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Abstract
A role for adaptive developmental plasticity in learning and decision making
By
Wan Chen Lin
Doctor of Philosophy in Psychology
University of California, Berkeley

Professor Linda Wilbrecht, Chair

The goal of my dissertation is to shed new light on how genetic variation and
developmental experiences sculpt cognitive flexibility in young adulthood. My
dissertation is intended to inform public health and understanding of human adversity by
using mice as a model. However, this work may also contribute to a more established
scientific understanding of how an organism’s life experience can interact with
development and have profound and persistent effects on expression of the
neurobiological and behavioral phenotypes. This interaction between the environment
and a developing organism has previously been studied in various fields under different
names, as experience dependent plasticity in neuroscience, adaptive developmental
plasticity (ADP) in biology, and life history theory in ecology. These three fields do not
often interact because they tend to focus on different levels of analysis. Neuroscience
tends to focus on the proximate or mechanistic level, while ultimate level questions
about evolution are the domain of biology and ecology. By looking at neural systems
and examining the effects of genotype and developmental experience, | attempt to forge
links between the proximate and ultimate levels of understanding.

At the proximate level, | focus on the role of the striatal dopamine (DA) system in
behaviors requiring cognitive flexibility or flexible updating. This critical executive
function, responsible for adaptive learning and goal-directed behaviors, has been shown
to rely heavily on the DA system. At the ultimate level, | discuss how genetic
polymorphisms and phenotypic plasticity allow adaptation to different environmental
conditions and how the application of ADP and life history theory may strengthen the
interpretation of the changes in behavioral phenotypes and neural functions. Through a
similar lens, cognitive flexibility may represent how sensitive an organism is to cues
from the environment, with greater sensitivity associated with greater flexibility.

In Chapter 1, | first briefly introduce the framework of ADP by presenting different levels
that ADP can act on as well as different models and hypotheses. | also review ideas of
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life history theory and sensitive periods which interact with ADP and together affect and
sculpt developmental trajectories of cognitive, behavioral, and neural functions. | then
review the growing literature that demonstrates behavioral and neurobiological variables
are sensitive to early life developmental experiences, with a special focus on cognitive
function and the striatal DA system. Based on the ADP framework and the
neurobiological literature, | develop a model of how experience may have profound
effects on the development of striatal DA systems that support learning and decision
making.

In Chapter 2, | present data from a mouse model of a common human genetic
polymorphism in the brain derived neurotrophic factor (BDNF) gene, Val66Met. In these
mice, we find that genotype affects cognitive flexibility in two separate tasks. Met/met
mice (homozygous with the mutant allele) showed greater flexibility than the Val/Val
controls. | discuss these findings in the context of literature that views this polymorphism
as a plasticity allele instead of a risk allele. | also explore how the ADP framework
explains why a genetic polymorphism that affects cognitive flexibility might be
maintained in a population.

In Chapter 3 and 4, | focus on the impacts of developmental food abundance versus
food scarcity on brain and behavior. Food abundance and scarcity are important
environmental variables affecting organisms’ survival and are relevant to public health.
Food scarcity and unpredictability is known in public health as food insecurity. Currently,
this is a growing public health challenge both nationally and globally. For this work, |
developed a novel mouse model of food insecurity using a varying schedule of feeding
for 20 days during development.

In Chapter 3, | examine the impacts of juvenile-adolescent (Postnatal Day (P)21-40)
developmental feeding history on learning, cognitive flexibility, and decision-making in
adulthood. | found that adult male mice with different developmental feeding histories
(ad libitum or food insecurity treatment) during the juvenile-adolescent period P21-40
exhibited differences in cognitive flexibility, past reward integration, and sensitivity to
reward uncertainty when tested after P60. These group effects were not found in
females nor in males when the differences in feeding experience and testing were both
shifted twenty days later, suggesting a sex difference and a sensitive window for the
effects of treatment or testing. | also applied computational modeling to further
characterize that behavioral differences in adult males with different P21-40 feeding
histories. | found that differences in behavioral performance in the two tasks were due to
differences in updating in response to negative outcomes, weighing of past unrewarded
history, and sensitivity to different reward probabilities. While | did not see impacts of
feeding experience on learning and cognitive flexibility in adult female mice, | did
observe effects on adult weight gain in females.



In Chapter 4, | examine the impacts of developmental feeding history on neurobiological
measures of DA neurons and DA release in the striatum in brain slices. | found that
adult male mice with different developmental feeding histories showed differences in
AMPAR/NMDAR-mediated excitatory postsynaptic currents ratios on mesolimbic DA
neurons and differences in DA release in the nigrostriatal DA pathways in vitro. In both
Chapter 3 and 4, | explore how we may use the ADP framework to explain our results
as a predictive adaptive response to the developmental experience of food abundance
or scarcity.

Together, my data demonstrate how genes and experience can impact cognitive
flexibility and serve as an example of how we can use multiple levels of analyses to
understand phenotypic variation. | hope to advance the field of adversity studies by
using theoretical and mechanistic models and novel insights to explain how information
from the environment can act on neural circuits and in turn alter expression of
behavioral phenotypes. Furthermore, my data suggests that the juvenile adolescent
period is a potentially significant time for interventions to impact core learning and
decision making systems. This last point may have special relevance during the time of
the COVID-19 pandemic, as the subsequent economic downturn increases food
insecurity.
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Chapter 1

Early life experience and a role for adaptive developmental plasticity
in learning and decision making

Introduction

There is great interest in understanding how life experience can interact with the
development with life-long effects through biological mechanisms. These ideas have
been addressed in parallel in the fields of neuroscience and biology as experience
dependent plasticity (EDP) and adaptive developmental plasticity (ADP), respectively.
The ADP framework was first developed by evolutionary biologists studied not only
brains and behavior but also bodily phenotypes and it was applied to the study of a
broad range of wild species (Bateson et al, 2014; Fawcett & Frankenhuis, 2015; Lea et
al., 2017; Nettle & Bateson, 2015; E. Snell-Rood & C. Snell-Rood, 2020; Stearns,
1989).

In this dissertation, | try to bring the fields together to understand how the developing
brain may set a thermostat for life-long patterns in learning, foraging, and decision
making. | first introduce and briefly review ADP framework, ideas of life history
strategies, and sensitive periods (a form of EDP). Then, | explore how early life
experience can affect learning, cognitive flexibility, and decision making as well as how
effects on the neural systems supporting these functions may be considered in the ADP
framework. In Chapter 2, | investigate and discuss how a mouse model of a common
human genetic polymorphism affects cognitive flexibility and examine my findings
through an ADP lens. In Chapter 3 and 4, | use a mouse model to study impacts of
different feeding and statistical input experiences aka food ad libitum versus food
insecurity on behavior and neural systems, respectively, and discuss how an ADP
framework may explain the behavioral and neural changes observed in the
experiments.

Together, this dissertation offers an opportunity for me to work on ideas that connect the
field of systems and behavioral neuroscience (with questions traditionally focusing more
on proximate level) to the field of ADP and life history theory from ecology and
evolutionary perspective (with questions usually addressed at ultimate level). Moreover,
using mouse models allows me to better isolate specific variables of interest, compared
to human studies. The data illustrate that the biological factors regulate learning,
cognitive flexibility, and behavioral plasticity and that life experiences can affect the
neural systems. Furthermore, my work in this dissertation provides information with
public health and policy relevance, suggesting impacts of common human genetic



polymorphism and different feeding conditions, timepoints for potential intervention
programs, and considerations to be made.

Genotype and phenotype

Different organisms have their own specific sets of characteristics to make them distinct
from other organisms or other species. Describing the genotypes or phenotypes for
certain characteristics is one of the ways to identify if there’s specificity. Genotype is set
of genes coded in the DNA sequence and usually held to be the same over organisms’
lifetime (Taylor & Lewontin, 2017). Environmental factors, DNA replication or repairment
mechanisms, and spontaneous errors may cause mutations in the DNA sequences and
may result in different variants of genotypes. Phenotype is the physical or behavioral
trials that organisms have, for example, body size, metabolic activity, movements, etc. It
is observable and influenced by genotypes, gene expression, and often environmental
effects on gene expression (Beldade et al., 2011; Fusco & Minelli, 2010; Lafuente &
Beldade, 2019).

Adaptive developmental plasticity and phenotypic variance

Different genotypes and phenotypes may have different fitness values in different
environments. The environment can vary and change over time. Information available
during developmental periods that indicate a dramatic state or change in the
environment or that have predictive power of the future state in the environment are
likely to influence survival, reproduction, and overall fithess. Therefore, there may be
selection pressure to absorb this kind of information and to incorporate it into decision
points for phenotypic expression. The ability or capacity of organisms to respond to
early life experience and changes in environmental information and circumstances
during development with lasting alteration in phenotypic expression is termed as
“adaptive developmental plasticity (ADP) ” (Bateson et al, 2014; Fawcett & Frankenhuis,
2015; Lea et al., 2017; Nettle & Bateson, 2015; E. Snell-Rood & C. Snell-Rood, 2020;
Stearns, 1989).

Several striking examples of ADP have been observed in wild species across various
animal kingdoms. In a classic example, Daphnia of the same species can develop
physical helmets and spines to protect themselves against their predator after they
experience threat or detect kairomone cues in the environment (Fig. 1A) (Ruther et al.,
2002; Weiss, 2019). If they do not detect this threat signal, then they develop a less
costly but less protective phenotype.



Literature on adversity also shows effects of developmental experience on adult
behaviors. Rodents that experienced prenatal stress, maternal stress, or isolation early
in life exhibit hyperactivity and locomotor activities during adulthood (Brake et al., 2004;
Del Arco et al., 2004; Fareri & Tottenham, 2016; Gue et al., 2004; Wang, Lli, et al.,
2015). In humans, childhood adversity is associated with higher risks of developing
physical and/or psychosocial disorders (Davis et al., 2014; Green et al., 2010; Ke &
Ford-Jones, 2015; McLaughlin et al., 2012). These studies are a few examples from
various species showing that early life experience can sculpt the expression of different
traits and tune the future behavioral patterns and psychophysiological responses. It is
usually assumed that these alterations are deficits produced by stress, but less being
discussed with ADP framework to see if there’s adaptive benefits of the change in
behavior, such as specialization and resilience (Ellis et al., 2017).

ADP can be discussed under two different timescales: 1) over generations where
natural selection acts on individuals to select adaptive plasticity and eliminate non-
adaptive or deleterious forms of plasticity 2) within a single generation, where evolved
programs work (successfully or unsuccessfully) to adjust phenotypes to be expressed
over that organisms’ lifetime based on input from the developmental environment
(Bateson et al., 2014; Fawcett & Frankenhuis, 2015; Frankenhuis & de Weerth, 2013;
Nettle & Bateson, 2015; Snell-Rood, 2012).

ADP and phenotypic plasticity

Over these two timescales, the most obvious forms of ADP are those that result in
different physical phenotypes expressed from a single genotype. This variation in
physical phenotype may depend on inputs received by the organisms from the local
environment (Forsman, 2015; Fusco & Minelli, 2010; Weiss, 2019). Daphnia and its
emergence of physical helmets and spines is one of the illustrations of ADP observed at
the single genotype to physical phenotype level. Another popular example is Bicyclus
anynana. This is a butterfly species that alters the expression of eyespots on their
forewings depending on rearing temperature during development (Beldade, et al., 2011;
Lafuente & Beldade, 2019).

ADP on genetic polymorphisms

In addition to environmentally induced phenotypic variations and plasticity from a single
genotype, natural selection can also select for or against the maintenance of different
gene alleles, affecting the relative proportion of genetic polymorphisms in a population.
These alleles may affect morphological or physiological characteristics of individuals
including plasticity (Beldade et al., 2011; Forsman, 2015; Fusco & Minelli, 2010;
Lafuente & Beldade, 2019; Lea et al., 2017). Comparing to phenotypic plasticity evoked



by environmental factors, there are relatively fewer studies focused genetic variation
within the ADP framework. Yet, more evidence for adaptive traits arising from variations
in genetic basis are accumulating (Lafuente & Beldade, 2019; Lea et al., 2017). For
instance, the small and soft-bodied insect, aphids, especially male aphids, have
genetically determined dimorphism with allelic variations controlling phenotypic
expression in the wing. These can confer different fithess advantages for dispersal and
reproduction as they affect how the insects fly and disperse (Braendel et al., 2006).
Survival affects the frequency of this genetic polymorphism, or more specifically, the bi-
allelic polymorphic site in the single nucleotide polymorphism (SNP), contributing to
frequency of the physical phenotypes observed. Suzuki and Nijhout (2006) found that a
single genetic mutation in Manduca sexta allowed it to increase sensitivity to low or high
environmental heat stress by expressing different larval color and resulted in the
evolution of different color phenotypes. On the contrary, a mutation in the receptor
detecting pheromone resulted in that higher concentration of pheromone was required
to affect the switch of mouth phenotypes in nematode Pristionchus pacificus (Bento et
al., 2010). The variants from the SNP in turn potentially allows either a loss or gain of
environmental sensitivity (Beldade et al., 2011; Lafuente & Beldade, 2019).

ADP can affect many systems including the brain and behavioral development

Genetic polymorphism and/or developmental differences in gene expression, of course
may result in visible physical phenotypic differences. Less obvious changes in proteins
and gene expression may also affect organs throughout the body. Previous work in both
animal models, non-model organisms, and humans have demonstrated that early life
experience in heterogenous environments can affect long-term patterns of gene
expression controlling the immune system (Beldade, et al., 2011; Lea et al., 2017; Miller
et al., 2009). Animal and human studies also illustrated that early life experience can
affect neural and brain development, and through the brain affect behavioral plasticity
(Dow-Edwards et al., 2019; Glasper & Neigh, 2019; Holtmaat & Svoboda, 2009; E.
Snell-Rood & C. Snell-Rood, 2020; Sweatt, 2016). These effects on the brain have
typically been studied as EDP but may reflect adaptive processes that have been
described by ADP. Developmental behavioral plasticity may encompass learning and
experience dependent changes in the neural systems (Snell-Rood, 2013). For
instances, touch, sensory cues, and social interactions early in life can affect neural
structural plasticity and metabolism in multiple brain regions such as visual and
somatosensory systems (Fox & Wong., 2005; Lendvai et al., 2000; Seelke et al., 2016),
and further affect their sensory processing functions and relevant social behaviors
(McLaughlin et al., 2014; Opendak et al., 2017; E. Snell-Rood & C. Snell-Rood, 2020).



ADP models and hypotheses

ADP provides mechanisms that permit organisms to respond to environmental
heterogeneity at different levels, from single genotype, genetic polymorphism,
development of neural circuit, to behaviors as we discussed and reviewed in the
previous sections. The plasticity or adaption does not always confer advantages in
fitness; but, sometimes, the plasticity may appear to be deleterious (Lea et al., 2017,
Nettle & Bateson, 2015).

Current models and hypotheses of ADP have proposed there are two general
categories of ADP which differ in their value for short versus long term survival.

In the first broad category, organisms use the environmental information during early life
to infer current conditions and inform their use of tradeoffs to protect development of
critical functions. This form of ADP may increase fithess and chances for survival during
early life but may reduce and compromise future fitness in adult phenotypes, functions,
and behaviors (Lea et al., 2017; Nettle & Bateson, 2015; E. Snell-Rood & C. Snell-
Rood, 2020). It is sometimes referred as “non-adaptive”, “constraint models”, “deficit
models”, or “making the best of a bad lot”; and, future compromised phenotypes and
behavior are often considered “maladaptive”, “nonoptimal”, “impaired,” or as “deficits”
(Ellis et al., 2017; Frankenhuis & de Weerth, 2013; Lea et al., 2017; E. Snell-Rood & C.

Snell-Rood, 2020).

The second broad category of ADP is more farsighted. In this form, environmental cues
experienced and received early in life can be used to adjust phenotypic and behavioral
developmental trajectories to maximize the fitness and adaptation to the predicted
environments later in life (Bateson et al., 2014; Lea et al., 2017). This type of ADP is
called a “predictive adaptive response (PAR)” (Bateson et al., 2014; E. Snell-Rood & C.
Snell-Rood, 2020). A PAR therefore describes mechanisms that allow organisms to
adaptively prepare for future environments and is mainly seen as the plasticity that
leads to advantages and greater fithess for reproduction and survival from an
evolutionary perspective (Bateson et al., 2014).

Literature on PAR ADP proposes two different hypotheses for how environmental or
developmental input and phenotype outputs are related. The informational hypothesis
posits that developmental experience provides information about the future environment
and shapes phenotypic changes according to the predicted future adult environment.
The somatic state-based hypothesis highlights effects of developmental input on
developing individuals that specifically alters some somatic state variables such as body
size, organ capacity, or DNA damage (Nettle & Bateson, 2015).

In fact, many instances of ADP may lie at the intersection of both general models,
containing both adaptive and non-adaptive elements, and can be explained by one of



hypotheses under PAR with specific contexts. It is possible that environmental
information early in life does not correctly predict the future environment, resulting in a
mismatch and lower overall fithess between altered phenotypes and the environments
(Bateson et al., 2014; Frankenhuis & de Weerth, 2013; Lea et al., 2017; Nettle &
Bateson, 2015; E. Snell-Rood & C. Snell-Rood, 2020), which can be interpreted as
“maladaptive” or “deficits”. This is in contrast to the “matching” scenario — the increase
of overall fitness is observed when the anticipated environment under ADP accurately
matches the actual future environment.

To carefully interpret and understand how ADP provides mechanisms for organisms to
respond to environmental changes early in life, researchers have proposed better ways
to design the experiments to test ADP models and hypotheses. In short, organisms with
two different early life experiences, for example, can be tested in two different
conditions in the future timepoint or adulthood, one that matches and one that does not
match the developmental environment (Bateson et al., 2014; Ellis et al., 2017; Lea et
al., 2017; Nettle & Bateson, 2015). Organisms may show different ADP (observed in
phenotypes) and then advantageous performance or fithess in one condition over the
other in the match or mismatch condition.

In this dissertation, framework of ADP acting on genetic polymorphism, neural systems,
and behavioral levels will be covered in Chapter 2-4. In Chapter 2, ADP over both
organisms’ lifetime and evolutionary timescales are discussed. In Chapter 3 and 4, an
approach of the PAR model of ADP design with more informational hypothesis oriented,
is used to discuss impacts of different early life experiences on behavioral and
neurobiological phenotypic expressions later in life.

Life history theory, strategies, and life stages

ADP allows organisms to adaptively respond to changes in the environment during
development. Life history theory has been discussed together with ADP. It highlights the
tradeoff between different factors must be made in order to reach overall greater fitness.
According to life history theory, tradeoffs made during development are shaped by
natural selection to achieve greater fitness in terms of increasing chances of survival
and reproduction. It emphasizes that when organisms are required to selectively
allocate resources, energy, and time in face of different challenges in the environment,
they may show specialized responses in environments characterized by scarcity,
harshness, or unpredictability (Ellis et al., 2009; Roff, 2002; Stearns, 1992). These
tradeoffs in turn sculpt the developmental trajectories and result in variations in
behavioral strategies and adjustments in phenotypic expression. It then follows that
growing up in a scarce, harsh, and unpredictable environment, organisms may enact
more global life history strategies. For example, a fast life history strategy may involve
being more aggressive, risky, and present oriented, not considering long-term



consequences, and prioritizing somatic growth and reproduction but with less
investment in offspring care. In contrast, slower life history strategies may involve taking
fewer risks and investing in more future orientated strategies. It is thought that this
slower life history strategy will be adaptive when organisms grow up in a relatively more
stable and resource abundant environment. It has been postulated that this is why more
harsh environments in human society are associated with less self-regulation, earlier
puberty and reproduction, and less investment in offspring care (Ellis et al., 2009; Ellis
et al., 2017).

Variations in life history strategies, phenotypic expression, and behavioral plasticity are
sensitive to environmental information itself and also the timing when the information is
available. Information and development to be prioritized and emphasized are different at
each life stage in which the same environmental information may be more or less
valuable or important (Fawcett & Frankenhuis, 2015; Hochberg & Belsky, 2013). One of
important stages for life history transition is the start of puberty (Ellison et al., 2012;
Piekarski, Johnson, et al., 2017), where shifts in life history strategies or sensitivity for
different information may be observed. Nutritional and food sources information may be
more important during early life and during the peripubertal growth spurt because these
periods relatively more energy needs to be allocated to somatic growth for basic
survival, while breeding sources, nest sites available, and mating competition
information are more important when organisms reach reproductive maturation (Ellis et
al., 2009). In addition, at different stages of development, organisms focus on acquiring
specific types of knowledge as well as cognitive skills that are important for current and
future better survival and fitness. These knowledge and skills are then integrated,
refined, and improved over time (Spear, 2000; Piekarski, Johnson, et al., 2017).
Evidence from previous studies also suggests that neural circuits supporting these
knowledge and cognitive skills are sensitive to different environmental information
inputs and potentially life stage transitions (Piekarski, Johnson, et al., 2017). For
instance, early-life touch and social interaction contribute to experience dependent
development of the sensory processing systems (Fox & Wong., 2005; Lendvai et al.,
2000; Seelke et al., 2016; E. Snell-Rood & C. Snell-Rood, 2020), while changes in
associative neocortex around peripubertal period are associated with changes in flexible
updating and executive functions observed between juvenile and adolescent periods
(reviewed in Piekarski, Johnson, et al., 2017).

Together, ADP interacts with developmental stages to sculpt life trajectory. My
dissertation aims to inform the information and mechanisms involved in sculpting
learning and decision making in young adulthood.



Sensitive Periods

There may be specific life stages or periods that life experiences and environmental
information have particularly strong impacts on EDP and ADP phenotypes (broadly
defined). These may be called sensitive periods (Fawcett & Frankenhuis, 2015;
Frankenhuis & Walasek, 2020; Knudsen, 2004). It is clear from decades of work on
EDP that different neural circuits and functions have their specific windows of sensitivity
to experience. In these periods, environmental inputs, such as visual and auditory
inputs, can modify neural circuits and neural properties in fundamental ways by
changing synaptic connectivity patterns, intrinsic excitability and firing rate,
neurotransmitter availability, and receptors expression (Hensch 2005; Knudsen, 2004;
Piekarski, Johnson, et al., 2017).

Sensitive periods may be regulated by different mechanisms and occur at different
times in development. Puberty onset has been proposed to be a mechanism regulating
a transition in sensitive periods for associative neocortex and cognitive flexibility (Laube
et al., 2020; Piekarski, Johnson, et al., 2017). The juvenile and adolescent period may
be a sensitive period for foraging related behavior like learning and decision making
because the juvenile and peripubertal periods are first periods that organisms start to
gain their own independence, leave the parental safety net, explore novel environments,
and continue acquiring new knowledge and skills to support survival and development
(Ellison et al., 2012; Piekarski, Johnson, et al., 2017; Spear, 2000).

Previous work from our lab shows a transition in cognitive flexibility in the juvenile-
adolescent period. Specifically, we found that pre-pubertal juvenile mice (Postnatal (P)
day 26) exhibited faster updating in associative learning and choice behavior — choosing
the correct rewarded option, when the reward contingencies were updated and changed
in the environment (Johnson et al., 2011). This flexible updating was slower after P40
(Piekarski, Johnson, et al., 2017), implying that juvenile-adolescent period is a period 1)
when learning and decision making are in flux and 2) that mice were more sensitive to
changes in environmental reward contingencies and statistical information when they
were younger. Follow up work has also shown this change could be accelerated by
acceleration of puberty (Piekarski, Boivin, et al. 2017).

