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Abstract

The ability to adapt behavior is critical to survival in an ever-changing environment. To
maintain and support flexible, adaptive behavior, information about outcomes must be
integrated across time. The nucleus accumbens (NAc) is implicated in learning and
decision-making by integrating glutamatergic inputs with dopaminergic input from the
ventral tegmental area. However, the role of NAc glutamatergic inputs in reward
processing remains unclear. Theories of NAc integration suggest distinct functions for
inputs from the medial prefrontal cortex (MPFC) and ventral hippocampus (vHip), but
there is limited data to support this. To probe this, we utilized dual-site in vivo fiber
photometry to simultaneously interrogate pathway-specific neural encoding of outcomes
in these two input regions. We first identify a novel mechanism of outcome integration in
NAc-projecting cells common to both the mPFC and vHip. Reward drives suppression
of neural activity and unrewarded outcomes gradually restore activity, resulting in a
moving baseline for subsequent outcomes that tracks the reward statistics of the
environment. Despite similar encoding across regions, we identify a level of
specialization for each input: while the mPFC invariantly encodes reward, vHip
encoding is uniquely anchored to unrewarded outcomes. By correlating activity in these
inputs to behavior, and then by leveraging targeted optogenetic manipulations, we first
demonstrate that both inputs can modulate task engagement and work co-operatively to
do so. We then hypothesized that inhibitory interneurons could be driving the reward-
mediated suppression observed in NAc inputs. Using dual-site in vivo fiber photometry

to simultaneously record from GABAergic interneuron populations in the mPFC and



vHip, we unexpectedly find a pattern of outcome integration, similar to that identified in
glutamatergic neurons that project to the NAc. Using a hidden Markov model to
decompose behavior into bouts of exploration and exploitation, we show that the
richness of encoding is gated by behavioral state, with more granular encoding of
outcome history during exploration. Correlating activity in these populations to behavior,
we reveal that while, similar to NAc inputs, they modulate engagement, these regions
also modulate choice behavior in a state-dependent manner that is distributed between
the mPFC and vHip. Taken together, these results identify a novel mechanism of
outcome integration, mediated by a suppression of neural activity to reward. We further
demonstrate that neural encoding both depends upon and is modulated by behavioral
state and task demands. Finally, this work highlights the cooperative roles of the mPFC
and vHip in supporting outcome integration and reward-motivated behavior, underlining
the importance of moving towards multi-region and circuit-wide descriptions of the

neural bases of behavior.



Résumeé

La capacité d’adaptation du comportement est essentielle a la survie dans un
environnement en constante évolution. Pour maintenir et soutenir un comportement
flexible et adaptatif, I'information sur les conséquences d’'une action doit étre intégrée
dans le temps. Le noyau accumbens (NAc) est impliqué dans 'apprentissage et la prise
de décision en intégrant des entrées glutamatergiques avec des entrées
dopaminergiques de l'aire tegmentale ventrale. Cependant, le réle des entrées
glutamatergiques au NAc dans le traitement de la réecompense demeure flou. Les
théories de l'intégration de la récompense dans le NAc suggérent des fonctions
distinctes en ce qui concerne les entrées venant du cortex préfrontal médian (mPFC) et
de I'hippocampe ventral (vHip), mais les données étayant cette hypothése sont limitées.
Afin d’étudier ce phénoméne, nous avons utilisé la photométrie a fibre a double site in
vivo pour interroger simultanément I'encodage neuronal spécifique des conséquences
d’'une action dans ces deux voies glutamatergiques. Nous identifions un nouveau
mécanisme d’intégration des conséquences d’'une action dans les cellules projetant
vers le NAc, commun au mPFC et au vHip. La récompense d’'une action entraine une
suppression d’activité neuronale, tandis que la non-récompense restaure
progressivement I'activité neuronale. Ceci crée une base de référence dynamique pour
les futures réponses comportementales, qui suit les statistiques de récompense de
I'environnement. Malgré un encodage similaire entre les régions, nous identifions un
niveau de spécialisation pour chaque entrée : alors que le mPFC encode
invariablement la récompense, 'encodage du vHip est ancré spécifiquement a la non-

récompense. En corrélant I'activité neuronale de ces entrées au comportement, puis en



exploitant des manipulations optogénétiques ciblées, nous démontrons que les deux
entrées peuvent moduler 'engagement de I'animal dans la tache et qu’elles travaillent
en coopération afin d’y parvenir. Par la suite, nous avons émis I'hypothése que les
interneurones inhibiteurs pourraient étre a I'origine de la suppression liée a la
récompense observée dans les entrées du NAc. En utilisant la photométrie a fibre a
double site in vivo pour enregistrer simultanément I'activité des populations
d'interneurones GABAergiques dans le mPFC et le vHip, nous trouvons de maniéere
inattendue un motif d'intégration des conséquences antérieures d’'une action, similaire a
celui identifié dans les neurones glutamatergiques se projetant vers le NAc. En utilisant
un modele de Markov caché pour décomposer le comportement en périodes
d’exploration et d’exploitation, nous montrons que la richesse de I'encodage est
restreinte par I'état comportemental : un encodage plus granulaire des conséquences
antérieures d’une action est observé lors de I'exploration. La corrélation de I'activité
neuronale de ces populations et du comportement révele que ces dernieres modulent
non seulement 'engagement a la tache de la méme fagon que les entrées du NAc,
mais aussi, de fagon distribuée entre le mPFC et le vHip, le comportement de choix
lorsque celui-ci dépend de I'état comportemental. Globalement, ces résultats identifient
un nouveau meécanisme d’intégration des conséquences d’une action : la suppression
de I'activité neuronale face a une récompense. Nous démontrons que I'encodage
neuronal dépend de I'état comportemental et des demandes de la tache tout en étant
modulé par eux. Enfin, ce travail met en lumiére les rbles coopératifs du mPFC et du

vHip dans l'intégration des conséquences d’une action, de la récompense et de la



motivation, soulignant I'importance de prendre en compte plusieurs régions du cerveau

et leurs interactions afin de mieux comprendre les bases neuronales du comportement.
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Contribution to original knowledge

Chapter 2 presents an original manuscript accepted for publication at Nature
Communications where we use in vivo fiber photometry to simultaneously record
population-level activity in both medial prefrontal cortex (mPFC) and ventral
hippocampus (vHip) inputs to the nucleus accumbens (NAc). We find a novel neural
motif that encodes information about outcomes, with reward driving suppression of
neural activity and unrewarded outcomes gradually restoring activity. We show how task
demands can modulate outcome encoding in these regions, challenging the idea that
reward-encoding is static and invariant. We also reveal that while mPFC projections to
NAc invariantly encode reward, vHip projection to NAc are uniquely anchored to
unrewarded outcomes. Using a novel dual-site optogenetic stimulation protocol, we
show that both inputs co-operatively modulate task engagement through cumulative
glutamatergic drive in NAc. Through this work | also implement a novel analysis
approach for fiber photometry data, using a linear mixed modeling approach in
conjunction with estimated marginal means to control for inter-session and inter-
individual variance. While most analyses of fiber photometry data require the collapsing
of trial-by trial data into averages, this new approach eliminates the need to average
across trials and animals, conserving critical trial by trial information and increasing

statistical power.

Chapter 3 presents an original manuscript submitted for publication wherein we
use in vivo fiber photometry to simultaneously record GABAergic neurons in mPFC and

vHip. We show that GABAergic neurons integrate information about outcomes with



relative suppression of neural activity mapping onto outcome history. Decomposing
behavior into bouts of exploration and exploitation using a hidden Markov model, we
show how behavioral state gates reward integration. We also demonstrate that while the
primary role of these neural populations is to modulate engagement, they also exhibit
control over choice behavior that is distributed between mPFC and vHip in a state-
dependent manner. Together this work reveals a novel role for inhibitory interneurons in

reward processing and in supporting reward-motivated behavior.
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Chapter 1

Introduction

Understanding Reward

The ability to learn from one’s environment is crucial for survival. Learning within
ever-changing environments is necessary to maximize reward while avoiding danger.
Differences in how individuals use reward to navigate and learn from their environments
may arise due to differences in the computations that underlie reward learning and
integration in the brain. Deficits in how these latent processes affect behavior have been
described in a range of psychiatric disorders including depression, schizophrenia, and
anxiety disorders (Amir et al., 2012; Bishop & Gagne, 2018; Kéther et al., 2021; Lawlor

et al., 2020; Lloyd et al., 2024; Paulus & Yu, 2012).

Reward encompasses a wide range of stimuli from food to social interactions.
Generally, we can understand reward to be an experience that induces a positive
affective state. Behaviorally we can operationalize reward as a stimulus that drives
approach behavior or increases the likelihood of emitting a behavior that produces this
stimulus (Schultz et al., 1997; White, 1989). It is this behavioral consequence of reward
that defines the concept of reinforcement. Reinforcement is the tendency of a stimulus
to drive behavior and can be classified into either positive reinforcement or negative
reinforcement. With positive reinforcement, behavior is driven by the presentation of an
appetitive stimulus such as reward. In the case of negative reinforcement, behavior is

driven by the removal of an aversive stimulus such as an unpleasant noise (Nevin &



Mandell, 2017). This is formalized in Thorndike’s law of effect, where the consequences
of a given action act to alter the probability of an individual performing that action again
(Thorndike, 1927). It is through this relationship that we have come to talk about reward
as reinforcing. For example, when encountering a block of cheese for the first time a
mouse may be initially hesitant to consume. However, after a rewarding experience
consuming this block of cheese, the mouse will now be more likely to approach and
start reorienting its behavior towards seeking out blocks of cheese. How the brain
utilizes rewarding information to drive this sort of adaptative reward-motivated behavior

remains an outstanding question and is the focus of this thesis.

Reward and Behavior

To drive adaptive and reward-motivated behavior, reward can exert many
different influences on a wide variety of behaviors. This can range from modulation of
more complex behaviors such as foraging and exploration, to more simple behaviors
such as the consumption of a food reward. Of these behaviors, the influence of reward

on choice and decision-making represents one well studied area of research.

Frameworks for studying choice and decision-making

The influence of reward on decision-making can be understood intuitively as
following the logic of Thorndike’s law of effect wherein the results of an action act to
alter the strength of the action itself (Thorndike, 1927). In rewarding environments, this
means that the most recent outcome exerts the most influence on the current choice.
Thus, choice behavior on a given trial, n, depends upon the choice and outcome on

preceding trial, n — 1. This relationship has been formalized as a simple strategy known



as win stay/lose shift (WSLS) (Herrnstein, 1997). This framework captures whether the
previous trial was rewarded or not and if the choice on the current trial repeats or
switches from the previous choice (Dalton et al., 2014). For example, if the individual is
rewarded on trial n — 1 and then chooses the same option on trial n, this is termed a ‘win
stay’, whereas if a different choice is made on trial n following reward on n — 1, this is
termed a ‘win shift’. If the individual is not rewarded on trial n — 1 and makes the same
choice on trial n, this is termed ‘lose stay’, and a ‘lose shift’ if a different option is
chosen. The proportion of win stay and lose shift responses made is interpreted as a
metric of sensitivity to positive and negative outcomes, respectively. That is, higher win
stay probabilities are interpreted as increased sensitivity to positive feedback while
higher lose shift scores are interpreted as increased sensitivity to negative feedback

(Onge et al., 2011).

Reinforcement learning (RL) is another conceptual framework used to describe
decision-making behavior in rewarding contexts. Here, learning accrues from the
discrepancy between an expectation and an outcome, termed a prediction error
(Rescorla & Wagner, 1972). This prediction error is used to incrementally update an
individual’s estimate of the value, or probability of reward, associated with a given
choice. This estimate that a given choice is the most rewarding option drives choice.
Recent years have seen a surge of interest within the field of behavioral neuroscience in
applying RL models to probe fundamental questions about how individuals learn
(Bathellier et al., 2013; Gustafson & Daw, 2011; Kuchibhotla et al., 2019; Langdon et al.,
2019; Noworyta-Sokolowska et al., 2019; Stachenfeld et al., 2017). Within the RL

framework, an ‘action value’ is learned through prediction errors that are modulated by a



learning rate, which weights the influence of prediction errors on yielding new action
values. These action values are then transformed into actions using a choice rule such
as the ‘softmax’ rule. At its core, RL is best suited to provide a model of how individuals
interact with their environment, whether that be the rate at which they learn from
feedback, internal representations of action values, or choice transition probabilities.
(Langdon et al., 2019; Noworyta-Sokolowska et al., 2019; St-Amand et al., 2018;
Verharen et al., 2019). This is accomplished by fitting different parameters to individual
behavior. Then, to gauge the descriptive accuracy of various models at either the

individual or group level, model fit can be used as a metric.

State-based models provide an alternative framework to understanding how
reward interacts with choice behavior. Rather than constantly tracking relative value
across choices, here, choice is conceptualized as a function of a belief about what
action is the correct action to take. In rewarding contexts, this can be understood to be
the action that will lead to reward. The conceptual framing behind these models relies
on the assumption that individuals are performing a mental inference to arrive at a belief
about which action is the most advantageous action to take. Commonly used
approaches to decompose choice behavior into a state-based structure include
Bayesian inference, and more specifically hidden Markov models (HMM) (C. S. Chen et
al., 2021; Ebitz et al., 2018; Eckstein et al., 2022; Mishchanchuk et al., 2024). Bayesian
inference utilizes Bayes’ theorem to infer the likelihood of being in a state (i.e. correct,
incorrect) given a previous choice and its outcome. HMMs approach this by modeling
sequences of choices as outputs generated by transitions through a series of latent

states (i.e. state where left lever is rewarding). While simple state-based models assign



a singular state per possible action, not accounting for other types of choice behavior, it
is possible to build on these models, incorporating states that can account for
exploration wherein individuals choose to sample between options. This can be
contrasted with states of exploitation, wherein individuals repeatedly sample a
rewarding option foregoing opportunities to sample other options. There is increasing
evidence that these models are more accurate descriptors of choice behavior in
stochastically rewarded environments and provide greater flexibility by accounting for

the influence of multiple states and contexts in driving behavior (Eckstein et al., 2022).

While this section covers several approaches that can be utilized to assess the
influence of reward on choice and decision-making behavior, there is no clear
consensus on which approach to use. This is due to the fact that reward does not have
a static influence on behavior and so either of these approaches may be valid
depending on the context and task examined. However, some general guidelines can
be applied when considering which approach to implement. For high-level and blunt
descriptions of reward’s effect on choice behavior, WSLS is useful, with the expectation
that under normal conditions, win-stay probabilities would be greater than chance. This
approach, however, lacks the flexibility of describing the underlying processes that
mediate reward’s influence on behavior. In these circumstances RL and simple
Bayesian inference models are appropriate. As these approaches are hypothesis-
driven, in that researchers must define the model to which the data is then fit, care must
be taken to fit the data to a wide range of models to improve the chance of selecting a
model that closely aligns with the behavior and underlying processes. One major

shortcoming of this approach is the lack of ability to account for the possibility that



individuals may be switching between a range of different latent processes to drive their
behavior. It is in this case that hidden Markov models are useful. This approach allows
that multiple latent processes can drive behavior, finding the probability that a behavior
was performed given a latent state. Major caveats of this approach include the high
computational cost, as well as the potential challenges in interpretability of results as the
number of states increases. This approach also tends to be agnostic to the
computational processes underlying the various latent states, making it harder to
directly test hypotheses about the underlying mechanisms that drive reward’s influence

on decision and choice behavior.

Engagement

In addition to modulating choice and decision-making behavior, rewarding stimuli
drive approach behavior and individuals will also work to obtain reward, suggesting a
fundamental link between reward and engagement. However, the relationship between
how reward dynamically modulates engagement has been less studied than choice
behavior. Experimental and computational evidence points to a relationship between
reward and engagement, with rats showing faster reaction times as the magnitude of
expected rewards increases (Brown & Bowman, 1995; Niv et al., 2007). This effect has
also been observed in humans: in a discrimination task as the average reward rate
increases, the reaction times decreases, indicating increased engagement (Beierholm
et al., 2013; Guitart-Masip et al., 2011). Behaviorally, engagement can be
operationalized as the rate or latency of response, also known as vigor. Several groups
have formalized the relationships between reward and vigor into computational models

(Dezfouli et al., 2019; Niv et al., 2007) that capture phenomena observed in behavioral



experiments, with response latency scaling according to recently experienced reward

(Cohen et al., 2015; Niv et al., 2007; Wang et al., 2013).

Given that reward modulates both choice behavior as well as engagement,
models of choice (e.g. RL, HMM) can also be applied to conceptually integrate
engagement. For example, reinforcement learning models show that estimated value of
a given choice is inversely related to trial initiation time in rats (Wang et al., 2013).
Likewise, state models of behavior show that exploitation states are associated with
faster latencies to respond that exploratory states (C. S. Chen et al., 2021). Together
this provides clear evidence of a relationship between reward and engagement and
suggests the possibility that choice and engagement may also interact with each other,

giving rise to complex behavioral control.

Studying Reward

The behavioral impacts of reward on choice and engagement reflect the
integration of many component processes. To dissect these processes and their neural

substrates, systems and behavioral neuroscientists utilize a variety of paradigms.

Pavlovian paradigms

The simplest of these paradigms is Pavlovian, or classical conditioning. These
paradigms focus on stimulus-outcome learning and are often used in systems
neuroscience to assess reward encoding across the brain. Here, a neutral stimulus,
termed the conditioned stimulus (CS), is paired with a reward, i.e. the unconditioned
stimulus (US), named for its ability to unconditionally produce innate responses (i.e.

consumption, approach behavior). Through repeated presentations of a CS followed by



a US, animals learn to associate the CS and the US. As the CS develops predictive
value for the outcome, the innate behavior associated with the US shifts to the CS.
Once the CS-US association is learned, by probing responses to the CS, rather than the
US, itis possible to dissociate the cognitive and affective state associated with reward
from the basic sensory experience of the reward itself (e.g. the gustatory processing of
chocolate milk). Pavlovian paradigms are powerful paradigms for probing the neural
encoding of reward as well as how animals learn stimulus-outcome associations across
relatively long timescales. However, these paradigms have limited ability to probe how
reward dynamically shapes behavior in changing environments and do not consider

how reward influences action-outcome learning or decision making.

