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Abstract

The aim of this experiment was to investigate whether the ano-
rectic effect of apolipoprotein A-IV (apo A-IV) after lipid feed-
ing is mediated via the central nervous system. Infusion of 0.5
gg of apo A-IV into the third ventricle failed to suppress food
intake. Higher doses (1 Asg or higher) of apo A-IV infused into
the third ventricle inhibited food intake in a dose-dependent
manner. In contrast, when apo A-I was infused into the third
ventricle it had no effect on food intake. To further test the
hypothesis that apo A-IV is an important factor controlling
food intake, we administered goat anti-rat apo A-IV serum into
the third ventricle of rats that were allowed food and water ad
lib. In all rats tested, this treatment resulted in enhanced food
intake. In contrast, infusion of goat anti-rat apo A-IV serum
failed to elicit such a response. Lastly, we determined the apo
A-IV concentration in plasma and cerebrospinal fluid before
and during active lipid absorption. Apo A-IV concentration in
cerebrospinal fluid was about 1/20 that of plasma. Both serum
and cerebrospinal fluid apo A-IV increased markedly as a re-
sult of feeding of lipid. In conclusion, we propose that apo A-IV
may act centrally to control food intake. (J. Clin. Invest. 1993.
91:1830-1833.) Key words: lipid * satiety factor * apolipopro-
tein A-IV * intestinal lipid absorption - chylomicron * third ven-
tricle * central nervous system

Introduction

Apolipoprotein A-IV (apo A-IV) is a protein associated with
lipoproteins ( 1) and is produced exclusively by the human
small intestine (2). Although apo A-IV was discovered many
years ago (3) and its cDNAsequence was reported by Boguski
et al. (4), its physiological function has remained unclear until
recently. Apo A-IV synthesis by the small intestine increases
markedly after the ingestion of lipid, and this results in a
marked increase in apo A-IV output in mesenteric lymph (5,
6). It has been demonstrated that this increase in biosynthesis
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and secretion of apo A-IV by the small intestine after fat feed-
ing is triggered by the formation and secretion of intestinal
chylomicrons (5, 7). Wehave recently shown that the apo
A-IV appearing in mesenteric lymph after a lipid meal sup-
presses food intake, thus suggesting that apo A-IV may act as a
satiety factor that circulates in the blood after fat feeding (8).

Feeding behavior is influenced by many circulating chemi-
cal factors, and chemosensitive monitoring systems for these
factors exist both in the central nervous system and in periph-
eral organs (9-1 1 ). In order to determine whether the anorec-
tic effect of apo A-IV might be mediated centrally, we con-
ducted the following experiments: (a) to determine the effect
of infusion of apo A-IV into the third ventricle and its effect on
food intake after re-feeding in 24 h fasted rats, (b) to determine
if the infusion of antiserum against apo A-IV into the third
ventricle elicits a feeding response in rats that have access to
food and water ad lib, and (c) to determine the concentration
of apo A-IV in cerebrospinal fluid during fasting and whether it
increases during fat feeding.

Methods

Experiment 1: Effect of apo A-IV infusion into third
ventricle on feeding behavior
Animals. Male Sprague Dawley rats (280-320 g) were housed in a
room illuminated from 06:00 to 18:00 hours ( 12 h light-dark cycle)
and maintained at 211± I C. The rats were allowed ad lib both tap water
and powdered laboratory chow (Laboratory chow 5001; Ralston-Pu-
rina, Inc., St. Louis, MO).

Surgery. The rats were equipped with an infusion cannula in the
third ventricle. Under sodium pentobarbital anesthesia (50 mg/kg
i.p.), the rats were fixed in a stereotaxic apparatus. A 15-mm-long (23-
gauge) stainless steel cannula was chronically implanted into the third
ventricle as described before ( 12). The rats from both kinds of surgery
were allowed to recover for five days before the experiment. All rats
were handled for 5 min daily before the experiment to equilibrate their
arousal levels.

