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[Abstract] Activity-based anorexia (ABA) is a widely used rodent model of anorexia nervosa. It involves
combining limited access to food with unlimited access to a running wheel, leading to a paradoxical
decrease in food intake, hyperactivity, and life-threatening weight loss. Although initially characterized
in rats, ABA has been tested in mice with results that vary based on strain, sex, age, the amount of time
food is available, and the number of days of food restriction. Here, we present our ABA protocol for
modeling both vulnerability and resilience to diet and exercise in C57BL/6 female mice. While vulnerable
mice exhibit the expected increase in running, reduction in food intake, and excessive weight loss,
resilient mice exhibit an adaptive increase in food intake, decrease in total wheel running, and weight
stabilization. In contrast to previous ABA studies in which resilience is defined by the relative rate of
weight loss, our protocol leads to a resilient phenotype that more closely resembles the maintenance of
a stable bodyweight exhibited by most humans who diet and exercise without developing anorexia
nervosa. This protocol will be useful for future studies aimed at identifying the physiological and neural
adaptations underlying both resilience and vulnerability to this eating disorder.

Keywords: Anorexia nervosa, Animal model, Activity-based anorexia, Mouse, Food restriction,

Resilience, Vulnerability, Hyperactivity

[Background] In the 1950s, Hall and Hanford first reported that rats placed on a restricted feeding
schedule and given access to a running wheel exhibit a paradoxical increase in running and a decrease
in food intake, leading to extreme weight loss (Hall et al., 1953; Hall and Hanford, 1954). The extent to
which these responses are life-threatening was established in a later study, in which all the tested rats
effectively ran themselves to death (Routtenberg and Kuznesof, 1967). Collectively, these findings
formed the basis for the most commonly used animal model of anorexia nervosa, activity-based anorexia
(ABA). ABA shares several characteristics with the human disorder, including extreme weight loss,
increased voluntary physical activity, self-starvation, loss of estrus (Dixon et al., 2003), and greater
vulnerability during adolescence (Woods and Routtenberg, 1971). As an animal model, it enables
examination of how caloric restriction in combination with physical activity leads to neural and endocrine
adaptations that may contribute to the development of the disorder. While most ABA studies have used
rats, an increasing number are using mice, with results that vary based on strain, sex, age, the amount
of time food is available, the number of days of food restriction, and how wheel-running is analyzed
(Gelegen et al., 2007 and 2008; Klenotich et al., 2012). Given the number of variables affecting
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susceptibility to ABA, consistency across studies with respect to the parameters used and how the data
are analyzed would enhance tility of the model.

A critical question in the field has been what factors promote vulnerability or resilience to anorexia
nervosa. This has been difficult to model in ABA since most studies restrict food for 5 days or less,
during which all animals show significant weight loss. Weight loss is particularly rapid in adolescent
animals. Some investigators categorize animals as ‘vulnerable’ or ‘resilient’ based on how quickly they
lose weight during this time period, either by evaluating individual differences within a group (Barbarich-
Marsteller et al., 2013; Chowdhury et al., 2013) or by making strain comparisons (Gelegen et al., 2007).
However, until recently no implementation of ABA has demonstrated a truly resilient phenotype, defined
as adaptation and weight stabilization in the face of food restriction and exercise. We recently published
our ABA study in which roughly half of the animals exhibit resilience by decreasing total running,
increasing food intake, and reaching a stable bodyweight (Beeler et al., 2020). The other half of the
animals are vulnerable to ABA, as demonstrated by increased wheel running, a failure to adapt food
intake to increased energy expenditure, and excessive weight loss. Notably, we also detected
vulnerability and resilience in food-restricted mice housed with a locked running wheel; although, wheel
running does appear to accelerate weight loss. Here, we present the detailed protocol that we used to
obtain distinct vulnerable and resilient phenotypes, which involves the use of young adult C57/BL6
female mice instead of adolescent mice, extending the number of days of food restriction from 5 to 10,
and conducting a thorough analysis of individual differences.

