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Abstract

Insulin receptors are expressed throughout the adult brain, and insulin from the periphery reaches
the central nervous system. In humans and rodents, actions of insulin in the brain decrease food
intake. Furthermore, insulin receptor activation alters dopamine and glutamate transmission within
mesolimbic regions that influence food-seeking and feeding including the nucleus accumbens
(NACc). Here we determined how intra-NAc insulin affects conditioned approach (a measure

of cue-triggered food-seeking), free food intake, and the motivation to obtain food in hungry

rats using Pavlovian and instrumental approaches. Intra-NAc insulin did not affect conditioned
approach but did reduce home cage chow intake immediately following conditioned approach
testing. Consistent with reduced chow intake, intra-NAc insulin also reduced the motivation to
work for flavored food pellets (assessed by a progressive ratio procedure). This effect was partially
reversed by insulin receptor blockade and was not driven by insulin-induced sickness or malaise.
Taken together, these data show that insulin within the NAc does not alter behavioral responses to
a food cue, but instead reduces the motivation to work for and consume food in hungry animals.
These data are discussed in light of insulin’s role in the regulation of feeding, and its dysregulation
by obesity.
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1. Introduction

The nucleus accumbens (NAC) is an integrative hub between cortical, limbic, and motor
regions [45] that influences food-seeking and feeding behaviors [12, 18, 34]. While many
transmitter systems contribute, glutamate provides the primary excitatory drive to the NAc,
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while the neuromodulator dopamine tunes NAc activity. Within the NAc, the core and shell
sub-regions are involved in different aspects of feeding behavior. For example, reducing
activity in the NAc shell, [7, 36, 44, 53, 59] increases food intake, whereas reducing activity
in the NAc core attenuates cue- or sugar-primed food-seeking [3, 25, 40]. Furthermore,
increasing dopamine activity within the NAc core selectively enhances the motivation to
work for food [11, 38] while actions of dopamine in the shell increase food intake [31].
Taken together, these data demonstrate the importance of the NAc in driving cue-induced
food-seeking, the willingness to work for food, and food consumption.

In addition to classical transmitters, several peripheral hormones influence feeding behavior
via actions within the central nervous system, these include ghrelin, leptin, and insulin

[37, 55]. Insulin is classically considered a satiety signal that reduces food intake via its
actions in the hypothalamus [8, 29, 41, 60]. However, insulin from the periphery rapidly
reaches the NAc [5], which strongly expresses insulin receptors [28]. Activation of NAc
insulin receptors enhances dopamine and glutamate transmission. Specifically, activation of
NAc core insulin receptors enhances excitatory neurotransmission via local feedback that
increases presynaptic glutamate release [21]. In regard to dopamine, activation of insulin
receptors on cholinergic inter-neurons enhances stimulated dopamine release within the NAc
core and shell [48, 58]. However, insulin-induced increases in dopamine transporter function
and surface expression have also been found [30, 48]. Thus, insulin is poised to strongly
influence various aspects of food-seeking and feeding via its actions within the NAc. Indeed,
there is evidence that NAc insulin receptors play an important role in flavor nutrient learning
[58, 63]. However, no studies have directly examined the effects of intra-NAc insulin on
cue-triggered food-seeking, food intake, or the motivation for food.

The goal of the current study was to determine the effects of direct intra-NAc insulin
infusion on cue-induced food-seeking using conditioned approach, free chow intake, and the
willingness to work for flavored food pellets using progressive ratio procedures. Within the
same test session and across two cohorts, insulin infusion did not alter conditioned approach,
but did reduce food intake in hungry male rats. Consistent with this, intra-NAc insulin also
reduced the motivation to obtain food; this effect was partially blocked by co-infusion of

an insulin receptor blocker. Additional data show that reductions in motivation to work for
food were not due insulin-induced sickness or malaise. Together these data demonstrate
novel roles for the regulation of feeding by NAc insulin and reveal dissociations between the
ability of this peripheral hormone to influence food-seeking vs. feeding behavior.

2. Materials and methods

General methods are given first followed by detailed methods and Ns for each experiment
(see also simplified timelines Fig. 1).

2.1. Subjects

Male Sprague Dawley rats (Envigo; Indianapolis IN), aged 50-55 days on arrival, were
individually housed in a vivarium maintained on a reverse (12/12) light dark cycle (lights off
at 7am), at 22 °C (73°F), and 45% humidity with ad libitum access to water. All behavioral
experiments were conducted within the first 3—4 h of the dark cycle. Ad /ibitum access to
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standard lab chow (5LOD; LabDiet; St. Louis, MO) was provided after the completion of
daily training/testing (10-11 am) and food was removed at 5 pm each day. Thus, rats were
tested and trained hungry. This modified feeding schedule limits potential confounds due to
increases in insulin resulting from home cage food intake prior to testing. For all studies,
rats were placed on this modified feeding schedule for 1 week prior to the onset of training.
For experiments using a between subject design, experimental groups were counter-balanced
based on weight and behavioral performance during acquisition.

2.2. Behavioral training and testing

All training and testing occurred in standard operant boxes (Med Associates; St. Albans
City, VT) housed within sound attenuating chambers. Each box was equipped with a house
light, a speaker, 2 levers, food hoppers, and a recessed food cup (i.e., magazine). A 50/50
mix of sucrose pellets (LabTab Sucrose Tablets 45 mg; TestDiet; St. Louis, MO) and
unflavored pellets (Dustless Precision Pellets 45 mg; BioServ; Flemington, NJ) were used
unless otherwise noted. Training and testing started between 9 and 10 am each day.

