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Abstract

Insulin inhibits eating after its intracerebroventricular (ICV) administration in multiple species and
under a variety of conditions. Nevertheless, the results across reports are inconsistent in that ICV
insulin does not always reduce food intake. The reasons for this variability are largely unknown.
Using mice as a model, we performed several crossover trials with insulin vs. vehicle when
infused into the third cerebral ventricle (i3vt) to test the hypothesis that recent experience with the
i3vt procedure contributes to the variability in the effect of ICV insulin on food intake. Using a
cross-over design with two days between injections, we found that insulin (0.4 pU/mouse)
significantly reduced food intake relative to vehicle in mice that received vehicle on the first and
insulin on the second trial, whereas this effect was absent in mice that received insulin on the first
and vehicle on the second trial. Higher doses (i3vt 4.0 and 40.0 pU/mouse) had no effect on food
intake in this paradigm. When injections were spaced 7 days apart, insulin reduced food intake
with no crossover effect. Mice that did not reduce food intake in response to higher doses of i3vt
insulin did so in response to i3vt infusion of the melanocortin receptor agonist melanotan-I11 (MT-
I1), indicating that the function of the hypothalamic melanocortin system, which mediates the
effect of insulin on eating, was not impaired by whatever interfered with the insulin effect, and
that this interference occurred upstream of the melanocortin receptors. Overall, our findings
suggest that associative effects based on previous experience with the experimental situation can
compromise the eating inhibition elicited by i3vt administered insulin.
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Introduction

When acutely administered intracerebroventricularly (ICV), the pancreatic hormone insulin
reduces food intake dose-dependently; and when administered chronically, ICV insulin
reduces body weight as well [1-4]. Because of insulin’s important role in all aspects of
energy homeostasis regulation, its central effect on food intake has been widely studied,
including in several species, under different experimental conditions, and using a wide range
of doses [e.g. [1-6]]. Species reducing food intake when administered insulin ICV include
mice [2], rats [4], marmots [7], chickens [8] and baboons [6], and humans reduce their food
intake when administered insulin intranasally [9]. With regard to potency, insulin doses
below 1 pU produced a significant reduction of food intake after administration into the
third cerebral ventricle (i3vt) in some reports in mice [2, 3, 10]. Higher insulin doses also
reduced food intake and produced different physiological effects in other studies [3, 11, 12].
Even higher insulin doses (1, 2, 4, 8 mU i3vt) elicit an eating-inhibitory effect in rats [1].
Diet has also been varied; most studies were performed in animals maintained on regular lab
chow, with relatively low contents of fat and mono- or disaccharides. Air et al. [1] assessed
the acute effects of i3vt insulin on a 15% sucrose test meal as well as on 24-h food intake in
rats and found that i3vt insulin decreased both sucrose and chow intake in a dose-dependent
manner. This implies that insulin can also inhibit the consumption of palatable food, at least
when the rats are maintained on chow. In contrast, analogous to the development of
peripheral insulin resistance, maintenance on a high-fat diet also decreases sensitivity to i3vt
insulin [13].

Collectively, these reports support the general observation that centrally administered insulin
can inhibit food intake in numerous species and under different experimental conditions.
Nonetheless, while these phenomena are well documented, the hypophagic response to ICV
insulin is not always reliable [14], with some investigators failing to observe it at all [15,
16]. That is, despite differences in the insulin doses, the mode of administration (acute and
chronic) and the magnitude of the observed insulin effects, most studies report a reliable
eating-inhibitory effect of ICV insulin in a more or less dose-dependent manner. Yet, other
published studies using rigorous paradigms failed to find a decrease in food intake in rats
when insulin was chronically or acutely administered [15, 16], and there are likely
unpublished findings with similar outcomes [see [14]]. In the present experiments using
mice as the model, we tested the hypothesis that when counterbalanced designs are used
such that some subjects get i3vt insulin on Trial 1 and vehicle on Trial 2, whereas others get
the two injections in the reverse order, the food intake response on Trial 2 may be altered
because of the presence of cues that were present on Trial 1; i.e., recent experience with the
procedure (e.g., based on associative learning) may contribute to some of the variability in
the effect of i3vt insulin on food intake. We also varied the time between Trial 1 and Trial 2
in order to rule out any carryover effects of the first injection.
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Materials and Methods

