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ABSTRACT

Accurate and high throughput methods of measuring animal behavior are critical for many
branches of neuroscience, allowing for mechanistic studies and preclinical drug testing.
Methodological limitations contribute to narrow investigations, which may overlook the interplay
between distinct but related behaviors, like affective behaviors and executive function (EF). To
prevent such oversight, researchers can perform test batteries, or multiple assessments in one study.
However, test batteries often exclude cognitive behaviors due to their lengthy testing period. This
dissertation first reviews current evidence related to the investigation and relation of affective,
pain-like, and operant behaviors in rodent models. Then, I demonstrate the use of traditional and
novel test batteries to investigate these behavioral changes in multiple mouse models.

First, I investigated affective and pain-like behavior in mice lacking Nape-pld, a key
enzyme that synthesizes lipid mediators which activate receptors in the endocannabinoid system.
I found that these mice displayed reduced sucrose preference, but otherwise normal anxiety- and
depression-like behavior, and had baseline differences in thermal nociception and inflammation
response. Then, I investigated the affective, pain-like, and operant effects of chronic vapor
exposure (CVE) to vehicle or nicotine (NIC). Regardless of NIC content, acute abstinence from
CVE increased mechanical sensitivity and self-grooming, while chronic abstinence from NIC CVE
resulted in motor stimulation. Other traditional anxiety- and depression-like behaviors were
unchanged by CVE. In an operant test battery, acute abstinence from NIC CVE impaired
acquisition, decreased sucrose motivation, and impaired the response to aversive rewards. Finally,
I developed a protocol for the high throughput analysis of six operant tests which can be completed
in as few as nineteen sessions, significantly fewer sessions than traditional operant tests. This
battery investigates multiple aspects of goal-directed behavior and EF including operant
acquisition, cognitive flexibility, reward devaluation, motivation via response to increased
instrumental effort, cue devaluation or the extinction of learned behavior, and reacquisition. |
validated several of these tests by demonstrating that lesions to specific subregions of the
orbitofrontal cortex impaired cognitive flexibility and altered response to instrumental effort as

observed in traditional operant tests. I then used this battery to investigate the effects of the P129T

il



mutation, which results in a mutated version of the Fatty Acid Amide Hydrolase (FAAH) enzyme
that is associated with addiction, in male and female mice. Knock-in animals displayed reduced
activity in response to increasing instrumental effort, and reduced activity on the first day of an
extinction test. Then, to encourage others to use this new operant battery I outlined how to
efficiently collect data, shared a database for customizable analysis, and described common issues
and how to solve them. This protocol has potential implications for many aspects of neuroscience
including the investigation of novel therapeutics and the neural circuitry underlying behaviors.
Together, the information in this dissertation demonstrates the utility of multi-faceted
behavioral assays and the combination of traditional and novel approaches to collect more
comprehensive behavioral data, which will allow researchers to better investigate neural circuitry

underlying behaviors or the behavioral changes associated with novel therapeutics.
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GENERAL AUDIENCE ABSTRACT

By measuring animal behavior researchers can gain insight into how specific brain
regions interact to influence choice and action. Limitations in testing methods mean that
researchers may fail to investigate the relationship between distinct aspects of behavior, like the
influence of emotional state or pain on cognition. To prevent such oversight researchers can
perform a test battery, a specific series of multiple tests that measures several different aspects of
behavior. Traditional test batteries often overlook cognitive or operant (learning to perform an
action for reward) behaviors due to time constraints, which limits their translational potential.
This dissertation provides a brief overview of the ways that researchers investigate affective
(emotional), pain-like (physical discomfort), and goal-directed behaviors. It further has a broad
focus on mouse models related to addiction or the endocannabinoid system (ECS), which is
shown to play a role in mood, pain (e.g., perception, relief, and inflammation), and cognition.
Using a traditional test battery, we demonstrate that mice lacking a key enzyme in the ECS have
altered responses to sugar, heat, and inflammation, but display otherwise normal performance in
anxiety-, depression-, and pain-like tests. Next, we used a combined traditional and operant
battery to investigate the effects of chronic vapor exposure (CVE) and nicotine in mice. We
found that regardless of nicotine content, acute abstinence from CVE increased physical
sensitivity and self-grooming but spared other anxiety- and depression-like behaviors. Acute
abstinence from nicotine CVE resulted in motor stimulation, impaired operant learning, lower
motivation for sucrose reward, and an impaired ability to withhold responding when presented
with a bitter reward. Finally, I outline a novel operant test battery that addresses the limitations of
current operant chamber- or place-based batteries. Using this battery, I first demonstrate that it
captures similar behavioral changes to those seen in traditional operant chambers. Then, |
demonstrate that mice containing an ECS mutation associated with problem drug use in humans
display less motivation for food reward in response to increased effort, and more quickly inhibit
a learned behavior when reward delivery is interrupted. I also found that in response to increased

effort for reward or bitter rewards, male mice are more likely to alter their behavioral strategy. To
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encourage others to use this new operant battery I outlined how to efficiently collect data, shared
a database for customizable analysis, and described common issues and how to solve them. This
protocol has the potential to improve upon traditional tasks while opening cognitive research to
more scientists. This has implications for many fields of neuroscience, especially the
investigation of novel therapeutics and investigation of the neural circuitry underlying various

disorders.
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CHAPTER 1 INTRODUCTION
1.1 ON BEHAVIOR AND ITS IMPORTANCE TO RESEARCH
Despite the relative simplicity of the word, agreeing on one scientific definition of the word
“behavior” is challenging'?. Broadly speaking, behavior refers to the actions an organism makes
in response to some stimulus, whether that stimulus is the environment, the action of another, or a
change in its internal state. The term ‘behavior’ thus encompasses broad categories of actions
including observable actions like movement, unobservable actions like internal decision-making,
actions performed alone, actions performed in social settings, actions performed with intent, or
actions performed reflexively *°. However, were you to ask ten researchers which specific actions
are included or excluded from the definition of ‘behavior’ you may receive ten different answers.
Regardless of which actions fall within the definition of behavior, it is well understood that
human and animal behavior can be shaped by numerous interacting influences including

1415 "and the current environment'%!”.

genetics’®, prior experience or learning’ '3, bodily processes
Understanding how, why, and when animals, including humans, perform a behavior are
fundamental questions at the heart of multiple related disciplines including ethology (the science
of animal behavior), sociology (the study of human society, social relationships, individual and
group behavior), psychology (the science of the human and non-human mind and behaviors), and
neuroscience (the study of the nervous system and brain).

69-1L18 allows researchers to answer the

The experimental analysis of animal behavior
preceding questions. By performing empirical and controlled studies using animal subjects,
researchers can come to understand what specific criteria may influence the likelihood of an action
occurring, how specific brain regions contribute to behavior, or the behavioral effects of a novel
therapeutic treatment. Indeed, the information gained from the experimental analysis of animal

behavior has informed and influenced vast aspects of daily life including, but not limited to,

19,20 21,22

economic theories =", education”““, and the understanding and treatment of psychiatric
disorders**?°. The analysis of animal behavior is of paramount importance for the latter, as a
compound that alters an identified molecular target but fails to result in behavioral changes in an
animal model will likely not progress to clinical trials®® 2%,

While various sub-categories of behavior can be measured, this paper will focus on three:
affective (emotional) behavior, pain-like behavior, and cognitive or goal-directed behavior in

rodent models. Though seemingly disparate, there is much research demonstrating that changes in



29-31

the underlying structures and systems associated with affective and pain®**? behaviors

34-36 37,38

contribute to cognition, and that affective and pain disorders®’°° can result in altered cognition.

For each of these sub-categories, I will provide a brief description of the behavioral
domain, an overview of common methods of measurement, and some of the major regions
associated with them. These are intended as an introductory background on these topics rather than
an exhaustive list. Then, I further describe limitations associated with traditional methods of
measuring operant or goal-directed behavior, and the utility of a novel open-source operant device.
Finally, in three manuscripts I describe the use of traditional and novel test batteries to investigate

behavioral changes in multiple mouse models broadly related to pain and addiction.

1.2 AFFECTIVE BEHAVIOR
1.2a Description:

Regarding behavior, affect refers to the subjective experience, expression, or influence of
feelings or emotions. Affect thus includes (but is not limited to) the perception and response to
physiological states like hunger and the emotional or neurochemical response to an external
force®®313 While this broad category encompasses various moods and physical states (e.g.,
anger, sorrow, hunger, thirst) this section will primarily focus on anxiety-like and depression-like
behaviors as these are a traditional focus of rodent-based measures of affective behavior and are
some of the most commonly diagnosed psychiatric disorders*®#+,

Broadly, the human experience of anxiety refers to a negative affect associated with a
perceived ambiguous threat or a negative outcome and is related to the broader mechanisms of
both fear and stress. While such experiences are inherently unpleasant, they arise from a system

which likely provided an evolutionary benefit*>*¢

, as the priming of the sympathetic nervous
system may allow one to react to a threat more quickly thus resulting in successful escape from a
dangerous situation. However, an overactive anxiety response can be maladaptive, leading to
persistent feelings of anxiety after or in the absence of ambiguous threat. This in turn leads to
further feelings of distress and impaired functioning, may lead to avoidance of normal situations,
and negatively impact quality of life #’*3, In the context of affective disorders depression refers to
a persistent negative or flat affect, anhedonia (lack of pleasure), or state of fatigue, which is absent

f)41 43,49-51

of rational cause (e.g., grie . There are various sub-types or sub-classifications of



depression (major depressive disorder, dysthymic disorder, etc.), the specific diagnosis of which
relies on the number, strength, and duration of symptoms. Like anxiety, the experienced symptoms
can negatively impact functioning and quality of life*0:4347:5!,

While humans can self-report feelings of anxiety or depression, rodents are unable to
verbalize internal feelings. Instead, researchers must use models, described below, in order to
investigate similar behaviors in rodents. Understanding rodent-based models of anxiety- and
depression-like behaviors is important, as such models often serve as the foundation for
demonstrating efficacy of therapeutic targets and the basis for investigation of the neural

mechanisms underlying psychiatric disorders>>~>.

1.2b Common Methods:

Whereas we can directly ask a person how they feel to correlate mood and feelings with
physiological or behavioral changes, we lack the ability to do so for non-human animals and must
therefore make inferences about their internal state. Rather than measuring anxiety or depression
in rodents, researchers measure changes in specific anxiety-like or depression-like behaviors.
These are more narrowly defined behaviors which correlate with or mimic symptoms of the disease
in question, where a single test may measure one or two specific aspects of that behavioral domain.
Because of this, there has been a push for researchers to perform several complementary tests
before drawing any conclusions regarding genetic or molecular contributions to anxiety- and
depression-like behaviors>® %,

Some of the most common methods for measuring rodent models of anxiety-like behaviors

capture unconditioned changes in exploratory behavior®’

, and although there is ongoing debate
on the validity®' of these tests, they remain a gold standard as they demonstrate sensitivity to
traditional anxiolytics like benzodiazepines. A human given benzodiazepines may report a
decrease in anxiety symptoms, while rodents demonstrate reduced hiding behavior. This
pharmacological validity has made such tests a popular tool for screening novel drug targets. These
exploration-based models rely on two inherent and competing needs that contribute to a rodent’s
biological success: the need to explore and thus find resources or mates, and the need to hide and

avoid predators for survival. An animal which spends too much time performing either activity

may have reduced biological success.



The devices and setups used to examine changes in exploratory behavior take advantage
of these dueling needs for exploration or perceived safety. The Elevated Plus Maze (EPM)°%%2
apparatus is a four-armed platform elevated from the ground. Two opposing arms have walls, while
the other two arms do not have walls and are thus open to the environment. The apparatus used for
the Open Field Test (OFT)%*% is a large area, typically square or rectangular, with an open top.
The box used for the Light/Dark Test (LDT)® consists of two connecting areas or sides, one of
which is covered and unlit, the other of which is uncovered and lit.

To measure anxiety-like behavior an animal is placed in the apparatus and allowed to freely
move about. Rodents typically show a natural preference for the ‘safe’ walled or covered spaces
(walled arms of the EPM, walls of the OFT, dark side of the LDT) but do perform some degree of
exploratory behavior and engage with the ‘unsafe’ side (open arm of the EPM, center of the OFT,
light side of the LDT). An increase in the amount of time spent on the ‘safe’ side relative to baseline
or other animals is interpreted as an increase in anxiety-like behavior, while an increase in the
amount of time spent on the ‘unsafe’ side is considered a decrease in anxiety-like behavior.

Some of the most common methods for measuring rodent models of depression-like
behaviors investigate behaviors related to consummatory anhedonia (decreased consumption of
hedonic or pleasurable rewards), apathy-like behavior, and despondency/despair. Depression is
correlated with alterations to the motivation and reward pathways, such that there may be
diminished motivation to pursue rewards or activities, or deficits in the subjective pleasure
associated with previously enjoyed foods or activities #0416,

Consummatory anhedonia is typically measured using a sweetened sucrose solution in
what is aptly called the Sucrose Preference Test (SPT)®’. In this test animals are given access to a
sweetened sucrose solution and/or plain water. Typically, animals will show a preference for the
sucrose solution, drinking more of it than plain water. A reduction in sucrose consumption is
interpreted as consummatory anhedonia and thought to indicate alterations to the natural reward
system.

Apathy refers to a reduction in voluntary and goal-directed behavior, with common human
symptoms including decreases in self-care like bathing or brushing of the hair and teeth. Like
humans, rodents typically engage in self-care behaviors like grooming. Increases or decreases in
spontaneous or stress-induced grooming can be measured by observing the frequency or duration

an animal spends grooming itself in response to some mild stressor, like novelty. In the Splash or



Spray Test (ST)® a small amount of sucrose solution or water is sprayed, squirted, or misted onto
the back of an animal, and the frequency or duration of grooming behavior is measured. A decrease
in these measures is correlated with both stress and a decrease in motivated behavior, and thus
interpreted as an increase in apathy-like behavior.

Tests measuring despondency or despair investigate the behavioral response an animal has
to being placed in an inescapable unpleasant situation. In these situations, an animal can engage in
an active coping strategy, where they attempt to escape, or a passive strategy, where they reduce
)%

their activity and conserve energy. In the Forced Swim Test (FST)*” an animal is placed into a

container of water, while in the Tail Suspension Test (TST)”%"!

an animal is suspended by its tail.
A quicker switch to or an increase in duration of passive behavior is interpreted as the animal
demonstrating despondency or despair. Like the exploratory tests utilized for anxiety-like
behaviors, these tasks have historically been used because they demonstrate pharmacological or
predictive validity; drugs that are effective antidepressants are likely to reduce passive behaviors,

and drugs which reduce passive behaviors in these tests may have efficacy as an antidepressant.

1.2¢c Regions:
Mood and behavior are influenced by the interaction of multiple brain regions, and
molecular, cellular, and structural changes are associated with anxiety- and depression-like

34,41,72-82

behavior in humans and rodents. For the sake of brevity, this section will only cover some

of the major systems involved in both. In both anxiety and depression changes to the frontal cortex,
including the input received from other regions, result in altered cognitive processes®>~*®%3. In
humans, the prefrontal cortex (PFC) is associated with so-called higher order cognitive processes
or executive functions (EFs) like planning, decision-making, and understanding social
behavior®*®>. While scientists do not fully agree on which regions and subregions of the rodent
brain are considered the PFC®®, most agree that cortical regions contribute to similar cognitive
behaviors®”#®, The OFC is involved in the encoding of information, mood regulation, and impulse
control®°. Alterations to such cortical regions during affective states may thus contribute to
altered decision making. The limbic system refers to a collection of brain structures that are
involved in the processing of emotion and include the hippocampus, the amygdala, the thalamus,

and the hypothalamic-pituitary-adrenocortical (HPA) axis’!. The limbic system integrates sensory

input, affective information, homeostatic information, cognitive information, and stress-related



information. Limbic dysregulation is associated with anxiety and depression in humans, and
increased anxiety- and depression-like behaviors in rodents’ 3. Dysregulation of the so-called
reward circuit, which involves mesocortical, mesolimbic, and nigrostriatal pathways connecting
the ventral tegmental area (VTA), the Nucleus Accumbens (NAcc), the limbic system, and the
frontal cortex, result in altered perception of or seeking of rewards’**’. Thus, behaviors associated
with affective disorders may result from dysregulation of one or many distinct brain regions.
Both anxiety and depression involve changes in numerous neurotransmitter systems;
canonically the monoaminergic systems including serotonin, norepinephrine, and dopamine are
highly implicated in the disease symptomology of both. However, alterations in neuropeptides are
also associated with psychiatric symptoms’®. Additionally, the endocannabinoid system is

99-101

implicated in the regulation of the stress response and symptoms of neuropsychiatric

disorders?>-2%102-104
Despite our knowledge on affective behavior and disorders in both humans and rodents,
further research is still needed. Rodent models remain an early step for the validation of novel

therapeutics for such disorders, which are still a major focus of research?®.

1.3 PAIN-LIKE BEHAVIOR

1.3a Description

Pain refers to the emotional and/or sensory experience associated with a negative or
noxious stimulus or the potential for tissue damage'?'%, This typically unpleasant experience
serves an evolutionary benefit, allowing organisms to avoid activities or items which have the
potential to cause bodily damage [citation?]. Pain encompasses both the short-term response to a
noxious stimulus (acute pain) and maladaptive long-term changes (chronic pain) which persists
after the resolution of any primary injury. Chronic pain can present as spontaneous pain'®’ (pain
in the absence of stimulus), allodynia (pain in response to an otherwise non-noxious stimulus), or
hyperalgesia (increased pain in response to a noxious stimulus). The perception of pain relies on
both the initial activation of peripheral pain mechanisms, the transmission of these signals, and
the modulation and response to these signals [citation?]. As the modulation and response differs
from person-to-person, the overall experience of pain is incredibly subjective. As pain involves a
subjective component and reporting of the experienced stimulus, we cannot directly measure

pain in rodents. Instead, we infer a pain-like behavior from nociception (peripheral neuronal



response to noxious stimuli and the ability to perceive them) and the behavioral response to
noxious stimuli (withdrawal, flinching, etc.). Measuring pain-like behaviors in rodents is
important, as it allows for the investigation of pain perception and other disorders. For instance,

human studies demonstrate a potential link between depression and altered pain perception'%!%

and chronic pain disorders can result in affective and cognitive changes®?*>%!10,

1.3b Common Methods

As nociception relies on central nervous system processing, many clinical tests for
humans have direct rodent correlations''!. Stimulus-evoked pain-like behaviors (allodynia,
hyperalgesia) are further divided into categories based on the specific stimulus used (heat, cold,

mechanical, etc.). In both humans'!? and rodents!!?

punctate (touch-triggered) mechanical
allodynia or hyperalgesia can be measured using von Frey filaments which are calibrated to
impart a specific amount of force when applied to the skin. By applying varying filaments to the
hand or bottom of the paw, and then observing for reflexive removal from the stimulus,
researchers can investigate the force required to mount a nociceptive response''>. A decrease in
the force required to elicit a response is considered a measure of mechanical allodynia or having
a decreased pain threshold is interpreted as an increased pain state in humans and rodents.

Heat or cold thresholds, the specific temperature or duration of exposure to a temperature
stimulus required to mount a reflexive response, can be measured through the application of a
warm/hot or cool/cold stimulus to the hand or bottom of the paw. Heat thresholds in rodents rely
on exposing the animal to controlled heat or warmth and measuring the latency to a nocifensive
response. This can be done by applying heat to the tail and observing a flicking withdrawal (tail
flick test''*), applying a radiant or infrared heat stimulus to the bottom of the paw and observing

t!15, Hargreaves test!''®). Cold thresholds in rodents rely on

nocifensive behavior (hot plate tes
exposing animals to a controlled cool or cold temperature and measuring the latency to a
nocifensive response!!’. This can be done by applying acetone to the bottom of the paw, which
evaporates and causes cooling, or by applying dry- or wet ice to a glass plate the animal is
standing on. In both hot and cold tests, a decrease in response latency is considered thermal
allodynia or hyperalgesia, indicating decreased tolerance and increased pain state.

While these stimulus-evoked pain models are important, the relative ease of performing

such tests may have contributed to an overreliance on these testing methods'%”-!'®, While chronic



pain disorders result in alterations to such measures, patients primary concern is spontaneous
pain (pain that occurs without an apparent stimulus)!'®” which results in significant impairments
in quality of life and reductions in voluntary behavior. Due to a historical reliance on evoked
pain measures, possibly due to their ease of use and interpretation or technical limitations to
high-throughput testing of other methods, there exist fewer tests of spontaneous pain-like
behavior in rodents. Non-reflexive measures of pain-like behavior can broadly be placed into one
of two groups: observational or free-choice/operant tests.

Similar to humans, when experiencing pain rodents engage in several somatic (bodily)
behaviors absent of an external stimulus. For instance, animals may lift, lick, flinch their paw or
alter their gait'®”!". Just like humans in pain, rodents will also engage in specific stereotyped
facial expressions, or grimace'*®!2°, An increase in either of these behaviors absent the
application of an acute or chronic external stimulus is interpreted as the animal being in a
spontaneous pain-like state. Just as humans in pain may choose to forego otherwise typical or
rewarding behaviors (e.g., attending a social event, grocery shopping), rodents in pain may avoid
participating in otherwise typical or rewarding behaviors. Free-choice or operant tests instead
measure an animals willingness to engage in some behavior to receive reward or to escape an
aversive stimulus. In the conditioned place preference (CPP) test to measure spontaneous pain
animals are given access to a chamber with two distinct sides or areas; one side of which was
repeatedly paired with delivery of a rewarding substance like an analgesic or drug of abuse. They
are then given free access to both sides of the chamber absent of analgesics, and a preference for

the analgesic-paired side is interpreted as a measure of ongoing pain'?°

. Conflict assays are
another operant choice-based assay '2!1??. In these tasks animals are placed in a chamber and one
aversive stimulus is presented (e.g., bright light). Animals are allowed to escape this stimulus,
but doing so requires crossing over another aversive stimulus (e.g., heat, probes). An increased

latency to escape or cross the chamber is interpreted as the animal being in a pain-like state.

1.3c Regions

Pain perception is a complex mechanism that relies on both sub- and supraspinal
mechanisms, multiple brain regions and neurotransmitter systems'?*1?*, Broadly speaking, tissue
damage or nerve injury results in activation of peripheral sensory neurons whose signals are

transmitted through the spinal cord and to the brain. From here signals sent to and from



numerous regions including the parietal cortex!'?*!%, frontal cortex**, and areas of the limbic®?
system contribute to the subjective perception of pain. Spontaneous'?” and chronic pain instead
relate to changes in the peripheral and central nervous system that can result in activation of
these pathways absent of a stimulus, or activation at previously non-noxious stimuli, spinal or
supraspinal central sensitization. Changes in peripheral receptor expression can lead to
hyperexcitability of sensory neurons, which may contribute to allodynia or hyperalgesia.
Additionally, the rate of spontaneous firing of c-fiber nociceptors is positively correlated with
observational measures of spontaneous pain in mice.

However, as stated previously, a historic reliance on rodent measures of acute or reflexive
pain means that more is known about that aspect of pain than spontaneous pain. Due to that, and
inherent differences in their neurobiology, therapeutics which target acute pain often fail to treat
chronic pain. As such, rodent models will continue to be important as we seek to further

understand the underlying mechanisms and create better therapeutics.

1.4 OPERANT AND GOAL-DIRECTED BEHAVIOR

1.4a Description

Broadly speaking operant conditioning refers to an associative learning process whereby
the frequency of a voluntary action is modified by the application of a reinforcer, which
increases behavior frequency, or a punishment, which decreases it'2®'3°, This focus on voluntary
action differentiates it from classical conditioning, where with repeated pairings a previously
neutral cue comes to elicit an unconditioned or involuntary response. By measuring operant
performance researchers can investigate aspects of learning, memory, and goal-directed
behaviors, or behaviors performed with intentionality or in the pursuit of some goal. As such,
operant tests can be used to measure an aspect of goal-directed behavior important for
translational studies: executive functioning (EF). While there is not one exact definition of what
EF entails, it generally refers to a cluster of cognitive abilities or processes that allow an
organism to split its attention, plan, perform, alter, adapt, or inhibit goal-directed behavior in
response to an altered environment. Executive dysfunction, or impairments to some aspect of

those abilities or behaviors, is implicated in or results from numerous psychiatric diseases'>!"133,

134,135 1136

neurodegenerative disorders , and neurological °® disorders.



1.4b Common Methods

As EF and goal-directed behaviors entail a broad collection of processes, many tests can
be used to measure them. Traditional methods of measuring operant behavior and EF have relied
on operant chambers, which is discussed in its own section. Other common methods of
measuring learning and memory are spatial assays, like the Morris Water Maze (MWM). In the
MWM an animal is placed into opaque water where there is a hidden platform and external cues
(shapes on the wall of the maze, etc.). Through trial-and-error the animal will find the platform,
and through repeated sessions come to find the platform more quickly by orienting themselves
via the external cues. While spatial learning tests like the MWM allow for investigation of
discrimination learning, reversal learning, and set-shifting behavior, they are heavily reliant on
the hippocampus rather than cortical regions, which are more heavily associated with higher

order cognitive processes.

1.4c Regions

Operant conditioning and EF rely on the interaction of multiple brain regions and
neurotransmitter systems 1313713 No one brain region can be said to control decision-making,
rather, they work in tandem to produce desired outcomes. Similarly, no one aspect of decision-
making is truly under the control of a single brain region. For instance, the dorsolateral prefrontal
cortex, lateral orbitofrontal cortex, and hippocampus are all involved in decision-making based
on experienced and remembered value of a reward.

Broadly, the frontal cortex (prefrontal cortex, orbitofrontal cortex, anterior cingulate
cortex etc.) is involved in the evaluation, representation, or encoding of value of a reward or
stimuli, as well as sustained attention, decision-making, and inhibitory control of
actions®+83:89.90.140.141 "They are informed by subcortical regions, like the striatum, which is
associated with habitual/conditioned responses, reward prediction, and incentive salience of a
reward!#?"1%4, Other subcortical regions that are highly involved in EF and goal-directed behavior
include the hippocampus!41#7 (associated with aspects of memory including long-term,
episodic, and working memory), the thalamus'**"13! (working memory, behavioral flexibility),

and the basal ganglia'>>!* (motor control, working memory).
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1.5 TRADITIONAL OPERANT CHAMBERS AND THEIR LIMITATIONS:

Nearly a century has passed since the operant conditioning chamber was first developed
by B. F. Skinner in the 1930s!?":128130.155  Byilding upon the ideas of E. L. Thorndike, Skinner
created the operant chambers to perform controlled empirical studies on the intentional behavior
in animals. Broadly, he introduced the idea of operant conditioning, an associative learning process
whereby the frequency of a voluntary action is modified by the application of a reinforcer, which
increases behavior frequency, or a punishment, which decreases it'26-1*0, This focus on voluntary
action differentiates it from classical conditioning, where with repeated pairings a previously
neutral cue comes to elicit an unconditioned or involuntary response. Due to his contributions to
behavioral studies, he is considered one of the fathers of both operant conditioning and the field
of experimental behavioral analysis® 11:130:136.157,

The operant chamber formed the foundation of his experiments, allowing for controlled,
empirical, replicable studies on learning rates and reinforcers. Research using operant chambers

128,130,156

19,158, and

has had broad impacts on various fields, including psychology , economics

neuroscience!>? !®!. The results of studies using these chambers have shaped our understanding of

2122

childhood learning and influenced education and have been used to elucidate the neural

mechanisms underlying altered decision-making related to psychiatric disorders 23162716,

To be considered an operant chamber or device an item must meet a minimum of two
criteria. There must be an operandum, an item that can automatically detect when an animal has
interacted with it, such as a lever or button. And there must be a method to deliver a reinforcer,
such as a chute to deliver food. Through repeated pairings of an action, like lever pressing, and an
outcome, like food dispensation, an animal comes to form an association between lever pressing
and food. By analyzing how many actions an animal made before consistently making the correct
choice one can create a learning curve and make inferences on associative learning. By modifying
aspects of the test, such as including multiple operanda or stimuli to act as cues, the difficulty can
be altered and changes to the learning curve can be measured. Such additions have allowed for the

24,1677169’ where

investigation of more complex behaviors, including reversal learning or set-shifting
an animal must inhibit a previously learned response while also creating a new association, and
delay-discounting!’®, where an animal must choose between a small reward now or a larger reward

later. Ultimately, an operant chamber or device is used to investigate behavioral adaptation in
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response to altered or novel action-outcome associations. Understanding such behaviors is
incredibly important, as it forms the foundation for understanding human decision-making.
However, in the decades since Skinner’s original design was released, few alterations have
been made. Many researchers rely on commercially available operant chambers whose overall
designs are largely unchanged from Skinner’s original design!'®>!”""173, These are typically large
(~1’x 1’x 1) chambers, costing a minimum of several thousand dollars for the base version, with
additional features like liquid dispensers or attachments for synchronization with other devices
increasing the cost of the chamber. This limits the number of chambers a researcher may have at
their disposal, especially for newer labs with less capital or space to run experiments. To combat

this limitation researchers often test animals in rounds of short (~2h) daily sessions!7#176

so they
may collect data from enough animals to perform a well-powered study with a limited number of
chambers. In such a design researchers must repeatedly clean the chambers and check they are
working between each round of testing, and repeatedly transfer groups of animals to and from the
testing room. As such, this is a labor-intensive project where researchers devote their entire day to
collecting behavioral data for weeks to months in a row. To study one or two operant behaviors
researchers may be running daily sessions for a month. This may prevent them from investigating
models that resolve quickly, like acute pain models, or may mean that researchers can only
investigate the effect of the model on a single portion of operant behavior.

In addition to having drawbacks for the researcher, the limitations associated with
traditional operant chambers may influence the results collected from the research subject. Animals
are placed into a semi-novel environment for each round of testing, which has unclear effects on
stress. Further, even with repeated handling, animals may not truly habituate to the stress of
handling. A meta-analysis!”’ of 80 studies investigating common minimally invasive laboratory
procedures, like brief handling or transport, found that animals demonstrated significant increases
in stress-related measures including increased corticosterone levels, heart rate, and blood pressure.
Further, they found that these changes were observable for more than 30 minutes after testing.
Thus, in a short 2-hour test, a quarter of an animal’s performance may be impacted by stress. There
is a large body of research demonstrating that stress alters normal operant and cognitive
performance!’8, and thus the collected results may be less translatable to the generalized human
condition. In addition, a testing schedule where animals are tested in different rounds separated by

~2 hours means that animals will be tested at different points in their circadian cycle, with up to 6
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hours between the first and last animals tested. Research has demonstrated that performance may
be impacted by circadian cycle and rhythm!7*!80,

In summary, while the operant chamber has revolutionized multiple fields of research, the
devices have remained largely unchanged since their initial design. As such, the chambers are
expensive and time-consuming to use, which limits how researchers perform experiments and what
models they may use when investigating decision-making. Because of these limitations, the typical
operant study is designed such that the collected results may be influenced by the effects of stress
or circadian rhythm. These confounds may limit the translatability of the results. As such, novel
methods of measuring operant behavior are necessary which reduce the impact of these confounds
and allow for testing on shorter time scales. Such methods would allow for the investigation of
altered decision-making during more acute changes, such as pain models, where symptoms may

only be observed for several weeks. As traditional operant chambers have inherent limitations, this

novel method should make use of a different operant device.