2.2.1. Pavlovian conditioning—~Rats were conditioned to associate the presentation
of a discrete auditory tone (conditioned stimulus; CS, 10 s) with the delivery of two food
pellets (unconditioned stimulus; US). The US was delivered at CS offset. Each session
consisted of 25 CS-US pairings that were separated by an average inter trial interval (ITI)
of 60 s (range 30-90 s). Each training session lasted 30 min with one session given per
day (10-12 sessions total). Magazine entries during the CS and the ITI were measured
throughout each session.

2.2.2. Instrumental training and progressive ratio testing—Rats were first
trained to lever press for food pellets using a fixed ratio 1 (FR) schedule of reinforcement
where each response resulted in the delivery of one pellet (3 sessions, 1 session/day). The
work requirement was then increased to an FR3 (three responses/1 pellet) for an additional
3 sessions. Each session ended when the rat received 50 pellets, or 40 min had elapsed.
Completion time, magazine entries, and lever presses were recorded throughout. During
progressive ratio (PR) testing, the number of active lever responses required to receive one
pellet increased exponentially across the testing session (e9-1: 1, 2, 3, 4, 5, 6, [....], [54]).
Break point was defined as the last ratio completed within 30 min. Testing ended when rats
failed to complete the next ratio within 30 min or after a maximum duration of 6 h.

2.3. Cannula implantation, infusion, and histology

To minimize the duration of cannula implantation, all cannulae were implanted following
initial Pavlovian conditioning or instrumental training. Standard stereotaxic procedures were
used to implant bilateral guide cannulae aimed at the NAc core [19]. Briefly, rats were
anesthetized with isoflurane (induction: 5% maintenance: 2.5%) and given carprofen pre-
operatively and once per day for 2 days post-operatively (5 mg/kg, s.c.). Guide cannulae (24
GA cut 9 mm below the pedestal; C316G/SPC, Plastics One; Roanoke, VA) were bilaterally
implanted above the NAc (+ 1.4 A/P, + 2.5 M/L from Bregma; - 6.0 D/V from the top of

the skull, 10° angle). Rats were given ad libitum access to home cage chow the day prior to
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surgery and throughout recovery (7 days). The modified feeding schedule described above
was then reintroduced 5 days prior to behavioral retraining or testing.

Intra-NAc infusions were delivered at a volume of 0.5 puL/side (infusion rate: 0.5 uL/2 min,
injectors left in place for 1 min post-infusion to allow for diffusion), and testing began 10
min after the start of the infusion. Three concentrations of insulin (Cat. #91077C; Millipore
Sigma; Burlington, MA) were examined: 100 nM (0.29 ng, 0.0084 mU), 500 nM (1.45 ng,
0.042 mU), and 60 uM (174.24 ng, 5.0 mU). These concentrations were based on previous
studies showing that 100-500 nM insulin alters neural activity in the VTA [39] and NAc
[21, 58], and that 60 uM insulin (5 mU) given intraventricularly or directly into the arcuate
nucleus or NAc shell altered instrumental responding for sucrose pellets [22, 23]. Because
insulin can act at insulin receptors and the receptor for insulin-like growth factor (IGFR)
[56], the IGFR antagonist Picropodophyllin (PPP; 500 nM, Cat. #2956, Tocris Bioscience;
Bristol, United Kingdom) was co-infused with insulin (Experiment 2). However, given that
there could be unintended effects of this co-administration, we moved to using insulin alone
in the presence or absence of the insulin receptor blocker HNMPA-(AM)3 (350 uM; Cat.
#sc-221,730, Santa Cruz; Dallas, TX) in follow up studies to more directly examine the role
of insulin receptors. Importantly, the goals of these studies were to evaluate the effect of
insulin on behavior, and not necessarily to understand how physiological changes in insulin
affect behavior.

At the end of the study, brains were collected and cannula placement within the NAc was
verified using standard histological procedures [24]. Coronal sections (30 pm; —18 °C; Leica
CM1850 cryostat; Wetzlar, Germany) were collected in series beginning ~ 2.76 mm from
bregma, extending though the cannula tracts and ending ~0.48 mm from bregma [49].

2.4. Details of individual experiments

2.4.1. Experiment 1: Effects of intra-NAc insulin on conditioned approach—
Rats (V= 10) were given 6 sessions of Pavlovian conditioning prior to guide cannula
implantation, as described above. After surgical recovery (7 days), rats were given 4
additional conditioning sessions to ensure stable behavioral responding prior to testing. As
such, 17 days elapsed between initial and post-surgical conditioning sessions. Conditioned
approach in the absence of pellets (25 CS presentations, 60 s variable ITI) was measured
using a within subject design following infusion of vehicle (ACSF: 122.5 mM NaCl, 25 mM
NAHCOj3, 1 mM NaH,PQOy4, 1 mM Ascorbic acid, 2.5 mM KCI, 2.5 mM CaCl, 1 mM MgClI,
7.4 pH, 295-305 mOsm) or insulin (100 nM; Cat. #91077C, Sigma-Aldrich; St. Louis, MO).
Infusion order was counter balanced with one additional conditioning session between each
test (Fig. 1 Experiment 1).