Animals and housing

Male C57BL/6J mice (13-14 wk old) bred locally were used for the study. Breeding pairs
were originally purchased from Jackson Laboratories (Charles River Inc., Germany). The
mice were single housed in Makrolon® type 111 cages (Indulab, Gems, Switzerland) on pine
wood chip bedding (Lignocel hygienic animal bedding, IRS, Rosenberg, Germany). The
animal room had a 12-h light/12-h dark cycle (lights off at 1400 h) and was kept at 22.5°C
with 40-60% humidity and 10/h air exchanges. Prior to surgery the mice were adapted to the
handling by a technique developed by G. Pacheco-Lopez (see supplementary video) and
food restriction procedures. At the age of 14-16 wk (mean body weight 28 g) the mice
underwent 3"-ventricular (i3vt) cannulation surgery, afterwards the handling procedure was
maintained (see supplementary video). All procedures were approved by the Veterinary
Office of the Canton of Zurich.

Diet and food intake measurements

Mice were maintained on a low-fat diet (12% energy from fat; extruded KLIBA 3436,
Provimi Kliba SA, Switzerland) with a caloric density of 3.1 Kcal/g. Food pellets were
always manipulated using forceps to avoid odor contamination. For food intake
measurements, fresh, pre-weighed food (3 pellets ~ 9 g) was offered at a given time point
(see details below) and intake was calculated by weighing the remaining food to the nearest
0.1 g using individual food containers (50 ml plastic tubes; Becton Dickinson AG,
Switzerland) and a digital balance (PM 460 Delta Range, Mettler, Switzerland) at several
time points (see below). Food spillage was neglected because pilot assessments indicate no
mayor lost (data not shown). Water was continuously available ad libitum.

I3vt cannulation

Mice received SC injections of antibiotics (20 mg/kg, 4ul/g, Borgal 24%, Intervet,
Switzerland) and analgesics (5 mg/kg, 4ul/g, Rimadyl, Pfizer, Switzerland) 30 min prior to
the onset of inhalation anesthesia (Isoflurane; induction = 5.0% / 300 cc/min O;
maintenance = 1.5-2.5% / 200 cc/min O5). A digital stereotaxic frame (940 Kopf
Instruments, USA) was used to determine the coordinates for the implantation of the guide
cannula and the supporting screw. The guide cannula (C315GS-4-SPC; Plastic one Inc.,
USA) was implanted at coordinates: A-P: —0.83, M-L: 0.0, D-V: —4.80. The sagittal sinus
was displaced laterally prior to lowering the guide cannula. Dental acrylic and cyanoacrylate
glue were used to secure the cannula to the skull.

Cannula placement and patency verification

When mice had regained their pre-surgical weight (~ 7 d), cannula placement was verified
by i3vt administration of the orexigenic peptide, neuropeptide-Y (NPY). NPY potently
increases food intake when administered into the third cerebral ventricle, such that an
increase of eating following its injection is indicative that the tip of the cannula is
appropriately positioned. During the light phase, food was removed for 2 h, NPY (Bachem
AG, Switzerland, 1 pg/1 pl) or saline (1 ul, NaCl 0.9%, B. Braun, Switzerland) was
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administered, pre-weighed food was returned immediately after the injection and food intake
was recorded after 2 and 22 h. Treatments were given in counterbalanced order with one day
between treatments. On average, NPY (1 pg/ul) elicited a strong orexigenic effect (+525%)
(2 h post injection: NPY 1.26 £ 0.10 g / Sal 0.24 + 0.02g) (t (15) = 9.603, p < 0.05). This
effect was still present at 22 h (NPY 4.40 £ 0.17 g/ Sal 3.68 £ 0.11g (t (15) = 4.826, p <
0.05). The inclusion criterion was a minimum food intake of 0.5 g at 2 h after i3vt NPY
injection (5).