This protocol will be useful for future studies aimed at characterizing vulnerability and resilience to
anorexia nervosa. By generating both phenotypes, this protocol allows studies to examine the
physiological, neural, and endocrine factors that differentiate the two, facilitating greater insight into the
biological basis of this eating disorder. This protocol also provides an opportunity to evaluate the extent

to which interventions decrease vulnerability and favor adaptation and resilience.

Materials and Reagents

1. Mouse cages: 19.56 cm (width) x 30.91 cm (length) x 14.94 cm (height) (Model #9, Thoren
Caging Systems, Inc., Hazleton, PA)

Wire bar lids (WBL7115SMD-AMG, Allentown Inc., Allentown, NJ)

Beta Chip Hardwood bedding (Northeastern Products, WF Fisher and Sons, Somerville, NJ)
Prolab IsoPro rodent diet (WF Fisher & Son, Inc., catalog number: LD5P75) stored at 4C
Mouse igloo (Bio-Serv, catalog number: K3327)

Clorox Fresh Scent Disinfecting Wipes

Paper towels

© N o o~ w DN

8-week-old female C57BL/6N mice (Taconic Biosciences, Germantown, NY)
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Equipment

1. Low-profile wireless running wheels for mice (Med Associates, catalog number: ENV 047)
2. USB interface hub for wireless running wheels (Med Associates, catalog number: DIG-807)
PC computer

Green features turned ‘off’ so that the display does not go off, the PC does not hibernate or go
to sleep, and the hard drive does not turn off

Analytical balance scale (1 mg)

Compact scale (0.1 g) (Fisher Scientific, catalog number: 0191933)

White noise machine (Marpac Dohm-Dual Speed)

Digital thermometer (VWR, catalog number: 35519-047)

External lights (GE Fluorescent Under Cabinet Light Fixtures)

Light timer (Indoor 24 Hour Mechanical Outlet Timer with 2-Outlets)

0. Red headlamp (Energizer headlamp with one red LED)

4“3.0°.\‘.°’.U‘P

Software

1. Wheel Manager (SOF-860, Med Associates, Inc., St. Albans, VT)

Procedure

1. Order 8-week-old female C57BL/6N mice from Taconic Biosciences.

2. Upon arrival, group house mice (3-4/cage) with beta chip bedding, Isopro food, a water bottle,
and an igloo. Place cages in a temperature-controlled room dedicated exclusively to ABA
testing, with the white noise machine turned ‘on’ high to minimize exposure to animal facility
noise. Set the light timers to the 12-h light/dark cycle that will be used throughout the duration
of the experiment. If the overhead lights cannot be controlled by a timer, turn them ‘off’ and
control the light cycle with external fluorescent light fixtures (18-22 inch) plugged into a
mechanical timer. The number of lights required will be determined by the size of the room. Two
fluorescent lights are adequate for a room with 2 racks containing a total of 30 cages.

Allow animals one week to acclimate with unlimited access to food and water.

Start the experiment (one week after arrival)

a. Weigh and allocate mice to one of four groups, counterbalancing weights across the groups.
Information gained by testing each group is outlined in the Notes on Data Analysis section.
i. Activity-based anorexia (ABA, freely moving running wheel, food restriction)
ii. Food-restricted control group (FR, locked wheel, food restriction)
ii. Wheel control group (WH, freely moving running wheel, unlimited food)

iv. Homecage control group (HC, locked wheel, unlimited food)
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b. Individually/singly house mice with either a freely moving running wheel (ABA and WH
groups) or a wheel locked with a pin (FR and HC groups). Provide food and water to all
groups ad libitum.

c. Cage set-up: Remove all scents by wiping down each piece of the running wheel with a
Clorox® wipe and drying with a paper towel. Place the base of the wheel flat against the
bottom of the cage and cover with bedding. Orient the wire lid so that mice can access food
or water without sitting on the wheel (Figure 1A). Verify that the wheel does not touch the
wire lid and can freely turn (Figure 1B and Video 1). Limit the amount of bedding used so

that a build-up of bedding underneath the wheel will not prevent it from turning.