2.4.2. Experiment 2a: Effect of intra-NAc insulin on conditioned approach,
extinction-reinstatement, and home cage chow intake—Rats (A= 16) were given
8 sessions of Pavlovian conditioning prior to guide cannula implantation and 4 sessions of
post-operative conditioning. ldentical to experiment 1, 17 days elapsed between initial and
post-operative conditioning sessions. Rats were then tested for conditioned approach using
a between subject design in which half received vehicle and the other half received 500

Physiol Behav. Author manuscript; available in PMC 2023 October 18.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Finnell and Ferrario

Page 5

nM insulin co-infused with the IGFR antagonist PPP prior to testing. In addition, home
cage chow intake was measured during the first hour immediately following testing (i.e., the
first-time rats had access to chow that day; Fig. 1- Experiment 2a Infusion 1).

Because we did not observe any effect of insulin on conditioned approach in the absence
of food, we next examined the effects of a higher concentration of insulin (60 uM) on
reinstatement and extinction behavior. Importantly, this concentration is within the range of
those previously shown to reduce food intake (see also above). Briefly, 24 h after the first
test described above rats were given a single Pavlovian conditioning session to re-establish
the CS-US relationship. The next day, rats were given an infusion of vehicle or insulin and
responses to 5 presentations of the CS alone were assessed. This was immediately followed
by 5 CS-US pairings identical to the initial conditioning, and an additional 5 presentations
of the CS alone. Magazine entries during the CS and ITI were measured throughout. In
addition, home cage chow intake was measured immediately following testing as described
above (Fig. 1- Experiment 2a Infusion 2).

2.4.3. Experiment 2b: Effects of intra-NAc insulin on break point and home
cage chow intake—Motivation for food was assessed in rats from Experiment 2a using

a PR procedure. Briefly, rats were trained to lever press to receive food pellets as described
above. They were then given one PR test session following intra-NAc infusion of vehicle or
60 uM insulin. Home cage chow intake was measured immediately after this test (Fig. 1-
Experiment 2b). In total, each rat in Experiment 2 received three intra-NAc infusions and
treatment groups were maintained throughout (vehicle treated rats only received vehicle [N
= 8] and insulin-treated rats only received insulin [V = 8]). This allowed us to monitor for
behavioral drift and directly assess effects of repeated infusion and testing within the vehicle

group.

2.4.4. Experiment 3: Effect of NAc insulin on instrumental responding with
and without insulin receptor blockade—Rats in Experiment 2b were subjected to
repeated testing. Thus, to verify and expand upon these findings, a separate set of rats

(V= 24) were trained to lever press for food pellets prior to guide cannula implantation.
For this experiment, active and inactive levers were included in the testing chamber. Only
responses on the active lever resulted in pellet delivery while responses on the inactive lever
had no consequence. Rats in experimental groups underwent PR testing following infusion
of control (V= 8), insulin (60 uM, NV = 8), or insulin co-infused with the insulin receptor
blocker HNMPA-(AM)3, (350 pM, N = 8; Cat. #sc-221,730, Santa Cruz; Dallas, TX). Half
the rats in the control group received HNMPA-(AM)3 alone (V= 4; 350 uM) while the other
half received vehicle (N=4) (Fig. 1- Experiment 3).

2.45. Experiment 4: Effects of repeated intra-NAc insulin on food
devaluation—Reductions in food intake and break point observed in experiments above
could be due to the induction of sickness or malaise by intra-NAc insulin infusion. To
address this possibility, a separate cohort of rats (V= 17) was used to determine whether
intra-NAc insulin results in devaluation. We first confirmed that there was a similar
preference for two distinctly flavored food pellets (banana and unflavored pellets) in a
20-min free consumption test. Next, rats underwent instrumental training in which they
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could earn each type of pellet (details below). We then repeatedly paired one type of pellet
with intra-NAc insulin or intra-NAc vehicle infusion and the other with a mock infusion. In
order to keep conditions as similar to previous experiments as possible, rats were allowed
to work for one pellet type after each infusion or mock infusion. We then re-evaluated
preference for each pellet in a second 20-min free consumption test.

Instrumental training: Rats first learned to press one lever to obtain one type of pellet

and a second lever to obtain the other (left/right counterbalanced). Rats were given two
consecutive 30-minute training sessions each day with one active lever at a time (5 min
between each session, 3 FR1 sessions, 3 FR3 sessions). A maximum of 50 pellets could be
earned per session. After this training, rats underwent surgery for guide cannula implantation
and instrumental re-training after recovery (2 sessions FR1, 3 sessions FR3). Rats were then
assigned to control (A= 8) or insulin groups (MV=9).

