin solution (X = 6.6 +
1.7 ml). Consumption of pelleted food was measured to
the nearest 0.1 gm in a 2-hr postglucoprivic feeding test
beginning 4 hr later. Our modification of the basic Latin
square design was that, every other day, a base line
feeding trial was conducted. By alternating experimental
and base line trials, we insured that no animal received
insulin on 2 successive days. This procedure also allowed
us to identify and eliminate from statistical evaluation
subjects that might have become conditioned to the
return of fresh pellets at 3 P.M. each day. Since base
lines remained low through the testing, no subjects were
eliminated. Rats were pretrained with the novel foods to
assure that most animals would consume the required
amounts during the experiment.

Three additional treatment groups were included in
the delayed feeding experiment. In the first, 6 rats were
given 10.5 ml of an 18% D-fructose solution during the
30-min restricted feeding period. In the second, 10 rats
were given access to two squares (approximately 3.0 cm?)
of corrugated cardboard that had been dipped briefly in
a fructose solution and air dried and then were observed
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every 30 sec during the period of restricted access. Un-
eaten shreds were collected and weighed to the nearest
0.1 gm. In the third group, 11 rats were given unrestricted
access to lard beginning 1.5 hr after insulin injection.

Several criteria were established which resulted in the
exclusion of some subjects from statistical analyses. (1)
Animals were eliminated if they did not consume the
appropriate number of calories (approximately 7.9 kcal)
of any particular food during the test. This criterion
resulted in elimination of 6 of the 25 rats trained to drink
glucose. (2) Animals were excluded if they failed to drink
at least 4.5 ml of saccharin. Since it was difficult to train
rats to drink large volumes of saccharin, we arbitrarily
chose a criterion of 4.5 ml to assure that a reasonable
volume would be consumed by all rats included in the
analysis. Seven of 20 rats failed to meet this criterion
during the test. (3) Finally, in order to assure that the
stress of glucoprivation contributed minimally to our
results, we eliminated subjects whose blood glucose val-
ues did not return to normal within the 6-hr period after
insulin injection. One rat was eliminated from the sac-
charin test by this criterion.

After the feeding tests were completed, these experi-
ments were repeated in naive rats in order to determine
the effects of the same ingested substances on catechol-
amine turnover during the postglucoprivic period. Since
we found no significant effect of insulin on brain cate-
cholamine concentrations in the absence of AMT, cate-
cholamine concentrations from all turnover experiments
were calculated and expressed as a percentage of un-
treated control values.

Paired and nonpaired bidirectional ¢ tests were used to
analyze blood glucose, postglucoprivic feeding, and cate-
cholamine content data. Statistical results from each

parameter were confirmed using one-way analysis of
variance.

Results

The consumption of 2.5 gm of pelleted laboratory food
ingested within a brief access period during ongoing
glucoprivation abolished postglucoprivic feeding (Fig. 1).
Ingestion of smaller quantities of pelleted food at this
time had no effect on the magnitude of delayed feeding.
The blood glucose values recorded during this study are
displayed in Figure 2. Spontaneous glucorestoration in
insulin-treated rats occurred between 5 and 6 hr postin-
jection both in the absence of food and after consumption
of 1.0 gm or less of pelleted food. However, in animals
permitted to ingest 2.5 gm of food, blood glucose concen-
trations returned to preinjection base line values by 3 to
4 hr after insulin injection.

Delayed feeding observed from 4 to 6 hr after limited
access to a variety of substances offered during ongoing
glucoprivation is shown in Figure 3. Saccharin ingestion
and cardboard chewing failed to abolish postglucoprivic
feeding. In the latter test, although significant quantities
of flavored cardboard were not consumed (0.19 + 0.15
gm), the amount of time spent chewing and shredding
occupied a considerable fraction of the total time animals
had access to this substance (7.1 = 2.5 min). Lard and
fructose consumption (0.9 gm and at least 9.5 ml of an
18% solution, respectively) significantly attenuated post-
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Figure 1. Amount of pelleted rodent food consumed during
delayed glucoprivic feeding trials conducted from 6 to 8 hr after
subcutaneous insulin (Iletin, 2.5 units/kg) or saline (1.0 ml/kg)
injections. Insulin-treated rats were allowed to ingest from 0.0
to 2.5 gm of pelleted food from 1.5.to 2 hr postinjection. Delayed
glucoprivic feeding was significantly reduced only in rats in-
gesting at least 2.6 gm of food. (* = p = 0.01 versus saline
controls.) The data presented are the means + SEM.
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Figure 2. Blood glucose concentrations from insulin-injected
rats allowed to consume 0, 1.0, or 2.5 gm of pelleted food from
1.5 to 2 hr after subcutaneous insulin injections. Also shown are
blood glucose values from insulin-treated rats permitted to feed
ad libitum from 1.5 to 6 hr following insulin. The asterisks
identify blood glucose values that are significantly less than
preinjection levels (p = 0.05).