1.6 THE FED3

Multiple researchers have developed novel alternatives to traditional operant chambers to
address these limitations and concerns!"*181:182Sych devices are typically built with a focus on
off-the-shelf or 3D-printed parts, are run on Arduino or Raspberry Pi, and require limited
engineering knowledge to produce. Furthermore, there is a heavy focus on being open source to
encourage uptake, modification, and innovation, while also allowing for custom experimental
programs. However, many of such devices have seen limited uptake since their publication or
release. While factors including cost, size, and ease of set-up can influence uptake, it may also be
influenced by outreach and partnerships with existing companies or services such as JOVE.

In 2016 Drs Katrina Nguyen and Alexxai Kravitz published the design for a device for
performing feeding studies called the Feeding Experimentation Device (FED)!8*134, This device
was intended as an improvement to the labor-intensive and temporally imprecise methods of
measuring food intake'®>; as such it lacked any operanda and its main function was to record
timestamped data regarding pellet release and retrieval, allowing for precise measurements of food
intake and meal patterns. To encourage the uptake of the device, their design prioritized the use of

off-the-shelf materials and minimized the amount of engineering knowledge needed for

construction. Over multiple iterations, additional features were added to the device that
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transformed it from a food-intake tracking device to one capable of performing operant studies'®,
such that it could be used to investigate aspects of food intake and motivation, including the neural
circuitry underlying food consumption and motivation!8”-!38,

The current version of the device, the Feeding Experimentation Device v3 (FED3), has all
the necessary tools to be considered a robust operant feeding device: two nose poke operanda
containing infra-red (IR) beam break sensors, a pellet dispenser, a pellet well containing an IR
beam break sensor, a buzzer for audio cues, and LEDs on the outside of the device (and optionally
inside the operanda) for visual cues. In addition, the device has an output allowing for
synchronization with other equipment like optogenetics and fiber phtometry!'®’. Unlike traditional
operant chambers, the FED3 is a small (<5” x 4” x 4”) device, allowing for the investigation of
behaviors in the home-cage or a home-cage-like environment, which may reduce stress. In
addition, the device is extremely low-cost, being approximately 10 to 100 times less expensive
than a traditional operant chamber. The device can be purchased pre-made from open-ephys'® for
about $500, purchased from open-ephys as parts and assembled in-house for under $250, or made
fully in-house by purchasing electronic components in bulk for considerably less (<$150).
Regardless of the option chosen, a researcher could acquire a minimum of 10 FED3 devices for
the cost of a basic traditional operant chamber.

In addition to a lower cost, the FED3 is easily modifiable. The 3D printed files are made
freely available through Tinkercad, an easy-to-use online computer-aided design (CAD) program.
Using these files users have made modifications to optimize the devices for specific applications.
For example, our lab is in the process of modifying the FED3 to enable operant liquid dispensation.
Further, the FED3 is based on an Arduino microcontroller, and the Kravitz lab has written an
Arduino library to allow users to create custom behavioral paradigms using the FED3. Standard
functions include Fixed, Progressive Ratio, or Timed Feeding schedules, while more advanced
functions including Go/No-Go and Probabilistic Reversal tests have been created!*’. The Kravitz
lab has further maintained a Google Groups-based ‘FEDforum’ where 200+ registered users
readily interact to request help and share novel programs. According to Dr. Kravitz himself, more
than 2,000+ FED3 devices are being used in 200+ labs around the world'!.

Despite the immense potential of the FED3 to perform operant tests, no one has yet
designed a test battery to investigate multiple operant behaviors by posting a protocol on the

FEDforum or publishing a paper. In Manuscript 3 I will demonstrate the utility of the FED3 for
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investigating operant conditioning and outline a protocol for performing a 6-test operant test
battery to investigate multiple aspects of operant behavior in a shorter time than could be done
using traditional operant chambers. To encourage the uptake of this protocol I will also introduce
a customizable pipeline for data analysis. Through these findings, I hope to contribute to our
understanding of goal-directed behavior and encourage a more comprehensive investigation of

behavior.
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NAPE-PLD regulates specific baseline affective behaviors but is dispensable for inflammatory
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2.1 ABSTRACT

N-acyl-ethanolamine (NAEs) serve as key endogenous lipid mediators as revealed by
manipulation of fatty acid amide hydrolase (FAAH), the primary enzyme responsible for
metabolizing NAESs. Preclinical studies focused on FAAH or NAE receptors indicate an
important role for NAE signaling in nociception and affective behaviors. However, there is
limited information on the role of NAE biosynthesis in these same behavioral paradigms.
Biosynthesis of NAEs has been attributed largely to the enzyme N-
acylphosphatidylethanolamine Phospholipase D (NAPE-PLD), one of three pathways capable of
producing these bioactive lipids in the brain. In this report, we demonstrate that Nape-

pld knockout (KO) mice displayed reduced sucrose preference and consumption, but other
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baseline anxiety-like or depression-like behaviors were unaltered. Additionally, we observed sex-
dependent responses in thermal nociception and other baseline measures in wildtype (WT) mice
that were absent in Nape-pld KO mice. In the Complete Freund’s Adjuvant (CFA) model of
inflammatory arthritis, WT mice exhibited sex-dependent changes in paw edema that were lost
in Nape-pld KO mice. However, there was no effect of Nape-pld deletion on arthritic pain-like
behaviors (grip force deficit and tactile allodynia) in either sex, indicating that while NAPE-PLD
may alter local inflammation, it does not contribute to pain-like behaviors associated with
inflammatory arthritis. Collectively, these findings indicate that chronic and systemic NAPE-
PLD inactivation will likely be well-tolerated, warranting further pharmacological evaluation of
this target in other disease indications.

2.2 KEYWORDS

Endocannabinoids ; Lipids ; Sex difference ; Depression ; Hyperalgesia ; Arthritis

2.3 INTRODUCTION
Bioactive lipids have been widely recognized as important neuromodulators in the central

nervous system. In contrast to traditional neurotransmitters that are stored and released from

presynaptic vesicles, lipids signals are synthesized “on demand” and rapidly metabolized to
terminate signaling in vivo. N-acyl-ethanolamines (NAES) serve as key endogenous lipid

mediators as revealed by manipulating fatty acid amide hydrolase (FAAH), the primary enzyme

responsible for metabolizing NAEs. Accordingly, global inactivation of FAAH elevates multiple
bioactive NAEs including N-oleoylethanolamine (OEA), N-palmitoylethanolamine (PEA), and
the endocannabinoid anandamide (N-arachidonoylethanolamine, AEA) (Leung et al.,

2006, Mock et al., 2020, Nyilas et al., 2008, Simon and Cravatt, 2010). NAE biosynthesis has
been attributed largely to the enzyme N-acylphosphatidylethanolamine Phospholipase D (NAPE-

PLD), supported by multiple studies showing reduced NAE levels in the brain following genetic
or pharmacological inactivation (Leishman et al., 2016, Leung et al., 2006, Mock et al.,

2020, Simon and Cravatt, 2010). However, NAPE-PLD represents one of at least three identified
enzymatic pathways in the central nervous system that control NAE production (Leung et al.,
2006, Mock et al., 2020, Nyilas et al., 2008, Simon and Cravatt, 2010), hence the contributions
of NAEs produced specifically by NAPE-PLD to nociceptive and affective behaviors remains

unclear. NAEs mediate their effects through a number of receptors in the central nervous system
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(Gregus and Buczynski, 2020, Mock et al., 2023, Pistis and Melis, 2010). For example, AEA can
activate cannabinoid receptor 1 (CB1) and cannabinoid receptor 2 (CB2), OEA and PEA can

activate peroxisome proliferator-activated receptor a (PPAR«), and all three of these NAEs can
potentiate transient receptor potential vanilloid 1 (TRPV1) activity. Thus, alterations in

endogenous NAE levels may influence numerous central nervous system signaling pathways.
Preclinical studies focused on FAAH or NAE receptors indicate an important role for NAE
signaling during nociception and affective behaviors. Both rats and mice with elevated FAAH
activity subsequently have diminished AEA levels in the amygdala, a critical control hub in the
brain for nociception and affective behaviors (Gray et al., 2016, Natividad et al., 2017).
Accordingly, long-term FAAH inactivation reduces anxiety-like behaviors in Wistar-Kyoto rats
(chronic FAAH inhibitor treatment) and C57BL6/J mice (genetic FAAH knockout) as measured
by increased center time in the open field test (Bambico et al., 2010, Vinod et al., 2012). Similar
to models of anxiety, elevated FAAH also induces depression-like phenotypes in multiple output
modalities including increased sucrose preference and increased forced swim test immobility
time (Blanton et al., 2021), while conversely FAAH inhibitors reduce forced swim immobility
time in both species (Gobbi et al., 2005, Griebel et al., 2018, Jankovic et al., 2020). These
behavioral effects may be mediated by multiple NAE signaling pathways, as pharmacological
activation of CB1 and PPARa produces anti-depressant effects in rodents. Administration of
synthetic cannabinoids decreases immobility during the forced swim test in rats (15916883), and
restores sucrose preference following chronic restraint stress in male mice (Rademacher and
Hillard, 2007). Following chronic social defeat stress in male mice, treatment with a PPARa
agonist restores sucrose preference and decreases immobility in the forced swim test (Jiang et al.,
2017, Jiang et al., 2015). Affective dysfunction exhibits co-morbidity with the emergence of pain
hypersensitivity, and systemic inactivation of FAAH produces antinociceptive responses in
multiple mouse preclinical pain models including neuropathy, gastrointestinal inflammation, and
inflammatory arthritis (Schlosburg et al., 2009). The carrageenan paw inflammation model
produces tactile pain hypersensitivity that is reversed by systemic treatment with a FAAH
inhibitor in rats and mice (Holt et al., 2005, Sagar et al., 2008). This antihyperalgesic effect of
FAAH inactivation is blocked by antagonists of PPARa but not of CB1 in rats (Sagar et al.,
2008), and is recapitulated by OEA and PEA in mice (Lo Verme et al., 2005). In the Complete
Freund’s Adjuvant (CFA) model of inflammatory arthritis, inactivation of FAAH reduces tactile
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pain hypersensitivity in rats (Ahn et al., 2011) and in mice through CB1- and CB2-dependent
mechanisms (Jayamanne et al., 2006). These studies highlight the need to elucidate specific
endogenous NAE signaling mechanisms underlying affective and nociceptive behavioral
responses.

While many of these studies were performed in males, accumulating evidence indicates
that NAE signaling pathways exhibit sex differences in rodents. For example, female rats express
higher levels of FAAH activity and lower AEA levels in the amygdala as compared to males
(Krebs-Kraft et al., 2010). Conversely, male rodents express higher levels of CB1 receptors than
females in this region, which may be attributed in part to the influence of ovarian hormones in
the latter (Castelli et al., 2014). Males also express higher levels of PPARa in T-cells (Dunn et
al., 2007) and in the hippocampus (Pierrot et al., 2019), where pharmacological activation of
PPAR« enhances synaptic plasticity in males but not female mice. These findings reflect the

established role of sex in the behavioral responses to nociception (Gregus et al., 2021), anxiety
(Hodes and Epperson, 2019), and depression (Kropp and Hodes, 2023) suggesting that
behavioral evaluations of NAE signaling should incorporate sex as a biological variable.
Despite the importance attributed to NAEs in nociception and affective disorders as
revealed by investigation of FAAH, there is limited information on the role of NAE biosynthesis
in these same behavioral paradigms. A recent study using acute dosing of the NAPE-PLD
selective inhibitor LEI-401 attributes NAEs from this pathway in fear conditioning in male mice
(Mock et al., 2020). However, the role of NAPE-PLD in nociceptive and other affective
behaviors has not been broadly evaluated. In this paper, we describe the effects of constitutive
deletion of Nape-pld on multiple nociceptive and affective behaviors in mice of both sexes. We
utilized an extensive test battery that includes exploratory (open field, light—dark box), stress-
coping (forced swim, splash), natural reward (sucrose preference), nociceptive (tactile paw
withdrawal, thermal escape) and motor function (rotarod, locomotor activity). Finally, we
measured nociceptive responses following intraplantar CFA including peripheral inflammation
(paw edema), tactile sensitization (tactile paw withdrawal), and functional pain-like (grip force)
behavioral assessments to evaluate NAPE-PLD as a target for inflammatory arthritis.
2.4 METHODS

2.4a Reagents and consumables
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Materials were purchased as follows: Sigma Aldrich: Ultrapure sucrose (#RES0928S-
A102X), Fatty acid-free BSA (#A7030), Tween-20 (#P9416), Tris-HCI (#T5941), Complete
Freund’s Adjuvant (#F5881, Lot number SLCF1289); Viagen: DirectPCR Lysis Reagent (Mouse
Tail, #102-T); Integrated DNA Technologies (Bishay et al.): Nape-pld primers; Lonza: Seakem-
LE Agarose (#50002); Thermo: SuperSignal West Pico PLUS Chemiluminescent Substrate
(#34579), Phusion Hi-Fidelity DNA polymerase (#F530S), Bolt 4-12% Bis-Tris gels
(#NW04120BOX), iBlot2 PVDF transfer stacks (#IB24002); BioRad: blotting grade blocker
(#1706404); Cayman Chemical: anti-NAPE-PLD rabbit polyclonal antibody (#10306); Cell

Signaling: goat anti-rabbit HRP-linked secondary antibody (#7074); Braintree Scientific: Iso
Pads, 6"x10" (#1SO); MWI: Isoflurane (#NDC 13985-528-60), Saline (#NDC 0990-7983-02).
2.4b Animals

All mice were bred in-house using heterozygous X heterozygous breeding pairs of Nape-
pld mutant mice kindly provided by Benjamin Cravatt (Leung et al., 2006). These mice were
generated from 129SvJ-C57BL/6J and backcrossed for at least 10 generations onto a C57BL/6J
background and validated using PCR, qPCR, and Western Blot (Supplemental Information Fig.
1). Wildtype (WT), heterozygous (HET) and Nape-pld knockout (KO) weanlings were housed 2
to 5 per cage under a 12-hour reverse light cycle (21:00 on/09:00 off) with ad-libitum access to
standard chow and water, except when otherwise stated for specific experimental procedures. A
total of 75 (36 male and 39 female) WT or Nape-pld KO mice 10-20 weeks of age were entered
into the study. All behaviors were performed during the dark cycle and measured under
controlled light conditions. All behavioral testing was performed by the same observers who
were blinded to the genotype and treatment condition by another investigator, and the observers
were unblinded at the conclusion of the experiment. All protocols and experiments were
approved by the Virginia Tech (Blacksburg, VA, USA) Institutional Animal Care and Use
Committee (IACUC) and complied with the ARRIVE guidelines (Percie du Sert et al., 2020).
2.4c Behavoral testing
Affective behavioral battery

Mice were evaluated in a behavioral battery to investigate the effects of sex (male vs.
female) and genotype (WT vs. NAPE-PLD KO) on baseline affective behavior (Fig. 1), with one

test per week over the course of 9 weeks. In order, mice were evaluated for anxiety-like behavior
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(Open Field Test, Light-Dark Box), nociceptive responses (Thermal Escape Latency, Tactile
Allodynia), depression-like behavior (Splash Test, Sucrose-Preference Test, Forced Swim Test),
and motor function (Rotarod Test). Locomotor activity was determined from data collected
during Open Field Test.
Open field test

Mice were tested as previously described (Johnson et al., 2021). Briefly, mice were
acclimated to the testing room in their home cage with cage lids open for a minimum of 30 min.
At the start of testing, mice were placed in the corner of an opaque testing arena
(43 cm x 43 cm x 43 cm) under illuminated conditions (200 Ix) and their movements were
recorded for 10 min with an overhead camera. The latency to first enter the center space, amount
of time spent in the center space (20 cm x 20 cm) and edge (3.5 cm from each wall) spaces, the
total number of entries into the edge and center spaces, and the total distance traveled were

measured using ANY-maze tracking software (Stoelting Co., version 5.25).

Light dark box

Mice were tested as previously described (Alkhlaif et al., 2017). Briefly, mice were
acclimated to the testing room in their home cage with cage lids open for a minimum of 30 min.
A black acrylic rectangular insert (43 cm x 15 cm % 43 cm) was placed into an opaque testing
arena (43 cm x 43 cm x 43 cm) to create a division of light (25-30 1x) and dark space (<3 1x),
with a small opening in one wall that permitted mice to cross between these spaces. At the start
of testing, mice were placed into the dark space and their movements were recorded for 10 min
with an overhead camera. The amount of time spent in the light and dark spaces, the number of
entries into the light and dark spaces, and the mean light and dark space visit lengths were
measured using ANY-maze tracking software (Stoelting Co., version 5.25).

Thermal escape latency (hotplate)

Thermal thresholds were tested as previously described (Naidu et al., 2010). Briefly, mice
were habituated to the testing room in their home cages for a minimum of 1 h with cage lids
open. They were then individually acclimated to the hot plate apparatus (1I'TC, Part #39) within
an acrylic cylinder (I1TC, Part #39ME, 9 cm diameter, 30 cm height) for a minimum of 10 min
while turned off, and baseline measurements were taken once before experimental evaluation.

For all testing procedures, the hot plate was set to 53°C with a cutoff time of 20 s to prevent
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tissue damage, and then mice were placed into the cylinder. Each mouse was measured three
times and then averaged to report mean thermal paw withdrawal latency (i.e. shaking, lifting or

licking the paw, or jJumping) using a hand timer.

Tactile allodynia

Tactile allodynia was evaluated using manual von Frey filaments with buckling forces
between 0.02 and 2 g (Touch Test, Stoelting Co.) applied to the mid-plantar surface of each
hindpaw using the up-down method (Chaplan et al., 1994, Gregus et al., 2018). Mice were
habituated to the testing room and apparatus once before collecting data. Prior to testing, mice
were acclimated to the testing room in a 4-sided acrylic chamber with only one transparent wall
(3 x 3 x 7.5 1in.) placed on a metal mesh grid under controlled lighting conditions (~100 Ix) for a
minimum of 60 min (baseline measurements) or 15 min (experimental timepoints). Any mouse
with a basal 50% paw withdrawal threshold (PWT) < 0.79 g was excluded from the study. For
baseline measurements, PWTs from both hindpaws were averaged; for CFA, PWTs from the
hindpaw ipsilateral to injection (left) were reported. Data were expressed as 50% gram
thresholds vs time or as area under the curve (hyperalgesic index % change from baseline).
Splash test

Mice were tested as previously described (Hodes et al., 2015). Briefly, mice were
acclimated in a 4-sided acrylic chamber with only one transparent wall (12.5 x 7 x 7.25 in.)
containing a mirror opposite to the high-resolution video camera (Logitech C920) for a minimum
of 30 min under controlled lighting conditions (25-30 Ix). At the start of testing, mice were
sprayed three times with water on the backside with a 4 oz spray bottle, then returned to the
chamber for evaluation of grooming behavior (20 min). The latency to the first grooming episode
and total time spent grooming was recorded.
Forced swim test

Mice were tested as previously described (Can et al., 2012). Briefly, mice were
acclimated to the testing room in their home cage with cage lids open for a minimum of 30 min.
At the start of testing, mice were placed in a 5000 mL beaker filled with 2500 mL of water
(25 £ 0.5 °C) and recorded for 6 min. The latency to the first immobile episode (during all 6 min)

and total immobility time amount (during the last 4 min) was recorded.
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Sucrose preference test

Mice were tested using an open source two-bottle choice apparatus with infrared sensors
to detect real-time interactions as previously described (Godynyuk et al., 2019). One sipper tube
contained 1% sucrose (1 g of sucrose mixed with 100 g of tap water, made fresh daily) and the
other sipper tube contained tap water (prepared fresh daily). Mice were habituated to the two-
bottle choice apparatus in their home cages for 48 h, with position of the sucrose tube switched at
24 h. During training, mice were individually placed into a standard home cage with IsoPad
bedding and two-bottle choice apparatus for a 2-hour session on three consecutive days. During
testing, mice were deprived of water for 24 h and subsequently tested as done during training.
Any cage that exhibited substantial liquid below the apparatus indicated a technical malfunction
of the sipper tube(s), so these mice were excluded from the final analysis. Each bottle was
weighed before and after testing, and the sucrose preference was calculated as the percentage of
sucrose consumed relative to the total amount of liquid consumed. Additionally, the total number
of sucrose sips during the session was determined by infrared sensor reporting.
Rotarod test

Mice were tested for motor function as previously described (Brickler et al., 2016). Mice
were habituated to the testing room in their home cage with cage lids open for a minimum of
30 min. During testing, mice were placed on the Rotarod apparatus (Economex Rotarod,
Columbus Instruments, Part# 0201-003 M) set to an initial velocity (10 rpm) with an
acceleration of 0.1 rpm/sec. The latency to fall from the rotarod was measured using a hand
timer. All animals were tested 3 times with at least a 2-minute resting period after each test. Any
mice that fell initially within 20 s were immediately placed back on the rotarod for continued
testing.
2.4d Complete freunds adjuvant model of arthritis

The Complete Freund’s Adjuvant (CFA) model of arthritis was induced as previously
described (Urban et al., 2011). Mice were briefly anesthetized with isoflurane via low-flow
vaporizer (Somnosuite, Kent Scientific) and injected with 10 pl of vehicle (saline) or 100% CFA
into the left hind paw (day 0), and subsequently tested for clinical and behavioral signs of
arthritis for up to 16 days including grip strength, paw edema, and tactile allodynia. Paw edema
was measured using digital calipers (Mitutoyo Corporation Digimatic Caliper #500—196-30) in

the ipsilateral and contralateral paw (Ghosh et al., 2013), where each paw was measured three
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times (reported as the mean of respective paw). Grip strength was evaluated using a grip force
meter (BIOSEB #BIO-GS3) using BIO-CIS response analysis software according to a previous
report (Montilla-Garcia et al., 2017). Briefly, mice were allowed to grasp a metal grid (BIOSEB
#BIO-GRIPGS) and their tails were gently pulled by hand for 3 s to measure the maximal force
exerted by the mouse before releasing the grid. Each mouse was measured three times and then
averaged to report mean grip force. A systematic review and meta-analysis of behavioral
outcome measures for intraplantar CFA model of arthritis demonstrates that open field, light—
dark box, forced swim test, and sucrose preference test exhibit weak or no correlation with
significant effects, so we elected not to examine these parameters in this model (Burek et al.,
2022).
2.5 STATISTICAL ANALYSIS

Statistical analyses were performed using GraphPad Prism (version 9.4.1). All data are
reported as mean £ SEM, and individual data points are indicated where applicable. All baseline
behavioral tests were analyzed using 2-way ANOVA (sex x genotype) and Bonferroni post hoc,
with all ANOVA statistics and post hoc p-values reported in Table 1. For the CFA experiments,
CFA pain study was analyzed by 3-way repeated measures ANOVA (sex X genotype x time)
followed by Tukey’s post hoc with all ANOVA statistics and post hoc p-values reported in Table
2. Statistical outliers were determined using Grubb’s Test. In the event of multiple outliers within
the same genotype and sex, the individual with the higher z-value was removed. The criteria for
significance were as follows: *P < 0.05, **P <0.01, ***P <0.001.
2.6 RESULTS
2.6a Sex-dependent effects on some baseline anxiety-like behaviors

To evaluate the role of both sex and Nape-pld genotype in anxiety-like behavior, we
examined WT and KO mice of both sexes in the open field and light—dark box tests. The
complete statistical results for these experiments can be found in Table 1. In the open field test,
two-way ANOVA revealed that there were no significant effects of Nape-pld genotype or sex on
the time spent in the center of the apparatus (Fig. 2A), latency to the first entry into the center
(Fig. 2B) or the total number of times the mice crossed between the center and edge of the
apparatus (Supplemental Fig. 2A). In the light—dark box test, there was an effect of sex, but not
genotype, in the total amount of time (Fig. 2C) and mean visit length in the light side of the box
(Fig. 2D), with male Nape-pld KO spending significantly more time in and making longer visits
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to the light than female Nape-pld KO mice. In contrast, there were no differences in the total
number of crossings between light and dark (Supplemental Fig. 2B). Collectively, these
observations indicate that deletion of Nape-pld unmasks a phenotypic sex difference wherein
males exhibit less of some anxiety-like behaviors than their female counterparts.
2.6b Sex-dependent effects on baseline nociceptive behaviors

Next, we evaluated baseline nociception in WT and KO mice of both sexes in the
hotplate (thermal) and von Frey tests (tactile). Two-way ANOVA revealed an effect of sex and an
interaction between genotype and sex in thermal thresholds at 53 °C, wherein WT males
exhibited significantly lower response latencies than WT females, an effect not observed
in Nape-pld KO mice (Fig. 3A). However, there was no significant effect of sex or genotype on
tactile withdrawal thresholds (Fig. 3B). These results show that WT female mice exhibit
increased thresholds to a 53°C thermal stimulus compared WT male mice, and this effect was
lost in Nape-pld KOs as males and females had similar thermal response thresholds.
2.6¢ Sex- and Nape-pld-dependent effects on baseline depression-like behaviors

To evaluate the role of NAPE-PLD in depression-like behaviors, we examined WT and
Nape-pld KO mice in the splash test, forced swim test, and sucrose preference test. In the splash
test, two-way ANOVA revealed no significant effect of genotype or sex on the time spent
grooming (Fig. 4A). However, we observed an effect of sex as well as an interaction between sex
and genotype for latency to initiate grooming behaviors, in which WT males exhibited reduced
latency relative to WT females. This sex difference is not present in Nape-pld KO mice (Fig.
4B). For the forced swim test, while there were no significant effects of genotype or sex on total
immobility time (Fig. 4C), we noted a sex difference in latency to immobility wherein Nape-pld
KO males initiated floating behaviors earlier than isogenic females (Fig. 4D). In contrast, in the
sucrose preference test there was a significant effect of genotype (Fig. 4E), with male Nape-pld
KO mice showing a trend towards reduced preference for 1% sucrose compared with male WT
mice (p = 0.08). Similarly, we observed an effect of genotype as well as an interaction between
genotype and sex in the number of sips of sucrose solution (Fig. 4F), wherein male Nape-pld KO
mice took fewer sips of 1% sucrose compared with WT males. Taken together, these results
indicate that Nape-pld contributes to some motivational depression-like behaviors.

2.6d No sex- or Nape-pld-dependent effects on motor function

36


https://www.sciencedirect.com/science/article/pii/S2452073X23000223#s0095
https://www.sciencedirect.com/topics/neuroscience/nociception
https://www.sciencedirect.com/science/article/pii/S2452073X23000223#f0015
https://www.sciencedirect.com/science/article/pii/S2452073X23000223#f0015

To evaluate motor coordination and function, we examined WT and Nape-pld KO mice
for performance in the rotarod test and locomotor activity from the open field test. We observed
no Nape-pld genotype- or sex-dependent differences in locomotor activity based on total distance
traveled in the open field arena (Supplemental Fig. 2C) or in total time spent on the rotarod
(Supplemental Fig. 2D) as revealed by two-way ANOVA. Overall, these results indicate intact
motor function in all groups regardless of sex or expression of NAPE-PLD.
2.6e Sex-specific differences in peripheral inflammation and pain-like behaviors

To evaluate the role of NAPE-PLD in inflammatory hyperalgesia, CFA-induced arthritis
was examined in WT and Nape-pld KO mice of both sexes. The complete statistical results for
these experiments can be found in Table 2. We measured local inflammation (paw edema), von
Frey (tactile allodynia), and grip strength deficit (grip force), a common rheumatological
measure of functionality. Measurements of paw edema revealed a significant effect of time and
sex (but not genotype), in which maximal swelling was evident on Days 1 and 3 in all groups
post-injection by 3-way repeated measures ANOVA (Fig. 5A). Additionally, there was a
significant interaction between time and sex, as well as genotype and sex, showing that
inflammation in WT females was more pronounced and lasted longer compared with WT males,
and this sex-dependent response was lost in Nape-pld KO mice.

Next, we determined the effects of Nape-pld on inflammatory hyperalgesia in both sexes
using the clinically relevant rheumatological outputs of tactile allodynia and grip force. There
was a significant effect of time and sex (but not genotype) on the development of CFA-induced
tactile allodynia in which WT and Nape-pld KO mice of both sexes exhibited reduced paw
withdrawal thresholds within 1 day following CFA (Fig. 5B). In addition, we observed an
interaction between time and sex, as the resolution of allodynia is expedited in Nape-pld KO
females versus isogenic male littermates. Similarly, we detected a significant effect of time as
well as an interaction between time and genotype on the development of grip force strength
deficits, which emerged on Day 1 post-CFA and peaked at day 7 in males and trended toward a
peak between days 5 and 10 for females (Fig. 5C). Collectively, these results demonstrate that
while paw inflammation in Nape-p/d KO mice is not different between sexes, pain-like behaviors

began to resolve more quickly in females regardless of genotype.
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2.7 DISCUSSION

Multiple studies have investigated the physiological roles of NAE signaling by targeting
metabolism via FAAH inactivation or downstream receptor activity, but the current work is the
first to comprehensively evaluate the behavioral effects of long-term inactivation of NAE
biosynthesis by Nape-pld KO in mice. Accordingly, our findings reveal that Nape-pld KO mice
exhibit a subset of behavioral changes previously identified as a result of manipulation of FAAH.
Specifically, deletion of Nape-pld reduced sucrose preference, but not other baseline anxiety-like
or depression-like behaviors in naive mice. In addition, we observed sex differences in multiple
baseline measures in WT mice that were absent in Nape-pld KO mice. We did not identify any
genotypic changes on baseline motor function. Finally, while CFA-induced inflammatory
arthritis developed differently in male and female mice, we did not observe any specific effect
of Nape-pld KO.