Control or Insulin Treatment: Rats in the control group received intra-NAc infusion of
vehicle (ACSF) before being allowed to lever press for one type of flavored pellet (e.g.,
unflavored), and mock infusion (handled identically to infusion days, but no infusion given)
prior to lever pressing for the other flavored pellet (e.g., banana). Rats in the insulin group
received an intra-NAc infusion of insulin (60uM) or mock infusion prior to each session.
All rats received three sets of mock and infusion sessions (1 session/day) with each set of
infusions separated by a 24-hour wash out period. For all groups, rats were given one 40
min FR3 session 10 min following mock or real infusions in which they could work for

one type of food pellet. No limits were set on the number of pellets earned per session.
Approximately half of the rats in each treatment group were assigned to lever press for
unflavored pellets following mock infusion, while the other half worked for banana flavored
pellets. Food pairings were reversed for the vehicle/insulin infusion days. Finally, the effects
of repeated insulin vs. vehicle infusion on preference were assessed 48 h after the final
infusion session (Fig. 1- Experiment 4).

2.5. Statistical analyses

All statistical analysis was conducted using Prism 9 software (Graph Pad; San Dieog, CA).
Direct comparisons of the behavioral effects of insulin or vehicle were only conducted in
groups tested under the same conditions. Two-tailed unpaired t-tests or one-way, two-way,
and three-way ANOVAs followed by Sidak post hoc or Dunnettt’s multiple comparisons
tests were used as appropriate.

3. Results

Fig. 1 shows cannula placements for all studies (panel B) and a representative image of
neutral red stained slices (panel C). Data from any animals with cannula placements outside
the NAc were excluded from statistical analyses (V= 8 of 71).

3.1. Experiment 1: Effects of intra-NAc insulin on conditioned approach

Fig. 2 shows the average rate of magazine entries (xSEM) during acquisition (panel A),
and testing in extinction conditions following intra-NAc infusion (panel B). As expected,
CS-US pairings resulted in significant increases in magazine entries during CS presentation
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(and prior to US delivery) compared to the ITI, and this behavior was not affected by guide
cannula implantation (Fig. 2A; two-way RM ANOVA, main effect of session: F(11 gg) =
6.51, p<0.0001; main effect of period (CS vs. ITI): F(y 9) = 38.26, p < 0.001; session x
period interaction: F(11, 90y = 7.80, p< 0.0001). Next, the effects of intra-NAc infusion of
vehicle or 100 nM insulin on conditioned approach in the absence of food was assessed.
While magazine entry rates during approach testing were significantly greater during the CS
compared with the ITI (Fig. 2B; two-way ANOVA, main effect of period: F; 5)=15.95, p
< 0.05), behavior was unaffected by insulin infusion (Fig. 2B; two-way ANOVA, no main
effect of treatment: F(; 5) = 0.0004, p=0.98; no treatment x period interaction: F; 5) =
0.49, p=0.51). In addition, there were no order effects on behavior (i.e., insulin or vehicle
infusion first).

3.2. Experiment 2a: Effect of intra-NAc insulin on conditioned approach, extinction-
reinstatement, and home cage chow intake

Rats in Experiment 2 quickly learned to associate the presentation of the CS with the
delivery of the US as evidenced by a rapid rise in magazine entry rate during the CS vs.

ITI period (Fig. 3A; two-way RM ANOVA, main effect of period: F(; 15y = 69.70, p<
0.0001; main effect of session: F(11, 165) = 7.33, p < 0.0001; session x period interaction:
F(11, 154) = 18.78, p < 0.0001). In this cohort, conditioned approach was reduced during the
first conditioning session after surgical recovery (Fig. 3A: CS+ Session 8 vs. 9 Dunnett’s p
=0.03), but rapidly returned to pre-operative levels (CS+ Session 8 vs. 10-12 CS Dunnett’s
P=0.84-0.99). Next, the effect of intra-NAc infusion of vehicle or 500 nM insulin in the
presence of PPP on conditioned approach was assessed. Similar to results in Experiment

1, direct infusion of 500 nM insulin into the NAc did not alter conditioned approach, with
similar enhancements in the rate of magazine entries during the CS vs. ITI in vehicle and
insulin groups (Fig. 3B; two-way ANOVA, main effect of period: F(; 50y = 20.03, p<
0.001; no effect of treatment p = 0.54, no treatment x period interaction p = 0.99). However,
when home cage food intake immediately following testing was measured, there was a slight
visual trend towards reduced food intake in the insulin vs. vehicle group (Fig. 3C).

Given the slight trend towards reduced food intake seen in Fig. 3C, these same rats

were re-tested following infusion of a higher concentration of insulin (60 uM) that has
previously been shown to alter instrumental responding for sucrose pellets [22, 23]. In
addition, to further examine potential effects on Pavlovian motivation, rats underwent
extinction-reinstatement testing immediately followed by assessment of home cage food
intake. Prior to extinction-reinstatement testing, all rats were given a single Pavlovian
conditioning session. Magazine entry rates during this “reminder” session were comparable
to post-surgical behavior with greater entry rates during the CS vs. ITI (data not shown).

During extinction-reinstatement testing, the CS was presented alone (5 times), followed by
5 CS-US pairings, and an additional 5 presentations of the CS alone (Fig. 4A). Consistent
with results above, insulin infusion did not alter behavior during any phase of extinction-
reinstatement testing (Fig. 4A; two-way RM ANOVA, no main effect of treatment: Fy, 11)
=0.12, p=0.74; no trial x treatment interaction F(14, 154) = 0.53, p= 0.91). However,
reintroduction of CS-US pairings did enhance responding during the CS vs ITI, as expected
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(Fig. 4A; two-way REML ANOVA Trial 6-10: main effect of trial F(; 2 47.009) = 7.71, p<
0.002; main effect of period: F(1 24) = 18.75, p < 0.002; significant trial x period interaction
F,96) = 3.47, p<0.01), and was followed by rapid extinction when the CS was presented
alone (Fig. 4A: two-way RELM ANOVA, Trial 11-15: main effect of trial: F(; g5 39.7) =
13.66, p < 0.0001, significant trial by period interaction: F4 gg) = 5.51, p < 0.0005).

