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Summary &horbar; The aim of this study was to determine the effect of physiological amounts of insulin
glucoprivation on food intake of dairy cows. Four multiparous Holstein cows at 150 days postpartum were allocated to the treatments, consisting of a 4 h intravenous infusion of: 1) control (saline);
2) insulin (3.41 1
l9/kg); 3) glucose (2.75 mmol/kg); and 4) insulin plus glucose (same dosage). A complete diet was offered ad libitum and the intake behaviour was continuously recorded. The plasma
insulin was only slightly increased during the insulin treatment, but the treatments including glucose
increased it more. The insulin treatment increased dry matter intake during infusion (+12%; P < 0.07),
but the increase was offset during the following 4 h. In contrast, dry matter intake was slightly decreased
by insulin during the first hour of infusion (-8%; P< 0.03) when the insulin-induced hypoglycemia was
prevented by a concomitant infusion of glucose. The insulin-induced glucoprivation stimulated food intake,
whereas glucose availability had no obvious satiating effect in dairy cows.
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Résumé &horbar; Rôle du glucose et de l’insuline dans le contrôle de la prise et du comportement alimentaires de la vache laitière. L’objectif de cette étude était de déterminer si des modifications de disponibilité cellulaire en glucose par des doses physiologiques d’insuline pouvaient intervenir dans le
contrôle de la prise alimentaire chez la vache laitière. Quatre vaches Prim’holstein multipares 150
jours post-partum ont été soumises à quatre traitements. Ils consistaient en une perfusion intraveineuse
pendant 4 heures de :i) témoin (soluté salin), ii) insuline (3,41 pglkg), iii) glucose (2,75 mmollkg), et iv)
insuline plus glucose (3,41 pglkg et 2,75 mmollkg respectivement). Les animaux avaient en permanence
accès à une ration complète et leur comportement alimentaire était enregistré. La perfusion d’insuline
a accru l’insulinémie, mais les traitements comportant une perfusion de glucose l’ont augmentée plus
nettement. Le traitement insuline a augmenté les quantités de matières sèches ingérées pendant la perfusion (+12 %, p < 0,07), cette augmentation étant compensée pendant les quatre heures suivantes.
À l’opposé, la perfusion d’insuline a diminué les quantités ingérées pendant la première heure (-8
% ; p < 0, 03) lorsque l’hypoglycémie était empêchée par une perfusion concomitante de glucose. La
glucopénie induite par l’insuline stimule la prise alimentaire, mais une augmentation de la disponibilité
en glucose n’a pas d’effet rassasiant évident chez la vache laitière.
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INTRODUCTION
The respective roles of insulin and glucose
in the control of food intake in monogastric
animals seem to be clearly established.
Experiments carried out on monogastric animals and consisting of injecting a large
amount of insulin (Mackay et al, 1940;
Booth, 1972) or glucose antimetabolites
(Houpt and Hance, 1971; Booth, 1972) have
highlighted the role played by a decrease
in the availability of cellular glucose in stimulating food intake. On the other hand, the
glucose supply to cells by systemic glucose
(Janowitz and Grossman, 1948) or insulin
administration produces a satiating effect
provided its hypoglycemic effects are compensated for (Nicolaidis and Rowland, 1976;
Woods et al, 1984; Even and Nicolaidis,

1986).
Experiments carried out on ruminants to
study the effect of glucose availability on the
control of food intake are less frequently
undertaken (Dulphy and Faverdin, 1987).
The first glucose supply experiments performed on small ruminants did not lead to a
modification in the food intake (Manning et al,
1959; Dowden and Jacobson, 1960; Holder,
1963). Acute injections of insulin without glucose supply in sheep (Deetz and
Wangsness, 1980; Deetz and Wangsness,
1981) and dairy cows (Faverdin, 1986)
resulted in a very temporary decrease in
food intake during the hypoglycemia phase,
often followed by a compensatory increase
in food intake. However, if this satiating effect
resulted from a higher glucose supply to the
cells, the same phenomenon should have
been observed with the glucose infusion
alone. An insulin infusion of several hours
without a concomitant glucose supply led to
an increase in food intake in sheep (Anil and
Forbes, 1980; Deetz et al, 1980). This
increase could be explained by severe and
prolonged glucopenia, as has been observed
with rats. Prolonged insulin infusions on ruminants, however, had never been realized

