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Abstract

Hypothalamic Agrp neurons are critical regulators of food intake in adult mice. In addition to food
intake, these neurons have been involved in other cognitive processes, such as the manifestation of
stereotyped behaviors. Here, we evaluated the extent to which Agrp neurons modulate mouse
behavior in spatial memory-related tasks. We found that activation of Agrp neurons did not affect
spatial learning but altered behavioral flexibility using a modified version of the Barnes Maze task.
Furthermore, using the Y-maze test to probe working memory, we found that chemogenetic
activation of Agrp neurons reduced spontaneous alternation behavior mediated by the
neuropeptide Y receptor-5 signaling. These findings suggest novel functional properties of Agrp
neurons in memory-related cognitive processes.

Graphical abstract

Corresponding author: Marcelo O. Dietrich, MD, PhD, Yale University School of Medicine, 310 Cedar Street, Brady Memorial
Laboratory, Suite 330C, New Haven, CT — 06520, Phone: +1-203-785-6695, marcelo.dietrich@yale.edu.

Authors’ contributions

M.R.Z. performed the Y-maze experiments, designed the studies, analyzed the data and wrote the manuscript. A.S. performed the
Barnes Maze experiments, designed the study, and analyzed the data. M.O.D. helped performing the Y-maze experiments, supervised
the work, designed the studies, analyzed the data, and wrote the manuscript.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

Conflict of interest
The authors declare no conflict of interest.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zimmer et al. Page 2

Agrp neurons

NPY, receptor signaling

’ LN

- - D H
v T : /
od . . i

New

Reduced behavioral flexibilty ~ Reduced spontaneous alternation

Keywords
Memory; cognition; animal model; hypothalamus

Introduction

Animals need to adapt different behavioral strategies in times of caloric needs to ensure
survival. For instance, animals rely on spatial memory and working memory to exploit
nutritional supplies and decision-making [1]. In fact, it is the strong influence of hunger on
the behavior of the animal that has ignited the study of animal behavior since Pavlov [2, 3].
Agouti-related protein (Agrp)-producing neurons, located in the arcuate nucleus of the
hypothalamus, are critical regulators of food intake in mice [4-7]. In addition to food intake,
Agrp neurons are involved in behaviors that are not proximally involved in food ingestion
[8-10]. For example, chemogenetic activation of Agrp neurons elicits repetitive and
compulsive behaviors when mice are tested in the absence of food [9]. Despite these
previous findings, we still know little about the influence of Agrp neurons in memory-
related cognitive functions.

Here, we performed behavioral assays to assess memory-related cognitive processes in mice
under conditions of Agrp neuron activation. We found that chemogenetic activation of Agrp
neurons modulate the performance of mice in behavior tasks involving spatial learning and
working memory.

Methods

Animals

All mice used in the experiments were 4-8 months old from both genders. Agrp”?VI mice
and control animals are AgroCre™™'* - Trpvi™!= ::R26-LSL-Trpvi® and Trovi™~ :R26-
LSL-TrpviGt respectively [9, 11]. Similarly, Agrp”PvL:VgatkO gand control animals are
AgrpCreT™M* :- Trpv 11~ -:R26-L SL-Trpvi1Ct* ::\Vigat 10X Flox and Trovi!~::R26-LSL -
TrovICI* - \igat Tox-FIox_ Agrifre and R26-SL-TTPVA  respectively. Vgat/o%FIoX mice were
backcrossed to 77pv2€O mice. All mice were kept in temperature- and humidity-controlled
rooms, in a 12/12 hr light/dark cycle, with lights on from 7:00 AM-7:00 PM. Food and
water were provided ad libitum unless otherwise stated. All procedures were approved by
IACUC (Yale University).
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Drugs used were: capsaicin (3.33% Tween-80 in PBS; from Sigma) and CGP71683
hydrochloride (hereinafter referred as neuropeptide Y receptor 5 (NPY5R) antagonist) (in
5% DMSO, 5% Tween-80 in water; from Tocris). All drugs were injected in a volume of 10
ml/kg of body weight intraperitoneally (i.p.). Route of administration and dose of drugs
were established according to previous study published by our group [9].

