Feeding: Satiety Signal from Intestine

Triggers Brain’s Noradrenergic Mechanism

Abstract. Noradrenergic neurons in the hypothalamus involved in feeding and sa-
tiety are activated by gastrointestinal receptors. In the unrestrained rat, sites were
first identified at which norepinephrine injected in the medial hypothalamus caused
spontaneous feeding, or in the lateral hypothalamus caused no response. The activi-
ty of in vivo norepinephrine at these two sites was characterized by localized push-
pull perfusion. When a nutrient was infused directly into the rat’s duodenum, the
synaptic release of hypothalamic norepinephrine was enhanced at lateral sites in-
sensitive to norepinephrine, but suppressed at medial sites reactive to norepineph-
rine. Thus, signals from duodenal receptors are conceivably sent to the rat’s brain to
end feeding by way of noradrenergic inhibitory neurons in the hypothalamus.

During the last 20 years accumulated
evidence has implicated catecholamine-
containing neurons in the hypothalamus
in the central control of feeding (7). Nor-
epinephrine (NE) applied directly to me-
dial hypothalamic sites of several species
evokes intense feeding in the fully sati-
ated animal (2, 3). Recent physiological
experiments show also that NE is re-
leased in vivo within the hypothalamus
of a food-deprived rat or monkey not on-
ly as it consumes food @-7) but also after
2-deoxy-Dp-glucose (2-DG) is given pe-
ripherally or centrally (6, 8). Pharmaco-
logical studies reveal further that NE in-
fused into the lateral hypothalamic area
can suppress feeding in the deprived rat
(9). Thus, NE could not only inhibit cel-
lular mechanisms in the lateral hypothal-
amus responsible for feeding, but also in-
hibit satiety mechanisms in the medial
hypothalamus, which would result in
spontaneous eating.

The relationship of alimentary mecha-
nisms to NE-induced feeding as well as
to the release -of the amine is not known.
We now report that a direct physiologi-
cal stimulus to the gastrointestinal tract,
which reflects a condition of ‘‘satiety’’
(10), differentially alters the pattern of
NE release within the hypothalamus. In
response to a duodenal signal, this cate-
cholamine functions within the hypotha-
lamic feeding system as a putative inhib-
itory transmitter, which apparently me-
diates satiety.

We infused either glucose or a com-
mercial nutrient directly into the duode-
num of the unrestrained animal in order
to circumvent a host of variables associ-
ated with an eating response, including
olfactory and gustatory cues, swallow-
ing, and oropharyngeal stimuli (7). Six
adult male rats of the Long-Evans strain
were first acclimatized to a 12-hour light-
dark cycle and maintained in individual
cages with food and water freely avail-
able. Then, under pentobarbital anes-
thesia, a polyethylene catheter (I12) was
surgically inserted through the wall of
the animal’s stomach to rest 1.5 cm into

SCIENCE, VOL. 209, 29 AUGUST 1980

the duodenum. The other end was ex-
ternalized by cementing it onto the cal-
varium (/3). In a second operation 1
week later, a 20-gauge stainless steel
guide cannula was implanted stereo-
taxically 1.0 to 3.0 mm dorsal to the in-
tended sites of perfusion in the animal’s
hypothalamus (/4). Three to five days
later, 2.5 ug of NE bitartrate were micro-
injected at successive depths below the
tip of the guide tube (/5) to identify hy-
pothalamic sites at which the cate-
cholamine evoked spontaneous feeding
or failed to do so (I6).

At the completion of NE screening in-
jections and the subsequent designation
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Fig. 1. Mean (* standard error) proportional
efflux of 3H-labeled NE from perfusion sites in
the rat’s diencephalon where earlier NE mi-
croinjection in satiated rats failed to alter food
intake (A) or evoked feeding (B and C). After
duodenal infusion of nutrient (arrow), NE ef-
flux was (A) enhanced (P < .05), (B) sup-
pressed (P < .05), or (C) unaffected. In con-
trol experiments (dashed line) 1.0 ml of saline
was given (N = 10) instead of nutrient. The
30 minute sample value of labeled NE served
as the baseline.

- 0036-8075/80/0829-1035$00.50/0 Copyright © 1980 AAAS

of sites as NE reactive or nonreactive
(I7), the rat was deprived of food
for 12 hours. Then 0.5 ul of L-[7-
3H]norepinephrine hydrochloride was in-
jected into the site to label synaptic
stores of the catecholamine in the hypo-
thalamus (/8). A concentric cannula as-
sembly for push-pull perfusion ¢) was
lowered to the identified site 30 minutes
later. Each site was perfused with an ar-
tificial cerebrospinal fluid (/2) at a rate of
25 pl/min for 5 minutes with perfusates
collected at successive 10-minute inter-
vals. Within the S-minute interval be-
tween the third and fourth perfusion, ei-
ther 5.5 percent D-glucose or 27 percent
liquid diet (Sustagen, Mead-Johnson; ca-
loric density, 1.053 kcal/ml) was injected
directly into the duodenum in a volume
of 1.0 ml through the indwelling catheter.
Then the push-pull perfusion sequence
was continued for another 60 minutes. In
the control experiments, an identical vol-
ume of 1.0 ml of 0.9 percent saline was
infused into the duodenum under the
same conditions of hypothalamic per-
fusion.

