
should the possibility that nighttime 
death in some such patients could be 
related to sleep apnea. 

One obvious and important conclu- 
sion can be drawn from our data. An 
unknown percentage of the larger num- 
ber of patients complaining of chronic 
insomnia have profound disorders of 
respiratory control mechanisms (6). 
There is probably a functional associa- 
tion between the sleep disturbance giving 
rise to the complaint and the apnea. Our 
patients have not only nocturnally dis- 
rupted sleep, but also long periods of 
conscious arousals (Fig. 2). Yet, until 
now, their respiratory problem has been 
completely occult. We feel that respira- 
tory function during sleep should be 
evaluated in patients who complain of 
chronic insomnia characterized by sev- 
eral conscious arousals throughout the 
night and early morning and who also 
have a short latency before onset of 
sleep and a history of heavy snoring. 
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Infusion of 2-Deoxy-D-Glucose into the Hepatic-Portal System 
Causes Eating: Evidence for Peripheral Glucoreceptors 

Abstract. Injections of 2-deoxyglIucose into the hepatic-portal system of normal 
rabbits increased eating to a greater extent and with shorter latency than com- 
parable injections of 2-deoxyglucose into the jugular vein or into the hepatic- 
portal circulation of the vagotomfized rabbit. These differences suggest the exis- 
tence of vagally mediated peripheral glucoreceptors important in the initiation 
of food intake. 
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The glucostatic theory is a leading 
hypothesis for the explanation of the 
short-term control of hunger. One corol- 
lary of this theory is that central gluco- 
receptors signal satiety when glucose 
utilization is elevated (1). Experimental 
verification of the central loci of glucose- 
sensitive satiety neurons, however, has 
not been solidly established (2). The 
existence of peripheral glucose-sensitive 
areas has also been suggested by Rus- 
sek and his colleagues (3) who have ob- 
served that reversible block of the vagii 
produces a short period of aphagia and 
that vagal transsection results in a tem- 
porary but longer-lasting hypophagia. 
Niijima (4) using an isolated liver prep- 
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aration has shown that glucose-sensi- 
tive fibers are present in the vagus 
nerve. Hepatic glucoreceptors may, 
therefore, be important in the control 
of hunger. 

Our experiments represent an at- 
tempt to demonstrate peripheral mech- 
anisms that increase food consumption 
as a result of infusion of 2-deoxy-D- 
glucose (2DG) in the hepatic-portal sys- 
tem. Glucose utilization at the phos- 
phohexoseisomerase level is blocked by 
systemic injections of 2DG, and this, in 
the intact animal, promotes hyperglyce- 
mia and deposition of glycogen in the 
liver (5). Cells should, therefore, be- 
come deprived of glucose after infu- 
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sions of 2DG and increased eating 
should occur according to the glucosta- 
tic theory. Indeed, many investigators 
have shown that increased eating occurs 
in response to the administration of 
2D.G; however, all have attributed the 
effect to central "glucoprivation," al- 
though the possibility of peripheral 
synergism was not ruled out (6-8). If 
there are glucoreceptors in the liver 
which act on hunger, 2DG, by block- 
ing glucose utilization of the cells in 
the capillary bed of the hepatic-portal 
system, should have an early and potent 
effect on food intake. 