Statistical variation and food insecurity

In the environment, the regular or irregular occurrence of reward, threat, or other
variables can be integrated as a statistical pattern. This pattern can signal different
factors that important for survival or basic needs such as weather conditions, numbers
of predators, food availability, etc. Organisms are constantly sampling these
environmental cues with various statistical information in order to get most updated
vision of current environment to be used for anticipating future environment, adaptively



sculpting learning, and adjusting behavioral strategies. This may be especially true
when organisms first leave the nest to explore the environment and gain individual
independence (Ellis et al., 2009; Piekarski, Johnson, et al., 2017). Food availability is
one of most critical and common statistical information that organisms sample from the
environment each day as food provides energy and nutrition for survival and
development. Different feeding or foraging experiences early in life, one with abundant
food resource versus the other circumstance with food insecurity — scarcity and
unpredictability of food resource and access (Cook and Frank, 2008; Coleman-Jensen
et al., 2013), may result in different developmental trajectories in physical phenotypes,
neural circuits, cognitive skills, and behavioral strategies. These different trajectories
may be adaptively specialized in an experience- and context-dependent manner under
life history strategy and ADP mechanisms.

The food-dependent statistical information is in particular critical for organisms in
juvenile and adolescent periods as they start to explore novel environments and be
responsible for individual basic needs and survival. Different experiences with
fluctuating statistics of food resources may shape how organisms learn food reward
contingencies, update resources values, and integrate past food resources and value
history as well as sculpt the supporting neural systems differently to allow successfully
search and pursuit of their targets and goals to reach greater overall fithess.

In addition, food insecurity, is a prevalent public health challenge present in human
populations. Studies in human populations have found that food insecurity is associated
with greater risk for substance use disorders, obesity, diabetes, poor health (Althoff et
al., 2016; Davis et al., 2014; Ke & Ford-Jones, 2015; Laraia, 2013), and others (more
extensive discussions of its impacts on humans are covered in Chapter 3). However,
less attention has been paid to food insecurity as a factor affecting behavioral, cognitive,
and brain development at neural circuits level as well as to impacts of different feeding
experiences under the ADP framework.

Therefore, | aimed to particularly examine impacts of different feeding experiences —ad
libitum versus food insecurity during juvenile-adolescent periods on these functions and
neural systems and investigate if there is a developmental sensitive period for effects of
feeding experiences in Chapter 3 and 4.

Goal-directed behavior, striatum, and dopamine system

Goal-directed behavior is characterized by flexibly choosing actions or options
according to the reward feedback and outcome, so-called “action-outcome
contingencies” in different situations depending on the goals that are currently pursuing
(Yin et al., 2004; Zwosta et al., 2015). Being able to flexibly adjust the behavior —
cognitive flexibility — is one of important executive functions and behaviors that



organisms have and perform in the face of different circumstances and changing
information in the environment.

Dopamine (DA) activities and striatal circuits have been widely accepted that they play
critical roles in reward, learning, flexibility, and goal-directed decision-making. They are
essential for learning the associations between actions and rewards, updating the action
values, and executing the selected actions and motor movements (Berke et al., 2018;
Cox & Witten, 2019; Glimcher, 2011; Izquierdo et al., 2017; Klanker et al., 2013; Lee et
al., 2015; Macpherson et al., 2014; Penner & Mizumori, 2012). DA system and activities
contribute to these behaviors in many ways, including but not limited to signaling
reward, values, and reward prediction errors, modulating synaptic plasticity in the
relevant brain regions, and informing motivational levels (Hamid et al., 2016; Hong &
Hikosaka, 2011; Ishikawa et al., 2013; Parker et al., 2016; Salamone & Correa, 2012;
Schultz, 2016). For instance, empirical studies and computational models both suggest
that changes in DA levels and/or DA D1 receptor (R) and D2R expressions on striatal
spiny projection neurons (SPNs) can change the activity balance of striatal output
pathways, which are integrated to mediate action selection and outcome evaluation
(Collins & Frank, 2014; Shen et al., 2008). Specifically, neural activities of DA and SPNs
in the dorsomedial striatum (DMS) integrate, represent, and update the value of
available actions (Balleine et al., 2007; Kim et al., 2009; Nonomura et al., 2018; Tai et
al., 2012). Optogenetically stimulating D1R-SPNs and D2R-SPNs in the DMS during the
decision-making processes can bias organisms’ choices in different directions (Tai et
al., 2012). SPNs in the ventral striatum were found to modulate their activities according
to the organisms’ previous choices (Kim et al., 2007). DA systems and striatal circuits
together work in concert to signal and represent many aspects and functions
contributing to adaptive goal-directed behavior; and their activities and functions are
found to be modulated by experiences.

Early life experience and cognitive functions

Early life exposure to conditions that are harsh or “adverse” have most often been
studied from a public health perspective to understand what deficits they may produce.
In human subjects and animal models, there is modest literature showing that
developmental conditions associated with adversity can alter later cognitive functions,
including reward processing, reinforcement learning, and decision making (Hanson et
al., 2017; Novick et al., 2018; Tractenberg et al., 2016; Wang et al., 2020). For example,
rodents with early life experience of less social interaction from either dams or siblings
have demonstrated reduced ability to learn, flexibly update behavior, and choose
correct actions in instrumental learning, reversal learning, and gambling-based decision
tasks (Banqueri et al., 2017; Hinton et al., 2019; Kambali et al., 2019; Thomas et al.,
2016; Wang et al., 2011; Yohn & Blendy, 2017; Zeeb et al., 2013). Similar findings with
reduced cognitive functions have also been found in human populations that
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experienced neglect or institutional rearing (Birn et al., 2017; Harms et al., 2018). In
addition to alterations in cognitive functions, there is large literature showing that early
life experiences with adversity can increase anxiety-like and depression-like behavior
and alter social behavior (Banqueri et al., 2017; Cao et al., 2016; Chocyk et al., 2015;
Grissom et al., 2012; Han et al., 2011; Kambali et al., 2019; Yohn & Blendy, 2017).
However, some changes later in life may currently be considered as deficits while it may
have had adaptive value during development.

It is less well known that early life adversity has also been shown in some studies to
enhance learning and cognitive functions. Rodents with similar early life stress in
interactions exhibited faster fear learning and enhanced retention of memory (Callaghan
& Tottenham, 2016; Richardson et al., 2016; Zalosnik et al., 2014), faster decision
making, enhanced reversal learning, and greater exploration of novel objects and
environment (Chaby et al., 2015, 2016), increased reward seeking and better spatial
learning (Kambali et al., 2019). Humans having high unpredictability in childhood also
showed enhanced response in attention-shifting, procedural learning, present
orientation, and work memory associated with rapid tracking and updating in contexts
and environments primed with unpredictability or economic uncertainty and decline
(Dang et al., 2016; Frankenhuis & de Weerth, 2013; Mani et al., 2013; Mittal et al.,
2015; Young et al., 2018). These effects of adversity can be viewed as potential
adaptations to the harsh and unpredictable environment (Mittal et al., 2015;
Frankenhuis et al., 2016).

Early life experience and dopamine system

One place where work needs to be done is to connect how the environmental
experience can signal to the developing brain and alter its phenotype. In my
dissertation, | focus on how these signals may mechanistically be conveyed through the
dopamine (DA) system.

There is rich literature from rodent models of adverse experience and different rearing
environment early in life showing that life experience occurring within specific sensitive
periods can alter developmental trajectories and activity, signaling, and functions of DA
systems. For example, isolation rearing increases D2R expression in the nucleus
accumbens (NAc) and medial prefrontal cortex (Han et al., 2012) and increases
presynaptic midbrain DA transmission into the NAc in response to both rewarding and
aversive stimuli (Fareri & Tottenham, 2016; Hall et al., 1998; Karkhanis et al., 2019;
Powell et al., 2003; Watt et al., 2017). Maternal separation can lead to imbalance mRNA
expression between D1R and D2R in both striatum and prelimbic cortex (Majcher-
Maslanka et al., 2017), alter D1R and D2R level in NAc (Sasagawa et al., 2017; Zhu et
al., 2010), and increase TH+ fiber density (Chocyk et al., 2015; Majcher-Maslanka et al.,
2017). Additionally, animal studies with restraint stress identified that the same stress
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experienced during adolescence and during adulthood had differential impacts on the
ventral tegmental area (VTA) DA neuron population activity, with increased population
activity 1-2 and 5-6 weeks post adolescent stress and decreased 1-2 weeks post
adulthood stress (Gomes et al., 2019). Prolonged restraint stress starting after P14 can
cause DA neuron loss in substantia nigra (Sugama et al., 2016).

Role of adaptive developmental plasticity in learning and decision-making?
Using the ADP framework, we propose that cues which indicate a harsh or adverse

environment may have strong effects on the development of systems that support
learning and decision making in the mammalian brain (Fig. 1, Lin et al., in press).

A Environmental Phenotype B Environmental Phenotype
cues cues

Increased reward sensitivity

Perseveration
W Exploitation
\ Reduced reward sensitivity

*e;

64}'9;& 0;1‘

P

Juvenile Daphnia <EVED B Flexibility

Exploration

Adult Daphnia Adult mouse

Figure 1. The adaptive developmental plasticity framework. Animals with a single genotype may
develop different phenotypes based upon their experiences during development. A, The freshwater
crustacean Daphnia longicephala develops a defensive helmet when chemical predator cues are present
in the juvenile environment but does not invest in this armor if the cues are not detected (Weiss, 2019).
B, Here, we propose that cues in the juvenile environment may alter phenotypic expression in behavioral
domains related to reward processing, learning, and decision making. In this example, a food scarce
versus a food rich environment (food represented by yellow “cheese” triangles) during development may
lead to differences in reward sensitivity, cognitive flexibility, and explore/exploit balance.

1 Some content in this chapter is adapted from a recently accepted manuscript.
Lin, W.C., Delevich, K., Wilbrecht L. (in press). A role for adaptive developmental plasticity in learning and
decision making. Current Opinion in Behavioral Sciences.

12



We propose a three-step working model in which cumulative differences in DA neuron
activity in response to early life experience may shift the developmental trajectory of
downstream striatal and cortical circuits (Fig. 2).

1) The acute and long-lasting changes in DA release and function in response to
fluctuations in feeding states, uncertainty, reward, and punishment during development
may combine to drive cumulative downstream differences

DA neuron activity is known to be sensitive to feeding state, uncertainty in the
environment, and shows phasic modulation in response to rewards, punishments, and
prediction errors (Schultz, 2016; van der Plasse et al., 2015). The cumulative activity
profile of the DA system is therefore predicted to differ in terms of amplitude, temporal
patterning, and total activity in scarce vs. rich environments as well as volatile vs. stable
environments. This environmental variation could be driven by food cues and foraging
outcomes as well as social interactions or predation threats.

It is likely that environmental variables affect the brain throughout the lifespan. However,
environmental impacts on DA system and downstream circuits may be more dramatic
during the juvenile and adolescent period due to the greater plasticity in these circuits
during development. DA system and signaling undergoes developmental refinement
throughout juvenile, adolescence, and early adulthood (Matthews et al., 2013;
McCutcheon et al., 2012; Sinclair et al., 2014; Wahlstrom et al, 2010). In studies of
rodents, DA neurons show protracted outgrowth of axons during adolescence with
innervation the prefrontal cortex continuing to grow until young adulthood (Hoops et al.,
2018; Kalsbeek et al., 1988; Matthews et al., 2013; Naneix et al., 2012; Willing et al.,
2017). Within this long period of development, there may be periods of punctuated
change and possibly greater plasticity, but more research is needed to know when
specific sensitive periods may occur. We do know for example, within the striatum the
amount of DA available to be evoked by stimulation is low in the early juvenile period
but increases with development (Lieberman et al., 2018; Matthews et al., 2013;
Stamford, 1989), and that the increase from the early juvenile period to late juvenile
period is critical for downstream targets (Lieberman et al., 2018, more on this below).
DA axons from VTA that are present in the prefrontal cortex show greater activity
dependent structural plasticity during adolescence compared to adulthood (Mastwal et
al., 2014). Expression of DA receptors also peaks in DA target regions during the
peripubertal period (Andersen et al., 2000; Brenhouse et al., 2008; Tarazi &
Baldessarini, 2000; Teicher et al., 1995). In sum, experiments with higher temporal
resolution of development suggest week-by-week changes are occurring throughout the
juvenile and adolescent period. Greater temporal resolution will be needed to identify
exactly when specific sensitive periods with specific mechanisms may occur (Piekarski,
Johnson et al., 2017).
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A large number of studies have found developmental experience with adversity can
have effects on later DA neuron function, axonal anatomy and DA release in striatum
measured in adulthood (reviewed in the previous section). Within this literature, some
studies find harsh environments such as those involving maternal care disruption or
social isolation are associated with facilitation of DA signals (via multiple measures)
while others find DA signals are weakened. This variability may be driven by the timing,
duration, and form of adversity. The ADP framework may help to clarify reasons for
these different outcomes and provide an organizing framework for more comprehensive
integration of the literature.

2) Dopaminergic neurotransmission can requlate the acute and long-term
excitability of basal ganglia spiny projection neurons and cortical neurons

DA release and binding onto D1R or D2R can affect intracellular signaling cascades,
including a major cascade involving protein kinase A (PKA). DA binding at D1Rs
activates the CAMP-PKA cascades through excitatory G proteins while binding at D2Rs
inhibits these same pathways through inhibitory G proteins. Changes in expression of
D1Rs and D2Rs thus regulate SPN and cortical neuron responsiveness to changes in
extracellular DA levels. An increase in DA will enhance excitability and connectivity (via
long term potentiation of synapses) in SPNs and other neurons expressing D1Rs and
reduce excitability and connectivity in SPNs and other neurons expressing D2Rs. These
effects will be opposite in response to a dip in extracellular DA after a negative
prediction error (Collins & Frank, 2014; lino et al., 2020; Lahiri & Bevan, 2020; Shen et
al., 2008; Yagishita et al., 2014).

In our working model, we propose that more subtle, developmental experience-driven
differences in DA activity could tune/program D1R and D2R expression and intrinsic
excitability lasting into adulthood. In development, DA release and signaling may have
acute and long-term impacts on the excitability of D1R and D2R-expressing SPNs
(Galifianes et al., 2009; Kozorovitskiy et al., 2015; Lahiri & Bevan, 2020; Liberman et
al., 2018) and DA receptor-expressing pyramidal neurons and interneurons of the
prefrontal cortex (Seaman & Yang, 2004; Tseng & O’'Donnell, 2007). Indeed, Lieberman
et al. (2018) found that a developmental increase in DA in the striatum is necessary for
maturation of the excitability of D1R-expressing SPNs of the dorsal striatum. This
regulation of excitability was linked to changes in potassium channel currents in the
D1R-expressing SPNs. In this same study, the authors showed that mutant mice which
had lower levels of DA release in striatum during development showed blunted change
in D1R-expressing SPN excitability (Liberman et al., 2018). A separate study by Lahiri &
Bevan (2020) also showed that DA release in the striatum can augment excitability of
D1R-expressing SPNs in a rapid and persistent manner.
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There is considerable literature in laboratory rodents showing that rearing in different
environments can affect striatal and prefrontal cortex DA receptor expression (Han et
al., 2012; Karkhanis et al., 2019; Majcher-Maslanka et al., 2017; Sasagawa et al., 2017;
Zhu et al., 2010). Differences in DA release and receptor expression are thought to
sculpt learning and decision making in rodents, non-human primates, and human
subjects. While many studies focus on DA signaling and learning in terms of
reinforcement of behavior (Bamford et al., 2018; Steinberg et al., 2014), other studies
have found relationships between DA receptors and aspects of decision making such as
exploratory behavior and the explore-exploit tradeoff (Costa et al., 2014; Sasagawa et
al., 2017).
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Figure 2. Working model in which differences in cumulative patterns of dopamine signaling
during development leads to changes in cortico-striatal circuit function and behavior. Potential
sites of adaptive developmental plasticity: 1) Changes in dopamine (DA) neuron activity and 2) release 3)
D1R and D2R expression 4) DAT expression may occur in response to environmental cues and
experience. This could have downstream effects on 1) cortical inputs weights and activity (D1R-
SPN/D2R-SPN) 2) SPN intrinsic excitability 3) Maturation of SPNs. The sum of these changes can
influence the weight of positive and negative outcomes, explore versus exploit behavior and other
variables contributing to learning and decision making through changes in D1R SPN and D2R SPN
output.
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3) SPN excitability and history of activity will affect the weight or strength of cortical
inputs

The excitability and activity of SPNs (sculpted by DA and DA receptor expression), may
in turn influence the development of cortico-striatal inputs. This may be regulated by
Hebbian and spike timing dependent plasticity (Shen et al., 2008) plus changes in
intracellular signaling downstream of G protein coupled receptors (GPCRSs) and activity
dependent signals (Yagishita et al., 2014; lino et al., 2020). Recent data suggest
genetic mutations in SPNs that affect excitability also affect cortical input onto these
specific SPNs and can enhance learning (Benthall et al., 2018). Manipulation of cortical
inputs to the striatum has also been shown to alter decision making (Znamenskiy &
Zador, 2013) and drug related compulsive behavior (Bock et al., 2013; Renteria et al.,
2018).

In our working model, we suggest cumulative differences in experience may similarly
affect cortical inputs to the striatum. Experiments in lab rodents support the basic
premise that early experience can sculpt cortical inputs to the striatum. Cortical axons in
the striatum continue to refine their synapses through development, and early life
maternal care has been shown to affect the density of synapses made by frontal cortical
axons in the dorsal striatum in adulthood (Thomas et al., 2020). Chronic stress during
the juvenile period can also impact cortico-accumbal function (Dias-Ferreira et al., 2009;
Watt et al., 2017). These same manipulations have also been shown to affect cognitive
flexibility and addiction related behaviors such as alcohol consumption (Dias-Ferreira et
al., 2009; Thomas et al., 2016). There is also a rich literature describing the effects of
developmental adversity on reward processing (Lomanoswska et al., 2011; Ventural et
al., 2013; Grissom et al., 2015; Watt et al., 2017; Novick et al., 2018), learning (Dia-
Ferreira et al., 2009; Zhu et al., 2010; Thomas et al., 2016) and decision making (Lenow
et al., 2017).

In sum, data from a broad literature suggest mechanisms by which accumulated
experience affecting the DA system may have iterative downstream effects on the
neurobiology of the striatum and its cortical inputs. We propose these effects, serving as
a form of ADP, combine to alter how environmental stimuli engage learning and
decision making processes in the brain.

Summary

The primary goal of this dissertation is using mouse models to understand how genetic
and developmental experience can shape cognitive behavioral phenotypes and neural
circuit function at both the proximate and ultimate level. At the proximate level, |
examine how genes and developmental experience can affect behavior and
neurobiology in adulthood. At the ultimate level, or evolutionary level, | discuss how
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genetic polymorphisms and phenotypic plasticity may serve adaptation to different
environments. In Chapter 2, | examine impacts of genetic polymorphism on BDNF on
cognitive flexibility or flexible updating. | explore how we may use the ADP framework to
explain why a genetic polymorphism that affects behavioral flexibility and sensitivity to
environment might be maintained in a population over evolutionary timescales. In
Chapter 3 and 4, | focus on investigating how developmental history of feeding
experiences can affect learning, cognitive flexibility, and decision-making (Chapter 3)
and the neurobiology of the DA systems (Chapter 4). In these chapters, | explore how
we may use the ADP to explain how a change in behavioral phenotype driven by
feeding experience may be a predictive adaptive response. Finally, in Chapter 5, |
review the findings over all interpretation from ADP perspective, the public health and
education relevance, and future directions for this line of work.
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Chapter 2

A potentially adaptive role for the BDNF Val66Met polymorphism
in flexible updating

Introduction

Adaptive developmental plasticity (ADP) works on different levels, from genetic
expression to phenotypic expression levels, and from the properties of neural circuits to
characteristics of behavioral patterns and performance (Fawcett & Frankenhuis, 2015;
E. Snell-Rood & C. Snell-Rood, 2020; Stearns,1989). Differences in genetics, or genetic
polymorphisms, may also titrate variations in phenotypic expressions through ADP
mechanisms (Lafuente & Beldade, 2019; Lea et al., 2017) and may increase sensitivity
to environmental stimuli and cues (Bento et al., 2010; Suzuki & Nijhout, 2006). The
common human genetic polymorphism, brain derived neurotrophic factor gene
(abbreviated Bdnf gene, or BDNF protein), may be one of genes that titrates how much
experience can mediate the expression of phenotypic variants at the molecular, neural
circuit, and behavioral level.

Human BDNF Val66Met polymorphism

A common BDNF variant in human is the single-nucleotide polymorphism (SNP) in
which valine (Val) is substituted by methionine (Met) at codon 66 (defined as Val66Met)
at the prodomain of the gene (Egan et al., 2003). The analogous human Val66Met SNP
in a mouse model is at codon 68. The Met substitution at this codon confers disruptions
in dendritic trafficking, differential protein distribution at local synapses, and decreased
activity-dependent release of BDNF (Chen et al., 2004; Egan et al., 2003). The
differences in activity-dependent release of BDNF resulting from the Val66Met SNP are
thought to alter the developmental trajectory and time course of neural circuits (Bath &
Lee, 2006; Jing et al., 2017; Pattwell et al., 2012; Vandenberg et al., 2015; Wang, Liu,
et al., 2015).

The Val66Met SNP occurs in 20-50% of the human population, depending on the
ethnicities, about 20-30% in Caucasian populations (Chen et al., 2006; Kowianski et al.,
2018). It has been linked to increased risk for psychiatric disorders such as
schizophrenia (Angelucci et al., 2005; Gratacos et al., 2007), depression and anxiety
disorders (Angelucci et al., 2005; Chen et al., 2006; Joffe et al., 2009), post-traumatic
stress disorders (Frielingsdorf et al., 2010), and eating and substance use disorders
(Biskupska et al., 2013; Cheng et al., 2005; Duncan, 2012; Gratacos et al., 2007;
Greenwald et al., 2013).
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Studies investigating the effects of the human BDNF Val66Met polymorphism in
cognitive functions have come to an array of conclusions. Some studies indicate that
Met carriers have cognitive and memory deficits, in inhibitory control (Enge et al., 2018),
selective information processing (Miyajima et al., 2008; Schofield et al., 2009), learning
and intelligence (Miyajima et al., 2008; Tsai et al., 2004;), fear conditioning, and
hippocampal-dependent learning and memory (Bath & Lee, 2006; Egan et al., 2003). In
contrast, others report that Met carriers have enhanced executive functions and
conferred advantages to Val/Val carriers in response selection, inhibition, task
switching, and tasks with interferences (Alfimova et al., 2012; Beste, Baune, et al.,
2010; Beste, Kolev, et al., 2010; Erickson et al., 2008; Gajewski et al., 2011, 2012;
Getzmann et al., 2013). However, a meta-analysis on studies of Val66Met SNP effects
on visual processing skills, memory, cognitive ability, and executive function found no
convergent evidence for associations between BDNF polymorphism and cognitive
phenotypes (Mandelman & Grigorenko, 2012). These dramatic differences found in
Val/Val versus Met carriers may be accounted by variations in developmental
environments across different studies.

In medical contexts, genetic polymorphisms are often explored as “risk factors” that
raise the risk of specific disorders or deficits. But in the context of evolutionary biology, it
becomes imperative to question why polymorphisms are present and to ask what
benefits come from polymorphisms that have been maintained in a population. It has
been suggested that one benefit, potentially provided by some prevalent genetic
polymorphisms, is a biological change which confers extra plasticity or sensitivity to the
environment (Belsky et al., 2009). This can be examined by investigating differences in
human carriers of different polymorphisms and by modeling these polymorphisms in
mice.

For example, it has been shown that institutionalized children who carried a Met allele in
codon 66 of the Bdnf gene fared worse in institutional setting and benefited most from
interventions when they were compared to their Val/Val controls (Drury et al., 2012).
This has been interpreted as evidence that this polymorphism and others previously
associated with higher risk may instead be “plasticity alleles,” predicting higher
responsiveness to both positive and negative adverse environments (Belsky et al.,
2009; Drury et al., 2012; Gerritsen et al., 2012). A rodent study using a mouse model of
Val66Met polymorphism also found that Met/Met mice displayed significantly
augmented motor performance in motor functional recovery after stroke experience (Qin
et al., 2014).