While extinction-reinstatement was unaffected by 60 uM insulin infusion, home cage chow
intake measured in these same rats immediately following the completion of extinction-
reinstatement testing was significantly reduced in insulin vs. vehicle groups (Fig. 4B;
unpaired two-tailed #test, t(11) = 2.39, p < 0.05). Taken with results from Experiment 1,
these data indicate that intra-NAc insulin infusion does not alter conditioned approach or
extinction-reinstatement, but does reduce food intake.

3.3. Experiment 2b: Effects of intra-NAc insulin on break point and home cage chow

intake

Given the results on home cage chow intake above, we next determined whether intra-NAc
insulin would reduce motivation to work for food pellets. The same rats from Experiment
2a were trained to lever press to receive food pellets (Fig. 5A). All but one rat reached
training criteria by the 3" training session. After training, the effect of 60 uM insulin on the
willingness to work for the food pellets was tested using a PR schedule. Infusion of insulin
into the NAc significantly reduced break point (Fig. 5B; break point: unpaired two-tailed
ttest, t(q0) = 3.10, p< 0.01). Accordingly, the total number of lever presses were also
reduced in insulin vs. vehicle groups (average = SEM: vehicle 190 + 21.84; 60 uM insulin
82.5 + 21.26; unpaired two-tailed £test, t(109) = 3.53, p < 0.01). Consistent with results in
Experiment 2A, chow intake in the home cage measured immediately following PR testing
was also reduced by intra-NAc insulin (Fig. 5C; unpaired two-tailed #test, t(10) = 2.08, p

= 0.06). It is important to note that home cage chow intake following the first test in these
rats was higher than what was observed after their second test (MVehicle test 1: 8.417 + 0.66,
Vehicle test 2: 3.83 + 0.31). This is likely due to the consumption of pellets during the PR
testing vs. only 5 pellets during the extinction-reinstatement test. However, the magnitude
of insulin-induced reductions in home cage chow intake was comparable between these two
tests (22% reduction compared to vehicle in test 1, and 35% reduction compared to vehicle
in test 2).

3.4. Experiment 3: Effect of NAc insulin with and without insulin receptor blockade on

break point

Data above show that intra-NAc insulin reduces motivation to work for flavored food pellets,
and reduces home cage chow intake. Next, we determined whether effects of insulin on
break point require insulin receptor activation. Therefore, PR testing was repeated in a
separate cohort of rats following insulin alone or co-infusion of insulin with the insulin
receptor blocker HNMPA-(AM)3. Controls received HNMPA-(AM)3 alone or vehicle. Rats
readily learned to discriminate between the active and inactive levers during both FR1 (Fig.
BA,; sessions 1-3: two-way RM ANOVA, main effect of lever F(; 24) = 1872, p<0.0001; no
main effect of session F(, 4g) = 0.65, p=0.53, session x lever interaction F,, 48) = 14.24,
p<0.0001) and FR3 training (Fig. 6A; sessions 3-6: two-way RM ANOVA, main effect
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of lever F1, 24) = 27,936, p < 0.0001; main effect of session F(,, 48) = 9.42, p< 0.001;
session X lever interaction F(y 4g) = 22.53, p< 0.0001). In addition, no differences in pre- vs.
post-operative behavior were found (Fig. 6A, B).

During testing, vehicle and HNMPA-(AM)3 only control rats exhibited similar break points
(unpaired two-tailed #test: t) = 0.80, p = 0.23), instrumental responding (two-way RM
ANOVA; main effect of treatment: F(; ¢) = 0.62, p= 0.46), completion time (unpaired
two-tailed #test: tg) = 1.10, p = 0.16), and number of US presentations (unpaired two-tailed
test: tg) = 0.59, p=0.29). As such, data from these groups were collapsed into a single
control group. Because it is unknown how long insulin and HNMPA-(AM)3 remain active
in the brain following infusion, we first assessed active lever responding in 10 min bins
across the PR test session (Fig. 6C). Behavior across the first ~50 min of testing showed a
gradual decline in responding across all groups, and stable variance across time. However,
behavior in both experimental groups became increasingly erratic beginning ~ 80 min after
the start of the test, and responding began to increase alongside this increased variance. This
pattern suggests that drug effects may be waning. Therefore, we limited our analysis to the
first 50 min of the test session, before the onset of erratic behavior and just before the first
rat reached its break point. Examination of responses during this 50 min period showed

that infusion of insulin into the NAc blunted active lever pressing compared to controls and
that co-infusion of HNMPA-(AM)3 partially blocked this effect (Fig. 6C; two-way REML
ANOVA, main effect of treatment: F(; 1g) = 3.90, p < 0.05; treatment x time interaction:
F, 72) = 1.37, p=0.23). A similar pattern was present when total active lever presses were
examined (Fig. 6D: one-way ANOVA, F(,, 18) = 3.90, p < 0.05, Sidak’s post-test control vs.
60 UM insulin p < 0.05, control vs. 60 uM insulin + HNMPA-(AM)3 p = 0.39). Importantly,
inactive lever presses remained consistently low across the PR test (two-way RM ANOVA,
no main effect of time: (o9, 2309) = 1.14, p= 0.31; data not shown) and did not differ between
groups (Avg + SEM: Control 23.63 + 3.34, Insulin 28.00 £ 11.53, Insulin & HNMPA-(AM)3
41.71 + 11.08; one-way ANOVA, F(2, 20y = 0.99, p=0.39; data not shown).