Experimental design. In the feeding study, food was removed 24 h
before the experiment, but free access to water was allowed. Six groups
of rats were studied. Animals in groups 1-6 had indwelling infusion
cannulae in their third ventricle. In groups 1-4, apo A-IV, dissolved in
10 gl of physiological saline, was infused into the third ventricle at
doses of 0.5, 1.0, 2.0, and 4.0 Mgper animal. To determine whether apo
A-IV's effect on food intake is specific, we infused apo A-I (4 Mg dis-
solved in 10 Ml of saline) into the third ventricle as a control (group 5 ).
To control for the effect of vehicle (saline) infusion, another group of
rats (group 6) received third ventricular infusion of physiological saline
only. The infusion rate was 1 Ml/min for 10 min, and infusions were
administered under unrestrained and unanesthetized conditions ( 12,
13) beginning 10 min before refeeding. After 24 h of fasting, each rat
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was re-fed at 13:00 hours and powdered food consumption was mea-
sured at 30 min and 60 min as described earlier (8).

To determine if third ventricular infusion of apo A-IV affects only
food intake, water intake was determined in an additional group of rats
(n = 5) after ventricular infusion of 4.0 Mg of apo A-IV. Control rats
were infused with saline only. In these rats, both water and food were
withheld for 24 h because water consumption is affected by changes in
food intake ( 14). Infusion of Apo A-IV started 10 min before the ani-
mal was allowed water at 13:00 hours. Water consumption was mea-
sured at 30 min and 60 min.

Purification of apo A-IV. Apo A-IV was purified by preparative
polyacrylamide gel electrophoresis as described before (5). The purity
of the apo A-IV was verified by analytical polyacrylamide gel electro-
phoresis as described previously (5, 8).

Experiment 2: Effect of infusion of apo A-IV antiserum into
the third ventricle on feeding behavior
Animals. Male Sprague Dawley rats (280-320 g) were conditioned as
described in experiment 1.

Surgery. Under sodium pentobarbital anesthesia (50 mg/kg i.p.), a
stainless steel cannula was implanted in the third ventricle as described
in experiment 1. The rats were allowed to recover for 5 d before the
experiment. All rats were handled for 5 min daily before the experi-
ment to accustom them to experimental procedures.

Experimental design. Experiments were performed 1 wk after sur-
gery to allow full recovery from surgical trauma. The animals were
allowed food and water ad lib. Goat anti-rat apo A-IV serum (28 Mgof
protein in 10 1d of vol) was infused into the third ventricle at a rate of I
ul per min. The purity of the apo A-IV antiserum was tested by Western
blot analysis as described before (5). The antibody was found to be
monospecific and only reacted with apo A-IV and not the other rat
apolipoproteins. The entire infusion took 10 min, starting at 11:00
hours. This time period was chosen because this is about midway
through the light period, and rats normally would not be expected to
eat at this time. As a control, goat anti-rat apo A-I serum (28 Mg of
protein in 1OMl of vol) was infused into the third ventricle at the same
rate. A saline control group was also studied. Feeding and drinking
behavior were observed for 60 min.

Experiment 3: Determination of serum and cerebrospinal
fluid apo A-IV content during fasting and lipidfeeding
Animals. Male SD rats (280-320 g) were used. A cannula was chroni-
cally implanted into the third ventricle of the rats, as described in ex-
periment 1. The animals were allowed five days to recover from the
third ventricular cannulation. Under halothane anesthesia, a silicon
infusion tube (o.d. 1.6 mm)was introduced 2 cm down the duode-
num through the fundus of the stomach. Postoperatively, the animals
were infused intraduodenally at 3 ml/h with a saline-glucose solution
containing 145 mMNaCI, 4 mMKCI, and 0.28 Mglucose, and were
allowed to recover in restraining cages for 24 h. Before lipid infusion
(fasting), blood was collected from the orbital sinus, and cerebrospinal
fluid collected from the indwelling ventricular cannula. Afterward, a
lipid emulsion containing 40 Mmol glycerol trioleate, 7.8 umol egg
phosphatidylcholine and 57 tmol sodium taurocholate in 3 ml phos-
phate-buffered saline (pH 6.4) was infused intraduodenally at a con-
stant rate of 3 ml/h for 8 h. Blood and cerebrospinal fluid were again
collected during the 8th h of lipid infusion. Serum and cerebrospinal
fluid apo A-IV concentration was determined by electroimmunoassay
as described before (5).