Based on these ideas, we set out to investigate if the BDNF polymorphism affects the
sensitivity of mice to changes in the environmental cues within mouse’s lifetime by using
mouse models of human BDNF Val66Met polymorphism. We examined effects of BDNF
Val66Met on learning and cognitive functions in a battery of behavioral tests in two
different mouse models of this SNP. It has been found that there are differences in
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performance of a go/no-go learning task in humans carrying Val66Met polymorphism
(Beste, Baune, et al., 2010; Enge et al., 2018), therefore we created a mouse go/no-go
task and also added a reversal to test sensitivity to changes in contingency. A 4-choice
foraging task was also used to test discrimination and reversal learning with an
enhanced cognitive load and changes in environmental contingencies.

We found that mice with Met/Met alleles from a recently published BDNF Met knock in
line (Warnault et al., 2016) had no significant differences in discrimination learning but
showed significantly more efficient reversal learning in a go/no-go task and a 4-choice
odor-based foraging task. This suggested they had greater flexibility and sensitivity in
response to changes in environmental contingencies. These results are consistent with
the hypothesis under the ADP framework that BDNF polymorphism with Met allele may
confer greater sensitivity to the environment and provide adaptive plasticity
mechanisms.

Methods

Animals and data collection

Two different mouse lines mimicking human BDNF Val66Met polymorphism were used
in the experiments. The mouse line of BDNF Met allele knock in at codon 68, Val68Met
mice, was generated by the Dorit Ron Lab (Warnault et al., 2016). The Val68Met in
mice was found to be homologous to the human Val66Met mutation, where the target
codon 68 is the appropriate valine (Val) location. The second mouse line used in the
experiments were the Val66Met mice, in which the human BDNF methionine (Met)
allele was selected and genetically engineered into the mouse genome at the BDNF
codon 66 position (Chen et al., 2004; 2006). All mice were bred in the animal facility and
were group housed on a 12h/12h reverse light-dark cycle (lights on at 10PM) in an
environment enriched with bedding and toys. Adult males and females (postnatal day
(P) 60-90) were used for these experiments with roughly equal sex proportions Animal
procedures were approved by the Ernest Gallo Clinic and Research Center Institutional
Animal Care and Use Committee and UC Berkeley Animal Care and Use Committee.
Behavioral data was co-collected by Angela Vandenberg?.

2 Data included in this chapter was co-collected by Dr. Angela Vandenberg and published in Vandenberg,
Lin, et al. (2018), | conducted data analysis and wrote the manuscript as co-first author. Here the writing
is new and the data are presented and interpreted from a broader perspective that integrates with my
larger thesis.

20



Go/No-go odor-based learning task

In this task (Fig. 3A), mice were water restricted for 2 days prior the behavioral training
and kept water restricted throughout the training and testing. Mice were trained to nose-
poke in a center port to initiate an odorant cue for either a 70% probability of “go” cue or
30% probability of “no-go” cue. In correct “go” trials, mice were required to nose-poke in
an available peripheral port within 3 seconds to receive water reward. In correct “no-go”
trials, mice were required to make no nose-poke response for 3 seconds and did not
receive water reward. In incorrect “go” or “no-go” trials, mice received a 5-second time-
out as punishment. There were three phases in this go/no-go task: a shaping phase
(Phase 1) where the animals learned the task structures with odorants A (“go” cue) and
B (“no-go” cue); a training phase (Phase 2) where new odorants C (“go” cue) and D
(“no-go” cue) were introduced; and a reversal phase (Phase 3) where the reward
contingency was reversed, odorant D becoming the “no-go” cue and odorant C the “go”
cue. Mice were trained in each phase until they reached 80% correct.

4-choice odor-based foraging discrimination and reversal task

In our go/no-go task, there were two odorant cues simultaneously presented in each
trial. In order to understand the effects of human Val66Met polymorphism on cognitive
functions, we also tested a separate cohort of adult Val68Met mice in an odor-based
foraging task (Fig. 4A). This 4-choice odor-based foraging task had two phases,
discrimination and reversal phase, and four different odorant cues simultaneously
presented in each phase, which allowed us to test these two types of learning with
greater complexity and enhanced cognitive load.

The task was adapted from Kim and Ragozzino (2005) and has been used in several
previous studies to test cognitive flexibility in both rats (Ragozzino & Rozman, 2007)
and mice (Johnson & Wilbrecht, 2011; Thomas et al., 2016). A different reward
modality was used in this task. Instead of water reward, we used Cheerio fragments as
a food reinforcer. Adult mice were food restricted two days prior the training and kept
food restricted throughout the training and testing, which was similar to the go/no-go
training procedure. In the training phase, mice were habituated to the arena and learned
to find out the Cheerio fragments buried in non-scented wood shavings in the pots by
digging. Both discrimination and reversal learning were tested in the same testing day.
In the discrimination phase, mice were required to discriminate among 4 different
odorants (01, 02, O3, 0O4) from the scented wood shavings in the 4 different pots and
learn that only a single odorant (O1) was associated with a Cheerio reward. In this
experiment, the mice were given a single ‘sample’ trial in which a pot with the rewarded
odorant was placed in the center and allowed to retrieve the cheerio reward before the
first trial of the discrimination phase (but not in the reversal phase). After this sample
trial, the discrimination phase commenced. Mice had to reach the criterion of 8 out of 10
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correct trials consecutively prior moving forward to the reversal phase. In the reversal
phase, the previously rewarded odorant (O1) became unrewarded; and a previously
used non-rewarded odorant (O2) became rewarded. A new odorant (O4’) replaced the
O4 in the task as a distractor with novelty in the learning environment. The same
criterion rule was applied in the reversal phase. The scented pots were pseudo-
randomized and shifted around 4 different quadrants of the testing arena.

Statistical analysis

Values are reported as mean (M) + standard error of mean (SEM). Data were analyzed
using two-tailed t-tests or ANOVAs with post-hoc analysis. GraphPad Prism 7 was used
for statistical analysis.

Results

Go and No-qo learning

Results from previous studies have suggested that human with Met allele substitution
(Val/Met and Met/Met) made fewer false alarms and had better response inhibition in a
go/no-go task when compared to homozygous Val/Val individuals (Beste, Baune, et al.,
2010). To examine if we could observe the same behavioral phenotypes in a go/no-go
task, we tested adult (P60-90) Val68Met knock-in mice from Warnault et al. (2016) on
an automated odor discrimination go/no-go task (Fig. 3A).

We found that adult homozygous Val/Val and Met/Met littermates (P60-90) performed
similarly in “go” performance (% of “go” trials correct) in all three phases of the task
(Fig. 3, BDNF Val68Met line: Val/Val n = 10, Met/Met n = 10; Fig. 3B, Phase 1:
genotype: F(1,115) = 0.64, p = 0.42, session: F(6,115) = 4.51, p = 0.0004, interaction:
F(6,115)=0.70, p = 0.65; Fig. 3D, Phase 2: genotype: F(1,72) = 2.37, p = 0.13, session:
F(3,72) = 9.99, p < 0.0001, interaction: F(3,72) = 0.049, p = 0.99; Fig. 3F, Phase 3:
genotype: F(1,84) = 1.46, p = 0.23; session: F(5,84) = 8.06, p < 0.0001, interaction:
F(5,84) =0.57, p=0.72).

In “no-go” performance, adult homozygous Val/Val and Met/Met littermates (P60-90)
showed similar performance (% of “no-go” trials correct) in the first two phases of the
task, learning to avoid responding to the “no-go” cue with comparable accuracy (Fig.
3C, Phase 1: genotype: F(1,115) = 0.96, p = 0.33, session: F(6,115) = 12.37,p <
0.0001, interaction: F(6,115) = 0.29, p = 0.94; Fig. 3E, Phase 2: genotype: F(1,72) =
0.31, p = 0.58, session: F(3,72) = 9.18, p < 0.0001, interaction: F(3,72) =0.21, p =
0.89).

22



However, in the reversal phase of the task Met/Met adult mice took fewer sessions to
reach an 80% correct criterion than Val/Val adult mice did (Fig. 3G). Two-way analysis
of variance (ANOVA) showed a significant main effect of genotype and session number
on “no-go” performance (% “no-go” trials correct) (Fig. 3G, genotype: F(1,84) = 4.03, p
= 0.048, session: F(5,84) = 14.05, p < 0.0001, interaction: F(5,84) = 0.35, p = 0.88).
Our results showed that Val68Met mice with Met allele had a greater efficiency of
learning in the reversal phase (phase 3) of the go/no-go task, especially in the trials with
“no-go” cues.
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4-choice odor-based foraging discrimination and reversal learning

In addition to testing reversal learning or cognitive flexibility in the 2-choice go/no-go
task, we also tested Val68Met mice in a foraging task with 4-choices (Fig. 4A) requiring
that mice integrate and update more environmental cues prior to selecting a choice. We
found that adult (P60-90) Val/Val and Met/Met mice took similar trials to reach the
criterion in the discrimination phase (Fig. 4B, Val/Val n=10, Met/Met n=12, t(20) = 0.42,
p = 0.68) with similar total numbers of error (Fig. 4C, t(20) = 0.13, p = 0.90). When the
reward contingencies were changed, adult Val/Val and Met/Met mice took similar trials
to reach 8 out of 10 trials correct (Fig. 4D). However, we found that Met/Met mice made
significantly fewer perseverative errors back to the originally rewarded odor (O1) before
their initial discovery of the new odorant (O2)-reward association (Fig. 4E, t(20) = 3.14,
p = 0.005). There was no difference in regressive errors, another reversal error type,
defined as errors back to the originally rewarded odor (O1) after the new reward
contingency (02) was found once, between groups (Fig. 4F, t(20) =1.18, p = 0.25).
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Figure 4. BDNF Val68Met Met/Met adult mice learned a 4-choice foraging task at rates
comparable to their Val/Val littermates, but showed fewer perseverative errors in reversal
learning. A, Schematic of the task. Four different odorants were introduced. In the discrimination
phase, mice discriminated odorants to find a buried cheerio reward associated with O1. Pots were
shifted after each trial. In the reversal phase, immediately after discrimination, a previously
unrewarded odor (0O2) predicted the reward and a novel odor (O4’) was introduced. The criterion to
complete was retrieving the reward correctly in 8 out of 10 consecutive trials. B, Met/Met (h=12) and
Val/Val (h=10) mice took similar number of trials to complete the discrimination phase (p=0.68), and
C, made a similar number of errors (t(20)=0.13, p=0.90). D, In the reversal phase, trials to criterion
was comparable between groups (t(20)=1.1, p=0.30). E, Perseverative errors, made before 1 correct,
were fewer in adult Met/Met mice compared to Val/Val mice (t(20)=3.14, p=0.005). F, Regressive
errors, made after 1 correct, were similar between the two genotypes (t(20)=1.18, p=0.25). p**<0.01.
Error bars represented SEM.
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In addition to analyze trials to criterion and different types of errors in the 4-choice
foraging task, we analyzed the latency to make a choice in each trial to see if BDNF
Val66Met polymorphism affects response time in this task. We found that there was a
main effect of trial type in the choice latency in the discrimination phase (Fig. 5A, Two-
way ANOVA: genotype: F(1,40) = 0.77, p = 0.39, trial type: F(1,40) = 4.27, p = 0.045,
interaction: F(1,40) = 0.013, p = 0.91) but were no significant differences in time spent
making either a correct or incorrect choice between Val/Val and Met/Met genotypes in
either the discrimination phase (Fig. 5A, correct choice latency (seconds, mean *
SEM): Val/Val = 44.68 + 9.61, Met/Met = 36.12 £ 3.65; incorrect choice latency: Val/Val
=69.16 + 19.34, Met/Met = 58.05 * 9.26;) or the reversal phase (Fig. 5B, correct choice
latency: Val/Val = 30.51 + 4.87, Met/Met = 33.79 £ 6.66; incorrect choice latency:
Val/Val = 45.35 + 7.28, Met/Met = 40.78 £ 6.73; Two-way ANOVA: genotype: F(1,40) =
0.0097, p = 0.92, trial type: F(1,40) = 2.78, p = 0.10, interaction: F(1,40) =0.36, p =
0.55).
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Figure 5. Adult Val/Val and Met/Met mice spent similar time making choice in the 4-choice
foraging task. A,B, There were no significant differences in choice latency in correct and incorrect
trials in the discrimination and in the reversal phase between the two groups (Val/Val n=10, Met/Met n
=12). A, There was a main effect of trial type (p=0.0045) in the discrimination phase. *p<0.05. Error
bars represented SEM.

Our results in this 4-choice foraging task showed that adult Val/Val and Met/Met mice
from Val68Met line had similar performance in the initial acquisition of odorant-reward
associations but in the reversal phase Met/Met mice made fewer perseverative errors.
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BDNF Val66Met polymorphism in male vs female mice

Both adult male and female Val68Met mice (P60-90) were used in the go/no-go
experiment and the 4-choice foraging task with roughly equal number of mice in each
genotype. We found that male Val/Val mice had better “go” and “no-go” performance
than female Val/Val mice in the initial acquisition of go/no-go task structure (Phase 1:
shaping phase), but this sex difference was not observed in the Met/Met homozygous
mice (Fig. 6A,B, Val/Val: n(M)=5, n(F)=5; Met/Met: n(M)=5, n(F)=5). We did not find
other significant performance differences between male and female mice in each
genotype within either second or third phases of the go/no-go task (Fig. 6C-F) or in the
discrimination and reversal phase of the 4-choice foraging task (Fig. 6G-1,Val/Val:
n(M)=5, n(F)=5; Met/Met: n(M)=4, n(F)= 8). These experiments were not powered to
examine sex differences, so final conclusions are still difficult to draw from these data.
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C-F, In training (Phase 2) and reversal (Phase 3), there were no sex differences in both go and no-go
performance in both Val/Val and Met/Met genotypes. (C, Val/Val: F(1,32)=0.0005, p=0.98; Met/Met:
F(1,32)=1.46, p=0.24; D, Val/Val: F(1,32)=0.46,p=0.50; Met/Met: F(1,32)=0.00015, p=0.99; E,
Val/Val: F(1,37)=1.50,p=0.23; Met/Met: F(1,35)=3.61,p=0.066; F, Val/Val: F(1,37)=0.47,p=0.50
Met/Met: F(1,35)=0.31,p=0.58). G-I, Val68M did not have sex differences in the 4-choice
discrimination and reversal learning in either genotype (Val/Val: n(M)=5, n(F)= 5; Met/Met: n(M)=4,
n(F)=8; Trials to criterion in Discrimination: F(1,18)=0.0017, p=0.97; Trials to criterion in Reversal:
F(1,18)=1.16, p=0.30; Reversal Error: F(1,18)=0.51,p=0.49). Error bars represented SEM.
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An alternate mouse line of human BDNF Val66Met polymorphism

An alternate mouse line mimicking human BDNF Val66Met polymorphism was also
available for experimentation which has a Met substitution for Val at codon 66
(Val66Met mice, Chen et al., 2004; Chen et al., 2006). We next obtained this line and
tested it in the same 4-choice foraging task (Fig. 7A).

We did not find significantly different performance in learning across measures of trials
to criterion and the numbers of errors in the discrimination and reversal phase in this
alternate line of Val/Val and Met/Met Val66Met mice (Fig. 7B,C, Discrimination phase:
trials to criterion: t(21) =1.14, p = 0.27, errors in discrimination: t(21) =1.34, p=0.19; Fig.
7D-F, Reversal phase: trials to criterion: t(21) = 0.22, p = 0.83, perseverative errors: U =
43.50, p = 0.17, regressive error: U = 51.50, p = 0.38). We also found no difference
between the WT Val/Val groups from the two lines (Discrimination phase: trials to
criterion: t(20) = 0.21, p = 0.83, discrimination errors: t(20) = 0.35, p = 0.73; Reversal
phase: trials to criterion: t(20) = 0.02, p = 0.99, perseverative errors: U = 48, p = 0.44;
regressive errors: U = 58, p = 0.91; two-tailed unpaired t-tests were used when data
was normally distributed. When data was not normally distributed found by a D'Agostino
and Pearson omnibus test, a Mann-Whitney non-parametric test were used for
comparison).

Previous studies had shown that there were different behavioral phenotypes in anxiety-
like behavior in these two lines, with enhanced anxiety found in Val66Met mice (Chen et
al., 2006) but not in Val68Met mice (Warnault et al., 2016). It is possible that greater
anxiety-like behavior in the Val66Met mice (Chen et al., 2006) may interfere with
flexibility in the 4-choice reversal.
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Figure 7. An alternate line of BDNF Val66Met mice (Chen et al., 2006) did not illustrate greater
flexibility in reversal learning. A, Schematic of 4-choice foraging task. B, Met/Met (n=11) and Val/Val
(n=12) mice took similar number of trials to reach criterion (t(21)=1.14, p=0.27), and C, made a similar
number of errors (t(21)=1.37, p=0.19) in the discrimination phase. In the reversal phase, D, trials to
criterion (t(21)=0.22, p=0.83), E, perseverative errors (U=43.50, p=0.17) and F, regressive errors
(U=51.50, p=0.38) did not differ between the two genotypes.

Discussion

We found that BDNF Val68Met knock-in (Met/Met) mice showed similar performance to
Val/Val WT littermates in the initial acquisition and learning (Fig. 3B-E; Fig. 4B,C).
However, Met/Met mice were more flexible than Val/Val in updating their performance
after a contingency reversal in a go/no-go task, taking fewer sessions to reach 80%
correct performance in “no-go” trials (Fig. 3G). This might indicate they conferred an
advantage in response selection with response inhibition when there were reversed
reward contingencies and new information in the go/no-go task. It was consistent with
the findings in human studies that human Met-allele carriers (Val/Met or Met/Met)
performed better with fewer false alarms in a go/no-go task (Beste, Baune, et al., 2010).
Val68Met Met/Met mice also displayed greater flexible updating in the reversal phase of
the 4-choice odor-based foraging task, with fewer trials of perseverative error but not
regressive error (Fig. 4E,F).

These data suggest that Met carriers are more flexible in reversal learning in two task

contexts. This suggests they are more sensitive to changes in the environment. These
data support the idea that a common genetic polymorphism such as Val66Met may
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serve as a plasticity allele that modifies sensitivity to experience or the environment
(Belsky et al., 2009; Qin et al., 2014). This differs from the risk hypothesis or deficit
model interpretation that suggests a Val66Met polymorphism confers deficiencies in
functions. The plasticity hypothesis may also explain why a SNP might be beneficial and
therefore maintained by natural selection in the populations over time.

The concept of a plasticity allele is directly relevant to ADP in learning and decision
making. Plasticity alleles and genetic polymorphisms might titrate a species
responsiveness to the environment. By adjusting sensitivity to environmental signals,
organisms could potentially hedge against the failure of phenotypes or behavioral
strategies over time (Lafuente & Beldade, 2019; Lea et al., 2017).

Relevance to data on human cognition

Previous studies from human literature have found that elderly populations carrying
Val/Met or Met/Met exhibited enhanced performance in task switching with reduced
interference and distraction in an auditory distraction paradigm and Stroop task
(Gajewski et al., 2011, 2012; Getzmann et al., 2013). Our enhanced performance in two
reversal tasks are generally consistent with these data. Although our data does not fully
replicate one human study that found Met carriers were better at No-go inhibitions than
Val/Val subjects (Beste, Kolev, et al., 2010), our data does support the findings that Met
genotypes can confer some cognitive benefits (Alfimova et al., 2012; Beste, Baune, et
al., 2010; Erickson et al., 2008; Gajewski et al., 2011, 2012; Getzmann et al., 2013).
Our acquisition and discrimination data in the two tasks, and in two lines of BDNF
mutant mice (Fig. 3,4,7) do not support any general learning deficit in the Met/Met
genotype.

Possible mechanisms

There are a number of mechanisms which may mediate the effect of the Val66Met
polymorphism on learning and decision-making circuits. These different mechanisms
could also possibly combine or independently affect different neural circuits supporting
these cognitive functions (Izquierdo et al., 2017).

The neurotrophic factor, BDNF, is widely expressed in many brain regions and can
activate multiple intracellular signaling pathways, both pre- and post-synaptically. BDNF
together with one of its associated receptors, tropomyosin related kinase B (TrkB)
receptors, form the signaling pathways that play a pivotal role in regulating
development, structures, and functions of neural circuits as well as synaptic plasticity
(Cohen-Cory et al., 2010; Kowianski et al., 2018; Lu et al., 2013; Park & Poo, 2013;
Sasi et al., 2017). As a neurotrophic factor, BDNF was found to be necessary for initial
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neural cell survival and differentiation of specific neuronal populations (Ahmed et al.,
1995; Baydyuk & Xu, 2014; Park & Poo, 2013; Pinzén-Duarte et al., 2004; Shetty &
Turner, 1998). It is also important in synaptogenesis and the growth of axons and
dendrites in developing neural circuits (Alsian et al., 2001; Cohen-Cory et al.,2010; Lu et
al., 2013; Park & Poo, 2013; Sanchez et al., 2006). In addition, BDNF also plays a
critical role in refinement of activity-dependent synapses and synaptic plasticity of
mature neural circuits, such as facilitation and maintenance of long-term potentiation
(LTP) and regulation of long-term depression (LTD) with low frequency stimulation
(Akaneya et al., 1997; Kowianski et al., 2018; Lu et al., 2013; Park & Poo, 2013; Sasi et
al., 2017; Tanaka et al., 2008). BDNF is also thought to play a pivotal role in maturation
of inhibitory circuits in the neocortex (Abidin et al., 2008; Huang et al., 1999).

Activity-dependent release of different variants of BDNF in dorsal prefrontal cortex,
orbital frontal cortex, and anterior cingulate cortex can possibly be the underlying
mechanism supporting the observed enhanced flexibility in reversal learning and
potential better response inhibition (Bissonette et al., 2008; Johnson & Wilbrecht, 2011,
Ragozzino & Rozman, 2007; Velanova et al., 2008). BDNF is also found to regulate
development, maturation, and synaptic plasticity of striatal circuits (Baydyuk & Xu, 2014;
Jia et al., 2010; Wang, Liu, et al., 2015), which is important for flexible updating,
learning, and decision making (Cox & Witten, 2019; Lee et al., 2015). We speculate that
higher levels of flexibility and exploratory behavior observed in juvenile mice in the
same 4-choice foraging task (Johnson & Wilbrecht, 2011) may persist in the juvenile
form in adult BDNF homozygous Met (Val68Met) mice due to lower activity-dependent
release of BDNF. In future studies, it will be important to determine how circuit
development is altered in BDNF Val68Met mice, particularly in cortical-striatal circuits
known to support these cognitive functions.

Conclusion

In conclusion, our results support the idea that Met allele in human Val66Met
polymorphism can confer some cognitive benefits and is possibly a “plasticity” allele
(Belsky et al., 2009) potentially providing greater sensitivity to the context and
environment through ADP mechanisms. This could manifest over the time scales of
hours (in our experiment) or over years (for example in studies of institutionalized youth
in Drury et al., (2012)). In the cumulative span of time, we posit the Met allele may
enable higher sensitivity to both positive and negative environments.
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Chapter 3

Different feeding experience during the juvenile-adolescent period
affects cognitive flexibility and reward integration in adult male mice

Introduction

When encountering different experiences or statistics in the developmental environment
(such as scarce or plentiful food), it is thought that organisms can respond with adaptive
developmental plasticity (ADP). In ADP, information from the environment can trigger
different developmental programs in order to enhance the likelihood of survival in
specific types of environment (Nettle & Bateson, 2015; Stearns, 1989). It has been
shown in many species that life experiences occurring during developmental time
course (including neonatal, juvenile, and adolescent periods) may have profound
impacts on body and brain development, including behavioral functions (Fawcett &
Frankenuis, 2015; Frankenhuis & Walasek, 2020; Nettle & Bateson, 2014; E. Snell-
Rood & C. Snell-Rood, 2020). Experience dependent plasticity may also be limited to
specific developmental time periods or have different effects depending on their timing
(Fawcett & Frankenhuis, 2015; Frankenhuis & Walasek, 2020). This is because neural
circuits each have their own timeframe for development. The timeframe of these periods
of plasticity, in turn, may limit the time when experience can alter the developmental
trajectories of the neural circuits (Dow-Edwards et al., 2019; Glasper & Neigh, 2019;
Hensch, 2005; Knudsen, 2004; Lin et al., in press; Piekarski, Johnson, et al., 2017).