Replicate samples of each hypotha-
lamic perfusate were assayed as follows:
(i) an extracted portion of the sample (/9)
was separated on a Waters CI18 re-
verse-phase high-pressure liquid chroma-
tography column and the actual cate-
cholamine content quantitated by elec-
trochemical detection (20); or (ii) a 50- or
100-ul portion was added to PCS fluor
solution, and the radioactivity was deter-
mined by liquid scintillation spectrome-
try. The Hall-Turner method (27) was
used to determine the proportional
changes in amine activity from a base-
line, that is, the level of radioactivity
contained in the third sample of the se-
quence taken at the 30-minute interval.
A value of labeled NE in a given sample
after the duodenal infusion of nutrient
was considered significantly different
from its corresponding sample in the
control sequence of perfusions if it fell
above or below 1.65 standard deviations
(P < .05) of the mean proportion of the
combined control perfusates.

Table 1 presents the results of the
changes in NE release within the two an-
atomical regions of differential sensitivi-
ty to the catecholamine. At sites in the
dorsolateral portions of the hypothala-
mus, including the zona incerta, NE re-
lease was enhanced by intraduodenal nu-
trient infusion. In this region NE failed
to induce eating and has 'been found to
inhibit feeding in other studies (9). This
result contrasts with that observed with-
in the medial region of the hypothala-
mus. Here, NE acted to stimulate feed-
ing, but the nutrients given in the duode-
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num caused either no change in NE
release or a significant suppression of
NE output. This effect occurred in the
region of the paraventricular and ventro-
medial nuclei, where NE exerts its most
intense effect (22) in inducing feeding.
Within posteromedial sites, where NE is
less effective, both glucose and Sustagen
failed to alter the release of NE.

Either glucose or Sustagen infusion
evoked an immediate efflux of NE from
NE-sensitive sites in all six experiments
(Fig. 1A). This enhanced effinx persisted
during the collection of the next two

samples of push-pull perfusate 25 min-
utes after the nutrients were infused.
Thus, the influence of a duodenal signal
on the hypothalamic activity of NE was
not in the form of a single short-lived
stimulus. Similarly, within medial hypo-
thalamic sites at which NE injection in-
duced feeding, the reduction in release of
the amine caused by the nutrients was
not only immediate but sustained over
the next hour (Fig. 1B). At the more
caudal NE-reactive sites, the output of
NE was unaffected by the intraduodenal
injection (Fig. 1C).

The amount of NE released in the
sample collected from the posterodorsal
edge of the medial hypothalamus (site
IG2a in Table 1) immediately after intra-
duodenal Sustagen infusion correspond-
ed to the value in the standard of 290 pg
(Fig. 2A). In seven samples collected
just after the intraduodenal infusion, the
mean recovery of NE was 558 = 174 pg,
which is comparable to the concentra-
tions of NE previously estimated in
push-pull perfusates by radioimmunoas-
say (7).

It has been proposed that the pre-
synaptic release of NE from noradrener-
gic terminals within the hypothalamus
underlies, in part, the central neuronal
control mechanism for feeding ¢-7). The
present results demonstrate for the first
time that a functional signal from the gas-
trointestinal tract does alter cate-
cholaminergic activity in the hypothala-
mus. The inverse relationship between
anatomical sites that release NE after
duodenal nutrient and those within
which NE release is suppressed or un-
changed is of special significance 3).

Electrophysiological evidence - sug-
gests that NE is predominantly an inhib-
itory transmitter in the central nervous
system (23). Thus, when NE is injected
into the medial hypothalamus, this exog-
enously applied NE would inhibit neu-
rons that control satiety (/0), thereby re-
sulting in feeding. A nutrient introduced
into the duodenum is a moderate physio-
logical signal for satiety and thus reduces
food intake (10). Therefore, the nutrient
would have to reduce the synaptic re-
lease of NE from medial ‘‘satiety’’ neu-

Table 1. Relationship between anatomical site of NE test, sensitivity of locus to microinjected NE, and the evoked release (proportional) of the
catecholamine into push-pull perfusate after direct infusion of nutrient into the rat’s duodenum.