with concomitant glucose infusions given in
order to avoid a decrease in glycemia. If the
satiating effect of a single administration of
insulin is due to increased cellular glucose
availability, as is the case with rats, the result
should be improved by a prolonged insulin
and glucose infusion. In addition, a high-

yielding dairy

cow,

exporting large quanti-

ties of glucose via its mammary gland (Bickerstaffe et al, 1974) might be more sensitive
to cellular glucose availability.
The aim of the experiment was to test
for any implication of variations in glucose
availability induced by physiological amounts
of insulin on food intake control. The specific effects of insulin were dissociated from
those caused by the concurrent drop in

glycemia by simultaneously administering
both glucose and insulin. The complete diet
offered ad libitum to dairy cows was highly
ingestible in order to avoid any physical limitation of food intake by the distension of
the reticulo-rumen. All eating behaviour
parameters including ruminating activities
were taken into consideration when studying
the results of these treatments.

MATERIALS AND METHODS

Treatments and experimental design
Four cows were assigned to treatments in an
experimental design composed of three consecutive replications of a 4 x 4 Latin square with 2 day
periods, without any readjustment interval in
between. The treatments consisted of intrajugular infusion over a 4 h period of: 1) control (saline
excipient); 2) insulin (3.41 pg/kg body weight
(BW)); 3) glucose (2.75 mmol/kg BW); and 4)
insulin plus glucose (3.41 pg/kg BW and 2.75
mmol/kg BW, respectively). Insulin was first
injected as a bolus (0.26 1l
9lkg BW) and then by
the 4 h infusion (13.1 ng/kg BW/min) whereas
glucose was infused only. The treatments were
administered by peristaltic pumps from 0800 to
1200 hours on alternate days. The effects of the
treatments were monitored over 2 day periods.

Porcine insulin (Endopancrine 10, Laboratoires Organon, France) was dissolved in 1.15 L
of either 0.9% NaCl or 30% glucose solution.

Cows and diet
The same four multiparous Holstein cows were
used on the three replications. They averaged
700 kg BW and 30.5 kg/day of milk on the week
before the experiment. The treatments were initiated at 143 ± 25 (mean ± SE) days postpartum.
The cows were housed in tiestalls in an artificially
ventilated barn under a 24 h light regimen. A total
mixed diet (70% corn silage and 30% concentrate on a dry matter (DM) basis) was offered ad
libitum (table I), in amounts designed to induce at
least 15% of feed refusals. The animals had a
permanent access to feed with two distributions
per day at 0800 and 1800 hour, after milking.

al, 1990). The interpretation of the feeding activ-

ity was made minute by minute. A meal was considered as a sequence of chewing activity with
manger weight variations at least 8 min apart from
a subsequent meal. Rumination was defined as
being a period of high chewing activity (at least 55
jaw movements per min for 10 min) without any
manger weight variations. By a process of elimination, the remainder was classified into resting
sequence.
The milk yield was recorded at each milking.
Milk samples were taken at all the milkings during
the first replication, for measurements of the fat
and protein contents. Only the evening milkings
following treatment were analysed for a determination of the milk fatty acids.
A

permanent catheter was

inserted into both

jugular veins at least one month before the beginning of the experiment. On the third replication,
blood samples were withdrawn from the contralateral catheter at 0, 0.5, 1, 2, 3, 4, 5, 6, 7 and
8 h relative to the beginning of infusion.

Measurements and sampling

Chemical analyses
The amounts of feed offered and feed refusals
were weighed daily and samples of the feed were
analysed for their DM content, daily for the corn
silage and weekly for the concentrate. The intake
behaviour was monitored throughout the experiment by means of continuously weighed mangers.
The chewing behaviour was recorded simultaneously by means of variations in pressure on a
foam balloon placed submandibularly. All these
data were recorded by microcompter (Baumont et

The milk

was analysed for fat and protein conusing infrared analysis (Milkoscan, Foss Electric, Hillerod, Denmark). The fatty acid composition
of the cream was determined by gas chromatography as described previously (Bauchard and
Duboisset, 1983).
Heparinized plasma was analysed for nonesterified fatty acids (NEFA) using an enzymatic

tent

kit (acyl-coenzyme A synthetase, acyl-coenzyme
A oxidase method; Wako Chemicals Gmbh,
Neuss, Germany). Deproteinized plasma (1 mL of
plasma and 2 mL of HCI0
4 by filtration) was anal8
ysed for glucose (Trinder, 1969) with an lsamat
autoanalyzer (ISA Biologie, Cachan, France) and
for urea by a colorimetric diacetylmonoxime procedure with a continuous flux analyser (Technicon
Industrial Systems, New York, NY) (Moore and

A log transformation was used for the plasma
insulin analysis. For the analysis of the kinetics of
intake, three phases were distinguished in order
to observe the early effects of infusions (during the
first hour), their late effects (during the last 3 h)
and their delayed effects (during the following 4 h).