(RN

food

i

water

Figure 1. Overhead (A) and side (B) view of a running wheel inside a cage. Arrow indicates

the space between the wire lid and the tip of the wheel.
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Video 1. Representative video of a mouse running on the wheel. Note that the water bottle

and food were removed for illustrative purposes.
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d. Wheel set-up: Identify mice on the computer (Wheel Manager software) one at a time.

Turn on one running wheel (top switch), enter the corresponding mouse ID into the
computer, place the wheel in the cage, and then place the mouse in the cage with Isopro
food and water before turning on the next wheel. After all IDs have been entered, click ‘Start

Acquisition’ under the File menu.

5. Baseline Data Collection (3 days):

a.

Baseline Day 1: Two days after individually housing the mice (Figure 2A), weigh the mice
and food immediately prior to onset of the dark cycle. Different containers should be used
(mouse only and food only) so that faeces and urine do not come into contact with the food.
To minimize the number of times that each cage is moved, weigh the mouse and then the
food from the same cage. When removing the mouse from the cage, place a finger on the
running wheel to prevent it from rotating.

Baseline Day 2: Follow the same procedure as the previous day.

Baseline Day 3: Follow the same procedure as the previous day. Subsequently, remove
the food from the ABA and FR groups 2 h after onset of the dark cycle. If the room does not
contain an overhead red light, enter the room wearing a red headlamp so that the light/dark

cycle is not disturbed.

6. ABA Data Collection (10 days):

a.

Preparation: Each day, record the weight of large pellets of food (9-11 g) to the nearest 0.01
g for each ABA and FR mouse. Use fresh pellets in the event that a scent was left behind
the previous day. Store food at room temperature in cups/containers labeled with the mouse
ID and cover with foil.

Immediately prior to onset of the dark cycle, weigh all the mice and food in HC and WH
groups.

Backup data without interrupting data collection by clicking ‘Export Data’ under the File
menu.

Place the labeled food containers in front of the corresponding cages.

Once the lights have turned off, place the pre-weighed pellets in the overhead food bin of
the ABA and FR mice and then leave the room for 2 h. Wear a red headlamp while
administering the food, if necessary.

Calculate the % baseline (%B) bodyweight by dividing the current weight by the bodyweight
recorded on baseline day 3 and multiplying by 100. Any mouse that is at 75% of the
baseline weight or lower is at risk of death and must be removed from the experiment.
After 2 h of food availability (first 2-h of the dark cycle), remove the food pellets from the
mice in the ABA and FR groups, place in the labeled containers, and cover with foil. Do not
turn on the overhead lights when entering the ABA room; wear a red headlamp, if
necessary. While in the room, fill the food bin (~40 g food) of mice that require removal from

the experiment (= 25% bodyweight loss).
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h. Record the post-intake weights of food pellets to 0.01 g for the ABA and FR groups and
calculate the intake during the 2-h period of food availability for each mouse. Throw away
partially eaten food and weigh fresh food the next day.

i. Repeat the steps above every day for 10 consecutive days.

j. On ABA day 10, remove all remaining mice from the experiment after 2 h of unlimited

access to food.

Data analysis

1. Bodyweight data

a. Conduct a survival analysis (e.g., Kaplan-Meier) of the ABA and FR groups across all 10
days of food restriction (Figure 2B). This is a way of comparing groups based on when they
lost 25% or more of their baseline bodyweight and were removed from the experiment.
Percent survival indicates the percentage of animals within each group that remained in
the experiment (i.e., not removed) on each day. Earlier removal from the experiment
indicates a higher vulnerability to ABA.

b. For each day of food restriction, calculate the average percent baseline (%B) bodyweight
for each group (Figure 2C). Given that mice are removed from the experiment on different

days, use the linear mixed-effects model to analyze the data.