The principal genotypic effect of Nape-pld inactivation we observed was altered sucrose
preference behavior. We found that Nape-pld KO mice exhibited less preference for sucrose and
less sucrose drinking behavior, consistent with previous studies implicating endocannabinoid
signaling in anhedonic aspects of depression-like behavior. Exogenous administration of AEA
increased sucrose consumption, whereas systemic administration of a CB1 receptor
antagonist decreased sucrose intake in male rats (Higgs et al., 2003). Non-cannabinergic receptor
signaling is unlikely to facilitate this aspect of anhedonic behavior as neither TRPV1 (male or
female) nor PPARa (male) knockout mice exhibited a difference in sucrose preference
(Ellingson et al., 2009, Middleton et al., 1988). Anhedonic differences may also be mediated by
stress, as systemic inactivation of FAAH failed to alter sucrose preference in unstressed animals
(Bortolato et al., 2007, Rademacher and Hillard, 2007), suggesting that basal endogenous NAE
tone is sufficient to support typical hedonic behaviors in naive mice. However, FAAH inhibitors
reduced sucrose preference following social isolation (Carnevali et al., 2020) or stress (Bortolato
et al., 2007, Rademacher and Hillard, 2007). Collectively, these studies suggest
that anxiogenic or depressive states may be mediated by other NAEs, since exogenous OEA and
PEA also prevent stress-induced changes in sucrose preference (Jin et al., 2015, Li et al., 2019).
Despite our findings that NAPE-PLD inactivation had no effect on immobility time during the
forced swim test, multiple lines of evidence suggest that pharmacological activation of NAE

signaling elicits anti-depressive effects during this test. FAAH inhibitors elevate endogenous
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NAE levels, and subsequently reduce forced swim immobility time in mice (Gobbi et al.,

2005, Griebel et al., 2018, Jankovic et al., 2020). These effects can be recapitulated by activation
of CB1 with HU-210 in rats (Hill and Gorzalka, 2005) as well as central activation of PPAR«a
with fenofibrate (Jiang et al., 2017). Thus, pharmacological activation of NAE signaling reduces
depression-like behavior during the forced swim test that is not induced by inactivation of
NAPE-PLD and thus may rely on other NAE biosynthetic pathways. Collectively, these findings
support an important role for Nape-pld in mediating the interaction between stress and anhedonic
behavior.

Additionally, our findings showed that WT male mice were more sensitive to noxious
heat than females in the hotplate test, corroborating findings in rats (Vierck et al., 2008) but in
contrast with previous work in mice showing no sex differences in hotplate response latency
(Leo et al., 2008). This sex-dependent thermal response sensitivity is lost in Nape-pld KO mice,
suggesting that NAEs contribute to basal thermal nociception. Males have higher NAE levels
and lower expression of FAAH in the amygdala, a key hub for nociceptive processing (Gray et
al., 2016, Krebs-Kraft et al., 2010, Natividad et al., 2017). Thus, enhanced thermal sensitivity in
males may result from increased NAE activation of pronociceptive signaling via TRPV1, as
TRPV1 KO mice (Bolcskei et al., 2005) and rats (Huda et al., 2018) both have increased thermal
latency in the hotplate test, and FAAH KO mice unmask endogenous NAE-dependent TRPV1
thermal nociception (Carey et al., 2016). It is also possible that this sex-dependent thermal
response could be explained by decreased CB1 and/or CB2 sensitivity, as multiple studies
indicate that the analgesic effect of cannabinoids on thermal response latency may have more
efficacy in female rats using the tail flick assay (Craft and Leitl, 2008, Craft et al.,

2012, Marusich et al., 2015). However, it is less likely that this sex difference results from
disparities in PPARa-mediated signaling, as multiple studies assessing the role of sex indicate
that this receptor produces pro-nociceptive responses mainly in male rodents. Chemotherapy-
induced peripheral neuropathy results in persistent allodynia in male mice that can be reversed
by systemic PEA administration, an effect that is blocked by co-administration of the PPAR«
antagonist GW6471 (Donvito et al., 2016). In a mouse model of spinal nerve injury, fenofibrate
produces anti-allodynic effects in males — but not females — that are reversed by administration

of the PPARa antagonist GW6471 (Sorge et al., 2015). However, since these studies evaluated
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tactile pain hypersensitivity, a role for PPARa in baseline thermal response latency cannot be
ruled out.

Our findings suggest that NAPE-PLD does not play a critical role in the development of
inflammatory arthritis. We found no impact of Nape-pld KO on clinically relevant evoked
(tactile) and functional (grip force) measures of pain-like behaviors during inflammatory
arthritis, as genetic inactivation did not alter the intensity or duration of allodynia following
induction of CFA arthritis. In contrast, acute treatment with a FAAH inhibitor following CFA
arthritis increases NAE levels to produce robust anti-allodynia in male mice (Holt et al., 2005)
and rats (Ahn et al., 2009). Similar effects were seen in the Collagen-Induced Arthritis model,
where long-term chemical or genetic inactivation of FAAH attenuates allodynia in male mice
(Kinsey et al., 2011). These studies all indicate that CB1, and possibly CB2, mediate therapeutic
actions of FAAH-produced NAE signaling, as FAAH actions are mitigated by treatment with
CB1 antagonists. In the Collagen-Induced Arthritis model, daily administration of PEA reverses
allodynia after five days of treatment, suggesting that PPARa may also help mitigate arthritis-
induced nociception (Impellizzeri et al., 2013). Accordingly, multiple studies indicate that the
PPARa agonist fenofibrate may have clinical efficacy in treating pain in patients

with rheumatoid arthritis (van Eekeren et al., 2013). In the carrageenan model, the anti-allodynic

effects of FAAH inhibitor are blocked by GW647 suggesting a potential role for NAE signaling
via PPARa during treatment of arthritis (Jhaveri et al., 2008). These findings indicate that NAES
produced by NAPE-PLD have a therapeutic but not causative role in the development of
nociception during arthritis.

We did observe sex-dependent effects in CFA-induced arthritis, wherein females
exhibited greater edema during arthritis induction, yet their allodynia resolved earlier than male
counterparts. These results are congruent with clinical studies reporting that women with
rheumatoid arthritis develop more severe swelling than men (Intriago et al., 2019), yet similar
studies examining mice of both sexes during arthritis show mixed results. A murine model of
psoriatic arthritis produces more significant paw edema in females (Haley et al., 2021), whereas
other studies in mice using either CFA- (Bryant et al., 2019, Chillingworth et al., 2006) or
K/BxN-induced arthritis (Woller et al., 2019) displayed no sex differences in mice. Our study
used higher animal numbers per group with greater statistical power than previous studies, which

may explain the difference in our findings. We observed no effect of NAPE-PLD inactivation on
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paw edema, consistent with findings showing that FAAH inhibitors also fail to alter paw
swelling following intraplantar carrageenan injection in rats (Okine et al., 2012). Taken together,
these results suggest that endogenous NAEs do not play a critical role in the development of
global inflammation during arthritis. Likewise, prior literature examining time courses of
arthritis-induced allodynia in male and female rodents also reports conflicting findings. The
K/BxN model of arthritis produces longer lasting allodynia in male mice (Woller et al., 2019),
whereas similar studies using CFA in mice show no significant sex differences in nociception
(Bryant et al., 2019, Cook and Nickerson, 2005). Our study showing that allodynia resolves
faster in wild-type female mice incorporated greater statistical power, and replicated these results
in NAPE-PLD knockout mice that showed the same sex-specific effect. While these findings
indicate that endogenous NAEs do not play a critical role in the resolution of pain
hypersensitivity during CFA arthritis, they suggest that future studies using this model should be
performed with appropriately powered male and female cohorts instead of a mixed-sex design.

Taken together, our findings suggest that NAPE-PLD likely would not be a high value
target for treating inflammatory arthritis. However, our results do not preclude involvement of
NAPE-PLD in the development of neuropathic pain states following chemotherapy (Noya-Riob6
et al., 2023) or nerve injury (Bishay et al., 2010, Jee Kim et al., 2018, Palazzo et al., 2012). It

also is possible that deletion of Nape-pld may alter other aspects of pain hypersensitivity
including spontaneous, affective, or cognitive functions using additional output measures, which
could be a focus of future research. Importantly, the lack of deficits in motor function or anxiety-
like behaviors in KO mice indicates that chronic pharmacological inactivation of NAPE-PLD
likely will be well-tolerated, warranting further evaluation of this target in other appropriate
disease indications (Mock et al., 2020).
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2.9 TABLES
2.9a Table 1. Statistics for all behavioral evaluations using 2-way ANOVA.

Figure Behavioral Test

2A

2B

2C

2D

3A

3B

Open Field Test (Center
Time)

Open Field Test (Center
Latency)

Light Dark Box (Light
Time)

Light Dark Box (Light
Mean Visit)

Hotplate Test (Response
Latency)

Von Frey Test (Tactile
Threshold)

Factor

Genotype

Sex

Genotype*Sex

Genotype

Sex

Genotype*Sex

Genotype

Sex

Genotype*Sex

Genotype

Sex

Genotype*Sex

Genotype

Sex

Genotype*Sex

Genotype

F-Value

F(1,
71) =0.2378

F(L,
71) = 3.409

F(1,
71) =0.0179

F(1,
71) = 0.8624
F(1,
71) = 0.1005
F(1,
71) = 0.2163

F(1,
68) = 0.4881

F(1,

68) = 5.049
F(1,

68) = 0.9386
F(1,

67) = 0.2080

F(1,
67) =5.126

F(1,

67) = 1.417
F(1,

70) = 0.7027
F(1,

70) = 10.29

F(ll
70) = 6.391

F(ll
71) = 0.0076

P-

value

0.6273

0.0690

0.8940

0.3562

0.7521

0.6433

0.4871

0.0279

0.3361

0.6498

0.0268

0.2381

0.4047

0.0020

0.0137

0.9308

Bonferroni

WT (M vs
F) = 0.8147

KO (M vs
F) =0.0294

WT (M vs
F) = 0.9678

KO (M vs
F) =0.0190

WT (M vs
F) = 0.0007

KO (M vs
F) =0.9999
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Figure Behavioral Test

4A

4B

4C

4D

4E

Splash Test (Grooming
Time)

Splash Test (Grooming
Latency)

Forced Swim Test
(Immobility Time)

Forced Swim Test
(Immobility Latency)

Sucrose Preference (%
Sucrose)

Factor

Sex

Genotype*Sex

Genotype

Sex

Genotype*Sex

Genotype

Sex

Genotype*Sex

Genotype

Sex

Genotype*Sex

Genotype

Sex

Genotype*Sex

Genotype

Sex

Genotype*Sex

F-Value

F(1,
71) = 0.0731

F(1,
71) = 0.2135

F(L,
74) = 2,599

F(L,
74) = 2.516

F(1,
74) = 1.445

F(1,

69) = 0.5876
F(L,

69) = 6.936
F(L,

69) = 4.109

F(1,
73) = 0.2544

F(1,
73) = 0.3903
F(1,
73) = 0.1056
F(1,
70) = 0.1357

F(1,
70) = 11.66

F(1,

70) = 0.6553
F(L,

70) = 5.609
F(L,

70) = 0.3316

F(ll
70) = 0.4918

value
0.7876

0.6455

0.1112

0.1170

0.2332

0.4459

0.0104

0.0465

0.6155

0.5341

0.7461

0.7137

0.0011

0.4210

0.0206

0.5665

0.4855

Bonferroni

WT (M vs
F) =0.0064

KO (M vs
F) = 0.9999

WT (M vs
F) =0.1868

KO (M vs
F) =0.0032

M (WT vs
KO) = 0.0817

F (WT vs
KO) = 0.4439
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Figure Behavioral Test

4F

S2A

S2B

S2C

S2D

Sucrose Preference (# of
Sips)

Open Field Test (Center
Crossings)

Locomotor Activity (Total

Distance)

Light Dark Box (Light

Dark Crossings)

Rotarod Test (Fall Latency)

Factor

Genotype

Sex

Genotype*Sex

Genotype

Sex

Genotype*Sex

Genotype

Sex

Genotype*Sex

Genotype

Sex

Genotype*Sex

Genotype

Sex

Genotype*Sex

F-Value

F(1,
70) = 5.670

F(1,
70) = 0.0009

F(L,
70) =5.330

F(1,
71) =0.0031

F(1,
71) = 0.0704

F(1,

71) = 0.5486
F(L,

71) = 0.1784
F(L,

71) = 1.550

F(a,
71) = 0.1597

F(1,

67) = 0.0004
F(L,

67) = 1.748
F(L,

67) = 0.4477

F(1,
71) = 3.657

F(1,
71) = 0.3280

F(1,
71) = 0.5377

value
0.0200

0.9767

0.0239

0.9555

0.7915

0.4614

0.6740

0.2172

0.6906

0.9849

0.1906

0.5057

0.0599

0.5687

0.4658

2.9b Table 2. Statistics for all behavioral evaluations using 3-way ANOVA.

Bonferroni

M (WT vs
KO) = 0.0043

F (WT vs
KO) =0.9999
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Figure Behavioral Test

5A Paw Edema (Ispilateral)

5B Tactile Allodynia (Ipsilateral)

5C Grip Force (change from
baseline)

Factor

Time

Genotype

Sex

Time*Genotype
Time*Sex
Genotype*Sex
Time*Genotype*Sex
Time

Genotype

Sex

Time*Genotype
Time*Sex
Genotype*Sex
Time*Genotype*Sex

Time

Genotype

Sex
Time*Genotype
Time*Sex
Genotype*Sex

Time*Genotype*Sex

F-Value

F(4.541,
172.6) = 39.66

F(1, 38) = 0.04884
F(L, 38) = 4.927
F(8, 304) = 0.5793
F(8, 304) = 3.232
F(1,38) = 5.227
F(8, 304) = 2.785
F(8, 552) = 138.4
F(1, 69) = 1.187
F(1, 69) = 9.040
F(8, 552) = 0.5749
F(8, 552) = 4.678
F(1, 69) = 0.05516
F(8, 552) = 0.6125

F(6.357,
451.4) = 17.01

F(1, 71) = 0.9521
F(1, 71) = 0.005372
F(8, 568) = 3.647
F(8, 568) = 1.435
F(1, 71) = 0.07860
F(8, 568) = 0.8642

P-value
<0.0001

0.8263
0.0325
0.7948
0.0015
0.0279
0.0055
<0.0001
0.2796
0.0037
0.7988
<0.0001
0.8150
0.7677
<0.0001

0.3325
0.9418
0.0004
0.1787
0.7800
0.5466
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2.10 FIGURES

Open Light Thermal Tactile Splash Sucrose Forced Rotarod Locomotor

Field Dark Escape Allodynia Test Preference Swim Test Activity

Test Box Latency Test Test (Week 1
" = E 1 1t & ; P

| &

| Anxiety-like | Nociception | Depression-like |

I I | | | | I I I

1 2 3 4 5 6 7 8 9

Week

Fig. 1. Experimental timeline for behavioral characterization of male and female Nape-pld KO

mice. All images were generated using BioRender.
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Fig. 2. Contribution of NAPE-PLD to baseline anxiety-like behaviors in males and females. (A)

Time spent in the center of the open field test. (B) Latency to first enter the center of the open

field apparatus. (C) Total time spent in the light side during the light—dark box test. (D) Mean

time spent in a single light side visit during the light—dark box test. Data are presented as

mean = SEM, with WT (filled bars: males in green, n = 14—16; females in purple, n = 14-15)

and Nape-pld KO mice (open bars: males in green, n = 14—16; females in purple n = 14-15).
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Statistical significance indicated by *P < 0.05. (For interpretation of the references to colour in

this figure legend, the reader is referred to the web version of this article.)
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Fig. 3. Contribution of NAPE-PLD to baseline nociceptive thresholds in males and females. (A)

Baseline average latency to withdrawal response in the hot plate test at 53 °C. (B) Baseline 50%

tactile paw withdrawal threshold in the von Frey test. Data are presented as mean + SEM, with

WT (filled bars: males in green, n = 14; females in purple, n = 18) and Nape-p/d KO mice (open

bars: males in green, n = 22; females in purple n = 21). Statistical significance indicated by

*#P <0.01. (For interpretation of the references to colour in this figure legend, the reader is

referred to the web version of this article.)
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Fig. 4. Contribution of NAPE-PLD to depression-like behaviors in males and females. (A) Time
spent grooming (s) and (B) Latency to first grooming (s) in the splash test. (C) Total immobility
time (s) and (D) Latency to first immobility time (s) in the forced swim test. (E) Sucrose
preference based on total grams consumed and (F) Number of sips of 1% sucrose solution during
the sucrose preference test. Data are presented as mean = SEM, with WT (filled bars: males in
green, n = 13—14; females in purple, n = 18) and Nape-pld KO mice (open bars: males in green,
n = 22; females in purple n = 20-21). Statistical significance indicated by *P < 0.05, **P < 0.01.
(For interpretation of the references to colour in this figure legend, the reader is referred to the

web version of this article.)
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Fig. 5. Evaluation of arthritis pain model using CFA in Nape-pld KO male and female mice.
Time courses of changes in (A) Ipsilateral paw diameter (mm), (B) 50% tactile withdrawal
threshold (g) and (C) Grip force (g) from the mean following induction of CFA. Data are
presented as mean + SEM, with WT (left: males in dark green, n = 10-23; females in dark
purple, n = 12—18) and NAPE-PLD KO mice (right: males in light green, n = 13-22; females in
light purple n = 17-21); the lower # in the range represents n for paw edema experiment.
Statistical significance indicated by *P < 0.05, **P < 0.01, ***P < 0.001. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of this

article.)
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2.11 SUPPLEMENTAL MATERIAL

2.11a Supplemental Methods

2.11a i Genotyping:

Colony genotyping was conducted by Transnetyx (Cordova, TN) and validated in-house by PCR
and western blot (Supplemental Figure 1). DNA extraction was performed with Viagen
DirectPCR Lysis Reagent (Mouse Tail) according to the manufacturer’s instructions. PCR for
Nape-pld WT, HET, and KO mice was conducted using Phusion Hi-Fidelity DNA polymerase
according to the manufacturer’s instructions and previously published procedures with primer sets
listed below (Leung et al., 2006). Product sizes were 1 band at 245 bp for WT, 1 band at 385 bp
for KO, and 2 bands at 245 and 385 bp for HET.

PLD+/+ primer set:

5’-GAGCTGGACTGGTGGGAGGAG-3’, 5’-GCTCCGATGGGAATGGCCGC-3’

PLD-/- primer set:

5’-CTGCACACTTGTTCCCCGAGC-3’, 5’-GCTGCTATTGGCCGCTGC-3’

2.11aii gPCR:

Total RNA was extracted using RNeasy Lipid Tissue Mini Kit (Qiagen #74804) and cDNA
libraries generated by iScript cDNA synthesis kit (BioRad #1708891) according to the

manufacturer’s instructions. qPCR was performed in Life Technologies MicroAmp Fast Optical
96-Well Reaction Plates (#4346906) on an ABI PRISM® 7700 using Tagman Fast Advanced
Master Mix and primer/probe sets for mouse Nape-pld (Mm00724596 m1 FAM_MGB) and
Gapdh (Mm99999915 gl VIC_MGB) as a loading control.

2.11a iii Western Blotting:

Total protein was extracted and processed according to previously published procedures with
modifications (Leung et al., 2006). Membrane proteins (30 ug) from brain of WT or Nape-pld KO
mice were resolved by Bolt 4-12% Bis-Tris SDS-PAGE gel, transferred to membranes using iBlot2
PVDF transfer stacks (7 min, 20V) and blocked with 5% blotting grade blocker in TBST.
Membranes were probed with anti-NAPE-PLD antibody in rabbit (1:200 dilution in 3% fatty-acid
free BSA in TBST) followed by anti-rabbit HRP-linked secondary antibody (1:5000 dilution in
5% blotting grade blocker in TBST), and then developed using SuperSignal West Pico PLUS
Chemiluminescent Substrate according to the manufacturer’s instructions. NAPE-PLD KO was

confirmed by absence of a single protein band at 46 kDa.
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2.11b Supplemental Figures
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Supplemental Figure 1: Biochemical confirmation of Nape-pld KO mice. (A) PCR analysis of
mouse genomic DNA from wild-type (WT), heterozygous (HET) and homozygous Nape-pld
knockout (KO) mice resulting from HETXHET breeding. The lower (245 bp) and upper (385 bp)
band correspond to WT and KO genotypes, respectively. Both bands are detected in HET mice.
(B) (B) Quantitative PCR analysis of brain tissue from WT and Nape-pld KO mice. (C) Western
blot of brain tissue (30 pg) from WT and Nape-pld KO mice. Statistical significance indicated by
*HE*P < 0.001.
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Supplemental Figure 2: Evaluation of motor function in Nape-pld KO males and females. (A)
Number of crossings between center and edge zones during the open field test. (B) Total distance
traveled (m) during the Open Field Test. (C) Number of crossings between the light and dark side
during the light dark box. (D) Latencies (s) to fall from the rotarod. Data are presented as mean =
SEM, with WT (filled bars: males in green, n=14-16; females in purple, n=14-18) and Nape-pld

KO mice (open bars: males in green, n=14-22; females in purple n=14-21).
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CHAPTER 3

Effect of chronic vapor nicotine exposure on affective and cognitive behavior in male mice

Number of figures: 7; Number of tables: 1

3.1 ABSTRACT

Nicotine use is a leading cause of preventable deaths both in the US and worldwide, and
a majority of those who attempt to quit will relapse. While electronic cigarettes and other
electronic nicotine delivery systems (ENDS) were presented as a safer alternative to traditional
cigarettes and promoted as devices to help traditional tobacco smokers reduce or quit smoking,
they have instead contributed to increasing nicotine use among youths. Despite this, ENDS also
represent a useful tool to create novel preclinical animal models of nicotine exposure that more
accurately represent human nicotine use. In this study, we validated a chronic, intermittent,
ENDS-based passive vapor exposure model in mice, and then measured changes in multiple
behaviors related to nicotine abstinence. First, we performed a behavioral dose curve to
investigate the effect of different nicotine inter-vape intervals on various measures including
body weight, and locomotor activity. Next, we performed a pharmacokinetic study to measure
plasma levels of nicotine and cotinine following chronic exposure for each inter-vape interval.
Finally, we utilized a behavior test battery at a single dosing regimen to investigate the effects of

chronic exposure to nicotine, vehicle, or passive airflow on affective and cognitive behaviors.

3.2 KEYWORDS

ENDS, e-cigarette, nicotine, vaping, affective behavior, cognitive behavior,

3.3 INTRODUCTION
While a half-century of effort has successfully reduced overall nicotine use from its

highest levels, 18.7% of US adults ' and 10.0% of US middle- and high-school youths? report
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current tobacco use. Despite progress in reducing their consumption, tobacco and nicotine use
remains a leading cause of preventable death in the US. Since the advent of electronic cigarettes
(e-cigarettes) and electronic nicotine delivery systems (ENDS), many users have shifted away
from using traditional combustible cigarettes and towards these novel methods of nicotine
delivery >*. ENDS are typically small battery-powered devices that heat and deliver a mixture of
a liquid vehicle, drug (e.g., nicotine, A9-tetrahydrocannabinol), and/or flavors for user inhalation
3. Despite the popularity of such devices, there is limited basic or preclinical research ¢ into the
physiological, behavioral, and cognitive effects of chronic vapor-based exposure (CVE) to

nicotine.

The use of animal models allows researchers to perform in-depth research into the
mechanisms and/or circuitry underlying the behavioral and cognitive effects of chronic vapor-
based nicotine exposure, which is still under-studied. Historically, research on the health
implications of chronic nicotine exposure  has used non-inhalation routes of administration
(e.g., intravenous self-administration, continuous subcutaneous exposure) to recapitulate human
nicotine consumption. It is well known that the route of administration strongly influences the

subjective or reinforcing effects of a drug, ultimately contributing to its addictive potential '*-12,

For these reasons, intravenous self-administration of nicotine has considerable face validity!'*!4
as the drug quickly crosses the blood-brain barrier to exert central nervous system effects.
However, the development of ENDS allows the study of nicotine effects by using the same route
of administration of clinical populations. While some researchers have begun to employ ENDS-
based vapor delivery systems to study the neurobiological effects of chronic nicotine exposure !>~
17 most studies to date have investigated a limited number of dosing regimens or behavioral

outputs.

To address this gap, we first investigated the dose-dependent physical, behavioral, and
pharmacokinetic effects of nicotine under chronic exposure conditions. Based on these
experiments, we selected the chronic nicotine dosing procedure that produced pharmacokinetic
and behavioral responses that best recapitulated responses observed in human smokers and
performed a multi-faceted test battery to investigate the subsequent effects of CVE on affective,

and cognitive behaviors.
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3.4 MATERIALS AND METHODS

Animals: C57BL/6J male mice (8-10 weeks at the beginning of experiments) were obtained

from Jackson labs and group housed five to a cage on a 12-hour reverse light cycle (21:00
on/9:00 off). Animals were given ad libitum access to standard chow and water, except when
otherwise stated. Chronic Vapor Exposure and all behavioral experiments were performed during
the dark cycle unless otherwise stated. All experimental procedures were conducted in
accordance with the guidelines for the care and use of animals, as set by the National Institutes of
Health. Protocols were approved by the Institutional Animal Care and Use Committee (IACUC)
of Virginia Tech (Blacksburg, VA, USA).

Chronic Vapor Exposure (CVE) paradigm: CVE was performed using a vacuum-based vapor
exposure system from La Jolla Alcohol Research !""!°. Animals were placed into sealed home
cages with their standard housing cage-mates for 8 hours a day, 5 days a week (9:00-17:00 M-F)
before being returned to their standard home cages. The sealed cages continuously received clean
room air from a down-stream vacuum pump (16 L/m), and a computer-controlled Electronic
Nicotine Delivery System (ENDS) delivered vapor (3 sec, 200°C) at pre-defined inter-vape
intervals (2 to 60 minutes). The e-liquid vehicle (VEH) consisted of 50% propylene glycol
(Sigma-Aldrich, P4347) and 50% vegetable glycerin (Sigma-Aldrich, G5516) (50/50 PGVG),
and all experiments with nicotine (NIC) used a dose of 20 mg/ml (-)-nicotine (Sigma Aldrich,
N3876). During all vapor exposure procedures, mice could move freely within the home cage

with ad libitum access to food and water.

Pharmacokinetic analysis: Submandibular blood sampling was performed as previously
described 22! by collecting blood in EDTA-coated tubes at different time points (5 minutes or
1,2,4, and 24 hours) following chronic vaping exposure. Blood samples were immediately
centrifuged at 3000xg for 15 minutes at 4°C and plasma was stored at -80°C until analysis. The
samples were processed and analyzed by using UPLC-MS/MS. The nicotine extraction was
performed by adding SuL of isotopically labeled nicotine-d4 and cotinine-d3 internal standards
to 50 ul of plasma, followed by 100 uL. Brine NaOH solution and 100 pL of Methyl tert-butyl
ether (MTBE). After briefly vortexing, samples were placed in dry ice for approximately one
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minute to freeze the aqueous layer??. The organic layer was transferred to a mass spec vial and
analyzed using a 1290 Infinity II LC System (Agilent Technologies) coupled with a 6495 triple
quadrupole mass detector (Agilent Technologies). The chromatographic separation was
performed with an Acquity UPLC® BEH HILIC column (Waters Corporation, 2.1 mm L.D. X
100 mm, particle size 1.7 um) at a flow rate of 400 pL/min at 35 °C, by injecting 2uL of sample.
The mobile phase consisted of solvent A (0.2% formic acid, 10 mM ammonium formate in
water) and solvent B (Acetonitrile, 0.2% formic acid). The analytes were eluted with the
following gradient: 0—1.50 min, 99% (B); at 2.7 min, 98% (B); at 3 min, 95% (B); at 3.1 min,
70% (B); 3.10-5.10 min, 70% (B); at 5.20 min, 40% (B); 5.20-7.50 min, 40% (B); at 7.51 min,
95% (B); at 8.50 min, 99% (B); 8.50-10 min, 99% (B). The acquisition mode used was multiple
reaction monitoring (MRM) in positive mode. The following transition ions were monitored for
the analytes and their isotope-labeled internal standards: Nicotine (163.2 = 132.4), d4-nicotine
(167.2 2136.4), Cotinine (177.2 =>80), d3-cotinine (180.2 =>101). A 9-point calibration curve
containing Nicotine (0.78-200 ng/ml) and Cotinine (2.34-600 ng/ml) was constructed using the
peak area ratios of the drugs to their deuterated internal standards. Plasma control samples were
run to calculate the limit of quantification (LOQ) which was 6.6 ng/ml for Nicotine and 18.7
ng/ml for Cotinine, respectively. The limit of detection (LOD) was calculated as the amount of
compound able to give a 3 times higher response than noise signal and it was 0.78 ng/ml for
Nicotine and 0.3 ng/ml for Cotinine. Pharmacokinetic parameters for blood level time courses

such as AUC, Cmax, and t1/2 are reported in Table 1.

Behavioral assessments of nicotine exposure

Open Field Test: OFT was performed 2 hours after completion of vapor exposure as we have
described previously?®. The mouse’s position was assessed by AnyMaze software using an
overhead camera to measure the total distance traveled (m), time spent immobile (s), time spent in

edge or center zone, and number of center entries.
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Light/Dark Box test: LDT was performed at 2 and 24 hours after completion of vapor exposure
as we have described previously?. Time spent on either side (s), latency to exit from the dark

chamber (s), and average dark visits (s) were recorded.

Locomotor activity: The locomotor activity of mice was recorded in clear cages by using a video
tracking system (AnyMaze) to measure the total distance traveled (m) for 1 hour prior to starting

the vaping session and 1 hour immediately following the vaping session.

Tactile Allodynia: We performed a time course at 1,2,4,16, and 24 hours after vapor exposure;
tactile allodynia was evaluated using manual von Frey filaments with buckling forces between
0.02 and 2 g (Touch Test, Stoelting Co.) applied to the mid-plantar surface of each hind paw using
the up-down method as we have described previously?2- All testing was performed under red
light during the dark cycle, and the researcher was blinded to the experimental conditions. Any
mouse with a basal 50% paw withdrawal threshold (PWT) <0.79 g was excluded from the study.
For baseline measurements, PWTs from both hind paws were averaged. Data were expressed as
50% gram thresholds vs time.

Splash Test: The splash test protocol was conducted as we described previously?® 2 hours after

the last vapor exposure using tap water. The total time spent grooming was recorded.

Sucrose Preference Test: The sucrose preference test was performed by exposing the mice to two
bottles with either tap water or 1% sucrose, in a 2-hour session at 2 and 24 hours after cessation of
vapor exposure. Each bottle was weighed before and after testing, and sucrose preference was
calculated as the % sucrose consumed relative to the total liquid intake ((sucrose consumed
(9)/total liquid consumed (g))x 100) for each session.