Statistical analysis
Data from the feeding study conducted in experiment 1 were evaluated
using one-way analysis of variance, and multiple comparisons were
carried out using the method of least significant difference. Differences
were considered significant when the probability ofthe difference occur-
ring by chance was less than 5 in 100 (P < 0.05). In experiment 2,
comparison between incidence of feeding (expressed as elicited/tested)

after infusion into the third ventricle either goat anti-rat A-IV serum or
goat anti-rat A-I serum was evaluated by the Fisher exact probability
test. In experiment 3, comparison of plasma and cerebrospinal fluid
apo A-IV concentration during fasting and lipid feeding was evaluated
by Student's t test.

Results

Experiment 1: Effect of infusion of apo A-IV in the third
ventricle on food intake
Table I summarizes the food intake after re-feeding in 24-h-
fasted rats. Infusion of 0.5 ,g of apo A-IV into the third ventri-
cle failed to suppress food intake, but the infusion of apo A-IV
at doses 2 1 gg produced a significant and dose-dependent inhi-
bition of food intake (P < 0.01 for each comparison between
apo A-IV-infused and saline-control animals) during the first
30 min of re-feeding. This suppression of food intake by apo
A-IV was not observed in the following 30 min. Fig. 1 shows
the linear relationship between the food intake in grams during
the first 30 min after re-feeding vs. the logarithm of the lug of
apo A-IV infused per rat (r = 0.98, P < 0.01). In contrast to
apo A-IV, apo A-I had no effect on food intake (Table I). No
adverse physiological reaction, including sedation, ataxia or
hypothermia, was observed after the infusion of apo A-IV into
the third ventricle.

Effect of the infusion of apo A-IV in the third ventricle on
water intake. Table TI shows the water intake after resupply of
water for 60 min in rats that were deprived of water and food
for 24 h. Water intake in both apo A-IV and control animals
did not differ significantly, indicating that the infusion of apo
A-IV into the third ventricle affects only food intake.

Experiment 2: Effect on feeding behavior of the ventricular
infusion of goat anti-rat apo AIV serum
Incidence of feeding elicitation, latency between the beginning
of ventricular infusion of goat anti-rat apo A-IV serum to the
beginning of feeding, and duration of elicited feeding behavior
are shown in Table III. Infusion of goat anti-rat apo A-IV
serum into the third ventricle elicited feeding in all rats tested.
Periprandial drinking behavior also accompanied this feeding

Table I. The Effect on Food Intake of the Infusion of Apo A-IV
into the Third Ventricle

Food consumption after re-feeding (g)

0-30 min 30-60 min

Apo A-IV
0.5 ug 4.2±0.3 1.0±0.3
1.0 Mg 2.8±0.3* 1.2±0.4
2.0 ug 1.3±0.2* 1.0±0.2
4.0 ,g 0.6±0.2* 1.1±0.2

Apo A-I
4.0 jig 4.0±0.9 1.1±0.4

Saline control 4.4±0.4 1.4±0.2

Rats were fasted for 24 h before the feeding study. Apo A-IV, apo A-I
or saline (total vol = 10 Al) was administered at 1 gl/min for 10 min
before re-feeding. Values are expressed as mean ± SE. Five rats were
tested in each group. * P < 0.01 compared with saline controls.
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response, induced by the ventricular infusion of anti apo A-IV
serum. No adverse physiological reaction such as sedation,
ataxia, or hypothermia was observed. The infusion of goat anti-
rat apo A-I serum or saline into the third ventricle failed tQ
elicit a feeding response. The fact that the administration of
apo A-IV antiserum into the third ventricle induces food intake
further supports our hypothesis that apo A-IV is a potent sa-
tiety factor circulating in the bloodstream, which may regulate
food intake.