Only values of

P < 0.10

are

displayed

in the

tables.

Sax, 1965).
Plasma from the ethylenediamine-tetracetic
acid (EDTA) syringes was used for the insulin
radioimmunoassay (Rosselin et al, 1966, modified by Faverdin, 1985). The labelled insulin was
porcine insulin iodinated with 1125 (ISI, Saclay,
France). A guinea-pig anti-bovine insulin serum
(Miles Laboratories Ltd, Slough, UK) was used
as the antibody. A bovine monocomponent insulin
(Novo, Copenhagen, Denmark) was used as a
standard. Separation of the free and antibodybound insulin was performed by adsorption of the
free labelled insulin on charcoal. With this assay,
cross-reactions between bovine insulin and bovine

proinsulin (Novo, Copenhagen, Denmark)

are

close to 40%, but are very weak between bovine
insulin and glucagon (Sigma Chimie, Saint-

Quentin-Fallavier, France).

RESULTS

Food intake

During infusion, dry matter intake (DMI) and
eating time were increased with insulin-alone
treatment (table II). This increase occurred
during the last 3 h of infusion (P= 0.07; fig 1)
and was largely due to an increase in eating
time (P< 0.10). The insulin plus glucose treatment produced a satiating effect compared to
the glucose treatment during the first hour
(P 0.03). The treatments including a glu=

infusion did not affect food intake, but
increased the ruminating time to a small
extent during the 4 h of perfusion (+11 min; P
< 0.06). The other components of feeding
behaviour were not modified by the treatments (table II). In particular, no relationship
was found between the first meal size and
the duration of the post-meal interval.
cose

Statistical analyses
The data sets were all analysed using the general
linear model procedure of the SAS (1987). The
statistical model for the analysis was:

where:is the overall mean; ti is the effect of
treatment P, r
Ij is
(
Pk
i is the effect of replication j; )
the effect of period kwithin replication j; c
(r) is the
i
effect of cow I within replication j; and e;!k; is the
residual error term.
analysis of variance (Ftest), the
non-heterogeneity of variance between treatments was tested with a Hartley test. The effects
of treatments were tested with the three following
pre-planned orthogonal contrasts with e
iikl as
Before any

residual error term: contrast A: effect of
insulin alone treatment (insulin vs control); contrast B: effect of insulin plus glucose treatment
(insulin plus glucose vs glucose); and contrast
C: mean effect of glucose treatment ([insulin plus
glucose and glucose] vs [insulin and control]).

A significant decrease of food intake was
observed during the 4 h following the infusion of insulin-alone treatment (P 0.07;
fig 1Over the whole day, neither the eating
(total DMI, eating time and eating rate) nor
=

ruminating parameters were significantly
by the treatments (table II). The
overeating effects of insulin were offset
when the day as a whole was considered.
altered

common

Milk yield and composition

The milk yield was slightly decreased by the
<
insulin-alone treatment (-1.3 kg/day; P

The treatments including
the milk yield
and decreased the
milk fat (-2.0 g/kg; P < 0.05) and protein
contents (-0.9 g/kg; P < 0.02). The fat and
protein yields were not modified by treatments (table 111). The milk fatty acid composition was slightly modified (table IV): the

0.08) (table III).

glucose increased
(+1.1kg/day; P< 0.04)

treatments including insulin increased
slightly but significantly the proportion of
odd-numbered fatty acids either with or without

a

glucose supply.

The energy balance was not significantly
modified by the different treatments (table
III) and remained positive over the experiment.