Operant paradigms

To study action-outcome learning, operant, or instrumental conditioning
paradigms are often used. Here, animals learn the association between emitting a
certain action (i.e. lever press, nose poke) and obtaining a reward, (e.g. water or food).
The simplest operant paradigms involve training animals to respond a fixed number of
times to yield a reward. These are known as fixed ratio tasks and are used to study
formation of action-outcome associations. Variable ratio tasks integrate probabilistic
reward, for example in a variable ratio 5 schedule, 20% of responses will be rewarded
such that on average only one in five responses will be rewarded. These tasks are
useful for studying of how reward modulates engagement, and more specifically vigor.
To study how reward modulates decision-making, behavioral neuroscientists use tasks
such as n-armed bandit and reversal learning tasks which are well suited to exploring

how animals utilize information about actions and their resulting outcomes to drive



future behavior (LIoyd et al., 2024). In these tasks, animals are confronted with a set of
choices each with varying probabilities of reward that are unknown to the animal. Here
animals must use and track feedback about reward to make an optimal decision given a
set of choices. The need to constantly track information about reward and the omission
of reward in order to inform decision-making behavior makes this task ideal for studying

and modeling how reward influences choice.

Reward in the brain

To produce reward-motivated behavior, the brain must process reward and
reward-associated information. This is controlled by several interconnected brain
regions, including the ventral tegmental area (VTA), nucleus accumbens (NAc),
prefrontal cortex (PFC), and hippocampus. The most thoroughly characterized of these
circuits is the dopaminergic circuit from VTA to the NAc which plays an important role in
signaling reward and orienting behavior towards reward and reward-predictive cues.
VTA dopaminergic projections also innervate other reward regions, including the PFC,
hippocampus, and amygdala. These regions are theorized to each play specialized
roles in supporting various reward-motivated behaviors. For example, the PFC is
thought to provide executive control over behavior while the hippocampus might
support goal-directed behavior. The specific role of these regions in supporting reward
processing can often be hard to parse due to complex interconnectivity of reward
circuits. For example, the hippocampus sends projections to the PFC while the PFC
sends projections to the amygdala and the thalamus (Collins et al., 2018; Liu & Carter,

2018; McGarry & Carter, 2017). Many of these rewards processing regions, including



mPFC, hippocampus, VTA, and amygdala, also send projections to the NAc, situating
the NAc as a sort of information bottleneck with a critical role in integrating reward

information from across the brain to support reward-motivated behavior.

The Nucleus Accumbens and Reward

The NAc is thought to bring together information about reward, salience, context,
and emotional state by integrating glutamatergic and dopaminergic input from various
regions throughout the brain to promote motivated and goal-directed behavior
(Floresco, 2015). This section will examine the neuroanatomy and composition of the
NAc and its role in reward processing and motivated behavior, drawing from the rodent

literature.

Nucleus Accumbens Compartmentalization

Structurally, the NAc is divided into two main subregions: the core (NAcC), and
the shell (NAcS). Experimental evidence suggests that these two subregions exert
differential control over reward-motivated behavior. While the NAcC is implicated in
promoting approach behavior, the NAcS is thought to play more of a role as a filter,
suppressing behaviors and information that may interfere with goal-directed and reward-
motivated behavior (Floresco, 2015; Floresco et al., 2018). Though both of these
subregions are responsive to reward (G. Chen et al., 2023; Day et al., 2011; Loriaux et
al., 2011; Roesch et al., 2009), the NAcC has been linked to encoding information about
action selection, while NAcS activity has been more linked to value, likely tracking value
fluctuations across time (Stopper & Floresco, 2011; West & Carelli, 2016). Further

evidence of this value-tracking function of the NAcS is found in studies that observe
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encoding of motivational value associated with relative value modulated either by food
rewards or internal state (G. Chen et al., 2023; Loriaux et al., 2011; Sackett et al., 2017,
West & Carelli, 2016). These studies point to complex but important roles for NAc

subregions in supporting motivated behavior.

Nucleus Accumbens Medium Spiny Neurons

Within the NAc, medium spiny neurons (MSNs) represent the majority of cells,
representing over 95% of NAc neurons (Gerfen et al., 1990). MSNs are GABAergic
projection neurons, mainly targeting the ventral tegmental area (VTA), ventral pallidum
(VP), and substantia nigra (Francis & Lobo, 2017), to suppress the activity of their target
neurons. MSNs are characterized by their low excitability and low spontaneous activity,
requiring excitatory drive from NAc inputs to elicit the firing of action potentials,
consistent with the role of the NAc as an integrator of information from various upstream
regions. Further, MSNs exist in “up” and “down” states, that refer to two membrane
potentials, subthreshold to action potential generation, that they can oscillate between
(Stern et al., 1997; C. J. Wilson & Groves, 1981; C. Wilson & Kawaguchi, 1996). The
"down state” is characterized by more hyperpolarization, increasing the threshold to
generate action potentials, while the “up state” is characterized by more depolarization,

decreasing the threshold to generate action potentials (C. Wilson, 2008).

MSNSs can also be characterized by the dopamine receptors they express, either
dopamine D1 or D2 receptors, with some MSNs, notably in the NAc shell, expressing
both (Kravitz & Kreitzer, 2012). These two receptors differ in their influence on MSN
excitability, with D1 receptors increasing and D2 receptors decreasing excitability

through Gi and Gq coupled receptors, respectively (Fisone et al., 2011; Kebabian &
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Calne, 1979; Thibeault et al., 2019). D1 and D2 MSNs in the NAc also tend to differ in
their projection targets. While D1 MSNs tend to target both the VTA and VP, D2 MSNs
project only to the VP (Smith et al., 2013; Voorn et al., 2004). These functional and
projection-specific differences in NAc MSNs provide a basis by which MSN subtypes

can differentially modulate reward-motivated behavior.

Theories of NAc function ascribe opposing roles to D1 and D2 MSNs in
supporting reward-motivated behavior, with D1 MSNs supporting reward-associated
behavior and D2 MSNs supporting aversion (Calipari et al., 2016; Guillaumin et al.,
2023; Kravitz et al., 2012; Lobo et al., 2010; Soares-Cunha, Coimbra, Sousa, et al.,
2016; Thibeault et al., 2019). For example, in mice, lever-pressing paired with
stimulation of D1 MSNs reinforces this lever-pressing behavior, whereas stimulation of
D2 MSNs under these conditions biases animals towards a non-stimulation paired lever
(Kravitz et al., 2012). Conversely, inhibiting D2 MSNs increases motivation, though with
some deficits in goal-directed behavior (Baldo et al., 2002; Carvalho Poyraz et al., 2016;
Gallo et al., 2018). Further supporting this, calcium imaging studies have found that
interaction with hedonic reward increases D1 MSN activity but decreases D2 MSN
activity (Guillaumin et al., 2023). Learning about reward also requires D1 and D2 MSNSs,
with D1 MSNSs supporting integration of positive feedback and D2 MSNs supporting
integration of negative feedback (Verharen et al., 2019). Similar relationships have been
observed in studies of reward learning and drugs of abuse. D1 MSNs increase, while
D2 MSNs decrease their activity to cocaine (Calipari et al., 2016). Stimulation of D1

MSNs also has been observed to increase drug-seeking behavior while stimulation of
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D2 MSNs has been observed to decrease drug-seeking behavior (Koo et al., 2014;

Lobo et al., 2010).

However, there is also evidence that within the NAc, D1 and D2 MSNs may
cooperatively organize reward-motivated behavior, complicating the dichotomous role
they are often thought to play in supporting behavior (lkemoto et al., 1997; Soares-
Cunha, Coimbra, Sousa, et al., 2016). For example, suppression of reward-oriented
lever-pressing is observed following blockaded of both D1 and D2 receptors, implying
cooperative control over reward-motivated behavior (Nowend et al., 2001). Brief
stimulation of both D1 and D2 MSNs drives conditioned place preference while longer
duration stimulation of both D1 and D2 MSNs drives aversion, demonstrating the
importance of temporal factors in how MSNs contribute to behavior (Soares-Cunha et
al., 2020). Recent studies have also shown that inhibition of both D1 and D2 MSNs
decrease motivation to retrieve hedonic reward, while increases in motivation are
associated with activation of D1 MSNs, and D2 MSNs under certain circumstances,
suggesting a complicated and not fully bidirectional role of MSN subtypes in supporting
reward-motivated behavior (Guillaumin et al., 2023; Soares-Cunha, Coimbra, David-
Pereira, et al., 2016). Put together, these data point to an important, yet complex role for
D1 and D2 MSNs in driving reward-motivated behavior, likely dependent on context,

timing, and task.

Dopamine and reward

NAc MSNs neurons are characterized based on the dopamine receptors that
they express, highlighting the critical role of this neuromodulator in NAc function. The

VTA provides dopaminergic input to the NAc, and is critical in linking rewarding stimuli
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with their associated cues and actions (Berridge, 2007; Jeong et al., 2022; Nestler &
Carlezon, 2006). This has been most famously demonstrated by observations of the
shifts in dopamine neuron activity across learning. While dopamine neuron firing is
initially aligned to reward delivery, as a cue comes to predict reward, this activity shifts
back in time to align with the reward predicting cue (Jeong et al., 2022; Schultz et al.,

1997).

The importance of dopaminergic signaling has been demonstrated by ablation
studies where global ablation of dopamine signaling leads to decreases in motivated
behavior marked by extreme hypophagia and hypoactivity (Szczypka et al., 2001).
More targeted modulation of dopamine signaling within the NAc specifically has been
observed to decrease reward-motivated behavior (Aberman & Salamone, 1999;
Salamone et al., 2018). Experimentally, dopamine release has been observed during a
variety of both appetitive and aversive experiences (Bromberg-Martin et al., 2010;
Hamid et al., 2016; Jeong et al., 2022; Mingote et al., 2019; Wilimore et al., 2022). This
dopamine release has been implicated in signaling salience of events and seems to
encode various components of task structure (de Jong et al., 2019; Saddoris et al.,
2015a). That dopamine release shifts to cue onset and correlates with the expected size
of a given reward supports the possibility that dopamine signals a prediction, often
formalized as reward prediction error (Keiflin & Janak, 2015; Sackett et al., 2017;
Schultz, 2016; Schultz et al., 1997). Together these studies demonstrate the importance
of dopamine transmission in bridging the gap between relevant cues and rewarding
outcomes, suggesting that dopamine is likely playing a role encoding different

dimensions of salient and reward-oriented features to drive reward-motivated behavior.
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Nucleus accumbens glutamatergic input

While NAc dopamine modulates excitability of MSNs (Carter et al., 2007),
ultimately, glutamatergic inputs drive MSN action potentials (Floresco, 2007; Goto &
Grace, 2005). Within the NAc, dopamine axons are often found beneath glutamatergic
synapses, providing a physical and localized basis for the interaction between
glutamate and dopamine (Floresco, 2007). Together, this indicates an important role for
glutamatergic input in supporting reward processing and reward-motivated behavior in
conjunction with dopaminergic input. Glutamatergic input to the NAc is provided by the
prefrontal cortex, hippocampus, amygdala, thalamus, and VTA. Despite theoretical
perspectives that these inputs send qualitatively dissociable information to the NAc, the
role of these afferents in supporting reward processing and motivated behavior remains
relatively unexplored. This section will discuss current understandings of the role of

these afferents in supporting these processes.

The Medial Prefrontal Cortex

The medial prefrontal cortex (MPFC) sends projections to both the NAcC and the
NACcS . While the NAcC is innervated by prelimbic subregions of the mPFC, the NAcS
preferentially is innervated by the infralimbic subregion of the mPFC (Piantadosi et al.,
2020). Globally, the mPFC encodes information about previous actions and outcomes in
reward-based tasks (Sul et al., 2010). In cue-based paradigms, mPFC projections to the
NAc show increased activity to reward-paired cues when compared to neutral cues, and
stimulation of this pathway can potentiate anticipatory licking behavior during task
acquisition (Otis et al., 2017). mPFC projections to the NAc, specifically, have also

been demonstrated to encode a variety of information about reward and choice,
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bridging information about current actions and outcomes across multiple trials (Parker et
al., 2022; Spellman et al., 2021). Different subregions within the PFC likely send
different information to the NAc. For example, while activation of the medial orbital
frontal cortex promotes appetitive behavior, activation of the infralimbic cortex
suppresses appetitive behavior (Richard & Berridge, 2013). Animals will lever press for
stimulation of the mPFC-NAc pathway and stimulation drives conditioned place
preference (Britt et al., 2012; Lind et al., 2023). However, disruption in mPFC-NAc
signaling through inhibition of pathway activity increases impulsive behavior, increases
responding on nonreinforced cues, and decreases conditioned suppression, indicating
an important role of this input in supporting and maintaining reward-motivated behavior
(Hamel et al., 2022; Keistler et al., 2015; Wenzel et al., 2023). Though complicated and
not always consistent, this body of literature suggests that the mPFC-NAc pathway is
important for reward processing and provides evidence that disruptions in mPFC-NAc
signaling also disrupt reward-motivated behavior. This suggests that the mPFC-NAc
pathway may be integrating information about outcomes and task structure in order to

regulate reward-seeking behavior.

The Ventral Hippocampus

Ventral hippocampal (vHip) inputs to the NAc primarily originate from the ventral
subiculum, with some projections also originating from the CA1 region of the ventral
hippocampus, primarily innervating the medial NAcS (Britt et al., 2012; Thierry et al.,
2000). Behaviorally, the vHip input to the NAc is also implicated in reward motivated
behavior, though the extant literature is considerably less elaborated than that of the

mPFC-NAc pathway. Optogenetic stimulation and manipulations to facilitate the
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strength of vHip inputs to the NAc reinforce instrumental behavior and conditioned place
preference (Britt et al., 2012; LeGates et al., 2018). vHip-NAc activity also associates
with reward-seeking behavior and is suppressed during consummatory behavior (Reed
et al., 2018). This aligns with findings that suppression of vHip activity during reward-
seeking is necessary to promote goal-directed behavior (Yoshida et al., 2019, 2021).
Pharmacological and behavioral interventions that disrupt suppression of the vHip
suppress or otherwise alter goal-directed behavior (Yoshida et al., 2019, 2021).
Disruptions in vHip-NAc signaling also bias animals towards small and immediate
rewards as opposed to larger delayed rewards (Abela et al., 2015). Together this
suggests an important role for the vHip-NAc pathway in integrating information about

outcomes and promoting efficient goal-directed behavior.

The Amygdala

Amygdalar inputs to the NAc primarily originate from the basolateral (BLA)
region, with inputs terminating in both the NAcS and NAcC (Britt et al., 2012). There is
also evidence of projection populations originating in the central amygdala which
preferentially innervate the NAcC (Borrego et al., 2022). The BLA-NAc pathway is
positively reinforcing, with stimulation of the projection promoting conditioned place
preference as well as self-stimulation behavior (Britt et al., 2012; Dieterich et al., 2021;
Stuber et al., 2011). Inhibition of this projection, however, results in reduced behavioral
responding for a sucrose reward and overall decreased sucrose preference (Dieterich et
al., 2021; Stuber et al., 2011). The BLA-NAc pathway has also been shown to
preferentially encode information about rewarding outcomes and generally suppress

activity during reward consumption (Ambroggi et al., 2008; Beyeler et al., 2016; Reed et
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al., 2018). The BLA-NAc projection is also heavily implicated in supporting goal directed
behavior, linking information about reward to the cues that predict it. NAc projecting
cells in the BLA associate with behavioral response to both conditioned as well as
unconditioned stimuli (He et al., 2023). Optogenetic manipulations of BLA-NAc activity
also affect choice behavior with inhibition biasing animals away from preferred choices
and towards riskier and larger rewards (Bercovici et al., 2018; van Holstein et al., 2020).
This suggests the BLA-NAc pathway plays an important role in communicating
information about reward to the NAc to help guide choice behavior and cue-outcome

pairings.

The Thalamus

Within the thalamus, most nucleus accumbens projection cells arise from the
paraventricular nucleus (PVT), with contributions also from the central medial nucleus
(De Groote & de Kerchove d’Exaerde, 2021). Though these projections are primarily to
the NAcS , the NAcC also receives some input from the PVT (Dong et al., 2017). This
PVT input modulates MSN activity through the release of glutamate as well as through

the stimulation of dopamine release in neighboring terminals (Parsons et al., 2007).

The PVT-NAc pathway has been implicated in mediating behavioral aversion with
stimulation inducing real-time place aversion (Do-Monte et al., 2017; Engelke et al.,
2021; Zhu et al., 2016). However, this simple interpretation is challenged by studies that
find highly variable real-time place preference in response to PVT-NAc stimulation
(Lafferty et al., 2020). In fact, animals will lever-press for PVT-NAc stimulation,
suggesting that this pathway may be mediating both rewarding and aversive processing

(Lafferty et al., 2020). This is supported by in vivo single-cell imaging studies which find
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that projections from the thalamus to the NAc encode both rewarded as well as
unrewarded outcomes in a reward-learning task (Otis et al., 2019; Parker et al., 2022).
Interestingly, at a population level, reward suppresses activity in this projection (Otis et
al., 2019). Inhibition of this pathway during omission of reward in a task where animals
learn to lever press for a reward results in increased lever-pressing behavior, whereas
chemogenetic excitation results in decreased behavioral responding (Do-Monte et al.,
2017; Lafferty et al., 2020). This pattern of behavior is also seen in simpler approach
tasks, where increased activity in the PVT-NAc pathway is associated with decreased
food-seeking and decreased approach behavior (Engelke et al., 2021). This suggests
that increased activity in this pathway may function as a sort of brake on behavior and
decreasing activity through optogenetic inhibition or reward may increase behavioral
engagement. Together, this points to a role of the PVT-NAc pathway in integrating
information about outcome and task-relevant information to continuously modulate

engagement.

The Ventral Tegmental Area

While the NAc input originating from the VTA is usually associated with
dopaminergic modulation in the NAc, subpopulations of these cells release glutamate
as well as co-release glutamate and dopamine (Tecuapetla et al., 2010; Warlow et al.,
2024; Yamaguchi et al., 2011). This source of glutamate is thought to inhibit MSNs in
the NAc by activating inhibitory parvalbumin-expressing GABAergic interneurons (Qi et
al., 2016). The behavioral contribution of the glutamatergic VTA-NAc input is still not
well understood, especially in the context of reward. Animals will nose-poke for

stimulation of the glutamatergic VTA-NAc pathway, however, stimulation of the
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glutamatergic VTA-NAc projection can also drive conditioned place aversion and active
responding to terminate stimulation (Qi et al., 2016; Yoo et al., 2016). When mice are
presented with two levers, one paired with the delivery of a food reward, and the other
paired with both the delivery of a food reward as well as with stimulation of the
glutamatergic VTA-NAc pathway, animals decrease their responding on the stimulation-
paired lever (Qi et al., 2016). Stimulation of the glutamatergic VTA-NAc projection has
also been shown to block instrumental and conditioned place preference reinstatement
of drug-seeking behavior (Barbano et al., 2024). This suggests that increased activity of
the glutamatergic VTA-NAc pathway may actually suppress behavior by activating

parvalbumin-expressing GABAergic interneurons to inhibit MSNs.