Modified Barnes Maze

A schematic representation of the Barnes Maze is given in Figure 1A. The Barnes Maze
consists of a white elevated circular platform (91 x 122 cm) with 40 equidistant holes
located around the edges. A dark Plexiglas escape chamber was placed under one of the
holes (target hole) in which the animals could hide. Four reference cues were presented in
the walls surrounding the maze. Animals were tested under a 300-watt light to create an
aversive environment in the surface of the apparatus due to the bright illumination. Before
each trial, mice were placed in a dark enclosed start box positioned in the center of the maze.
Ten seconds later, the box was lifted, and animals were allowed to explore the maze. The
protocol consisted of four days of training (learning or acquisition phase) in which animals
were allowed to explore the apparatus for 180 seconds during each trial. During the
intervals, animals returned to the home cage. At day 5, we tested the effect of activation of
Agrp neurons in the recall of memory. Mice were not tested at days 6 and 7. At day 8, we re-
tested mice in the maze to evaluate any long-lasting effects of Agrp neuron activation at day
5. At day 9, we performed the probe trial in which the escape chamber was removed, and
animals were allowed to explore the maze for 180 seconds to evaluate exploratory behavior
and behavior search strategy to find an alternative escape route upon activation of Agrp
neurons. We performed four trials a day for each animal with an inter-trial interval of 15
minutes. During the inter-trial interval, mice were placed in the home cage and no food was
provided. At day 13, we performed a reversal learning trial of 180 seconds after injection of
capsaicin to all mice. Latency to reach the escape chamber and total distance traveled were
recorded and measured automatically by a video tracking system (ANY-maze software,
Stoelting Co, Wood Dale, IL).

Spontaneous alternation behavior (Y-Maze)

The Y-maze consisted of a black Plexiglas apparatus with three symmetrical enclosed arms
(30 cm long, 8 cm wide and 15 cm high) at 120° angle from each other. The arms converged
on an equilateral triangular center platform (5 x 5 x 5 cm). Animals were recorded under
infrared illumination during the dark cycle. Prior to testing, animals received an injection of
capsaicin (10 mg/kg, i.p.). Testing began when animals were placed in one arm of the Y-
maze and allowed to explore the environment for 10 minutes. For Agrp’/Pv1VoalkO mice
were placed in one arm of the Y-maze and allowed to explore the environment for 15
minutes. An animal was considered to enter an arm when 85% of the body surface was
within the arm. The number of arm entries and the sequence of entries were recorded using a
video tracking software (Any-Maze software, Stoelting Co., Wood Dale, IL). In the
indicated experiments, NPY5R antagonist (30 mg/kg, i.p.) or vehicle were administered 30
minutes prior injection of capsaicin. Spontaneous alternation behavior was calculated as the
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ratio of correct alternations (A) to possible alternations (hnumber of arm entries — 2) (Figure
3A). A correct alternation is considered when animals visit the three different arms of the Y-
maze consecutively (e.g., ABC, ACB, CBA). The number of correct alternations is a
conserved measure of working memory processes.

Statistical analysis and data plotting

Results

Prism 8.0 was used to analyze data and plot figures. All figures were edited in Adobe
Illustrator CS6/CC. Data were first subjected to a normality test using the D’ Agostino &
Pearson normality test or the Shapiro-Wilk normality test. When homogeneity was assumed,
a parametric analysis of variance test was used. Two-way ANOVA with repeated measures
was used to compare multiple groups and days/trials of testing. When necessary,
Greenhouse-Geisser estimates of sphericity were used to correct for degrees of freedom.
Holm-Sidak’s multiple comparisons test was used to find post-hoc differences among
groups. The student’s #test (paired and unpaired) and the Mann-Whitney U test were used to
determine significance between two groups. Chi-square test was used to analyze the
differences in the use of search strategies in the Barnes Maze. Statistical data are provided in
the figures. £< 0.05 was considered statistically significant.

To investigate to what extent Agrp neurons influence cognitive performance in memory-
related tests that do not involve food cues, we tested the effect of the chemogenetic
activation of these neurons in a modified version of the Barnes Maze test (Figure 1A). To
activate Agrp neurons, we used Agrp"™V1 mice [9, 11], Agro™™V1 mice expressed the Trpvl
receptor exclusively in the Agrp neurons. Trpv1l is a calcium receptor activated by capsaicin,
its exogenous ligand. Thus, this animal model allows the chemogenetic activation of Agrp
neurons by peripheral injection of capsaicin.