Experiment 1

Fifteen mice received i3vt infusions of insulin (Actrapid®, NovoNordisk Pharma AG,
Switzerland, 0.4 uU / 1 pl) or an equivalent volume of vehicle (saline; NaCl 0.9%) at 10:00
h (4 h prior to dark onset). The infusion took about 30 s, and the injector was kept in the
cannula for an additional 30 s following the administration to allow time for the drug to
diffuse (see Supplementary video). Pre-weighed food was offered after 4 h of food
deprivation, at dark onset, and cumulative food intake was recorded after 2, 4 and 20 h.
Every animal received both treatments in a counterbalanced design (insulin then vehicle n=
7 / vehicle then insulin n=8), with two intervening days. Mice were adapted to the
experimental procedure for two days prior to the experiments and on the intervening days.

Experiment 2

Five mice received i3vt infusions of 0.0 (vehicle), 0.2 or 0.4 pU insulin as described for
Experiment 1, except that the order of treatments was randomized and there were 7
intervening days between infusions in order to minimize any lingering effects of i3vt insulin
from prior administrations.

Experiment 3

Because a wide range of insulin doses has been reported to be effective in mice in the
literature [2, 10, 15], we asked whether increasing the insulin dose might produce a clearer
effect of insulin on food intake that might override any effect due to order or recent
experience. Seven mice received 4.0 or 40.0 pU insulin or vehicle in a within-subjects
design with one day between trials.

Experiment 4

To assess whether mice that were non-responsive to i3vt insulin would react to a different
anorexic agent, the same six mice used in Experiment 3 received i3vt infusions of MTII
(H-3902, Bachem AG, Switzerland, 1 pg / 1 pl), an agonist of the melanocortin receptors
(MC3-R and MC4-R), or artificial cerebrospinal fluid (aCSF, 1 pl) in a within-subject design
with one intervening day between injections.

Other controls

After the experiments, other mice were administered the same batch of insulin (1 mU/g BW)
subcutaneously and blood glucose assessed after 15, 30, 45, 60 and 90 min to verify that the
insulin was biologically active [17]. In every instance there was a substantial and significant
hypoglycemia elicited by the insulin.
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Statistical analyses

Results

SPSS for Windows (ver. 17.0) was used for all analyses. Data were tested for normality
using the Shapiro-Wilk test. Means were compared using a paired t-test or repeated
measures ANOVA, as required by the test design. If data were not normally distributed, we
used the Wilcoxon Matched-Pairs test to analyze the data. P-values < 0.05 were considered
significant.

Experiment 1

Analysis of food intake combining all data on both days of the cross-over design did not
reveal a significant effect of insulin on cumulative food intake at 2, 4, or 20 h (Fig. 1).
However, by design, there were two sub-groups, mice receiving insulin on Trial 1 and the
saline vehicle on Trial 2 and mice receiving the vehicle on Trial 1 and insulin on Trial 2.
Insulin significantly reduced food intake relative to the saline vehicle in those mice that
received vehicle on the first trial and insulin on the second trial (Fig. 2, left); i.e., utilizing a
within-subject analysis, paired t-test, food intake was reduced at 2 h (44% reduction), t (7) =
3.523, p £0.05, 4 h (38% reduction), t (7) = 3.029, p < 0.05, and 20 h 23% reduction), t (7)
=3.921, p < 0.05. In contrast, this effect was not evident in mice that received insulin on the
first and vehicle on the second trial (n=7): 2 h, t (6) = -2.069, p = 0.084, 4 h, t (6) = -2.240,
p =0.066, and 20 h, t (6) = -1.771, p = 0.127 (Fig. 2, right). In fact, the intake on the saline
vehicle day for these mice was considerably lower than intake following saline in the other
group; i.e., the lack of a reduction of insulin in this group could be attributed, at least in part,
to below-normal intake following the saline vehicle. A between-subjects comparison,
unpaired t-test, of the data on Trial 1 revealed a significant effect of insulinat 2 and 4 h
when compared to the food intakes of mice that received vehicle. Therefore, while the
between-subjects analysis, unpaired t-test, revealed a significant reduction of food intake by
i3vt insulin on Trial 1, the effect was smaller than that observed in the within-subject’s
analysis of mice receiving the saline vehicle followed by insulin. Thus, there was a
substantial effect of order.