A focus on medial prefrontal cortex and ventral hippocampus

Of the glutamatergic projections to the NAc, the projections from the mPFC and
the vHip have a unique relationship and may play a joint role in reward processing and
supporting motivated behavior. In vivo electrophysiological data demonstrates a
complex competitive role between mPFC and vHip inputs to the NAc. vHip inputs to the
NAc are able to switch cells in the NAc from a quiescent state to an ‘up’ state, allowing
them to be depolarized by mPFC inputs (O’'Donnell & Grace, 1995). Inactivation of the
mPFC attenuates the ability of the vHip to depolarize cells in the NAc, however,
induction of long-term potentiation in the vHip prior to mPFC inactivation prevents this
attenuation (Belujon & Grace, 2008). Furthermore, individual NAc cells receive
convergent inputs from both the vHip and the mPFC (French & Totterdell, 2002).
Together this implies the need for balanced vHip input to enable mPFC control over NAc

as well as the need for balanced mPFC input to enable vHip control over NAc. This
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defines a relationship whereby NAc activity is dynamically influenced by co-operation
and competition between mPFC and vHip inputs to NAc. The complex nature of this
interaction highlights the necessity to study these inputs in conjunction, rather than in
parallel and provides a physiological basis for joint control over reward processing and

motivated behavior.
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Rationale and Aims

The NAc integrates a variety of glutamatergic inputs with dopaminergic input
from the ventral tegmental area to encode motivationally relevant stimuli to support
learning, decision making and goal-directed behavior (Christoffel et al., 2021; French &
Totterdell, 2002; Goto & Grace, 2005; Grace et al., 2007; O’'Donnell & Grace, 1995;
Yang et al., 2018). The importance of NAc dopaminergic signaling in these processes is
widely appreciated, with a large body of research describing specific roles for dopamine
in reward prediction error, saliency, and reward expectation (Howe et al., 2013; Kutlu et
al., 2021; Mohebi et al., 2019; Saddoris et al., 2015b; Syed et al., 2016; Wassum et al.,
2012). While NAc dopamine modulates excitability of medium spiny neurons (MSNs),
ultimately, glutamatergic drive determines MSN action potential firing (Carter et al.,
2007). Despite this fundamental physiological requirement for glutamatergic input, the
role of these afferents in supporting reward processing remains relatively unexplored.
Theoretical perspectives suggest that these inputs send qualitatively dissociable
information to the NAc, implying input-specific roles in the computations that underlie
reward processing and reward-motivated behavior. However, direct experimental
evidence of this remains limited. The primary goal of this thesis is to address this gap,
by determining 1) how two distinct glutamatergic inputs to the NAc process reward, 2)
the redundancy and specificity of reward processing between these glutamatergic
inputs, and 3) the behavioral contribution of activity in these inputs towards reward-

motivated behavior.

Of the various glutamatergic inputs to NAc, the inputs from mPFC and vHip may

play a unique and cooperative role in regulating the processing of reward-related
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information in the NAc. Electrophysiological data demonstrates that activity in vHip can
gate the mPFC input to NAc and vice versa, providing a circuit mechanism for joint
control of reward-motivated behavior. (Belujon & Grace, 2008; O’Donnell & Grace,
1995). To examine this possibility, this thesis focuses on comparing these two regions
which provide converging glutamatergic input to the NAc medial shell and also differ in
projection strength, attributed behavioral and computational function. In the first set of
studies, | examine how population-level activity in both mPFC-NAc and vHip-NAc
encodes information about outcomes, with reward driving suppression of neural activity
and unrewarded outcomes gradually restoring activity. | then expand this observation to
describe how this motif can be used across many trials, tracking prior reward history as
a graded function of unrewarded outcomes. Despite evidence of similar encoding
motifs, | hypothesized that there should be differences in the information contained in
mPFC-NAc and vHip-NAc, using task degradations and conditional entropy analyses to
find that while mPFC-NAc consistently encodes outcome, vHip-NAc encoding is
anchored to unrewarded outcomes. Examining the behavioral relevance of reward
integration in mMPFC-NAc and vHip-NAc revealed a co-operative and, to an extent,
redundant role of these pathways in dynamically modulating engagement in rewarding

environments.

The second study expands upon this work, based on the hypothesis that
inhibitory populations in mPFC and vHip might contribute to the reward-mediated
suppression identified in the first study. Surprisingly, | again find a similar pattern of
reward integration as described in the first study. Inhibitory neurons in mPFC and vHip,

suppress activity to reward, tracking prior reward history. However, in inhibitory neurons,
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this seems to be gated by behavioral state. Examining the behavioral relevance of
state-gated reward integration in mPFC and vHip again revealed a role in dynamically
modulating task engagement in both regions, but a state-dependent role in modulating

choice behavior in each region.

Together, this work identifies a novel motif of population-level neural activity that
integrates outcome-information across trials in NAc projecting regions and highlights the
relevance of task demands and behavioral state in efficient outcome encoding and

reward processing.
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Abstract

The NAc, a highly integrative brain region controlling motivated behavior, is thought to
receive distinct information from various glutamatergic inputs yet strong evidence of
functional specialization of inputs is lacking. While circuit neuroscience commonly seeks
specific functions for specific circuits, redundancy can be highly adaptive and is a critical
motif in circuit organization. Using dual-site fiber photometry in an operant reward task,
we simultaneously recorded from two NAc glutamatergic afferents to assess circuit
specialization. We identify a common neural motif that integrates reward history in
medial prefrontal cortex (mPFC) and ventral hippocampus (vHip) inputs to NAc. Then,
by systematically degrading task complexity, dissociating reward from choice and
action, we identify key circuit-specificity in the behavioral conditions that recruit
encoding. While mPFC-NAc invariantly encodes reward, vHip-NAc encoding is uniquely
anchored to unrewarded outcomes. Ultimately, using optogenetic stimulation we
demonstrate that both inputs co-operatively modulate task engagement. We illustrate
how similar encoding, with differential gating by behavioral state, supports state-

sensitive tuning of reward-motivated behavior.
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Introduction

The NAc integrates glutamatergic inputs with dopaminergic input from the ventral
tegmental area, with multiple glutamatergic inputs converging at the level of individual
medium spiny neurons in the NAc medial shell (Britt et al., 2012; Carter et al., 2007,
Christoffel et al., 2021; Floresco, 2015; French & Totterdell, 2002; Lind et al., 2023; Muir
et al., 2024; O’'Donnell & Grace, 1995). Prominent theoretical perspectives hold that
these inputs send qualitatively distinct information which the NAc then integrates to
orchestrate motivated behavior (Floresco, 2015; Grace et al., 2007; Lind et al., 2023;
Parker et al., 2022). For example, the mPFC contributes information about rewarding
events and executive control while the vHip contributes emotional context and
behavioral inhibition (Bagot et al., 2015; Barker et al., 2019; Hamel et al., 2022;
Lindenbach et al., 2022; Muir et al., 2020; Otis et al., 2017; Parker et al., 2022;
Spellman et al., 2021; Wenzel et al., 2023; Yoshida et al., 2020). Despite predictions of
distinct encoding and behavioral function for mPFC-NAc and vHip-NAc, strong evidence
of functional specialization is lacking. To date, most studies have examined a single
input and the few studies that examined one or more inputs in the same task compared
across animals leaving open the possibility that inter-individual variation in behavior and
other variables influence neural encoding (Britt et al., 2012; G. Chen et al., 2023; Reed

et al., 2018).

To systematically interrogate functional redundancy versus specialization we
simultaneously probed neural encoding using dual-site in vivo fiber photometry to record
activity in two glutamatergic circuits during reward-guided choice in a two-armed bandit

task. The mPFC-NACc is widely appreciated to mediate reward processing and, given
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that vHip-NAc inputs converge with mPFC-NAc, we asked if the vHip-NAc might also
contribute to this function (Otis et al., 2017; Parker et al., 2022; Spellman et al., 2021).
Using trial-by-trial modeling of neural activity, we identify a novel mechanism for
integrating outcome information across trials that is common to both circuits. Analyzing
the redundancy across signals revealed an additional dimension of uniqueness to vHip-
NAc encoding. By sequentially degrading task complexity we show that, despite sharing
a common mechanism for outcome integration, each circuit is recruited in distinct
behavioral states, with the vHip-NAc preferentially encoding reward after unrewarded
outcomes. Optogenetically manipulating circuit-specific activity revealed that, once
recruited, both inputs cumulatively mediate dynamic behavioral engagement. Our
findings reveal co-operative circuit organization in NAc wherein redundant encoding in
two inputs is gated by circuit-specific mechanisms for state-sensitive tuning of reward-

motivated behavior.

Results

mPFC-NAc and vHip-NAc similarly encode outcomes in a probabilistically

rewarded environment

To assess redundancy versus specificity in outcome encoding in two distinct
circuits under matched conditions and trial histories, we injected retrograding AAV-
GCaMP7f in NAc medial shell and implanted optic fibers in mPFC and vHip to record
Ca?*-associated fluorescence while mice engaged in reward-guided choice (Fig. 1E).
We trained mice in a two-lever probabilistic reward learning task (i.e. a two-armed

bandit task) in which lever pressing probabilistically earns a chocolate milk reward (Fig.
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1A). Following each lever press, one of two different auditory cues signaled trial
outcome (rewarded, unrewarded) and start of the inter-trial interval (ITl). To maintain a
dynamic environment with robustly encountered rewarded and unrewarded outcomes,
levers were probabilistically rewarded on 80% or 20% of presses with probabilities
switched after five consecutive responses on the high probability lever. Female (n=10)
and male (n=12) mice experienced similarly high numbers of unrewarded and rewarded
trials and low numbers of omission trials (Fig. 1B-D). Examining behavior across
sessions shows decreasing staying probability after unrewarded outcomes and
increasing rewards earned, indicating animals use information about outcomes to guide

behavior (Fig. S1).

Trial based tasks are ideal for probing neural encoding, generating large
numbers of trials. However, standard analysis approaches either analyze individual
trials, failing to account for the within animal nested data structure and inappropriately
inflating effects, or average all trials within animals, thereby underestimating effects.
Choice tasks are additionally challenging with the number of instances of each trial type
varying across animals. To preserve the power of trial-by-trial data while accounting for
the nested structure and unbalanced observations we used a linear mixed model
approach (Yu et al., 2022). To examine how outcome is encoded in each projection, we
modeled normalized Ca?*-associated fluorescence change as a function of trial

outcome, while controlling for inter-individual variability.
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Figure 1. mPFC-NAc and vHip-NAc similarly encode reward in a probabilistically
rewarded environment. (A) Schematic of two-armed bandit task. Mice lever press in a
two lever task in which one lever is rewarded with chocolate milk on 80% of trials, and
the other on 20%. Following a lever press, levers retract, and auditory cues signal
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outcome and start of a 10 sec inter-trial interval (ITl). Contingencies switch after five
consecutive responses on the high probability lever. Female (n=10) and male (n=12)
mice robustly engage with the task, experiencing similar numbers of (B) unrewarded (C)
rewarded and (D) omission trials. (E) Retrograding jGCaMPTf is injected into the
nucleus accumbens (NAc) medial shell and optic fibers implanted in medial prefrontal
cortex (mPFC) and ventral hippocampus (vHip) to simultaneously probe neural activity
indicated by Ca?*-associated fluorescence changes in (F) mPFC neurons projecting to
NAc (mPFC-NAc) and (G) vHip neurons projecting to NAc (vHip-NAc) as mice
encounter reward and non-reward. Estimated mean mPFC-NAc activity across all
rewarded and unrewarded trials in (H) female (n=10) and (I) male (n=12) mice. y=0 is
indicated by a dashed horizontal line. Analysis focused on 8-10 sec after lever press (ITl
end). At ITI end, mPFC-NAc activity is suppressed by rewarded outcomes in female (J;
Z=21.348, p<0.0001) and male (K; Z=19.625, p<0.0001) mice. Estimated mean vHip-
NAc activity across all rewarded and unrewarded trials in (L) female and (M) male mice.
At ITI end, vHip-NAc activity is suppressed by rewarded outcomes in female (N;
Z=8.161; p<0.0001) and male (O; Z=8.924; p<0.0001) mice. Heatmap of mPFC-NAc
activity to (P) rewarded outcomes and (Q) unrewarded outcomes in a representative
animal across one session. Heatmap of vHip-NAc activity to (R) rewarded outcomes
and (S) unrewarded outcomes in a representative animal across one session. Error
bars represent SEM around the estimated mean. ****p<0.0001

Reward strongly suppressed mPFC-NAc and vHip-NAc activity in female and
male mice. In mPFC-NACc, a peak following the lever press and outcome delivery is
followed by gradually emerging reward-associated suppression across the ITI (Fig 1H, [,
P,Q). In vHip-NAc, an initial peak is followed by suppression after the lever press and
outcome delivery, with suppression sustained following reward or activity gradually
increasing following unrewarded outcomes (Fig. 1 L, M, R,S). We focused analysis on
the end of the ITI (8-10 sec after lever press) when trial outcome has been integrated
prior to next trial start. By ITI end, reward robustly suppressed mPFC-NAc activity in
female and male mice (Fig. 1J, K). Reward also robustly suppressed vHip-NAc activity
in female and male mice (Fig. 1N, O). This indicates that outcome encoding emerges

across the ITI with reward suppressing mPFC-NAc and vHip-NAc activity. To explore
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modulation by other task factors, we examined neural encoding time-locked to licking
and decision-relevant behaviors. We did not observe clear neural encoding of licking
(Fig. S2A,D), the decision to stay or shift (Fig. S2B,E), or the identity of the chosen lever
(Fig. S2C,F) suggesting that outcome is the primary source of modulation in mPFC-NAc

and vHip-NAc in this task.

Having observed that mPFC-NAc and vHip-NAc are similarly modulated by
reward, we then examined if one circuit leads the other. We found that the time-lag for
the maximum cross-correlation between mPFC-NAc and vHip-NAc did not significantly
differ from zero in rewarded or unrewarded trials in either sex. This shows that neither
circuit drives outcome encoding in the other (Fig. S3A, B). Interestingly, we note that
although suppression emerges earlier in vHip-NAc than mPFC-NAc (Fig. S3C), the
utility of this suppression in distinguishing rewarded vs unrewarded outcome emerges
earlier in mPFC-NAc than vHip-NAc (~ 3 seconds post lever press in mPFC-NAc vs. ~ 4
seconds post lever press in VHip-NAc; Fig. S3D,E). This suggests that while the overall
informational encoding is comparable, the underlying dynamics likely vary considerably

between pathways.

mPFC-NAc and vHip-NAc integrate reward history

We find that mPFC-NAc and vHip-NAc similarly encode outcomes. Visualizing
this encoding across a longer timespan shows that reward-mediated suppression can
last across 10s of seconds in mPFC-NAc and vHip-NAc (Figure S4). We thus
speculated that this enduring modulation might integrate reward information across
successive trials and that this integration might be more prominent in mPFC-NAc than

vHip-NAc, given prior evidence of enduring representation in mPFC (Parker et al., 2022;
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Spellman et al., 2021; Sul et al., 2010). To test this, we sorted trials by both prior and
current outcome, identifying trial sequences that were rewarded then rewarded (R>R),
rewarded then unrewarded (R->U), unrewarded then rewarded (U->R), and unrewarded
then unrewarded (U->U). We then compared neural activity across the ITI on the most
recent trial to determine how prior outcome modulates outcome encoding on the current
trial. Analyzing males and females separately revealed similar modulation (Fig. S5) and
we therefore report sex-combined analyses. Both previous and current outcome
modulate mPFC-NAc activity (Fig. 2A). Following a given trial (t -1), reward suppresses
mPFC-NAc activity (Fig. 2B) effectively resetting the baseline for the next trial. Reward
on the subsequent trial (t0) similarly suppresses mPFC-NAc by ITIl end, regardless of
prior outcome. However, when mice are unrewarded on the subsequent trial (t0),
suppression of mPFC-NAc by prior reward is maintained through ITl end (Fig. 2C). This
suggests that a single reward maximally and enduringly suppresses mPFC-NAc activity

and that, in the absence of subsequent reward, this suppression slowly dissipates.