Unsurprisingly, during the learning phase both control and Agrp™™ V1 mice decreased the
latency to reach the escape chamber [Figure 1B and 1D; day 1 (effect of trial, /3 7g = 22.31,
P <0.001; effect of genotype, £ 26 = 0.40, P=0.53; interaction, /3 73 = 0.57, P=0.64); day
2 (effect of trial, /378 = 7.65, P=0.002; effect of genotype, £ 26 = 0.12, P=0.73;
interaction, £3 75 = 0.86, A= 0.47); day 3 (effect of trial, /3 75 = 11.02, P< 0.001; effect of
genotype, £y 26 = 1.06, P=0.31; interaction, /3 73 = 0.30, P=0.83); day 4 (effect of trial,
F378 =0.74, P=0.53; effect of genotype, £ 56 = 0.01, P=0.91; interaction, /3 7 = 1.06, P
= 0.37)] and the distance traveled [Figure 1C; day 1 (effect of trial, /3 75 = 36.30, < 0.001;
effect of genotype, A 26 = 0.76, P=0.39; interaction, /3 7g = 3.32, P=0.024); day 2 (effect
of trial, /3 78 = 3.24, P=0.027; effect of genotype, F1 26 = 1.25, P= 0.2743; interaction,
F378 =0.86, P=0.46); day 3 (effect of trial, /3 75 = 6.72, P=0.0004; effect of genotype,
F126 =0.05, P=0.82; interaction, /3 73 = 0.92, P=0.43); day 4 (effect of trial, /3 75 = 0.99,
P=0.40; effect of genotype, F1 26 = 0.49, P=0.49; interaction, /375 = 2.17, P=0.09)] to a
similar degree.

At day 5, chemogenetic activation of Agrp neurons by injection of capsaicin in Agrp'PV1
mice did not alter the performance of mice in the Barnes Maze as demonstrated by the
latency to enter the escape chamber (Figure 1E; effect of trial, /5 75 = 3.46, P= 0.02; effect
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of genotype, F 26 = 1.26, P=0.27; interaction, /3 7g = 0.50, 2= 0.68) and the distance
traveled in the apparatus (Figure 1F; effect of trial, /3 75 = 5.62, £= 0.0015; effect of
genotype, £y 26 = 0.16, P=0.69; interaction, /3 73 = 0.63, 7= 0.60). We then evaluated
whether testing animals upon chemogenetic activation of Agrp neurons had any long-lasting
effects on behavior performance. At day 8, we tested the animals once again for four trials
without injection of capsaicin. We did not observe any statistical differences in the latency to
reach the escape chamber (Figure 1G; effect of trial, /5 75 = 1.91, P= 0.13; effect of
genotype, £y 26 = 0.15, P=0.71; interaction, £3 7g = 0.65, A= 0.58) or in the distance
traveled in the apparatus (Figure 1H; effect of trial, /3 73 = 1.02, P=0.39; effect of
genotype, £y 26 = 1.22, P=0.28; interaction, 3 7g = 1.22, A= 0.31). Thus, in mice that
learnt the contingency of a spatial memory task that does not involve food rewards,
chemogenetic activation of Agrp neurons does not disrupt the retrieval of the memory, the
motivation to perform the test, and the long-term retrieval of the memory.

Next, we performed a probe trial with no escape hole (Figure 2A). Typically, the probe trial
consists of a single short trial [12, 13]. However, we opted to run four trials to investigate the
dynamic changes in behavior upon chemogenetic activation of Agrp neurons. During the
probe trials, mice searched around the target area for the escape chamber (Figure 2B-F and
Movie S1), corroborating activation of Agrp neurons did not alter memory recall (similar to
Figure 1). Compared to control mice, chemogenetic activation of Agrp neurons led to a
relative increase in the exploration of the target quadrant of the apparatus where the escape
hole was previously located (Figure 2G-H; £=0.002 using Holm-Sidak’s multiple
comparisons test after two-way ANOVA: effect of quadrant, ~, 5, = 184.6, < 0.0001,
effect of genotype, A 26 = 2.52, P=0.12; interaction, ~, 5 = 6.41, P=0.003 - all trials
combined) and a decrease in the time exploring adjacent quadrants (Figure 2G-H; £=0.02).