Experiment 2

When mice received 0.0 (vehicle), 0.2 or 0.4 uU insulin i3vt in randomized order, but with 7
d between trials, analysis of variance (ANOVA) indicates a significant main effect F (2, 8) =
4.828, p < 0.05 for 2-h cumulative food intake (6 h post infusion) using repeated-measures
ANOVA (results are reported only for the 5 mice that completed all 3 trials; data from 2
mice had to be excluded because they developed cannula patency problems and did not
receive all three treatments). Subsequent planned contrasts revealed a significant reduction
of food intake by insulin at 0.2 pU (F (1, 4) = 12.689, p < 0.05 when compared to vehicle, a
24% reduction; Fig. 3). Reduction by the higher dose of insulin (0.4 pU) at 2 h approached
significance (p = 0.073). Repeated measures ANOVA indicated no effect of either dose at 4
h (p =0.158) or 20 h (p = 0.650), and there was no apparent order effect although the n was
small.
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Experiment 3

Higher doses of i3vt insulin (4.0 and 40.0 pU) did not produce a reliable reduction of 2 or 20
h food intake in mice that were comparable in all other ways to those in Experiments 1 and
2. Wilcoxon nonparametric analysis reveals that 4 pU insulin/mouse did not reduce food
intakeat2h (Mdn=1.01¢g;z=-1.60,r=-0.92,P=0.11),4h (Mdn=1.77 g; z= - 1.07,
r=-0.61,P=0.28),0r 20 h (Mdn=3.589; z=-0.45,r = - 0.26, P = 0.65) compared to
vehicle (Mdn =0.84 g at 2h, 1.52 g at 4h, 3.04 g at 20h). Neither did the 40 pU insulin/
mouse at2h (Mdn=0.90g; z=-0.54,r=-0.31, P = 0.59), 4 h (Mdn = 1.75 g; z = — 0.54,
r=-0.31,P=0.59),0or20 h (Mdn=3.87g;z=-1.60,r=-0.92, P =0.11) compared to
vehicle (Mdn = 1.12 g at 2h, 1.68 g at 4h or 2.64 g at 20h).

Experiment 4

The paired t-test indicates that 13vt MT-I1 significantly inhibited food intake when assessed
at 4 h after injection in mice that had not decreased their food intake to insulin in
Experiment 3 (Figure 4, M £ SEM; n = 6, t (5) = 8.23, p < 0.05, r = 0.96). Thus, the ability
of central melanocortin to reduce food intake was intact in the mice.

Discussion

Over the last decades, significant progress has been made in understanding insulin’s role in
energy homeostasis. While the results with respect to the effects of administration of
exogenous insulin into the central nervous system are for the most part consistent, with
insulin eliciting an acute catabolic action, not all reports are confirmatory. Several
generalizations can be made based on the prior literature. First, insulin’s central catabolic
action is consistent across a range of species. Second, the effect is observed following acute
administration into fasted animals, during slow constant infusion into free-feeding animals,
and during intermittent administration to free-feeding animals. Third, the effect is greater in
males than in females, having been demonstrated in rats [18] and humans [19]. Finally, the
efficacy of centrally administered insulin to reduce food intake is compromised in genetic or
high-fat diet-induced obesity, and in animals maintained on a high-fat diet independent of
obesity. That said, and as we have reviewed elsewhere [14], the reduction of food intake in
response to insulin administered into the brain is not observed universally. In the present
experiments we asked whether the order in which insulin vs. vehicle is administered might
be important.