3.5. Experiment 4: Effects of repeated intra-NAc insulin on devaluation of food

Results from Experiment 2 and 3 demonstrate that intra-NAc insulin reduces willingness

to work for food and free food intake. However, it’s possible that this could result from
devaluation of the food by the induction of sickness or malaise following insulin infusion.
To address this possibility, we assessed the effects of repeated insulin infusion on food
devaluation in a separate cohort of rats. During the baseline free choice test, rats consumed
similar amounts of banana vs. unflavored food pellets (Fig. 7A; open bars). Next, rats
underwent instrumental training where they could earn banana pellets by responding on one
lever, and unflavored pellets by responding on another lever (see methods for details). All
rats readily acquired the task (data not shown).

Rats were counterbalanced into vehicle and insulin treatment groups based on their

body weights and free consumption of banana vs. unflavored pellets. Despite our
counterbalancing (including the type of food paired with mock infusion), active lever
pressing was greater during the first mock session in the insulin vs. vehicle group (unpaired
two-tailed #test, t(12) = 2.12, p= 0.055; vehicle mock: 593.2 + 111.2, insulin mock: 816.0
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+ 38.31, data not shown). Although this difference was no longer present during the second
or third mock infusion session, we hesitate to make comparisons of behavior during the
treatment sessions. However, the purpose was to pair infusion of insulin, vehicle, or mock
with one type of food pellet, not to examine effects on instrumental responding per se.
Importantly, consumption of each pellet type was similar across all groups and conditions.

After three sessions of maock, vehicle, or insulin infusion pellet preference was reassessed.
Within subjects comparisons to pre-infusion baseline showed no effect of infusion on
preference for the mock vs. infusion paired food (Fig. 7A: two-way RM ANOVA, no main
effect of group: F(y 12) = 0.11, p=0.75; no main effect of time: F(y 1) = 3.30, p=0.20;

no treatment x time interaction: F(1 1) = 0.52, p= 0.48). Additionally, between subjects
comparisons showed no differences in food consumption between control and insulin-treated
groups during the post-infusion preference test (Fig. 7B). Thus, intra-NAc insulin did not
result in devaluation.

4. Discussion

Although insulin reduces food intake, rather little is known about its broader effects on
feeding behavior and the majority of studies have focused on its actions in hypothalamic
regions. Here we show that direct infusion of insulin into NAc does not alter the expression,
extinction, or reinstatement of conditioned approach. However, intra-NAc insulin did reduce
free chow intake in the home cage immediately following conditioned approach testing.
Consistent with this, the willingness to work for flavored food pellets was also reduced
following intra-NAc insulin. Furthermore, insulin-induced reductions in motivation were
partially driven by activity of the insulin receptor. Reductions in food intake and break point
do not appear to be related to potential feelings of sickness or malaise, as we found no
evidence for devaluation of food paired with insulin infusion. Taken together, these data are
the first to demonstrate that intra-NAc insulin influences the motivation for food and food
intake, without altering conditioned motivational responses to food cues.

The observed dissociation between the ability of insulin to regulate food intake but not
cue-triggered food-seeking has important implications for the regulation of feeding behavior.
Insulin is often thought of as a post-prandial satiety signal that conveys information about
energy intake, ultimately resulting in reduced food intake [6, 20]. Indeed, effects on food
intake and motivation observed here are consistent with this (discussed further below).
However, stimuli in the environment that signal food availability can trigger food-seeking
even in sated animals [15, 52]. Here we modeled cue-triggered food-seeking using a
simplified Pavlovian procedure in which the offset of a discrete tone was immediately
followed by pellet delivery. When tested in the absence of food, rats readily approached

the food cup in anticipation of the pellets appearing (conditioned approach). Across several
different concentrations, the magnitude of this behavior was unaffected by intra-NAc insulin,
even though home cage chow intake immediately following this same test session was
reduced. Thus, null effects on conditioned approach are not due to poor infusion or an
ineffective concentration of insulin in the target tissue. In addition, extinction-reinstatement
data demonstrate that approach behavior is contingent upon CS-US pairings, and that intra-
NAc insulin does not disrupt extinction or reinstatement processes. Thus, while insulin
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influenced feeding, it did not alter cue-triggered food-seeking. This may contribute to the
ability of food-cues to override the homeostatic regulation of feeding.