The initial experiment was performed 
with eight female (New Zealand) rab- 
bits with cannulas permanently im- 
planted into one of the larger collecting 
veins draining the duodenum and 
threaded as far downstream as possible. 
This procedure ensured that materials 
delivered to the cannula perfuse the 
liver first through the hepatic-portal 
system. The other end of the cannula 
was fixed by dental cement to the ani- 
mal's skull, and the tubing was kept 
beneath the skin. The subjects were al- 
lowed at least 1 week for recovery by 
which time all animals were eating nor- 
mally. At this time, infusions of 2DG 
and equiosmotic saline in counter- 
balanced order were begun. No infu- 
sions of 2DG were made within 4 days 
of each other because 2DG produced 
altered food intakes for the next 1 or 
2 days. When infusions of 2DG or 
saline were not made, the cannulas were 
flushed with saline solutions containing 
heparin. Infusions were maintained 
at 1 ml/min with a Harvard Apparatus 
infusion pump attached to a long sec- 
tion of tubing ending in a needle which 
was inserted into the intravenous can- 
nula. This allowed injections to be made 
painlessly in the unrestrained rabbit. 
The animals were given free access to 
food and were injected during the morn- 
ing hours between 9:00 and 11:00 a.m. 
After the injection, hourly food intakes 
were recorded for the next 3 hours, and 
the latency between the beginning of in- 
jection and the initiation of feeding was 
measured. The definition of the initia- 
tion of a meal was the interruption for 
1 minute of the beam of a photo cell 
mounted on the entrance to the feed- 
ing box. This was associated with at 
least 0.5 g of food intake. Also, daily 
food intakes were always recorded. 
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The infusion of a 7.5 percent (weight 
to volume) solution of 2DG (250 mg 
per kilogram of weight) caused eating 
in all eight animals within a range of 
6 to 14 minutes after the beginning of 
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the injection. The mean latency was 
9.2 ± 0.56 minutes between the initia
tion of the injection and eating. In 
all, 21 infusions of 2DG were given, 
and, in 18 of these cases, the animals 
were eating before the end of the 
infusion. In all instances, the injec
tion was continued until the subject 
had received the full dose. The aver
age volume injected was 10 ml. In 21 
infusions, in the same eight subjects, 
with an equiosmotic solution of saline 
[1.28 percent (weight to volume)], 
only one infusion resulted in eating 
while the solution was being infused, 
and the mean latency until eating was 
64 minutes. Further, the amounts of 
food ingested after administration of 
2DG were significantly greater than 
after administration of saline. The mean 
hourly food consumption for the 3 
hours after 2DG was 10.5 g/hour, as 
compared to only 3.5 g/hour for the 
equiosmotic saline solution (P < .01). 

A second experiment was carried 
out in six animals with cannulas in
serted in the jugular vein to test the 
effects of a more general systemic in
fusion of 2DG. The subjects were in
jected exactly as the animals with the 
hepatic-portal cannula, and the same 
measurements were made. Animals in
fused with 2DG in the jugular vein 
showed a mean latency of 70 minutes 
between the beginning of the injection 
and the initiation of feeding. In all, 16 
infusions were made in the six animals 
and only 4 of these infusions were ac
companied by eating during the injec
tion. The mean hourly food intake for 
the 3 hours after 2DG infusions into 
the jugular vein was 6.9 g/hour, and 
this amount was significantly greater 
than the 3.4 g/hour consumed after in
fusions of equiosmotic saline in the 
jugular vein (P < .05). The jugular vein 
infusions, however, were accompanied 
by increases in food consumption 
largely during the second and third 
hour after injection of 2DG. 

A third experiment involved the in
fusion of 2DG in the hepatic-portal sys
tem of rabbits that had been bilaterally 
vagotomized subdiaphragmatically. Va-
gotomizing the rabbit is not without 
complications, and a 30 percent morta
lity was found, probably because of 
extreme hypophagia after the operation. 
Vagotomy is also known to affect 
stomach emptying (9) and, for these 
reasons, three animals were maintained 
on a liquid diet (Slenderway, composed 
of 1.35 percent fat, 5.2 percent protein, 
and 11.6 percent carbohydrate) and 
three on a standard rabbit-pellet food 

INTACT VAGOTOMIZED 
PORTAL 

HOURS POST-INJECTION 

Fig. 1. Hourly food ingestion after infu
sion of a 7.5 percent (weight to volume) 
or 1.28 percent saline solution in the rab
bit. Data points on the right of each por
tion of the figure represent the group-
mean hourly intake over the 3-hour mea
surement period. The number of sub
jects and infusions and critical signifi
cance levels are given in the text. 

(2.0 percent fat, 16.0 percent protein, 
and 60.5 percent carbohydrate). In all, 
six animals were successfully vagoto
mized and eventually showed stable 
food intakes. Vagotomy was verified by 
measuring stomach contractions after 
cervical vagus stimulation. In that the 
vagii were cut proximal and liver af-
ferents enter distal to the stomach, the 
lack of effect of vagal stimulation on 
stomach contractions must mean the 
liver was also deprived of vagal innerva
tion. Those animals on solid diets were 
deficient in stomach emptying and had, 
when killed after 24 hours of food dep-
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Fig. 2. Latencies between initiation of in
fusion of 2DG and beginning of eating 
are given by the bar graph. Data points 
represent latencies and standard error of 
the means when equiosmotic saline infu
sions were made. The standard error of 
the mean is not plotted for the 2DG 
infusions, because in the intact, portally 
infused subjects, it is too small to ap
pear—less than 1 minute. Critical signifi
cance levels appear in the text. 