We also measured other indexes of exploratory behavior during the probe trials. The total
number of hole entries (Figure 21; effect of trial, ~ 57 67.05 = 5.39, = 0.003; effect of
genotype, £y 26 = 11.73, P=0.002; interaction, /3 7g = 0.46, = 0.70) and the total number
of holes explored (Figure 2J; effect of trial, £ 46 63.99 = 23.50, P< 1078; effect of genotype,
F126 =12.24, P=0.001; interaction, /3 78 = 0.96, = 0.41) were reduced upon
chemogenetic activation of Agrp neurons. Concomitantly, the number of holes not explored
across all four trials was increased in Agro™™V1 mice (Figure 2K; b3 g = 4.15, P=0.004,
unpaired ¢test with Welch’s correction). In line with the decreased investigation of
alternative holes to exit the apparatus, chemogenetic activation of Agrp neurons significantly
decreased the distance traveled compared to control mice (Figure 2L; effect of trial, /3 75 =
23.17, P<0.0001, effect of genotype, F; 26 = 17.10, = 0.0003; interaction, /3 7g = 0.39, P
=0.76). Thus, in a probe trial with no escape chamber, chemogenetic activation of Agrp
neurons seem to impair exploratory behavior and searching behavior for a new escape
alternative, skewing mouse behavior towards previously acquired navigation strategies.

To further understand the consequences of these changes in search behavior, we ran another
trial on day 13, in which we placed a new escape chamber at 180° from the original target
hole (Figure 2M). Four out of 9 control mice and 6 out of 19 Agrp"™"1 mice found the new
escape chamber (Figure 2N; x2; = 0.44, P, = 0.25, chi-squared test; and Figure 20-P).
We did not find a significant difference in the number of holes explored (Figure 2Q; & =
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1.03, £=0.33, unpaired ttest) or the distance traveled in the apparatus between control and
Agrp'™V1 mice that were able to enter the new escape chamber (Figure 2R; & = 0.45, P=
0.66, unpaired ftest). We next analyzed the behavior of mice that did not enter the new
escape chamber during the trial (Figure 2S-T). In this subgroup of mice, chemogenetic
activation of Agrp neurons decreased the total number of holes explored (Figure 2U; g =
4.102, P=0.0008, unpaired ttest) and the distance traveled in the apparatus (Figure 2V; 4g
=2.43, P=0.02, unpaired ttest) compared to control mice. Thus, the results from the
modified Barnes Maze test implies that chemogenetic activation of Agrp neurons in mice
suppresses the searching behavior to find an escape alternative, suggesting that in more
natural conditions the overactivation of these neurons can impair behavior flexibility.

One possibility for the impaired behavior flexibility upon chemogenetic activation of Agrp
neurons in the Barnes Maze probe trials is altered working memory. To more directly test for
working memory, we measured the spontaneous alternation behavior of mice (Figure 3A).
Spontaneous alternation is conserved across mammals [14, 15] and comprises the tendency
of animals to alternate arms when exploring a maze [16-18]. The Y-maze test used here
evaluates the spontaneous alternation behavior as a measurement of spatial working memory
[19-21], which is independent of previous training or the use of food rewards.
Chemogenetic activation of Agrp neurons did not alter the number of arm entries (Figure
3B; control: 45.75 + 3.12, n = 8; Agrp"™1: 41.00 £ 2.26, n = 11; 7 = 1.26, P=0.22,
unpaired ¢test) but led to a reduced proportion of correct spontaneous alternations towards
random choices (Figure 3C; control: 67.01 + 2.69 %; Agrp'™PV1: 57.49 + 2.42 %; t7 = 2.60,
P=0.01, unpaired ttest). This result suggest chemogenetic activation of Agrp neurons
reduces the performance in a test of working memory in mice.

Next, we investigated whether GABA release by Agrp neurons was involved in the impaired
spontaneous alternation behavior upon chemogenetic Agrp neuronal activation. We
generated Agro™™V1 mice with impaired GABA release selectively from Agrp neurons
(Figure 4A) [22]. Using this mouse model, chemogenetic activation of Agrp neurons did not
significantly change the number of arm entries (Figure 4B; control: 59.75 + 4.92, n = 12;
Agrp'Pv1:VeatkO: 57 00 £ 591, n = 9; #9 = 0.35, P=0.72, unpaired ¢test) but decreased the
number of spontaneous alternations (Figure 4C; control: 69.87 + 2.01 %; Agrp'Pv1-VgatKO.
62.14 + 2.53 %; g = 2.42, P=10.02, unpaired ttest) similar to our previous results (Figure
3). Thus, GABA release by Agrp neurons does not seem to mediate the reduced spontaneous
alternation behavior upon chemogenetic activation of Agrp neurons.