Operant Conditioning using FED3

Equipment and Setup: Operant conditioning was performed using the Feeding Experimentation
Device 3 (FED3)?528, The FED3 is a small battery-powered operant device that dispenses pellet
rewards (e.g., grain-based diet or sucrose) according to experimenter-designed programs. For this
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set of behaviors we used sucrose pellets (Dustless Precision Pellets, 20 mg Sucrose, Bio-Serv).
The FED3 contains two nose pokes for operant training, a pellet well for reward retrieval, and light
and sound cues upon reward delivery. All actions are timestamped and recorded in internal storage
for future analysis. To habituate mice to the FED3 and increase the speed of acquisition of FR1
behavior?® mice were given 48 hours of continuous access to a FED3 in their group-housed home
cage. This device was set to the Free Feeding paradigm, where the removal of a pellet from the
well triggers the release of a new pellet absent any delivery cues. For all operant conditioning
sessions (2-hour sessions, starting 2 hours after completion of vapor exposure) animals were
individually placed into a standard cage containing a FED3 with iso-pad bedding under red light,
then returned to group housing upon completion of the session. Experimental Parameters, such as
FED3 error rate, were counterbalanced between treatment groups for each experiment. If animals
failed to reach stable responding before the progressive ratio test (PRT, day 10) they were excluded
from that task; however, if they then reached stability in the 4 days between PRT and the quinine
test (QT, day 15) they were included in the QT analysis.

Fixed Ratio 1 (FR1): To establish operant responding for sucrose pellets (Dustless Precision
Pellets, 20 mg Sucrose, Bio-Serv) mice were given daily access to the FED3 under a Fixed Ratio
1 (FR1) feeding paradigm, with a pellet in the well at the start of the session. The left nose poke
was set as the active operandum and correct responses were paired with brief audio and visual cues
serving as conditioned reinforcers. No timeout period after pellet nose poke or pellet retrieval was
used. Acquisition of stable responding was defined as when animals had 3 consecutive sessions
where each of the following was met: >50% correct responding, +20% the number of pellets
retrieved on the previous day. For each session, the number of pellets obtained, number of left
pokes made, number of right pokes made, % correct, latency to first pellet retrieval, average pellet

retrieval time, average inter-pellet interval, and number of sessions until stability were recorded.

Progressive Ratio Test (PRT): To measure motivation for sucrose, the PRT was performed using
an escalating reinforcement schedule for sucrose pellets. Animals that did not reach a stable
responding by session 9 were excluded from this test. After mice established stable operant
responding under an FR1 paradigm with a pellet in the well at the start of a session, progressive

responding was measured over a single 4-hour session occurring 2 hours after completion of
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vaping exposure. The number of responses on the active lever needed for reward dispensation
increased exponentially based on the following equation: (ratio = ratio + round ((5 * exp (0.2 *
PelletCount) - 5))%2°, Breakpoint was defined as the highest number of reinforcers earned before
a 2-hour break between reinforcers. For this session, the total number of pellets obtained, number
of left and right pokes made, percent correct, latency to first pellet retrieval, average pellet retrieval

time, average inter-pellet interval, and breakpoint were recorded or calculated.

Quinine Test (QT): To evaluate the impact of aversive consequences on sucrose consumption,
mice were given access to sucrose pellets containing quinine (Dustless Precision Pellets, 20 mg
Sucrose 0.44% Quinine by weight, Bio-Serv) on an FR1 reinforcement schedule. Animals that
failed to meet stable responding before day 14 were excluded from this test. After mice reached
stable responding or returned to/exceeded the number of pellets retrieved at stability, they were
given a single 2-hour session of access to a FED3 with a pellet in well at the start of the session.
The total number of pellets obtained, number of left and right pokes made, percent correct, latency
to first pellet retrieval, average pellet retrieval time, average inter-pellet interval, and number of
pellets eaten (calculated as the number of pellets taken from the device minus the number of pellets
found on the floor of the cage at task completion) were recorded. A negative number of pellets
eaten signifies that the mouse intercepted a pellet mid-air prior to it reaching the well so that the
FED3 could record the pellets’ dispensation; the FED3 would then release another pellet so that
the mouse could retrieve two pellets for one active nose poke.

Statistical Analyses Statistical analyses were performed using GraphPad Prism (version 10.1.0)
and detailed reports are available in Table 1 and Supplemental Table 1. All data are reported as
mean + SEM and individual data points are displayed where applicable. Behavioral experiments
were analyzed as follows: for affective behaviors and tactile allodynia, one- or two-way ANOVA
with repeated measures as appropriate and Tukey post hoc; for cognitive tests, Kruskal-Wallis
followed by Dunn’s post hoc. Pharmacokinetic data are presented as follows: area under the curve,
AUC (ng*hr/ml); maximum plasma concentration, Cmax (ng/ml); plasma half-life, t1/2 (min). The
area- AUC and its relative statistical analysis were computed by the Center for Biostatistics and
Health Data Science (CBHDS), Department of Statistics at Virginia Tech using the PK package in
R, which is based on the work of Wolfsegger and Jaki®°. Statistical outliers were determined using
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Grubbs’ Test. In the event of multiple outliers within the same treatment group, the individual with
the higher z-value was removed. The criteria for significance were as follows: *P < 0.05, **P <
0.01, ***P < 0.001, ****P < 0.0001.

3.5 RESULTS
Optimization of the CVE paradigm

To determine optimal conditions for the CVE paradigm, we first examined the effects of 5
different nicotine vapor inter-vape intervals (2, 5, 10, 15, and 60 minutes, see Figure 1A) on 3
validated output measures of nicotine effect: changes in body weight during each week of
exposure, changes in locomotor activity, and the expression of tactile allodynia. Detailed statistical
results are available in Table 1 and Supplemental Table 1. While all treatment groups exhibited
a body weight change compared to the air control, the 2-minute nicotine frequency produced
significant body weight loss (Figure 1B) and did not increase locomotor activity (Figure 1C),
indicating that this dose was too high for further study. Accordingly, we proceeded to measure
tactile thresholds to assess abstinence-induced hyperalgesia (Figure 1D) and performed an in vivo
pharmacokinetic study of blood levels of nicotine and its active metabolite cotinine at different
time points following the last vapor exposure in all other inter-vape intervals (Figure 2A-B, Table
1). While mice exposed to the 5-minute nicotine frequency exhibited increased locomotor activity
(Figure 1B) and abstinence-induced tactile allodynia (Figure 2C), they showed a significant
reduction in body weight over time (Figure 1A) and supraphysiological levels of nicotine and
cotinine in the blood (Figure 2A-B, Table 1). Despite increased locomotor activity (Figure 1B),
mice subjected to 15-minute or 60-minute nicotine inter-vape intervals displayed body weight gain
(Figure 1A), did not develop significant allodynia (Figure 2C) and failed to exhibit blood levels
of nicotine and cotinine within range of human smokers (Figure 2A-B). By contrast, mice given
the 10-minute nicotine frequency exhibited increased locomotor activity without a corresponding
change in body weight as well as marked abstinence-induced tactile allodynia (Figure 1B-D) along
with predicted blood levels of nicotine and cotinine within the range of human smokers (Figure
2A-B, Table 1). Collectively, these results indicate that the 10-minute nicotine frequency prevents
body weight gain without producing weight loss, elicits predicted increases in locomotor activity

and abstinence-induced tactile allodynia, and nicotine blood levels equivalent to human smokers.
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Thus, we selected the 10-minute inter-vape interval for affective and cognitive behavioral
evaluation of the nicotine CVE paradigm. A new cohort of mice were divided into three groups
(n=20 per group); the first group was exposed to CVE containing nicotine (NIC, 20 mg/ml), the
second group was exposed to vehicle CVE without nicotine (VEH), and the third group was
exposed only to passive airflow (AIR), all delivered at a 10-minute frequency. An experimental

timeline for these studies is presented in Figure 3.

Nicotine CVE does not elicit substantial affective behaviors

Next, we investigated the effects of nicotine CVE on affective behaviors at defined
timepoints after the last vapor exposure as follows: the Open Field Test (OFT) and the Splash Test
(ST) at 2 hours, the Light-Dark box Test (LDT) and Sucrose Preference Test (SPT) at 2 and 24
hours. Detailed statistical results are available in Supplemental Table 2. In the OFT, distance
traveled, and time spent immobile represent measures of activity, while time spent on the edges
and the number of center entries signify levels of anxiety-like behavior. In the LDT, the number
of exits from, average length of visits to, and latency to exit from the dark area were taken as
measures of activity, while time spent in the dark portion signifies levels of anxiety-like behavior.
As expected, there was no significant difference between vehicle CVE and air controls at 2 hours
after cessation of vapor exposure for any parameter examined in OFT (Figure 4A-D) or LDT
(Figure 4E-G), indicating that the vehicle itself did not produce effects on anxiety-like behaviors
or overall locomotor activity at this time point or inter-vape interval. Compared with vehicle CVE
or air controls, mice receiving nicotine CVE displayed an increase in distance traveled and a
decrease in immobility time (Figure 4A-B), but there was no significant difference from controls
in time spent in the center or number of center entries in the OFT (Figure 4C-D). Similarly, in the
LDT, nicotine CVE produced an increased number of exits from the dark and decreased the
average length of dark visits (Figure 4E-F) at 2 hours after cessation of treatment, without altering
the latency to the first dark exit or time spent in the dark at either 2 hours or 24 hours after cessation
of treatment (Figure 4G-H). Thus, this paradigm of nicotine CVE produced hyperactivity without
effect on anxiety-like behaviors as evaluated by the OFT or LDT.

To determine the effects of nicotine CVE on measures of anhedonia, the same groups of
mice described above were subjected to the Splash Test 2 hours, and Sucrose Preference Test at
2 and 24 hours, after cessation of treatment. Detailed statistical results are available in
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Supplemental Table 2. In the Splash Test, both vehicle and nicotine spent significantly more
time grooming than air controls (Figure 5A). As there was no difference between vehicle and
nicotine treatment groups, increased grooming is most likely due to fur and skin exposure to the
vehicle itself. The vaporized vehicle solution is viscous, and probably aversive to the mouse,
possibly triggering a natural grooming response. There were no differences in sucrose preference
between air and vehicle controls, and no significant effect of nicotine at 2 hours or 24 hours post
vapor exposure (Figure 5B), indicating that cessation from nicotine CVE did not produce
anhedonia.

Nicotine CVE impairs the acquisition of discrimination learning

To examine the effects of nicotine CVE on operant learning, mice were trained to self-
administer sucrose pellets using FED3 in daily 2-hour sessions as previously described?®, Detailed
statistical results are available in Supplemental Tables 2-3. First, we evaluated the number of
active nose pokes (Figure 6A) and response accuracy (percentage of correct nose pokes) (Figure
6B) in each training session for 9 consecutive sessions to determine when mice achieved stable
operant responding behavior, defined as 3 consecutive sessions where each of the following was
met: >50% correct responding, £20% the number of pellets retrieved on the previous day. With
each successive training session, all groups exhibited faster pellet retrieval time after an active
nose poke (Figure 6C) with a significant effect of time but no main effect of treatment.
Interestingly, there was a significant difference between nicotine CVE and air controls in the
number of sessions until stable responding (Figure 6D) with nicotine treated mice needing more
sessions to stability, although the vehicle may contribute in part to this effect. There were no effects
of time or treatment on the number of pellets retrieved at stability (Figure 6E), suggesting that the
delayed acquisition observed in the nicotine group is not due to sucrose palatability. Analysis of
the number of inactive nose pokes per session, number of pellets retrieved per session, latency to
first pellet retrieval, and inter-pellet interval revealed significant effects of time, but only latency
to first pellet retrieval showed significant effects of treatment (Figure S1). These data suggest that
nicotine CVE may impair the acquisition of operant reinforcement behavior for sucrose rewards.

After mice reached stable responding to FED3, they were subjected to a single 4-hour

session set to an escalating reinforcement schedule for 20 mg sucrose pellets (Progressive Ratio

71



Test, PRT) to examine the effects of nicotine CVE on sucrose motivation as described
previously?®. Motivation for sucrose was measured by breakpoint, defined as the last pellet
retrieved before a 2-hour period without another pellet retrieval or the final number of pellets
retrieved over the session. There was no effect of nicotine CVE on sucrose motivation (Figure
7A) or ability to perform the PRT as measured by response accuracy/% correct (Figure 7B). There
were no significant differences between treatment groups in latency to first pellet retrieval, average
pellet retrieval time, or inter-pellet interval (Figure S2D-F) during the PRT. In contrast, we found
a significant reduction in the number of active nose pokes made for vehicle CVE versus air controls
(Figure S2A) resulting in fewer pellets retrieved at end of session (Figure S2C). Conversely, there
was a corresponding increase in the number of inactive nose pokes made for air controls versus
vehicle CVE (Figure S2B). Collectively, these data indicated that acute abstinence from nicotine

CVE does not affect motivation for sucrose as a natural reward.

Abstinence from nicotine CVE does not affect sucrose motivation

After mice reached stable responding to FED3, they were subjected to a single 4h session
set to an escalating reinforcement schedule for 20 mg sucrose pellets (progressive ratio test,
PRT) to examine the effects of acute abstinence from nicotine CVE on sucrose motivation as
described previously** Motivation for sucrose was measured by breakpoint, defined as the last
pellet retrieved before a 2h period without another pellet retrieval or the final number of pellets
retrieved over the session. There was no effect of nicotine CVE abstinence on sucrose motivation
(Figure 7A) or ability to perform the PRT as measured by response accuracy/% correct (Figure
7B). There were no significant differences between treatment groups in latency to first pellet
retrieval, average pellet retrieval time, or inter-pellet interval (Figure S?). In contrast, we found
a significant reduction in the number of active nosepokes made for nicotine CVE versus air
controls (Figure S2), although this response appears to be mediated in part by a vehicle effect.
Conversely, there was a corresponding increase in the number of inactive nosepokes made for air
controls versus vehicle CVE (Figure S2). Collectively, these data indicated that nicotine CVE

withdrawal does not affect motivation for sucrose as a natural reward.

Nicotine CVE increases consumption of quinine-infused pellets
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To examine the effects of nicotine CVE on response to aversive consequences of sucrose
consumption, mice were subjected to a single 2-hour session of access to a FED3 on an FR1
reinforcement schedule with pellets consisting of 0.44% quinine in sucrose. Detailed statistical
results are available in Supplemental Table 2-3. There was a significant increase in
consumption of quinine/sucrose pellets by nicotine CVE-treated versus both vehicle CVE-treated
and air control mice (Figure 7C). Additionally, nicotine CVE mice exhibited a greater number
of active nose pokes than air controls (Figure 7D). Despite an increased number of active nose
pokes, there was no effect of treatment on response accuracy/% correct (Figure 7E), number of
right (inactive) nose pokes made (Figure 7F), average pellet retrieval time or the average inter-
pellet interval (Figure S3B,C). However, nicotine CVE-treated mice demonstrated an increased
latency to first pellet retrieval versus vehicle CVE-treated mice (Figure S3A). Additionally,
while air and vehicle CVE mice demonstrated significant differences between sucrose and
quinine/sucrose pellet consumption this effect was not observed in nicotine CVE-treated mice
(Figure S3D). Taken together, these results indicate nicotine CVE alters quinine taste

perception.

3.6 DISCUSSION

Nicotine and tobacco use are leading causes of preventable deaths, and a majority of those who
attempt to quit using nicotine or tobacco will relapse. Electronic cigarettes and other electronic
nicotine delivery systems (ENDS) were presented as a safer alternative to smoking cigarettes but
have instead contributed to increasing nicotine use among US youths. However, these devices
represent useful tools for creating preclinical methods of chronic nicotine exposure that better
model human nicotine consumption. Using an ENDS device, we demonstrate that chronic,
intermittent vapor-based nicotine exposure at a 10-minute inter-vape interval produces expected
changes in weight, locomotor activity, and plasma nicotine levels, as well as tactile allodynia
following vaping cessation. While this dosing schedule results in deficits in operant acquisition
and quinine perception, it does not produce changes in affective behavior.

Our CVE procedures produced dose-dependent pharmacokinetic and behavioral responses
to nicotine. By manipulating the frequency of vapor exposure during a session (using a constant
flow rate, vape time, and concentration of nicotine in the ENDS solution), we can produce dose-
dependent changes in the Cmax and AUC. At exposure frequencies of 5 and 10 minutes, male

mice metabolize nicotine at a similar rate as previously published work using other routes of
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administration®. Interestingly, we discovered that the half-life was much longer at a lower exposure
frequency, which suggests that in-cage CVE may exhibit non-linear pharmacokinetics in mice.
This may result in part from multiple potential routes of administration using this model beyond
inhalation, including oral consumption or absorption through the skin. At high-frequency dosing,
we see a non-linear impact on nicotine metabolism as cotinine levels rise well beyond those
typically seen in rodent or clinical studies at 1200 ng/ml. Collectively, our pharmacokinetic studies
indicate that the 10-minute CVE dosing frequency produces plasma nicotine levels at levels
consistent with nicotine dependence in human and rodent models®3L.

Evaluation of multiple dosing regimens confirmed our pharmacokinetics data to support
chronic dosing at a 10-minute frequency to produce relevant phenotypic changes in mice. We
demonstrated that CVE to nicotine produces dose-dependent effects on body weight during the
first three weeks of exposure, recapitulating a long-standing clinical observation®3, These results
support multiple reports that nicotine drives anorexic effects®**® as well as consumption-
independent effects on metabolism and activity*®=’. The emergence of pain-like behavior during
abstinence has been established as a key indicator of dependence, and our data show a clear dose-
dependent increase in tactile allodynia following CVE with a peak at 2 to 4 hours post-session.
This supports multiple prior studies showing that nicotine abstinence or withdrawal produces
increased allodynia in humans®®2° and rodents*®#2. In contrast, we did not observe dose-dependent
effects on locomotor activity, as all frequencies of nicotine exposure (with the exception of the 2-
minute inter-vape interval) produced comparable increases in locomotor activity. Elevated
locomotor activity may be attributable to increased central and peripheral monoaminergic
signaling, as acute nicotine exposure can elevate noradrenergic signaling in the periphery as well
as facilitate dopamine release into the nucleus accumbens to drive drug reinforcement*-#°, The
minimum cumulative dose needed for dependence far exceeds the level for nicotine reinforcement
behavior, suggesting that locomotor activity may serve as a poor criterion for dependence dose
selection. Likewise, CVE at the 2-minute exposure frequency produced nicotine plasma levels
well in excess of those typically measured in humans and rodent models, and the observed
decreased locomotor activity may reflect acutely depressed respiratory function seen in other high-
dose nicotine exposure paradigms*®4” Thus, the CVE procedures and time points selected for
evaluating the effect of nicotine inhalation exposure in this study were supported by multiple

pharmacokinetic and behavioral output measures.
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Our study revealed that nicotine CVE at a 10 minute inter-vape interval did not result in
nicotine-specific changes in affective behavior as measured by an Open Field Test (OFT),
Light/Dark box Test (LDT), Sucrose Preference Test, or splash test. However, we did observe
vapor-specific effects during the splash test, whereby both vehicle and nicotine CVE groups
demonstrated increased self-grooming at 2 hours of abstinence. While increased self-grooming
during splash/spray tests can be interpreted as increased motivation and self-care behavior*® or a
reduction in depression-like behaviors*, the absence of reduced depression-like behavior during
the sucrose preference test indicates that the observed results might better reflect self-grooming
after completion of the vaping session performed to remove the viscous vehicle from the fur. Upon
cessation of nicotine intake humans experience a number of side effects (e.g., headache, increased
anxiety and depression, cognitive deficits) which can serve as powerful negative reinforcers,
contributing to continued nicotine use®°2. While traditional models of chronic nicotine exposure
generally report increased anxiety- and depression-like behaviors in response to nicotine cessation
or abstinence®*>*, chronic vapor-based exposure models demonstrate mixed findings. Some
studies report that cessation results in increased anxiety-like behavior as measured by a novelty-
suppressed feeding'® or by the elevated plus maze®. However, others have reported findings
similar to ours, whereby vapor-based nicotine exposure resulted in body-weight changes and
physical signs of withdrawal but did not result in significant differences between groups during
the open-field test*2. Such differences may be due to any one of several factors. For instance, while
the field of nicotine research has reached a general agreement on accepted dosing and duration
parameters for subcutaneously implanted osmotic pumps or oral administration, these parameters
have not been established for vapor exposure. Differences between labs regarding nicotine content,
puff length, inter-vape interval, chamber airflow, and session length may alter nicotine
pharmacokinetics®®, confounding the direct comparison of results. Direct comparisons may be
further confounded by measuring behavioral effects at different time points following treatment.
For instance, we examined affective behaviors at 2 or 24 hours post-vapor cessation, while others
have conducted these studies immediately following the final vapor exposure®. Therefore, our
observations of the lack of nicotine-specific changes in affective behaviors may reflect aspects of

the study design in addition to the overall effects of vapor-based nicotine exposure.

Importantly, our study revealed that nicotine CVE impaired the acquisition of operant

discrimination learning for sucrose. Mice exhibited a similarly high preference for sucrose solution
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in the sucrose preference test, they consumed the same number of sucrose pellets (following the
acquisition of discrimination learning), and they exhibited similar motivation for sucrose pellets
during the progressive ratio test. Thus, delayed acquisition of discrimination learning most likely
results from nicotine-induced cognitive impairments. Downregulation of f2-containing nicotinic
acetylcholine receptors following CVE may participate in this effect, as deletion of the f2-subunit
slows the acquisition of auditory discrimination learning for saccharin in mice®’. Using T-Maze, a
similar deletion of the B2-subunit in the dorsal striatum slows the acquisition of discrimination
learning suggesting a potential role for this brain site®®. Both studies showed no impact on
cognitive flexibility using reversal learning tests, but future studies may evaluate CVE-induced
impairments of other aspects of executive function.

While nicotine CVE did not affect the palatability of sucrose, nicotine exposure did impact
the devaluation of sucrose rewards by quinine. Previous studies have shown that nicotine and
quinine both produce a bitter taste by activating gustatory TRPM5 receptors®®®. Consistent with
these findings, we show that nicotine-exposed mice exhibit increased consumption and active
responding for sucrose pellets containing quinine compared with control groups, suggesting
nicotine CVE alters bitterness perception. However, these findings may be influenced by both
sex® and strain®? and thus warrant further investigation for a more complete understanding of this
phenomenon.

There are some limitations of the present work that can be addressed in future studies.
While our current approach of modulating the frequency of exposure to increase the cumulative
dose produced pharmacologically relevant plasma levels during exposure and increased tactile
allodynia during abstinence, future studies may focus on modulating other parameters to facilitate
more robust negative affective during abstinence. Furthermore, we only evaluated a limited
number of aspects of executive function, and future work can expand on these findings to
determine the effect of CVE on cognitive flexibility, reward valuation and devaluation, attention,
and response inhibition. Finally, these studies were only performed in male mice and comparative

studies in female mice warrant further evaluation.
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3.8 TABLE
Table 1 - Pharmacokinetic parameters of Nicotine CVE (Figure 2)

Inter-vape interval

Parameter 5 min® 10 min® 15 min® 60 min®
AUC (ng*hr/ml) 66160 488 + 397300 + 147 135+6
Cmax (ng/ml) 15511 83 +£21 24 +3 13+0.9
t1/2 (min) 5.8 8.1 15.1 19.8

Abbreviations: AUC, the area under the plasma concentration-time curve from t=0 to t=24 h;
Cmax, maximum observed plasma concentration; ti2, half-life. ****P < 0.0001 vs. VEH by two-way
repeated measures ANOVA followed by Tukey post-hoc. n=7 per group.
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Figure 1. Dose-dependent effects of chronic vapor exposure (CVE) in mice. (A) Visualization
of the chronic vapor exposure frequencies evaluated in this study during a single 8h session
including air controls (AIR, 0 exposures), 60 min (8 exposures), 15 min (32 exposures), 10 min
(48 exposures), 5 min (96 exposures), and 2 min (240 exposures). Exposures are shown as an
esterline, with each nicotine (NIC or N) exposure indicated by a black line. (B) Changes in body
weight (g) during the first three weeks of CVE. (C) Locomotor activity prior to (baseline, B) and
immediately after a single nicotine exposure session collected following a minimum of five weeks
CVE. (D) Expression of tactile allodynia measured during post-exposure abstinence following a
minimum of six weeks CVE. Data expressed as mean =+ s.e.m., and statistical significance indicated

by *p < 0.05, **p < 0.01, **%p < 0.001, ****p < 0.0001.
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Figure 2. Pharmacokinetic analysis of plasma nicotine and cotinine following nicotine CVE.
Mice exposed to different inter-vape intervals (5, 10, 15, and 60 min) were used to measure plasma
levels of (A) nicotine (NIC) and (B) cotinine at 1, 2, 4, 16, and 24 hours after the last vapor
exposure. The shaded yellow box indicates the expected range of plasma nicotine or cotinine for
individual nicotine-dependent human users. Data expressed as mean + s.e.m., and vehicle (VEH)

results represent data compiled from all four exposure frequencies.

84



Open Field Test Splash Test Light Dark Box Sucrose Preference Progressive Quinine
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Figure 3. Timeline of the battery for affective and cognitive behavioral testing following
CVE. Mice were exposed to nicotine (NIC) or vehicle (VEH) at a 10-minute CVE frequency for
8 hours daily sessions, 5 days per week, for 14 weeks. Additionally, a third group of mice were
placed into chambers receiving room air (AIR) at the same time as other mice. At 3 weeks of CVE,
mice were evaluated for anxiety-like behaviors (Open Field Test, Light-Dark Box), depression-
like behavior (Splash Test, Sucrose Preference Test), and cognitive behavior (acquisition of

Sucrose Fixed-Ratio 1 operant self-administration, Progressive Ratio Test, Quinine Test).
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Figure 4. Effects of nicotine CVE on anxiety-like behaviors. (A-D) Open field test (OFT) at 2

hours and (E-G) light-dark box test (LDT) at 2 hours and 24 hours after the last vapor exposure
for nicotine CVE (NIC), vehicle CVE (VEH), and air controls (AIR). Output measures from the

OFT include (A) distance traveled, (B) time spent immobile, (C) center time, and (D) number of

center entries. Output measures from the LDT include (E) number of dark side exits, (F) the mean

dark visit time, (G) dark exit latency, and (H) the total dark side time. Data expressed as mean =+

s.e.m., and statistical significance indicated by ** p<0.01, ***p<0.001, ****p<0.0001. n=18-20

per group.
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Figure 5: Effects of nicotine CVE on depression-like behaviors. Splash Test and Sucrose
Preference Test were evaluated after the last vapor exposure for nicotine CVE (NIC), vehicle CVE
(VEH), and air controls (AIR). (A) Total time spent grooming during the splash test at 2 hours
post-CVE. (B) The preference for sucrose (as a percentage of total liquid consumption) during the
sucrose preference test at 2 hours or 24 hours post-CVE. Data expressed as mean + s.e.m., and

statistical significance indicated by *p<0.05. n=14-18 per group.
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Effects of nicotine CVE abstinence on operant sucrose self-administration.

Acquisition of operant self-administration of sucrose pellets was evaluated during daily 2-hour

sessions immediately following the last vapor exposure for nicotine CVE (NIC), vehicle CVE

(VEH), or air controls (AIR). Output measures included (A) active nose pokes during each of the

first 9 sessions, (B) response accuracy during each of the first 9 sessions, (C) mean time between

the delivery and retrieval of the pellet during each of the first 9 sessions, (D) number of sessions

until reaching the criteria for stable goal-directed responding (acquisition), and (E) the total

number of pellets retrieved during that session that acquisition was achieved. Data expressed as

mean =+ s.e.m., and statistical significance indicated by * p<0.05. n=13-17 per group.
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Figure 7: Effects of nicotine CVE abstinence on sucrose motivation. Motivation for sucrose
was evaluated using the progressive ratio test (PRT) and the quinine test (QT), where sucrose
pellets were adulterated with 0.44% quinine. Output measures for PRT included (A) breakpoint at
the end of the session (4 hours) and (B) Response accuracy expressed as the percentage of correct
nose pokes. Response to altered taste preference during QT included (C) number of quinine-

adulterated sucrose pellets consumed, (D) the number of active nose pokes, (E) response accuracy,
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and (F) inactive nose pokes. Data expressed as mean + s.e.m., and statistical significance indicated

by * p<0.05, ** p<0.01. PRT: n = 9-13 per group; QT: n =13-17 per group.
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3.8 SUPPLEMENTAL MATERIAL

3.8a Supplemental Figures
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Figure S1: Effects of nicotine CVE abstinence on measures of operant sucrose self-
administration. Acquisition of operant self-administration of sucrose pellets was evaluated
during daily 2-hour sessions immediately following the last vapor exposure for nicotine CVE
(NIC), vehicle CVE (VEH), or air controls (AIR). Output measures included (A) total sucrose
pellets retrieved during each of the first 9 sessions, (B) number of inactive pokes during each of
the first 9 sessions, (C) latency to remove the already-present sucrose pellet from the well during
each of the first 9 sessions, and (D) average time between pellet dispensations during each of the

first 9 sessions. Data expressed as mean + s.e.m.. n=13-17 per group.
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Figure S2: Effects of nicotine CVE abstinence on measures during a test of sucrose

motivation. Motivation for sucrose was evaluated using a Progressive Ratio Test (PRT). Output

measures for the PRT include (A) active nose pokes during the PRT, (B) inactive nose pokes

during the PRT, (C) total sucrose pellets retrieved during the PRT, (D) latency to remove the

already-present sucrose pellet from the well during the PRT, (E) average time between pellet

dispensations during the PRT, and (F) mean time between the delivery and retrieval of the pellet

during the PRT. Data expressed as mean + s.e.m., and statistical significance indicated by *

p<0.05, ** p<0.01. n = 9-13 per group.
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Figure S3: Effects of nicotine CVE abstinence on measures during a test of sucrose
motivation and response to aversive reward. Motivation for sucrose and response to reward
devaluation was evaluated using the quinine test (QT), where sucrose pellets were adulterated
with 0.44% quinine. Output measures for the QT included (A) latency to remove the already
present quinine-adulterated sucrose pellet during the QT, (B) average time between pellet
dispensations during the QT, (C) mean time between the delivery and retrieval of the pellet
during the QT, and (D) comparison of pellet consumption from prior sucrose days (filled) and
QT (open) between groups. Data expressed as mean + s.e.m., and statistical significance

indicated by * p<0.05, ** p<0.01, *** p<0.005. n =13-17 per group.
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3.8b Supplemental Tables

Supplemental Table 1 — Statistics for Dose-dependent effects of chronic vapor exposure

(CVE) in mice (Figure 1)

Fig.