Literature from human and rodents studies has shown that exposure to adverse
experiences in early life (defined by a variety of factors) can alter sensitivity to reward,
escalate responsivity to psychostimulants, enhance reward seeking, and increase
vulnerability to develop substance use disorders (Duffy et al., 2018; Kambali et al.,
2019; Novick et al., 2018; Valenti et al., 2011; Ventura et al., 2013). Further studies in
rodent models have shown that experience of adversity (again defined by a variety of
factors) can affect learning, memory and decision making (Banqueri et al., 2017; Birn et
al., 2017; Hanson et al., 2017; Ricon et al., 2012; Wang et al., 2011; Zhu et al., 2010).
Cognitive flexibility in particular has been found to be sensitive to developmental
experiences. Rodent studies modeling maternal neglect in early life, social isolation, or
restraint stress in juvenile adolescence period have found that these experiences can
result in reduced cognitive flexibility and/or stronger habit formation (Amitai et al., 2014;
Goodwill et al., 2018; Hurtubise & Howland, 2017; Thomas et al., 2016; ; Wang et al.,
2011). These results illustrated that developmental experience can affect expression of
specific functions. From an ADP perspective, it is possibly the effects of the
developmental experience on these same functions would result in variations in the
expression of phenotypes in a context-dependent manner. Adaptive phenotypic
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alteration would be observed if the environment matches the predicted state under
ADP.

Food insecurity is a growing issue with effects on human behavior that are not fully
understood

We are interested in how the stability of access to food affects the development of
learning and decision making in mammals. Food insecurity is a public health term
defined as uncertain or limited access to sufficient, nutritionally adequate, and safe food
(Coleman-Jensen et al., 2013; Cook & Frank, 2008). Food insecurity is a prevalent
public health issue. Approximately, 14.5 million households with children in the United
States and over 2 billion people worldwide currently experience food insecurity in their
daily life (Coleman-Jensen et al., 2019; World Health Organization, 2019). Children from
households with food insecurity were found more likely to have a variety of health and
behavioral problems (Gundersen & Ziliak, 2014). Human studies have found that food
insecurity is associated with greater risks of obesity and diabetes (Davis et al., 2014;
Decker & Flynn, 2018; Franklin et al., 2012), poor health and adverse psychosocial
outcomes (Althoff et al., 2016; Cook et al., 2008, 2013; Ke & Ford-Jones, 2015; Laraia,
2013), and learning, cognitive, and/or behavioral problems such as lower math scores,
reading performance, and academic achievement, social skills, and self-control (Ashiabi
2005; Aurino et al., 2019; Belsky et al., 2010; Howard, 2011; Jackson et al., 2018; Jyoti
et al., 2005; Ke & Ford-Jones, 2015; Raskind et al., 2019; Weigel & Armijos et al., 2018;
Whitaker et al., 2006; ).

Most of the human studies focused on the correlational and mediational effects of food
insecurity early in life and childhood on health, psychosocial behavioral outcomes,
academic learning, and overall school performance. There are fewer studies that
examined effects of food insecurity on specific cognitive functions and/or neural
functions. Aurino et al. (2019) found that chronic food insecurity or punctuated
experiences of food insecurity at different stages of development up to age 12 had
significant effects on tests of vocabulary, reading, and math. Dennison et al. (2019)
found that food insecurity, but not other types of childhood adversity such as emotional
deprivation and trauma, was associated with poor reward performance in terms of total
reward earned. There are no specific studies of effects of food insecurity on direct
measures of executive functions such as working memory, behavioral inhibition, and
cognitive flexibility in humans, to our knowledge. Effects of food insecurity in human
studies are often confounded with other factors such as poverty, parental mental health,
substance misuse, abuse, education, etc. While researchers may try to control for these
variables, it is hard to fully isolate food insecurity from other variables to test if early life
experience of food insecurity, specifically, during childhood and adolescence, has direct
causal effects on cognitive functions. Therefore, it is valuable to develop a mouse model
of food insecurity in a controlled laboratory environment to understand its direct effects
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on learning and an important executive function, cognitive flexibility, under different
environmental contexts and its direct effects on neurobiology. We address the effects of
food insecurity and feeding history on neurobiology in the next chapter (Chapter 4).

Effects of food insecurity on cognitive functions? Deficit vs. adaptive developmental
plasticity?

We in particular focus on impacts of different developmental feeding experiences in our
studies. Specifically, we ask if ad libitum and food insecurity feeding history with
fluctuating statistical information during the juvenile-adolescent period have an impact
on learning and cognitive flexibility during adulthood in two tasks that capture two
different environmental contexts, stable and deterministic versus probabilistic
environment. Cognitive flexibility or flexible updating is the ability to update and switch
behavior flexibly between different strategies, idea sets, and tasks to execute goal-
directed behaviors in response to dynamic demand and contingency changes in the
environment, which depends on executive functions, appropriate feedback integration
and utilization, and working memory capacity (Diamond, 2013; Gilbert & Burgess, 2008;
Scott, 1962; Zelazo, 2015). Reversal learning is one of widely used cognitive flexibility
paradigms (Izquierdo et al., 2017). Using reversal learning paradigm, we are able to
examine the initial association learning between stimulus-outcome or response-
outcome contingencies in the discrimination phase and examine cognitive flexibility and
adaptive updating by changing the contingencies, which are the common themes that
organisms encounter in environment. We also use an alternative choice switching task,
in which we are able to examine how past reward history and reward integration in a
probabilistic manner affect upcoming choices and switch behaviors, i.e. staying with
previous choice or switching to the other choice. Application of computational modeling
from Reinforcement Learning (RL) framework and logistic regression model allows us to
investigate the latent variables or phenotypes that are not directly observable from
behavioral data. RL models allow us to further understand reinforcement learning
procedures, choice strategy, and value updating in response to both positive and
negative feedback while logistic regression models can help extract how the past
rewarded and unrewarded history contribute to switching and choice behaviors.

Here, we present a feeding manipulation to generate a mouse model of juvenile-
adolescent food insecurity. This manipulation involved limiting access to food and
delivering variable amounts of food daily in developing (P21-40) mice. Mice that
experienced three variant of feeding manipulation were tested in the 4-choice odor
based foraging discrimination and reversal task and a probabilistic switching task in
adulthood at P60-70 and above P110, respectively. We then used standard behavioral
and reinforcement learning models to examine learning, cognitive flexibility, reward
integration and updating. In a separate cohort, to investigate if there is a decline in
sensitivity with age to developmental experience of food insecurity, we also manipulated
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feeding experience during P41-60 and tested mice at P80-90 to allow equivalent time
for recovery from the experience.

We found that adult (P60-70) male mice with different juvenile-adolescent (P21-40)
developmental feeding experiences exhibited significant group differences in cognitive
flexibility and estimates of learning rates from a RL model in the 4-choice odor-based
foraging discrimination and reversal task. Adult male mice with different juvenile-
adolescent feeding experiences also showed different integration of past reward history
and updating in a 2-alternative choice probabilistic switching task. In adult female mice
with food insecurity versus ad libitum juvenile-adolescent developmental experience, no
group differences in performance in these tasks were found, suggesting sex plays a
major role in this effect. Finally, in adult (P80-90) male mice that experienced different
feeding histories at later timepoint, P41-60, no group differences were found,
suggesting that the developing brain may be more sensitive to feeding history during the
juvenile/adolescent transition than in the adolescent/adult transition or that there is a
sensitive period of testing.

Methods
Animals

The wildtype C57BL/6 mice line (C57BL/6NJ) were originally obtained from Taconic
Biosciences, Inc. and bred at the animal facility of University of California, Berkeley. We
chose to use Taconic mice (C57BL/6NJ) because they do not have a mutation in the
metabolism relevant nuclear-encoded, mitochondrial protein Nnt gene, unlike C57BL/6J
mice from Jackson laboratory (Toye et al., 2005). Nicholson et al. (2010) found that the
C57BL/6J mice with Nnt mutation had higher non-fasting level of glucose in plasma and
more severe glucose intolerance compared to C57BL/6NJ. Mice were housed on a
12h/12h reverse light-dark cycle (lights off at 10 AM). Mice were weaned and
individually housed at P21 and subject to the Food Insecurity Feeding Paradigm
described in the following section (Fig. 8). Teklad Global 18% Protein Rodent Diet 2918
(Envigo) was used as the standard diet in all feeding experience experiments. All
animals received nesting materials and water ad libitum in their home cages. Behavioral
testing was conducted during dark cycle period. All procedures were approved by the
UC Berkeley Animal Care and Use Committees.

Food insecurity, food restriction and ad libitum feeding paradigm3

Mice were weaned, individually housed, and assigned into 3 different groups at P21.
Mice in Ad libitum (AL) group had free access to standard rodent chow from P21 to P40,
while mice in the Food Restriction (FR) group and Food Insecurity (FI) group
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experienced food restriction from P21 to P40 at level of 85% average weights of mice in
the AL group for 20 days. Mice in the Fl and FR groups had the same amount of food
every two days during these 20 days with mice in the FI group receiving alternating
dayl-day? ratios (100%-0%, 90%-10%, 80%-20%) and mice in the FR group receiving
constant dayl-day? ratio (50%-50%)(Fig. 8B). All mice were weighed every two days
from P21-P60 to track their weights and growth. Weights were used to determine the
actual food amount given to mice in the Fl and FR groups every two days. The baseline
feeding amount for each day is shown (Fig. 8C). Together, mice in the FI group
experienced uncertainty and unpredictability of food access each day while maintaining
growth comparable to mice in the FR group over the 20-day food insecurity feeding
paradigm period. At P41, all mice in the FR and FI groups began to receive food ad
libitum, and thereafter feeding was matched among groups (Fig. 8). Nesting materials
and water were always provided and freely available in their homecages. All behavioral
experiments were performed after P60 (Fig. 8A).

A
Ad Lib (AL)
A Inse‘culnty () All groups receive Behavioral testing

| Food Restriction (FR)}  food ad libitum | Neurobiological testing \

I [ I I 4

birth  p21 p41 p61

weaning
B Cc Schedule feeding amount
10
Age(P)| 21-22 | 23-24 | 25-26 | 27-28 | 29-30 | 31-32 | 33-34 | 35-36 | 37-38 | 39-40 - 'A:‘IL
AL Free Access to Standard Rodent Diet — FR

Food (g)
()]

F1(%)| 100:0 | 80:20| 90:10 | 100:0 | 80:20 | 90:10 | 100:0 | 80:20 | 90:10 |100:0
FR (%)| 50:50 | 50:50 | 50:50 | 50:50 | 50:50 |50:50 |50:50 |50:50 | 50:50 |50:50 .
21 23 25 27 29 31 33 35 37 39 41
Age (P)

Figure 8. Food insecurity feeding paradigm and experimental timeline3. A, Single-housed mice
were assigned to 3 different groups, Ad lib (AL), Food Restriction (FR), and Food Insecurity (FI) at
P21. Adult mice after P60 were used in experiments for behavioral testing and neurobiological
activities. B,C, Fl and FR mice experienced a 20-day food restriction feeding paradigm from P21-40,
controlling their weights to be 80-90% of AL mice. Fl and FR mice received the same amount of the
standard rodent diet every two days. FI mice received the food in alternating ratios while FR mice
received the food constant ratio. The day 1: day 2 ratio is specified in the table B. C, The figure
illustrated the baseline feeding amount for each group. Starting at P41, both Fl and FR mice began to
receive food ad libitum. AL mice always had free access to food. All groups of mice received water ad
libitum.

3 The feeding paradigm was developed with input from a Robert Wood Johnson Postdoctoral fellow, Dr.
Ezequiel Galarce and his collaborator Dr. Mike McDannald.
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4-choice odor-based foraging discrimination and reversal task

This task has been briefly described in the previous chapter (Chapter 2) and extensively
described in the previously published work by our lab (Johnson & Wilbrecht, 2011,
Thomas et al., 2016; Vandenberg et al., 2018).

In short, mice were mild food restricted for the first two days at 85% of average weight
at ad libitum before the training. On Day 3, mice were habituated to the testing arena
with four ceramic pots with a piece of cheerio reward (HoneyNut Cheerios, General
Mills) for three 10-min sessions. The testing arena is a 12°x 12” x 9” square maze with
four clear transparent acrylic walls partially dividing the arena into four quadrants (Fig.
11A). On Day 4, mice were trained and learned to dig in pots with gradually increased
level of unscented Aspen wood shavings (Kaytee Products, Inc) to retrieve cheerio
reward within 12 trials. In this shaping phase, only a single ceramic pot was used in
each trial, with location pseudo randomly shuffled. Each quadrant was rewarded
equally. Mice, in turn, were not trained to associate cheerio reward with location. On
Day 5, the behavioral testing day, mice first went through the discrimination phase.
Upon completion of the discrimination phase with a criterion 8 out of 10 consecutive
trials correct, mice were immediately tested in the reversal phase. Mice had a 3-minute
maximum to make a choice by digging in one of the four ceramic pots filled with specific
scented wood shavings placed at the corners of 4 quadrants of the arena in each trial.
Trial terminated earlier once a choice was made. One piece of cheerio was shamed
baited and secured by a mesh screen at bottom of the ceramic pots to control the smell
of cheerio. The location of the scented pots was pseudorandomized at the four
guadrants in each trial. The same odorant would not appear at the same quadrants in
two consecutive trials. In the discrimination phase, O1 was rewarded while O2, O3, and
O4 were not rewarded. In the reversal phase, the previously unrewarded odor O2
became rewarded and O1 was no longer rewarded. We also replaced O4 with a novel
odor (O4’) to test if the novel odor in the environment interferes with reversal learning
(Fig. 11A). Anise extract (McCormick), essential oils clove and litsea (San Francisco
Massage Supply Co), and thyme (made from Thymol) were used as odorants O1, O2,
03, and 04, respectively. Essential oil eucalyptus (San Francisco Massage Supply Co)
was used as the novel odorant in reversal phase (O4’). Choice made by digging, entries
in each quadrant, and lapsing latency for each trial was recorded for further behavioral
analysis.

Reinforcement learning modeling of the 4-choice odor-based foraging reversal task

To further examine the impacts of different juvenile-adolescent developmental feeding
experiences on learning, updating, and decision making, we further analyzed the trial by
trial data using reinforcement learning (RL) models (Sutton & Barto, 2018).

38



Computational models can help us understand the latent processes underlying
behavioral performance.

Classic RL algorithms assume that subjects learn information in the environment by
updating their value estimates of different cues and/or actions (options) incrementally
through iterative trial-and-error processes (Rescorla & Wagner, 1972; Sutton & Barto,
2018). The RL models use prediction error (§) to update the estimated expected value
(Q) of each available option (i.e. the 4 different odorants in each phase of the 4-choice
foraging task), where the prediction error (9) is the difference between the current
feedback value (1) obtained from outcome and expected value (Q(a)).

In our RL models, the feedback value (1) is set as 100 for rewarded choices and set as
0 for unrewarded choices. The value updating from the prediction error (8) is scaled by
a learning rate parameter (a), with 0 < a <1 (Eqn. 1).

Q(ay) = Q(ag—1) + a X 8(as—1), 6(ar—1) =1 —Q(a,—1) (Equation1)

The action probability P(a), or the relative probability of selecting each action, for each
trial was calculated by transforming the expected action (option) value of action a, Q(a),
to relative probabilities using the softmax function (Daw, 2011). The inverse
temperature parameters (f) in the function indicates the stochasticity of the actions and
action selection policy, with 0 < g <1 (Eqn. 2).

£Q@

P(a) = 2BxQ(@)

(Equation 2)
We fit the discrimination and learning behavioral data with several alternative classic RL
models (Table 1), with the basic RL models (RL2) had 1 a parameter and 1
parameter, assuming the agent had the same learning rate and action selection policy
in both phases of the tasks. We also set up the RL models (RL3, RL4) with two
separate learning rate parameters and inverse temperature, adis and arev, for
discrimination and reversal phase, respectively, attempting to examine if the learned
experience of the task structure in the discrimination phase changes the learning rate
and selection strategy in the reversal phase. There were possible different reward
prediction error mechanisms in response to rewarded and unrewarded outcomes. We
also set up RL models (RL5) that accounted the learning rate for positive and negative
prediction error, apos and aneg, separately.

According to the error types analysis in the reversal phase, we also considered another
alternative family of RL models, adding a single sticky parameter, st, in either both
phases of the task or only the reversal phase (Table 1). The sticky parameter st was
act on the level of transforming expected value Q(a) to action probability P(a), with 0 <
st <1 (Egn. 3-4). When sticky parameter st equals one, the estimated action value of
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previously selected action being applied to the softmax function W (a) is increased by a
hundred-fold (Eqn. 3), suggesting agents will be more likely to choose the same
previous action in current trial (Eqn. 4).

W =Q,W(a;~,) = Q(a;—,) + 100 X st (Equation. 3)

W@

eBxXW(a)

P(a) = (Equation. 4)
The RL model with lowest Akaike Information Criterion (AIC) score was selected as the
current working RL model, which is composed of 5 parameters, adis, fdis, arevpos,
arevneg, and Brev (RL5 model).

In our 4-choice foraging task, there were 5 total odorants as choices provided. Within
the 5 odorants (01, O2, O3, 04, O4’), mice had their subjective value assigned to each
odorant as innate preferences at the beginning of the task. We calculated the
percentage of choosing each odor in the first 4 trials in the discrimination phase for each
mouse and used the averages of these percentages multiplied by 100 as the initial o
values for each odorant option or associated action. Similar methods to identify the
initial values were used and published (Johnson et al., 2016). The initial values were set
to be Q(01)=35.48, Q(02)=12.86, Q(03)=1.19, and Q(04)=50.48. In the reversal phase,
the initial values for O1, O2, O3 were the same as the values in the very last trial of the
discrimination phase and the value for O4’ was calculated by using the same method as
described above (Q(04°)=0.7).

Table 1. Alternative Basic RL models

RL Model Discrimination Phase Reversal Phase

RL1 a1 g (RL2) a,

RL2 a1 B (RL3) adis, B arev, B

RL2 a 2 B (RL4) adis, Bdis arev, Brev

RL3 a 2 B (RLY) adis, Bdis arevpos, arevneg, frev

*Table 1 presented the family of basic RL models with the learning rate a and inverse
temperature § parameters. Another family of RL models with sticky parameter st being tested
had the same RL learning rate a and inverse temperature  parameters, but either adding a
single st for both discrimination and reversal phase, or a single st in the reversal phase.
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Shifting feeding manipulation to a later phase of development

Separate cohorts of male mice were used in this experiment. At P21, male mice were
weaned and individually housed. Mice were provided with standard rodent diet ad
libitum at P21-40. At P41, male mice were assigned into ad libitum (AL) or food
insecurity (FI) group and subject to the Food Insecurity Feeding Paradigm described
previously (Fig. 8) with time window shifted to P41-P60 for 20 days (Fig. 9). At P61, all
mice were returned to food ad libitum for 20 days and tested in the 4-choice odor-based
foraging reversal task at P80-90 (Fig. 9).

4-choice
P21'P_40 - foraging
Experiments l Ad Lib (AL) | All groups receive  reversal
| Food Insecurity (FI) |  food ad libitum | task | | | %
| | | |
bilrth p21 pa1 p61 p70 p80 p90 4
weaning 4-choice
P41-P60 All groups receive | Ad Lib (AL) | Al groups receive foraging
Experiments food ad libitum  [F5od Insecurity (FI) | food ad libitum reversal

task

Figure 9. Food insecurity feeding paradigm and experimental timeline shifted 20 days later to test
for a sensitive period. Separate cohorts of mice were weaned at P21, single housed, and provided with
food ad libitum from P21-40. At P41, mice were assigned into ad libitum (AL) or food insecurity (FI) group
and went through food insecurity feeding protocol for 20 days between P41 and P60 (Fig. 8). At P61, all
mice were returned to food ad libitum. Mice were then tested in the 4-choice odor-based foraging reversal
task at P80-90.

2-Alternative choice probabilistic switching task

Adult mice were trained in this probabilistic switching task after P110 and previously
have been trained and tested in the 4-choice odor-based foraging task at P60-70 (Fig.
8,11). In this 2-alternative choice switching task (Fig. 19A) that was previously
developed and published by Tai et al. (2012), mice were trained to nose poke for a
water reward with probabilistic nature and reward location periodically alternating at
random interval. Mice were mildly water restricted 1-2 days prior the training sessions to
motivate learning (Fig. 19A). During the training sessions, mice were placed in an
operant chamber with 3 different ports on the same wall. To self-initiate the trial, mice
needed to nose poke the center initiation port and made a decision by choosing the two
peripheral ports, left (L) or right (R) port, for probabilistic reward water delivery. White
LED light would be turned on at both peripheral ports when mice poked and held at the
center initial port long enough, indicating two peripheral ports were ready for chosen.
Water reward was only delivered at one peripheral port at a time. Infrared photodiode
and phototransistor pairs (Island Motion) were used for detecting port entries and exits.
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Water reward delivered by water valves (Neptune Research) was calibrated to be
constant volume (2 pl) for rewarded choices.

In our version of the 2-alternative choice switching task, there were three training
phases. In the first training phase, the correct choices were rewarded at 75% while the
incorrect choices were always unrewarded (75% vs 0%). The side of rewarded port was
switched every 1548 rewarded trials, depending on total number of rewards collected in
each block. The reward probabilities for the correct choice in second and third training
phases were changed to 90% vs 0% and 65% vs 0%, respectively. Mice were trained at
least 5 sessions in each phase.

Multivariate logistic regression in the 2-alternative choice probabilistic switching task

We employed the multivariate logistic regression model analysis used in the Tai et al.
(2012) to analyze and compare our data obtained from this task. This logistic regression
model (Eqn. 5) can be used to closely analyze the integration of past reward history,
determine relative contribution of past rewarded and unrewarded outcomes trial by trial
basis on next choice, and predict animal choice behavior.

o P '\
S\T-P®) ~
ﬁjReward(YL(i — ) = Yr(i _])) + zﬁ]{\loReward (NL(i —Jj) — Ng(i —])) + Bo
j=1 j=1

(Equation. 5)

P, (i) is the probability of choosing the L port. The variables Y; or Yy indicate if a water
reward is received (1) or not (0) at the L or R port, respectively, while N, or Ny indicate
the absence of water reward (1 or 0) at either the selected L or R port, respectively. i
indicates that the event happened in the i-th trial. The variable n represents the number
of trials in the past that were included in the model (n=4). The regression coefficients
pReward and pNorReward represent the contribution of past rewarded history and past
unrewarded history, respectively, and S, represents the intrinsic bias of choosing L or R
port of the animal.

Statistical analysis

Values are reported as mean (M) + standard error of mean (SEM). Data were analyzed

using two-tailed t-tests or ANOVAs with post-hoc analysis. GraphPad Prism 7 was used
for statistical analysis. MATLAB 2016a was used for reinforcement learning model fitting
and simulation and logistic regression modeling and analysis.
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Results

Ad libitum (AL) vs Food insecurity (FI) growth curve comparison

To examine how differences in feeding history affected weight gain, we analyzed the
growth curve in weights of mice from the AL, FR, and FI groups from P21 to 160.