In three separate tests, we found that home cage chow intake was reduced by intra-NAc
insulin. In addition, in two separate cohorts, insulin reduced the motivation to work for
flavored food pellets (a 50/50 mix of sucrose pellets and unflavored pellets). This is a rather
powerful demonstration of insulin’s anorectic effects within the NAc, given that this was
the first opportunity to eat following the 15-hour fast. The NAc receives gustatory and
visceral information from the brainstem, gustatory cortex, and amygdala andinteracts with
the broader basal ganglia networks, the ventral tegmental area, and lateral hypothalamus
to discretely modulate motor and visceral output and provide information about energy
balance [34]. NAc control of food intake is generally thought to be restricted to foods that
are calorically dense such as those high in fats and sugars [35, 50, 65]. These data and
others have led to the overall suggestion that the NAc is critical in driving opportunistic

or “hedonic” feeding [43], while the hypothalamus, which exerts global control of intake
regardless of caloric content or palatability [4], is critical for the homeostatic regulation of
food intake [4, 43, 57]. We found reductions in chow intake and in motivation for sweet
pellets, suggesting that effects of NAc insulin may not be specific to food type. However,
additional studies are needed to draw more firm conclusions.

We used a progressive ratio procedure to evaluate the effects of intra-NAc insulin on
motivation to obtain food. In the first study, insulin reduced break point and subsequent
home cage food intake (Fig. 5). Importantly, repeated insulin infusion did not result in

the devaluation of insulin-paired food (Experiment 4, Fig. 7). Thus, effects of insulin on
instrumental responding during PR testing are not likely due to malaise or aversion to the
insulin-paired food. The absence of insulin-induced devaluation is also consistent with a role
for NAc insulin receptor activation in flavor-nutrient learning [58, 63].

We also evaluated the ability of insulin-receptor blockade to prevent insulin-induced
reductions in instrumental responding for food in a separate cohort of rats. Examination

of the time course of active lever pressing showed that the variance in behavior was low
and stable across the initial 50 min of testing, but increased in the latter portion of the
session, particularly in rats that received a co-infusion of insulin and the insulin receptor
blocker HNMPA-(AM)s3. This pattern strongly suggests that the pharmacological action of
HNMPA-(AM)3 may subside more quickly than that of insulin, and/or that the drug may

be cleared faster than insulin. Given this, we focused our analysis on behavior during the
first 50 min of the session. We found that active lever responding was reduced by intra-NAc
insulin, and that this effect was partially blocked by co-infusion of HNMPA-(AM)s. It’s
possible that this partial blockade was the result of competing effects of insulin. Insulin

can also activate insulin like growth factor receptors (IGFRs) and IGFR-induced reductions
of food intake have been demonstrated in chicks [27], female rats [61], and diabetic rats
[42]. Thus, activation of IGFRs within the NAc may also contribute to effects observed
here. Alternatively, this partial blockade could be due incomplete inhibition of insulin
receptors by the concentration of HNMPA-(AM)3 used. However, this same concentration
of HNMPA-(AM)3 completely prevented effects of insulin on NAc glutamate and dopamine
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in previous studies [21, 46]. Nonetheless, results here support the idea that NAc insulin
receptor activation accounts for at least part of the observed reduction in motivation.

Only two previous studies have examined the effect of insulin on instrumental responding
for sucrose (i.e. sucrose self-administration). One found that intraventricular infusion of

the same concentration of insulin used here (60 uM) reduced lever pressing for sucrose
pellets [23]. A follow-up study from this same group found that infusion of insulin into

the NAc shell modestly /increased sucrose self-administration compared to controls [22]. As
mentioned in the introduction, NAc core and shell sub-regions have distinct roles in feeding,
with the NAc shell predominantly influencing food intake, and the NAc core influencing
food-seeking and instrumental responding for food [33, 34]. This stems in part from classic
studies showing that reducing activity in the NAc shell (by enhancing inhibition or blocking
excitation) increases food intake [36, 53]. In contrast, these same manipulations in NAc
core did not affect free food intake [36]. However, inhibiting excitation in the NAc core via
NMDA receptor blockade reduced food self-administration, while this same manipulation in
the NAc shell had no effect [17]. Thus, manipulations of the NAc core generally influence
food self-administration, but not free food intake, whereas manipulations of the NAc shell
show the opposite pattern. In regard to cue-triggered food-seeking, manipulations of either
the core or the shell can affect these behaviors [51], although there is evidence that these
effects are more pronounced in the core [3, 13, 62]. Cannula here were aimed at the NAc
core. Placements based on histology show that while the majority of infusion sites fell
within the core, some fell on the core/shell border and a few within the shell. While it is
difficult to estimate infusion spread, the rather extensive literature described briefly above
suggests that behavioral effects of insulin on instrumental responding could be primarily
mediated by the core, while effects on food intake could rely on the shell. This warrants
further investigation.

Another important consideration is the concentration of insulin administered. In the current
study, infusion of 60 pM insulin produced the strongest and most reliable effects on

food intake and food self-administration. This is comparable to the concentration used

in previous studies of insulin administered directly into the hypothalamus, NAc shell or
intraventricularly [2, 10, 14, 22, 23, 47]. It is also within the range used in recent ex

vivo studies examining the effects of insulin on dopamine and glutamate transmission (for
review see [20]). While these concentrations are likely outside the physiological range,
antagonist studies (here and prior research) confirm that effects are specific to insulin
receptor activation.

Results here also have important implications for obesity and Type Il diabetes that are
characterized by insulin resistance, enhanced food intake and food craving [9, 16, 26].
While the current study does not directly address obesity or diabetes, diet-induced obesity
reduces NAc insulin receptor expression and blunts the ability of insulin to influence NAc
neurotransmission [21, 58].Thus, obesity may result in a reduction in insulin’s ability to
influence food intake via actions in the NAc, although this requires direct testing.