Agrp neurons also release neuropeptide Y (NPY), which signal mainly through downstream
NPY and NPY 5 receptors [23-26]. In a previous study, we demonstrated that repetitive
behaviors driven by the chemogenetic activation of Agrp neurons were mediated by NPY5
receptor signaling [9]. Hence, we sought to test the role of NPY5 receptor signaling in
spontaneous alternation behavior upon chemogenetic Agrp neuron activation (Figure 4D).
The NPY 5 receptor antagonist CGP71683 (30 mg/kg, i.p.) reduced the total number of arm
entries in both control (Figure 4E; vehicle: 38.18 + 3.13, n = 17; NPY5R antagonist: 30.35
+2.24,n=17; ;g = 3.17, P=0.005, paired ttest) and Agrp"™V1 mice (Figure 4F; vehicle:
35.88 + 2.28, n = 16; NPYR antagonist: 20.25 + 1.76, n = 16; 45 =5.91, £<0.0001, paired
ttest) compared to vehicle injected animals. In control animals, treatment with the NPYsR
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antagonist did not significantly change spontaneous alternation behavior (Figure 4G; effect
of time, £y 16 = 1.23, P=0.28; effect of drug treatment, F 15 = 0.31, = 0.58; interaction,
F1 16 =0.41, P=0.52, two-way ANOVA with time as a repeated-measure). On the other
hand, treatment of Agrp™™V1 mice with the NPY5R antagonist blunted the reduction in
spontaneous alternation behavior observed upon chemogenetic activation of Agrp neurons
(Figure 4H; effect of time, £ 15 = 7.29, P=0.01, effect of drug treatment, F; 15 = 2,15, P=
0.16; interaction, £ 15 = 4.70, P= 0.04, two-way ANOVA with time as a repeated-measure).
Together, these findings suggest that Agrp neurons are capable of altering cognitive
performance in mice at least partially via NPY 5 receptor signaling in behavior tests that
probe working memory and do not involve food related cues.

Discussion

Agrp neurons are classically involved in the promotion of hunger [5, 6]. This study provides
support for the capacity of hypothalamic Agrp neurons to alter cognitive processes in
behavior tasks that do not involve food cues or food rewards. More specifically, our findings
suggest that chemogenetic activation of Agrp neurons can acutely shift the behavior
repertoire of mice in memory-related tests, impairing the use of working memory and
suppressing exploratory searching behavior towards a non-food related escape goal.

Animals use spatial memory to navigate and to recall their past locations [27]. Spatial
learning and memory are assessed in rodents using a variety of approaches, such as the
Morris Water Maze, the Barnes Maze, and the Radial Arm Maze [27-33]. Here, we used the
Barnes Maze test as the least stressful option compared to the Morris Water Maze as it does
not require mice to swim in cold water. Additionally, the Barnes Maze does not require food
rewards as often used in the Radial Arm Maze [13, 34]. Using the Barnes Maze, we found
that chemogenetic activation of Agrp neurons was capable of suppressing searching
behavior for a new escape chamber when the previously memorized escape location was
either removed or altered. This behavior could result from drive competition, in which
activation of Agrp neurons would generate a motivational drive presumably for food that
suppresses the drive to explore the aversive environment and find a new escape route [35].
However, (1) chemogenetic activation of Agrp neurons did not alter behavior performance
during trials in which the escape chamber was at a previously memorized location; and (2)
in the probe trials, mice in which the Agrp neurons were activated showed skewed
exploration of the previously memorized escape hole compared to alternative holes. Thus,
the motivation to find the escape chamber seem to be preserved upon chemogenetic
activation of Agrp neurons, which would argue against a competition between motivational
drives. An alternative explanation to these findings would be that activation of Agrp neurons
alters behavioral flexibility [36—-38] and working memory, favoring previously established
memories.