Blood parameters
Under the insulin treatment, the insulin concentrations were significantly increased
(+60%; P< 0.04), but the glucose treatment,
alone or associated with insulin, increased
the insulinemia to a larger extent (+350 and

+310% respectively; P< 0.01 ) (table V;
fig 2). The insulin concentrations under
these two treatments did not differ significantly. However, the insulin and the insulin

plus glucose treatments significantly (P <
0.01) decreased the glycemia compared to
the control and glucose treatments, respec-

tively (table V; fig 3). One hour after the end
of the infusion, all these effects ceased
(fig 2). The glycemia dropped during the
insulin- alone treatment to 2.6 mmol/L after
3 h (fig 3). The amount of glucose infused
with insulin neutralized the insulin-induced
hypoglycemia, and even caused a slight

hyperglycemia (4.1 vs 3.5 mmol/L for control
treatment) (table V). One hour after the end
of the infusions, the initial levels of glucose
and insulin

were

recovered.

The treatments did not significantly affect
the NEFA which remained at a very low
level under all the treatments (table V). After

the infusion, there was a trend (P< 0.07)
towards a decrease in the urea concentrations with the glucose-alone treatment

(table V).
DISCUSSION
The amounts of insulin were kept at moderate levels in this experiment in order to
evaluate the real roles of insulin under physiological conditions. Literature reviews of
the effect of insulin on food intake showed
that a dose of 3.41 pg/kg was expected to
produce a satiety effect (10-20% reduction
of DMI) (Dulphy and Faverdin, 1987;
Grovum, 1995). Insulinemia was doubled
during the insulin infusion but remained at
physiological levels, and the hypoglycemia
observed was moderate compared to most
of the previous trials (Baile and Mayer, 1968;
Houpt, 1974; Nicholson, 1979; Hikosaka et
al, 1979; Deetz and Wangsness, 1980;
Deetz et al, 1980). The amount of glucose
infused was determined on the basis of the
preliminary trials, in order to restore normoglycemia. The cows were in a less
advanced lactating stage during these preliminary trials, which could have induced a

higher glucose metabolic clearance rate
(Denbow et al, 1986). This could explain
why during the experiment, a slight hyperglycemia occurred when infusing glucose
plus insulin. This intravenous supply of 340 g
of glucose on average over 4 h is a large
flow for a dairy cow (equivalent to a daily
flow of 2 kg of glucose), especially when
consider that with normal mixed diets
several studies found no net glucose
absorption from the portal drained viscera
(Nocek and Tamminga, 1991).
we

The infusion of glucose by itself induced
strong increase in insulinemia compared
with the infusion of exogenous insulin. This
result has already been observed in sheep
(Hikosaka et al, 1979), where in order to
obtain an insulinic response comparable to
that of a glucose infusion, large amounts of
insulin had to be infused. The concomitant
intravenous supply of glucose and insulin
did not have any additive effect on insulinemia. Exogenous insulin was recognized
as endogenous insulin in the radioimmunoassay of insulin (Faverdin, 1985). The
absence of a difference in insulinemia
observed with glucose and insulin plus glucose treatments could be due to a difference in clearance rate of the endogenous
a

and the exogenous insulin. Nevertheless,
the lower glycemia observed with the insulin
plus glucose treatment compared with the
glucose alone confirms a higher activity of
the exogenous insulin.

The milk yield was increased with the
treatments including glucose, and the fat
and protein contents were decreased by a
dilution effect. In contrast, insulin decreased
the milk yield. These changes resulted from
increase

decrease of the

plasma
glucose availability (Kronfeld et al, 1963).
The treatments including insulin increased
the proportion of the odd-numbered fatty
acids, probably because of a negative effect
of insulin on the hepatic gluconeogenesis
and the hepatic utilization of propionate
(McDowell, 1983). However, the minor
changes in milk yield and composition did
not modify energy requirements and could
an

or a

not interfere with food intake. Whatever the

treatment, the lipid metabolism of cows was

4 h infusion of glucose, alone or with a
concomitant infusion of.insulin (74 pg/kg),
significantly reduced food intake by 40 and
70%, respectively (Even and Nicolaidis,
1986). It seems that this effect is mainly a
ruminant feature rather than a consequence
of the lactation. In early lactating dairy goats,
an impaired insulin-stimulated glucose utilization by the extramammary tissues was
demonstrated, but during the mid-lactation
and the dry period no more disruption in
glucose utilization was shown (Debras et
al, 1989). Moreover, in our experiment with
a

mid-lactating dairy cows, a glucose supplement given during the preferential period of
food intake did not modify the food intake
parameters. Our results agree with previous data obtained in non-lactating ruminants
(Manning et al, 1959; Dowden and Jacobson, 1960; Holder, 1963).
The slight effect of an increase of cellular
glucose availability on food intake in rumi-

activity.