Task

Statistical Test

Factor

F-Value

P-Value

Post-Hoc
(Displayed if P<0.1)

1B

Body Weight
change (g) by
Week of Vaping
Dose Curve

Two-Way RM
ANOVA

Interaction

F (15, 447) = 24.07

<0.0001

Weeks of CVE

F (3, 447) = 26.83

<0.0001

CVE Dose

F (5,447)=193.5

<0.0001

Dunnet’s Multiple Comparisons
test

Week 1
AIR1 vs. NIC (2 min):
P=<0.0001 "
AIR vs. NIC (5 min): P=<0.0001
HiHH
AIR vs. NIC (10 min):
P=<0.0001 ****
AIR vs. NIC (15 min):
P=<0.0001 ++++
AIR vs. NIC (60 min):
P=<0.0001 $$$$

Week 2

AIR vs. NIC (2 min): P=<0.0001
AAAN

AIR vs. NIC (5 min): P=<0.0001
frtizisd

AIR vs. NIC (10 min): P=.0004
skksk

AIR vs. NIC (15 min):
P=<0.0001 ++++

Week 3
AIR vs. NIC (2 min): P=<0.0001
NAAAN
AIR vs. NIC (5 min): P=<0.0001
Hitt
AIR vs. NIC (10 min):
P=<0.0001 ****
AIR vs. NIC (15 min):
P=<0.0001 + + + +
AIR vs. NIC (60 min): P=0.0173
$

1C

Locomotor
Activity (m) Dose
Curve

Two-Way RM
ANOVA

Pre-Post x
Dose

F (4,90) =4.480

0.0024

Pre-Post

F (1,90) =44.05

<0.0001

CVE Dose

F (4,90) =3.968

0.0052

Subject

F (90, 90) = 2.090

0.0003

Bonferroni’s Multiple
Comparisons test

BL - POST
NIC (5 min): P<0.0001 ****
NIC (10 min): P=0.0007 ***
NIC (15 min): P=0.0031 **
NIC (60 min): P=0.0163 *

1D

50% Response
Threshold (g)
Dose Curve

Two-Way RM
ANOVA

Hours Post
CVE x CVE
Dose Factor

F (16, 340) = 2.885

0.0002

Hours Post
CVE

F (3.211,273.0) =
46.39

<0.0001

CVE Dose

F (4, 85)=18.57

<0.0001

Dunnet’s Multiple Comparisons
test

1 hour
AIR vs. NIC (10 min): P=0.0008

dkok
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Subject

F (85, 340) = 2.549

<0.0001

2 hour
AIR vs. NIC (5 min): P=0.0102 #
AIR vs. NIC (10 min):
P=<0.0001****
AIR vs. NIC (60 min): P=0.0372
$

4 hour
AIR vs. NIC (5 min): P=0.0001
fidizd
AIR vs. NIC (10 min):
P=<0.0001****
AIR vs. NIC (60 min): P=0.0063
$8

16 hour
AIR vs. NIC (10 min):
P=0.0014**

24 hour
AIR vs. NIC (10 min):
P=0.0013**
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Supplemental Table 2 — Statistics for the Effects of 10-minute CVE on Behavior (Figures 4-

7)
4A OFT One-Way All Groups F (2,55)=11.63 <0.0001 Tukey’s Multiple Comparisons
Distance Traveled ANOVA test
(m) AIR vs. NIC: P<0.0001 *#**
VEH vs. NIC: P=0.0014 **
4B OFT One-Way All Groups F (2,55)=18.334 0.0007 Tukey’s Multiple Comparisons
Time Immobile ANOVA test
©) AIR vs. NIC: P=0.0015 **
VEH vs. NIC: P=0.0038 **
4C OFT One-way ANOVA | All Groups F (2,55)=2.732 0.0739 Tukey’s Multiple Comparisons
Time in Center (s) test
VEH vs. NIC: P=0.0717
4D OFT One-Way All Groups F (2,55)=2.757 0.0723 Tukey’s Multiple Comparisons
Center Entries (#) ANOVA test
AIR vs. NIC: P=0.0585
4E LDT Two-Way RM Hours Post F (2,50)=5.221 0.0087 Tukey’s Multiple Comparisons
Exits from Dark ANOVA CVE x test
# Treat t
#) reatmen 2 hour
Hours Post F (1,50)=13.40 0.0006 AIR vs. NIC: P=0.0003 ***
CVE VEH vs. NIC: P<0.0001 **%**
Treatment F (2,50)=7.576 0.0013
Subject F (50, 50)=1.530 0.0681
4F LDT Two-Way RM Hours Post F (2, 50)=4.900 0.0114 Tukey’s Multiple Comparisons
Average Dark ANOVA CVE x test
Visit (s) Treatment 2 hour
Hours Post F (1,50)=3.727 0.0592 VEH vs. NIC: P=0.0171 *
CVE
Treatment F (2,50)=1.627 0.2068
Subject F (50, 50) =2.486 0.0008
4G LDT Two-Way RM Hours Post F (2,50)=5.818 0.0054
Latency to Dark ANOVA CVE x
Exit (s) Treatment
Hours Post F (1,50)=59.52 <0.0001
CVE
Treatment F (2,50)=0.6739 0.5143
Subject F (50, 50)=2.359 0.0015
4H LDT Two-Way RM Hours Post F (2,50)=28.163 0.0009 Tukey’s Multiple Comparisons
Time in Dark (s) ANOVA CVE x test
Treatment 24 hour
Hours Post F(1,50)=1.484 0.2289 AIR vs. VEH: P=0.0026 **
CVE
Treatment F (2,50)=1.104 0.3395
Subject F (50, 50) =2.453 0.0009
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Supplemental Table 2 cont. — Statistics for the Effects of 10-minute CVE on Behavior
(Figures 4-7)

5A Splash Test One-Way F (2,57)=4.908 0.0108 Tukey’s Multiple Comparisons
Grooming (s) ANOVA test
AIR vs. VEH: P=0.0197 *
AIR vs. NIC: P=0.0284 *
5B Sucrose Two-Way RM Hours Post
Preference ANOVA CVE x
Sucrose Treatment F (2,45)=0.7104 0.4969
0,
Preference (%) Hours Post
CVE F (1,45)=4.267 0.0446
Treatment |F (2,45)=0.01634 0.9838
Subject F (45,45)=1.761 0.0304
6A FR1 Two-Way RM Session X | F (16,448)=1.911 0.0178 Tukey’s Multiple Comparisons
Active Pokes (#) ANOVA Treatment test
Per Day by Group Session | F(8,448)=47.18 | <0.0001 Session 1
AIR vs. VEH: P=0.0637
Treatment F (2,56)=0.1580 0.8542
Subject F (56,448)=6.358 | <0.0001
6B FR1 Two-Way RM Session % F (16, 448) = 0.5978
Percent Correct ANOVA Treatment 0.8757
V)
(%) Per Day by Session | F(8,448)=7.184 | <0.0001
Group
Treatment F (2,56)=0.3412 0.7124
Subject F (56,448)=2.801| <0.0001
6C FR1 Mixed Effects Session X | F (16,440)=4.337| <0.0001 Tukey’s Multiple Comparisons
Average Pellet Model (REML) Treatment test
PR:rtrI‘)e:aLT‘g‘foff) Session | F(1.742,95.80)= | <0.0001 Session 1
y by roup 26.80 AIR vs. VEH: P=0.0390 *
AIR vs. NIC: P=0.0188 *
Treatment F (2, 56) =2.251 0.1147 Session 8:
AIR vs. NIC: P=0.0089 **
6D FR1 Kruskal-Wallis All Groups Kruskal-Wallis 0.0126 Dunn’s Multiple Comparisons
Sessions until Test Statistic test
Stable (#) o
H(2) = 8.749 AIR vs. NIC: P=0.0093 **
6E FR1 One-Way All Groups | F(2,42)=0.5653 0.5725
Pellets Retrieved ANOVA
at Stability (#)
7 PRT Kruskal-Wallis All Groups Kruskal-Wallis 0.0734 Dunn’s Multiple Comparisons
A Breakpoint (2 Test Statistic test
hours, Pellets, #) o
H(2) = 5.223 AIR vs. VEH: P=0.0989
7B PRT Kruskal-Wallis All Groups Kruskal-Wallis 0.9759
Percent Correct Test Statistic
(%)

H(2) = 0.04870
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Supplemental Table 2 cont. — Statistics for the Effects of 10-minute CVE on Behavior
(Figures 4-7)

7C QT Kruskal-Wallis All Groups Kruskal-Wallis 0.0014 Dunn’s Multiple Comparisons
Pellets Consumed Test Statistic test
# Retrieved - #
( oir%TZEr) HE) = 13.15 AIR vs. NIC: P=0.0098 **
' VEH vs. NIC: P=0.0032 **
7D QT Kruskal-Wallis All Groups Kruskal-Wallis 0.0143 Dunn’s Multiple Comparisons
Active Pokes (#) Test Statistic test
H(2) = 8.499 AIR vs. NIC: P=0.0122 *
7E QT Kruskal-Wallis All Groups Kruskal-Wallis 0.7314
Percent Correct Test Statistic
(%)
H(2) =0.6255
7F QT Kruskal-Wallis All Groups Kruskal-Wallis 0.0832 Dunn’s Multiple Comparisons
Inactive Pokes (#) Test Statistic test
H(2) = 4.972 AIR vs. NIC: P=0.0861
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Supplemental Table 3 — Statistics for the Effects of 10-minute CVE on Behavior

(Supplemental Figures 1-3)
S1A FR1 Two-Way RM Session x F (16, 448) = 0.0345
Pellets (#) ANOVA Treatment 1.757
Session F (8, 448) = <0.0001
45.23
Treatment F (2, 56) = 0.8561
0.1559
Subject F (56, 448) = <0.0001
6.124
S1B FR1 Two-Way RM Session x F (16, 448) = 0.0591
Inactive Pokes ANOVA Treatment 1.624
) Session F (8, 448) = 0.8840
0.4601
Treatment F (2, 56) = 0.9189
0.08469
Subject F (56, 448) = <0.0001
3.434
S1C FR1 Mixed Effects Session F (2.874,149.4) | <0.0001 Tukey’s Multiple
Latency to First | Model (REML) =12.05 Comparisons test
Retrieval (s) Treatment | F (2,56)=4.831| 0.0116 Session 2
VEH vs. NIC: P=0.0639
Session x | F(16,416)= | 0.4750 v
Treatment 0.9824 Session 9
AIR vs. VEH: P=0.0639
VEH vs. NIC: P=0.0928
S1D FR1 Mixed Effects Session F (3.896,212.3) | <0.0001 Tukey’s Multiple
Average Inter- | Model (REML) =40.71 Comparisons test
pellet interval Treatment |F (2,56)=1.056| 0.3547 Session 1
- AIR vs. VEH: P=0.0271 *
Session x F (16, 436) = 0.0016 ]
Treatment 2.428 Session 2
AIR vs. VEH: P=0.0959
Session 8
AIR vs. NIC: P=0.0596
S2A PRT Kruskal-Wallis | All Groups | Kruskal-Wallis 0.0261 Dunn’s Multiple
Active Pokes Test Statistic Comparisons test
#) . p— *
H(2) = 7.288 AIR vs. VEH: P=0.0252
S2B PRT Kruskal-Wallis | All Groups | Kruskal-Wallis 0.0039 Dunn’s Multiple
Inactive Pokes Test Statistic Comparisons test
*) P 006
HQ)=11.11 AIR vs. VEH: P=0.0026
S2C PRT Kruskal-Wallis | All Groups | Kruskal-Wallis 0.0281 Dunn’s Multiple
Pellets (#) Test Statistic Comparisons test
. P= %
H(2) = 7.143 AIR vs. VEH: P=0.0279
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Supplemental Table 3 cont. — Statistics for the Effects of 10-minute CVE on Behavior
(Supplemental Figures 1-3)

S2D PRT Kruskal-Wallis | All Groups | Kruskal-Wallis 0.0143 Dunn’s Multiple
Latency to First Test Statistic Comparisons test
Retrieval (s) H(2)  8.495 AIR vs. VEH: P=0.0213 *
’ VEH vs. NIC: P=0.0648
S2E PRT Kruskal-Wallis | All Groups | Kruskal-Wallis 0.3689
Average Inter- Test Statistic
pellet Interval
(s) H(2) =1.995
S2F PRT Kruskal-Wallis | All Groups | Kruskal-Wallis 0.7086
Average Pellet Test Statistic
retrieval Time
(s) H(2) = 0.6888
S3A QT Kruskal-Wallis | All Groups | Kruskal-Wallis 0.0012 Dunn’s Multiple
Latency to First Test Statistic Comparisons test
Retrieval (s) H) - 1344 AIR vs. VEH: P=0.0011 **
’ VEH vs. NIC: P=0.0455 *
S3B QT Kruskal-Wallis | All Groups | Kruskal-Wallis 0.2281
Average Inter- Test Statistic
pellet Interval
(s) H(2) =2.956
S3C QT Kruskal-Wallis | All Groups | Kruskal-Wallis 0.1484
Average Pellet Test Statistic
retrieval Time
(s) H(2) =3.815
S3D QT Two-Way RM | Treatmentx | F (2, 54)=6.676 | 0.0026 Bonferroni’s Multiple
Pellets ANOVA Session Type Comparisons test
Consumed Treatment |F (2,54)=7.747 | 0.0011 | SUCROSE-QUININE
AIR: P=0.0020 **
Session Type | F (1, 54) = 16.90 0.0001 VEH: P=(()) 8802 ek
Subject F (54, 54) = 0.4335
1.047

100



CHAPTER 4

Examining Cognitive Performance in Mice using the Novel Open-Source Operant Feeding

Device FED3

Number of figures: 4; Number of tables: 1
ABBREVIATIONS:

Basolateral Amygdala (BLA), Discrimination Learning (DL), Discrimination and Reversal
Learning (DL/RL), Ethanol (EtOH) Fatty Acid Amides (FAAs), Fatty Acid Amide Hydrolase
(FAAH), Feeding Experiment Device 3 (FED3), Free Feeding (FF), Fixed Ratio (FR), Fixed
Ratio 1 (FR1), Fixed Ratio 3 (FR3), Fixed Ratio 3 Reverse (FR3R), Fixed Ratio 5 (FRS),
heterozygous (HET), ibotenic acid (IBO), knock-in (KI), Lateral orbitofrontal cortex (IOFC),
medial orbitofrontal cortex (mOFC), medial prefrontal cortex (mPFC), orbitofrontal cortex
(OFC), prefrontal cortex (PFC), phosphate buffered saline (PBS), Reversal Learning (RL),
ventral orbitofrontal cortex (vOFC), wild-type (WT)

4.1 ABSTRACT

Executive dysfunction and alterations in goal-directed behavior are implicated in numerous
psychiatric and neurological disorders. As researchers investigate the underlying neural
mechanisms of disease states or therapeutics to treat executive dysfunction it is critical that they
have access to the tools necessary to measure operant behaviors related to executive dysfunction
including discrimination and reversal learning (DL/RL), progressive ratio (PR), and response to
reward- or cue-devaluation. These tasks are conventionally performed in a limited number of
expensive operant chambers, resulting in numerous labor-intensive short daily sessions where
operant performance may be impacted by stressors associated with handling and a semi-novel
environment. In this manuscript, we describe the use of an open-source, low-cost operant feeding
device (Feeding Experimentation Device 3, FED3) and home-cage-like environment to conduct a

6-task operant test battery which can be completed in less than 20 daily 8-hour sessions. Our
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battery consists of DL, RL, PR, reward devaluation via quinine, cue devaluation via extinction,
and reinstatement. In the DL/RL portion of this test ibotenic acid lesions of the orbitofrontal
cortex spare discrimination performance but impair reversal performance, demonstrating
construct validity. Similarly, OFC lesions alter the response to increased instrumental effort and
reward- and cue-devaluation. We then utilized this battery to investigate cognitive performance
in a knock-in model of the P129T single nucleotide polymorphism of the fatty-acid amide
hydrolase (FAAH) gene, associated with addiction, in male and female mice. Overall, we
observed sex differences in the response to increased instrumental effort and reward devaluation,
and that P129T KI animals demonstrated reduced activity in response to increased instrumental
effort and cue devaluation. These KI animals also display decreased FAAH activity in many
regions associated with cognitive dysfunction and addiction. Finally, we developed a Python-
based database to collate and organize FED3 data across multiple sessions, allowing for
experimenter modification of acquisition criterion. We believe that this short-duration, time- and
cost-effective test battery presents an improvement on conventional operant tasks, thus
encouraging the investigation of operant performance in mouse models of neurological and

psychiatric diseases.

4.2 KEYWORDS

goal-directed behavior, mice, open-source, operant, orbitofrontal cortex, test battery
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4.3 INTRODUCTION
Executive function comprises a cluster of cognitive abilities that allow an organism to
plan, perform, alter, or inhibit goal-directed behavior 1. These behaviors integrate information

from multiple brain regions and neurotransmitter systems®~>, dysregulation of which contributes

4,6,7

to the symptomology of numerous psychiatric diseases*®’, neurodegenerative disorders®’, and

neurological disorders!?. Clinical tests can quantify specific aspects of executive function and
provide an important tool for understanding changes at the individual or population level®’. As a

therapeutic approach, clinical testing can facilitate treatment plans for patients experiencing

3,11

cognitive impairments>'!, and serve as endpoints for novel therapeutics in clinical trials'>!* for

14,15

psychiatric'*!> and neurological disorders'®. Executive measures thus provide information

critical for understanding the development and impairment of executive function.

To study the mechanisms that underlie executive dysfunction in disease states,
researchers in multiple fields need access to high-throughput operant tools to investigate goal-
directed behaviors. These tools must be capable of collecting data from many animals at once or
in a short period of time, and the data must be able to be analyzed quickly and efficiently.
Historically, high throughput and low-cost methods of measuring executive function have

17,18

included spatial learning tests like the Morris Water Maze!”-!® or Barnes Maze! in conjunction

with recording and tracking software to measure escape latency or time to altered platform
location. While these are important tools, their behavioral output is heavily influenced by
hippocampal circuitry and thus may reflect mechanisms of spatial learning more than executive
dysfunction, measures escape from an aversive environment rather than reward, and the results

of such tests may be confounded by their inherently stressful nature. Alternatively, appetitive

20-23

operant conditioning tests using food as a reinforcer have been developed and widely

implemented for evaluating distinct aspects of cognition, operant learning, and goal-directed

behavior’*2°. These approaches typically require high-cost commercial equipment and

30-35

substantial dedicated research space” ~°, which creates a bottleneck in the total number of

animals that can be tested. To account for these limitations, researchers often implement

experimental conditions that facilitate high levels of operant responding in short (1-2 hour)

34,35

behavioral sessions”*”> such that each testing chamber can be used to evaluate multiple animals

per day. However, performance under these conditions may be impacted by the stress of handling

t36739

and a semi-novel environment*®’, and this approach often takes weeks®'**? to months*-* of
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animal training before testing. Thus, such methods may not be suitable for implementation
across all disease models or treatment methods, which may be temporally limited. For instance,
prior research has demonstrated that pain can alter cognitive function*’, but many chemically-
induced rodent pain models (e.g., Chemotherapy Induced Peripheral Neuropathy*' 3, Complete
Freund’s Adjuvant**) have a limited time frame which may result in difficulty or limitations to
cognitive testing. Collectively, these challenges present a critical barrier to entry for many
research groups outside of the traditional cognitive field who may be interested in evaluating
executive function in rodents?”**. Further, it is possible that some behavioral effects may only be
observed during extended-access sessions, as has been observed for certain drugs of abuse*®*’.
Thus, some nuanced behavioral patterns may not be observed when animals are limited to only a
few hours of testing as in traditional cognitive tasks. While some have turned to using?”*+
home-cages with operant feeders or sippers to investigate such effects, these devices often

necessitate singular housing, which may introduce stress and is thus typically avoided.

Here, we present a protocol for evaluating cognitive performance in mice using the

3051 yersion 3°? (FED3) that addresses many of these challenges

Feeding Experimentation Device
(Figure 1). The FED3 is an open-source device that can be constructed in-house or purchased
commercially at a low cost, has a simple programmable interface, is battery-powered, and is
small enough to be placed in a traditional mouse home-cage environment. Animals are tested for
up to 8 hours in a dedicated testing chamber consisting of a FED3 placed in a traditional home-
cage which is maintained with the animal's scent and bedding. These features reduce the
influence of handling stress on behavior, reduce experimental footprint, and dramatically
increase the number of mice that can be simultaneously evaluated. Additionally, these features
allow for longer testing sessions, which may allow researchers to investigate more complex
behavioral phenotypes such as the effects of circadian rhythm on feeding> or cognitive
performance®*>®. To make these procedures more broadly accessible to researchers, we further
developed a customizable workflow that quickly identifies mice that have completed user-
defined acquisition criteria and exports the results into a file that can be analyzed using
traditional statistical analysis and/or graphing software. We validated our six-test cognitive
battery using bilateral orbitofrontal cortical lesions targeting the lateral and ventral OFC to
impact a select subset of cognitive behaviors, and show that the full testing battery can be

completed in as few as 20 days. Prior research demonstrates that the OFC and these sub-regions

104



are involved in the flexible updating of behavior and outcome valuation. As such, lesioned

5,34,57

animals should demonstrate impaired reversal learning and perseverative activity>® on the

previously rewarded nose poke, a resistance to behavioral change in response reward* !

or cue
devaluation®?. We demonstrated that this FED3 testing protocol for evaluating executive function
works equally well in both sexes, facilitating studies of sex differences, and can be used in aged
mice with limited impact on testing length or performance, facilitating studies of

neurodegenerative disorders which may require the use of aged mice®*%°.

Endocannabinoids and N-acylethanolamines (NAEs) have been implicated in numerous
aspects of learning®®, memory®’, and reward®®%’. The human single nucleotide polymorphism in
the gene encoding for the Fatty Acid Amide Hydrolase protein (FAAH P129T) increases the

70,71

likelihood of problematic drug use’®’! and other neuropsychiatric disorders’?. While many

preclinical studies have investigated reward and addiction-related behavior via FAAH

t>74 or inhibition”>”", fewer preclinical studies have investigated the role of the FAAH

knockou
P129T mutation. To address this gap and demonstrate the utility of this protocol, we used the
above approach to identify sex- and genotype-dependent impairments in executive function in
male and female P129T WT and KI animals. We demonstrate that P129T KI animals display
distinct changes that may be associated with altered FAAH levels in regions implicated in

cognition.
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4.4 RESULTS

The FED3 has been successfully implemented in non-operant quantitative feeding
studies®®, but published operant studies using the device have largely utilized basic fixed ratio
motivated consumption tests’®. More complex cognitive behavioral testing often requires larger
group sizes than traditional feeding studies to achieve significance, and thus two major issues
must be addressed for the FED3 to be a viable alternative to traditional operant behavioral
apparatuses. First, data management becomes a limiting factor for cognitive behavioral studies
that use multiple testing parameters. For example, the FED3 generates 800 individual data files
for a n=40 mouse study performed over 20 sessions. Second, mice perform fewer operant
responses and receive fewer food pellets per session in a low-stress home-cage environment
using the FED3 than they do using traditional operant behavioral apparatus®>’°. Thus, parameter

optimization will be necessary to implement cognitive behavioral testing on the FED3 device.

Data pipeline for cognitive behavioral assessments

To address data management using FED3, we developed an open-source, Python-based
data pipeline optimized for performing cognitive behavioral testing (Figure 1C). First, the SD
card from each FED must be removed. After connecting the SD cards to a computer using a
multi-port USB hub, a custom Python-based code imports files indicated by a user-updated
reference file. It then appends the imported file names with several identification codes which
are used to indicate the subject, test day, and test type. Users then upload these appended files to
a custom database where each subject is assigned a unique ID, allowing for detailed organization
of files by subject by test day. Users can then input their preferred analysis and acquisition
parameters. For example, users can set a single-day acquisition of a minimum number of pellets
retrieved and a minimum end-of-day percent correct, multi-day criteria which involves retrieving
pellets within a specific window of stability to the prior day, or a criteria of percent correct in a
user-defined rolling window. The database then generates a Microsoft Excel file containing the
results of this analysis organized by subject and day, which users can download and reorganize
for analysis via their preferred software. Using our semi-automated pipeline, we estimate that the

complete data compilation and analysis for a 40-mouse study can be reduced to approximately
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30 minutes per day. Furthermore, this approach can be scaled such that larger, high-throughput

studies become feasible using FED3.

Fixed ratio impacts multiple parameters of operant performance using FED3

To establish optimal FED3 parameters for assessing cognitive function, we investigated
the effect of reinforcement schedules on body weight, food consumption, and operant
performance (Figure 2A, B). Male C57BL/6 mice (8-10 weeks) were group housed and given
group magazine training for two sessions using the free feeding program (FF), which dispenses a
food pellet each time a pellet is retrieved to allow continuous food access independent of operant
behavior. Before session 3, mice were divided into one of four groups. For each daily session,
mice were single-housed with their own FED3 for 8 hours before returning to the group-housed
cage for 16 hours. Group 1 (FF) continued to use the FF program for the remainder of the
experiment, while Groups 2-4 began operant conditioning using a fixed ratio 1 schedule of
reinforcement (FR1) for sessions 3-9. At session 10, group 2 remained in FR1 while Group 3 and
4 increased to FR3 and FRS5, respectively, for the remainder of the experiment. Using these four
groups of reinforcement, we evaluated multiple parameters that may impact behavioral outcomes

(complete statistics results compiled in Supplemental Table 2).

The fixed-ratio schedule significantly altered body weight. While the FF group increased
weight over the course of 16 sessions, FR5 mice had significantly lower body weight by session
16 (Figure 2C). Accordingly, mice undergoing FRS5 for 8 sessions exhibited a decrease in
relative body mass (approximately 5%) compared with FF (Figure 2D). These weight changes
were not observed among the FR1 or FR3 reinforcement schedules. Moreover, these changes in
body mass could not be fully explained by food consumption. Although FF mice retrieved more
pellets than any FR group, the FR5 mice retrieved a similar number of pellets as FR1 and FR3
(Figure 2E) and left a similar number of pellets on the floor of the cage (Figure 2F). For these
reasons, we determined that FRS was not appropriate for long-term cognitive testing using

FED3.

The fixed-ratio schedule also had an impact on motivation and learning parameters.

Compared to FR1, mice in the FR3 and FRS groups required substantially fewer nose pokes to
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acquire discrimination learning (DL), with all mice in these two groups reaching our threshold in
less than 200 nose pokes and within two sessions (Figure 2G). Moreover, the time between
when a pellet is dispensed by the FED3 and retrieved by the mouse is significantly reduced under
both the FR3 and FRS5 schedules of reinforcement (Figure 2H). Collectively these results
indicate that FR1 did not produce sufficient goal-oriented behavior, while FR3 and FRS5 both
produce similar increases in operant performance. Thus, the cognitive behavioral testing in
subsequent studies was performed using a FR3 schedule of reinforcement to reduce potentially

confounding factors associated with the FR5-associated weight loss.

Validation of cognitive flexibility following bilateral lesion of OFC

To demonstrate the validity of using the FED3 for cognitive testing, we developed a 6-
test operant battery to evaluate multiple aspects of cognitive behavior in mice (Figure 3A).
Following two sessions magazine training under group housing conditions, male C57BL/6 mice
(10-11 weeks) were tested in daily FR3 sessions until meeting DL acquisition criteria defined as
meeting or exceeding 85% accuracy in a rolling window of 30 pokes**>®. Following acquisition,
mice were tested for cognitive flexibility (Reversal Learning, RL), response to increased
instrumental effort (Progressive Ratio, PR), response to reward devaluation (via Quinine
adulteration, QU), response to cue devaluation (Extinction, EX), and response to cue re-valuation
(Reinstatement, RE) over 20 8-hour sessions (Figure 3B). Following each test, mice met 3R
acquisition and maintenance before beginning the next test. Importantly, these commonly used
tasks investigate distinct but related aspects of cognitive and goal-directed behavior. Complete

statistics results are compiled in Supplemental Tables 3, 5-8, arranged by graph.

To demonstrate that a subset of cognitive behaviors was driven by discrete cortical
activity, we evaluated the effect of inactivating the orbital frontal cortex (OFC) on our behavioral
test battery. Before the experiment, mice received bilateral injections of saline (SAL) or ibotenic
acid (IBO, an excitotoxic agent) into the OFC and recovered for 7 to 10 days before testing
(Figure 3B). Immunohistological staining of the cortex performed post-study indicated that the
lesioned regions consisted of large areas of the lateral and ventral OFC, but largely spared the
medial and dorsolateral OFC regions with minimal impact on the medial prefrontal cortex
(Figure 3C). While lesioned and sham mice needed a similar number of total pokes (Figure 3D)

to acquire DL, the OFC-lesioned group required significantly more pokes than SAL to complete
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RL and made more presses on the previously reinforced nose poke (Figure 3E-F). Compared
with DL, both groups required substantially more nose pokes to reach criterion during RL,
suggesting that this test presents a challenge in the flexible adjustment of previously learned
behavior (Figure S1B, S1C). Collectively, these results demonstrate that the FED3 captures the
OFC lesion-induced RL impairments previously identified in both human and rodent models®’

using traditional operant apparatus-based approaches.

The OFC is involved in numerous aspects of associative learning and goal-directed
decision-making, including those related to reward valuation®'. As such, we investigated the
response to reward devaluation via the bitterant quinine in IBO-lesioned mice and SAL controls.
Consistent with a role of the lateral and ventral OFC in the flexible updating of behavior in
response to reward devaluation absent changes in quinine perception, we find that IBO lesioned
animals did not demonstrate altered quinine consumption (Figure 3G), but maintained a higher
Discrimination Index (Figure 3H) during the test than SAL controls. Thus, while there were no
significant differences between groups in the number of active or inactive pokes at the end of the
test (Figure S2C-D) or by repeated measures analysis in 30-minute bins (Figure S2F-G), IBO
lesioned animals demonstrated a significantly higher correct poke bias (Figure S2H) and end of
day percent correct (Figure S2E), unlike SAL animals who demonstrated non-significant
increases in activity on the inactive noes poke in response to reward devaluation. Further
consistent with the absence of a role of the OFC in innate taste aversion to quinine, both groups
retrieved (Figure S2A) and left (Figure S2B) a similar number of pellets on the floor of the cage
during the test. Collectively, the QU results suggest that lateral and ventral OFC lesions result in
a failure to alter active poke activity in response to reward devaluation, absent changes in innate

taste aversion, patterns of aversive reward retrieval, or aversive reward consumption,

Next, we investigated the effect of OFC inactivation on motivation and reward valuation.
During the progressive ratio test (PR), IBO-lesioned mice made fewer active nose pokes (Figure
31) and received fewer pellets (Figure S3A) than sham controls before reaching breakpoint.
However, there was no difference in the number of active or inactive pokes at the end of the day
(Figure 3J) or to the end of day percent correct responding during the PR test (Figure S3C).
Subsequent tests of reward valuation during extinction learning (EX) and reinstatement (RE)

demonstrated that OFC-lesioned and SAL control mice exhibited similar active pokes, inactive
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pokes, and end of day responding on the active lever (Figure S4A-C) in a single-day EX test,
which resulted in an extinction burst of increased activity compared to baseline performance
(Figure 3J). Subsequent acquisition of operant performance for reward was similarly unaffected
by treatment (Figure 3K). These findings indicate that the FED3 identified a role for the OFC in

cognitive flexibility in response to increased instrumental effort.