Remove
food
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Figure 2. Experimental timeline (A), survival curve (B), and bodyweight data (C). Numbers
inside the survival curve indicate the number of surviving mice on each day of food restriction.
Error bars indicate the SEM; n = 19 (ABA), n = 19 (FR), n = 12 (homecage), n = 14 (wheel

control).

c. lIdentification of Vulnerable and Resilient Phenotypes: Within the ABA and FR groups,
characterize mice that were removed from the experiment as ‘vulnerable’ and mice that

remained throughout the duration of the experiment as ‘resilient.” A comparison of
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bodyweight across the days of food restriction reveals rapid weight loss in vulnerable mice

and maintenance of bodyweight in resilient mice (Figure 3).
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Figure 3. Bodyweight of individual mice (light traces) across the days of food restriction
in (A) activity-based anorexia (ABA) and (B) food-restricted control (FR) groups. Group
averages for resilient (dashed line) and vulnerable (solid line) mice are shown in bold. n = 10
vulnerable ABA, n = 9 resilient ABA, n = 6 vulnerable FR, n = 13 resilient FR.

2. Food intake data

a. Average the food intake across all 10 days of the experiment and use a one-way ANOVA

for group comparisons (Figure 4A).

b. Compare the average intake of vulnerable and resilient ABA and FR mice across all 10 days

of the experiment using a two-way ANOVA (Figure 4B).

c. Calculate the average intake before each animal’s last day in the experiment and the intake

on the day of removal. Compare vulnerable and resilient ABA and FR mice using a two-way

ANOVA (Figure 4C).
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Figure 4. Food intake data. A. Food intake for all mice in each group averaged across 10 days

of restriction. B. Average food intake of vulnerable (solid) and resilient (hatched) mice in the

ABA and FR groups. C. Average food intake of vulnerable (triangle) and resilient (square) mice
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in the ABA and FR groups prior to removal vs. the day of removal. *P < 0.05; ***P < 0.001; TP <

0.01 vs. vulnerable groups before removal. Error bars indicate the SEM.

3. Running wheel data

a.

ions >

Wheel Rotat

Wheel Rotations

Use the Wheel Manager software (SOF-860, Med Associates, Inc., St. Albans, VT) to
extract the running wheel data. Calculate the average total running across all 10 days of the
experiment for wheel control, vulnerable ABA, and resilient ABA mice. Use a one-way
ANOVA for group comparisons (Figure 5A).
Separately calculate the average light cycle (12-h) and dark cycle (12-h) running for each
group and use a one-way ANOVA for group comparisons (Figure 5B, 5C).
Optional: Calculate the maximum increase in light cycle and dark cycle running across 2
consecutive days of the experiment. Our work indicates that vulnerability to ABA is
associated with an abrupt increase in light cycle running, as indicated by a significantly
larger increase in running over a 2-day period (Figure 5D). This abrupt increase in light cycle
running can occur on any day of food restriction but precedes removal from the experiment
by 1-3 days for most mice.
B
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Figure 5. Wheel running data. (A) Total, (B) light cycle, and (C) dark cycle running averaged

across the days of food restriction. (D) Maximum increase in wheel running across 2

consecutive days (averaged by group) during the light and dark cycles. *P < 0.05; **P < 0.01;
***P < 0.001. Error bars indicate the SEM.

d.

Optional: Collate the running wheel data into 5-min bins for each mouse on each day of the
experiment (baseline day 1 to ABA day 10). Graph the data in a dot plot, with day-time on
the x-axis and wheel revolutions on the y-axis; color code by group and indicate light and

dark cycles (Figure 6A). Additionally, collate the running wheel data into 1-h blocks and then
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average across all baseline days (Figure 6B) and experimental/food restriction days (Figure
6C) for each group. The resulting graphs demonstrate group differences in running across
the 24-h circadian cycle and can be used to characterize the extent of light cycle running.