We then examined if vHip-NAc similarly integrates outcomes (Fig. 2D). Following
a given trial (t-1), reward suppresses vHip-NAc activity (Fig. 2E). As with mPFC-NAc,
this resets the baseline for the next trial (t0), wherein reward suppresses vHip-NAc
regardless of prior outcome. However, when the subsequent trial (t0) is unrewarded,
suppression of vHip-NAc activity by prior reward is maintained through ITl end (Fig. 2F).
Together, this shows that mPFC-NAc and vHip-NAc similarly integrate outcomes across
trials. In both circuits, reward maximally suppresses neural activity and activity gradually
increases following subsequent unrewarded outcomes, such that, by ITl end, the

relative degree of suppression represents an integrated reward outcome history.
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Figure 2. mPFC-NAc and vHip-NAc similarly integrate reward history. (A)
Estimated mean mPFC-NAc activity across pairs of consecutive trials (t-1-2t0) showing
rewarded+rewarded (R ->R), rewarded+unrewarded (R 2U), unrewarded+rewarded
(U-R), and unrewarded+unrewarded (U -U) trial pairs in female (n=10) and male
(n=12) mice. y=0 is indicated by a dashed horizontal line. Analysis focused on 8-10 sec
after lever press (ITl end). (B) On trial t-1, mPFC-NAc activity is significantly suppressed
by reward (U->U vs R>U: Z=28.99496, p<0.0001; U2R vs R2>R: Z=25.6767,
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p<0.0001). (C) On the subsequent trial, t0, mPFC-NAc activity is significantly
suppressed by current reward (U-2U vs U2R: Z=-28.5098, p<0.0001; R>U vs R2R:
Z=-19.8981, p<0.0001, U>U vs R2R: Z=-29.0153, p<0.0001;). When trial t0 is
unrewarded, mPFC-NAc activity remains significantly suppressed by reward
experienced on the previous trial, t-1, (U2U vs R22U: Z= 9.1965, p<0.0001; U2R vs
R-2R: Z=1.9308, p=0.2811; R>U vs U2R: Z=-18.7786, p<0.0001). (D) Estimated
mean vHip-NAc activity across pairs of consecutive trials (t-1-2t0) showing
rewarded+rewarded (R->R), rewarded+unrewarded (R 2U), unrewarded+rewarded
(U-R), and unrewarded+unrewarded (U ->U) trial pairs. y=0 is indicated by a dashed
horizontal line. (E) On trial t-1, vHip-NAc activity is significantly suppressed by reward
(U2U vs R22U: Z=14.9372, p<0.0001; U2R vs R2R: Z=11.6962, p<0.0001). (F) On
the subsequent trial, t0, vHip-NAc activity is significantly suppressed by current reward
(U2U vs U2R: Z=-17.4993, p<0.0001; R2U vs R2>R: Z=-7.1005, p<0.0001; U>U vs
R2R: Z=-18.0126, p<0.0001). When trial t0 is unrewarded, vHip-NAc activity remains
suppressed by reward experienced on the previous trial, t-1, (U22U vs R2U: Z=
11.4112, p<0.0001; U2R vs R2R: Z= 1.4235, p=0.6349; R>U vs U2R: Z= 5.9394,
p=0.6349). Individual-animal averages are indicated by circles for males and triangles
for females. Error bars represent SEM around the estimated mean. ****p<0.0001

mPFC-NAc and vHip-NAc are differentially sensitive to unrewarded

outcomes

Analyzing neural encoding of reward and outcome integration revealed that
mPFC-NAc and vHip-NAc similarly encode reward suggesting they may provide
redundant information to the NAc. To test redundancy between mPFC-NAc and vHip-
NAc we calculated the conditional entropy of mPFC-NAc given vHip-NAc (H(mPFC-
NAc|vHip-NAc)) and vHip-NAc given mPFC-NAc (H(vHip-NAc|mPFC-NAc)). In this way,
we assessed the information contributed by each circuit beyond that contributed by the
other at ITI end, when outcome is fully integrated (Fig. 3A). We contrasted entropy
between rewarded and unrewarded outcomes as a function of prior outcome. Relative

to unrewarded outcomes, the entropy of mPFC-NAc given vHip-NAc was reduced by
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rewarded outcomes, indicating that vHip-NAc and mPFC-NAc signals are more
redundant after reward than non-reward (Fig. 3B). In contrast, following previous
unreward, but not previous reward, current reward increased the entropy of vHip-NAc
given mPFC-NAc (Fig. 3C), indicating that, under these conditions, mPFC-NAc explains
less of the vHip-NAc signal. This shows that, after reward, vHip-NAc and mPFC-NAc
encoding converges, becoming more redundant, but when reward is made more
surprising by immediately following an unrewarded outcome, vHip-NAc carries
additional information. That is, despite global redundancy in reward encoding motifs, we
identify a dimension of circuit specificity and a potential unique role for vHip-NAc in

encoding reward following unrewarded outcomes.

If this is true, across outcome histories, vHip-NAc encoding should be most
apparent when reward follows an unrewarded outcome, whereas, following consecutive
rewards, vHip-NAc should become insensitive to outcome as rewards become less
surprising. In contrast, mPFC-NAc encoding is predicted to be relatively invariant across
outcome histories. To test this, we examined current outcome encoding at ITl end while
considering prior outcomes up to three trials back. Consistent with our prediction,
mPFC-NAc encoded current outcome regardless of prior outcome history (Fig. 3D;
Supplementary Table 1) while vHip-NAc failed to encode current outcome after two or
more consecutive rewards (Fig. 3E; Supplementary Table 1). This effect seems to be
mostly mediated by differences in how mPFC-NAc and vHip-NAc respond to
unrewarded outcomes. While reward continues to suppress activity in both pathways

regardless of reward history, when encountering an unrewarded outcome following
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several rewarded outcomes, mPFC-NAc activity increases as expected but vHip-NAc

activity fails to immediately increase.
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Figure 3. mPFC-NAc and vHip-NAc are differentially sensitive to unrewarded
outcomes. (A) Venn diagram representing the relationship between the mutual
information and conditional entropy that exists between observed mPFC-NAc and vHip-
NAc signals. Conditional entropy is a measure of the additional unique information
contributed by a second signal given fully knowledge of a first signal. (B) Conditional
entropy in mPFC-NAc is reduced on rewarded relative to unrewarded trials regardless
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of previous outcome (U-2U vs U2R: Z=2.8644, p<0.0001; R->U vs R2R: Z=3.5185,
p<0.0001) indicating that less unique information is carried in mPFC-NAc after reward.
(C) Conditional entropy in vHip-NAc is increased on rewarded relative to unrewarded
trials only when the prior outcome was unrewarded (U2>U vs U2R: Z=-3.7566,
p=0.0003) indicating that more unique information is carried in vHip-NAc when reward
follows nonreward. Comparison of activity at ITI end on currently rewarded or
unrewarded trials considering prior outcome history up to three trials back shows that
(D) mPFC-NAc activity is suppressed on every currently rewarded trial indicating that
mPFC-NAc consistently encodes current outcome via relative suppression regardless of
outcome history. In contrast, (E) vHip-NAc activity is suppressed on currently rewarded
trials except when current reward is preceded by two (Z=1.2310, p=0.8606) or three
(Z=0.8398, p=0.9834) prior consecutive rewards indicating that vHip-NAc ceases to
encode current outcome via relative suppression after consistent reward. See
supplementary table 1 for all comparisons. Error bars represent SEM around the
estimated mean. *p<0.05, ***p<0.001, ****p<0.0001

Degrading task requirements reveals circuit-specific roles in reward
integration

Analyzing informational redundancy and encoding across varying outcome
histories suggested that, while mPFC-NAc and vHip-NAc encode and integrate reward
via a common mechanism, each may nevertheless serve distinct functions in reward
processing. To isolate the specific conditions under which each circuit integrates
outcomes we recorded neural activity while degrading task requirements to sequentially
eliminate choice and action. We first eliminated choice, extending only a single lever
while maintaining the requirement to press to elicit an outcome. To hold outcome
experience constant, the specific sequence of reward and unreward was yoked to each
animal's prior performance on the two-lever task (Fig. 4A). In the absence of choice,
mPFC-NAc continued to encode previous and current outcome (Fig. 4B). On trial t0, by

ITl end, current and prior outcomes were encoded, as in the two-lever task (Fig. 4C,
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Fig. 2C). Examining vHip-NAc in the one-lever task also revealed largely similar
outcome-mediated modulation (Fig. 4D, Fig. 2D). At ITI end, prior and current outcomes
were integrated, similar to the two-lever task (Fig. 4E, Fig. 2F). Despite conserved
information encoding in both circuits, the shape of the vHip-NAc signal was more visibly
altered than the mPFC-NAc. In particular, the vHip-NAc signal in the one-lever task
appeared noisier and blunted with the expected peak following lever press largely
absent, potentially suggesting heightened sensitivity to task structure. Overall, we find
that both mPFC-NAc and vHip-NAc maintain similar graded representations of reward

history that are largely independent of choice requirements.

Removing lever choice minimally impacted reward integration. We then asked if
neural integration of outcome history is entirely independent of response requirements
by removing both levers in a choice-free response-free task. Trials continued to be
signaled by cue-lights, but without lever extension and outcomes were passively
delivered yoked to each animal’s individual performance on the full two-lever task (Fig.
4F). Eliminating the response requirement markedly and distinctly altered reward
integration in both circuits. In mPFC-NAc (Fig. 4G), encoding of prior outcome was
erased and only the current outcome encoded (Fig. 4H). This differs from both the two-
lever and one-lever tasks wherein mPFC-NAc encoded a graded representation of
reward history and suggests that mPFC-NAc integrates reward history only in
instrumental settings where a response elicits outcomes. However, even when rewards
are passively encountered (i.e. when no lever press is required), mPFC-NAc continues
to encode reward but with a shortened time constant, such that only the most recent

outcome is retained.
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Figure 4. Degrading task requirements reveals circuit specialization in integrating
reward history. (A) Schematic of one-lever forced choice task in which lever presses
are rewarded on a schedule yoked to each animal’s individual performance in the final
three days of the two-armed bandit task. Following a lever press, levers retract, and
auditory cues signal outcome and start of a 10 sec inter-trial interval (ITl). (B) Estimated
mean mPFC-NAc activity across pairs of consecutive trials (t-1->t0) showing
rewarded+rewarded (R 2R), rewarded+unrewarded (R 2U), unrewarded+rewarded
(U-2R), and unrewarded unrewarded (U-U) trial pairs (male n= 8, female n=6). y=0 is
indicated by a dashed horizontal line. Analysis focused on 8-10 sec after lever press (IT]
end). (C) On trial t0, mPFC-NAc activity is suppressed by reward (U-2U vs U2R:
Z=18.8757, p<0.0001; R2U vs R>R: Z=12.0687, p<0.0001; U2U vs R2>R:
Z=18.2004, p<0.0001). When trial t0 is unrewarded, mPFC-NAc activity remains
suppressed by reward experienced on the previous trial, t-1, (U22U vs R>U: Z= 6.3467,
p<0.0001; U2R vs R2>R: Z=-0.7826, p=0.9671; U2R vs R2>U: Z= 12.7865,
p<0.0001). (D) Estimated mean vHip-NAc activity across pairs of consecultive trials (t-
12t0) showing R2R, R2U, U2R, and U-U trial pairs (male n= 8, female n=6). y=0 is
indicated by a dashed horizontal line. (E) On trial t0, vHip-NAc activity is suppressed by
reward (U-2U vs U2R: Z=8.5245, p<0.0001; R>U vs R2>R: Z=4.0519, p=0.0003;
U-22U vs R2R: Z=10.2097, p<0.0001). When trial t0 is unrewarded, mPFC-NAc activity
remains suppressed by reward experienced on the previous trial, t-1, (U22U vs R2U:
Z=6.2425, p<0.0001; U22R vs R2>R: Z=1.7019, p=0.4275;, U2R vs R>U: Z= 2.3408,
p=0.1101). (F) Schematic of no lever response free task. Mice are allowed to collect
rewards delivered on a schedule yoked to each animal’s individual trial statistics
(latency and outcome) of the two-armed bandit task. Trial structure is signaled by cue-
light illumination and after a predetermined delay auditory cues signal outcome and start
of a 10 sec ITI. (G) Estimated mean mPFC-NAc activity across pairs of consecutive
trials (t-1-2t0) showing R2>R, R2U, U2R, and U-2U trial pairs (male n= 8, female
n=6). y=0 is indicated by a dashed horizontal line. (H) On trial t0, mPFC-NAc activity is
suppressed by reward (U-2U vs U22R: Z=8.2136, p<0.0001; R2U vs R>R: Z=7.4647,
p<0.0001; U2U vs R2>R: Z=8.5242, p<0.0001; U>U vs R2>U: Z= 1.1662, p=0.8126;
U-Rvs R2R: Z= 0.3493, p=0.9996; U2R vs R2>U: Z=7.1124, p<0.0001). (I)
Estimated mean vHip-NAc activity across pairs of consecutive trials (t-1-2t0) showing
R2R, R2U, U2R, and U-U trial pairs (male n= 8, female n=6). y=0 is indicated by a
dashed horizontal line. (J) On trial tO, vHip-NAc activity is suppressed by reward only if
trial t-1 was unrewarded (U->U vs U2R: Z=3.7413, p=0.0011; R2U vs R2>R:
Z=1.5289, p=0.5551; U22U vs R>R: Z=5.3913, p<0.0001). When trial t0 is unrewarded,
vHip-NAc activity remains suppressed by reward experienced on the previous trial, t-1,
(U2U vs R2U: Z= 3.8661, p=0.0007; U2R vs R2R: Z= 1.6584, p=0.4587; U2>R vs
R-2U: Z=-0.1282, p=0.9999). Individual-animal averages are indicated by circles for
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males and triangles for females. Error bars represent SEM around the estimated mean.

*k*

£<0.001, ****p<0.0001

vHip-NAc representation of reward history was also degraded, yet in a distinct
manner (Fig. 41). Current outcomes were encoded only when the previous trial, t-1, was
unrewarded (Fig. 4J). This shift in encoding translates into vHip-NAc effectively
overlooking isolated instances of non-reward, likely reflecting an extended time
constant. Critically, this cannot be explained by changes in task engagement given that
mPFC-NAc continued to represent reward in these same animals (Fig. 4G,H) and
licking bouts were similarly maintained across task variants (Fig. S6). Following the
removal of response requirements, we returned animals to the two-lever task and again
observed encoding of integrated reward history (Fig. S7) confirming that the modulation
of encoding across task degradation is indeed attributable to altered task requirements
and is not artifactual (e.g. potential signal degradation over time). This reveals that task
demands differently shape neural encoding of reward in mPFC-NAc and vHip-NAc.
When reward is passively encountered, independent of a required response, mPFC-
NAc maintains a simplified reward representation across a shortened temporal window,
limiting integration across trials. In contrast, vHip-NAc anchors encoding to unrewarded
outcomes with an extended time constant, to preferentially represent surprising
rewards. This suggests that while the fundamental function of mMPFC-NAc in rewarding
contexts is to encode outcomes, the fundamental function of vHip-NAc is to use

information about unrewarded outcomes to tune outcome encoding.
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mPFC-NAc and vHip-NAc modulate task engagement

Examining neural representation of outcomes identified both mechanistic
redundancy and functional specificity in mPFC-NAc and vHip-NAc encoding. We then
asked how this neural processing might integrate to modulate behavior. While in general
encoding was similar in both circuits, reducing the requirement for engagement by
making reward non-contingent revealed functional specialization. We hypothesized that
outcome-associated neural activity in mPFC-NAc and vHip-NAc modulates task
engagement. To test this, we examined if neural activity at ITl end predicted latency to
lever press on the subsequent trial, a metric operationalizing engagement (Bari et al.,
2019; Beierholm et al., 2013; Cox et al., 2023; Hamid et al., 2016; Niv et al., 2007). A
linear mixed effects model revealed modest yet significant relationships between
latency to lever press and mPFC-NAc, vHip-NAc, and the interaction of mPFC-NAc and
vHip-NAc activity (Fig. 5A, Supplementary Table 2; Fig. S8). This suggests that
increased activity during outcome integration in either circuit increases latency to lever

press, indicating reduced behavioral engagement (Fig. S9).

From the association between neural activity and latency, we hypothesized that
reward suppresses activity in mPFC-NAc and vHip-NAc to support behavioral
engagement, defining a mechanism whereby recent reward history modulates
engagement in reward-motivated behavior. We predicted that acutely increasing activity
in either mPFC-NAc or vHip-NAc would suppress engagement. To test this, we injected
retrograding AAV-ChR2 into NAc and implanted fibers above mPFC and vHip to deliver
blue light stimulation during the ITl on a subset of trials in the two-armed bandit task

(Fig. 5B-E; Fig. S10). To test if mPFC-NAc and vHip-NAc uniquely or redundantly
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Figure 5. mPFC-NAc and vHip-NAc modulate task engagement. (A) Heatmap of
estimated latency to respond on the subsequent trial given mPFC-NAc and vHip-NAc
activity at ITI end shows that increased activity associates with longer latency. (B)
Optogenetic stimulation in the two-armed bandit task is delivered for the duration of the
ITI to either mPFC-NAc, vHip-NAc, or simultaneously to both circuits. (C) AAVrg-ChR2-
mCherry or AAVrg-mCherry is injected into the NAc and optic fibers implanted in mPFC
and vHip to stimulate (D) mPFC-NAc neurons and (E) vHip-NAc neurons. (F)
Simultaneous 5Hz stimulation of mPFC-NAc and vHip-NAc, but neither circuit
individually, increased latency to respond in ChR2 animals (male n=6, female n=7)
compared to mCherry controls (male n=6, female n=6; Z=-18.6984, p<0.0001). (G) 8 Hz
stimulation of mPFC-NAc (Z=-12.6970, p=0.01354), vHip-NAc (Z=-23.8073, p<0.0001),
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and simultaneous stimulation of both mPFC-NAc and vHip-NAc (Z=-24.1357, p<0.0001)
all increased latency in ChR2 animals (male n= 5, female n=6) compared to mCherry
controls (male n= 6, female n=6). Individual-animal averages are indicated by circles for
males and triangles for females. Error bars represent SEM around the estimated mean.
**p<0.01,****p<0.0001

control behavior we stimulated each circuit alone or both simultaneously. Stimulating
either circuit alone had no effect, whereas stimulating both simultaneously increased
latency to lever press, but did not alter choice behavior (Fig. 5F; Fig. S11A). This could
indicate either a threshold for sufficient cumulative glutamatergic drive or a requirement
for synergistic interaction between inputs. To differentiate these possibilities, we
repeated the experiment with stronger stimulation. Strong stimulation of either circuit
alone increased latency to lever press, again with no effect on choice (Fig. 5G, Fig.
S11B). This shows that total glutamatergic input modulates engagement, independent of
input identity. mPFC-NAc stimulation yielded a slightly weaker effect than vHip-NAc,
consistent with previous findings that mPFC projections to NAc medial shell are sparser
than those from vHip (Britt et al., 2012). Stimulation during lever presentation did not
yield any changes in latency or choice behavior, supporting the importance of neural
integration of outcome during the ITI period, prior to action initiation (Fig. S12). Together
our results demonstrate that mPFC-NAc and vHip-NAc dynamically track outcome
information to modulate behavioral engagement according to recent history of reward.
While each circuit is specialized to execute this function under distinct behavioral states,
once engaged, they redundantly modulate behavior pointing to complementary roles in

control of reward seeking.
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Discussion

We examined redundancy and specificity in the function of two distinct
glutamatergic inputs to the NAc. Using dual-site fiber photometry to probe trial-by-trial
outcome encoding simultaneously in two circuits in the same animal during reward-
guided choice, we find that mPFC-NAc and vHip-NAc similarly integrate reward via
suppression of neural activity. By then systematically manipulating the conditions in
which outcomes are encountered, we revealed that each circuit executes this common
function under distinct behavioral states. While the mPFC-NAc invariantly encodes
outcome, vHip-NAc uses information about unrewarded outcomes to tune outcome
encoding, effectively amplifying surprising reward. By comparing independent or
synchronous circuit-specific optogenetic stimulation we show that, once engaged, these
circuits cooperatively execute a shared function, i.e. modulating task engagement.
Taken together, we identify a redundant mechanism for outcome integration with circuit-
specific gating. This supports convergence of multiple inputs in tuning behavioral

engagement to recent history of reward.