Using two-way ANOVA between different developmental feeding experiences (referred
as treatment in the experiments thereafter) and age, data from all mice (n(AL)=30,
n(FN=25, n(FR)=24), male only (n(AL)=16, n(FI)=12, n(FR)=11), and female only
(n(AL)=14, n(F)=13, n(FR)=13) all showed main effect of treatment, main effect of age,
and significant interaction between treatment and age (Fig. 10A,B, all mice: treatment:
F(2, 2345)=9.479, p<0.0001, age: F(31,2345)=299.3, p<0.0001, interaction:
F(62,2345)=2.671, p<0.0001; Fig. 10C, male only: treatment: F(2,1083)=9.877,
p<0.0001, age: F(31,1083)=328, p<0.0001, interaction: F(62,1083)=2.808, p<0.0001;
Fig. 10D, female only: treatment: F(2,1166)=47.05, p<0.0001, age: F(31,1166)=244.4,
p<0.0001, interaction: F(62,1166)=3.642, p<0.0001). Both male and female mice in the
FR and FI groups significantly lighter during P30-41 when the mice were on average
controlled at 80-90% of weights of the mice in the AL group (Fig. 10A,B, post-hoc
Tukey: P35:AL vs FR: p=0.017; P37:AL vs Fl: p=0.017, AL vs FR: p=0.0007; P39:AL vs
Fl: p=0.0008, AL vs FR: p=0.0079; P41:AL vs FI: p=0.0002, AL vs FR: p<0.0001).
Interestingly, the mice in the FR and FI groups regained back to similar body weights
compared to the mice in the AL group by P43, the first timepoint weight taken after all
mice were returned to food ad libitum (Fig. 10B, post-hoc Tukey: P43:AL vs Fl: p=0.88,
AL vs FR: p=0.37, Fl vs FR: p=0.68).

In adulthood after P100 (after all feeding group manipulations were discontinued and all
mice were on ad libitum diet), mice from the FI group were significantly heavier than
mice in the AL and FR groups (Fig. 10A, post-hoc Tukey: P100:AL vs Fl: p=0.015;
P110:AL vs Fl: p=0.0048, Fl vs FR: p=0.020; P120:AL vs FI: p<0.0001, Fl vs FR:
p=0.021; P130: AL vs FI: p<0.0001, FI vs FR: p=0.017; P140:AL vs FI: p=0.027,
P150:AL vs Fl: p=0.0042). This effect on adult weight was driven by group differences in
female mice but not male mice (Fig. 10C,D, post-hoc Tukey: Male only: P140: FI vs FR:
p=0.011; Female only: P90:AL vs Fl: p=0.0075, FI vs FR: p=0.01; P100:AL vs FI:
p=0.0063, FI vs FR: 0.035; P110:AL vs Fl: p<0.0001, Fl vs FR: p=0.0016; P120: AL vs
Fl: p<0.0001, FI vs FR: p<0.0001; P130: AL vs FI: p<0.0001, AL vs FR: p=0.014. Fl vs
FR: p<0.0001; P140:AL vs FI: p<0.0001, AL vs FR: p=0.0065, FI vs FR: p=0.0009;
P150:AL vs FI: p<0.0001, AL vs FR: 0.020, FI vs FR: p=0.0002).
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Figure 10. Differences in juvenile-adolescent (P21-40) feeding history affected weight gain in
female mice in adulthood. A, Growth curve in weights for both male and female mice in the AL, FI, and
FR groups. B, The same data as in A, focusing on P21-P60. C, Male data only from A. Male mice did not
show significantly different weights in adulthood (after P60). D, Female data only from A. Female mice in
the FI group significantly gained more weights after P90. Error bars represented SEM.

Statistics: Two-way ANOVA with post-hoc Tukey multiple comparison tests was used. post-hoc Tukey: a, p<0.05 in
AL vs FI groups; b, p<0.05 in AL vs FR groups; ¢, p<0.05 in FI vs FR groups; d, p<0.05 in AL vs FI groups & FI vs
FR groups; e, p<0.05 in AL vs FI groups & in AL vs FR groups; f, p<0.05 in AL vs FI groups, AL vs FR groups, & FI
vs FR groups at each corresponding age. All mice: n(AL)=30, n(FI)=25, n(FR)=24; male only: n(AL)=16, n(Fl)=12,
n(FR)=11; female only: n(AL)=14, n(FI)=13, n(FR)=13.

In male mice, differences in feeding history during the juvenile-adolescent period
(P21-40) affected reversal learning in adulthood (P60-70)

We next used a 4-choice odor-based foraging discrimination and reversal task (Fig.
11A), to test of multiple choice learning and cognitive flexibility or flexible updating
(Johnson & Wilbrecht, 2011; Thomas et al., 2016; Vandenberg et al., 2018). We found
that adult (P60-70) male mice in the ad lib (AL), food insecurity (FI), and food restriction
(FR) groups took approximately the same numbers of trials to criterion (Fig. 11B,
F(2,30)=1.098, p=0.35) and total numbers of errors (Fig. 11C, F(2,30)=1.738, p=0.19) in
the discrimination phase, suggesting the groups showed similar capacity for multiple
choice discrimination learning.
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Figure 11. In male mice, differences in juvenile-adolescent feeding history affected cognitive
flexibility in reversal learning in adulthood (P60-70). A, Schematic of the task. O1 was rewarded
in the discrimination phase, which became unrewarded in reversal phase. Previously unrewarded O2
became rewarded in reversal phase. B,C, The performance was not different across three groups, AL,
Fl, and FR groups, in trials to criterion and total number of errors in the discrimination phase. D,E,
Adult (P60-70) male mice in the FI group had significantly more trials to criterion and number of errors
in the reversal phase. Mice in the FR group showed intermediate performance. F, When error types
were compared, mice in the FI groups had significantly more reversal error (O1 Error), especially
Perseverative O1 error. n(AL)=10, n(FI)=12, n(FR)=11 *p<0.05, **p<0.01, ***p<0.001, ****p=<0.0001.
Error bars represented SEM.

In the reversal phase, we found clear group differences in males. Adult male mice with
developmental history of food insecurity (FI), in the reversal phase of the task, showed
less cognitive flexibility with significantly more trials to criterion (Fig. 11D,
F(2,30)=11.88, p=0.0002) and total number of errors (Fig. 11E, F(2,30)=12.5,
p=0.0001), compared to mice in the FR group and AL group. Using post-hoc Tukey
multiple comparison, we found that performance of adult male mice in the FI group were
significantly different from the AL group in both measures of total trials to criterion (AL
vs Fl: p=0.0001) and total number of errors (AL vs Fl: p<0.0001). Notably, there were
differential effects of feeding history on reversal learning between the Fl and FR groups
were observed in these two measures as well (Fig. 11D,E, post-hoc Tukey: total trials to
criterion: Fl vs FR: p=0.031; total number of errors: Fl vs FR: p=0.034).
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When the error types were closely examined and analyzed, adult male mice in the FI
group were found to have significantly more reversal errors (O1 errors), which were
defined as the error of selecting the previously rewarded odor (O1) (Fig. 11F,
F(2,30)=10.72, p=0.0003; post-hoc Tukey: AL vs FI: p=0.0002). Specifically, they had
greater perseverative error (Perseverative O1), a type of reversal error before making
the first correct decision (Fig. 11F, F(2,30)=4.504, p=0.0195; post-hoc Tukey: AL vs FlI:
p=0.015). There was no difference found in regressive error (Regressive O1), a type of
reversal error after making the first correct decision (F(2,30)=3.209, p=0.055), irrelevant
error, a type of error choosing an unrewarded odorant (O3) in both discrimination and
reversal phase (F(2,30)=1.992, p=0.15), novel error choosing 04’ (F(2,30)=2.447,
p=0.10), and omission (F(2,30)=0.05605, p=0.95)(Fig. 11F).

Juvenile-adolescent feeding history affected cognitive flexibility by altering learning rates
used to update behavior in adult male mice

To better understand the mechanisms underlying differences in flexible updating in the
reversal phase of the foraging task, we used reinforcement learning (RL) models to fit
our data. In RL models, subjects can learn to update the action values associated with
each option, compare the computed values, and select the best option from all available
options in the context to adaptively change the behavior (Rescorla & Wagner, 1972;
Sutton & Barto, 2018). We modeled trial by trial behavioral data from the 4-choice
foraging decision task (Fig. 11) using multiple RL models (varying in parameter number)
to find the best working model and extract latent variables driving the behavioral
performance for each animal in the task.

By fitting multiple models, comparing the results, and using simulation to test if we can
recover behavioral performance (Collins & Frank, 2012). We found our RL5 model with
5 parameters without sticky parameter st had the lowest AIC score and best simulation
recovery of mouse behavioral data (Table 1). The 5 parameters included in this working
model (RL5) are adis, Bdis, arevpos (a+), arevneg (a—), and Brev. In the
discrimination phase of the 4-choice foraging task, there was no significant difference
among the three groups in both the inverse temperature parameter fdis (Fig. 12A,
F(2,30)=3.126, p=0.0585) and learning rate adis (Fig. 12B, F(2,30)=0.2689, p=0.77).
Interestingly, we observed that the FR group which experienced constant scarcity in
terms of low amount of food during juvenile-adolescent period had on average smaller
Bdis (Fig. 12A, AL(n=10): 0.072+0.0147, FI(n=12): 0.078+0.0347, FR(n=11):
0.044+0.0050).

In the reversal phase, we found that feeding history affected learning rates, both
arevpos (a+) and arevneg (a—), (Fig. 12D, F(2,30)=3.319, p=0.0499; Fig. 12E,
F(2,30)=7.128, p=0.0029), especially, the arevneg (a—) in response to unrewarded
outcomes, or negative prediction error in adulthood. Similar to the behavioral results
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observed in trials to criterion (Fig. 11D) and total number of errors (Fig. 11E) in the
reversal phase, arevneg (a—) of adult male mice in the FI group (0.087+£0.0228) was
significantly different from those of adult male mice in the AL group (0.277+0.0550), with
intermediate arevneg (a—) values (0.144+0.0282) in the FR group (Fig. 12E, post-hoc
Tukey: AL vs FI: p=0.0023, AL vs FR: p=0.041).
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Figure 12. In male mice, differences in juvenile-adolescent feeding history affected the learning
rate in response to negative feedback in reversal learning in adulthood (P60-70). A,C, Inverse
temperatures in both phases Bdis and Srev were similar across AL, Fl, and FR groups. B, Learning
rate adis in discrimination were comparable. D,E, Learning rates, , arevpos (a+) and arevneg (a—)
were significantly different among groups using 1-way ANOVA. Post-hoc Tukey’s multiple comparison
showed arevneg (a—) was significantly smaller in adult (P60-70) male mice in the FI group. n(AL)=10,
n(F)=12, n(FR)=11; *p<0.05, **p<0.01. Error bars represented SEM.

When comparing the inverse temperature Srev across groups, we found that there was
also no significant group difference (Fig. 12C, F(2,30)=1.861, p=0.17; AL:
0.310+0.1036, FI: 0.210+0.0401, FR: 0.441+0.1086). However, there was a significant
difference in Bdis and Brev between two phases of the task (Fig. 12A,C, t(64)=4.891,
p<0.0001; pdis across groups: 0.065+0.0064, n=33; frev across groups: 0.318+0.0513,
n=33).
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To validate if our working RL model (RL5 model) can capture the observed behavioral
results, we simulated the obtained parameters 100 times with the same rules and task
structures of our 4-choice foraging task. The behavioral differences observed in the
actual experiments (Fig. 11) can be well recovered (Fig. 13C,D). The simulation of
trials to criterion illustrated that numbers of trials were comparable among the AL, FlI,
and FR groups in the discrimination phase (Fig. 13A, F(2,30)=2.233, p=0.1247,
n(AL)=10, n(FI)=12, n(FR)=11). In addition, this simulation revealed that there was a
significantly difference in simulated trials to criterion in reversal phase with the FI group
having the greatest number of trials (Fig. 13B, F(2,30)=8.974, p=0.0009). The similar
pattern of behavioral observation among the three groups in the reversal phase, Fl with
greatest number, FR with intermediate number, and AL with smallest number of trials to
criterion, was also captured in the recovery simulation (Fig. 11B, post-hoc Tukey: AL vs

Fl: p=0.0007, FI vs FR: p=0.029).
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Differences in AL and FI group cognitive flexibility were replicable in a second cohort

In another separate cohort of animals, we observed the same results that adult (P60-70)
male mice with juvenile-adolescent (P21-40) developmental ad libitum feeding
experience (AL group) and food insecurity experience (FI group) showed significantly
different performance in the reversal learning but no different performance in the initial
discrimination and associative learning (Fig. 14).

The total trials to criterion and number of errors were comparable among AL, FI, and FR
groups in adult male mice (Fig. 14A, F(2,17)=0.6583, p=0.53; Fig. 14B,
F(2,17)=0.9883, p=0.39). In the reversal phase, adult male mice in the FI group took
significantly more trials than mice in the AL groups to meet the criterion (Fig. 14C,
F(2,17)=6.762, p=0.0069; post-hoc Tukey: AL vs FI: p=0.0071, AL vs FR: p=0.031) and
significantly more reversal error (O1 Error)(Fig. 14D, F(2,17)=5.035, p=0.019; post-hoc
Tukey: AL vs Fl: p=0.027, AL vs FR: p=0.040).
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In male mice, late developmental (P41-60) differences in feeding history did not create
group differences in cognitive flexibility at P80-90.

To examine if the developmental timing of feeding history was critical to see group
difference in cognitive flexibility performance, we next exposed male mice to either
always ad libitum (AL) feeding experience or food insecurity (FI) experience from P41-
60 (Fig. 9). These mice were then tested in the same 4-choice odor-based foraging
reversal task at P80-90 (Fig. 9,15A), leaving this group, like the juvenile-adolescent
P21-40 group, a full 20 days of ad lib feeding to recover from the experience of food
insecurity. In this older cohort, mice in the AL (n=12) and FI (n=12) groups performed
similarly in both discrimination and reversal phase (Fig. 15) In the discrimination phase,
mice in the AL and FI groups had comparable numbers of trials to reach the criterion
(Fig. 15B, 1(22)=0.4233, p=0.68) and total numbers of error (Fig. 15C, 1(22)=0.6598,
p=0.52). In the reversal phase, adult (P80-90) male mice also performed similarly in
total trials to criterion (Fig. 15D, t(22)=0.6164, p=0.54), total number of errors (Fig. 15E,
t(22)=0.7696, p=0.45), reversal error (O1 error) (Fig. 15F, t(22)=0.7912, p=0.44),
perseverative O1 error (1(22)=0.3232, p=0.75), regressive O1 error (1(22)=1.128,
p=0.27), irrelevant O3 error (1(22)=1.599, p=0.12), novel O4’ error (1(22)=0.3817,
p=0.71), and omission (t(22)=0.2497, p=0.81).
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Figure 15. In male mice, late adolescent (P41-60) differences in feeding history did not affect
reversal learning in adulthood (P80-90). A, Schematic of the task. B,C, Adult male mice in the AL
and Fl groups had similar trials to criterion and total numbers of errors in the discrimination. D,E The
AL and FI groups did not differ in the trials to criterion and total numbers of errors in reversal phase. F,
Two groups have similar errors in each error type. Gray bar indicated the average included the mouse
with over 80 trials to criterion in D. n(AL)=12, n(FI)=12. Error bars represented SEM.
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In female mice, differences in feeding history during the juvenile-adolescent period did
not affect reversal learning in adulthood (P60-70)

Experience of food insecurity during childhood has been found to affect boys or girls
differently in various measures (Jyoti et al., 2005; Franklin et al., 2012, Laraia, 2013).
We therefore also examine the effects of AL, FR and FI feeding history (Fig. 8) on
performance of female mice in the 4-choice odor-based foraging task at P60-70 (Fig.
16A).

We found that unlike in males, in females, a difference in P21-40 feeding history did not
affect their performance in discrimination and reversal learning in adulthood (Fig. 16).
All three groups showed similar trials to criterion and number of errors in the
discrimination (Fig. 16B, F(2,33)=0.2131, p=0.81; Fig. 16C, F(2,33)=0.4076, p=0.67;
n(AL)=10, n(FI)=13, n(FR)=13). Performance in the reversal phase was also consistent
across groups in terms of trials to criterion (Fig. 16D, F(2,33)=0.347, p=0.80), number of
errors (Fig. 16E, F(2,33)=0.7401, p=0.50) and detailed error type analyses (Fig. 16F).
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Figure 16. In female mice, differences in juvenile-adolescent feeding history did not affect
cognitive flexibility in reversal learning in adulthood (P60-70). A, Schematic of the Task.
B,C,D,E,F Performance were similar across AL, Fl, and FR groups in both discrimination and reversal
phase. n(AL)=10, n(F1)=13, n(FR)=13. One-way ANOVA showed that there was no significant
difference *p<0.05 across the three groups. Error bars represented SEM.
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In female mice, differences in feeding history during the juvenile-adolescent period
did not affect reinforcement learning in adulthood (P60-70)

The similar performance observed in discrimination and reversal learning in adult
female mice among the three groups (Fig. 16) could be possibly resulted from different
combination of strategies and learning rates. We therefore also applied our working
reinforcement learning model (RL5) to the female 4-choice foraging behavioral data
(Fig. 16) to examine if there were differences in action selection strategy g and learning
rates a.

We found that there was no difference in the obtained 5 parameters, adis
(F(2,33)=0.2918, p=0.75), Bdis (F(2,33)=0.3224, p=0.73), arevpos (a+) (F(2,33)=0.718,
p=0.50), arevneg (a—) (F(2,33)=0.5327, p=0.59), and prev (F(2,33)=0.4047, p=0.67),
in adult female mice across the 3 groups (Fig. 17A-E). The average inverse
temperature across groups showed significantly difference between Sdis
(0.086+0.0265, n=36) and Brev (0.179+£0.0379, n=36) with Srev is on average higher
(t(70)=2, p=0.049) (Fig. 17A,C).
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Figure 17. RL modeling suggests that there was no significant difference in learning rate and
inverse temperature in reversal learning in adult female mice. A,C, The values of Bdis and Brev
are comparable across AL, FI, and FR groups in the discrimination phase and reversal phase,
respectively. The average Srev across groups was significantly higher than average fdis across
groups (t(70)=2, p=0.049). B,D,E Learning rates in discrimination and reversal phases were not
significantly different among groups. n(AL)=10, n(FI)=13, n(FR)=13. Error bars represented SEM.

52



Simulation of trials to criterion using the obtained values of 5 parameters, adis, fdis,
arevpos (a+), arevneg (a—), and frev 100 times illustrated that there was no
difference across AL, FI, and FR groups in both discrimination (Fig. 18A, F(2,33)
=0.6143, p=0.55) and reversal phase (Fig. 18B, F(2,33)=0.3502, p=0.71). The
simulated results were consistent with actual adult female behavioral data presented in
Fig. 16. Comparing the simulated trials to criterion and actual trials to criterion, the
current reinforcement learning model with 5 parameters recovered the behavioral
results well for each subject in both phases (Fig. 18C,D).
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In male mice, differences in feeding history during the juvenile-adolescent period
affected sensitivity to probabilistic reward conditions or uncertainty in adulthood

Tai et al. (2012) have developed an alternative probabilistic switching task that is able to
investigate learning, reward updating, and history integration in mice. The task delivers
reward at probabilistic nature, which requires animals to integrate the past choice and
reward history to make an optimal decision in the next trial. We found that juvenile-
adolescent experience of food insecurity has impacts on cognitive flexibility in the
reversal learning rewarded at deterministic nature (Fig. 11,12,14); therefore, we sought
to investigate how this experience can affect the performance in the probabilistic
environment.
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Adult male mice in AL and FI groups were trained in three different phases of the 2-
alternative choice probabilistic switching task, Phase 1 (75% vs 0%), Phase 2 (90% vs
0%), and Phase 3 (65% vs 0%) (Fig. 19A,B). Mice initiated the trial by poking at the
center initiation port and chose either left (L) or right (R) peripheral port. For the L-port
rewarded block, there was 75% of reward water delivery when mice made a correct
decision at the L-port in the Phase 1. In this L-port rewarded block, there was always
0% of reward water delivery when mice made a choice at the R-port, and vice versa for
R-port rewarded block (Fig. 19A). The block switching, i.e. L-port rewarded to R-port
rewarded, was dependent on the number of rewards received in each block and occurs
every 15+8 rewards.

We analyzed the number of trials for adult male mice took to exhibit the switching
behavior when the action-outcome contingency changed. We found that mice (n(AL)=8,
n(FI)=8) on average took similar number of trials between switching from L to R and R
to L in all three phases, showing there was no side bias. We then combined the L to R
and R to L trials to switch data together for further analysis. Adult male mice in the AL
and FI groups did not differ significantly in the total number of trials they took on
average to switch in Phase 1(t(14)=1.624, p=0.13, AL:3.08+0.09, FI:2.71+0.21), Phase
2 (t(14)=0.095, p=0.93, AL:2.15+0.05, FI:2.133+0.18), and Phase 3 (t(14)=1.083,
p=0.30, AL:3.00£0.08, FI:2.79+0.18) (Fig. 19B). However, when we examined the
switching behavior more closely (trial by trial after a switch), it revealed that adult male
mice with a history of FI switched faster than AL mice (Fig. 19C). Fig. 19C shows
fraction of left (L-)choice relative to the switch trial (Phase 1 R-to-L switch data
presented but both directions and all phases were analyzed). Adult male mice in the FI
group showed faster switching than the AL group in Phase 1 (Fig.19C, Two-way
ANOVA: treatment: F(1,182)=10.73, p=0.0013, trials relative to switch:
F(12,182)=547.3, p<0.0001, interaction: F(12,182)=2.851, p=0.0013). Using post-hoc
Sidak’s multiple comparison, we found that adult male mice in the FI group reached the
fraction of L-choice equaling 0.5 faster and that fraction of L-choice was significantly
higher by second and third trials relative to R-to-L switch (2"%: post-hoc Sidak’s:
p<0.0001; 3: p=0.019). A similar behavioral difference between the adult male mice in
the AL and FI group was observed in Phase 3 with 65% reward probability (post-hoc
Sidak’s: 2"%: p=0.011; treatment: F(1,182)=2.261, p=0.13, trials relative to switch:
F(12,182)=362, p<0.0001, interaction: F(12,182)=1.725, p=0.065) but not observed in
Phase 2 with higher reward probability 90% (treatment: F(1,182)=0.0145, p=0.90, trials
relative to switch: F(12,182)=362.7, p<0.0001, interaction: F(12,182)=1.312,
p=0.21)(Fig. 19C).

We also looked at how many trials it took to switch within each group when the
probability of reward was 75% vs. 90% vs. 65% (Fig. 19B, comparing phase 1,2,3
within group). Adult male mice in the AL and FI group both sped their switching (trials to
switch) in Phase 2 with 90% reward probability compared to Phase 1 and 3 (One-way
ANOVA, AL: F(2,21)=44.85, p<0.0001, post-hoc Tukey: Phase 1 vs 2: p<0.0001, Phase
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vs 3: p<0.0001; FI: F(2,21)=3.717, p=0.042). This suggested both groups could detect

the change in contingencies and reward probabilities and adjust switching time.
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Figure 19. Differences in juvenile-adolescent feeding history affected cognitive flexibility in
probabilistic reward conditions in adult male mice. A, Schematic of the 2-alternative choice
probabilistic switching task. B, Adult male mice had similar average trials to switch between the AL
and FI groups in each of the three training phases (Phase 1: 75%, Phase 2: 90%, and Phase 3: 65%
reward probability). C, Adult male mice in the FI group reached 0.5 fraction of left choice faster after
the right (R) to left (L) switch trial in Phase 1 and Phase 3, but not in phase 2, compared to the AL
group. The L-rewarded trials were presented. D, Within both groups (AL & FI), mice reached 0.5
fraction of L-choice faster in Phase 3 with 90% reward probability. Adult male mice in the AL group
illustrated comparable fraction of L-choice pattern in Phase 1 and Phase 3 while mice in the FI group
reached 0.5 fraction of L-choice slower after R-to-L switch in Phase 3 with most uncertain conditions.
Dotted line indicated the trial that either R-to-L trial or L-to-R trial happened.

n(AL)=8, n(FI)=8. *p<0.05, ****p<0.0001. Error bars represented SEM.
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When comparing the behavior and fraction of L-choice aligned to switch events (Fig.
19D), we found that within the AL group, mouse fraction of L-choice patterns were
similar between Phase 1 (75% reward) and Phase 3 (65% reward), but significantly
different in Phase 2 (90% reward) (treatment: F(2,273)=71.73, p<0.0001, trials relative
to switch: F(12,273)=692.6, p<0.0001, interaction: F(24,273)=5.775, p<0.0001; post-hoc
Tukey: Phase 1 vs 2: p<0.0001, Phase 2 vs 3: p<0.0001). However, within the FI group,
the fraction of L-choice patterns were different across three phases (treatment:
F(2,273)=41.83, p<0.0001, trials relative to switch: F(12,273)=526.3, p<0.0001,
interaction: F(24,273)=3.344, p<0.0001; post-hoc Tukey: Phase 1 vs 2: p<0.0001,
Phase 1 vs 3: p=0.025, Phase 2 vs 3: p<0.0001).