FAAH P129T mutation produces cognitive deficits in both sexes

To demonstrate that the FED3 can be implemented for simultaneous and large scale
rodent cognitive assessments, we implemented our test battery to evaluate FAAH P129T knock-
in mice. The FAAH P129T mutation has been identified in clinical populations as a predictive
biomarker for problematic drug use, as well as pro-analgesic and anxiolytic phenotypes (Figure
4A). A C57BL/6 mouse model of this single nucleotide polymorphism identified dysregulation
of corticoamygdalar circuitry in the anxiolytic behavior. Despite the established role of cortical
circuitry in these behavioral paradigms, the impact of P129T mutation in cognitive behaviors
remains unexplored. Thus, we performed a complete cognitive assessment (Figure 3B) using
wild-type (WT) and FAAH P129T knock-in (KI) mice of both sexes. Additionally, the mice used
in these studies were 9-11 months old, allowing us to determine the robustness of this approach
in aged mice, which show cognitive inflexibility as compared to young mice (Figure S5G-H).
Using these four groups, we evaluated multiple goal-directed parameters that may impact

behavioral outcomes (complete statistical results compiled in Supplemental Tables 4, 9-12).

Our study identified distinct genotypic effects on cognitive behavior in mice. No
genotypic effects were revealed during acquisition of DL (Figure 4B, S5A) or RL (Figure 4C,
SSB-F). During the QU test we observed significant effects of genotype on Discrimination Index
(Figure 4E) and end of day percent correct (Figure S6E) absent changes in overall active or
inactive (Figure S6C-D) pokes, suggesting that P129T KI animals may demonstrate increased
behavioral flexibility in response to reward devaluation. There were no sex or genotype effects
on quinine pellets eaten (Figure 4D), retrieved, or left on the floor (Figure S6A-B) suggesting
these effects are not due to changes in the innate aversiveness of quinine. In response to
increasing instrumental effort during the PR test, there was a main effect of genotype on the
breakpoint as measured by active nose pokes (Figure 4F) and pellets (Figure S7A) , with KI

animals making fewer total active pokes than their WT counterparts (Figure S7B), but no
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genotypic effect on inactive nose pokes (Figure 4G) or end of day percent correct (Figure S7C).
On the first day of extinction, all groups increased active nose poke responding (extinction burst)
compared with prior baseline FR3 performance once the FED3 stopped delivering food pellet,
but the effect was stronger in WT animals (Figure 4H). As such, during the extinction burst,
there was a main effect of genotype on the number of active (Figure S8A) and inactive (Figure
S8B) nose pokes, with KI making fewer responses than WT mice. We further measured how long
it took animals to extinguish learned behavior, however, there was no genotypic effect in the
differences in the total number of nose pokes or sessions to reach extinction criteria (Figure
S8C-D) or reinstatement (Figure 4I). We hypothesized that behavioral changes during PR and
EX (but not DL/RL) could indicate dysregulation of other corticolimbic regions, such as the
medial prefrontal cortex®>% and the dorsal striatum, and using activity-based protein profiling
we confirmed that P129T exhibited diminished FAAH activity at both of these brain sites
(Figure 4J-L), in addition to other brain regions broadly associated with reward, learning, and

memory including the hippocampus, OFC, amygdala and VTA (Figure S10).

Additionally, we also identified multiple sex-specific effects that suggest females may
use different cognitive strategies during testing. No sex-specific effects were revealed during
acquisition of DL (Figure 4B), RL (Figure 4C), nor did they impact the number of pellets
consumed during the QU test (Figure 4D) or the breakpoint in the PR test (Figure 4F).
However, the females made more inactive nose pokes during DL (Figure S5A), and fewer
inactive nose poke during QU (Figure SS5E) and PR (Figure 4G) tests. While no effect of sex
was measured on active (Figure S8A) or inactive (Figure S8B) nose pokes during the extinction
burst, post hoc analysis revealed that the genotypic reduction of inactive nose pokes was driven
largely by female KI mice. Collectively, these findings demonstrate that the FED3 can
effectively compare cognitive tests in male and female mice using active nose pokes as an
outcome measure, but sex-differences in inactive nose pokes during multiple tests may suggest

that females may be less likely to alter habitual performance during some operant tasks.

4.5 MATERIALS AND METHODS

Reagents and Consumables
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Materials were purchased as follows: Behavioral Testing: Cell Signaling: Braintree Scientific:
Iso Pads, 6”x10” (#ISO); Bio-Serv: Dustless Precision Pellets, 20 mg, Rodent Purified Diet
(#F0071); Dustless Precision Pellets, 20 mg, Rodent Purified Diet, Quinine (0.44% by weight)
(#F07619). Surgery: MWI: Isoflurane (#NDC 13985-528-60): AbCam: Ibotenic Acid
(ab146670-1001): Corning: Phosphate Buffered Saline, 1X (#21-040-CM). Histology:
Millipore-Sigma: Xylenes (#534056); Cresyl Violet Acetate (#C5042); Eukitt® Quick-hardening
mounting medium (#03989); Anhydrous Sodium Acetate (#S2889); Sigma Aldrich: Ultrapure
Sucrose (#RES0928S-A102X), Sodium Hydroxide (#415413), Ethanol, Reagent Grade
(#362808); Fisher Scientific: Acetic Acid, Glacial (#S70048); Corning: Phosphate Buffered
Saline, 1X (#21-040-CM).

Animals

For experiments using only wild-type mice, C57BL/6J male mice (n=83) were purchased from
Jackson Labs at 8-11 weeks and acclimated for 5-15 days before starting experimental
procedures. All mice of both sexes (n=53) for experiments studying the FAAH P129T mutation
were bred in-house using heterozygous x heterozygous breeding pairs of Faah P129T knock-in
mice kindly provided by Dr. Benjamin Cravatt!'!? (Scripps Research) and acclimated until the
start of experimental procedures at 21 to 26 weeks of age. All mice were group-housed 2 to 5 per
cage on a 12-hour reverse light cycle (21:00 on/09:00 off). Animals were given ad-libitum access
to water, but food access was only given during daily 8-hour FED3 sessions or supplemental
feeding (on weekends when testing was not performed) or in supplemental feeding as
published”. Body weight was monitored twice weekly to ensure mice did not lose more than
15% of baseline body weight. All protocols and experiments were approved by the Virginia Tech
(Blacksburg, VA, USA) Institutional Animal Care and Use Committee (IACUC).

EQUIPMENT AND SETUP
Feeding Experimentation Device 3 (FED3) Setup and Data Pipeline

FED3 Experimental Setup: Feeding and operant performance was measured using the open-
source Feeding Experimentation Device 3 (FED3) °**2. The FED3 is a battery-powered operant
device that consists of two nose pokes for operant training, a pellet dispenser, LEDs for visual

reinforcement, a buzzer for auditory reinforcement, and a screen for experimenter observation
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(Figure 1A, B). An internal microSD card logs interactions with the nose pokes and pellet well
in real time for further analysis. Additionally, each device is outfitted with a 3D-printed shield to
prevent animals from climbing on or behind the FED3 to prevent moisture from entering the
device (Supplemental Information). Mice were tested in one 8h session per day, unless
otherwise described in specific behavioral tests. During each test session, mice were single
housed under red light in a standard cage containing a FED3, an empty food rack holding a water
bottle, and an IsoPad for bedding (traditional bedding can enter the pellet well and interfere with
data collection). At the end of each

FED3 Data Pipeline: Data collection and analysis for cognitive testing was streamlined using a
Python-based data pipeline (Figure 1C). Session data was simultaneously retrieved from
multiple SD cards using a multi-port USB hub equipped with micro-SD card readers using
Python code (Supplemental Information) that utilized a reference file to append each FED3
data file name with mouse and study identifiers. Next, these files are uploaded to our custom
Python-coded FED3 cognitive analysis database that allows users to modify acquisition criteria
parameters as needed. Acquisition criterion can be set as meeting multiple criteria per day
(number of pellets retrieved, stability to the previous day's number of pellets, end-of-day percent
correct activity, etc.) or as reaching a minimum percent correct in a rolling window of pokes. The
database will organize and calculate the data based on these user-set parameters, the results of
which can be downloaded as a CSV file that can be further analyzed using traditional data
analysis software (e.g. GraphPad Prism). All code described in the FED3 Data pipeline is freely
available via GitHub https://github.com/mwblab/fed database for implementation and further

customization.

Cognitive Behavioral Procedures and Tests

The FED3 delivers pellet rewards based on user-defined programs written in Arduino. In the
programs used for this study, all procedures and tests from a single FED3 record and time stamp
the following parameters in a CSV file: active nose pokes, inactive nose pokes, pellets delivered,
pellets retrieved, pellet retrieval time. The number of pellets found on the floor of each cage were

determined by experimenter observation and included in the final data analysis.
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Free Feeding: under this program, the FED3 delivers a pellet immediately after a pellet is
removed from the pellet well. This results in continuous access to a pellet independent of operant
responding and can be used for magazine training to acclimate mice to the FED3 and the food

pellets’2.

Fixed Ratio Testing (FR): For all FR testing, every n' correct response (non-chaining) was
paired with a pellet delivery, audio tone (1 sec), and a visual LED cue (1 sec). The left nose poke
was coded as the active lever for FR1, FR3, and FRS5 testing; the right nose poke was coded as
the active lever for FR3 reverse (FR3R). Acquisition of FR behavior was defined as reaching or
exceeding 85% accuracy in a rolling window of 30 pokes (e.g., 26/30 pokes correct). These
criteria were based on other long-access, in-cage operant feeding experiments**->3. The percent of
correct pokes, the time until acquisition, the number of pokes (and pellets) until acquisition were
calculated. While we did not investigate poke bias in these experiments, in other experiments
where we collect poke data during extended sessions of FF we observe that daily poke bias is
normally distributed, with the majority of sessions ending with 0.4 to 0.6% preference for the
right poke (Figure S9A). We further find that during FF side preference can vary greatly by day,
likely indicating that animals do not display strong preference for either poke (Figure S9B).
Statistical results compiled in Supplemental Table 13.

Discrimination Learning (DL) and Reversal Learning (RL): DL was performed using a FR3
reinforcement schedule (active nose poke = left), and acquisition of DL behavior was defined as
exceeding 85% accuracy in a rolling window of 30 pokes (e.g., 26/30 pokes correct). After
meeting criterion, mice maintained the FR3 schedule for at least 2 additional sessions before
moving on to the next test. The percent of correct pokes, the time until acquisition, the number of
pokes (and pellets) until acquisition were calculated. RL was performed identical to DL, except

that a FR3R reinforcement schedule (active nose poke = right) was implemented.

Quinine Test (QU): QU test was performed using a FR3R reinforcement schedule with grain
pellets containing quinine (Dustless Precision Pellets, 20 mg, Rodent Purified Diet, Quinine
(0.44% by weight), #F07619). This test was performed in a single 4h session, followed by access
to standard chow for 4h. In the following session, mice returned to 3R and re-reached acquisition
criterion before starting the next behavioral test. In addition to all previously described

parameters, the number of pellets consumed was calculated as the number of pellets retrieved
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minus the number of pellets on the floor of the cage at the completion of the QU test.
Discrimination Index was calculated as (active nose pokes — inactive nose pokes)/(active nose

pokes + inactive nose pokes)'?’.

Progressive Ratio Test (PR): PR was performed using an escalating reinforcement schedule for
grain pellets over a single 8-hour session. The number of responses on the active lever needed for
reward dispensation increased exponentially based on the following equation: (ratio = ratio +
round ((5 * exp (0.2 * PelletCount)) - 5))**!?8. Breakpoint was defined as the highest number of
reinforcers earned before a 30-minute break between pokes, or at end of session if no break of at
least 30-minutes occurred'?. In the following session, mice returned to F3R and re-reached
acquisition criterion before starting the next behavioral test. In addition to all previously
described parameters, the breakpoint and number of active/inactive nose pokes at the breakpoint

were calculated.

Extinction (EX): EX was performed using a FR1 reverse reinforcement schedule (active nose
poke = right) in 4h sessions, with active nose pokes paired with audio and visual cues but not
food pellet. Following each 4h EX session, mice were given 8-hours of access to standard chow
before returning to the fasted group-housed home-cage for 12 hours. Extinction burst was
defined as the behavior that occurs during the first EX session. Acquisition of EX behavior was
defined as ending a session with active pokes <20% of the average number of active pokes from

the pre-extinction baseline (average of the preceding four FR3R sessions).

Reinstatement (RE): RE was performed using a FR3R reinforcement schedule (active nose poke
= right), and acquisition of RE behavior was defined as exceeding 85% accuracy in a rolling
window of 30 pokes (e.g., 26/30 pokes correct). The percent of correct pokes, the time until

acquisition, the number of pokes (and pellets) until acquisition were calculated.

Intracranial Bilateral Lesions

Surgical Procedures: Animals were anesthetized with isoflurane via a low-flow vaporizer
(Somnosuite, Kent Scientific) induced at 5% and maintained at 1-3% concentration. Animals
were then secured in a stereotaxic frame (David Kopf Instruments) via ear bar. The skull was

exposed and a Dremel was used to create holes in the skull at the injection site. Injections were
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made with a 10-ul NanoFil Syringe (World Precision Instruments, Germany) with a 33 GA blunt
needle (World Precision Instruments, Germany) mounted to a syringe pump (Pump 11 ELITE
Nanomite, Harvard Apparatus) with an injection rate of 0.1 pl per minute with a 4-5 minute
resting period before removal. Orbitofrontal cortex (OFC) lesions (AP: +2.55mm, ML: £1.2mm,
DV: +2.40mm from Brain OR +2.6mm from Skull) were made using established coordinates'*°
in 26 mice by bilaterally injecting 0.4uL of ibotenic acid dissolved in 80:20 PBS and 1M NaOH.
17 sham-lesioned mice underwent the same procedure but were injected with sterile PBS. Mice

were given 7-10 days to recover before beginning the experiment.

Histology: Mice that received OFC lesions were evaluated for accuracy and precision of lesion
placement. Briefly, mice were sacrificed via cervical dislocation and decapitation for brain
collection. Their brains were removed and drop-fixed in 4% w/v paraformaldehyde in PBS
overnight at 4°C, followed by up to 36 hours each in a gradient of 10%/20%/30% Sucrose in
PBS. Brains were coronally sectioned at 50um on a cryostat, mounted on glass slides, and
stained with cresyl violet. Briefly, sections were mounted to slides and allowed to dry overnight.
The following day sections were dehydrated in Xylene (10 m), rehydrated in 100%, 95% and
then 70% ethanol (EtOH) followed by deionized distilled water (3 m each). Sections were then
stained in 1% cresyl violet solution (8 to 16 m), dehydrated in 70% and 95% EtOH (1 to 2 m
each), followed by saturation in Xylene (30+ m) before mounting with mounting medium and
cover glass. Lesion size and location were examined under microscope and with images captured
by SMP USB digital camera (MU500, AmScope). Mice were excluded from the study if they
failed to demonstrate substantial (>50%) lesioning of the lateral and ventral OFC on one or both
sides of the brain from approximately +2.8mm to approximately +2.4mm bregma, or if injection
track marks were substantially off target (AP: +.5mm, ML: +.2mm) (n = 8), if a majority of
sections from these regions detached during the staining process (n = 2), or for hydrocephaly (n

= 1), leaving a final n of 15 IBO animals.
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4.6 STATISTICAL ANALYSIS

Statistical analyses were performed using GraphPad Prism (version 10.0.2). Data
reported as mean £ SEM where applicable. Body weight over time was analyzed using two-way
RM ANOVA followed by Tukey’s post hoc, with ANOVA statistics and significant post hoc p-
values reported in Supplemental Tables 2-13, arranged by graph. Number of pellets retrieved by
session was analyzed using Mixed-Effects Model (REML), as hardware failures resulted in
occasional data loss, with no follow-up post hoc tests. ANOVA statistics are reported in
Supplemental Table 2-13, arranged by graph. Single variable tests between more than two
groups (final body weight by reinforcement schedule, average pellets on floor by reinforcement
schedule, etc.) were analyzed using one-way ANOVA followed by Bonferonni post hoc when
appropriate with ANOVA statistics reported in Supplemental Table 2-13, arranged by graph.
Single variable tests between two groups (pellets consumed by treatment group, active pokes by
treatment group, etc.) were analyzed using unpaired t-Test, with statistics and p-values in
Supplemental Table 2-13, arranged by graph. Single variable tests investigating sex x genotype
effects (pellets consumed by sex x genotype, active pokes by sex x genotype, etc.) were analyzed
using two-way ANOVA and Bonferroni post hoc when appropriate, with ANOVA statistics and
relevant post hoc p-values reported in Supplemental Table 2-13, arranged by graph. Kaplan-
Meier learning curves (pokes to acquisition during DL or RL) were analyzed using Log-Rank
(Mantel-Cox) for differences between all groups. If significant differences were observed for
experiments with more than two groups, pair-wise comparisons were made between each. In
such cases the p-values reported (Supplemental Table 2-13, arranged by graph) have been
multiplied by the number of comparisons made to account for Bonferroni’s correction. Device
failures during a single day test (QU, PR) resulted in either re-testing the mice during a new
session or removing the mice from the final analysis. Statistical outliers were determined using
Grubb’s test across all related measures. In the event of multiple outliers within the same group,

the individual with the higher z-value was removed.
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4.7 DISCUSSION

Evaluation of cognitive behaviors using operant tests remains a critical component for
understanding and treating a wide range of neurobiological disorders>!'""3¢, By addressing
technical challenges related to experimental parameters and data management, we demonstrated
that the open-source FED3 can be scaled to run large cohorts of mice simultaneously in low-
stress, home-cage-like environments. Using this approach, we demonstrated that a 6-test operant
battery can be completed in as few as 20 sessions and measure multiple dimensions of cognitive
function including associative learning, cognitive flexibility, reward valuation and devaluation,
and motivation. We validated this approach using site specific inactivation of the OFC and used

the FED3 to identify genotypic and sex-specific changes in cognitive behaviors.

Our study supports an important role for stress in the underlying mechanisms of cognitive
behaviors®>#. In this study, mice have unrestricted access to receive their daily food
requirements during extended daily sessions and show no weight loss during FR1 and FR3
reinforcement schedules when compared with the free feeding group. However, mice exhibited a
loss of weight during FRS reinforcement that could not be explained by food consumption alone,
as these animals ate the same number of food pellets as FR1 and FR3 mice. This suggests that
the increased work needed for mice to receive sufficient food pellets during longer sessions may
result in changes to metabolic or neuroendocrine systems. Accordingly, mice treated with the
stress hormone corticosterone exhibit weight loss despite consuming more food®’. By
comparison, animals undergoing food reinforcement during short time-constrained paradigms
may also be influenced by stress and anxiety-like reponses®®’. Studies show that mice may
request more rewards than they actually consume during short reinforcement sessions under

food-restricted conditions®®%°

, suggesting that stress caused by perceived food instability may
lead to observed hoarding behaviors and influence operant responding®’. This stress may impinge
on cognitive function as multiple lines of evidence support an inverted-U-shaped curve °! for the
influence of stress on learning and cognition, where moderate levels of stress enhance learning,
while low or high stress impairs it. For instance, acute mild stressors increase performance
during a paired associative learning task®?, and increase performance during a RL test®>%*,
However, other studies have found that acute or chronic stress results in strategy shifts associated
with a switch to habitual activity at the expense of goal-directed behavior®’*>®, In our protocol

each animal has a dedicated testing cage they inhabit for 8h, which may encourage familiarity
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with the system and reduce the stress of testing. Thus, it is possible that a reduction in stress may

facilitate learning and executive function, or be otherwise conducive to operant testing.

Our study using the FED3 demonstrates that the lateral and ventral OFC influences
distinct aspects of executive functions. We found that inactivation of these regions of the OFC

spared discrimination learning but impaired reversal learning performance’3%7

as measured by
total pokes and errors to acquisition, reflecting the well-documented role of the OFC in flexible
decision-making and perseverative behavior during reversal. Additionally, lesioned animals
demonstrated a lower progressive ratio breakpoint without impacting error rate (captured by
inactive nose pokes) during this test, supporting a previously described effect of lateral OFC
inactivation in reducing motivated effortful behavior®®. As others have reported, OFC lesioning
had no effect on the number of quinine-infused pellets retrieved or consumed indicating that
innate taste aversions are not controlled by these regions”. However, lesioned animals
demonstrated a resistance to altering activity during the test, maintaining an overall active poke
bias and higher discrimination index. These results are in line with other studies which find that
OFC lesioned animals continue to approach cues associated with devalued rewards’” and
demonstrate a negative devaluation index*. Collectively, these results support the construct
validity of our FED3 testing approach, demonstrating that it can be used to capture OFC-
dependent behavioral changes. However, the OFC is also implicated in other aspects of decision-

100-102

making broadly relating to value and outcome expectancies and thus some studies report

that inactivation of the OFC impairs extinction learning that were not seen in our study. This

99,103 "as neuronal

difference may be explained by the amount of time between lesion and testing
plasticity and other compensatory mechanisms can lead to functional recovery in mice after a
few weeks that mask the impact of the OFC during behavioral testing. Consistent with this, we
performed extinction testing at least 20 days post-lesion and it is possible that OFC inactivation
at an earlier timepoint may produce different results. It is also possible that the inclusion of cues
after an active poke during this test may make it harder to compare to extinction tests where a
cue is presented before action to illustrate operandum activity. Future studies could be done to
examine the effect of OFC lesioning on cue-driven behavior by investigating un-cued extinction,
cue reinstatement absent reward, and finally cue and reward reinstatement, as prior studies have

demonstrated that the OFC is implicated in cue-induced reinstatement of cocaine seeking!**!1%.
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Despite these limitations, we demonstrate that the FED3 can be used to capture aspects of

executive dysfunction commonly associated with OFC inactivation.

Many traditional appetitive operant tests find sex-differences %! in reward

consumption or operandum activity, which can preclude their comparison. We found no
significant sex differences in the total number of pokes to discrimination or reversal learning,
indicating that this protocol may be useful to investigate the interaction of genotype and sex on
executive function in mouse lines, as we did for the FAAH P129T mice. While we did not
observe differences in cognitive flexibility, during this investigation we observed that males
increased activity on the inactive nose poke in response to both reward devaluation and
increasing instrumental effort, an effect not observed in females. These differences may indicate
that males employ a different response strategy than females in response to reward devaluation
and increasing effort. Indeed, prior research has found that female rodents form habitual behavior
more quickly than males'®’, which may contribute to our observation that females maintained
activity on the active poke in response to these tests. It is possible that stronger habitual activity
or habit formation in females led to maintained performance on the active lever despite
devaluation and increased effort, while males instead investigated whether the inactive lever may

lead to typical reward dispensation.

While FAAH plays an important role in learning, memory, and executive function, this
study represents the first evaluation of the human FAAH P129T polymorphism in this context.

7071 and emotional-motivational reactivity '

This mutation has been linked to problem drug use
in humans, and enhanced fronto-amygdalar connectivity in the form of increased projections
from the ventromedial PFC/Infralimbic area to the basolateral amygdala (BLA) in both humans

and mice''”

. While behavioral regulation is a nuanced interaction between many brain regions,
increased connectivity between the frontal cortex!'!! and the BLA may impact effortful decision
making and extinction. The PFC 2113 and OFC !!* serve as important top-down regulators of
BLA activity, and inactivation of the BLA is associated with decreased effortful activity for

d'!5116 and accelerated extinction behavior!!”. Accordingly, P129T KI mice, who have

rewar
stronger connections between the PFC and the BLA made fewer pokes before reaching
breakpoint during a progressive ratio test and were quicker to extinguish poking behavior on the

first day of an extinction test. In contrast, FAAH knockout mice show increased motivation for
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standard chow consumption!!8, indicating that the P129T phenotype emerges as a result of
incomplete inactivation or site-specific changes in motivational circuitry. However, it is possible
that different results may be observed with stronger reinforcers, such as nicotine or other drugs
of abuse. While there are various models for extinction of operant behavior accounting for
differing reinforcer rates and contingencies, most account for the value or strength of the
reinforcer, such that extinction can be considered a resistance to behavioral change, which is
influenced by the relative value of the reinforcer!!>!?°. As such, it has been demonstrated that

121 Additionally, while drugs of

higher sucrose solutions result in higher resistance to extinction
abuse have been shown to be weak primary reinforcers, cues paired with drugs can be stronger
than cues paired with non-drug reward!?2. It is possible that stronger reinforcers could result in

more activation of the BLA-frontocortical circuit, elucidating different results.

Executive function is influenced by activity in numerous brain regions working in
tandem. Prior studies demonstrate that the P129T mutation results in a FAAH protein with
reduced cellular stability’!, which decreases local enzyme expression and facilitates
endocannabinoid signaling. Our findings indicate that FAAH P129T KI mice have reduced
FAAH activity in the mPFC, where endocannabinoids have been shown to regulate food
motivation through glutamatergic plasticity'?*. In addition, we observed decreased FAAH
activity in the dorsal striatum, a region that facilitates the performance of habitual activity'?* and
effort-based decision making'?’ in the absence of reward'?¢. Thus, it is possible that alterations in
striatal activity contributed to the observed results, whereby effortful behavior was decreased in
response to increasing instrumental activity and to non-reward delivery in P129T KI animals.
Taken together, these results provide further evidence that alterations in fronto-amygdalar and
corticolimbic systems of FAAH P129T KI mice resulted in decreased effort-based decision-
making in response to increasing effort or reward absence. Decreased FAAH activity was
observed in other regions broadly relating reward, learning, and memory, including the
hippocampus, OFC, amygdala, and VTA. Further investigation of the specific effects the P129T
mutation on activity and connectivity between these regions may further elucidate their specific

contributions to executive function and our observed results.

In conclusion, we demonstrate that the FED3 can function as an effective in-cage tool for

evaluating cognition and learning behaviors in mice. The low cost of this approach allows for
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high-throughput behavioral evaluations on a rapid timeline while maintaining the sensitivity of
traditional approaches. To encourage broader implementation of this approach, we provided
detailed methods for using a data pipeline as well as troubleshooting FED3 technical errors.
Future studies will expand the variety and complexity of the behavioral tasks and apply these
approaches to study the role of genetic and inducible models of neurological disorders that

impact cognitive function.
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4.9 FIGURES
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Figure 1. Description of FED3 setup and data analysis pipeline. (A) Front-view of the FED3
in a standard mouse home-cage demonstrating the main mouse-interaction features including two
operandum, a pellet well, and LED and audio cues. (B) Side-view of FED3 in a standard home-
cage demonstrating the additional features including the FED pellet hopper and screen, a custom-
printed shield to prevent the mouse from climbing on the device, and the bottle for water
consumption. (C) Data pipeline optimized for high throughput data cognitive behavioral analysis
of cognitive behavioral tests using the FED3 including: bulk file collection from individual SD
cards using Python code, data upload to a Python-based database followed by data analysis via
user-defined experimental thresholds, and downloading of the compiled results as a XSLX file
for statistical analysis using preferred software. A detailed guide to the pipeline and all custom

code can be found in the Supplemental Information.
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Figure 2. Fixed ratio impacts multiple parameters of operant performance using FED3. (A)
Description of FED3 programs used to determine the optimal parameters for operant
performance including Free Feeding (FF), Fixed-Ratio 1 (FR1), Fixed-Ratio 3 (FR3), and Fixed-
Ratio 5 (FR1). (B) Experimental timeline for evaluating parameters of operant performance and
goal-directed behaviors of four groups of male mice: FF (green, n=13), FR1 (blue, n=11), FR3
(yellow, n=8), FR5 (red, n=8). All four groups started with 2 sessions of group-housed FF before
being single housed for FF, FR1, FR3, and/or FRS as outlined for 14 additional sessions. (C)
Mouse body weight (mg) was evaluated after session 7, 9, 14, and 16. (D) Bodyweight on
session 16 displayed as the percent change from session 9, when group 3 and 4 started FR3 and

FRS, respectively. (E) Number of Pellets dispensed by the FED3 per day. (F) Number of pellets
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found on the floor of the testing cage (average of sessions 9 through 16). (G) Kaplan-Meier
curve of the total number of nose pokes required for animals to reach acquisition criterion: 85%
correct in a rolling window of 30 pokes (starting at session 9). (H) Average time to retrieve a
pellet from the pellet well (average of sessions 9 through 16). Data displayed as mean = SEM
(except G). Statistical significance indicated by *P<0.05, ** P<0.01, ****P<0.0001.
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Figure 3. Bilateral OFC lesions reduce reversal learning behavior using FED3. (A)
Description of FED3 programs used to evaluate cognitive performance including Discrimination
Learning (DL, also FR3), Reversal Learning (RL, also FR3R), Quinine Test (QU), Progressive
Ratio Test (PR), Extinction (EX), and Reinstatement (RE). (B) Experimental timeline for a
typical mouse undergoing this behavioral battery, demonstrating lesion and recovery time
followed by daily progression through tests. Male mice received bilateral injection of saline
(SAL, n=16) or ibotenic acid (IBO, n=15) into the orbitalfrontal cortex (OFC), and were given 7
days to recover before initiating the 6 test behavioral battery. Tissue collection for histological
verification of lesion efficacy and location occurred 27 to 32 days post-injection. (C) Schematic
demonstrating lesioning of the lateral and ventral OFC across subjects, with each subject
represented on a separate stacked layer. (D,E) Kaplan-Meier curve of the total nose pokes
required for animals to reach the acquisition criterion of 85% during DL and RL. (F) Number of
nose pokes on the previously reinforced nose poke until reaching acquisition criterion during RL.
(G) Number of Quinine-adulterated pellets consumed during QU test. Consumption is calculated

as pellets retrieved during the test minus pellets found on the floor. (H) Discrimination Index
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during QU test. (I) Number of active pokes made before reaching a breakpoint, defined as 30
minutes of inactivity during PR test, or final number of pokes. (J) Number of inactive pokes
made during the PR test. (K) Number of active pokes made during prior four days of 3R (3R) or
on the initial EX session demonstrating extinction burst. (L) Kaplan-Meier curve of the total
nose pokes required for animals to reach acquisition criterion of 85% during Reinstatement (RE).
Data displayed as mean = SEM (except D and E). Statistical significance indicated by *P<0.05.