Our finding that both mPFC-NAc and vHip-NAc integrate information about
outcomes of reward-motivated actions is consistent with the well-established role of
mPFC in reward processing. Critically, we demonstrate that this function is not specific
or limited to the mPFC-NAc. Globally, the mPFC encodes information about previous
actions and outcomes (Sul et al., 2010) and mPFC projections to the NAc bridge
information about current actions and outcomes across trials (Parker et al., 2022;
Spellman et al., 2021). Our findings suggest these functions are not unique to mPFC-

NAc and are shared by vHip-NAc. However, we identify novel state dependent
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specialization in how reward integration is engaged in each circuit. We show that the
mPFC-NAc fundamentally functions as a reward ledger, with reward suppressing neural
activity no matter the behavioral state. In contrast, we find that vHip-NAc is tuned to

preferentially encode outcome information after unrewarded outcomes.

Differential encoding between mPFC-NAc and vHip-NAc emerged upon
degrading task requirements, a manipulation that minimizes cognitive and behavioral
demands effectively reducing the behavioral utility of representing integrated reward
history. Under these circumstances, the base functionality of each circuit is revealed:
mPFC-NAc encoding is anchored to reward whereas vHip-NAc is anchored to
unrewarded outcomes. Layered on top of this base functionality, representation of
reward history scales with task complexity in support of behavioral demands. When
reward is passively encountered with limited utility for action-outcome associations,
mPFC-NAc encoding is limited to the most recent outcome. In more complex
environments wherein actions elicit reward and action-outcome associations have high
utility, the mPFC-NAc encoding window extends to integrate reward history. In simpler
task structures that no longer require active engagement with a lever to earn rewards,
the time-constant of vHip-NAc encoding shifts such that activity no longer increases
when a single unrewarded outcome follows reward. As a result, the vHip-NAc effectively
comes to encode consecutive loss against other outcomes. Together, this suggests a
role for vHip-NAc in providing information about the state of reward statistics in the
environment, modulating behavior as a function of unrewarded outcomes, and revealing

a novel role for this circuit as a parallel and distinct stream of outcome integration.
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The NAc has long been implicated in reward processing yet the precise neural
circuit mechanisms are still being resolved. In the NAc medial shell, reward
predominantly suppresses neural activity (Chen et al., 2023). This suppression likely
maintains reward seeking as stimulation of either D1 or D2 medium spiny neurons
bidirectionally controls reward seeking behavior (Lafferty et al., 2020). Here we show
that reward suppresses both mPFC-NAc and vHip-NAc, two major excitatory inputs to
NAc medial shell. Reward-associated suppression of these inputs would lead to
reduced NAc activity. As such, our findings are consistent with reports that optogenetic
stimulation of diverse glutamatergic inputs inhibits motivated behavior and the idea that
glutamatergic input to NAc medial shell functions as a brake on motivated behavior
(Lafferty et al., 2020; Millan et al., 2017; Reed et al., 2018; Yoshida et al., 2019, 2021).
We show that outcome integration in mPFC-NAc and vHip-NAc initiates parallel,
temporally integrated, neural signaling that may engage this ‘brake’ to align ongoing
behavior with recent reward history and so tune behavioral engagement to prevailing

environmental conditions.

Employing a redundant mechanism in mPFC-NAc and vHip-NAc may serve
several functions. A common mechanism makes for simple integration of multiple inputs
and ensures the robustness of the fundamental function of reward-guided engagement
against insults. Further, modulating redundant encoding with state-dependent circuit-
specific sensitivity may increase the granularity and range of encoding to ultimately
amplify the behavioral impact of surprising rewards. We demonstrate that high levels of
reward suppress activity in both mPFC-NAc and vHip-NAc to favor continued

engagement. In contrast, strong activation of either input suppresses engagement, but,
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when weakly activated, synchronous recruitment of both circuits is required.
Functionally, this may translate into a mechanism whereby moderate, balanced activity
predominantly modulates task engagement while allowing for strong activation of either

circuit to exert more direct behavioral control.

Preferential outcome encoding in vHip-NAc after unrewarded outcomes may
serve to strengthen engagement in variably rewarding environments, driving increased
engagement when reward is infrequently encountered. The sensitivity of vHip-NAc to
continuous unrewarded outcomes, may also serve to gauge reward statistics of the
environment, continually increasing with each consecutive unrewarded outcome to
trigger task disengagement when activity reaches some threshold. Qualitatively, we see
hints of this in the shape of the signal after experience with an unrewarded outcome:
mPFC-NACc tends to plateau while vHip-NAc continues to increase. Ultimately,
dysregulated outcome-encoding in either mPFC-NAc or vHip-NAc could alter behavioral
sensitivity to reward. Relative to mPFC-NAc, The vHip-NAc is poised to exert an
outsized effect on behavioral engagement both in the strength of its input to NAc medial
shell (Britt et al., 2012) and in its role in signaling unrewarded outcomes. For example,
hyperactivity of vHip-NAc may erroneously signal a large amount of consecutively
unrewarded outcomes, causing premature disengagement. Given our finding that
engagement is modulated by the cumulative glutamatergic input to NAc, a sufficiently
strong vHip-NAc signal could effectively jam any reward signal from mPFC-NAc,
compounding insensitivity to reward that manifests as anhedonia. Indeed, disruption of
the balance between NAc inputs and increased vHip-NAc drive is observed following

chronic stress (Bagot et al., 2015; Muir et al., 2020; Pignatelli et al., 2021; Williams et
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al., 2020), as well as chronic alcohol (Griffin et al., 2023; Kircher et al., 2019) and
cocaine intake (Barrientos et al., 2018; Cahill et al., 2016; Pascoli et al., 2014;

Zinsmaier et al., 2022), manipulations associated with aberrant reward processing.

Here we examined the simultaneous encoding in two key neural circuits for
motivated behavior. By considering outcome encoding within the context of recent
outcome history and behavioral demands we identified a common neural mechanism of
sustained temporal integration of reward outcomes and reveal how the external
environment differentially shapes internal representations within two neural circuits. We
also revealed critical circuit specificity: while mPFC-NAc consistently tracks outcomes,
vHip-NAc preferentially encodes outcome information after unrewarded outcomes. By
illustrating the interplay of redundancy and specificity in circuit control of motivated
behavior we demonstrate the need to contextualize events within varied behavioral
states to fully understand neural encoding. Overall, our findings point to the importance
of balanced suppression of NAc glutamatergic inputs during outcome integration to

maintain reward-modulated behavioral engagement.

Methods

Animals

Mice were maintained on a 12-h light-dark cycle (lights on at 7:00AM) at 22-25°C,
group-housed with 3-4 same-sex cage-mates with ad libitum access to food and water.
All experimental manipulations occurred during the light cycle, in accordance with
guidelines of McGill University’s Comparative Medicine and Animal Resources Center

and approved by the McGill Animal Care Committee. 7-week-old male and female
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C57BL/6J mice were obtained from Jackson Laboratories and habituated to the colony
room one week prior to start of manipulations. Mice were food restricted to 85% of their

free-feeding body weight during experimentation.

Surgeries

Stereotaxic surgery was performed under ketamine (100 mg/kg)/xylazine (10
mg/kg) anesthesia. To achieve projection-specific GCaMP7f expression in glutamatergic
NAc-projecting cells, 0.3ul pGP-AAVrg-syn-jGCaMP7f-WPRE virus (1.85x 10"3GC/m;
Addgene) was infused into the NAc (A/P: +1.3, M/L: +/-0.60, D/V: -4.9) at a rate of 0.1pl
per min, before raising the needle to D/V: -4.7 and infusing a further 0.4l virus, and
allowed to diffuse for 10 min before withdrawing the needle. pGP-AAV-syn-jGCaMP71-
WPRE was a gift from Douglas Kim & GENIE Project (Addgene plasmid # 104488 ;
http://n2t.net/addgene:104488 ; RRID:Addgene_104488) (Dana et al., 2019).
Chronically implantable optic fibers (Neurophotometrics) with 200um core and 0.37 NA
threaded through ceramic ferrules were implanted above the ventral subiculum of the
vHip (A/P: -3.40, M/L: +/-3.00, D/V: -4.75) and infralimbic mPFC (A/P: 1.90, M/L: +/-0.3,
D/V: -2.80). Recordings began minimum 4 weeks after surgery to allow sufficient time
for stable and robust retrograde virus expression. To achieve projection-specific ChR2
expression in glutamatergic NAc-projecting cells, 0.3ul pGP-AAVrg-hSyn-
hChR2(H134R)-EYFP virus (7% 102GC/ml; Addgene) or a fluorophore only control,
pGP-AAVrg-hSyn-mCherry (7x 10'2GC/ml; Addgene) was infused into the NAc (A/P:
+1.3, M/L: +/-0.60, D/V: -4.9) at a rate of 0.1ul per min, before raising the needle to D/V:
-4.7 and infusing a further 0.4pl virus, and allowed to diffuse for 10 min before

withdrawing the needle. pAAV-hSyn-hChR2(H134R)-EYFP was a gift from Karl
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Deisseroth (Addgene plasmid # 26973; http://n2t.net/addgene:26973 ;

RRID:Addgene _26973). pAAV-hSyn-mCherry was a gift from Karl Deisseroth (Addgene
plasmid # 114472; http://n2t.net/addgene: 114472 ; RRID:Addgene_114472). Chronically
implantable optic fibers (Neurophotometrics) with 200pum core and 0.22 NA threaded
through ceramic ferrules were implanted above the ventral subiculum of the vHip (A/P: -
3.40, M/L: +/-3.00, D/V: -4.75) and infralimbic mPFC (A/P: 1.90, M/L: +/-0.3, D/V: -2.80).
Optogenetic manipulations began minimum 4 weeks after surgery to allow sufficient

time for stable and robust retrograde virus expression.

Histology

After completion of all behavioral testing, mice were deeply anesthetized with
ketamine/xylazine and transcardially perfused with phosphate buffered saline (PBS) and
paraformaldehyde (4%). Brains were removed and post-fixed in paraformaldeyhde for
24h and stored in PBS until sectioning on a vibratome (50 pym). Sections were mounted
with Vectashield with DAPI (Vector Laboratories) and examined under a fluorescent
microscope (Leica DM6000 B) to confirm viral expression and fiber placement. A
confocal microscope (Zeiss LSM800) was used to obtain fluorescent images. Images
were acquired as tiles with a 20x air objective (NA 0.8) using Zeiss Zen Blue imaging
software. Images were collected in the McGill University Advanced Biolmaging Facility

(ABIF), RRID:SCR_017697. Mistargeted animals were excluded from analysis.

Apparatus

Behavioral experiments were performed in standard Med Associates operant

boxes (15.24 x 13.34 x 12.7 cm) enclosed in sound attenuating chambers outfitted with
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a programmable audio generator, two retractable levers and cue lights either side of a
food port for delivering a liquid chocolate milk reward (30ul, Nesquick) diluted with water
in a 2:1 ratio. Boxes were controlled and data collected by a computer running MED-PC

software (Med-Associates).

Lever Press Training

Training was completed in three stages, with all training sessions lasting 30
minutes. In the first stage, animals were presented with two levers, both of which
delivered a chocolate milk reward with a 100% probability. To signal the start of the trial,
both levers extended and the cue lights above the levers turned on, animals then had
60 seconds to make a response on either lever. A press on either lever resulted in lever
retraction, immediate delivery of a 30 pL chocolate milk reward, and the start ofa 3
second auditory cue (2kHz pure tone or white noise). Following either a lever press or
60 seconds with no press (i.e. an omission), a 10 second intertrial interval (ITl) was
triggered. After one session with over 25 responses, animals progressed to the second
stage. In this stage animals again were presented with two levers but reward was now
delivered with a 50% probability on both levers. To signal the start of the trial, both
levers extended and the cue lights above the levers turned on, animals then had 60
seconds to make a response. A lever press resulted in lever retraction and immediate
delivery of the outcome, either a 30 pL chocolate milk reward and a 3 second auditory
cue (2kHz pure tone or white noise, counterbalanced across animals) or just a 3 second
auditory cue (white noise or 2kHz pure tone). Following either a lever press or omission,
a 10 second intertrial interval (IT1) was triggered. Following two consecutive sessions

with over 40 responses, animals progressed to the third stage. This stage was the same

53



as stage two except that animals now had only 10 seconds to make a response before
an omission was registered. Following two consecutive sessions with over 100

responses animals achieved criterion to progress to the two-armed bandit task.

Two-armed bandit Task

The two-armed bandit task was performed over of 6 days with each session
lasting one hour. In this task, animals were presented with two levers with one lever
rewarded on 80% of trials, and the other lever rewarded on 20% of trials. To signal the
start of the trial, both levers extended and the cue lights above the levers turned on,
animals then had 10 seconds to make a response on either lever or an omission was
registered. A lever press resulted in lever retraction and immediate delivery of the
outcome, either a 30 pL chocolate milk reward and a 3 second auditory cue (2kHz pure
tone or white noise, counterbalanced across animals) or simply a different 3 second
auditory cue (white noise or 2kHz pure tone) signaling non-reward. Following either a
lever press or an omission, a 10 second intertrial interval (ITI) was triggered. To
maintain a dynamic learning environment and high rates of rewarded and unrewarded
outcomes, probability of reward was switched between levers after five consecutive
responses on the high probability lever. Four males and four females remained on the

two-armed bandit task during the task degradation (data not shown).

One-Lever Forced Choice Task

The one lever forced choice task was performed over 3 days with each session
lasting one hour. In this task, animals were presented with a single lever

(counterbalanced across animals). Pressing this lever resulted in probabilistic reward on
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a predetermined schedule. The outcome schedule was matched to each animal’s
individual performance in the final three days of the two-armed bandit task, such that
the first session in the one-lever task was yoked to the reward schedule experienced by
the animal on day four in the two-armed bandit task, the second to day five, and the
third to day six. To signal the start of the trial, the lever extended and the cue light above
the lever turned on. Animals then had 10 seconds to make a response. A lever press
resulted in lever retraction and immediate delivery of the outcome, either a 30 uL
chocolate milk reward and a 3 second auditory cue (2kHz pure tone or white noise) or
simply a different 3 second auditory cue (white noise or 2kHz pure tone). Following

either a lever press or an omission, a 10 second intertrial interval (ITl) was triggered.

No Lever Response Free Task

The no lever response free task was performed over the course of 3 days with
each session lasting one hour. In this task, animals were able to retrieve non-
contingently delivered rewards under a similar trial structure to both the two-armed
bandit task and the one-lever forced choice task but with no levers available. To signal
the start of the trial, cue lights above both levers turned on and remained illuminated for
a period of time matched to each animal’s response time in the last three days of the
two-armed bandit task. After cue lights turned off, outcomes were delivered, either a 30
ML chocolate milk reward and a 3 second auditory cue (2kHz pure tone or white noise)
or simply a different 3 second auditory cue (white noise or 2kHz pure tone). As in the
one-lever task, the outcome schedule was matched to each animal’s performance in the

final three days of the two-armed bandit task now also matching the latency to receive
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the outcome to the trial-by-trial latency to lever press on the two-armed bandit task with

a 10 second intertrial interval (ITI).

Frame Independent Projected Fiber Photometry

To measure calcium-associated changes in fluorescence in real time, recordings
were made from vHip-NAc and mPFC-NAc-projecting cells during the two-armed bandit
task, the one-lever forced choice task, and the no lever response free task. Samples
were collected at a frequency of 20 Hz using Neurophotometrics hardware through
Bonsai and FlyCap software. Recordings were coupled to the start of behavioral
analysis by interfacing Bonsai with MED-PC using a custom DAQ box

(Neurophotometrics).

Photometry data extraction and normalization

Photometry data were extracted and analyzed using custom-written scripts in
Python. To normalize the data, the control channel (415nm) was fitted to the raw
(470nm). The fitted control was then subtracted from the raw trace. The resultant trace
was divided by the fitted control giving the AF/F and converted to a Z-score. This
calculation was performed over the entirety of the session to preserve dynamic
fluctuation in population activity that persists beyond individual trials to allow
comparison across trials. For heatmaps Z-scores were baseline subtracted from
average activity in the two seconds prior to lever press to accommodate moving
baselines. For analyses of reward history, Z-scores were baseline subtracted from
average activity in the two seconds prior to lever press on trial t-1 to account for shifted

baselines in trial t0.
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Optogenetics in Two-armed Bandit Task

Following lever press training, animals started the two-armed bandit task with
optogenetic manipulations of mMPFC-NAc and vHip-NAc activity for the duration of the
ITI. Each day animals received either mPFC-NAc, vHip-NAc, or simultaneous mPFC-
NAc and vHip-NAc stimulation on a subset of trials over the course of 9 days such that
they received a total of 3 days of stimulation per condition for each stimulation protocol
tested (5 Hz, 10 ms, 1-2 mW,; 8 Hz, 10 ms, 2-3 mW). Order of stimulation days was fully
counterbalanced within and between mice to avoid any order effects. Stimulation was
delivered by 450 nm lasers controlled by a laser driver (Doric) running Doric studios
software and triggered via a TTL (Med-Associates) at IT| start on a random subset of

trials (30%) and terminated immediately prior to lever extension.

Ex vivo current-clamp electrophysiology

Brain slice preparation

Mice were deeply anesthetized with isofluorane. Transcardial perfusion was
performed with 25-30 ml of ice-chilled carbogenated NNMDG artificial cerebrospinal
fluid (aCSF: containing in mM: 92 NMDG, 2.5 KCI, 1.25 NaH2POQO4, 30 NaHCOs3, 20
HEPES, 25 glucose, 2 thiourea, 5 Na-ascorbate, 3 Na-pyruvate, 0.5 CaCl2-4H20 and 10
MgSO4-7H20; titrated to pH 7.3—7.4 with concentrated hydrochloric acid). Brain slices
(200 pm) were prepared in ice-chilled carbogenated NMDG aCSF by a vibratome (Lecia
VT 1200S). All brain slices were recovery in 32-34 °C carbogenated NMDG aCSF for
10 min and then were transferred into room-temperature carbogenated HEPES holding

aCSF (containing in mM: 92 NaCl, 2.5 KClI, 1.25 NaH2PO4, 30 NaHCO3, 20 HEPES, 25

57



glucose, 2 thiourea, 5 Na-ascorbate, 3 Na-pyruvate, 2 CaCl2:4H20 and 2 MgSO4-7H20;

titrated to pH to 7.3—-7.4 with NaOH) for at least 1 hour before current-clamp recording.