In Experiment 1, insulin reduced food intake the first time it was administered. This was
manifest as a mild but significant reduction using a between-subjects analysis on Trial 1, and
a more robust reduction in terms of both magnitude and duration was apparent when the
mice had had a prior administration of vehicle and utilizing a within-subjects analysis. This
suggests that prior experience with the exact protocol, but without insulin, somehow
facilitated the subsequent hypophagic response. When the insulin was administered on Trial
1 and saline on Trial 2 two days later, the food intake after the saline infusion was in fact
lower than occurred in mice receiving saline on Trial 1, perhaps negating any effect of
insulin. One possible explanation could be a carryover effect [20]; i.e., the insulin might
have had a long-lasting effect and thus still was able to reduce food intake after vehicle
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administration two days later. This seems unlikely, however, because we used Actrapid®
HM insulin, which supposedly acts only for about 8 hours according to the manufacturer’s
description (NovoNordisk Pharma AG, Switzerland), although that refers to systemic as
opposed to possible central effects.

In Experiment 1 we mimicked as closely as possible the paradigm of Brown and colleagues
where i3vt insulin significantly and dose-dependently reduced food intake in mice [2],
except that we allowed only 2 as opposed to 7 days of intervening time between trials.
Brown and colleagues reported a substantial decrease in food intake in response to i3vt
insulin at doses above 0.05 pU / mouse [2]. When we used 7 intervening days in Experiment
2, insulin did reduce food intake, but the response was not especially robust and there was
no order effect.

An alternative explanation for the apparent order effect observed in Experiment 1 is
associative learning (i.e. classical conditioning), and several factors, alone or together, might
have contributed. While the mice had been adapted to the i3vt infusions by prior vehicle
administrations, the injections had not been in association with 4-h food deprivation; i.e., the
combination of food deprivation coupled with subsequent access to food was novel on the
first test trial and might have served as a conditioned stimulus. When the same stimulus was
presented again two days later, the eating-inhibitory effect of insulin that had been elicited
on the first trial might thus have become associated with the combination of 4-h deprivation,
an i3vt injection, etc., causing the animals to eat less after the control infusion on the second
trial. That said, mild deprivation seems unlikely to be a conditioned stimulus in this situation
because it also occurred for all mice when they were assessed for cannula placement with
NPY. Another novel stimulus on Trial 1 was the odor of m-cresol (3-methylfenol), the
aromatic organic compound commercially used as solvent (preservative and stabilizer) of
the insulin. Human diabetic patients report detecting the smell of m-cresol in their insulin
[21]. The novel odor was present in the animal-housing room for the first time on Trial 1
and presumably detectable by mice whether getting insulin or saline injections. Thus, mice
that received insulin might have associated the smell of m-cresol with its eating-inhibitory
effect, and this may have prompted those mice to eat less after the subsequent vehicle
infusion, resulting in lower food intake than normally seen after saline in Trial 2. Consistent
with this, in an experiment assessing conditioned effects of intranasal insulin in humans,
Stockhorst et al. [22] included a control group receiving the insulin vehicle with added m-
cresol with or without insulin and observed conditioned changes of peripheral insulin
secretion in response to vehicle plus m-cresol on a subsequent test trial when no insulin was
present. In another study, the same group observed that intravenous insulin triggered an
increase in parasympathetic tone and, hence, heart rate changes at maximum
hyperinsulinemia, and that this response could also be conditioned [23]. Other previous
studies [24, 25] described the conditioned secretion of endogenous insulin and consequent
hypoglycemia in response to cues such as odors that had been associated with the prior
administration of insulin. These authors reported that after pairing pharmacological doses of
exogenous insulin with unique cues, these same cues elicited hypoglycemia in rats in the
absence of exogenous insulin. Further, and consistent with the present findings, in those
experiments a conditioned response was observed after as few as two insulin trials when an
explicit olfactory cue was used [26]. Perhaps, the low food intake in response to saline

Physiol Behav. Author manuscript; available in PMC 2016 November 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Allister et al.

Page 8

infusion on the second day of Experiment 1 was caused by a conditioned secretion of
endogenous insulin. Considering these possibilities, we used a longer intervening period in
Experiment 2, consistent with the paradigm of Brown [2]. Indeed, there was no indication of
an order effect, and there was a significant overall effect of i3vt insulin to reduce food
intake, although it was relatively small. Future research in this area would benefit from
including groups of mice that received saline on both Trials 1 and 2, or that received insulin
on both Trials 1 and 2.