In male mice, differences in feeding history during the juvenile-adolescent period
affected integration of past reward history in adulthood

To more closely examined how mice used the past reward experience to guide the
future behavior and choice selection upon periodical reversal changes in action-
outcome contingencies, we applied similar analyses and the multivariate logistic
regression model (Eqn. 5) (Tai et al., 2012) to analyze our data from the 2-alternative
choice probabilistic switching task (Fig. 19).

We first analyzed the effects of past reward experience in the previous 3 trials on next
choice and found that when all past 3 trials were unrewarded at either chosen L-port or
R-port, mice exhibited a random choice behavior with probability of left choice, P(L),
about 0.5. As more reward evidence accumulated at the chosen L-port (i.e. with 3
rewarded trials in a row), mice were more likely to choose L-port in next upcoming trial
with P(L) approximately equal to 1(Fig. 20A). This analysis also revealed that
gualitatively, the reward history 1 trial back has most strong effect on the choice
probability and that rewarded experience had stronger influence than unrewarded
experience.

To quantitatively comparing the effect of the past reward history, logistic model
described in Egqn. 5 was used to fit all mice ran in the task. From the model, the relative
action values and choice probabilities for either L or R-port can be calculated. When the
relative action value of choosing left was equal to 0, the choice probability P(L) was
roughly 0.5, where estimated action value was calculated from weighted sum of past
rewarded event and past unrewarded event (Eqn. 5). As this action value increased,
P(L) was increased (Fig. 20B). The model was able to dynamically estimate and predict
the choice probability and the actual choices from our behavioral data (Fig. 20C).
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Figure 20. Differences in juvenile-adolescent feeding history affected integration of past
reward history used to make an upcoming decision in adult male mice. A, Fraction of choosing
left (L) port from one mouse (FI) for past 3-trial reward history to either L or right (R) port being
chosen. B, The fraction of L choice and estimated action value by the logistic regression model (Egn.
5). Each color represented a mouse. Different shapes indicated mice from different groups. Data from
each subject were grouped into 10 bins for presentation. C, Example data for 300 trials from 1 mouse.
Purple indicated the L-port rewarded block while green indicated the R-port rewarded block. Reward
blocks were switched every 1548 reward. Logistic regression model could predict the actual choice
well. Black line indicated the predicted L-choice from the model. Dashed line showed the actual
probability of L-choice from the average of running 4 trials. Long ticks represented rewarded trials.
Short ticked represented unrewarded trials. D, Contributions of past rewarded history (solid line),
unrewarded history (dotted line), and intrinsic bias in the past 4 trials to current choice derived from
logistic regression. Positive regression coefficients g; indicated mice were more likely to stay.
Negative regression coefficients indicated mice were likely to switch. At least 5 training sessions were
included in each phase for regression analysis. n(AL)=8, n(FI)=8. *p<0.05, **p<0.01, ***p<0.001,
****n<0.0001. Error bars represented SEM.
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The regression coefficients for bias term S, were comparable between the AL and Fl
groups in all three phases and on average near 0 (Fig. 20D, Phase 1: 1(14)=0.083,
p=0.93, Phase 2: t(14)=0.8216, p=0.43, Phase 3: t(14)=0.1859, p=0.86). It suggested
and supported the initial behavioral analysis that there was no intrinsic side bias.

In rewarded trials, the regression analysis showed that the positive regression
coefficients B]Re‘”‘”d decreased with the numbers of trials in the past (past 1 to 3 trials,

pReward > pReward -, - pRewardy for hoth adult male mice in the AL and FI groups in all

phases (Fig. 20D). Positive B]Re‘”ard values indicated that mice were more likely to stay

with previously rewarded choice for the current upcoming trial. The modeling results
from regression coefficients supported the qualitative observation we had. The past 1
trial rewarded trial history was most influential.

Comparing the ﬁf‘"ward profiles between AL and FI groups (Fig. 20D), we found that

there was no significant difference in Phase 1 (Two-way ANOVA: treatment:
F(1,56)=0.3711, p=0.55, past trial: F(3,56)=194.2, p<0.0001, interaction: F(3,56)=1.6,
p=0.20) and Phase 3 (treatment: F(1,56)=0.34, past trial: F(3,56)=166.6, p<0.0001,
interaction: F(3,56)=1.532, p=0.22). In phase 2 with 90% reward probability, we found
that gReward for adult male mice in the AL group was significantly higher than gReward
for the FI group (post-hoc Sidak’s: p=0.0093; treatment: F(1,56)=2.373, past trial:
F(3,56)=247.5, p<0.0001, interaction: F(3,56)=3.074, p=0.035).

The obtained regression coefficients g'°*¢"*"® were smaller than gf***"¢ , which

indicated that mice weighed the past rewarded history more than past nonrewarded
history to update and change their choice in the task. In unrewarded trials, adult male
mice in AL group had a small but significantly positive regression coefficient for one trial
back plNorReward in ynrewarded trials in Phase 1 (Fig. 20D, post-hoc Sidak’s: p<0.0001;
treatment: F(1,56)=2.77, p=0.10, past trial: F(3,56)=3.544, p=0.020, interaction:
F(3,56)=12.57, p<0.0001; also Mann-Whitney test: U=6, p=0.0047, median(AL)=
-0.2187, median(F1)=0.3072). This was consistently observed in Phase 2 (post-hoc
Sidak’s: p=0.0004, treatment: F(1,56)=1.797, p=0.19, past trial: F(3,56)=6.983,
p=0.0005, interaction: F(3,56)=7.321, p=0.0003) and Phase 3 (post-hoc Sidak’s:
p<0.0001, treatment: F(1,56)=0.73, p=0.40, past trial: F(3,56)=6.104, p=0.0011,
interaction: F(3,56)=9.822, p<0.0001) with different reward probabilities.
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In female mice, differences in feeding history during the juvenile-adolescent period did
not affect integration of past reward history but did affect sensitivity to probabilistic
reward conditions

We also ran the probabilistic switching task in female mice to test if juvenile-adolescent
feeding history affected the behavioral processes taxed by this task.

In adult female mice, comparing AL and FI groups, we found that there was no
difference in average number of trials to switch in Phase 1 (t(14)=0.2985, p=0.77),
Phase 2 (t(14)=0.3609, p=072), and Phase 3 (t(14)=1.176, p=0.26) (Fig. 21A). When
trial events were aligned to the R-to-L switch trial, fraction of L-choices from 6 trials back
to 6 trials after the switch were compared. Again we found there was no difference in
trials to switch between AL and Fl female groups in all three phases (Fig. 21B, Phase 1.:
treatment: F(1,182)=0.2212, p=0.63, trials relative to switch: F(12,182)=516.9,
p=<0.0001, interaction: F(12,182)=0.3156, p=0.99; Phase 2: treatment:
F(1,182)=0.2323, p=0.63, trials relative to switch: F(12,182)=437.5, p<0.0001,
interaction: F(12,182)=0.2767, p=0.99; Phase 3: treatment: F(1,182)=0.4907, p=0.48,
trials relative to switch: F(12,182)=451.6, p<0.0001, interaction: F(12,182)=0.1949,
p=0.99).

Within AL group females, mice switched faster in Phase 2 (90% probability), compared
to Phase 1 (75% probability) and Phase 3 (65% probability)(Fig. 21C, fraction of L-
choice plotted vs. trials relative to switch separated by phase; phase: F(2,273)=57.4,
p<0.0001, trials relative to switch: F(12,273)=814.8, p<0.0001, interaction:
F(24,273)=4.938, p<0.0001; post-hoc Tukey: phase 1 vs 2: p<0.0001, phase 2 vs 3:
p<0.0001). FI group females exhibited differences in switching time all in three phases
(Fig. 21C, fraction of L-choice plotted vs. trials relative to switch separated by phase;
phase: F(2,293)=40.67, p<0.0001, trials relative to switch: F(12,273)=603.2, p<0.0001,
interaction: F(24,273)=3.946, p<0.0001; post-hoc Tukey: Phase 1 vs 2: p<0.0001,
Phase 1 vs 3: p=0.044, Phase 2 vs 3: p<0.0001).

We further examined the effects of trial by trial history on choice behavior using a
logistic regression model, with beta coefficients for past rewarded and unrewarded trials
and any side bias. We found that adult female mice in the AL and FI groups showed
the similar weight of both rewarded and unrewarded trials in past history. Comparing the

regression coefficients for past rewarded history ,Bfew“rd, adult female

mice in the AL and FI groups had almost identical coefficient values for 1 trial back to 4
trials back in all phases (Fig. 21E, Phase 1: treatment: F(1,56)=0.0278, p=0.87,

past trial: F(3,56)=281.7, p<0.0001, interaction: F(3,56)=0.1127, p=0.95; Phase 2:
treatment: F(1,56)=0.0748, p=0.79, past trial: F(3,56)=348.3, p<0.0001, interaction:
F(3,56)=0.3509, p=0.79; Phase 3: treatment: F(1,56)=1, p=0.32, past trial:
F(3,56)=295.3, p<0.0001, interaction: F(3,56)=0.3727, p=0.77). They also had similar
regression coefficients for past unrewarded trials ,[S’}V"R“"W‘"d between groups in Phase 1
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(Fig. 12E, treatment: F(1,56)=0.2203, p=0.64, past trial: F(3,56)=3.75, p=0.016,
interaction: F(3,56)=0.2403, p=0.8679), Phase 2 (treatment: F(1,56)=0.6815, p=0.41,
past trial: F(3,56)=13.96, p=<0.0001, interaction: F(3,56)=0.8745, p=0.46), and Phase 3
(treatment: F(1,56)=1.209, p=0.28, past trial: F(3,56)=8.9878, p<0.0001, interaction:
F(3,56)=0.1989, p=0.90). Side bias suggested by the intrinsic bias term S, in both
groups in all three phases was also minimal. (Fig. 21E, Phase 1: t(14)=0.0480, p=0.96),
Phase 2: 1(14)=0.2791, p=0.78, Phase 3: 1(14)=0.3378, p=0.74).

60



>

Phase 1: 75% Reward Phase 2: 90% Reward Phase 3: 65% Reward
57 51 5
N N g .(C)
S 41 S 4 g 41
(/;) 3 L4 A (/;) 3 (/;J 3 . %
o B 1 L]
fe) L) A:tf. fe) e o % o w3 '_‘El‘t
n 21 ° — n 21 = = =N » 2- o
I © o* s ©
= 14 = 1 4 = 11
0 r . 0 . . 0 . r
AL Fl AL FI AL FI
B Phase 1: 75% Reward Phase 2: 90% Reward Phase 3: 65% Reward
81 $1.07 81.07
£0. £0.81 20.8
O @) O
50 067 06
3 _. i
c 0. 0.41 0.4
2 S 5
00. 50.21 B
E ; § 80.2
i T T ¥ r r 1 00 T T T T T L T r ¥ T T 1
% 4 2 0 2 4 6 5 4 2 0 2 4 b8 5 7 2 o0 2 i @
Trials relative to switch Trials relative to switch Trials relative to switch
C D
Ad Lib (AL) Food Insecurity (FI)
.81‘0 ) .81'0 ,9_31'0 - AL -
_80,8 — L reward 90% E _80,8 _2048 gzl i
(@] — L reward 75% ! O (@)
% 0.6 L reward 65% E %06 %06
—.4]— Rreward 90%! o4 o4
{ e ' = C
o — Rreward 75%} o o
502 R reward 65% ©0.2 50.2
© : o ©
0.0+ T T v T - " 0.0+ T T v T T 1 0.0 7 T - v v
6 4 2 0 2 4 6 6 -4 2 0 2 4 6 6 4 -2 0 2 4 6
Trials relative to switch Trials relative to switch Action Value

E Phase 1: 75% Reward Phase 2: 90% Reward Phase 3: 65% Reward
49 - AL ;

—FI

39 -« AL (unrewarded)
o R FI (unrewarded)

-4 3 2 -1 0 k
Trials back Trials back Trials back

Figure 21. Adult female mice with different juvenile-adolescent feeding experiences showed
similar performance in the 2-alternative choice probabilistic switching task. A, Adult female mice
in the AL and FI groups did not differ in number of trials to switch in all phases. B, Trial events were
aligned to right(R) to left(L) switch event. AL and FI groups did not differ in fraction of L-choice in all
phases. C, Mice in AL group took fewer trials to fraction of L-choice over 0.5 in Phase 2 compared to
Phase 1 and 3 that were similar. FI group exhibited different fraction of L-choice over trials relative to
switch among Phase 1, 2, and 3. D, Both AL and FI groups centered around action value 0, fraction of
L-choice 0.5. E, There was no difference in regression coefficients for side bias, rewarded history, and
unrewarded history between groups in all three phases. n(AL)=8, n(FI)=8. Error bars represented SEM
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Discussion

In this work, we generated a mouse model of developmental food insecurity to
investigate impacts of juvenile-adolescent feeding history on adult learning and
cognitive flexibility.

In our experiments, we found that in male mice with experience of food insecurity (P21-
40) did not affect adult weight (Fig. 10) or simple discrimination learning (Fig. 11,14) but
did have significant impacts on cognitive flexibility in a foraging task (Fig. 11,14) and
integration of reward history in a probabilistic switching task (Fig. 19,20). Effects on
cognitive flexibility in the foraging task were replicated in a second cohort (Fig. 14). In
female mice, experience of food insecurity (P21-40) significantly affected adult weight
(Fig. 10) but did not have significant impacts on cognitive flexibility and integration of
reward history in adulthood (Fig. 16,21). Finally, in an experiment that altered
experience of food insecurity to a later age P41-60 and testing to P80-90, we did not
see phenotype differences between treatment groups at testing age (Fig. 15). It may
suggest that there may be a sensitive period for effects of feeding or testing on
behavior.

Effects of food insecurity on weight

In human subjects, previous studies have found that developmental and adult food
insecurity is associated with increased weight gains and greater risks of developing
obesity and that this phenomenon is more pronounced and more consistent in females
(Davis et al., 2014; Dinour et al., 2007; Franklin et al., 2012). Comparing the weight
trajectories from all three groups of mice in the food insecurity feeding paradigm (Fig.
8), we observed greater weight gains in mice in the female but not male FI group during
adulthood (Fig. 10). These basic data suggest our rodent model may replicate aspects
of human food insecurity on weight. Future work will be needed to investigate the
biological mechanisms resulting in increased of body weight later in life. Our results are
consistent with the somatic state-based hypothesis from the Predictive Adaptive
Response (PAR) model of ADP that developing individuals specifically alter somatic
state variable such as body weight in response to the developmental input in the
environment (Nettle & Bateson, 2015). From an evolutionary life history perspective, it is
also consistent with the idea that increased body weight after a history of food insecurity
or other harsh circumstances may serve somatic preparedness for reproduction,
especially for females (Ellis et al., 2009; Hochberg & Belsky, 2013; Roff, 2002).
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Feeding history effects on human cognition

Our data are also consistent with literature on human development suggesting that food
insecurity can affect cognition. Experience of food insecurity has been associated with
negative impacts on academic performance and mental health (Aurino et al 2019;
Belachew et al., 2011; Jyoti et al., 2005; Raskind et al., 2019; Winicki & Jemison, 2003).
Studies that specifically isolate food insecurity and the cognitive domain however are
rarer. Aurino et al. (2019) found that chronic food insecurity through development as
well as acute early, and more punctuated episodes of food insecurity in the later juvenile
period impaired academic performance at age 12. Dennison et al. (2019) also found
that people with childhood adversity also had altered reward processing and responses
in a monetary incentive delay task. By controlling for multiple factors, they determined
that these differences were mediated by the experience of food insecurity, but not by
other forms of adversity such as neglect and abuse.

More general studies from early life adversity in humans have also shown that
experience of early life adversity can result in reduced cognitive flexibility (Amitai et al.,
2014; Goodwill et al., 2018; Harms et al., 2018; Hurtubise & Howland, 2017; Wang et
al., 2011). Our mouse model offers a chance to manipulate feeding alone and control
other factors that are confounded with food insecurity in human subjects. Lab mice are
also highly inbred and so they offer the chance to control for nearly identical genetic
factors at the outset of the study and allow us to examine how multiple cognitive
phenotypes may emerge from a single genotype in an experience- and context-
dependent manner (Nettle & Bateson, 2015; Lin et al., in press). This approximates the
incredibly rare situation in human society when it is possible to investigate identical
twins that were reared in different environments.

Beyond the basic observation that feeding history in mice matched for genetic strain,
dam, and housing but differed in cognitive flexibility, what more can we glean from our
data? For this, we turned to finer grained analysis and computational modeling to
examine how the different feeding groups behaved differently in our two tasks. These
analyses can inform mechanisms and also highlight both potential strengths and
weaknesses generated by experience of food insecurity when the testing environment is
matched or mismatched to experienced and predicted environments. There is of course
no guarantee that identical results will be present in human subjects, but these data
may inspire future human subject work.
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In male mice, impacts of juvenile-adolescent feeding experiences on cognitive flexibility
likely emerge due to differences in sensitivity to negative outcomes, reward probability,
and past reward integration

Using reinforcement learning (RL) modeling analyses, we were able to more closely
investigate the trial by trial behavior to examine how learning from rewarded and
unrewarded outcomes contributed to task performance. We found that juvenile-
adolescent feeding history did not affect the learning rate adis in the discrimination
phase as predicted by similar behavioral performance (Fig. 11B,C; Fig. 12B). Yet, they
had significant differences in learning rates, both positive learning rate arevpos (a+)
and negative learning rate arevneg (a—) in the reversal phase (Fig. 12D,E). Especially,
adult male mice had significantly smaller learning rate arevneg (a—) in response to
negative outcomes (Fig. 12E), which suggests that more perseverative errors (choosing
Ol in reversal) in the foraging task (Fig. 11F) resulted from a smaller negative learning
rate (Fig. 12E).

We also observed that there was a significant decrease in the fit inverse temperature
parameters between the discrimination and reversal phases (Bdis, frev) (Fig. 12A,C;
Fig. 17A,C). With higher inverse temperature, the probabilities of choosing a rewarding
action saturate approaching 1 (Averbeck & Costa, 2017), suggesting same actions are
more likely to be repeated and more exploitative. Thus, the average higher inverse
temperature 8 observed in the reversal phase suggests that adult mice (both AL and FI)
employed more exploitative action selection strategy after they learned the task
structure during the discrimination phase. This finding is consistent with Johnson et al.
(2016), in which mice were found to have use more exploitative strategies in reversal
phase of this same foraging task.

In addition to the differences we found in the deterministic 4-choice odor-based foraging
reversal task, we also found the adult male mice with different juvenile-adolescent (P21-
40) feeding experiences showed different sensitivity to probabilistic reward conditions
and integration of past reward history in the probabilistic switching task (Fig. 19,20).

In this switching task, we again found that developmental feeding history affects
cognitive flexibility in males. In these more uncertain and probabilistic task conditions,
however, effects were in a different direction.

First, when comparing across different reward probability conditions (Phase 1 to Phase
3), we found that both male and female mice in the FI groups showed greater sensitivity
to shifts in probability in the three phases of the task compared to AL groups (Fig. 19D

males and Fig. 21C females).

Next, when comparing behavior in different phases between groups, we found that adult
male mice in the FI group switched faster than AL mice in the Phase 1 (75%) and
Phase 3 (65%) reward contingencies but not in the Phase 2 (90%) reward contingency
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(Fig. 19C). These data suggest that mice in the AL and FI group behaved differently
under more uncertain conditions. With logistic regression analysis, we found that there
were significantly different regression coefficients gf¢**"¢ and g"°f¢¥%"< for 1 trial back
between male groups (Fig. 20D). Adult male mice in the FI group had smaller positive
pReward than AL in Phase 2, suggesting the contribution of one-trial-back rewarded
experience to current choice was smaller and that the mice in the FI group have less
tendency to stay with the previous choice when reward was more certain compared to
mice in the AL group. We also observed that adult male mice in the AL group had a
significantly small but positive pN°keward in Phase 1 and Phase 3 whereas mice in the
FI group had negative glVorReward in these two phases. These data illustrate how under
more uncertain conditions (75 and 65% reward probability), adult male mice in the FI
and AL group are weighing and integrating past unrewarded trials differently. This
suggests a different strategy for choice behavior is used in the two groups with different
developmental history.

Why are male and Fl and AL mice showing opposing difference in the two tasks?

In the 4-choice foraging reversal task, adult male mice with juvenile-adolescent
experience of food insecurity showed less flexibility when there are changes in reward
contingencies, driven by reduced learning rate, especially learning rate in response to
negative outcome in reversal phase (Fig. 11,12). However, in the probabilistic switching
task in phases with lower probability of reward, adult male with juvenile-adolescent
experience of food insecurity were more sensitive to phase to phase contingency shifts
(Fig 19,20) and faster to switch after receiving unrewarded and negative outcomes (Fig.
19,20). These results both illustrate that effects of juvenile-adolescent (P21-40) feeding
history may at first seem in conflict. They may be, however, explained by the differences
in the environmental stimuli and context received in the two tasks as well as different
phenotypic adaptation via ADP mechanisms.

The two tasks differ in that one is rewarded by food and the other by water. One takes
only 1 session and often less than 100 trials (after 1 day of shaping) while the other has
1 week of pre-training, multiple sessions are used to record data for each phase, and
each session has hundreds of trials. Finally, and perhaps most importantly, the two
tasks differ in uncertainty, which is known to affect the dopamine system. The odor
based foraging task has 4 choices but the rewarded odor is rewarded 100% of the time
at deterministic reward nature. The probabilistic switching task has three phases with
75%, 90% and 65% reward contingencies.

Our initial idea was that learning and cognitive flexibility would differ between the two
feeding history groups but have similar effects across tasks. However, the contrast in
the data (even with many of the same mice tested in the two tasks), suggests the
different tasks elicit different strategies from the two groups of mice. These data
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support the idea that behavioral strategies used in response to the environment
themselves are developmentally plastic and can vary as function of experiences earlier
in life (Stamps, 2016). This builds on the ADP framework from the evolutionary literature
suggesting in genetically identical mice there are multiple possible phenotypes that are
selected based on developmental experiences (Bateson et al., 2014; Fawcett &
Frankenhuis, 2015; Nettle & Bateson, 2015; Rago et al., 2019). It then adds a layer,
which is also emerging in cognitive neuroscience, that elements like learning rate are
not intrinsic features of a subject alone, but an emergent property of the subject’s
phenotype, developmental stage, and the subject’s best assessment of the most
optimal strategy in the particular task environment (Nussenbaum & Hartley, 2019).

If we want to examine whether mice in the AL or FI group are more efficient, it may be
helpful to consider the idea of “match vs mismatch.” It has been suggested that when
the developmentally predicted and actual environment are not the same, there will be
mismatch in individual’s programmed behavioral strategies (Bateson et al., 2014;
Frankenhuis & de Weerth, 2013; Lea et al., 2017; Nettle & Bateson, 2015; E. Snell-
Rood & C. Snell-Rood, 2020). Using the “match vs mismatch” hypothesis as a guide,
we might assume the mice growing up with ad libitum experience during the juvenile-
adolescent period will be tuned to ‘succeed’ and “adaptive” in a deterministic
environment while mice with insecure feeding experience are tuned to ‘succeed’ and
“adaptive” in a more uncertain or probabilistic environment. This may explain why the
AL group males showed greater flexibility in the deterministic foraging task and the Fl
group males showed greater flexibility in the probabilistic switching task. It does not
however explain why these changes were largely absent in females and why
performance differences were limited to aspects of flexibility but not learning. More tests
in different task conditions and studies focus on variables might lead to sex difference
will be required to determine if and why different cognitive and behavioral phenotypes
resulted from different feeding experience is only observed in the males.