The Y-maze test used to assess spontaneous alternation behavior [14-18] measures spatial
working memory [19-21]. In this test, a score of 50% indicates random choice between two
arms [39]. Performance below 50% indicates repetitive/perseverative choices [40, 41], while
a performance above 50% indicates use of working memory in making behavior choices
[42]. We found that chemogenetic activation of Agrp neurons impairs the performance in the
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task towards 50% performance, suggesting random choices and impaired use of working
memory. The impaired performance in the spontaneous alternation test was mediated, at
least partially, by NPY'5 receptor signaling. These results are similar to a previous report
from our laboratory demonstrating that chemogenetic activation of Agrp neurons led to
repetitive, stereotypic behaviors via NPY'5 receptor signaling [9]. In our studies we used
peripheral injection of a pharmacological antagonist of NPY'5 receptor signaling.
Intriguingly, the same dose and route of administration of this pharmacological antagonist
did not suppress Agrp neuron activation driven food intake in mice [9]. Together, these
results suggest that the repetitive behaviors and reduced performance in the Y-maze test
upon chemogenetic activation of Agrp neurons are likely not the product of the same
cognitive processes involved in food intake. Alternatively, because NPY'5 receptors are
expressed in several downstream targets of Agrp neurons [26, 43] as well as in cortex and
hippocampus [43-45], our studies cannot precisely identify which NPY 5 receptor expressing
neurons are important to blunt the effects of Agrp neurons on spontaneous alternation
behavior. It could be that upon activation of Agrp neurons in testing conditions with no food
available, neurons that express the NPY5 receptor - and are not direct targets of Agrp
neurons - control the expression of these altered cognitive processes. Future studies should
address this question using more specific tools to perform discrete manipulations of NPY
signaling whilst conducting similar behavioral assessments of working memory.

Agrp neurons are considered bona fide motivational drivers of food intake. Our behavior
results may suggest a broader view of the drive generated by the activity of these neurons,
i.e. hunger. Agrp neuron activity seems to signal an ‘energy storage’ drive, rather than a
drive specific to food appetite. In this case, the drive would be transmitted to other neuronal
networks that would take the most adaptive solution to obtain energy, to decrease energy
expenditure, and to store excess energy in body supplies (e.g., fat). In situations of increased
food supply, food intake is the most adaptive solution to increase energy storage. Conversely,
in conditions when food sources are scarcely available, decreasing the expenditure of energy
in seemingly superfluous activities would be the most adaptive solution. Thus, in the case of
the Barnes Maze test, when the escape chamber is removed or difficult to find (as in animals
that did not enter the chamber in the reversal learning trial), Agrp neuron activity suppresses
the search for the new solution, as this would presumably be the most cost-effective solution
energetically. In support of this model, we and others have investigated the effects of Agrp
neuron activity in a variety of behavior tests and have never found a strong suppression in
the exploratory drive [9, 35, 46] as reported in the probe trials of the Barnes Maze. In fact,
activation of Agrp neurons is typically related to increased activity levels that are interpreted
as foraging activity in anticipation of food intake [9, 35, 46]. Comparisons between the
physiological and behavioral processes controlled by Agrp neurons as well as other neurons
involved in motivational states would help to clarify the extent to which this framework
refers to what we denominate ‘hunger’ or refers to a more distinct motivational state. Were
this model to hold, it would be intriguing to see the performance of mice in tests that involve
food rewards, life-threatening conditions, and more naturalistic settings when the
environment is less deterministic than that in the laboratory.

Our results highlight the involvement of evolutionarily conserved Agrp neurons in the
mammalian hypothalamus in the coordination of complex cognitive functions in conditions
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that do not necessarily - or proximally in an ethological perspective - involve metabolic or
appetite control. They provide experimental evidence to inquire about the functional
organization of the mammalian brain and how neurons that generate motivational states
communicate with neuronal networks involved in memory recall and executive functions.
Moreover, our findings can raise novel insights in the understanding of several human
conditions characterized by metabolic and cognitive dysfunctions, including obesity,
anorexia nervosa, and Prader-Willi Syndrome. Since neuropeptide Y receptor-5 antagonists
have been tested in clinical studies in humans, these compounds could be promptly tested in
these human conditions.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1: Activation of Agrp neurons does not impair spatial learning.
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(A) Hlustrative representation of Barnes Maze and experimental protocol. On days 5, 9, and
13 they received an injection of capsaicin (10 mg/kg, i.p.) before trials. Control (n = 9) and
Agro"™V1 mice (n = 19) were tested. (B-C) Latency and distance traveled to reach the
escape hole in the learning phase during trials across days. (D) Tracking data from a control
animal representing one trial per day during the learning phase. (E-F) Latency and distance
traveled to reach the escape hole upon Agrp neuron activation. (G-H) Latency and distance
traveled to reach the escape hole three days after the injection of capsaicin, to probe the
long-lasting effects of Agrp neuron activation. In B, C, E, F, G, and H symbols represent
mean + SEM. Statistically significant Pvalues are provided in the panels.
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Figure 2: Activation of Agrp neurons alters spatial navigation in probe trials.
(A) Hlustration of the Barnes Maze in the probe trials with the removal of the escape hole.