Diagrams modified from Paxinos and Franklin (2001).
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Figure 4. Both FAAH P129T genotype and sex influence cognitive performance in aged
mice. (A) Fatty acid amide hydrolase (FAAH) plays a critical role in corticolimbic signaling and
influence multiple behaviors including nociception, anxiety, depression, and cognition. The
P129T single nucleotide polymorphism occurs outside the FAAH active site, yet it can
dysregulate corticoamygdalar circuitry and increase problematic drug use in clinical populations.
For this study, we evaluated wild-type (WT) and FAAH P129T knock in (KI) mice of both sexes
for cognitive impairments using FED3. (B) Kaplan-Meier curve of the total nose pokes required
for animals to reach the acquisition criterion of 85% correct in a rolling window of 30 pokes
during DL. (C) Kaplan-Meier curve of the total nose pokes required for animals to reach the
acquisition criterion of 85% correct in a rolling window of 30 pokes during RL. (D) Number of
Quinine-adulterated pellets consumed during the Quinine (QU) test. Consumption is calculated
as pellets retrieved during the test minus pellets found on the floor. (E) Discrimination Index
during the QU test. (F) Number of pokes made before reaching a breakpoint, defined as 30
minutes of inactivity during the Progressive Ratio (PR) test. (G) Number of inactive pokes made
during the PR test. (H) Number of active pokes made during prior four days of 3R (3R) or on the
first Extinction (EX) session demonstrating extinction burst. (I) Kaplan-Meier curve of the total
nose pokes required for animals to reach the acquisition criterion of 85% correct in a rolling
window of 30 pokes during Reinstatement (RE). (J) ABPP gel demonstrating FAAH activity in
the dorsal striatum (D. Striatum) and medial prefrontal cortex (mPFC) in representative WT and
KI animals. (K) Quantification of active FAAH enzyme levels in the D. Striatum of WT and KI
mice. (L) Quantification of active FAAH enzyme levels in the mPFC of WT and KI mice. Data
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displayed as mean £ SEM where applicable from four groups: WT males (n=12-13), KI males
(n=11-12), WT females (n=15-16), and KI females (n=11-12). Statistical significance indicated
by. *P<0.05, ** P<0.01, ****P<0.0001.
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4.10 SUPPLEMENTAL MATERIAL

4.10a Supplemental Figures
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Supplemental Figure 1. Effects of OFC lesion on discrimination and reversal

learning.

(A) Number of inactive pokes made before reaching the acquisition criterion of 85% correct in a

rolling window of 30 pokes during DL. (B) Number of inactive pokes made before reaching the

acquisition criterion of 85% correct in a rolling window of 30 pokes during RL. (C) Kaplan-

Meier curve of the total nose pokes required for SAL animals to reach the acquisition criterion of

85% correct in a rolling window of 30 pokes) during DL and RL. (D) Kaplan-Meier curve of the

total nose pokes required for IBO animals to reach the acquisition criterion of 85% correct in a

rolling window of 30 pokes) during DL and RL. Data displayed as mean + SEM where

applicable (SAL n=15-16, IBO n=14-15). Statistical significance indicated by ****P<(0.0001.
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Supplemental Figure 2. Effects of OFC lesion on response to aversive reward.

(A) Number of Quinine-adulterated pellets retrieved from the device during a 4-hour Quinine
(QU) task. (B) Number of Quinine-adulterated pellets found on the floor of the cage at the end of
the QU task. (C) Number of active pokes made during the QU task. (D) End-of-day performance
during a 4-hour QU task, displayed as percent correct at the end of the day. (F) Number of active
pokes made by 30-minute bins during the QU task. (G) Number of inactive pokes made by 30-
minute bins during the QU task (H) Active poke bias by 30-minute bins during the QU task. Data

displayed as mean + SEM (SAL n=15-16, IBO n=14-15). Statistical significance indicated by
*P<0.05.
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Supplemental Figure 3. Effects of OFC lesion on response to increasing instrumental
effort. (A) Pellets retrieved before reaching a breakpoint, defined as 30 minutes of inactivity
during an 8-hour Progressive Ratio (PR) task. (B) Number of active pokes made during an 8-
hour PR task. (C) End-of-day performance during an 8-hour PR task, displayed as percent
correct at the end of the day. Data displayed as mean £SEM (SAL n=15-16, IBO n=14-15).
Statistical significance indicated by *P<0.05.
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Supplemental Figure 4. Effects of OFC lesion on response to cue devaluation and
reinstatement. (A) Active nose pokes made over a 4-hour extinction (EX) trial. (B) Inactive
nose pokes made over a 4-hour extinction (EX) trial. (C) End-of-day performance during a 4-
hour EX task, displayed as percent correct at the end of the day. Data displayed as mean + SEM
(SAL n=15-16, IBO n=14-15) where applicable. Statistical significance indicated by
*x%%P<0.0001.
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Supplemental Figure 5. Contribution of Sex, P129T genotype, and Age to cognitive
flexibility. Number of inactive pokes made before reaching acquisition criterion (85% correct in

a rolling window of 30 pokes) during (A) discrimination learning (DL) and (B) reversal learning
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(RL). Kaplan-Meier curves of the total nose pokes required to reach the acquisition criterion
during DL and RL by (C) wild-type males (WTM, n=12-13), (D) P129T knock-in males (KIM,
n=11-12), (E) wild-type females (WTF, n=15-16), and (F) P129T knock-in females (KIF, n=11-
12). (G) Kaplan-Meier curves of the total nose pokes required to reach acquisition criterion
between aged P129T WTM (21+ weeks old) and SAL lesioned controls (10+ weeks old) during
(G) DL and (H) RL. Data displayed as mean = SEM where applicable. Statistical significance
indicated by *P<0.05, **P<0.01, ****P<0.0001.
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Supplemental Figure 6. Contribution of Sex and P129T Genotype to response to aversive
reward. (A) Number of Quinine-adulterated pellets retrieved from the device during a 4-hour
Quinine (QU) task. (B) Number of Quinine-adulterated pellets found on the floor of the cage at
the end of the QU task. (C) Number of active pokes made during the QU task. (D) End-of-day
performance during the QU task, displayed as percent correct at the end of the day. Data
displayed as mean = SEM from four groups: wild-type males (WTM, n=12-13), P129T knock-in
males (KIM, n=11-12), wild-type females (WTF, n=15-16), and P129T knock-in females (KIF,
n=11-12). Statistical significance indicated by *P<0.05, ** P<0.01.

145



>
w
o

PR PR PR

e Kl * . WT‘* : \é\Jl'T
*

-
o
o

w
=1
]*#
S
o
=]
S
L]
2

Breakpoint (Pellets, 30m)
> S
- I ()
]
Active Pokes (#)
(2]
o
o
o
% e
End of Day %Correct
[3)]
o

| 0
ale Female Male Female Male Female

Supplemental Figure 7. Contribution of Sex and P129T genotype to response to increasing
instrumental effort. (A) Pellets retrieved before reaching a breakpoint, defined as 30 minutes of
inactivity during an 8-hour Progressive Ratio (PR) task. (B) Number of active pokes made
during PR task. (C) End-of-day performance during the PR task, displayed as percent correct at
the end of the day. Data displayed as mean + SEM from four groups: wild-type males (WTM,
n=12-13), P129T knock-in males (KIM, n=11-12), wild-type females (WTF, n=15-16), and
P129T knock-in females (KIF, n=11-12). Statistical significance indicated by *P<0.05, **
P<0.01.
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Supplemental Figure 8. Contribution of Sex and P129T Genotype to response to cue
devaluation, extinction, and reinstatement. (A) Active pokes made during the first day of a 4-
hour extinction (EX) task (B) Inactive pokes made during the first day of a 4-hour extinction
(EX) task. (C) End-of-day performance during a single 4-hour EX task, displayed as percent
correct at the end of the day. (D) Kaplan-Meier curve of the total number of nose pokes needed
to reach the acquisition criterion of ending a session with active pokes <20% of the average
number of active pokes from the preceding 4 3R sessions. (E) Number of sessions for animals to
meet EX acquisition. Kaplan-Meier curve of the total nose pokes required for animals to reach
the acquisition criterion (85% correct in a rolling window of 30 pokes) during reinstatement (RE)
Data displayed as mean = SEM from four groups: wild-type males (WTM, n=12-13), P129T
knock-in males (KIM, n=11-12), wild-type females (WTF, n=15-16), and P129T knock-in
females (KIF, n=11-12). Statistical significance indicated by *P<0.05, **P<0.01, ****P<0.0001.
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Supplemental Figure 10. Quantification of active FAAH enzyme levels in WT and KI
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animals. Quantification of active FAAH enzyme levels in the (A) whole brain, (B) medial PFC,

(C) OFC, (D) Arcuate Cingulate Nucleus, (E) Nucleus Accumbens, (F) Dorsal Striatum, (G)

Amygdala, (H) Lateral Hypothalamus, (I) Hippocampus, (J) Substantia Nigra, (K) Ventral
Tegmental Area. Statistical significance indicated by. *P<0.05, ** P<0.01, ****P<0.0001.
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4.10b Supplemental Tables

Supplemental Table 1. Troubleshooting FED3 Errors during Cognitive Testing

Issue

Effect on Data

Cause

Solution

Pellet Well Ghost:
FED3 senses a pellet
when the food well is
empty

Stops all collection of
pellet-related data

Debris on the pellet
well IR sensor

Step 1: Visually inspect the IR sensor, and
carefully remove any large debris from the
diodes using a small gauge needle.

Damage to the pellet
well IR sensor

Step 2: Remove the following parts from the
FED3: RTC, Arduino, Motor Chip, Battery.

Step 3: Clean the IR beam diodes using a
waterpik (filled with double distilled water)

Faulty pellet well
soldering to the PCB

on a medium-to-high setting for four to eight
seconds.

Step 4: Remove water from IR sensor and

Nose poke Ghost:
FED3 senses an
active left or right
nose poke when the

Produces over-
estimation of nose-
poke-related data

Debris on the pellet
well IR sensor

PCB using a fan-powered air gun.

Caution: Using “canned air” in place of an
air gun may deposit chemicals potentially

Damage to the pellet
well IR sensor

damaging the IR sensor.

Step 5: Allow device to dry overnight, and
reassemble FED3 in morning.

FED3 fails to sense a
pellet in the food well

Increased pellet
dispensation and risk of
Pellet Jam

mouse is not May lead to program Step 6: Test device to see if this Step 1-5
interacting with the  [switching mid fixed ghosting errors.
operandum experiment Faulty pellet well If cleaning does not address this issue,
soldering to the PCB  [resolder and/or replace the faulty IR sensor
and associated resistor (Left:R1, Well:R2,
Right:R3). If problem persists replace entire
PCB board.
Ends of IR sensor should be <0.6mm from
internal edge of pellet well. Tighten screws
Stops accurate holding the PCB down or remove and
collection of pellet- Improperly positioned reposition pellet well to achieve.
Blind Pellet Well:  |related data pellet well or PCB

Note: If FED3 consistently delivers two
pellets before sensing, place a single drop of
epoxy, super glue, or solder along bottom of
pellet well.

Blind Nose Poke:
FEDS3 fails to sense a
nose poke when the
mouse is interacting
with the operandum

Stops all collection of
nose-poke-related data

May prevent pellet
release if on active
poke

Faulty Soldering

Resolder all five points of contact between
the IR sensor, associated resistor (Left:R1,
Well:R2, Right:R3), and the PCB. If
problem persists, replace entire PCB board.
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Supplemental Table 1 (cont). Troubleshooting FED3 Errors during Cognitive Testing

Issue

Effect on Data

Cause

Solution

Pellet Jam:

FED3 develops a clog
in the chute that
prevents pellet
dispensing

Prevents pellet
dispensation and stops
accurate collection of
pellet-related data

Moisture

Remove moisture from FED3 and home cage|
o Address any leaks in the cage from water
dispensation devices.
e Ensure cages have sufficient air
circulation.
¢ Dry out the chute using a fan-powered air
gun.

Debris

Dislodge debris and clean the pellet chute:

e Remove the pellet wheel.

e Push two entwined pipe cleaners through
the chute to the pellet well, then pull back
and forth to dislodge any pellet
blockages. Repeat, entering from the
pellet well.

o Use a waterpik (filled with double
distilled water) on a medium-to-high
setting for ten to fifteen seconds at chute
entry and chute exit to remove any
remaining debris.

o Remove water from the pellet chute using
a fan-powered air gun.

o Allow device to dry overnight, and re-
attach pellet wheel in morning.

Note: Sifting pellets to remove broken pieces
prior to filling will help reduce debris
buildup in FEDS.

Pellet Disk

Make sure the pellet disk is properly
attached to the motor on the FED3

o Screwing too tight leads to non-spinning
e Screw too loose leads to slipping

Jumping/Hopping:
Pellet is released but
does not remain in
pellet well.

Increased pellet
dispensation and risk of
Pellet Jam

Inaccurate number of
pellets on floor of cage

Improperly positioned
pellet well or PCB

Some amount of jumping/hopping is
acceptable (<5 hops in 100 releases). If
significantly more, check that well is placed
properly and not angled.

Ends of IR sensor should be <0.6mm from
internal edge of pellet well. Tighten screws
holding the PCB down or remove and

reposition pellet well to achieve.
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Supplemental Table 1 (cont). Troubleshooting FED3 Errors during Cognitive Testing

warning that SD card
lis not inserted despite
presence of SD card

FED3 will not boot into
experimental programs

Issue Effect on Data Cause Solution
Repeatedly remove and reinsert SD card
e Turn off FED3 and remove SD card
¢ Dislodge any debris from SD slot using
SD Card Error: : .
. . ft t h, , Il
Upon start displays a Debris soft paint brush, air gun, or manually

blowing air into slot

o Replace SD card

e Repeat in quick succession five to ten
times

Faulty Feather MO
Adalogger

Replace Feather MO Adalogger

RTC Error:

Upon start displays an
incorrect or
impossible date and
time

Timestamps may be
incorrect, impossible,
or fail to progress
through time

Collected data may
need manual
modification or be
completely unusable

Note:

Upon booting if the
date is incorrect but six
values (ex 151481 or
010000) the data will

likely be usable.

If it contains non-
numerical values
(@5@5@5) or more
than six values
(1651652165) the data
will not be usable.

Improperly positioned
RTC

Inspect that the RTC board is fully seated
into but not bending the PCB header. If it is
not:

e Press on or reposition RTC board

e Turn device on to check for proper time
o Reflash time clock and device code

Low button cell battery

Measure Button Cell Battery Level

e Option 1: With RTC in device:

o Place positive lead of multimeter on
positive side of battery or metal
holding it to the RTC

o Place negative lead on flat surface of
the SD card slot

Dead button cell
battery

e Option 2: Button Cell Battery out of
RTC or RTC out of device:

o Place positive lead of multimeter on
positive side of battery or metal
holding it to the RTC.

o Place negative lead on negative side of
battery

Readings <1.5V indicate battery needs
replacing

After replacing, reflash time clock and

device code
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Supplemental Table 2. Statistics for all Behavioral Tests in Figure 2.

through 16)

. Statistical .. Post-Hoc
Fig. Test Test Factor Test Statistic P-Value (Displayed if P<0.1)
Body Weight Session X F(12,148) = 4.493 <0.0001 Bonferroni’s multiple
(mg) by Session | Two-way Reinforcement comparisons test
2C ~ for RM Session F(3.134,116.0) = 3.935 0.0093 ‘
Rem;‘;;;emem ANOVA IR cinforcement F(3,37) = 1.238 0.3099 - Slfls{sslf’fl;_lg 0170
Y Subject F(37, 148) =21.79 <0.0001 VS FRO- FEU.
Final Body
2D Weight (%A Bonferroni’s multiple
from Session9) | One-way | F(3,36) = 2.946 0.0458 comparisons test
for ANOVA ’ ’ ’
Reinforcement FF vs FRS: P=0.0349
Study
P(e#l)lebts lsizzrslzle Mixed- Session F(4.965,168.4)=12.05 | <0.0001
2E Yor Effects | Reinforcement F(3,35)=17.81 <0.0001 No Post-Hoc
. Model . Analysis performed
Reinforcement Session x _
Study (REML) Reinforcement F(39.441) = 1.995 0.0005
Average Pellets
on Floor
(Session 9
2F . One-way _ No Post-Hoc
through Session ANOVA | F(3,37)=6.503 0.0012 Analysis performed
16) for
Reinforcement
Study
Total Number
of Pokes to ,_ _
Acquisition All Groups v=12.1,df=2 0.0024 | -
during
2G Discrimination Ih?/iii?_k FR1 vs FR3 > =5425,df=1 0.0594
Learning by Cox) FR1 vs FR5 ¥ =10.72,df=1 0.0033
Reinforcement Bonferroni’s correction
Schedule for
Reinforcement FR3 vs FR5 ©v¥=12,df=1 0.8199
Study
Tukey’s multiple
2H (Session 9 ANOVA | F(2,23)=8.534 0.0017

FR1 vs FR3: P=0.0047
FR1 vs FR5: P=0.0072
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Supplemental Table 3. Statistics for all Behavioral Tests in Figure 3.

Reinstatement for

Fig. Test Sta{}:&cal Factor F-Value etc P-Value (Dispﬁ(;setc-l}ilt(")li <01
DL
Total Pokes to
Acquisition during Log-Rank
3D Discrimination (Mantel- | - ¥ =1.701,df=1 0.1922 | -
Learning for Saline or Cox)
Ibotenic Lesioned
Animals
RL
Aczl(iltiaslitlzc())ll: e(Elsutr(i)ng Log-Rank
3E . (Mantel- | - x> =6.535,df =1 0.0106 | -
Reversal Learning for Cox)
Saline or Ibotenic
Lesioned Animals
RL
Previously Reinforced
Pokes to Acquisition Unpaired t-
3F (#) during Reversal pTes ¢ | t(28)=2.377 0.0245 | -
Learning for Saline or
Ibotenic Lesioned
Animals
QU
Pellets consumed (#
Retrieved - # On Unpaired t- _
3G Floor) for Saline or Test | 128)=0.3234 0.7488 -
Ibotenic Lesioned
Animals
QU
Discrimination Index | Unpaired t- _
3H for Saline or Ibotenic Test | 128) =2.445 0.0210
Lesioned Animals
PR
Breakpoint (Pokes, .
3H 30m) for Saline or U“p{}”ed fl — t(27) = 2.249 00329 | =
Ibotenic Lesioned est
Animals
PR
Inactive Pokes (#) over Unpaired t-
31 entire session for Test | T t(27) =0.003478 0.9973 | = -
Saline or Ibotenic
Lesioned Animals
EX Session F (1,29) = 0.6830 0.4153
Active Pokes (#) X Lesion Bonferroni’s multiple
During Previous Four comparisons test
days of 3R (3R) Two-way Session F (1, 29) = 58.60 <0.0001
3J . RM
compared to Single ANOVA - 3R -EX
day Extinction (EX) Lesion F (1,29)=0.03756 0.8477 SAL: P=<0.0001
for Saline or Ibotenic IBO: P=<0.0001
Lesioned Animals Subject F (29,29)=1.139 0.3640
RE
Total Pokes to Log-Rank
3K L X (Mantel- | --—-- x> =0.3958,df =1 05293 | -
Acquisition during Cox)
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Saline or Ibotenic
Lesioned Animals
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Supplemental Table 4. Statistics for all Behavioral Tests in Figure 4.

Fig. Test Sta};:;cal Factor F-Value etc P-Value (Dispﬁc;setc-l}ilt?lg <01
DL
Total Number of All Groups ¥ =6.350,df =3 0.0958 | =
Pokes to
S Log-Rank
4B Acqu1§ ttion (Mantel-
during Cox) WTM v KIM ¥ =0.05262,df =1 <0.9999
Discr imination WTM v WTF v=1219,df=1 <0.9999 Bonferroni’s correction
Learning for KIM v KIF v2=13.870, df = 1 0.1968
P129T Animals WTF v KIF = 1.122,df= 1 <0.9999
RL
Total Number of
Pokes to Log-Rank
4C Acquisition (Mantel- All Groups ¥ =1.602,df=3 0.6589 | -
during Reversal Cox)
Learning for
P129T Animals
QU Interaction F (1,45)=0.9896 0.3252
D P@“ﬁf&ggi‘éﬁd Two-vay Sex F (1,45)= 1410 02414 |
On Floor) for
P129T Animals Genotype F (1,45)=0.1529 0.6977
Interaction F (1,45)=10.03921 0.8439 Bonferroni’s multiple
QU Sex F (1,45) = 6.502 0.0143 comparisons test
4E Discrimination Two-way
Index for P129T ANOVA Male - Female
Animals Genotype F (1,45)=3.228 0.0791 WT: P=0.1742
KI: P=0.1400
Interaction F (1,46)=1.027 0.3161 Bonferroni’s multiple
PR Sex F (1,46) =3.836 0.0562 comparisons test
4F ]lg(real;%omtf TA“{\?(-)V:/ZY WT - KI
Pokes, 30m) for -
Fiaor Acimals Genotype F(1,46)=4.548 0.0383 Male: P=0.8937
Female: P=0.0522
PR Interaction F (1,46) =0.0001492 0.9903 Bonferroni’s multiple
Inactive Pokes Two-way Sex F (1,46)=4.636 0.0366 comparisons test
4G (#) over entire ANOVA Male - Female
session for P129T Genotype F (1, 46) =0.01079 0.9177 WT: P=0.2229
Animals KI: P=0.3150
Session F (1,46)=88.51 <0.0001 Bonferroni’s multiple
Sex F (1, 46) = 0.009461 0.9229 comparisons test
Activeli?ékes #) Genotype F (1,46)=8.142 0.0065 WT§A3;<%)% o0l
During Previous Session x Sex F (1,46)=0.01854 0.8923 o
Four days of 3R Three- Session x KIM: P=0.0781
4H (3R) compared to way Genotype F (1,46)=9.765 0.0031 WTEF: P<0.0001
. ANOVA KIF: P=0.0404
Single day Sex x Genotype | F (1,46) = 0.004652 0.9459
Extmctflg)rn (EX) EX — EX
Session x Sex X F (1,46)=0.1535 0.6971 WTM — KIM: P=0.0294

Genotype

WTF - KIF: P=0.0619
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Supplemental Table 4 cont.. Statistics for all Behavioral Tests in Figure 4.

RE
Total Pokes to Log-Rank
41 Acquisition (Mantel- All Groups ¥ =5.982,df=3 0.1125 | -
during Cox)
Reinstatement for
Interaction F (1,46)=0.03052 0.8621 Bonferroni’s multiple
EX Sex F (1,46) =0.01420 0.9057 comparisons test
4H A“;VC 113)10;(;; ) ]I;VIV\?(')V\VX Male (WT vs KI)
OArnimals Genotype F (1,46)=9.210 0.0040 P=0.0607 ns
Female (WT vs KI)
P=0.0912 ns
Interaction F (1,46)=1.444 0.2356 Bonferroni’s multiple
EX Sex F (1,46)=4.018 0.0509 comparisons test
Inactive Pokes Two-way
4 (#) for P129T ANOVA Male (WT vs KI)
Animals Genotype F (1,46)=17.315 0.0096 P=0.6018
Female (WT vs KI)
P=0.0146
D. Striatum Unpaired
4K FAAH Activity | ~ = | = - t(16)=3.140 0.0063 | -
t-Test
(%)
mPFC Unpaired
4L FAAH Activity | 0~ | = - t(15)=7.917 <0.0001 | -
(%) t-Test
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Supplemental Table 5. Statistics for all Behavioral Tests in Figure S1.

Fig. Test Sta};j&cal Factor F-Value etc P-Value (Dispﬁ(;setc-l}ilg)li <01
DL
Inactive Pokes to
Acquisition durin, .
S1A l;qiscrimination ¢ Unpaired t- | 1(28)=0.6673 0.s10r | -
. . Test
Learning for Saline or
Ibotenic Lesioned
Animals
SAL
Total Pokes to
Acquisition during Log-rank <0.0001
S1B Discrimination and (Mantel- | ----- ¥ =36.79,df 1 N
Reversal Learning or Cox) test
Saline Lesioned
Animals
IBO
Total Pokes to
Acquisition during Log-rank <0.0001
S1C Discrimination and (Mantel- |  ----- ¥ =34.15,df 1 L
Reversal Learning or Cox) test

Ibotenic Lesioned
Animals
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Supplemental Table 6. Statistics for all Behavioral Tests in Figure S2.

. Statistical Post-Hoc
Fig. Test Test Factor F-Value etc P-Value (Displayed if P<0.1)
QU
Pellets Retrieved (#) Unpaired t- _
24 for Saline or Ibotenic Test | 1(28)=0.2058 08384 -
Lesioned Animals
QU
Pellets On Floor of Unpaired t-
S2B | Cage (#) for Saline or pTest ----- t(28)=0.8807 03860 | 0 -
Ibotenic Lesioned
Animals
QuU
Active Pokes (#) for Unpaired t- _
S2¢€ Saline or Ibotenic Test | 1(28)=0.2180 L
Lesioned Animals
QU
Inactive Pokes (#) for | Unpaired t- _
$2D Saline or Ibotenic Test | 1(28)=1.436 0.1620 |\ -
Lesioned Animals
QU
End of Day Percent . _
S2E | Correct (%) for Saline Unp;;fd [l — U28)=2.445 0.0210 | e
or Ibotenic Lesioned
Animals
QU g‘;lz;‘ F (7, 196) =2.095 0.0458
Active Pokes (#) in 30 Two-way Ti F (7. 196) = 8.343 <0.0001
S2F | minute bins for Saline RM 1me (7, 196) = 8. et
or Ibotenic Lesioned ANOVA Lesion F (1, 28) =0.04752 0.8290
Animals -
Subject F (28, 196) = 5.287 <0.0001
QU {lm.e X F (7, 196) = 0.4482 0.8706
Inactive Pokes (#) in Two-way csion
$2G | 30 minute bins for RM Time F (7,196) =2.127 00425 | .
Saline or Ibotenic ANOVA Lesion F (1,28)=2.055 0.1628
Lesioned Animals Subject F (28, 196) = 4.479 <0.0001
QU Mixed- Tim_e X F (7, 189) =0.8258 0.5670
Active Poke Bias (%) Effects Lesion
S2H | in 30 minute bins for Model Time | F(4.868,131.4)=1.115| 03554 | -
Saline or Ibotenic -
Lesioned Animals (REML) Lesion F (1,28)=7311 0.0115

159



Supplemental Table 7. Statistics for all Behavioral Tests in Figure S3.

. Statistical Post-Hoc
Fig. Test Test Factor F-Value etc P-Value (Displayed if P<0.1)
PR
Breakpoint (Pellets, .
S3A | 30m) for Salincor | Crpaired b t(27)=2.118 00435 | e
. . Test
Ibotenic Lesioned
Animals
PR
Active Pokes (#) for Unpaired t- _
S3B Saline or Ibotenic Test | 27)=1.292 0.2073 | -
Lesioned Animals
PR
End of Day Percent Unpaired t-
S3C | Correct (%) for Saline pTes ¢ | t(27)=0.4875 0.6298 | -

or Ibotenic Lesioned
Animals
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Supplemental Table 8. Statistics for all Behavioral Tests in Figure S4.

. Statistical Post-Hoc
Fig. Test Test Factor F-Value etc P-Value (Dl ) 1)
EX
Active Pokes (#) for Unpaired t- _
S4A Saline or Ibotenic Test | 1(29)=05121 0.6125 | -
Lesioned Animals
EX
Inactive Pokes (#) for | Unpaired t- _
S4B Saline or Ibotenic Test | 429)=0.5494 0.5870 -
Lesioned Animals
EX
End of Day Percent Unpaired t-
S4C | Correct (%) for Saline pared =1 t(29)=0.3507 0.7283 | -
. . Test
or Ibotenic Lesioned
Animals
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Supplemental Table 9. Statistics for all Behavioral Tests in Figure SS.

Lesioned Animals and
aged WTM P129T

Fig. Test Statistical Factor F-Value etc P-Value Post-Hoc
Test (Displayed if P<0.1)
DL Interaction F (1, 48)=0.4377 0.5114 Bonferroni’s multiple
Inactive Pokes (#) to Sex F (1,48)=9.801 0.0030 comparisons test
S5A Acquisition during TAwoész/ | |
Discrimination NOV. Male - Female
Learning for P129T Genotype F(1,48)=1.183 0.2823 WT: P=0.1540
animals KI: P=0.0249
RL Interaction F (1, 48)=0.03076 0.8615
Previously Reinforced Sex F (1,48)=0.8103 0.3725
Pokes (#) to Two-way
S5B AC('.].UISI.UO.I] dgrmg ANOVA | |
Discrimination
Learning for P129T Genotype F (1, 48) =0.5229 0.4731
animals
WTM
A;(ifialsliggrll( edsutr(i)ng Log-rank
S5C A (Mantel- | = - x> =28.08,df =1 <0.0001 | -
Discrimination and Cox) test
Reversal Learning for
WTM P129T
KIM
A;(ifialsliggrll( edsutr(i)ng Log-rank
S5D DT (Mantel- | = - ¥ =26.29,df =1 <0.0001 | -
Discrimination and Cox) test
Reversal Learning for
KIM P129T
WTF
A;(ifialsliggrll( edsutr(i)ng Log-rank
S5E A (Mantel- | - ¥ =2897,df =1 <0.0001 | -
Discrimination and Cox) test
Reversal Learning for
WTF P129T
KIF
Joaren | Logrn
S5F DT (Mantel- | = --—- ¥ =27.00,df =1 <0.0001 | -
Discrimination and Cox) test
Reversal Learning for
KIF P129T
DL
Total Number of
Pokes to Acquisition Log-rank
S5G | during Discrimination (Mantel- | - ¥=1.128,df=1 02882 | -
Learning for Saline Cox) test
Lesioned Animals and
aged WTM P129T
RL
Total Number of
Pokes to Acquisition Log-rank
SS5H | during Discrimination (Mantel- | ----- ¥ =7422,df=1 0.0064 | = -
Learning for Saline Cox) test
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Supplemental Table 10. Statistics for all Behavioral Tests in Figure S6.