. . . . Food intake Labeled NE
Animal Anatomical site of microinjection after NE micro- _ release from
site and perfusion (AP level) ~ injection (g) site after duodenal
nutrient infusion
NE-nonfeeders
IGSa Zona incerta; dorsolateral hypothalamus (5.0) 0.0 .89 1 * (glucose)
IG2a Posterodorsal hypothalamus; zona incerta (5.0) 0.0 1.00 T * (glucose)
IG2a Posterodorsal hypothalamus; zona incerta (5.0) 0.0 .76 1 * (Sustagen)t
IG4a Medial lemniscus; zona incerta (4.5) 0.0 .67 T * (Sustagen)
1G4b Far lateral hypothalamic area (4.5) 0.2 .91 1 * (Sustagen)
IGSb Lateral hypothalamic area (5.0) 0.0 .70 1 * (Sustagen)
NE-feeders
IG2b Posteroventromedial nucleus (5.0) 2.6 41 (glucose)
IG2b Posteroventromedial nucleus (5.0) 2.6 55 (Sustagen)t
IG1b Medial premamillary region (4.5) 1.4 .50 (Sustagen)
1G6b Perifornical area (5.5) 1.0 .48 (glucose)
1G6b Perifornical area (5.5) 1.0 42 (Sustagen)t
1G7a Paraventricular nucleus: medial perifornical (6.0) 2.9 .16 | * (Sustagen)
1IG7b Anteroventromedial nucleus (6.0) 1.8 .18 | * (glucose)
IG7b Anteroventromedial nucleus (6.0) 1.8 .15 | * (Sustagen)t
Control (N = 10)
All sites 0.2 .42 = .05 (saline)
*P < .05. tReplication experiment with alternative nutrient at same site.
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rons so that satiety would not be inhib-
ited and the animal would not feed.

On the other hand, NE infused into the
lateral hypothalamic area attenuates eat-
ing in the deprived animal (3, 9), presum-
ably by inhibiting neurons that could be
responsible for activating feeding. Con-
sequently, the presence of a nutrient in
the duodenum should evoke the synaptic
release of NE from noradrenergic neu-
rons in the lateral hypothalamus and thus
prevent feeding. This is what occurs.
Thus, the anatomically distinct output of
NE from the medial noradrenergic neu-
rons that activate satiety as well as later-
al hypothalamic neurons yields the same
functional result.

The neuronal pathway that affects
both sets of hypothalamic cells in harmo-
ny may be the afferent vagal pathway,
which arises from the gastrointestinal
tract and projects to the diencephalon
(24). This hypothesis would account for
the finding (10) that a lesion placed in this
lateral hypothalamic area eliminates the
satiating effect of an intraduodenal in-
fusion of a nutrient. Finally, cholecys-
tokinin, a peptide-containing gut hor-
mone implicated in satiety also differen-
tially affects the release of NE from sites
in the rat’s hypothalamus (25). This
would suggest that the suppression of
feeding by cholecystokinin may be due
to the dual action of the peptide on
noradrenergic neurons in both the satiety
and feeding systems in the animal’s

hypothalamus.
R. D. MYERS

M. L. McCALEB*
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" Mutagenic Activity in Photocopies

Abstract. Extracts from several different photocopies were mutagenic in the Ames
Salmonella assay. The mutagenic behavior was similar for extracts from copies and
corresponding toners indicating that toners are directly responsible for the muta-
genicity. The mutagenicity is caused by at least two classes of compounds which may
be present either alone or in combination in any toner.

We report that copies produced and
toners used in several photocopying ma-
chines contained compounds that are
mutagenic in the Ames Salmonella assay
a).

Extracts of copies with print and ex-
tracts of toners used in the machines
were found to be mutagenic in the Sal-
monella tester strain TA98 in the ab-
sence of rat liver metabolic ‘activation
(Table 1). The mutagenic response de-
creased by addition of S9 from rat liver,
but the presence of NADP* (nicotinamide
adenine dinucleotide phosphate) in the
S9 mix was not essential for this de-
crease. Heat-inactivated S9 mix did not
decrease the mutagenic response. The
mutagenicity was also detectable with
the tester strains TA1538 and TA1537.
No mutagenicity could be detected with
TA1535, whereas a weak response was
seen with TA100. Extracts of the plain
photocopy papers did not show any de-
tectable mutagenicity. Extracts of copies

0036-8075/80/0829-1037$00.50/0 Copyright © 1980 AAAS

without intentional print (that is, copies
that come out of the machine blank)
were sometimes weakly mutagenic,
probably as a result of the presence of
unintentional print. The mutagenic re-
sponse with different tester strains sug-
gests that the compound (or compounds)
are causing frameshift mutations. Muta-
genicity in the absence of the metabolic
activation shows that the compound (or
compounds) are either directly acting
mutagens or are converted to mutagens
by the bacterial enzymes present.

There were wide differences in the
mutagenic responses of extracts from
copies and toners from different copiers.
Copies from a 5a machine (we have
coded copier manufacturers by number
and copier models by letter) gave ex-
tracts with a mutagenic response corre-
sponding to about 10° revertants per
page with TA98, whereas copies from a
3b machine gave a response of about 10°
revertants per page. The other copies
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