Effect offasting andfat feeding on serum and cerebrospinal
fluid apo A-IV content. Fasting serum apo A-IV concentration
was 119.6±6.5 Mig/ml (5 animals) and it increased significantly
to an average of 166.0±10.5 Mg/ml during 8th h of lipid infu-
sion (P < 0.01 ). Cerebrospinal fluid has significantly lower apo
A-IV content than plasma. The fasting cerebrospinal fluid apo
A-IV was 5.6±0.9 ,g/ml and increased significantly to 9.3±1.2
Mug/ml during the 8th hour of lipid infusion (P < 0.01).

Discussion

In a previous study, wedemonstrated that intravenous adminis-
tration of either 2 ml of chylous lymph (rich in apo A-IV) or
200 Mg of purified apo A-IV dissolved in saline significantly
inhibited food intake by 75% (8). This effect was dose depen-
dent because the infusion of 135 ug of apo A-IV intravenously
inhibited food intake by about 38%, which was about half as
effective as the infusion of 200 Mig of apo A-IV. The intravenous
infusion of 60 ,ug of apo A-IV was ineffective in inhibiting food
intake (8). The dose of apo A-IV (200 Mg) infused intrave-

Table II. The Effect of Water Intake of Infusion of Apo A-IV into
Third Ventricle

Water consumption after resupply
of water (ml)

0-30 min 30-60 min

Apolipoprotein A-IV (4.0 Mg) 3.9±0.6 1.3±0.3
Control (Saline) 3.5±0.3 0.8±0.4

Rats were deprived of both water and food for 24 h. Apo A-IV or sa-
line control (total vol = 10 Ml) were administered at I Ml/min centrally
for 10 min before resupply of water. Values are expressed as
mean±SE. Five rats were tested in each group.

Table III. Feeding and Drinking Behavior during the Hour after
Infusion of Either Goat Anti-Rat Apo A-IV and A-I Serum

Treatment Feeding Drinking

Incidence Latency Duration Incidence

min min

Goat anti-rat
apo A-IV 5/5** 25.9±2.3 2.8±0.5 3/5
apo A-I 0/5 ND ND 0/5

Saline 0/5 ND ND 0/5

The feeding and drinking response was measured at 1 1:00 hours. Five
animals were studied in each group. ND, not detected. * P < 0.05,
compared with either apo A-I or saline; t number of rats with elicited
feeding response/number of rats tested; both feeding latency and
duration are expressed as mean±SE.

nously was physiological since the concentration of apo A-IV
in chylous lymph varies between 80-100 ug/ml, and lymph
flow rate ranges between 3 and 4 ml/h during active lipid ab-
sorption (5, 8, 15). The fasting apo A-IV output ranges be-
tween 60 and 100 ugg/h. Therefore the additional amount of
apo A-IV released by the small intestine into the circulation
during lipid absorption ranges between 100 and 300 jig. The
effect of intravenous administration of apo A-IV on food in-
take is specific because the intravenous administration of 200
,ug of apo A-I failed to reduce food intake.