nants was also observed in obese Zucker
rats. An insulin plus glucose infusion during a 4 h period only slightly decreased food
intake whereas normal rats displayed a total

This experiment was designed to study
the possible satiating effect of insulin without

satiating effect (48 vs 95% decrease of food
intake) (Orosco et al, 1994). It was consid-

mainly lipogenetic, as shown by the positive energy balances and very low plasma
NEFA levels revealing very limited lipolytic

glucopenia using a hyperinsulinemic/euglycemic pseudo-clamp. The higher glucose
uptake obtained (as supported by the
glycemia level) induced an early decrease of
food intake during the first hour of the infusion compared with the glucose alone treatment. With a sustained hyperinsulinemic-euglycemic clamp, MacGuire et al
(1995) observed a significant decrease in
food intake only after 4 days, perhaps as a
result of subsequent metabolic disorders.
These data, obtained with a higher amount
of insulin than in our trials (plasma insulin
levels of 9 vs 3.5 ng/mL on average during
infusion), suggested that a concomitant
intravenous supply of glucose and insulin
had no or transient satiating effect in the
lactating dairy cow. In contrast, in the normal
rat, an obvious satiating effect was obtained:

ered to be consecutive to the insulin resistance of the Zucker rat. No obvious periph-

eral insulin resistance exists in the

mid-lactating dairy cow (Debras et al, 1989).
The transient effect of glucose availability
could rather be explained by the endogenous origin of this nutrient. The feed ration
used in this experiment provided a small
glucose flow in the small intestine. Glucose,
therefore, was mainly provided for the organism by hepatic glyconeogenesis (Casse et

al, 1994).
Under our experimental conditions, the
insulin-alone treatment induced a moderate hypoglycemia sustained for 4 h. A significant increase in food intake occurred during infusion (+12% DMI) but not over the
whole day. This increase only occurred after
1 h of infusion when the availability of glu-

decreased. In sheep, a higher glumaintained for several hours was
needed to observe a stronger stimulant
effect on food intake (Anil and Forbes, 1980;
Deetz et al, 1980). Nevertheless, with hay
rations, ie, rations with a lower digestibility
(Hikosaka et al, 1979), or with more physiological amounts of insulin, the stimulatory
effect on appetite did not occur (Anil and
Forbes, 1980; Deetz et al, 1980). Many
experiments have studied the changes in
food intake induced by a single administration of insulin. A literature review showed
that the effect varied according to the
amount administered (Dulphy and Faverdin,
1987). In large amounts, insulin quickly
induced hypoglycemia and cellular glucoprivation (Baile and Mayer, 1968; Houpt,
1974; Deetz et al, 1980). It could either lead
to an increase of food intake (Houpt, 1974;
Deetz et al, 1980) or had no effect (Baile
and Mayer, 1968; Baile and Martin, 1970;
Muller and Colenbrander, 1970; Deetz and
Wangsness, 1980). In physiological
amounts, which caused a slight hypoglycemia, acute insulin injection showed a
short-term satiating effect that could be due
to a large increase in the transport and the
use of glucose into the cells (Deetz and
Wangsness, 1980; Deetz et al, 1980; Deetz
and Wangsness, 1981; Faverdin, 1986). In
this trial, the transient decrease in DMI
induced by insulin when glucose was also
infused was perhaps due to the combination of the initial injection of insulin when
glucose was highly available. Nevertheless,
this effect was not always obtained (Deetz
and Wangsness, 1980; Deetz et al, 1980;
Faverdin, 1986) when the amounts of insulin
alone or the nutritional status of the animals
differed. In this trial, the satiating effect of
insulin treatment could not be observed,
perhaps because the glucose availability
was the limiting factor.
cose was

copenia

A study carried out in sheep revealed a
decrease in the rumination time during treatments involving high insulin doses (Nichol-

1979). These effects were not observed
under our experimental conditions, where
the hypoglycemia was more moderate.
Impaired rumination may be due to a
decrease in gastric motility caused by severe
son,

hypoglycemia.
In lactating dairy cows, the insulininduced glucoprivation stimulated food
intake. There was no main effect of insulin
infusion when a simultaneous glucose sup-

ply prevented hypoglycemia, except a transient reduction of food intake at the beginning of the infusion. On average, glucose
infusion did not modify food intake.
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