Electrophysiology recordings

Current-clamp recordings were performed in room-temperature carbogenated
aCSF (containing in mM: mM: 128 NaCl, 3 KCI, 1.25 NaH2PO4, 2 MgClz, 2 CaClz, 24
NaHCOs and 10 glucose; pH 7.2). The patch pipette solution was composed of (in mM)
115 K-gluconate, 20 KCI, 1.5 MgClz, 10 Phosphocreatine-Tris, 2 Mg-ATP, 0.54 Na-GTP
and 10 HEPES. Blue light (wavelength: 470 nm) from a LED system (DC4100,
Thorlabs) was used for optogenetic stimulation to evoke action potentials. The
optogenetic stimulation protocol consisted of trains of 5 Hz (1-2 mW) or 8 Hz (2-3 mW)
10ms light pulses for 5 s. All signals were amplified and digitized by Multiclamp 700B
(Molecular Device) and Digidata 1550B (Molecular Device) respectively. Series and
access resistance were monitored during the experiments and signals were bessel

filtered at 2 kHz.

Data Analysis & Statistics

Linear Mixed Effects Regression

Linear Mixed Effects Regression Models are a powerful approach to probe
variance attributable to variables of interest (e.g. trial outcome) while simultaneously
controlling for random effects (e.g. session ID) (Fetcho et al., 2023; Kato et al., 2022; Yu
et al., 2022). This is useful for modeling instances where there is nonindependence in
the structure of data e.g. multiple trials recorded within multiple animals. Models were fit

using the full interaction of the factors of interest (trial outcome, previous trial outcome,
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sex) and using animal ID and session ID as random effects using the /me4 package in
R (Bates et al., 2014). Where the dependent variable was latency, a Gamma link
function was used to approximate the non-gaussian distribution. The fitted models were
used to calculate estimated marginal means using the emmeans package in R (Lenth et
al., 2021). The effect of variables of interest were then examined by comparing
estimated marginal means. Given the large number of samples generated using this
approach (all trials x all animals), comparisons of estimated marginal means were

conducted using a Z-test and Sidak’s method to adjust for multiple comparisons.

Cross-Correlation Time Delay Analysis

Time delay analysis was performed by first calculating the cross-correlation
between mPFC-NAc and vHip-NAc during the ITI across a maximum lag of £ 5 seconds
using the CCF function in R. The argument of the maximum (i.e. the time offset of peak
correlation) of the resulting cross-correlation function was used to estimate the delay
between mPFC-NAc and vHip-NAc on a trial-by-trial basis (Abboud & Sadeh, 1984).
Linear mixed effects models were then fit to assess if the delay was non-zero (i.e. non-
synchronous) using the following models to test for effects of sex [Time Delay~Sex-
1+(1|ID)+(1]|Day)] and for the interaction between sex and reward [Time
Delay~Rewards:Sex-1+(1|ID)+(1|Day)]. The resulting regression coefficients from each
model were examined to determine if the time delay was non-zero in any group (i.e.

regression coefficient significantly different from zero).

Conditional Entropy Analysis

Conditional entropy is an information measure used to estimate the amount of additional

information needed to explain one signal given full knowledge of a second signal. This
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can be interpreted as the unique information contributed by a second signal beyond that
contributed by a first with smaller conditional entropy suggesting less unique information
carried by the second signal. Conditional entropy was calculated on the first two
seconds and the last two seconds of the ITI using the Pylnform package in Python to
calculate the entropy (H) of the mPFC circuit given the vHip-NAc circuit, HmPFC-
NAc|vHip-NAc), and the entropy of the vHip-NAc circuit given the mPFC-NAc circuit,

HA(vHip-NAc|mPFC-NAc) (Cover & Thomas, 1991; Moore et al., 2018).

Code Availability

Code used to perform analyses for all figures available at

https://github.com/eshaaniyer/mPFCvHip-NAc_RewardIntegration
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Supplementary Figure 1. Behavior in the two-arm bandit task across days. Male
(n=12) and female (n=10) mice trend towards experiencing more (A) unrewarded trials
across days (F=3.9919, p=0.0595, and experience more (B) rewarded trials across days
(F=138.7239, p<0.0001), and fewer (C) omitted trials across days (F=51.5277,
p<0.0001). (D) Across days, animals are more likely to earn rewards. Across days,
animals do not change their staying probability following a (E) rewarded outcome but
decrease their staying probability following (F) unrewarded outcomes (F=50.0712,
p<0.0001). (G) Animals complete more trials across days (F=150.3925, p<0.0001), and
increase the number of (H) reversals completed (F=40.3985, p<0.0001), and (1)
decrease the number of lever presses performed to trigger a reversal (F=16.5760,
p=0.0006). Individual-animals averages are indicated by circles for males and triangles
for females. Error bars represent SEM around the estimated mean
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Supplemental Figure 2. mPFC-NAc and vHip-NAc activity time-locked to task-
relevant features. (A) Estimated mean mPFC-NAc activity time-locked to the first
rewarded and unrewarded lick during the ITl in female (n=10) and male (n=12) mice. (B)
Estimated mean mPFC-NAc activity time-locked to lever press on trials in which the
previous choice is repeated (stay) and when a different choice is made (shift) (C)
Estimated mean mPFC-NAc activity time-locked to lever press on trails in which animals
choose the lever contralateral or ipsilateral to their implant. (D) Estimated mean vHip-
NAc activity time-locked to the first rewarded and unrewarded lick during the ITI in
female (n=10) and male (n=12) mice. (E) Estimated mean vHip-NAc activity time-locked
to lever press on trials in which the previous choice is repeated (stay) and when a
different choice is made (shift) (F) Estimated mean mPFC-NAc activity time-locked to
lever press on trails in which animals choose the lever contralateral or ipsilateral to their
implant.
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Supplementary Figure 3. Reward-associated encoding in mPFC-NAc and vHip-
NAc is not led by either mPFC-NAc or vHip-NAc. (A) Linear mixed effects models of
the cross-correlation between mPFC-NAc and vHip-NAc shows that the time delay of
the maximum cross-correlation does not significantly differ from zero in either females
(n=10; Delay: 0.0074 + 0.0349; Correlation: 0.2326 + 0.0205) or males (n=12;
Delay=0.0335 £ 0.0338; Correlation: 0.2255 + 0.0196) (B) and is not modulated by trial
outcome (Female Unrewarded: Delay = -0.0035 + 0.0382, Correlation = 0.2340 +
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0.0205; Female Rewarded: Delay = 0.0202 £+ 0.0393, Correlation = 0.2310 + 0.0205;
Male Unrewarded: Delay =0.0237 £+ 0.0373, Correlation = 0.2228 + 0.0196; Male
Rewarded: Delay = 0.0463 + 0.0385, , Correlation = 0.2288 + 0.0196). (C) Maximum
suppression emerges at shorter latencies in vHip-NAc than mPFC-NAc in both females
(Z=9.8839, p<0.0001) and males (Z=10.6193, p<0.0001). (D) Probing mPFC-NAc
neural activity in 1sec bins reveals that, following a reward, activity initially increases,
compared to unrewarded outcomes, before then suppressing activity to reward starting
approximately three seconds following outcome delivery (-2s: Z=-1.3533, p=0.9020; -1s:
Z=-1.7419, p=0.6396; 0s: Z=-3.0654, p=0.0258; 1s: Z=-3.0142, p=0.0305; 2s: Z=26344,
p=0.0966; 3s: Z=12.6813, p<0.0001; 4s: Z=22.0057, p<0.0001; 5s: Z=28.0269,
p<0.0001; 6s: Z=30.6498, p<0.0001; 7s: Z=30.6759, p<0.0001; 8s: Z=28.6823,
p<0.0001; 9s: Z=27.3802, p<0.0001). (E) Probing vHip-NAc neural activity in 1sec bins
reveals that, following a reward, activity initially decreases to both outcomes, with
activity gradually increasing following unrewarded outcomes starting approximately four
seconds following outcome delivery (-2s: Z=-1.6402, p=0.7212; -1s: Z=-2.4254,
p=0.1688; 0s: Z=-2.8276, p=0.0548; 1s: Z=-1.3310, p=0.9118; 2s: Z=0.8472, p=0.9968;
3s:Z=1.6955, p=0.6774; 4s: Z=3.5239, p=0.0051; 5s: Z=4.7739, p<0.0001; 6s:
Z=6.9466, p<0.0001; 7s: Z=8.5257, p<0.0001; 8s: Z=10.8820, p<0.0001; 9s:
Z=12.2713, p<0.0001) Error bars represent SEM around the estimated mean. * p<0.05,
**p<0.01, ****p<0.0001
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Supplementary Figure 4. Example traces of mPFC-NAc and vHip-NAc activity
illustrating baseline fluctuations across an extended timescale. (A) Heatmap of
mPFC-NAc activity in the 60 seconds following lever press, sorted by rewarded and
unrewarded outcomes in a representative animal across one session. (B) Heatmap of
vHip-NAc activity in the 60 seconds following lever press, sorted by rewarded and
unrewarded outcomes in a representative animal across one session.

66



Male
-

A Female
.

o
N
¥

-0.2

mPFC (zScore)
o

-0.4

Trial 1 Rewarded Rewarded Unrewarded Unrewarded Rewarded Rewarded Unrewarded Unrewarded
Trial 2 Rewarded Unrewarded Rewarded Unrewarded Rewarded Unrewarded Rewarded Unrewarded

Female Male
.

)

0 025 kil

Scor

N 0.00

vHip

-0.25

Trial 1 Rewarded Rewarded Unrewarded Unrewarded Rewarded Rewarded Unrewarded Unrewarded
Trial 2 Rewarded Unrewarded Rewarded Unrewarded Rewarded Unrewarded Rewarded Unrewarded

Supplementary Figure 5. mPFC-NAc and vHip-NAc similarly integrate reward
history in females and males. Estimated mean neural activity across pairs of
consecutive trials (t-1->t0) showing rewarded+rewarded (R 2R), rewarded+unrewarded
(R-2U), unrewarded+rewarded (U-2R), and unrewarded+unrewarded (U -2U) trial pairs
in female (n=10) and male (n=12) mice. Analysis focused on 8-10 sec after lever press
(ITI end) on trial t0. (A) On trial t0, mPFC-NAc activity is significantly suppressed by
current reward in females (U-2U vs U2>R: Z=-20.0296, p<0.0001; R2U vs R2>R: Z=-
14.4311, p<0.0001; U->U vs R2>R: Z=-21.8708, p<0.0001) and males ( U2U vs U2>R:
Z=-20.3516, p<0.0001; R>U vs R2R: Z=-13.7364, p<0.0001; U2U vs R2>R: Z=-
19.3064, p<0.0001). When trial t0 is unrewarded, mPFC-NAc activity remains
significantly suppressed by reward experienced on the previous trial, t-1, in females
(U22U vs R2U: Z=7.5245, p<0.0001; UR vs R2R: Z= 2.7695, p=0.0653; U>R vs
R2U: Z=-12.2087, p<0.0001) and males (U->U vs R2U: Z= 5.4925, p<0.0001; U>R
vs R2R: Z=-0.0498, p=1.0000; U >R vs R2U: Z=-14.3616, p<0.0001). (B) On trial t0,
vHip-NAc activity is significantly suppressed by current reward in females (U 2U vs
U->R: Z=-11.2415, p<0.0001; R2U vs R2>R: Z=-6.0202, p<0.0001; U>U vs R2>R: Z=-
12.7816, p<0.0001) and males (U2U vs U2R: Z=-13.4823, p<0.0001;, R>U vs R2>R:
Z=-4.0837, p=0.0005; U>U vs R2R: Z=-12.8133, p<0.0001). When trial t0 is
unrewarded, vHip-NAc activity remains significantly suppressed by reward experienced
on the previous trial, t-1, in females (U-2U vs R2U: Z= 6.9947, p<0.0001; U2R vs
R2R: Z=2.0602, p=0.3825; U->R vs R2U: Z=-4.1470, p=0.0004) and males (U-2>U
vs R2U: Z= 9.1069, p<0.0001; U2R vs R>R: Z= 0.0066, p=1; U2R vs R>U: Z= -
4.2526, p=0.0002). Individual animal averages are indicated by circles for males and
triangles for females. Error bars represent SEM around the estimated mean.

***p<0.001, ****p<0.0001
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Supplementary Figure 6. Licking behavior is similar across task variants. (A)
Licking bouts are similarly increased at ITI end on rewarded compared to unrewarded
trials across task variants with no significant differences in licking behavior across task
variants (male n= 8, female n=6; Two-lever Task: Z=-22.415, p<0.0001; One-lever Task:
Z=-18.599, p<0.0001, No Lever Task: Z=-22.415, p=0.0001). ****p<0.0001
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Supplementary Figure 7. mPFC-NAc and vHip-NAc continue to integrate reward
history in the two-lever task following task degradation. (A) Estimated mean
mPFC-NAc activity across pairs of consecutive trials (t-1->t0) showing
rewarded+rewarded (R 2R), rewarded+unrewarded (R 2U), unrewarded+rewarded
(U-2R), and unrewarded+unrewarded (U ->U) trial pairs (male n= 8, female n=6). y=0 is
indicated by a dashed horizontal line. Analysis focused on 8-10 sec after lever press (IT]
end). (B) On trial t0, mPFC-NAc activity is suppressed by reward (U-22U vs U-2R:
Z=12.6023, p<0.0001; R2U vs R>R: Z=8.3462, p<0.0001; U2U vs R>R: Z=12.8094,
p<0.0001). When trial t0 is unrewarded, mPFC-NAc activity remains suppressed by
reward experienced on the previous trial, t-1, (U22U vs R>U: Z= 4.5712, p<0.0001;
U2Rvs R2R: Z=0.2476, p=0.9999; U>R vs R2U: Z= 8.1228, p<0.0001). (C)
Estimated mean vHip-NAc activity across pairs of consecutive trials (t-1-2t0) showing
R2R, R2U, U2R, and U-U trial pairs (male n= 8, female n=6). y=0 is indicated by a
dashed horizontal line. (D) On trial t0, vHip-NAc activity is suppressed by reward (U-2U
vs U2R: Z=6.0444, p<0.0001; R2U vs R2R: Z=3.2567, p=0.0067; U2U vs R2>R:
Z=7.5496, p<0.0001). When trial t0 is unrewarded, vHip-NAc activity remains
suppressed by reward experienced on the previous trial, t-1, (U22U vs R>U: Z= 4.3316,
p<0.0001; U22R vs R2>R: Z= 1.6252, p=0.5580; U >R vs R2>U: Z= 1.7330, p=0.4058).
Error bars represent SEM around the estimated mean. **p<0.01, ***p<0.001,

*kkk

£<0.0001

69



log(latency)

log(latency)

=

VHip (zScore) 7 VHip (zScore) VHip (zScore) 7 VHip (zScore)

Supplemental Figure 8. Correlation between latency and mPFC-NAc or vHip-NAc
activity at ITl end in representative animals. (A) Correlation between mPFC-NAc and
latency at ITIl end in animal #207 (male, r=0.1542, p<0.0001). (B) Correlation between
mPFC-NAc and latency at ITl end in animal #208 (male, r=0.1868, p<0.0001). (C)
Correlation between mPFC-NAc and latency at ITl end in animal #215 (female,
r=0.1368, p<0.0001). (D) Correlation between mPFC-NAc and latency at ITl end in
animal #215 (female, r=0.1408, p<0.0001). (E) Correlation between vHip-NAc and
latency at ITl end in animal #207 (male, r=0.1029, p<0.0001). (F) Correlation between
vHip -NAc and latency at ITI end in animal #208 (male, r=0.1373, p<0.0001). (G)
Correlation between vHip-NAc and latency at ITl end in animal #215 (female, r=0.1082,
p<0.0001). (H) Correlation between vHip -NAc and latency at ITl end in animal #215
(female, r=0.1838, p<0.0001).
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Supplemental Figure 9. Median-split mPFC-NAc and vHip-NAc activity associates
with distinct response latencies. A median split of average neural activity reveals that
(A) high mPFC-NAc activity (t(20)=4.555, p=0.0002) and (B) high vHip-NAc activity
(t1(21)=5.48, p<0.0001) at ITl end increases latency to respond. Error bars represent
SEM. ***p<0.001, ****p<0.0001
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Supplementary Figure 10. Histology and optogenetic validation. (A) Plates indicate
viral spread and location of fiber tips in the mPFC. In vitro optical stimulation of mPFC-
NAc cell bodies induces spiking that reliably tracks stimulation at (B) 5Hz and (C) 8Hz.
(D) Plates indicate viral spread and location of fiber tips in the vHip. In vitro optical
stimulation of vHip-NAc cell bodies induces spiking that reliably tracks stimulation at (E)
5Hz and (F) 8Hz.
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Supplementary Figure 11. Optogenetic stimulation does not impact choice
behavior. (A) Neither simultaneous nor individual 5Hz stimulation of mPFC-NAc and
vHip-NAc changed staying probabilities in ChR2 animals (male n=6, female n=7)
compared to mCherry controls (male n=6, n=6 females). (B) Neither simultaneous nor
individual 8Hz stimulation of mPFC-NAc and vHip-NAc changed staying probabilities in
ChRZ2 animals (male n=6, female n=7) compared to mCherry controls (male n=6, female
n=6). Individual-animal averages are indicated by circles for males and triangles for
females. Error bars represent SEM around the estimated mean.
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Supplementary Figure 12. Optogenetic stimulation during lever-pressing does not
impact behavior. (A) Optogenetic stimulation protocol in the two-armed bandit task is
delivered for the duration of the lever extension to either mPFC-NAc, vHip-NAc, or
simultaneously to both circuits. Neither simultaneous nor individual 5Hz stimulation of
mPFC-NAc and vHip-NAc affected (B) latency to press or (C) staying probabilities in
ChR2 animals (male n=6, female n=7) compared to mCherry controls (male n=6, female
n=6). Individual-animal averages are indicated by circles for males and triangles for
females. Error bars represent SEM around the estimated mean.
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Results of pairwise comparisons assessing outcome encoding on current trial (TO) given specified histories of reward over previous three trials (T -1, T-2, T-3).