To ascertain whether a higher dose of insulin might yield clearer results, in Experiment 3 we
administered 10-100 times higher doses of insulin, but none were effective. While a greater
hypophagic effect of i3vt insulin has been observed in rats when larger doses are
administered [27, 28], the range of administered doses was limited. When much higher
doses of insulin are administered into the cerebral ventricles, there is actually a vagally-
mediated reflexive increase of pancreatic insulin secretion and consequent hypoglycemia
[29-31], an effect that would likely counter any hypophagic action of central insulin. The
fact that i3vt insulin initiates several responses is important for understanding the present
experiments. These effects include, in addition to hypophagia, countering the NPY-
melanocortin system, improving cognitive functioning, increasing pancreatic insulin
secretion and lowering blood glucose. Which of these might become conditioned on any
trial, or rather which combination of them, is not easily ascertained. If hypophagia were the
only unconditioned effect of i3vt insulin, hypophagia should also be the conditioned
response (e.g. [32]), but that cannot explain the findings of Experiment 1 where the opposite
seems to have occurred. Parsing out these possibilities must be the aim of future
experiments.

I3vt MT-I11 significantly reduced food intake in mice that were non-responsive to i3vt
insulin. MT-11 is a synthetic analog of a-melanocyte-stimulating hormone (a-MSH). Insulin
acts on neurons in the hypothalamic arcuate nucleus to stimulate the expression of its
precursor, pro-opiomelanocortin (POMC), and this had been found to mediate the catabolic
action of central insulin [33]. The observation that the mice reduced food intake in response
to MT-I11, but not in response to insulin, indicates that the function of the hypothalamic
melanocortin system was not impaired by whatever interfered with the insulin effect. It also
implies that the impediment to insulin action took place either at the insulin receptor on
POMC neurons or else upstream of the MC4 receptors activated by exogenous MT-I1I. The
significant stimulation of food intake after the i3vt administration of NPY that was used to
verify cannula placement also indicated that the energy homeostasis regulating
hypothalamic neuropeptide systems, and in particular the anabolic pathway downstream of
the pertinent NPY receptors, was functioning properly in our animals. Moreover, it
confirmed that the mice were capable to increase food intake under our housing conditions.

It should be noted that the probabilistic nature of the eating-inhibitory effect is, however, not
specific for insulin. Rather, it is a well-recognized phenomenon that peptide effects on
eating can be variable, often without an easily discernable reason [14]. Such variability has
also been reported for cholecystokinin, leptin, peptide tyrosine tyrosine and other peptides
[34, 35], but no convincing explanation has so far been found for this phenomenon.
Although that remains the case, the present findings, while confirming the capricious nature
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of the phenomenon, do suggest that associative effects may contribute. Such a phenomenon
may well account for some of the negative results with respect to the effects of exogenous
insulin on eating.

The present results are significant in identifying one source of variance in the hypophagic
response to centrally-administered insulin. Given that associative effects related to
environmental cues (e.g., fasting, i3vt injections, odors, and likely others) can alter the
magnitude and in fact the actual manifestation of the behavioral response, it is important that
future experiments be designed to account for this, and for the precise methods used to be
made clear.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
I3vt insulin infusion (0.4 pU/mouse) did not alter food intake in mice in a within-subjects

crossover design with two intervening days between trials. Data are means + SEM (n = 15).
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Figure 2.
I3vt insulin infusion (0.4 pU/mouse) reduced 2, 4 and 20 h food intake in animals that

received vehicle first (left graph), but had no reliable effect in mice that received insulin first
(right graph). Data are means + SEM (n = 7 and 8, respectively).
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Figure 3.

I3vt insulin infusion (0.2 pU/mouse) reduced 2-h food intake whereas the 0.4 pU/mouse
dose did not. Data are means = SEM (n = 5).
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Figure 4.

I3vt MTII infusion (1 pg/mouse) reduced 4-h food intake. Data are means + SEM (n = 6).
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