Running that precedes presentation of the food is referred to as food anticipatory activity.

1000 *®

LB | N = = = N I - - -
o : :
L L}
¥

Wheel Rotations
(5 min bins)
600
|

o

s

ol

o —

e e e L S L L S S
B1 B2 B3 1 2 3 4 5 6 7 8 9 10
Day of Restriction
B . C .
0 o baseline o experimental e Wheel Control
s ~Q2 | | 2 A | 1 9 A ABA-resilient
- 0 el Ft “
g 2« | | o _~ ! 1® m ABA-vulnerable
D o 1 | L 1 ﬂA
X so I I o “3* 1 | A‘tﬂ
T o8 [ | S 1 ]
o L = ﬁ | — AlR
e= . A
3 3]
o © 1 ——
0 6 12 18 24 0 6 12 18 24
Hour of day Hour of day

Figure 6. Analysis of the running wheel data across the 24-h circadian cycle. A. Dot plot of
wheel running across the experimental days for all mice in 5-min bins. Black and gray bars indicate
dark and light cycles, respectively. The red arrow indicates the start of food restriction (FR). B-C.
Group averages across a 24-h period for (B) baseline days and (C) experimental days. The dotted

lines mark the light cycle between 6 (lights on) and 18 (lights off) hours. Error bars indicate the SEM.

Notes

Notes on the Procedure:

1. Mice have been seen eating Bed-0'Cob bedding when hungry, which is why this protocol uses
beta chip bedding.

2. Noise provokes activity in mice, including running behavior. To generate reproducible data, use
a colony room that is dedicated solely to ABA testing so that the experimenter is the only person
entering the room each day and noise is minimized.

3. When the lights are on, the experimenter should only enter the room shortly before the onset of
the dark cycle to weigh the mice and food. Entering the room earlier may wake the mice and

cause them to run, confounding the results. It can be challenging to weigh a large cohort of mice

Copyright © 2021 The Authors; exclusive licensee Bio-protocol LLC. 9
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within this limited time period. We suggest entering the room no sooner than 45 min before the
lights go off, which we find is enough time to weigh 20-30 mice, depending on whether they
have unlimited access to food.

4. Room temperature has been shown to affect vulnerability to activity-based anorexia (Gutierrez
et al., 2002). ABA should be tested in a room where the temperature is tightly controlled. In our
experiments, the room temperature is monitored daily and ranges from 70-75°F.

5. Vulnerability to ABA varies based on the age and strain of the mouse (Gelegen et al., 2007,
Klenotich and Dulawa, 2012; Klenotich et al., 2012). Using a strain and/or age group that differs
from that specified in this protocol will likely affect the distribution of vulnerable and resilient
mice, such that all mice may only exhibit one phenotype.

6. This protocol uses female mice since anorexia nervosa is more prevalent in women than men.
It is possible that using male mice will lead to different results.

7. The vast majority of mice that have lost 25% of their baseline weight and are removed from the
experiment will recover overnight; however, this is not true for all mice. If a mouse appears
particularly weak, we recommend placing a moistened pellet of food on the floor of the cage (in
addition to filling the food bin) during the recovery period.

8. Give food-restricted mice the largest pellets of food. This will reduce the possibility that a small

piece of food will fall into the cage during feeding.

Notes on Data analysis:

1. Acomparison of food intake in the ABA and FR groups reveals how much wheel running affects
consumption when food is only available for 2 h. A comparison of wheel running in the ABA and
WH groups reveals how much food restriction affects the level of activity. The HC control group
provides a measure of bodyweight and food intake in the absence of food restriction and/or
wheel running.

2. All data shown in Figures 1-6 have previously been published (Beeler et al., 2020).
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