TO Pairwise Comparison  T-1QOutcome T-2Qutcome T-3Outcome ZRatio p Value
mPFC-NAc Rewardedvs Unrewarded Unrewarded Unrewarded Unrewarded 14.709144 p<0.0001
mPFC-NAc Rewardedvs Unrewarded Unrewarded Unrewarded Rewarded 11.342379 p<0.0001
mPFC-NAc Rewardedvs Unrewarded Unrewarded Rewarded Unrewarded  13.708781 p<0.0001
mPFC-NAc RewardedvsUnrewarded Unrewarded Rewarded Rewarded 12.042946 p<0.0001
mPFC-NAc Rewardedvs Unrewarded Rewarded Unrewarded Unrewarded 9.963937 p<0.0001

mPFC-NAc Rewardedvs Unrewarded Rewarded Unrewarded Rewarded 9.755649 p<0.0001
mPFC-NAc Rewardedvs Unrewarded Rewarded Rewarded Unrewarded 6.794145 p<0.0001
mPFC-NAc Rewardedvs Unrewarded Rewarded Rewarded Rewarded 5.635762 p<0.0001

vHip-NAc Rewarded vs Unrewarded Unrewarded Unrewarded Unrewarded 9.6733623 p<0.0001
vHip-NAc Rewardedvs Unrewarded Unrewarded Unrewarded Rewarded 5.9858316 p<0.0001
vHip-NAc ~ Rewardedvs Unrewarded Unrewarded Rewarded Unrewarded  5.4500847 p<0.0001
vHip-NAc Rewarded vs Unrewarded Unrewarded Rewarded Rewarded 5.2443238 p<0.0001
vHip-NAc ~ Rewarded vs Unrewarded Rewarded Unrewarded Unrewarded 3.801793 p=0.0011
vHip-NAc Rewardedvs Unrewarded Rewarded Unrewarded Rewarded 3.4495963 p=0.0045
vHip-NAc  Rewardedvs Unrewarded Rewarded Rewarded Unrewarded  1.2310677 p=0.8605
VHip-NAc  Rewardedvs Unrewarded Rewarded Rewarded Rewarded 0.8397556 p=0.9834

Supplementary Table 1. Results of pairwise comparisons assessing outcome

encoding on current trial (T0) given specified histories of reward over previous three
trials (T -1, T-2, T -3).
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Linear mixed model of latency on subsequent trial based on mPFC-NAc and vHip-NAc activity at ITl end

Model: Latency ~ mPFC * vHip + (1| AnimalID) + (1| Day), family = Gamma

Estimate Standard Errct value pvalue
Intercept 0.459593 0.036952 12.438 2E-16
PFC -0.033814 0.004059 -8.331 2E-16
vHip -0.030279 0.003969 -7.629 2.36E-14
PFC:vHip 0.006913 0.00244 2.834 0.0046

Random Effects

Variance Standard Deviation
Animal D 0.004705 0.06859
Day 0.006334 0.07959

Supplementary Table 2. Linear mixed model of latency on subsequent trial based on
mPFC-NAc and vHip-NAc activity at ITl end. Latency ~ mPFC * vHip + (1|Animal ID) +
(1|Day), family = Gamma.
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A role for GABAergic neurons in outcome
integration?

The previous chapter describes a novel mechanism by which mPFC and vHip
projections to the NAc integrate outcomes over multiple trials to tune engagement to
recent history of reward. It further establishes that uncertainty gates the expression of
this mechanisms in vHip, thus defining a process by which uncertainty interacts with
outcome in order to continuously modulate behavior. The defining feature of this
mechanism is reward-mediated suppression, a surprising finding and counterintuitive
based on normative descriptions of neural responses to reward. One potential
explanation is that a population of inhibitory cells may be activated to inhibit projection
neurons originating in mPFC and vHip thus enabling the reward-associated
suppression, and by extension, reward integration described in the previous chapter. To
investigate this possibility, the following chapter examines how inhibitory cell
populations in mPFC and vHip integrate reward with an examination of how behavioral
state modulates these patterns of encoding. This work further contextualizes the
patterns of outcome integration observed in mPFC and vHip projections to NAc and
suggests the existence of a common mechanism for the modulation of both local and

NAc-projecting populations in mPFC and vHip, gated by behavioral state.
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Abstract

Outcome encoding in reward-motivated behavior is observed in principal neurons
across various brain regions. Prevailing views of neural encoding of reward focus on
excitatory neurons as the primary players with GABAergic interneurons relegated to a
supporting role, overlooking the possibility that GABAergic interneurons might
independently encode information. This could have important implications for
understanding neural processing of reward. Here we examined reward encoding in
GABAergic interneurons in medial prefrontal cortex (mMPFC) and ventral hippocampus
(vHip), regions in which glutamatergic neurons integrate outcomes to modulate task
engagement. We used dual-site fiber photometry in an operant reward task to
simultaneously record from GABAergic interneuron populations in mPFC and vHip in
male mice. We identify a common motif of reward integration in GABAergic neurons in
both regions, whereby relative suppression of neural activity maps onto outcome
history, and this is sensitive to behavioral state. Using a hidden Markov model to
decompose behavior into bouts of exploration and exploitation, we find that exploration
gates outcome integration in both mPFC and vHip GABAergic neurons. Globally,
interneuron activity in both regions predicted engagement independent of state, but that
choice prediction was state-dependent and distributed between mPFC and vHip.
Overall, these findings establish a distinct role for GABAergic neurons in outcome

encoding and state-sensitive modulation of reward-motivated behavior.
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Introduction

The ability to integrate information about outcomes is essential to adaptive
behavior. Information must be continuously processed across multiple timescales,
integrating outcome history to tune motivated behavior. Despite considerable interest in
the role of excitatory neuron populations in outcome encoding and reward-motivated
behavior, GABAergic interneurons remain largely unexplored (Otis et al., 2017; Parker
et al., 2022; Spellman et al., 2021; Sul et al., 2010; Yoshida et al., 2019, 2021). While
glutamatergic neurons encode and propagate information across brain circuits,
GABAergic interneurons are considered to play a supporting role, tuning the dynamics
of these excitatory neurons and shaping local network activity (Klausberger & Somogyi,
2008; Tremblay et al., 2016). However, several recent studies challenge this view,
finding that GABAergic neurons in reward-processing regions such the ventral
tegmental area (VTA) and ventral pallidum (VP) also encode reward-relevant

information (Bouarab et al., 2019; Pan et al., 2013; Scott et al., 2023).

We recently found that glutamatergic neurons in both the medial prefrontal cortex
(mPFC) and ventral hippocampus (vHip) integrate outcome histories to modulate
reward-motived behavior (lyer et al., 2024). However, whether GABAergic interneurons
in these regions also play a role in encoding and integrating reward-relevant information
remains an outstanding question. To address this, we used in vivo fiber photometry to
record activity in GABAergic populations simultaneously in mPFC and vHip during

reward-guided choice in a two-armed bandit task. We considered that GABAergic
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interneurons might also encode reward-relevant information, or alternatively, that they
might provide only broader modulation of local activity, in which case, we expected to
observe general modulation of activity by higher level features such as task structure or

behavioral state.

Surprisingly, we identify a unique role of GABAergic neurons in supporting
outcome integration in mPFC and vHip. Using trial-by-trial modeling of neural activity,
we identified reward-mediated suppression as a mechanism for integrating outcome
information across trials in both mPFC and vHip, revealing a fundamental role of
GABAergic neurons in reward encoding. To determine whether these neurons may also
play a broader role in modulation by higher-order features, we then explored how the
nature of outcome encoding in GABAergic neurons is influenced by task structure,
finding that the fidelity of outcome encoding is sensitive to varying task demands. Using
hidden Markov modeling to estimate latent behavioral states, we find that exploration
gates outcome integration in both mPFC and vHip. While both mPFC and vHip
interneuron activity predict behavioral engagement across behavioral state, effects on
choice are state-dependent and distinct between regions. Activity in mPFC (but not
vHip) GABAergic interneurons predicted choice under exploration states while activity in
vHip (but not mPFC) GABAergic neurons predicted choice under exploitation. These
findings reveal a previously unappreciated role for GABAergic neurons in outcome
integration for state-sensitive tuning of reward-motivated behavior with this functional
segregation providing a potential mechanism for more efficient and specialized

behavioral control.
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Main Text

GABAergic mPFC and vHip neurons encode outcomes in a probabilistically

rewarded environment

To assess population-level neural encoding by GABAergic neurons in mPFC and
vHip under matched conditions and trial histories, we injected AAV-mDIx-GCaMP6f to
target GCaMP6f expression to GABAergic neurons (Fig. 1D) and implanted optic fibers
in mPFC and vHip to record Ca2+-associated fluorescence (Fig. 1A-C) while mice
engaged in reward-guided choice (Fig 1E). We trained mice in a two-lever probabilistic
reward learning task (i.e. a two-armed bandit task) in which lever pressing
probabilistically earns a chocolate milk reward (Fig. 1E). Following each lever press,
one of two different auditory cues signaled trial outcome (rewarded, unrewarded) and
start of the inter-trial interval (ITl). To maintain a dynamic environment with robustly
encountered rewarded and unrewarded outcomes, levers were probabilistically
rewarded on 80% or 20% of presses with probabilities switched after five consecutive
responses on the high probability lever. Mice robustly engaged with this task,
encountering high numbers of rewarded and unrewarded trials, and failing to respond

(omitting) on a low number of trials (Fig. 1F).

Reward strongly suppressed activity in mPFC and vHip GABAergic neurons, with
some differences in the evolution of signal across the ITI (Fig. 1G, I). In mPFC, a peak
following the lever press and outcome delivery is followed by gradually emerging
reward-associated suppression across the ITI. In vHip, suppression emerges after lever

press and outcome delivery and is sustained following reward with activity gradually
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increasing following unrewarded outcomes. We focused analysis on the end of the ITlI
(8-10 sec after lever press) when trial outcome has been integrated prior to next trial
start. By ITI end, reward robustly suppressed activity in mPFC GABAergic neurons (Fig.
1H). Reward also robustly suppressed activity in vHip GABAergic neurons (Fig. 1J).
This indicates that outcome encoding emerges across the ITl with reward suppressing

activity of GABAergic neurons in mPFC and vHip.

To explore modulation by other task factors, we examined neural encoding time-
locked to decision-relevant behaviors. First, we examined neural encoding time-locked
to licking and did not observe clear encoding of licks (Fig S1 A,B). We then time-locked
neural activity to the lever press, splitting neural traces by the identity of the upcoming
choice relative to the prior choice (same as the previous choice, or a shift from the
previous choice) (Fig. S1 C, D). Given dramatic reward-induced suppression in
GABAergic activity, we included the previous trial as a covariate to account for shifting
baselines. vHip GABAergic activity does not encode upcoming choice: the primary
source of modulation prior to the lever-press is the previous outcome. However,
following a rewarded, but not an unrewarded outcome, lower mPFC choice shifting
associates with lower mPFC activity. We also time-locked neural activity to lever press,
splitting neural traces by the fixed identity of the lever as ipsilateral or contralateral to
the fiber implant (Fig. S1 E,F). We find that mPFC GABAergic activity does not encode
the identity of the upcoming lever choice: the primary source of modulation prior to the
lever-press is the previous outcome. However, following a rewarded choice, increased
vHip GABAergic activity precedes a contralateral choice, whereas, following an

unrewarded choice, increased vHip GABAergic activity predicts an ipsilateral choice.
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This points to partially dissociable roles of mPFC and vHip in choice behavior with

mPFC tracking choice identity relative to prior choice and vHip tracking choice relative

to fixed lever identity.
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Figure 1. mPFC and vHip similarly encode reward in a probabilistically rewarded
environment. (A) jGCaMP6f under a mDIx promoter is injected into the medial
prefrontal cortex (mPFC) and ventral hippocampus (vHip) and optic fibers implanted
above each injection site to simultaneously probe neural activity indicated by Ca?*-
associated fluorescence changes in (B) mPFC and (C) vHip GABAergic populations as
perform a two-armed bandit task. (D) Examining the expression of vGat and gCaMP
shows that gCaMP-expressing cells (green) were also vGat+ (red) confirming targeting
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to GABAergic neurons. (E) Schematic of two-armed bandit task. Mice (n=14) lever
press in a two-lever task in which one lever is rewarded with chocolate milk on 80% of
trials, and the other on 20%. Following a lever press, levers retract, and auditory cues
signal outcome and start of a 10 sec inter-trial interval (ITl). Contingencies switch after
five consecutive responses on the high probability lever. (F) Mice robustly engage with
the task, experiencing high numbers of rewarded and unrewarded trials, and low
numbers of omissions. Estimated mean GABAergic (G) mPFC and (I) vHip activity
across all rewarded and unrewarded trials. Analysis focused on 8-10 sec after lever
press (ITl end). (H) At ITI end, mPFC activity is suppressed by rewarded outcomes
(Z=13.033, p<0.0001). (J) At ITl end, vHip activity is suppressed by rewarded outcomes
(Z=15.757, p<0.0001). Heatmap of mPFC activity to (K) rewarded outcomes and (L)
unrewarded outcomes in a representative animal across one session. Heatmap of vHip
activity to (M) rewarded outcomes and (N) unrewarded outcomes in a representative
animal across one session. Error bars represent SEM around the estimated mean. ****
p<0.0001

MPFC and vHip GABAergic neurons similarly integrate outcome history

Given that reward-induced suppression lasted throughout the ITI, and that
previous reward most robustly modulates neural activity into upcoming trials, we
speculated that this enduring modulation integrates reward information across
successive trials. To test this, we sorted trials by both prior and current outcome,
identifying trial sequences that were rewarded then rewarded (R->R), rewarded then
unrewarded (R->U), unrewarded then rewarded (U->R), and unrewarded then
unrewarded (U->U). We then compared neural activity across the ITl on the most recent
trial to determine how prior outcome modulates outcome encoding on the current trial.
Both previous and current outcome modulate mPFC GABAergic neuron activity (Fig.
2A). Following a given trial (t -1), reward suppresses mPFC GABAergic activity (Fig. 2B)
effectively resetting the baseline for the next trial. Reward on the subsequent trial (t0)
similarly suppresses mPFC by ITl end, compounding the effect of the previous outcome.

When mice are unrewarded on the subsequent trial (t0), suppression of mPFC by prior
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reward is maintained through ITl end. Similarly, when mice are rewarded on trial t0,
suppression of mPFC by prior reward is maintained through ITI end (Fig 2C). This
suggests that reward enduringly suppresses mPFC GABAergic neuron activity and that,

in the absence of subsequent reward, this suppression slowly dissipates.

We then examined if vHip GABAergic neurons similarly integrates outcomes (Fig.
2D). Following a given trial (t-1), reward suppresses vHip activity (Fig. 2E). As with
mPFC, this resets the baseline for the next trial (t0), wherein reward suppresses vHip,
compounding the effect of prior outcome. When the subsequent trial (t0) is unrewarded,
suppression of vHip GABAergic activity by prior reward is maintained through ITI end.
Similarly, when mice are rewarded on trial t0, suppression of vHip by prior reward is
maintained through ITI end (Fig. 2F). Together, this shows that mPFC and vHip
GABAergic neurons similarly integrate outcomes across trials. In both circuits, reward
suppresses neural activity and activity gradually increases following subsequent
unrewarded outcomes, such that, by ITl end, the relative degree of suppression
represents an integrated reward outcome history and describes the current reward

statistics of the environment.

To examine if GABAergic mPFC and vHip population outcome encoding is also
sensitive to higher order features, such as task demands, we recorded neural activity
while degrading task requirements to sequentially eliminate choice and action. We first
eliminated choice, extending only a single lever while maintaining the requirement to
press to elicit an outcome. To hold outcome experience constant, the specific sequence
of rewarded and unrewarded outcomes was yoked to each animal’s prior performance

on the two-lever task (Fig. 3A). In the absence of choice, GABAergic mPFC neurons
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Figure 2. mPFC and vHip similarly integrate reward history. (A) Estimated mean
mPFC activity across pairs of consecutive trials (t-1-2t0) showing rewarded+rewarded
(R-2R), rewarded+unrewarded (R 2U), unrewarded+rewarded (U-2R), and
unrewarded+unrewarded (U -2U) trial pairs. Analysis focused on 8-10 sec after lever
press (ITl end). (B) On trial t-1, mPFC activity is significantly suppressed by reward
(U2U vs R2U: Z=17.441, p<0.0001; U2R vs R2R: Z=13.442, p<0.0001). (C) On the
subsequent trial, t0, mPFC activity is significantly suppressed by current reward (U-2U
vs U2R: Z=-14.554, p<0.0001; R>U vs R2>R: Z=-11.182, p<0.0001). When trial t0 is
unrewarded, mPFC activity remains significantly suppressed by reward experienced on
the previous trial, t-1, (U22U vs R2U: Z= 6.405, p<0.0001). When trial tO is rewarded,
mPFC activity remains significantly suppressed by reward experienced on the previous
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trial, t-1, (U22R vs R2>R: Z= 3.747, p=0.0003) (D) Estimated mean vHip activity across
pairs of consecutive trials (t-12t0) showing rewarded+rewarded (R 2R),
rewarded+unrewarded (R 2U), unrewarded+rewarded (U-2R), and
unrewarded+unrewarded (U-2U) trial pail (E) On trial t-1, vHip activity is significantly
suppressed by reward (U-2U vs R2U: Z=20.942, p<0.0001; U2R vs R>R: Z=15.901,
p<0.0001). (F) On the subsequent trial, t0, vHip activity is significantly suppressed by
current reward (U-2U vs U2R: Z=-18.885, p<0.0001; U>U vs R2>R: Z=-10.623,
p<0.0001). When trial t0 is unrewarded, vHip activity remains suppressed by reward
experienced on the previous trial, t-1, (U->U vs R2U: Z= 12.806, p<0.0001). When trial
t0 is rewarded, vHip activity remains significantly suppressed by reward experienced on
the previous trial, t-1, (U2R vs R2R: Z= 4.990, p<0.0001). Error bars represent SEM
around the estimated mean. *** p<0.001 **** p<0.0001

continued to encode previous and current outcome (Fig. 3B). On trial t0, by ITl end,
current and prior outcomes were encoded, as in the two-lever task (Fig. 3C, Fig. 2C).
Examining activity in GABAergic vHip neurons in the one-lever task also revealed
largely similar outcome-mediated modulation (Fig. 3D, Fig. 2D). At ITl end, prior and
current outcomes were integrated, similar to the two-lever task (Fig. 3E, Fig. 2F). This
reveals that GABAergic neurons in both mPFC and vHip maintain similarly graded

representations of reward history independent of choice requirements.