Fig. Test Statistical Factor F-Value etc P-Value Post-Hoc
Test (Displayed if P<0.1)
0 Interaction | p (1,45)=0.05014 0.8238
U
. Two-way S
S6A | Pellets Retrieved (#) 28 F (1, 45)=0.6836 04127 | -
for P129T Animals ANOVA ( )
Genotype | g (1 45)=04188 | 0.5208
Interacti _ Bonferroni’s multiple
QU nteraction F (1,45)=6.922 0.0116 comparisons test
S6B Pellets Left on Floor Two-way Sex F(1,45)=0.6391 0.4282
(#) for P129T ANOVA WT - KI
Animals Genotype M: P=0.3115
F (1,45)=0.2902 0.5928 F: P=0.0523
QU Interaction F (1,45)=0.6931 0.4095
. Two-way
S6C | Active Pokeg (#) for ANOVA Sex F (1, 45) = 0.05228 08202 | -
P129T Animals
Genotype F (1,45)=0.4392 0.5109
Interaction | F (1, 45)=0.03921 0.8439 Bonferroni’s multiple
QU Sex F (1, 45)=6.502 0.0143 comparisons test
S6D | Inactive Pokes (#) for Two-way
. ANOVA Male - Female
P129T Animals Genotype | F(1,45)=3.228 0.0791 WT: P=0.1742
KI: P=0.1400
Interaction F(1,45)=6.714 0.0129 Bonferroni’s multiple
QU comparisons test
ggp | EndofDayPercent | Two-way | Sex F (1, 45)=0.003896 | 0.9505
Correct (%) for ANOVA WT -KI
P129T Animals Genotype M: P>0.9999
F (1,45)=4.406 0.0414 F: P=0.0028
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Supplemental Table 11. Statistics for all Behavioral Tests in Figure S7.

Fig. Test Statistical Factor F-Value etc P-Value Post-Hoc
Test (Displayed if P<0.1)
PR Interaction F (1, 46) = 1.680 0.2014 Bonferroni’s multiple
. comparisons test
A f;roeakpf"m; ({’,e”etsa Two-way Sex F (1,46) = 4272 0.0444
m) for Saline or ANOVA WT - KI
Ibotenic Lesioned .
Animals Genotype F (1, 46) =3.908 0.0541 M: P>0.9999
F: P=0.0418
PR Interaction F (1, 46)=0.9791 0.3276 Bonferroni’s multiple
Active Pokes (#) for | Two-way Sex F (1, 46) = 4.038 0.0504 comparisons test
S7B . ‘ WT - KI
Saline or Ibotenic ANOVA M: P=0 8328
~ ~ Genotype F (1,46)=4.776 0.0340 : P=0.
Lesioned Animals yp ( ) F- P=0 0497
PR Interaction F (1, 46)=0.6130 0.4377
End of Day Percent Two-wa
S7C | Correct (%) for Saline Y Sex F (1,46)=1.876 01774 | -
: . ANOVA ’
or Ibotenic Lesioned
Animals Genotype F (1,46)=3.138 0.0831
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Supplemental Table 12. Statistics for all Behavioral Tests in Figure S8.

Fig. Test Statistical Factor F-Value etc P-Value Post-Hoc
Test (Displayed if P<0.1)
Interaction F (1,46)=0.03052 0.8621
Bonferroni’s multiple
EX Sex F (1, 46)=0.01420 0.9057 comparisons test
SSA Active Pokes (#) on Two-way
Day 1 of EX for ANOVA WT - KI
P129T Animals Genotype F (1’ 46) =9210 0.0040 M: P=0.0607
F: P=0.0912
Interaction F (1,46)=1.444 0.2356 Bonferroni’s multiple
EX comparisons test
SSB Inactive Pokes (#) on Two-way Sex F (1,46)=4.018 0.0509
Day 1 of EX for ANOVA WT - KI
P129T Animals M: P=0.06018
Genotype F (1,46)=7.315 0.0096 F: P=0.0146
EX Interaction F (1,46)=2.879 0.0965 Bonferroni’s multiple
End of Day Percent Twosvay comparisons test
0 i S F (1, 46) =6.608 0.0135
S8C Co(f;eg;((t{g)r (I))I; zDgaTy ! ANOVA x (1,46) Male - Female
. WT: P>0.9999
Animals
Genotype F (1, 46) = 0.2692 0.6063 KI: P=0.0129
EX
Log-Rank
S8D Total Pokes to (Mantel- | - ¥ =3.040, df = 3 03856 | -
Extinction Criterion Cox)
for P129T Animals °
Interaction F (1, 48)=0.2681 0.6070 . .
Bonferroni’s multiple
. B Sex F (1,48) = 8.594 0.0052 comparisons test
SSE Sessions to Extinction | Two-way
Criterion (#) for ANOVA Male - Female
P129T Animals B WT: P=0.1530
Genotype F (1, 48)=0.6320 0.4305 KI: P=0.0500
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Supplemental Table 13. Statistics for all Behavioral Tests in Figure S9.

Fig. Test Statistical Factor F-Value etc P-Value Post-Hoc
Test (Displayed if
P<0.1)
D'Agostino
& Pearson Normal
- Distribution K2=1313 0.4457
Number of values 222
Right Poke Minimum 0.1429
S9A | Bias over 25% Percentile 0.4539
24h Median 0.5668
Descriptive 75% Percentile 0.6722
Statistics Maximum 0.9577
Range 0.8149
Mean 0.5566
Std. Deviation 0.1542
Std. Error of Mean 0.01035
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Supplemental Table 14. Statistics for all Molecular Tests in Figure S10.

. Statistical Post-Hoc
Fig. Test Test Factor F-Value etc P-Value (Displayed if P<0.1)
Whole Brain Unpaired t- _
S10A FAAH Activity (%) Test | T t(19)=4.593 0.0002 | -
mPFC Unpaired t- _
S10B FAAH Activity (%) Test | T t(15)=7.917 <0.0001 | -
OFC Unpaired t- _
S10C FAAH Activity (%) Test | T t(16)=7.114 <0.0001 | -
Arcuate Cingulate .
S10D Nucleus Unp{:‘;‘fd L — t(18)=3.046 0.0070 | = e
FAAH Activity (%)
Nucleus Accumbens | Unpaired t- _
S10E FAAH Activity (%) Test | T t(12)=0.2168 08320 | -
Dorsal Striatum Unpaired t- _
S10F FAAH Activity (%) Test | T t(16)=3.140 0.0063 | -
Amygdala Unpaired t- | P Y e
S10G FAAH Activity (%) Test t(18)=3.032 0.0072
Lateral Unpaired t-
S10H Hypothalamus pTest ----- t(18)=0.2275 0.8226 | -
FAAH Activity (%)
Hippocampus Unpaired t- | e | oo |
S101 FAAH Activity (%) Test t(16)=2.848 0.0116
Substantia Nigra Unpaired t- _
S10J FAAH Activity (%) Test | T t(17)=0.3826 0.7067 | -
Ventral Tegmental .
S10K Area U“pﬁe‘gfd Ll — 1(11)=2.724 00198 | e
FAAH Activity (%)
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4.11C Supplemental Text
DETAILED GUIDE FOR PULLING DATA FROM THE FED3
PHYSICAL MATERIALS NEEDED

1.

Multi-port USB hub
a. Examples (Amazon ASIN)
b. Amazon Basics USB 3.0 10 Port HUB (B0O7V6MXF3C)
c. SABRENT 13 port High Speed USB 2.0 HUB (BOOHL7Z46K)

2. Micro-SD readers

3.

a. Examples (Amazon ASIN)

b. USB SD Card Reader for PC, 3 Packs Micro SD Card to USB Adapter, Card
Reader for Camera Memory Card Reader, Wansurs Card Reader for Laptop (3
Pack USB2.0) (BOBO9R7H765)

c. SanDisk MobileMate USB 3.0 microSD Card Reader- SDDR-B531-GN6NN
(BO7G5JV2B5S)

Multi-card SD holder

a. Examples (Amazon ASIN)

b. 10 Slots Micro SD Card Case Holder Storage Organizer (BO7T6SWXKS)

c. BANDC Micro SD/SDHC/SDXC Card Storage Holder Case (B0O196PROHO)

CUSTOMIZING THE PYTHON CODE

1.

3.

Download and install Python using default settings. All libraries used by this code are
included in Python’s default settings.

Open the supplied python code (Pulling Data From SD Cards.py) in your preferred
code editor (Atom, Notepad++, Serris, etc).

Lines 36 and 52 of the code denote where extracted files will be saved to. Alter these
lines as needed, making sure to use double backslashes. These values must match. At the
location specified a new main folder and sub folders will be created based on values

specified in the reference file.
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FILLING IN THE REFERENCE FILE
The reference file is how the Python code searches through the FED3 data to identify which files

to copy to the computer. The reference file can be written at the beginning of the study or written
day-by-day, saved as one file, or as daily files. Once data for one animal or one day has been
written the data can be copied and pasted for the rest of the studies, with only the details in B, E,
G, H, and sometimes C needing updating. Leaving cells in columns other than F will result in the
python code encountering an error or malfunctioning.
Column A- FED Name: Populate with ‘FED’ followed by the three digit identifier.

e This identifier is determined by a file on the SD card itself, named “Fed Number”
Column B- Date_Code: Populate with the date code written as mmddyy with a preceding
apostrophe.

e Ifthe FED3 has a working real time clock this will be the date the test was run. If
the FED3’s real time clock has stopped working, the date is displayed when the
file is written and in the lower left hand corner of the screen.

e A date can have more than one file if the FED3 was turned off, restarted, or if the
real time clock is malfunctioning. In these instances the FED3 file names will end
with an underscore followed by several digits. These digits will increase as new
files are created (e.g., 00, 01, 02). The python code collects all files that match
the Date_Code. If the file number is known the Date_Code can be written as
mmddyy ## to limit to the specific file.

Column C- SD_Card: Populate with the letter identifying the drive location the specific SD card
will be placed.

e In our experience so long as the multi-hub remains powered through an external
source, few if any of these values will change during the experiment. Despite this,

we suggest physically writing the drive order on or near the multi-hub, plugging a
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single SD card in, waiting for a pop-up window to verify the drive location, and
then repeating this step for the other SD cards.
Column D- Cohort: Populate with a title for the main folder the data will be saved to.
e Ifthis folder does not exist, a new folder with this name will be created at the
location specified in python code lines 36 and 52.
Column E- Day: Populate with a title for the sub-folder the data will be saved to.
e Ifthis folder does not exist, a new folder with this name will be created at the
location specified in python code lines 36 and 52 and Column D.
Column F- New_ Fed: In the event that multiple SD cards have the same FED Name value, and
you do not wish to rename the SD card itself, this column can be used to change the FED Name
value after copying te file, but before it is pasted to its new location.
Column G- Test_Date: Populate with the session/day number. Must be written with a CAPITAL
D. e.g., session/day 1 = D1.
Column H- Test_Type: Populate with identifiers that our database used to organize the data. This

should be changed to correspond to the type of test that is occurring, as follows:

a. FF — Free Feeding
b. FRI1 —Fixed Ratio 1 — Left Active
c. FR3 —Fixed Ratio 3 - Left Active
d. FRS - Fixed Ratio 5 - Left Active
3R - Fixed Ratio 3 Reverse — Right Active
f. PR —Progressive Ratio - Right Active

g. PR X —Progressive Ratio which had a hardware failure during the test — Right
Active
1. Informs the database that this data should be calculated, but not used
for determining stability etc.
h. 3R PR — A return to 3R after a PR test -Right Active
1. 3R PR X —Areturn to 3R after a PR test with a hardware failure - Right
Active
1. Informs the database that this data should be calculated, but not used
for determining stability etc.

J- QU — Quinine — Right Active
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k. QU _X — Quinine which had a hardware failure during the test — Right Active

1. Informs the database that this data should be calculated, but not used

for determining stability etc.

l. 3R _QU — A return to 3R after a QU test — Right Active
m. 3R QU X — A return to 3R after a QU test with a hardware failure — Right

Active

1. Informs the database that this data should be calculated, but not used

for determining stability etc.

n. E — Extinction

0. RE — Return to 3R after Extinction

E

Day
di10
d1o
di10
d1o
di10
d1o
di10
d1o

F
Mew_FED

FEDO%9

[E]
Test_Date
D10
D10
D10
D10
D10
D10
D10
D10

H
Test_Type

W mmmmMmmMmmmMm

1. Manually record the information displayed on the FED3 screen (left and right nose pokes,

Though this information is typically written to the SD card, errors can occur

where the internal date of the FED3 is incorrect, and the user does not catch it

when turning the device on or off. In this case the manually recorded numbers can

be cross-referenced with the final row of values in various files to find the correct

file. In rare cases unknown errors can result in the writing of a blank file for the

day. In such cases, the numbers from the screen can be used to estimate operant

A B C D
1 |FED_Name Date_Code S0_Card Cohort

2 |FEDO3& 081323 F FEEDING\\DLRL
3 |FEDODOD 81323 | FEEDING\,DLRL
4 |FEDOOS 081323 L FEEDING\\DLRL
5 |FEDO23 81323 it FEEDING\,DLRL
£ |FEDO30 081323 D FEEDING\\DLRL
7 |FEDO33 81323 1 FEEDING\,DLRL
3 |FEDO3% 081323 E FEEDING\\DLRL
9 |FEDO41 81323 G FEEDING\,DLRL
DAILY TASKS

pellets dispensed, etc)
a.
performance.
AS NEEDED TASKS

- These As Needed Tasks should minimally be performed the first day of each new task, and at

the end of every single-day task. An individual’s data typically does not need to be puled during

the post-acquisition maintenance phase.

If using a criterion based on reaching a minimum amount correct in a rolling average of pokes

these tasks should be completed after the first day of each task, and the end of every single-day
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task. Once an animal has reached acquisition it is typically unnecessary to pull the data durin
ghte post-acquisition maintenance phase.

If using a multi-day criterion the data should be collected every two to three days. The data that
is manually recorded at the end of each session can be used to estimate acquisition. Before

moving an animal to the next testing stage that animals data should be pulled and analyzed.

Pulling Data From the SD Cards

2. Physically remove the SD card from the FED3 and place it into multi-card holder.
Repeat steps 1 and 2 for all devices.

3. Plug SD cards one by one into the multi-hub port, double checking that the letter
location matches what is written in the reference file. If the multi-hub port has
renamed any locations ensure that you change the reference file as needed

4. Ensure the Reference File is properly populated with the necessary information.

5. Run the supplied python code [name]. The code uses the reference file to search
through the SD cards for files based on the following logic:

Search at location ‘SD_Card’ for files that matches ‘FED Name’. Search through these for files
also matching ‘Date_Code’. For files that match this, place the in a good_list.
a. If a file matching that row is not found, print an error in the python window.
b. For all files in good _list, append the file name with _ ‘Test Date’ ’Test Type’
c. Ifthe row has a value in New_FED, replace FED Name with New FED
d. Paste all files to the location specified in the python code, in a folder called
COHORT in a sub folder called DAY.

6. Double check that all files have been pulled. So long as you did not have to restart a
FED3 during the session the number of files in location\Cohort\Day should increase
by the number of SD cards plugged into the multi-hub. If this number is too low, it
indicated a file was not found, which will also be indicated by the python command
window printing an error message. Common reasons for a file not being found
include:

a. The SD card was not fully plugged into the SD card reader, or the reader was
not plugged into the multi-port hub.

b. The date code was entered incorrectly.
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1. Ensure the date code is written as ‘mmddyy
c. The FED3’s real time clock is incorrect and the filename is under a different
date.

i.  Use the manually recorded values to check the SD card for data
matching what was recorded. If a file is found you can either change
the file name to match what is written in the reference file, or change
the reference file to match the file name.

d. A random error occurred, and the file was not written correctly.

1. In a 40-aimal 20-day study which generated ~800 files we had this
occur approximately 5 times, giving this error a <1% chance of
occurring.

Repeat steps 3 to 6 for all remaining groups of SD cards.

Upload the files to the database. 100 files can be uploaded to the database at once, and
multiple days of data can be uploaded at once. When the data is uploaded a message
will appear at the bottom of the screen.

Change the databases’ calculation variables as needed, then press the calculate button
to analyze the data based on these criteria. When the data has finished calculating

[how it shows that the thing is done].

M F
Number of Pellets retrieved that day 60 50
% Correct in the End of Day 0.75 0.75
% Correct in Rolling Average of 30 (CumAcc) 0.8 0.8
Stable to % of Pellets Yesterday 0.2 0.2
Pellet Retrieval Time threshold 0 0
X% Correct in a Rolling Window of Y (Poke)
X% correct 0.85 0.85

Window Y 30

Calculate

a. Number of pellets retrieved that day

1. Any numerical value.
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i1. The minimum number of pellets in an 8 hour session that an animal
must retrieve from the FED3, with different variables based on sex.
% correct in the end of day
i. FromOto 1
ii. The minimum percentage correct at the end of the day.
iii. Calculated as (# active pokes/# Total pokes)
% correct in rolling average of 30
i. FromOto 1
ii. The minimum percent correct in a rolling average of 30 cumulative
averages that an animal must have met.
Stable to % of pellets yesterday
i. FromOto 1
ii. The maximum percent deviation from the prior days number of pellets
Pellet Retrieval Time Threshold
i. Any numerical value.
ii. Pellet Retrieval Times over this value will be excluded from the Pellet
Retrieval calculations.
X% correct in a rolling window of Y (Poke): X% correct
1. FromOto1
ii. The minimum percent correct that must be met in a rolling window of
size Y.
X% correct in a rolling window of Y (Poke): Window Y
1. Any numerical value

i1. The size of the rolling window.

10. Once the data has finished calculating, name and download the .csv file containing

the calculated data.

THE CSV FILE

11. The .csv file is arranged into three sheets containing the relevant data.

a. All Datal: Acquisition table based on the first four criteria specified. Each

column refers to one test day, specified by the Test Date identifier. Below this
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C.

is listed a binary 0/False or 1/True for whether an animal met all 4 criteria for
that day. These criteria can be modified in the open source database code.
i. To the right of this acquisition table data are the total number of criteria
an animal met for that day.

ii. Below the acquisition table is a table denoting the daily test type for
each animal.

All Data2: Individual acquisition criteria based on the criteria specified. Each
column refers to one test day, specified by the Test Date identifier. Each
criteria is grouped together, with an animal getting a binary 0/false 1/true score
for the criterion. The criterion are arranged as follows and identified in the
data_type column. To the right of the binary table the actual values are
displayed

i. Num_p_day: Number of pellets retrieved that day.

ii. Stab_yesterday: Whether the number of pellets retrieved that day is
within the specified stability range to the number of pellets retrieved
the previous day.

1. This will ignore single-day test types like QU and PR. Instead,
on the first 3R_QU or 3R_PR will be compared to the last 3R.
iii. End day Acc: Whether the end of day accuracy is above the specified
value

iv. max10 _rolling 30: Whether the maximum value for a rolling average
of 30 pokes is a

v. left pokes per day:

vi. right pokes per day

vii. Test type
All data3: Data regarding the pellet retrieval time and when an animal first
met the rolling average X in window of Y pokes.

1. Rt avg: The animals average retrieval time over the entire session

ii. Rt sem: Standard error of the mean for the animals average pellet

retrieval time over the entire session.
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iii. Rt Pellet count: The total number of pellet retrievals that were
included in the retrieval time.

iv. Rt Raw: comma separated cell with each pellet retrieval time listed in
it.

v. Rolling left poke 30: comma separated cell containing (in order): time
elapsed from session start to first time the animal met a rolling average
for the left pokes . Timestamp at first time the animal met the rolling
average. The total number of left pokes at first time the animal met the
rolling average. The total number of right pokes at first time the animal
met the rolling average.

vi. Rolling_right poke 30: Same as above, except calculated for a right
poke rolling average.

12. This .csv file can be used as-is, or re-organized.
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Custom Python Code for pulling data from the SD cards

#Pulling Data From SD Cards.py

# Made by Jeremy Decker and Laura Murdaugh on 5/19/2022
import numpy as np

import pandas as pd

from tkinter import filedialog

from tkinter import *

import datetime

import re

O o0 I N »n B~ W N =

import math

[S—
e

import os

[a—
[a—

import glob

—_
[\S}

import shutil

—
(98]

import win32com.client

—_
[, I AN

def main():

[S—
(o)

# Create a pop-up window that asks you to specify your reference file

refroot = Tk()

_
(o <IN |

refroot.filename = filedialog.askopenfilename()

[a—
O

ref file = pd.read_excel(refroot.filename)

[\
-

# When reading the reference file, indicate which row the program is working on

\]
[—

print(ref file.shape)

N
\S]

for i in range(0, ref file.shape[0]):

\S]
(98]

print("Processing " + ref file. FED Name[i])

(\O]
N

# Create a "good_list", where files that meet search criterion are temporarily stored

[\
N

good list =]

[\
(@)}

# search at location SD_Card for files that are .csv, which contain the FED Name,
the Date_Code, and are larger than Okb.
27 for files in glob.glob(ref file.SD Card[i] + "\\*.csv"):
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28
29
30
31
32
33
34
35

36

37
38
39

40

41
42
43
44
45

46

47
48
49
50

if re.search(ref file. FED Name[i], files):
if re.search(str(ref file.Date Code[i]), files):
fs = os.stat(files)
if fs.st_size > 0:
# For files that meet the criterion, add to good list.
good_list.append(files)

# Check that the below location exists. If not, create it.

# When filling the location out, ensure that you use double backslashes. This must
match the values in line 52. Further organization can be added here, or by including
subfolder location in the Cohort section of the reference file.

os.makedirs("C:\\USERS\WUSER\\LOCATION\MAINFOLDERI\\' +
ref file.Cohort[i] + "\' + str(ref file.Day[i]), exist ok=True)

# If a file for a row cannot be found, print a line in the command to indicate that.

if not good_list:

print(f" File not found: {ref file.Day[i]}, {ref file. FED Name[i]},
{ref file.Date Code[i]},{ref file.Test Date[i]}")

# For files in the good_list append the name with the identifiers from the refernce
file.

for files in good_list:

file name = os.path.basename(files)
test_date = str(ref file.Test Date[i])
test_type = str(ref file.Test Type[i])
new_file name = file name.rsplit(.', 1)[0] +" " + test date +" " + test type +
"." + file_ name.rsplit(".", 1)[1]
# If the value for New_FED is not empty, then replace the original FED Name
with the value from New FED.
if pd.notnull(ref file New FEDIi]):
new_fed = str(ref file.New FEDI1])
new_file name =new_fed + new_file name[len(ref file. FED Name[i]):]

# Move the files from the good _list to the location below.
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51 # When filling the location out, ensure that you use double backslashes. This must
match the values in line 35. Further organization can be added here, or by including
subfolder location in the Cohort section of the reference file.

52 destination = os.path.join('C:\\USERS\WUSER\\LOCATION\\MAINFOLDER1\\'
+ ref file.Cohort[i] + "\' + str(ref file.Day][i]), new file name)

53 shutil.copy(files, destination)
54

55 if name ==' main "

56  main()
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SUMMARY AND CONCLUSIONS
GENERAL SUMMARY

In summary, the ability to efficiently and comprehensively investigate rodent behavior is
of paramount importance for multiple fields, including neuroscience. Utilization of a single
behavioral test may result in inaccurate conclusions or an incomplete understanding of the effects
of manipulation. Thus, researchers should utilize multiple related tests in the form of a test battery
to more comprehensively capture and understand behavioral changes. In this dissertation I have
presented results utilizing standard test batteries and documented a novel operant test battery with
a broad focus on pain-like, affective, and operant behaviors. Together, the information in this
dissertation demonstrates the utility of multi-faceted behavioral assays and the combination of
traditional and novel approaches to collect more comprehensive behavioral data, which will allow
researchers to better investigate neural circuitry underlying behaviors or the behavioral changes
associated with novel therapeutics.

While not the sole focus of my work, two chapters (Chapter 2 and Chapter 4) investigated
the role of n-acyl-ethanolamines (NAEs) on aspects of affective, pain-like, and cognitive behavior.
Chapter 2 focused on disruption of NAE synthesis which results in decreased level of specific
NAEs, while Chapter 4 focused on a mutation in the Fatty Acid Amide Hydrolase (FAAH) gene,
which results in increased NAE levels in specific regions. From these complementary studies [
found evidence that further supports the role of NAEs in these behaviors, as has been suggested

from previous research.

SUMMARY AND FUTURE DIRECTIONS OF CHAPTER 2:

In this study we used a combination of affective and pain-like behavioral test batteries to
investigate the role of N-acylphosphatidylethanolamine Phospholipase D (NAPE-PLD) on
behavior in male and female mice. NAPE-PLD is an enzyme important for the biosynthesis of n-
acyl-ethanolamines (NAEs), key lipid mediators of the endocannabinoid system (ECS). The ECS
is implicated in numerous behaviors and physiological processes including affective, stress, and
inflammatory responses, and has thus been the focus of numerous preclinical studies. However,
many of these studies have focused on fatty acid amide hydrolase (FAAH), the primary enzyme

for NAE metabolization, overlooking the potential effects of modulating NAE biosynthesis. As
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such, we investigated the effects of global NAPE-PLD knockout in both sexes to investigate the
effects of chronic and systemic NAPE-PLD inactivation.

We found that NAPE-PLD KO mice exhibited a subset of behaviors associated with
FAAH manipulation. NAPE-PLD KO resulted in reduced sucrose preference, a measure of
anhedonia. However, the KO mice displayed otherwise normal anxiety- and depression-like
behaviors. These findings support a role of NAPE-PLD in mediating an interaction between
stress and anhedonic behavior. These results further suggest that while NAPE-PLD inactivation
may not serve as a likely candidate for novel psychiatric therapeutics, it would likely be well-
tolerated. Indeed, the ECS is often implicated in inflammation and the pain response. We found
that NAPE-PLD KO did not alter mechanical allodynia or functional grip force during a model
of inflammatory arthritis, but did alter baseline thermal response sensitivity. Overall, these
results suggest that NAPE-PLD would likely not be a high-value target for treating inflammatory
arthritis, but did not preclude the involvement of NAPE-PLD in other aspects pain, like
neuropathic pain. Future directions of this study may include the investigation of NAPE-PLD in
other disease mechanisms or the effects of NAPE-PLD KO on other affective or cognitive

behaviors.

SUMMARY AND FUTURE DIRECTIONS OF CHAPTER 3:

In this study we used a combination of physiological, affective, pain-like, and operant
measures to investigate the effects of a novel chronic vapor exposure (CVE) model in mice.
Nicotine dependence is among the leading causes of preventable death worldwide, with high
relapse rates in those attempting to quit. Electronic Nicotine Delivery Systems (ENDS) represent
a novel approach to create preclinical animal models of nicotine dependence via inhalation. The
aim of this study was to validate a new model of chronic nicotine exposure in mice using an
ENDS and measure changes in affective behavior and operant responding. First, we validated
vapor chambers (La Jolla Vapor) by performing a pharmacokinetic study using ultra performance
liquid chromatography tandem mass spectrometry (UPLC-MS/MS) to quantify nicotine in blood.
Next, we assessed the effect of different exposure doses on body weight, locomotor activity, and
mechanical allodynia to determine an inter vape interval for further testing. At a dose that
produces signs of nicotine dependence (10 min frequency), no effect of nicotine abstinence on
anxiety-like (open field test and light/dark box) or depressive-like behaviors (splash test and

sucrose preference test) were observed. In measures of operant responding, abstinence from
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nicotine increased the number of sessions until acquisition, decreased number of rewards before
breakpoint in a progressive ratio task, and increased consumption of quinine pellets during an
aversive reward task. These results inform the ongoing investigation of effects of CVE and
present a novel vapor-based method of exposure and demonstrate the utility of the FED3 to

perform operant tasks in models of addiction-like behavior.

SUMMARY AND FUTURE DIRECTIONS OF CHAPTER 4:

Understanding how and why an organism makes goal-directed decisions is crucial to
multiple fields, including psychology and neuroscience. While this can be studied using traditional
operant chambers, aspects of the chambers prevent high throughput investigations, limiting our
knowledge. In this manuscript I described the protocol for investigating behaviors related to goal-
based decision-making and executive function (EF). This protocol allows for the efficient
investigation of 6 operant tests in as few as 19 sessions. I demonstrated construct validity of the
discrimination and reversal learning (DL/RL) aspect of this protocol using orbitofrontal cortex
(OFC) lesions, additionally finding that lesions reduced responding in a progressive ratio (PR) test.
Using this protocol I identified sex- and genotype-specific differences in an aged P129T mouse
model. These mice contain a mutation associated with addictive behavior in humans,
demonstrating that this protocol can be used to investigate altered decision-making in addiction-
related models. Finally, to encourage the uptake of this protocol we designed a custom Python-
based database and described a data pipeline for efficient analysis of operant behavior.

The work shared in this manuscript allows for the more cost- and labor-efficient
investigation of goal-directed behavior and EF. The protocol developed could improve the
comprehensive investigation of decision-making behavior across multiple disciplines, increasing
our understanding of executive dysfunction and opening the field to new researchers. This protocol
could allow researchers to evaluate the neural mechanisms underlying decision-making more
comprehensively or increase pre-clinical investigation of cognitive effects of novel therapeutics.

For instance, the Buczynski-Gregus lab is broadly interested in behavioral pharmacology
with a focus on novel therapeutics focusing on pain states and addiction. We are particularly
excited by this protocol, as it will allow for more comprehensive behavioral investigation during
temporally limited states. For instance, we are interested in investigating the effects of a novel

therapeutic targets on chemotherapy-induced peripheral neuropathy (CIPN). While the duration of
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paclitaxel-based CIPN models may vary in response to dose and delivery schedule, our model
resolves within 30 day. To investigate the cognitive effects of this novel therapeutic in a traditional
operant chamber, we would either need to induce CIPN after initial DL and/or limit our
investigation to a few key behaviors; either of these decisions could result in key cognitive effects
being overlooked. If we wished to perform a full investigation of all 6 behaviors captured in my
test, we would need to run multiple cohorts of animals, which would limit our ability to compare
results between groups. Instead, the protocol detailed in this manuscript will allow us to investigate
multiple aspects of cognitive behavior before the resolution of CIPN, or allow us to investigate
potential effects of novel therapeutics to reduce or prevent the onset of cognitive deficits associated
with CIPN. This protocol could be applied to other temporally limited models, including CFA pain
models, TBI models, or aging models. The challenges presented by attempting multi-test cognitive
batteries with temporally limited models may have presented an additional critical barrier to entry
for research groups outside of the traditional cognitive field, a barrier which is rectified by the

FED3 model proposed here.
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