glucoprivic feeding. However, the magnitude of delayed
feeding observed following each of these nutrients re-
mained statistically greater than that observed after pel-
let or glucose consumption, each of which abolished
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Figure 3. Consumption of pelleted food during delayed glu-
coprivic feeding trials conducted from 6 to 8 hr after subcuta-
neous insulin administration. Animals were allowed to ingest a
variety of noncaloric or qualitatively different isocaloric sub-
stances from 1.5 to 2 hr after insulin injections. Noncaloric
substances failed to alter the amount of delayed glucoprivic
feeding significantly. The ingestion of lard or fructose atten-
uated delayed glucoprivic feeding (3 = p = 0.05 versus insulin,
no food), but the amount eaten differed significantly from the
intake observed in saline-treated animals (= = p < 0.05). Inges-
tion of either glucose or pelleted food during the restricted
access period totally abolished delayed glucoprivic feeding. The
data presented are the means + SEM. The abbreviations used
are: Cdbd, flavored cardboard; Frue, fructose; Gluc, glucose;
Sacc, saccharin.

postglucoprivic food intake. Likewise, postglucoprivic
feeding was not abolished by unrestricted access to lard,
even though rats consumed approximately 26.5 kcal (3.02
+ 1.77 gm) of lard prior to the delayed feeding test. In
this test, rats ate 5.71 + 1.38 gm of pelleted food after
insulin alone and 4.65 + 1.28 gm when insulin injection
was followed by lard consumption (p > 0.05). Figure 4
presents the blood glucose concentrations that accom-
panied ingestion of the various foods. Substances that
failed to prevent delayed feeding (insulin alone, sac-
charin, lard, fructose, and flavored cardboard) also failed
to accelerate glucorestoration. Conversely, glucose and
pellet consumption abolished delayed glucoprivic feeding
and accelerated the return of blood glucose concentra-
tions to normal values.

The effects of various substances consumed during the
insulin-elicited glucoprivic period on postglucoprivic hy-
pothalamic NE turnover are seen in Figure 5. Ingestion
of either pelleted food or glucose solution by insulin-
treated rats normalized apparent rates of hypothalamic
NE turnover by 2 hr post-AMT injection to values indis-
tinguishable from those seen in saline-injected subjects.
In contrast, hypothalamic NE turnover in rats that con-
sumed lard, fructose, or saccharin during glucoprivation
did not differ from the rates obtained in insulin-treated
rats not permitted to feed. As reported elsewhere (Bellin
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Figure 4. Blood glucose concentrations after consumption of
a variety of noncaloric or qualitatively different isocaloric sub-
stances from 1.5 to 2 hr after subcutaneous insulin injection.
The stippled area represents the 95% confidence interval for
blood glucose values sampled from saline-treated rats (» = p
= 0.001 versus all treatments at 3 hr postinjection).

and Ritter, 1981a, b), turnover of telencephalic NE and
dopamine did not appear to be related consistently to
either insulin treatment or food ingestion.

Discussion

Ingestion of 7.9 kcal as glucose or pelleted rodent food
from 1.5 to 2 hr after insulin injection abolished delayed
glucoprivic feeding and restored hypothalamic NE turn-
over during the postglucoprivic period to rates compa-
rable to those observed in control rats. However, inges-
tion of 7.9 keal as fructose or fat, ingestion of quantities
of pelleted food less than 7.9 kcal, and orogastric stimu-
lation by non-nutritive substances all failed to abolish
either of these glucoprivic responses.

The fact that glucose and pellet ingestion were the
only treatments which elevated blood glucose concentra-
tions suggests that glucorestoration may be the mecha-
nism which accounts for the effectiveness of these partic-
ular foods in abolishing the delayed feeding and normal-
izing hypothalamic NE turnover (however, see Bellin and
Ritter, 1981b). Of the metabolic substrates derived from
the foods used in this experiment, only glucose is trans-
ported directly into and utilized by brain tissue. Thus,
the effectiveness of glucose-elevating foods in totally
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Figure 5. Effects of various ingested substances on the rela-
tive rates of hypothalamic NE turnover during the postgluco-
privic period after insulin injection. Noncaloric or qualitatively
different isocaloric substances were ingested from 1.5 to 2 hr
after insulin injections. Turnover was estimated by the rate of
decline of NE concentration after synthesis inhibition by «a-
methyl-p-tyrosine (350 mg/kg, s.c.). Ingestion of 7.9 kcal of
pelleted food or glucose solution normalized hypothalamic NE
turnover rates after insulin injection (p = 0.10 versus saline),
but other ingested substances had no effect (» = p =< 0.05,
insulin, insulin-saccharin, insulin-lard, and insulin-fructose ver-
sus saline). Values are expressed as the mean + SD.