rivation, greater volumes of food in 
the stomach than did nonvagotomized 
animals. In contrast, the vagotomized 
rabbits showed very little difference in 
the volume of stomach contents in com
parison to intact rabbits when the diet 
was liquid food. As the results from 
the animals on solid and liquid food 
were much the same in terms of la
tency until eating and the amount in
gested, the data of the two were com
bined as follows. Liquid food volumes 
were divided by 3.5 to convert them to 
the protein value of the solid food. 
Animals matched this 3.5 conversion 
factor closely in that the intake of 
food to which they had free access was 
roughly 3.5 times as much liquid food 
as solid. The effect of infusions of 2DG 
into the hepatic-portal system of the 
vagotomized animals was to produce a 
significant increase in food intake over 
the control saline injection. The mean 
hourly intake following 2DG infusion 
over the 3 hours was 6.1 g/hour while 
that following saline infusion was 3.1 
g/hour (P < .05). The difference in the 
latency to eat, however, was not signifi
cantly different from that with control 
saline injections. 

Figure 1 shows the patterns of food 
intake over the 3-hour observation 
period following infusions of 2DG or 
control saline in the three types of prep
arations that were used. Vagotomized 
animals, injected via the hepatic-portal 
system with 2DG, showed a decrement 
in food intake in the second hour and a 
marked increase in food intake in the 
third hour after the infusion. We have 
no explanation, at present, for this 
decrement; however, we believe that it 
is not a chance occurrence because the 
pattern appears regardless of whether 
the rabbit is on solid or liquid food. 
Animals perfused in the jugular vein 
showed an increasing amount of food 
intake over the 3-hour period after 
injection. Intact animals with hepatic-
portal infusions showed constant, in
creased amounts of food intake over the 
3-hour period after infusion. 

The most interesting observations are 
the comparisons between the three types 
of preparations with respect to the 
amount of food intake and the latencies 
to eating following 2DG infusions. On 
both measures, the jugular vein in
fusions and the hepatic-portal infusions 
in the vagotomized rabbits are not 
significantly different. In contrast, the 
mean hourly intake after 2DG infusions 
into the hepatic-portal circulation of the 
intact rabbit is significantly greater than 
either of the other two preparations 
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(P < .01). The mean latency to eat fol- 
lowing 2DG is also significantly shorter 
in the intact hepatic portally infused 
rabbit than in the other two prepara- 
tions (P < .01 in both comparisons). 
The latencies are shown in Fig. 2. 

The increments in food consumption 
after 2DG injections into the jugular 
vein or into the hepatic-portal system of 
the vagotomized rabbit correspond 
with those reported by others. Houpt 
and Hance (8) observed a 90 percent 
increase and Smith and Epstein (6) ob- 
served a 104 percent increase in eating 
in animals not deprived and adminis- 
tered 2DG peripherally. Also, Balagura 
and Kanner reported an increase of 
only 79 percent after administration of 
2DG directly into the lateral hypothal- 
amus of the rat (2). Our observations 
showed 2DG producing an increase of 
103 or 106 percent, respectively, in the 
vagotomized rabbit with administration 
into the portal system and after ad- 
ministration into the jugular vein in the 
intact rabbit. In contrast, the mean in- 
crease in food intake that follows 2DG 
in the intact, portally infused subject 
was 209 percent. In addition, the laten- 
cies we observed are with one exception 
the shortest that have been reported 
(10). Thus, the results of our experi- 
ments suggest the existence of hepatic 
glucose utilization receptors that are in- 
nervated by the vagus nerves and that 
are important in the initiation of feed- 
ing. While the hyperglycemia that is 
known to result from 2DG injections 
might eventually cause increased insulin 
secretion, the latency to eat after insulin 
administration is quite lengthy (6). Al- 
though we have not yet looked at the 
changes in glucose or hormone con- 
centrations after 2DG administration, 
the short latency feeding response ob- 
served suggests that these are probably 
not involved. 