The possibility of a sensitive period for the impacts of developmental experience of food
insecurity

A final consideration we can address with our data is the timing of food insecurity. We
performed one experiment in males which shifted the timing of the feeding manipulation
to a later time in development P41-60 (Fig. 9,15). When we shifted the timeframe of
food insecurity feeding paradigm to P41-60 and tested mice in the foraging task at P80-
90, we found there was no difference in performance across all behavioral measures in
the discrimination and reversal phase (Fig. 15). These data suggest that the impacts of
past feeding history on cognitive function wane with age. This could be due to sensitive
period for exposure or testing. We favor the hypothesis that P21-40 is a sensitive
period for cognitive development. Other studies have identified this period in mice as
more sensitive to experience than later periods in development (Makinodan et al., 2012;
Murray & Chen, 2019; Yohn & Blendy, 2017). Other studies also found that the
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interacting neural circuits and brain areas supporting reversal learning, such as
dorsomedial prefrontal cortex, striatum, cortical-striatal circuits, and dopamine systems
are still undergoing refinement and have protracted development in this juvenile
adolescent period (Boivin et al., 2018; Delevich et al., 2020; Johnson et al., 2016;
Klanker et al., 2013; Krajeski et al., 2019; Mastwal et al., 2014; Matthews et al., 2013,
Naneix et al. 2012; Pattwell et al., 2016). Feeding experience may particularly modulate
these systems more heavily during P21-40 period due to greater neurobiological
plasticity at this time (Chapter 1; Lin et al., in press; Murray & Chen, 2019). In next
chapter (Chapter 4), we will focus on the impacts of juvenile-adolescent feeding history
on neurobiology.

Studies of feeding manipulations in rodents have focused on addiction and
hippocampus-dependent learning and memory but not cognitive functions and not
examined at later stages of development

There is a large existing literature that strongly supports the idea that food and feeding
manipulations in rodents can strongly impact brain and behavior. However, there is a
gap in understanding feeding effects on the juvenile and adolescent development. In
adult rodents, there are multiple animal studies in rodents focusing on investigating the
effects of acute or chronic food restriction on learning and behavioral changes as well
as the neuroadaptations in dopaminergic activities in several brain areas. Acute food
restriction has been found to enhance fear conditioning (Riddle et al., 2013), promote
relapse to drug seeking (Maric et al., 2011; Reiner et al., 2019; Shalev et al., 2000) and
alter dopamine neuron activity and dopamine release (Branch et al., 2013; Roseberry
2015). Chronic food restriction has been found to decrease memory in spatial and novel
object recognition tests (Carlini et al., 2008; Fu et al., 2017), enhance later binge eating
(Car, 2011; Davis & Carter, 2009), and augment the effect of drug abuse such as
greater dopaminergic response, increased chances of relapse, and increased drug
conditioned place preference (Carr, 2007, 2011; D’Cunha et al., 2013; Sevak et al.,
2008; Zheng et al., 2012).

Previous studies in rats show that learning about food availability during adulthood
under different satiation state (i.e. hunger or sated) with uncertainty makes rats have
different food consumption patterns and the responsivity to the cues signaling the
presentation and delivery of the food reward (Galarce & Holland 2009). The cue
previously signaling interruption of meals or food scarcity was found to potential later
food consumption (Galarce & Holland, 2009). Other studies found that irregular feeding
schedules were more likely to elicit binge eating in adult rats (Corwin et al., 2011) and
that intermittent eating schedules could alter feeding, metabolism, mood regulations,
and anxiety related behaviors (Murphy & Mercer, 2014).

67



Literature studying impacts of high-fat or high-sugar diet has accumulating evidence
that high-fat/high-sugar feeding experience occurred early in life, especially
adolescence period, had more profound effects on later hippocampus-dependent
functions (Del Olmo & Gayo, 2018; Del Rio et al., 2016; Khazen et al., 2019; first
systematic reviewed by Murry & Chen, 2019). Murry and Chen (2019) reported that
majority of study, 7 out 8 studies, showed the high-fat diet exposure starting from
adolescence was associated with diet-induced memory performance.

However, these studies illustrated that different feeding experiences can result in
different phenotypes mainly in metabolism, hippocampal-dependent learning and
memory, vulnerability and drug seeking behavior. How history of juvenile adolescent
feeding experience, especially instability of food resources, affects adult behavior in
flexible updating and reward integration that contribute to many goal-directed behaviors
has not been examined. This is an important question given the increasing prevalence
of food insecurity in the USA and worldwide, particularly in 2020. Our data added an
important piece to the literature studying different feeding experiences and early life
adversity when food insecurity is considered as a form of adversity.

Conclusion and public health relevance

Our results suggest that experience of food insecurity during juvenile-adolescent period,
which is parallel to human childhood and peripubertal period, has impacts on cognitive
flexibility, reward integration, and updating in adult male mice. These data are
consistent with associations in human subjects between food insecurity and negative
mental health, substance abuse, and academic outcomes and may explain some of the
pathways that lead to these negative outcomes. However, our data also suggest there
are behavioral strengths that can also emerge from an experience of food insecurity in
specific contexts. Our study in mouse models in which we can isolate feeding as a
variable should inform public health decision making. Our data suggest that feeding
history in the juvenile-adolescent period can significantly impact adult weight and
behavioral functions. These data suggest prioritization of school feeding programs
should be sought not only to ameliorate hunger itself, but also to ameliorate obesity and
support adult cognitive function.
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Chapter 4

Different feeding experience during the juvenile-adolescent period
alters VTA dopaminergic neurons and striatal dopamine release

Introduction

Developmental experience of food insecurity is associated with multiple negative
physical and mental health outcomes, including obesity, substance use disorders, and
reduced academic performance (Althoff et al., 2016; Aurino et al., 2019; Franklin et al.,
2012; Ke & Ford-Jones, 2015). From an evolutionary perspective, experience of scarcity
in the food supply is likely to a common problem faced by wild organisms. Therefore,
adaptations may have evolved to adjust the brain and behavior in response to this food
uncertainty and scarcity experience (Bateson et al., 2014; Fawett & Frankenhuis, 2015;
Lin et al., in press). Here, we describe experiments investigating how differences in
juvenile-adolescent feeding experience affect the mesolimbic and nigrostriatal
dopamine (DA) systems which support learning, reward integration and flexible
updating.

The mesolimbic DA system comprises neurons that project from the ventral tegmental
area (VTA) to the ventral striatum including the nucleus accumbens of the striatum
(NAc). The nigrostriatal DA system comprises neurons that project from the substantia
nigra pars compacta to the dorsal striatum. We initially focused on the mesolimbic DA
system because mesolimbic DA neurons are known to play a role in reward prediction
errors, cue-associative and reinforcement learning, reward seeking and motivated
behaviors, and decision-making (Hamid et al., 2016; Salamone & Correa, 2012;
Saunders et al., 2018; Schultz, 2016; Watabe-Uchida et al,. 2017). As a target of
mesolimbic DA projections, the NAc core was found to be important for cue-associative
learning (Ambroggi et al., 2011; Floresco et al., 2008; Lex & Hauber, 2010) and
signaling the receipti of an unexpected and/or expected food reward (Brown et al.,
2011; Biesdorf et al., 2015). Prediction errors are thought to be signaled by increases
and decreases in DA neuron firing in response to outcomes that are better or less than
expected (Schultz, 2016; Schultz et al., 1997; Steinberg et al., 2013; Watabe-Uchida et
al., 2017).

We hypothesized that differences in the function of mesolimbic DA neurons that project
to the NAc may be responsible for differences in learning from negative outcomes and
differences in reward integration in AL and FI males discussed in the previous chapter
(Chapter 3). We also hypothesized that DA neurons that support learning, cognitive
flexibility and reward integration may be particularly susceptible to changes in feeding
experience and in particular food insecurity because they are known to both modulate
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their firing rate in response to feeding/satiety state (Branch et al., 2013; van den Plasse
et al., 2015) and to respond to uncertainty in the environment (de Lafuente & Romo,
2011; Fiorillo et al., 2003; Tennyson et al., 2018).

In addition, the DA system shows protracted development and changes into
adolescence or early adulthood (Matthews et al., 2013; McCutcheon et al., 2012;
Sinclair et al., 2014; Wahlstrom et al, 2010). For instance, DA neurons alter their firing
rate in an inverted-U-shaped manner, with the firing rate peaking shortly after P40
(McCutcheon et al., 2012). DA receptor expression peaks during the transition from the
juvenile to adolescent period (P28-42), around the time of puberty onset, and varies by
brain regions depending on specific subtypes of receptor (Wahlstrom et al., 2010).
Striatal DA release and total level of striatal DA increases during the juvenile period
(Lieberman et al., 2018; Matthews et al., 2013; Stamford, 1989). These developmental
neurobiological changes overlap with the juvenile-adolescent period in which we
manipulated feeding history. Therefore, we hypothesized that juvenile-adolescent
feeding history may interact with the protracted development of the DA system, thereby
sculpting its development and exerting effects on its adult function (See the working
model in Chapter 1).

Here, we focused on investigating the impacts of different juvenile-adolescent (P21-40)
developmental feeding experiences on DA systems in adult (P61-70) male mice. We
first examined the properties and plasticity of the DA projections from the VTA to NAc
core. We then examined DA release in the NAc core and expanding the sampling
subregions over ventral and dorsal striatum, which are together thought to play a pivotal
role in learning, action selection, and decision making (Burton et al., 2015; Cox & Witten
et al., 2019; Hong & Hikosaka, 2011; Kim et al., 2007, 2009; Macpherson et al., 2014;
Shin et al., 2018)

We found that different developmental feeding experiences — ad libitum (AL) or food
insecurity (FI) — affect neuroplasticity of NAc-core projecting VTA DA neurons in terms
of ratio of AMPA/NMDA receptor (R)-mediated excitatory postsynaptic currents
(EPSCs). In addition, we found that in vitro electrically evoked DA release in the
dorsolateral striatum (DLS) and the ratio of 4-pulse over single pulse (4p/1p) stimulation
evoked DA release in dorsomedial striatum (DMS) differed between developmental
feeding experiences. Together, our results suggest that different feeding experiences
during juvenile-adolescent development period can affect the function of the adult
mesolimbic and nigrostriatal DA systems that are thought to support learning, cognitive
flexibility, and decision making. We discuss how this may inform issues in public health
but also consider the possibility that these changes reflect an adaptive plasticity to
abundance and scarcity in the developmental environment.
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Methods
Animals

The wildtype C57BL/6 mice line were originally obtained from Taconic Biosciences, Inc.
and bred at the animal facility of University of California, Berkeley. We chose to use
Taconic mice (C57BL/6NJ) because they do not have a mutation in the metabolism
relevant nuclear-encoded mitochondrial protein Nnt gene, unlike C57BL/6J mice from
Jackson Laboratory (Toye et al., 2005). Nicholson et al. (2010) found that the C57BL/6J
mice with Nnt mutation had higher non-fasting level of glucose in plasma and more
severe glucose intolerance compared to C57BL/6NJ. Mice were housed on a 12h/12h
reverse light-dark cycle (lights off at 10 AM). Mice were weaned and individually housed
at P21 and then treated with always ad lib feeding or a food insecurity paradigm for 20
days, described in the following section (Fig. 22). Teklad Global 18% Protein Rodent
Diet 2918 (Envigo) was used as the standard diet. All animals received nesting
materials and water ad libitum in their home cages. Brains were all harvested during the
animals’ dark phase period. All procedures were approved by the UC Berkeley Animal
Care and Use Committees.

Food insecurity versus Ad libitum feeding paradigm

Male mice were weaned, individually housed, and assigned into 2 different groups at
P21. Mice in Ad libitum (AL) group had free access to standard rodent chow from P21 to
P40, while mice in the Food Insecurity (FI) group experienced food restriction from P21
to P40 at level of 85% average weights of mice in the AL group for 20 days. Mice in the
FI group had the same baseline amount of food every two days during these 20 days
with alternating dayl-day?2 ratios (100%-0%, 90%-10%, 80%-20%) (Fig. 22B). All mice
were weighed every two days from P21-P60 to track their weights and growth. Weights
were used to determine the actual food amount given to mice in the FI group every two
days. The baseline feeding amount for each day is shown (Fig. 22C). Together, mice in
the FI group experienced uncertainty and unpredictability of food access each day while
maintaining on average 85% weights in the AL group over the 20-day food insecurity
feeding paradigm period. At P41, all mice in the FI group began to receive food ad
libitum as mice in the AL group (Fig. 22), and thereafter experiences were matched
between groups. Nesting materials and water were always provided and freely available
in their homecages. All neurobiological experiments were performed after P60 (Fig.
22A).
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Figure 22. Food insecurity feeding paradigm and neurobiological experimental timeline. A,
Single-housed mice were assigned to 2 different groups, Ad lib (AL) and Food Insecurity (FI) at P21.
Adult mice after P60 were used in experiments for neurobiological activities. B,C, FI mice
experienced a 20-day food restriction feeding paradigm from P21-40, controlling their weights to be
80-90% of AL mice. FI mice received the same baseline amount of the standard rodent diet every two
days in alternating ratios. The day 1: day 2 ratio is specified in the table. B,C, The figure shown in the
baseline feeding amount for each group. Starting at P41, FI mice returned to food ad libitum. AL mice
always had free access to food. All groups of mice received water ad libitum.

Retrograde labeling of DA neurons and electrophysiology*

Male mice in AL and FI groups were unilaterally injected with red retrobeads (100 nl;
LumaFluor Inc.) into NAc core (bregma +1.1 mm, lateral 1.4 mm, ventral -4.4 mm from
skull) 2 days before electrophysiology experiments at P61-70 (Fig. 23A).

Mice were deeply anaesthetized with pentobarbital (200 mg/kg i.p.; Vortech). After
intracardial perfusion with ice-cold artificial cerebrospinal fluid (ACSF), 200 um coronal
midbrain slices were prepared. ACSF solutions contained in mM: 2.5 glucose, 50
sucrose, 125 NacCl, 2.5 KCI, 25 NaHCOs, 1.25 NaH2PO4, 0.1 CaClz, and 4.9 MgCl2, and
oxygenated with 95% O2/ 5% CO:2. After 90 minutes of recovery, slices were transferred
to a recording chamber and perfused continuously with oxygenated ACSF containing in
mM: 11 glucose, 125 NacCl, 2.5 KCI, 25 NaHCOs3,1.25 NaH2PO4, 1.3 MgClz, and 2.5
CaClz. Patch pipettes (3.8-4.4 MQ) were pulled from borosilicate glass (G150TF-4;
Warner Instruments) and filled with internal solution containing in mM: 117 CsCHsSOs,
20 HEPES, 0.4 EGTA, 2.8 NaCl, 5 TEA, 4 MgATP, 0.3 NaGTP, 5 QX314, and 0.1
Spermine, pH7.3 (270-285 mOsm). D-APS5 (50 uM) was applied to block NMDA
receptors.

4 Data collected using electrophysiology was facilitated by a collaboration with Christine Liu in the
Stephan Lammel’s Lab at UC Berkeley. | prepared the mice and Christine Liu performed the whole cell
patch recordings.
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Electrophysiological recordings were made at ~ 30-32° C using a MultiClamp700B
amplifier and acquired using a Digidata 1440A/1550 digitizer, sampled at 10kHz, and
filtered at 2 kHz. All data acquisition was performed using pCLAMP software (Molecular
Devices). Labeled DA neurons were identified by retrobead labeling. A concentric
bipolar stimulating electrode was placed 100-300 um lateral to the recording electrode,
controlled by an ISO-Flex stimulus isolator (A.M.P.I) (Fig. 23A). AMPAR/NMDAR ratio
at +40 mV was calculated from values obtained from average of excitatory postsynaptic
currents (EPSCs) before and after application of D-AP5, where NMDAR EPSCs were
calculated by the subtraction of average EPSC with D-AP5 from average EPSC without
D-AP5 (Lammel et al., 2011). Rectification index (RI) was calculated by plotting average
EPSCs at -70, -50, 0, +20, and +40 mV and taking the ratio of the slopes between
currents (1) at different potentials (V) by the formula shown below (Egn. 6)(Adesnik &
Nicoll, 2007; Panicker et al., 2008).

RI = {M} X Z (Equation 6)

Fast scan cyclic voltammetry (FSCV) and electrical stimulation®

DA release was monitored using FSCV in acute coronal slices containing striatum
(Threlfell et al., 2012; Kosillo et al., 2019). Separate cohort of male mice in AL and Fl
groups at P61-70 were anesthetized with isoflurane and decapitated. Following
decapitation, the brain was removed. Coronal slices with 275 pm thickness were cut on
a vibratome (Leica VT1000S) in ice-cold high Mg?* ACSF containing in mM: 85 NacCl,
25 NaHCOg, 2.5 KClI, 1.25 NaH2PO4, 0.5 CaClz, 7 MgClz, 10 glucose, 65 sucrose,
oxygenated with 95% 02/5% CO:. Slices between +1.5 mm and +0.5 mm from bregma
containing dorsal striatum (DS) and nucleus accumbens (NAc) were used for
experimentation (Paxinos & Franklin, 2008). Slices were then placed in ACSF
containing in mM: 130 NaCl, 25 NaHCOs, 2.5 KClI, 1.25 NaH2PO4, 2 CaClz, 2 MgClz, 10
glucose at room temperature during 1 hour recovery and at 32° C in recording chamber.
Striatal dopamine (DA) release following electrical stimulation with a bipolar concentric
stimulating electrode (2 ms, 600 pA) was monitored with fast cyclic voltammetry (FCV)
at carbon-fiber microelectrodes (CFMs) using Millar voltammeter (Julian Millar, Barts,
and the London School of Medicine and Dentistry). CFMs were fabricated from epoxy-
free carbon fiber 7-8 um in diameter (Goodfellow Cambridge Ltd) enclosed in glass
capillary and cut to final tip length of 50 — 100 um. Electrical stimulation was controlled
by a Master-8 pulse simulator or Isoflex stimulus isolator (A.M.P.l.) that was delivered
out of phase with voltammetric scans. A triangular waveform was applied to CFMs
scanning from -0.7V to +1.3V and back, against Ag/AgCl reference electrode at a rate of
800 VI/s.

5Data collected using FSCV was facilitated by a collaboration with Dr. Polina Kosillo in the lab of Helen
Bateup at UC Berkeley. | prepared the mice and Dr. Kosillo performed the recordings.
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CFMs were approximately 100 um away from the stimulating electrode. Evoked DA
transients were sampled at 8 Hz, and data were acquired to 50 kHz using AxoScope
10.2 (Molecular Devices). Recorded FCV signals were identified as DA by comparing
oxidation (+0.6V) and reduction (-0.2V) potential peaks from experimental
voltammograms with currents recorded during calibration with 2 uM DA dissolved in
experimental media ACSF.

Electrical stimulation was delivered in the following sequence: single pulse, pulse train
of 4 pulses at 100 Hz, and single pulse. Each pulse or pulse train was delivered 2.5
minutes apart. Slices from different treatment slices were recorded with the same CFMs
for every treatment pair. There were two release events per recording site per slice for
single-pulse data, while 4-pulse data consisted of one release event per recording site
per slice. Sampling subregions (Fig. 24A) included dorsomedial striatum (DMS),
dorsocentral striatum (DCS), dorsolateral striatum (DLS), central striatum (CS),
ventrolateral striatum (VLS), ventromedial striatum (VMS), and nucleus accumbens core
(NAc). Two recording sites within the NAc core were averaged together for analysis.
FSCV data were first processed using the AxoScope 10.2 software and analyzed using
excel and GraphPad Prism. Peak-evoked DA release levels were compared.

Statistical analysis

Values are reported as mean (M) + standard error of mean (SEM). Data were analyzed
using two-tailed t-tests or ANOVAs with post-hoc analysis. GraphPad Prism 7 was used
for statistical analysis.

Results

Differences in feeding history during the juvenile-adolescent period (P21-40) affected
AMPAR/NMDAR mediated EPSCs ratio onto mesolimbic VTA DA neurons

To understand if differences in feeding during the juvenile-adolescent period affect
activities of DA neurons that may contribute to differences observed in behaviors in
adulthood (P61-70) (Fig. 11,12,19,20), we first investigated the neuroplasticity of DA
neurons in the midbrain slices of adult (P60-70) male mice from AL and FI groups. We
unilaterally injected retrobeads into NAc core and measured the EPSCs in response to
electrical stimulation (Fig. 23A,B). We then calculated the ratio of AMPAR-mediated
EPSCs to NMDAR-mediated EPSCs at +40 mV, which is a common property of
synaptic plasticity (Kauer & Malenka, 2007).