abolishing glucoprivic responses might result from the
ability of glucose to act at brain receptors controlling
these responses. With respect to hypothalamic NE turn-
over, our data indeed suggest that restoration of a fuel
available to brain tissue is both necessary and sufficient
to normalize turnover rates after glucoprivation. The
results of glucose ingestion that are reported here are
supported by those of a related study, utilizing the same
delayed feeding paradigm, in which intravenous infusions
of both glucose and B-hydroxybutyrate, both of which
are utilized by the brain in vivo, normalized hypotha-
lamic NE turnover after a glucoprivic episode. However,
infusion of fructose, which does not enter the brain, failed
to normalize NE turnover (Bellin and Ritter, 1981b).
The conditions for the abolition of glucoprivation-in-
duced feeding are more complicated than those for the
normalization of NE neuron activity. Although it appears
that glucorestoration accompanying ingestion of pelleted
food or glucose solutions is sufficient to abolish delayed
glucoprivic feeding, our infusion studies (Bellin and Rit-
ter, 1981b) clearly demonstrate that restoration of blood
glucose concentration in the absence of actual ingestion
does not abolish delayed feeding. Therefore, the effec-
tiveness of ingested glucose in abolishing the feeding
response must depend on some combination of preab-
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sorptive stimuli and glucorestoration. It is possible, for
example, that an orally mediated endocrine or neural
response must accompany glucorestoration in order to
terminate feeding (McHugh et al.,, 1975; Kraly et al,
1978; McHugh and Moran, 1978; Granneman and Fried-
man, 1980; Myers and McCaleb, 1980).

Specification of the conditions required to abolish de-
layed glucoprivic feeding is complicated further by our
observation that delayed feeding was diminished signifi-
cantly (although not abolished) by ingestion of fat or
fructose. Thus, it may be that a portion of the signal to
terminate feeding may arise from restoration of nutrients
specifically to peripheral tissues (Russek, 1970; Novin et
al.,, 1973; Stricker et al., 1977, Stricker and Rowland,
1978; Rowland and Stricker, 1979). Fat and fructose may
act at peripheral receptors while failing to gain access to
cooperative receptors within the brain. Alternatively, the
attenuation of delayed glucoprivic feeding by fat or fruc-
tose may not be related directly to the glucoprivic stim-
ulus but may arise from an independent satiety signal of
peripheral origin which competes with the glucoprivic
stimulus (Granneman and Friedman, 1980).

The observation that delayed glucoprivic feeding can
be attenuated by lard or fructose in the absence of any
diminution of hypothalamic NE turnover suggests that
the attenuation of feeding is not brought about by a
reduction in NE neuron activity, at least as reflected in
analyses of the entire hypothalamus. The dissociation of
feeding and NE turnover suggests that NE neurons may
not play a causal role in the persistence of feeding after
glucoprivation. This view is supported by our studies
with glucose infusions (Bellin and Ritter, 1981b). In these
studies, intravenous glucose infusions did not attenuate
delayed glucoprivic feeding, even though normal hypo-
thalamic NE turnover rates were restored. However, a
role for NE neurons in sustaining glucoprivic feeding
cannot be ruled out conclusively until NE turnover is
examined in specific hypothalamic nuclei during and
after glucoprivic challenge. Such turnover studies have
been performed in spontaneously feeding rats by Van der
Gugten et al. (1977; see also Van der Gugten and Slangen,
1977). They found that increased turnover was associated
with feeding only in specific nuclei which have been
implicated by other data in ingestive control (Grossman,
1962; Booth, 1967; Davis and Keesey, 1971; Leibowitz,
1975). Such an analysis may prove fruitful in further
elucidating the role of NE neurons in glucoprivic feeding.

The results of these experiments indicate that, al-
though glucoprivic feeding is initiated by a specific bio-
chemical stimulus, the termination of this feeding re-
quires a constellation of signals which appear to include
systemic glucorestoration and preabsorptive cues. In this
regard, the glucoprivic control of feeding provides a bio-
chemically circumscribed model system having attributes
of spontaneous feeding.
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