Nothing in our experiments argues 
against the existence of central gluco- 
receptors. Moreover, the fact that 2DG 
in the vagotomized animal still increased 
food intake supports the notion of 
extrahepatic receptors or at least recep- 
tors not innervated by the vagus nerves. 
However, our results suggest that there 
are, in addition, peripheral receptors 
which in response to decreased glucose 
utilization promote a state of hunger 
followed by immediate food ingestion. 
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eating (range 1 to 9 minutes), after 2DG 
infusions, that were comparable to and prob- 
ably shorter than the latencies we observed 
after hepatic-portal 2DG infusions. One 
might, on the basis of these data, argue 
against the significance of our observation 
of short latencies (with respect to jugular 
vein infusions). Several points, however, 
should be made. One obvious difference be- 
tween experiments is species, rats as com- 
pared to rabbits. Their doses were higher, 
approximately 300 mg/kg, compared to 250 
mg/kg in our experiments. Also, we believe 
they measured latencies from the end of 
the injections, whereas we measured latencies 
from the beginning. The most significant 
difference, we believe, is that, while the 
absolute rates of injections were the same 
(1 ml/min) on a weight basis, their animals 
were getting 2DG considerably faster than 
ours; that is, our subjects after 2 minutes 
had 50 mg/kg, whereas their rats had ap- 
proximately 300 mg/kg by that time. 
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Glutamate Uptake by the Isolated Toad Brain 

Abstract. The isolated toad brain accumulates L-glutamate against strong con- 
centration gradients until a tissue-to-medium concentration ratio of about 3000 :1 
is attained. The accumulated glutamate does not equilibrate with most of the 
endogenous tissue glutamate but is converted rapidly to glutamine and released 
into the medium. This mechanism may be involved in the preservation of low 
extracellular levels of cerebral glutamate. 

Glutamate Uptake by the Isolated Toad Brain 

Abstract. The isolated toad brain accumulates L-glutamate against strong con- 
centration gradients until a tissue-to-medium concentration ratio of about 3000 :1 
is attained. The accumulated glutamate does not equilibrate with most of the 
endogenous tissue glutamate but is converted rapidly to glutamine and released 
into the medium. This mechanism may be involved in the preservation of low 
extracellular levels of cerebral glutamate. 

L-Glutamate, at concentrations of 2 
to 20 mM, is one of the most abundant 
amino acids in tissues of the nervous 
system (1). Considerable evidence sug- 
gests that glutamate may be an excita- 
tory neurotransmitter (2-4). An essen- 
tial requirement of any synaptic neuro- 
transmitter is that it must be rapidly 
inactivated subsequent to its release, by 
destruction or removal from the synap- 
tic cleft (5). Removal of a transmitter 
from the synaptic cleft may be medi- 
ated by re-uptake into the presynaptic 
terminal, uptake into the postsynaptic 
cell, or uptake into surrounding glial tis- 
sue. It is reasonable to assume that a 
substance should be maintained at very 
low levels in the extracellular fluid if it 
is to function efficiently as a transmit- 
ter. 

The present study shows that the 
isolated toad brain has the capacity to 
remove glutamate rapidly from the ex- 
tracellular environment against enor- 
mous concentration gradients. This 
capacity exceeds that shown for mam- 
malian brain slices (6) and glial cell 
preparations (7). 

Toads (Bufo boreas) weighing 25 to 
50 g were anesthetized by chilling them 
in crushed ice for 20 minutes. The 
brain of each toad was exposed by 
removing the upper portion of the 
cranium; the spinal cord was ligated 
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and the brain was excised. The dura 
was removed and the brain was blotted 
and transferred to a tared weighing bot- 
tle containing an oxygenated, ice-cold 
Ringer-like medium composed of NaCl 
(100 mM), NaHCO3 (25 mM), KC1 (2 
mM), KH2PO4 (3 mM), MgC12 (1 mM), 
Na2SO4 (1 mM), CaC12 (1 mM), glucose 
(10 mM), and urea (10 mM). The final 
pH of the medium was 7.3. The brain 
was weighed and transferred to a test 
tube containing 2 ml of the medium to 
which L-glutamate (0.04 mM or 0.10 
mM) and L-[U-4C]glutamate (0.02 /xc, 
New England Nuclear Corp., 100 mc/ 
mmole) were added previously. The 
brain weights ranged from 55 to 85 mg 
with a mean weight of 69.7 mg. The 
brains were incubated at 25?C for 10 
to 120 minutes. During incubation, a 
mixture of 95 percent 02, 5 percent 
CO2 was bubbled into the medium to 
oxygenate and mix the system. After 
incubation each brain was rinsed twice 
with cold medium (containing no gluta- 
mate), blotted, weighed, and homog- 
enized in 1 ml of cold 3 percent 
perchloric acid, and the tissue extract 
was separated by centrifugation. The 
content and specific radioactivity of 
glutamate and glutamine in the tissue 
extract and the incubation medium were 
measured by methods described else- 
where (8). 
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