The electrically evoked EPSCs revealed that the AMPAR/NMDAR ratio from the Fi
group (0.335+0.045, n=10) was significantly smaller compared to the ratio from the AL
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group (0.523+£0.051, n=11) (Fig. 23C, t(19)=2.721, p=0.014). There was a lower but not
significantly different average AMPAR-mediated EPSCs from the FI group compared to
the values from AL group (Fig. 23D, AL: 142.7+£37.22 pA, Fl: 77.96+£15.81 pA;
t(19)=1.545, p=0.14), while the average NMDAR-mediated EPSCs from both groups
were similar (Fig. 23E, AL: 251.6x47.77 pA, Fl: 252.9+48.56 pA; t(19)=0.019, p=0.99).
We also examined the current (1)-voltage (V) relationship (Fig. 23F) and calculated the
rectification index (Egn. 6) to see if there was difference in the composition of AMPA
receptors, especially the presence of GluR2-lacking AMPA receptors (Liu & Cull-Candy,
2002; Panicker et al., 2007). The rectification index was not significantly different
between the two groups (Fig. 23G, AL: 2.12+0.42, n=9, FI: 1.64+0.27, n=9;
t(16)=0.9775, p=0.34). We also did not find a significant difference in the paired-pulse
ratios in 50-ms interval (AL: 1.14+0.12, n=10, FI:1.11+0.18, n=8), 100-ms interval
(AL:1.10£0.08, n=11, FI:0.95+0.09, n=9), and 200-ms interval (AL: 0.93+0.04, n=10, FI:
0.89%0.08, n=8) between the two groups (Fig. 23H,I: treatment: F(1,50)=0.7816,
p=0.38, paired pulse interval: F(2,50)=2.184, p=0.12, interaction: F(2,50)=0.2118,
p=0.81).
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Figure 23. In adult male mice, differences in juvenile-adolescent feeding history affected
AMPAR/NMDAR-mediated EPSCs in mesolimbic DA neurons. A, Retrobeads were injected in
NAc and electrophysiological recording at VTA in midbrain slices. Electrical evoked EPSCs were
recorded. B, Example EPSC traces with before and after application of D-AP5 and calculation of
NMDAR-mediated EPSC were presented. Scale bars were presented. C-E, Electrically evoked ratios
of AMPAR/NMDAR mediated EPSC were on average smaller in the slices obtained from adult (P61-
70) male mice with juvenile-adolescent food insecurity feeding history. n(AL)=11, n(FI)=10. F,G,
AMPAR-EPSC I-V relationship curve. Rectification Index was calculated using Eqn. 6. There was no
significantly different rectification index between the AL(n=9) and FI (n=9) groups. H,l, Paired-pulse
ratios were similar between groups in 50-ms interval (n(AL)=10, n(F1)=8), 100-ms interval (n(AL)=11,
n(F)=9), and 200-ms interval (n(AL)=10, n(FI)=9). *p<0.05. Error bars represented SEM.
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Differences in feeding history during the juvenile-adolescent period affected evoked DA
release in the dorsal striatum nigrostriatal system

In addition to examine neuroplasticity and basal properties of VTA DA neurons, we also
investigated DA release across the NAc core and striatum, including total 7 subregions
(Fig. 24A). We found that single-pulse electrically evoked peak DA concentration [DA]o
in the DLS was significantly lower from the FI group (in uM: 0.71+0.08) compared to the
AL group (1.05+0.09)(Fig. 24B, t(19)=4.307, p=0.0004, paired two-tailed t-test). Single-
pulse evoked peak DA concentrations between the AL and FI group were similar in
DMS (1(19)=0.6852, p=0.50), DCS(t(18)=0.5364, p=0.60), CS(1(19)=1.272, p=0.22),
VLS(1(16)=1.358, p=0.19), VMS(t(19)=0.7658, p=0.45), and NAc core (p=0.21, two-
tailed Wilcoxon matched-pairs signed rank task). Using one-way ANOVA analysis with
post-hoc tests (Tukey’s and Dunnett’s multiple comparison tests) within each group, we
found that single-pulse evoked peak [DA]o was highest in VLS compared to all other 6
sampled regions in both AL (F(6,142)=11.72, p<0.0001) and FI group (F(6,142)=6.495,
p<0.0001). We found that 4-pulse 100Hz evoked peak [DA]o was significantly lower in
the DLS of the FI group (in uM: 1.35+£0.19) compared to the AL group (1.81+0.26,
t(9)=2.432, p=0.038), but not in other regions (Fig. 24C). We further calculated and
compared the ratio of peak DA release between 4-pulse 100Hz train and single pulse
stimulation. The 4p/1p ratio was significantly higher in the DMS from the AL (n=5 mice)
group than from the FI (n=5 mice) group (Fig. 24D, AL: 1.68+0.10, FI:1.38+0.02,
t(4)=2.814, p=0.04, paired two-tailed t-test), suggesting that the release probability of
DA upon first stimulus event may be higher in the DMS of the FI group or the total
storage pool of DA content available for release may be greater in the DMS of the AL

group .
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Figure 24. In adult male mice, differences in juvenile-adolescent feeding history affected
evoked striatal dopamine release in the dorsolateral striatum. A, Peak DA release [DA]o verse
time evoked from 7 different subregions of striatum by a single pulse electrical stimulus. Traces were
an average of 17-32 transients per site from 5 mice per treatment group. Inset, the typical cyclic
voltammograms show characteristic DA waveforms. B, Peak [DA]o by a single pulse stimulation per
subregion. N= 17-32 transients per site from 5 mice per treatment group. Evoked peak [DA]o was
significantly lower in the DLS from the FI group. C, Peak [DA]o by a 4-pulse train 100Hz stimulation
per subregion. N= 9-16 transients per site from 5 mice per treatment group. Peak [DA]o was
significantly lower in the DLS from the FI group. D, Ratio of peak [DA]o evoked by a 4-pulse train to
single-pulse stimulation per subregion. N= 5 mice per treatment group. The 4p/1p ratio was
significantly lower in the DMS in the FI group, compared to AL group. Detailed single-pulse and 4-
pulse peak [DA]o per region per animal see Fig. 25. Paired two-tailed t-tested used for DA release
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Figure 25. Different juvenile-adolescent feeding experiences affected striatal dopamine release
differentially in adult male mice. A-G, Electrically evoked DA release was significantly different in
DLS, while 4p/1p evoked DA release ratio was significantly different in DMS. FSCV 2-5 transient DA
release signals were averaged for each data point. Each data point represented one animal. The 1p
and 4p data for the same animal were connected with dotted lines. Electrical stimulation was delivered
in the following sequence: single pulse, pulse train of 4 pulses at 100 Hz, and single pulse. The

evoked DA release data from 1p and 4p stimulation were plotted against the left y-axis. The 4p/1p

ratio data were plotted against the right y-axis. Paired two-tailed t-test were used for analysis.
*p<0.05, Error bars represented SEM.
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Discussion

The adaptive developmental plasticity (ADP) framework posits that organisms can
express different phenotypes and behavioral patterns through modulations of neural
circuits in response to environmental challenges to confer greater advantages and
survival chances. We found that different juvenile-adolescent feeding experiences did
affect the neurobiological properties of the mesolimbic and nigrostriatal DA system. We
initially focused on the mesolimbic system because these neurons are known to play a
role in reinforcement and reward prediction errors and may be responsible for different
cognitive and behavioral phenotypes found in the adult male mice in the AL and FI
groups described in Chapter 3. We found that VTA DA neurons that project to the NAc
had smaller AMPAR/NMDAR-mediated EPSCs ratios in the FI conditions, suggesting
that inputs onto these VTA DA neurons in the mice from the AL and FI groups were
different. We next investigated evoked DA release in the striatum to test if regulation of
DA release at the presynaptic level was also altered. There we found only a trend level
difference in the two feeding history groups in the NAc region. However, we also
uncovered a difference in evoked DA release in the DLS. These data illustrate that
juvenile adolescent feeding experience can significantly influence the neurobiology of
multiple regions of the DA system in adulthood.

Interactions between feeding experiences and developmental trajectory of
neuroplasticity of DA neurons

Many studies have implicated VTA DA neuron firing in signaling reward prediction error
(Glimcher, 2011; Schultz, 2016; Schultz et al., 1997) and reward probability and
uncertainty in reinforcement learning (Fiorillo et al., 2003). Studies have found that VTA
DA neurons encode subjective perceived reward and uncertainty associated with
reward probabilities in a probabilistic environment (de Lafuente & Romo, 2011;
Tennyson et al., 2018) but also uncertainty about threat and fear (Jo et al., 2018).
Experience of food insecurity with fluctuating natural food reward probabilities and
uncertainty may affect the inputs and synaptic plasticity into VTA DA neurons that
encode these properties.

To understand how different developmental (P21-40) feeding experiences between ad
libitum (AL) and food insecurity (FI) feeding on DA neurotransmission, we performed
electrophysiological recording with electrical stimulation in slices containing VTA from
adult (P60-70) male mice. We measured AMPAR/NMDAR-mediated EPSCs ratio in
NAc-core projecting VTA DA neurons and found that it was significantly smaller in the
brain slices of adult male mice with P21-40 FI experience that did not undergo
behavioral training (Fig. 23C), suggesting there was a difference in VTA DA neuron
synaptic plasticity with different feeding experiences. We also found there was no
difference in average NMDAR-mediated EPSCs and rectification index (Fig. 23E-G)
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which indicated there was no difference in calcium-permeable GluA2 lacking AMPAR
(Liu & Cull-Candy, 2002; Panicker et al., 2007), but found that there was on average
smaller but not significant AMPAR-mediated EPSCs in the brain slices of adult male
mice with P21-40 FI experience (Fig. 23D). These data are consistent with another
study that found that adult rats had smaller AMPAR-mediated EPSCs at -70 mV after
food restriction for three to four weeks, compared to Ad lib animals (Pan et al., 2011).
However, Pan et al. (2011) also found approximately 50 percentage decrease in
NMDAR-mediated and/or AMPAR-mediated EPSCs at +40 mV in the rats immediately
following chronic food restriction. In development studies, it has been shown that
AMPAR-mediated EPSCs increase in amplitude between adolescence and adulthood in
rats, with lower frequencies and amplitude during adolescence (McCutcheon et al.,
2012). Our study adds to these data by showing that feeding related differences in
glutamatergic function in VTA DA neurons can persist after a 20-day recovery from the
feeding treatment. Further work would need to be done to test if this is the case when
the manipulation is performed in adulthood. Behavioral data in Chapter 3 suggest
effects of the manipulation may wane with age.

Our results together with these findings suggest that the observed changes in synaptic
plasticity in terms of AMPAR/NMDAR ratio onto VTA DA neurons may result from the
interaction of effects of feeding experiences and developmental changes in DA
systems. It is possible that, on average, there was lower expression of GluA2-containing
AMPAR but similar composition of GIuA2 lacking AMPAR expression on VTA DA
neurons in adult male mice with FI feeding experience, resulting in smaller
AMPAR/NMDAR ratio but consistent rectification index. Or alternatively, male mice with
P21-40 FI experience may not exhibit a typical developmental increase in AMPAR-
mediated EPSC amplitude, maintaining lower AMPAR-mediated EPSC into adulthood.
Further studies would be needed to test these possibilities.

Different feeding experiences affect DA release in the striatum

Food and feeding experience in adult animals have also been found to affect DA
release at axonal terminals in both ventral and dorsal striatum (Avena et al., 2008,
2013; Bassareo & Di Chiara, 1999; Brown et al., 2011; Pothos et al., 1995). Therefore,
we also prepared slices of the striatum to investigate effects of feeding experience on
DA release at this site. To measure DA release at the terminals, we performed fast-scan
cyclic voltammetry (FSCV) and examined the electrically evoked DA release across
ventral and dorsal striatum, with total 7 striatal regions (Fig. 24A).

Our initial focus was on the NAc region, where we saw a trend toward greater DA
release in the FI group compared to AL, but this was not statistically significant. In this
brain slice preparation, we were fortunately able to sample other regions of the striatum
and found that changes in evoked dopamine release occurred in other locations. We
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found that there were group differences in DA release in the DLS, with FI mice showing
lower DA release than AL mice both at 4p and 1p stimulation rates. We also found that
there was a smaller ratio of 4-pulse 100Hz train over single pulse (4p/1p) evoked peak
[DA]o in the DMS from the FI group, compared to the AL group (Fig. 24D). Differences
in the 4p/1p [DA]o ratio in DMS could possibly result from different release probabilities
of DA upon first event or total amount of DA content ready for release. However, we did
not observe significant differences in 1p evoked [DA]o nor 4p 100Hz evoked [DA]o in the
DMS (Fig. 24B,C; Fig. 25A). These results suggest that the observation of smaller
4p/1p [DA]oin DMS may result from a combination of both mechanisms.

Based on our behavioral results (Chapter 3), we predicted we would find significant
differences in evoked DA in the NAc, but instead we found that FI treatment reduced DA
in the DLS. Lack of a difference in the NAc may be consistent with other studies
showing no effect of scarcity or restricted feeding on DA release in the NAc (Pothos et
al., 1995; Stuber et al., 2002). Studies focusing on the diet-induced-obesity (DIO) or
drug abuse also show decreased or blunted striatal DA response in treatment groups
(Burke & Small, 2016; Geiger et al., 2009) which may be relevant to our DLS finding. It
is also consistent with a previous study founding that DA release in DLS is more
sensitive to different feeding experiences compared to DMS (Fritz et al., 2018). Each
striatal region is thought to contribute to learning, action selection and flexible updating
in different ways. Our data suggest effects on the DA system are not focal to a specific
circuit.

In both treatment groups (AL and FI), we found that 1p evoked [DA]o was significantly
higher in the VLS compared to other sampling subregions (Fig. 24B; Fig. 25E). This
finding is inconsistent with previous studies that have demonstrated that there is a
gradient from ventral to dorsal striatum in DA release with more of evoked DA release in
dorsal striatum (Calipari et al., 2012; Cragg et al., 2002). These data may reflect only a
strain difference, or they potentially reflect an effect of individual housing that is present
in all our groups. Studies have showed that levels of DA in the ventral striatum are
modulated by experience of stress (Abercrombie et al., 1989; Anstrom et al., 2009;
Valenti et al., 2011). A recent study specifically examining DA release in VMS and VLS
found that stress experience selectively augmented the reward-evoked DA release in
VLS but not in VMS (Stelly et al., 2020).

Experience-dependent modulation of DA system may contribute to differential learning,
cognitive flexibility, and integration through adaptive developmental mechanisms

Together, we found that different juvenile-adolescent (P21-40) developmental food
insecurity (FI) feeding experiences modulated the DA system differentially and that the
effects were long-lasting enough to be observable in adulthood (Fig. 23-25). Adult (P60-
70) male mice with P21-40 FI experience were found to have reduced AMPAR/NMDAR-
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mediated EPSC ratio in VTA DA neurons and electrically evoked DA release in dorsal
striatum (Fig. 23,24), and in a separate cohort of mice, adult (P60-70) male mice with
P21-40 FI experience exhibited less cognitive flexibility and reward integration (Chapter
3, Fig. 11,12,19,20). These neurobiological and behavioral data together suggest that
differences in cognitive flexibility, learning rates, and reward integration observed in
male AL and FI mice at P60-70 may result at least in part from altered glutamatergic
regulation of VTA DA neurons and alterations in nigrostriatal DA release.

These data are consistent with results from previous studies. Alteration or disruption in
DA system is commonly associated with changes or deficits found in associative
learning, reversal learning and cognitive flexibility, and decision making (Borwick et al.,
2020; Breitenstein et al., 2006; Clarke et al., 2013; Dajani et al., 2015; Kjeer et al., 2018;
Klanker et al., 2013; Rogers, 2011). VTA DA neuron activity and dorsal striatal activity
and signaling have been implicated in cognitive flexibility or reversal learning, and
diminished VTA DA neural activity and/or striatal DA can reduce performance and
cognitive flexibility (Adamantidis et al., 2011; Cools et al., 2009; Darvas et al., 2014;
Klanker et al., 2017; Parker et al., 2016; Sala-Bayo et al., 2020; Verharen et al., 2018).
Specifically, our findings also consistent with the results from two other labs using the
same 4-choice odor-based foraging reversal task. Luo et al. (2016) showed that mice
lacking TGF-B signaling in DA neurons with altered balance of excitatory and inhibitory
input onto DA neurons and phasic firing pattern also exhibited flexible updating and
learning deficits. Also, Kosillo et al. (2019) found that the DA-Tsc1 KO mice with a
phenotype of average 60% reduction in evoked DA release in dorsal striatum also had
significantly more total errors in reversal phase in the same task.

We also found that a difference in peaked DA release was selectively observed in DLS
whereas a difference in 4p/1p peaked DA release ratio was selectively observed in
DMS (Fig. 24,25). Decreased DA level in DLS has been linked to delayed learning
tasks involving food rewards, operant tasks, and reduced motivation (Darvas &
Palmiter, 2009, 2011). DMS has been found to play an essential role in goal-directed
behavior (Balleine et al., 2007; Gremel & Costa, 2013). The observed differences in DA
release were associated with the slower behavioral adjustment and flexible updating in
the 4-choice foraging reversal task (Fig. 11,12). The value encoding of food reward is
gradually propagated from the ventral striatum to the DMS and then DLS. The
propagation of value coding from DMS to DLS is believed to mediate the transition from
goal-directed to habitual behavior (Balleine et al., 2009; Graybiel & Grafton, 2015;
Lipton et al. 2019; Torres et al., 2016; Yin & Knowlton, 2006). Inactivation of DMS or
activation of DLS were found to render mice less sensitive to devaluation or adjustment
to reward uncertainty, consistent with less goal-directed and more habitual-like behavior
(Torres et al., 2016; Yin et al., 2004). Neural activity and DA signals in the DLS
therefore are thought to be more associated with habitual behavior and less sensitive to
reward uncertainty and outcome. Although we did not directly test whether differences
in juvenile-adolescent feeding experience in tasks testing habitual behaviors using
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established devaluation procedures (Dias-Ferreira et al., 2009; Gremel & Costa, 2013),
we did observe that adult male mice with P21-40 AL feeding experience which was
associated with higher in vitro evoked DA release in DLS exhibited more habitual-like
behavior, staying with the previous choice after negative feedback and exhibiting lower
sensitivity to reward probability across phases in a probabilistic switching task (Fig.
19,20).

Limitations of the study and future directions

In our studies, we found that there were effects of different developmental feeding
experiences both on neurobiological DA systems and cognitive and behavioral
functions, and that the differences in neurobiology can be associated with different
behavioral phenotypes observed. However, in current studies, we did not examine DA
system dynamics during the time of learning, flexible updating, and making decisions.
Further studies with in vivo measurement of DA neuron activity or DA release dynamics
can help disentangle how DA system activity gives rise to the behavioral phenotypes we
observed in response to developmental feeding experiences. In addition, we only
examined DA neural plasticity and DA release in the slices from adult male mice that
had significant differences in behavioral performance, but we did not make recordings
from adult female mice. We therefore are not able to make conclusions on effects of
feeding history on neurobiology of DA system in adult female mice. Future studies in
females are required to know if changes in neurobiology were sex-specific and to test if
these changes might be present in absence of cognitive effects.
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Chapter 5

Conclusions and Future Directions
A role for adaptive developmental plasticity in learning and decision making

Adaptive developmental plasticity (ADP) allows organisms to adjust phenotypic
expression in response to environmental stimuli at the genetic, neural circuit, and
behavioral level in order to confer greater fithess advantages in an organisms’ lifetime
or across many generations. In my dissertation, | adapted the ADP framework to
consider differences in behavior and neurobiology in mouse models.

In the first chapter showing experimental work, Chapter 2, | showed that in a mouse
model of the Val66Met polymorphism in the BDNF gene, mice with Met/Met allele
showed greater flexibility in reversal learning than Val/Val controls in two tasks: an odor-
based go/no-go task and a 4-choice foraging discrimination and reversal task. Although
this result may seem surprising and inconsistent with certain themes in past literature, it
is interpretable using the ADP framework. In the literature, the single nucleotide
polymorphism (SNP) in Val66Met has often been labeled a “risk allele” as it has been
associated with enhanced risk for eating, substance abuse, and psychiatric disorders as
well as learning deficits (Angelucci et al., 2005; Gratacos et al., 2007). In mice, this SNP
has been associated with anxiety (Chen et al., 2006). Yet, there have also been studies
that find evidence of cognitive enhancement in human Met carriers (Alfimova et al.,
2012; Beste, Baune, et al., 2010; Erickson et al., 2008; Gajewski et al., 2011, 2012;
Getzmann et al., 2013).

Observation of paradoxical effects of the Met allele have led some to propose that this
polymorphism and others may be “plasticity alleles” that confer extra sensitivity to the
environment (or extra ADP), magnifying sensitivity and changes in response to both
positive or negative influences (Drury et al., 2012). This idea can explain why this SNP
is maintained in populations over generations under natural selection pressure. On a
much shorter timescale, it is also consistent with Met/Met mice showing hypersensitivity
to a change in task contingencies.

There are several limitations to the work presented in Chapter 2. First, it is difficult to
bridge the time scales of an individual’s single day in young adulthood to understand
behavior and fitness over generations. Second, we did not examine how the SNP and
BDNF protein directly affects the development and functions of neural circuits implicated
in reversal learning. Previous work in the mice suggests that viral expression of BDNF
in prefrontal cortical neurons can rescue some of its phenotypes implicating prefrontal
cortical neurons and possibly their downstream striatal connections in behavioral
differences (Warnault et al., 2016). It is plausible that this region and circuit is also
implicated in cognitive flexibility as well.
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In Chapter 3 and 4, | took a different approach to probe ADP by using genetically
identical mice and varying the juvenile adolescent environment to investigate if
divergent experiences affect adult phenotypes. The different juvenile-adolescent
feeding experiences consisted of ad libitum food, the standard method for animal facility
feeding and a mouse model of food insecurity, which | developed with input from a
Robert Wood Johnson Postdoctoral fellow, Dr. Ezequiel Galarce. All mice were housed
in isolated conditions.

In Chapter 3, | used two tasks and computational modeling to show how these different
developmental experiences altered adult male behavioral phenotypes. In short, the two
treatment groups diverged in their cognitive flexibility in adulthood due to differences in
response to negative outcomes and differences in reward integration over time.
Interestingly, in the deterministic task (100% reward contingencies), male mice with a
juvenile adolescent history of food insecurity were less flexible than mice with a history
of ad libitum feeding. Findings were the opposite in the probabilistic task. This suggests
that the experience of food insecurity or food abundance in development does not just
create a “deficit” compared to “normal” feeding. Instead, these data can be interpreted
using an ADP framework suggesting different potentially adaptive developmental
programs have been executed in the two groups to cause them to use different
strategies in different kinds of environments in adulthood.

In Chapter 4, | examined neurobiological systems, with a focus on the dopaminergic
(DA) system. In Chapter 1, | outlined why the DA system was a likely target for
developmental experience of scarcity or unpredictability to affect learning and decision
making. In our model of ADP in the developing brain, we hypothesized that suggested
scarcity and prediction error affect DA release which could in turn have effects on the
development of striatal neurons and their glutamatergic inputs (Fig. 2, Lin et al., in
press). These changes, subsequently, could drive alterations in learning, flexible
updating, and reward integration. Indeed, in Chapter 4, we found that DA neurons were
significantly different in the young adults from the two treatment groups. Glutamatergic
inputs to the mesolimbic dopamine neurons in the VTA were significantly different in the
AMPAR/NMDAR-mediated EPSCs ratio suggesting different plasticity or control over
the firing of these neurons. Also, evoked DA release in the dorsal striatum was different
between groups. Both changes could possibly contribute to different responses to
outcomes or integration of rewards. We suspect that differences between the two
groups will include additional underlying variations that culminate in the observed
phenotypes. Future studies are needed to investigate other impacts, such as DA
receptor expression and effects on SPN excitability and connectivity in order to isolate
what changes contribute to what aspects of phenotype differences.

In Chapter 3, preliminary data showed that development feeding experience has

significant impact during the juvenile-adolescent period (P21-40). We did not see effects
of developmental feeding experience on behavior when we moved the feeding
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manipulation timing to the late adolescence (P41-60) and behavioral testing to after
P80. This suggests that there is a sensitive window for either feeding experience or
testing. A recent meta-analysis concluded that other experiences, such as exposure to
high fat foods, results in prominent learning and memory performance difference during
development and adolescence but not in adulthood (Murry & Chen, 2019).

My studies also revealed sex differences in response to developmental differences in
feeding history. We found the effects of our P21-P40 feeding treatments on adult
cognitive flexibility were limited to males. Secondly, adult female mice that experienced
food insecurity P21-40 showed increased body weight after P90 when mice had
abundant and unlimited access to food resources, but males did not. While we did find
adult male mice exhibited different DA neurobiology, we did not measure DA
neurobiology in female mice. Further studies will be required to understand the sex-
specific mechanisms of these different phenotypes.

Evidence for the Match and Mismatch hypothesis

My data may also inform questions that emerge from life history theory. The predictive
ADP framework together with life history theory suggests that the effects of scarcity or
harshness may not always produce deficits, but instead adaptive changes. In this
framework, a phenotype is thought to be more likely to be adaptive if the information is
predictive and the environment remains the same (i.e. matches the developmental
environment). If the environment does not stay the same, then there may be a
“‘mismatch” between the predictive adaptive response an organism has executed and
the adult environment. My behavioral data from Chapter 3 may be in line with these
ideas. | found that adult male mice that experienced food insecurity were more flexible
in a more probabilistic environment, whereas mice that always experienced stable food
supply were more flexible in a deterministic environment. Though the two tasks were
not perfectly balanced on other variables, this is suggestive support for the “match vs
mismatch” hypothesis.

Another limitation of the study is our inability to know what would be more optimal and
therefore more adaptive in the wild for mice. For instance, exposure to harsh and
unpredictable experiences, skills may be manifested for the conditions following similar
harshness and unpredictability in order to achieve greater fitness. These enhanced
skills, such as cognitive functions and behavior may be considered as resilience to
stress (Ellis et al., 2017). Studies of early life experience with adversity usually focus on
prevailing “deficit models.” Our work may suggest that there are alternative ways and
experimental designs to consider and investigate impacts of early life experience with
adversity.
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Food insecurity as a prevalent public health challenge

Food insecurity has been considered as a form of adversity and public health challenge
that is increasingly prevalent in the United States and worldwide (Coleman-Jensen et
al., 2019; World Health Organization, 2019). This challenge is thought to be
exacerbated by the COVID-19 pandemic of 2020. Human studies have found
associations between food insecurity and obesity, diabetes, enhanced risk for
psychosocial development and psychiatric issues (Althoff et al., 2016; Cook et al., 2008,
2013; Dauvis et al., 2014; Decker & Flynn, 2018; Franklin et al., 2012; Ke & Ford-Jones,
2015; Laraia, 2013). Work within schools, specifically, has shown detrimental effects of
childhood and early adolescent food insecurity on grades and academic performance
(Aurino et al., 2019; Jyoti et al., 2005; Winicki et al., 2003). My dissertation using mouse
models confirms that feeding history, especially during the juvenile-adolescent period,
can have long-term effects, significantly impacting adult weight, cognitive functions, and
behaviors later in life. These human and animal model data together are highly
consistent and suggest that the juvenile-adolescent period might be a critical timeframe
to invest in food access and feeding programs. Benefits of such an intervention should
be seen and considered from physical healthcare outcomes (i.e. cost of obesity and
diabetes) to cognitive health and academic outcomes.
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