(B) Heat plot showing the number of entries in each hole (X axis) across the four trials at
day 9 (each box is one trial; each row is one mouse). (C-D) Quantification of data from B in
the form of histogram distribution. (E-F) Cumulative superimposed tracking plots of control
(n=9) and Agrp™™V1 mice (n = 9 randomly displayed to equal the number of control mice)
in the first and the fourth trials of the probe test. (G) Illustration of the quadrants in the
Barnes Maze in the probe trial. (H) Proportion of time mice spent exploring the quadrants in
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all probe trials combined. (I) Total number of entries in holes across the probe trials. (J)
Total number of holes explored (out of 40 total) across the probe trials. (K) Total number of
holes not explored during the probe test (4 trials combined; out of 40 holes). (L) Total
distance traveled across the probe trials. (M) Illustration of the reversal learning trial with a
new escape chamber placed at 180° of the original target hole. (N) Proportion of mice that
escaped the Barnes Maze by entering the new escape chamber. (O-P) Tracking plots of all
mice that escaped the trial by entering the new escape chamber. (Q) Total number of holes
explored (out of 40 total) in the trial by the animals that entered the new escape hole. (R)
Similar to Q, but the total distance traveled in the trial. (S-T) Similar to O-P, tracking plots
of all mice that did not escape the apparatus during the reversal learning trial. (U) Similar to
Q, but for mice that did not escape. (V) Similar to R, but for mice that did not escape. In I, J,
and L symbols represent mean £ SEM. In H, K, Q, R, U, and V symbols represent individual
values. Statistically significant 2 values are provided in the panels. For multiple comparisons
tests, * denotes A< 0.05 and ** denotes A< 0.01.
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Figure 3: Activation of Agrp neurons impairs spontaneous alternation behavior in mice.
(A) Diagram illustrating the use of the Y-maze test to measure spontaneous alternation

behavior in mice. Control (n = 8) and Agrp"™V! mice (n = 11) were tested immediately after
receiving an injection of capsaicin (10 mg/kg, i.p.). (B) Violin plots represent the distribution
in the total number of arm entries between groups. (C) Violin plots represent the distribution
in the proportion of correct alternations between groups. Symbols represent individual

values. Statistically significant 2 values are provided in the panels.
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Figure 4: NPY signaling, but not GABA release by Agrp neurons, blunts the effect of Agrp
neuron activation on spontaneous alternation behavior.

(A) Schematic strategy to generate the Agrp'™Pv1:V9atkO mice. Mice are the result of a triple
breeding cross; all lines were backcrossed to a Trpvl knockout background. Control (n = 12)
and Agrp"™Pv1:VeatkO mice (n = 9) were tested immediately after receiving an injection of
capsaicin (10 mg/kg, i.p.). (B) Violin plots represent the distribution in the total number of
arm entries between groups. (C) Violin plots represent the distribution in the proportion of
correct alternations between groups. (D) Study design showing pre-treatment of mice with
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the NPY 5 receptor antagonist (CGP71683, 30 mg/kg, i.p.) or vehicle thirty minutes before
the injection of capsaicin (10 mg/kg, i.p.). Control (n = 17) and Agrp"™'1 mice (n = 16)
were tested in the Y-maze immediately after the injection of capsaicin. The same animals
were tested twice, in response to vehicle or CGP71683. Mice were randomly assigned to the
different groups using a crossover study design. (E-F) Violin plots represent the distribution
in the total number of arm entries in control and Agrp'™™V1 mice, respectively. (G-H)
Proportion of correct alternations in five-minute bins in control and Agro™ V1 mice,
respectively. In B, C, E and F symbols represent individual values. In G and H, symbols
represent mean = SEM. Statistically significant P values are provided in the panels.
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