In the current studies, all rats were maintained on a modified fixed feeding schedule to
ensure that they had not eaten prior to behavioral training or testing, and to facilitate
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comparison to the existing literature. Acute food deprivation is known to alter several
hormones (e.g., ghrelin, insulin, glucagon) [1, 32], and can induce a Hypothalamic-Pituitary-
Adrenal (HPA) axis mediated stress response (see [64]). However, no similar studies have
examined potential effects of prolonged modified feeding schedules, like the one used here,
on HPA mediated hormonal responses. Thus, it’s possible that behavioral effects of insulin
may differ in ad /ib fed animals or in animals fasted for shorter periods of time prior to
testing. This is an important consideration that should be systematically evaluated in the
future.

In sum, studies here demonstrate for the first time that intra-NAc insulin regulates distinct
aspects of feeding behavior: reducing the motivation to work for food and food intake
without altering conditioned motivational responses to food cues. Importantly, effects on the
motivation to work for food were partially driven by insulin receptor activation and were
not due to the induction of sickness or malaise. Moreover, the specificity of insulin-induced
behavioral effects adds to the existing literature showing a dissociation of processes that
underlie cue-triggered urges to seek out food vs. motivation to consume food itself [15].
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Fig. 1.
Experimental timelines and cannula placements. (A) Timelines of Pavlovian conditioning

(Pav Cond); instrumental training (Inst Train) and key testing days for all experiments
(vehicle [\Veh]; control [Con] insulin [Ins]; Picropodophyllin [PPP]; HNMPA-(AM)3
[HNMPA]). (B) Schematic of cannula placements ranging from +1.2 mm to +2.20 mm
from Bregma. Images adapted from Paxinos and Watson [49]. (C) Representative image of
cannula placement from a neutral red stained slice.
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Fig. 2.

Intra-NAc infusion of 100 nM insulin does not alter conditioned approach. (A) Acquisition:
Magazine entries per second during the CS and ITI periods. The dotted line shows when
cannula implantation occurred. (B) Testing in extinction conditions: Magazine entries per
second during the CS and ITI periods following infusion of vehicle or 100 nM insulin. All
data shown as average + SEM (*p < 0.05, **p < 0.01).
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Fig. 3.

In?usion of 500 nM insulin into the NAc does not alter conditioned approach. (A)
Acquisition: Magazine entry rate during the CS and ITI period before and after cannula
implantation, denoted by the dotted line. (B) Testing in extinction conditions: Magazine
entries per second during the CS and ITI following infusion of vehicle or 500 nM insulin
infusion in the presence of PPP. (C) Chow consumed in the home cage during 1 hour
immediately following conditioned approach testing. (CS vs ITI: **p< 0.01, ***p < 0.001).
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Infusion of 60 uM insulin did not alter extinction-reinstatement behavior but did reduce
chow intake. (A) Extinction-reinstatement testing: Rate of magazine entries during
presentation of the CS alone (Trials 1-5 and 11-15), and CS-US pairings (Trials 6-10) in
vehicle (closed symbols) and insulin (open symbols) treated groups. Magazine entries during
CS or CS-US presentations are shown by closed and open circles (Trial) and responses
during the inter-trial-interval (ITI) are shown by closed and open squares. (B) Chow
consumed in the home cage 1 hour immediately following the completion of extinction-
reinstatement testing. (*p < 0.05).

Physiol Behav. Author manuscript; available in PMC 2023 October 18.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Finnell and Ferrario

A.

Lever Presses

B.
60 30+ 264
o
50 }_‘{/ 254 00 %% 1220
°
40+ € 20+ -176
o]
o
30 ~ 154 132
(4]
o
20+ m 104 -88
10 54 -44
00 | 0~Vehicle 60 M °
Insulin
Session
Fig. 5.

S9ssald JoAaT [ejoL

Home Cage Chow Consumed (g)

Page 21

.‘T‘.
.

Vehicle 60 iM
Insulin

Intra-NAc infusion of 60 PM insulin reduced motivation for pellets and reduced home

cage chow intake. (A) Acquisition: Number of lever presses during each of the three FR1
training sessions. (B) Progressive ratio testing: break point and total lever presses in vehicle
and insulin-treated groups. (C) Chow consumed in the home cage for 1 hour immediately
following the completion of PR testing. (*p = 0.06, **p < 0.01).
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Fig. 6.

Co-infusion of 60 pM insulin with HNMPA-(AM)3 partially blocks instrumental responding
during the first 50 min of PR testing. (A) Number of active and inactive lever presses across
pre-surgical FR1 and FR3 training sessions. (B) Number of active and inactive lever presses
across post-surgical FR1 and FR3 training sessions. (C) Number of active lever presses
occurring in 10-minute bins across the PR testing. (D) Total number of active lever presses
made within the first 50 min of PR testing (*p < 0.05 vs. control).
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Repeated intra-NAc insulin infusion does not alter the preference for food paired with
insulin. (A) Percent preference for infusion paired food in vehicle and insulin groups at
baseline (pre-infusion) and post-infusion. (B) Grams of food consumed (total, mock-paired,
and infusion-paired) during the post-infusion preference test for control and insulin groups.
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