The effect of intravenous infusion of apo A-IV on food
intake might be mediated by means of its effects on peripheral
organs or the central nervous system. It has been shown that
there are receptors present in the liver that bind apo A-IV ( 16,
17). Furthermore, it has been demonstrated that apo A-IV is
rapidly removed from the circulation and the major organs
involved are the liver and the kidney (18, 19). It is presently
unknown if there are apo A-IV receptors in the brain. The aim
of the present study was to determine whether the effect of apo
A-IV could be mediated via the central nervous system. This
study clearly demonstrated that when apo A-IV was adminis-
tered centrally, it suppressed food intake significantly and in a
dose-dependent manner (Fig. 1). A minimum dose of 1 Ag of
apo A-IV infused into the third ventricle was required to in-
hibit food intake. The cerebrospinal fluid volume of a 30-d-old
rat is about 250 Ml (20). Since bigger rats were used in this
study, we probably overestimate their cerebrospinal fluid apo
A-IV content because the cerebrospinal fluid volume was prob-
ably > 250 ,ul. With 2 ,g of apo A-IV infused, the concentra-
tion of apo A-IV should be - 8 ,g/ml, which is lower than the
9.3 Mg/ml we observed in rats absorbing a physiological dose of
lipid. Thus a dose of 2 ,g of apo A-IV infused intraventrically
will result in a physiologically relevant concentration of apo
A-IV in the cerebrospinal fluid. These data suggest that apo
A-IV may inhibit food intake by acting on the central nervous
system. It should be emphasized that when we compare the
dose-response curve for peripheral vs. central administration
(Fig. 1), apo A-IV is more than 50-fold more potent when
administered centrally. These data suggest the possible exis-
tence of specific receptors in the central nervous system that
will respond to apo A-IV. The existence of such receptors will
be investigated in the future.
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The apo A-IV content of cerebrospinal fluid was signifi-
cantly (20-fold) lower than that of serum, and its concentra-
tion increased significantly as a result of fat feeding (fasting
versus feeding, P < 0.01 ). The apo A-IV in cerebrospinal fluid
may be synthesized de novo or derived from the circulation by
filtration. Elshourbagy et al. (21 ) found negligible amount of
apo A-IV mRNAin brain tissue, so de novo synthesis of apo
A-IV in the central nervous system is unlikely. Although there
are proteases present both in cerebrospinal fluid and brain tis-
sue (22, 23) that will degrade any peptides that can cross the
blood-brain barrier, it appears that sufficient amounts of apo
A-IV may cross the blood-brain barrier to inhibit food intake
centrally, particularly in view of the fact that apo A-IV admin-
istered centrally is about 50-fold more potent that when ad-
ministered intravenously. In support of the previous study (8),
we also failed to observe an effect of the infusion of apo A-I into
the third ventricle on food intake.

The fact that apo A-IV was infused centrally does not rule
out the possibility that it was acting peripherally by leaking into
the circulation. However, this is unlikely in view of our pre-
vious finding that the infusion of 60 jig ( 15 times the maxi-
mumdose used in this study) of apo A-IV intravenously failed
to reduce food intake. In this study, we also demonstrated that
apo A-IV administered into the third ventricle has no effect on
water intake nor any adverse reaction such as sedation, ataxia,
or hypothermia.

The hypothesis that apo A-IV suppresses food intake via
the central nervous system is further supported by the results of
experiment 2. In this study goat anti-rat apo A-IV serum was
infused into the third ventricle in rats fed ad lib. The experi-
ment was conducted at 1 1:00 hours (light phase) since most
rats that are allowed food ad lib do not eat during this period.
Administration of apo A-IV antiserum into the third ventricle
elicited feeding in all animals tested (n = 5). In contrast, the
administration of anti-rat apo A-I serum or saline into the third
ventricle failed to elicit feeding. Although other possibilities
exist, one likely explanation for our observation is that adminis-
tration of apo A-IV antiserum in the third ventricle elicits feed-
ing is that apo A-IV antiserum probably removes any endoge-
nous apo A-IV present. From these studies, we propose that
apo A-IV is an important factor secreted by the small intestine
in response to fat feeding. The apo A-IV that enters the circula-
tion in turn may regulate food intake by acting on the central
nervous system.

The finding that apo A-IV may be a circulating factor that
regulates food intake is important and may have clinical rele-
vance to food intake and obesity. For instance, it is well estab-
lished that the feeding pattern of the genetically Zucker obese
rat (fa/fa) is abnormal relative to its lean littermate (24). At
present, it is unknown whether the circulating apo A-IV levels
differ between the Zucker obese (fa/fa) and their lean litter-
mates (Fa/-). An understanding of the synthesis and secretion
of apo A-IV in the Zucker obese rat may help us understand the
etiology of the eating disorder and obesity in these animals.
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