We then eliminated response requirements, removing both levers with rewards
delivered in a choice-free response-free task. Trials continued to be signaled by cue-
lights, but without lever extension and outcomes were passively delivered yoked to each
animal’s individual performance on the full two-lever task (Fig. 3F). In the absence of
response requirements, traces from GABAergic neurons in mPFC (Fig. 3G) and vHip
(Fig. 3l) are noisier yet appear to continue to integrate outcome history, albeit with lower
fidelity. On trial tO, by ITI end, GABAergic mPFC neurons encode current outcome and
trend towards encoding previous outcome (Fig. 3H). Examining activity in GABAergic
vHip neurons revealed encoding of current, but not previous outcome, pointing to

increased sensitivity of vHip to task demands compared to mPFC (Fig. 3J). This
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Figure 3. Outcome integration in mPFC and vHip is independent of task
requirements. (A) Schematic of one-lever forced choice task in which lever presses are
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rewarded on a schedule yoked to each animal’s individual performance in the final three
days of the two-armed bandit task. Following a lever press, levers retract, and auditory
cues signal outcome and start of a 10 sec inter-trial interval (ITl). (B) Estimated mean
mPFC activity across pairs of consecutive trials (t-1-2t0) showing rewarded+rewarded
(R-2R), rewarded+unrewarded (R 2U), unrewarded+rewarded (U-2R), and
unrewarded+unrewarded (U -2U) trial pairs. Analysis focused on 8-10 sec after lever
press (ITl end). (C) On trial t0, mPFC activity is significantly suppressed by current
reward (U-2U vs U2R: Z=-9.927, p<0.0001; R2U vs R2R: Z=-9.109, p<0.0001).
When trial t0 is unrewarded, mPFC activity remains significantly suppressed by reward
experienced on the previous trial, t-1, (U22U vs R>U: Z= 4.033, p=0.0002). When trial
t0 is rewarded, mPFC activity remains significantly suppressed by reward experienced
on the previous trial, t-1, (U2R vs R2>R: Z= 4.033, p=0.0016) (D) Estimated mean vHip
activity across pairs of consecutive trials (t-12t0) showing rewarded+rewarded (R 2>R),
rewarded+unrewarded (R->U), unrewarded+rewarded (U-2R), and
unrewarded+unrewarded (U -U) trial pairs. Analysis focused on 8-10 sec after lever
press (ITl end). (E) On trial t0, vHip activity is significantly suppressed by current reward
(U2U vs U2R: Z=-6.452, p<0.0001; R2U vs R>R: Z=-3.924, p=0.0002). When trial t0
is unrewarded, vHip activity remains significantly suppressed by reward experienced on
the previous trial, t-1, (U2U vs R2U: Z= 7.406, p<0.0001). When trial tO is rewarded,
vHip activity remains significantly suppressed by reward experienced on the previous
trial, t-1, (U2R vs R2>R: Z= 4.862, p<0.0001). (F) Schematic of no lever response free
task. Mice are allowed to collect rewards delivered on a schedule yoked to each
animal’s individual trial statistics (latency and outcome) of the two-armed bandit task.
Trial structure is signaled by cue-light illumination and after a predetermined delay
auditory cues signal outcome and start of a 10 sec ITI. (G) Estimated mean mPFC
activity across pairs of consecutive trials (t-1-2t0) showing rewarded+rewarded (R 2R),
rewarded+unrewarded (R->U), unrewarded+rewarded (U-2R), and
unrewarded+unrewarded (U -2U) trial pairs. Analysis focused on 8-10 sec after lever
press (ITl end). (H) On trial t0, mPFC activity is significantly suppressed by current
reward (U-2U vs U2R: Z=-6.063, p<0.0001; R2>U vs R2>R: Z=-5.865, p<0.0001).
When trial tO is unrewarded, mPFC activity trends towards remaining suppressed by
reward experienced on the previous trial, t-1, (U22U vs R>U: Z= 2.031, p=0.083).
When trial tO is rewarded, mPFC activity trends towards remaining suppressed by
reward experienced on the previous trial, t-1, (U2R vs R2>R: Z= 2.230, p=0.0508) (1)
Estimated mean vHip activity across pairs of consecutive trials (t-1->t0) showing
rewarded+rewarded (R 2R), rewarded+unrewarded (R 2U), unrewarded+rewarded
(U-R), and unrewarded+unrewarded (U ->U) trial pairs. Analysis focused on 8-10 sec
after lever press (ITl end). (J) On trial tO, vHip activity is significantly suppressed by
current reward (U-2U vs U2R: Z=-2.861, p=0.0084;, R>U vs R>R: Z=-3.668,
p=0.0005).

suggests that outcome integration is a core function of GABAergic populations that
continues across changing demands but that the fidelity of this integration diminishes as

the utility of outcome tracking diminishes with simplified task demands.
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Exploration gates outcome integration in GABAergic mPFC and vHip
populations

We observed that degrading task requirements injected noise into the signal,
reducing the fidelity of outcome encoding, yet did not fundamentally alter the information
encoded by these signals. We then considered if GABAergic neurons might be sensitive
to modulation by other higher-order factors. Previous studies suggest that in
probabilistically rewarded learning tasks, animals often switch between two behavioral
states. In an exploration state animals sample the different options, whereas in an
exploitation state, animals perseverate, or exploit, one option. These studies report
differences in the rate of reward learning between states, but the neural bases of these
differences remain unknown (C. S. Chen et al., 2021, 2024; Ebitz et al., 2018). To
examine how behavioral state interacts with outcome integration in mPFC and vHip, we
implemented an explore-exploit hidden Markov model (C. S. Chen et al., 2021, 2024;
Ebitz et al., 2018). This models each trial as falling into one of three different latent
states: exploitation of the left lever, exploitation of the right lever, and exploration where
the animals sample both levers (Fig. 4A). Using this approach to classify trials into
either explore or exploit, we examined how outcome is integrated in explore versus
exploit trials in GABAergic populations in mPFC (Fig. 4B,D) and vHip (Fig. 3F,H). Under
exploration, defined as when animals explore on trial tO, we observed a full encoding of
reward history in mPFC (Fig. 4C) and vHip (Fig. 4G). Reward suppressed mPFC and
vHip by ITl end, integrating with the effects of the prior outcomes via graded
suppression. When mice were rewarded on trial t0, suppression of mPFC and vHip by

prior reward on t-1 was maintained through ITI end. When mice were unrewarded on
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trial t0, suppression of mPFC and vHip by prior reward on t-1 was maintained through
ITl end, relative to trials with two consecutive unrewarded outcomes. This describes a
pattern of activity wherein activity at ITI end accurately reflects the recent integrated

reward statistics of the environment.

We then examined encoding under a state of exploitation, defined as when
animals exploit on trial t0, and observed that mPFC (Fig. 4E) and vHip (Fig. 41)
GABAergic encoding is degraded and anchors more to loss. Reward on a trial (t0)
suppresses mPFC and vHip GABAergic activity by ITI end to a similar degree,
regardless of prior outcome. Suppression of mMPFC and vHip by prior reward on t-1 is
only maintained through the next trial when mice are unrewarded on the current trial
(t0). This effect is marginal in mPFC and robust in vHip. This suggests that, during
exploitation, a single reward maximally and enduringly suppresses mPFC or vHip
GABAergic activity and that, in the absence of subsequent reward, this suppression
slowly dissipates. This describes a pattern of activity wherein activity at ITl end reflects

the recent history of loss in the environment.

Animals tend to spend more time exploring than exploiting (Fig S2B) resulting in
fewer trials which could impact signal quality. We confirmed that this alone does not
explain the difference in neural encoding between exploration and exploitation. Taking
sub-samples of exploration trials matched to the number of exploitation trials and
repeated 100 times to compare the average significance across all comparisons, we
confirmed full encoding of reward history in both mPFC (Fig S2C) and vHip (Fig S2D).
Together this suggests that outcome integration in mPFC and vHip GABAergic neurons

is dependent on behavioral state. Exploration elicits enhanced integration of information
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to drive reward-motivated behavior. However, once exploiting, the neural representation
of outcomes becomes anchored to loss, likely driven by the decreased utility of reward-

oriented information during exploitation.

Behavioral state interacts with GABAergic mPFC and vHip populations to

modulate choice but not engagement.

Examining neural representation of outcomes identified reward-mediated
suppression as a mechanism for outcome encoding in mPFC and vHip GABAergic
neurons. We also find that these neural populations utilize reward-mediated
suppression to integrate outcomes across multiple trials when animals are exploring,
but not exploiting. Given the interplay between neural encoding and behavioral state,

we then asked how state-dependent neural processing may modulate behavior.

Glutamatergic populations in mPFC and vHip co-operatively integrate outcome
information to modulate task engagement, but whether this is a behavioral function
unique to excitatory cells or shared by GABAergic neurons is unknown. To determine if
GABAergic populations in mPFC and vHip also contribute to modulating task
engagement in a state-dependent manner, we examined if the interaction between
behavioral state and neural activity at ITl end predicts task engagement, operationalized
as latency to lever press on the subsequent trial. A linear mixed effects model revealed
significant relationships between latency to lever press and GABAergic neuron activity
in mPFC and vHip independent of behavioral state (Fig 4J, L). Increased activity during

outcome integration in either mPFC or vHip increases latency to lever press, indicating
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reduced behavioral engagement. This suggests that GABAergic neuron activity in both

mPFC and vHip may modulate task engagement irrespective of behavioral state.

Examining neural activity time-locked to choice behavior, we identified
differences in mPFC, but not vHip, GABAergic neuron activity preceding shifts in choice
behavior following a rewarded outcome (Fig S1). Given state-dependent differences in
outcome encoding, each region may also be differentially recruited in behavioral control
over choice in a state-dependent manner, distinct from a role in modulating task
engagement. To test this, we examined how neural activity predicts choice in periods
when animals are exploring versus when animals are exploiting. Behaviorally, as
expected, we find that animals are generally more likely to stay with their previous
choice when exploiting than exploring (Fig. S2A). Yet, during exploration, increased
activity in GABAergic mPFC, but not vHip, neurons predicts higher staying probabilities
(Fig. 4K). In contrast, during exploitation, increased activity in GABAergic vHip, but not
mPFC, neurons predicts reduced staying probabilities (Fig. 4M). This suggests that
mPFC GABAergic neurons preferentially modulate staying under exploration whereas
vHip GABAergic neurons preferentially modulate staying under exploitation. Together
our results demonstrate that mPFC and vHip GABAergic neurons dynamically track
outcome information in a state-dependent manner. Behaviorally, we observe that activity
in both regions similarly reflects behavioral engagement in a state-independent manner
but that each region is specialized to modulate choice behavior according to recent
history of reward under distinct behavioral states pointing to complementary roles in

control of reward-motivated behavior.
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Figure 4. Exploration gates mPFC and vHip integration. (A) Hidden Markov model
identifies latent exploration or exploitation states that underlie a given sequence of
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choices. Choices are categorized as one of three states: exploitation of the left lever,
exploitation of the right lever, or exploration where choice between levers is random.
The two exploitation states are collapsed to a single state. (B) Estimated mean mPFC
activity across pairs of consecutive trials (t-1-2t0) showing rewarded+rewarded (R 2R),
rewarded+unrewarded (R->U), unrewarded+rewarded (U-2R), and
unrewarded+unrewarded (U -2U) trial pairs. Analysis focused on 8-10 sec after lever
press (ITl end) when animals are exploring. (C) On trial t0, mPFC activity is significantly
suppressed by current reward (U-2U vs U22R: Z=-14.087, p<0.0001; R>U vs R2>R:
Z=-10.300, p<0.0001). When trial t0 is unrewarded, mPFC activity remains significantly
suppressed by reward experienced on the previous trial, t-1, (U->U vs R2U: Z= 6.618,
p<0.0001). When trial t0 is rewarded, mPFC activity remains significantly suppressed by
reward experienced on the previous trial, t-1, (U2R vs R>R: Z= 3.173, p=0.0062). (D)
Estimated mean mPFC activity across pairs of consecutive trials (t-1->t0) showing
rewarded+rewarded (R 2R), rewarded+unrewarded (R 2U), unrewarded+rewarded
(U-R), and unrewarded+unrewarded (U -U) trial pairs. Analysis focused on 8-10 sec
after lever press (ITl end) when animals are exploing. (E) On trial t0, mPFC activity is
significantly suppressed by current reward (U-2U vs U2R: Z=-4.920, p<0.0001; R2>U
vs R2R: Z=-4.260, p<0.0001). When trial t0 is unrewarded, mPFC activity trends
towards remaining suppressed by reward experienced on the previous trial, t-1, (U2U
vs R2U: Z= 2.366, p<0.0700). (F) Estimated mean vHip activity across pairs of
consecutive trials (t-1->t0) showing rewarded+rewarded (R 2R), rewarded+unrewarded
(R->U), unrewarded+rewarded (U-2R), and unrewarded+unrewarded (U -2U) trial pairs.
Analysis focused on 8-10 sec after lever press (ITl end) when animals are exploring. (G)
On trial t0, vHip activity is significantly suppressed by current reward (U2U vs U2R:
Z=-15.961, p<0.0001; R>U vs R2R: Z=-9.605, p<0.0001). When trial t0 is unrewarded,
vHip activity remains significantly suppressed by reward experienced on the previous
trial, t-1, (U2U vs R>2U: Z= 11.433, p<0.0001). When trial t0 is rewarded, vHip activity
remains significantly suppressed by reward experienced on the previous trial, t-1, (U2R
vs R2>R: Z= 5.374, p<0.0001). (H) Estimated mean vHip activity across pairs of
consecutive trials (t-1->t0) showing rewarded+rewarded (R 2R), rewarded+unrewarded
(R->U), unrewarded+rewarded (U-2R), and unrewarded+unrewarded (U -2U) trial pairs.
Analysis focused on 8-10 sec after lever press (ITl end) when animals are exploiting. (1)
On trial t0, vHip activity is significantly suppressed by current reward (U2U vs U-2R:
Z=-9.955, p<0.0001; R2U vs R2>R: Z=-4.581, p<0.0001). When trial t0 is unrewarded,
vHip activity remains significantly suppressed by reward experienced on the previous
trial, t-1, (U2U vs R2U: Z= 5.334, p<0.0001). (J) Plot of estimated latency to respond
on the subsequent trial given mPFC and vHip activity at ITl end shows that increased
activity associates with longer latency under exploration (mPFC: trend= -0.028, Z=-
6.454, p<0.0001; vHip: trend= -0.033, Z=-8.024, p<0.0001). (K) Plot of estimated
staying probability on a given trial given mPFC and vHip activity before lever pressing
shows that increased mPFC but not vHip activity increases staying probability when
exploring (mPFC: trend= 0.056, Z=2.661, p=0.0078). (L) Plot of estimated latency to
respond on the subsequent trial given mPFC and vHip activity at ITI end shows that
increased activity associates with longer latency under exploitation (mPFC: trend= -
0.024, Z=-3.312, p<0.0001; vHip: trend= -0.032, Z=-4.332, p<0.0001). (M) Plot of
estimated staying probability on a given trial given mPFC and vHip activity before lever
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pressing shows that increased vHip but not mPFC activity decreases staying probability
when exploiting (vHip: trend= -0.147, Z=-2.049, p=0.0405). Error bars represent SEM
around the estimated mean. *p<0.05, **p<0.01 *** p<0.001 **** p<0.0001

Discussion

We examined the role of inhibitory populations in reward processing in male mice
in two regions implicated in motivated behavior. Using dual-site fiber photometry to
probe trial-by-trial outcome encoding simultaneously in two circuits in the same animal
during reward-guided choice, we find that inhibitory GABAergic neurons in mPFC and
vHip similarly integrate reward via suppression of neural activity and that the fidelity of
this encoding is sensitive to varying task demands. We then show that the richness of
this encoding is also sensitive to behavioral state, with exploration between options
eliciting a richer integration of outcome history, and exploitation associated with
relatively impoverished outcome integration that is tuned to loss. Exploring how these
patterns of neural activity associate with behavior, we identify associations with task
engagement that are independent of behavioral state. Beyond this, we reveal that
GABAergic populations in mPFC and vHip associate with dissociable roles in organizing
choice behavior, with mPFC preferentially implicated in choice during exploration and
vHip preferentially implicated choice during exploitation. Taken together, we identify a
role for GABAergic populations in mPFC and vHip in integrating outcomes to support
engagement and show that behavioral modulation by these regions is state-dependent.
This suggests an important, yet often overlooked role for GABAergic neurons in reward-
motivated behavior. While the present work is limited to male mice, in previous work in
glutamatergic populations in mPFC and vHip we did not observe sex differences in

neural integration of outcome nor in control of behavioral engagement (lyer et al., 2024).
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Indeed, our work suggests that sex differences in these circuits are likely specific to
threat processing (Muir et al., 2024). Nevertheless, it will be important to determine if

the present findings in GABAergic neurons also extend to female mice.

Our finding that mPFC GABAergic populations integrate information about
outcomes of reward-motivated actions is consistent with the well-established role of
mPFC in reward processing (Jeong et al., 2020; Sul et al., 2010). Our present and
recent findings suggest that these functions are not unique to mPFC and are shared by
other regions, such as vHip (lyer et al., 2024). We recently demonstrated that
glutamatergic projections from mPFC and vHip to the NAc encode outcome information
through reward-mediated suppression, this suppression slowly dissipating after loss
(lyer et al., 2024). Here we show that this function is not unique to glutamatergic
projection neurons but is shared by local GABAergic interneurons pointing to more
global outcome-mediated modulation in mPFC and vHip. Neuromodulators are a likely
candidate for this shared, region-level activity modulation. For example, this could be
accomplished through dopaminergic modulation mediated by dopaminergic signaling at
D2 receptors in mPFC and vHip to decrease excitability (Gerfen, 2023; Kebabian &
Calne, 1979; Thibeault et al., 2019). Both mPFC and vHip are innervated by
dopaminergic inputs from the ventral tegmental area that convey information about
reward as well as associated cues and actions (Berridge, 2007; Han et al., 2017; Howe
et al., 2013; Keiflin & Janak, 2015; Sayegh et al., 2024; Syed et al., 2016; Wassum et
al., 2012). Another candidate is serotonergic modulation at 5-HT1A receptors in mPFC
and vHip to decrease excitability (Hernandes et al., 2021; Llad6-Pelfort et al., 2012).

Serotonin neurons in the dorsal raphe nucleus respond to reward and modulate their
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baseline firing rate according to the average level of reward, an encoding feature that
generally maps onto patterns of outcome encoding we observe in mPFC and vHip
(Cohen et al., 2015). Noradrenergic and cholinergic signaling could also a play a role
(C. S. Chen et al., 2024). Exploring the contributions and interactions of
neuromodulators in supporting reward-mediated suppression represents a rich and

exciting direction for future research.

Our findings also reveal intriguing distinctions between encoding in GABAergic
populations and glutamatergic projections from these regions to the NAc. For example,
GABAergic, but not glutamatergic neurons encode choice in a state-dependent manner.
Furthermore, while outcome encoding in glutamatergic projection neurons is modulated
by task demands, GABAergic neurons appear relatively insensitive to varying task
requirements, with the noise in encoding increasing as task demands decrease without
varying the informational content encoded. Instead, GABAergic neurons show
sensitivity to modulation by behavioral state. These dissociations suggest that task
demands and behavioral state independently impact choice and that distinct neuronal
populations are tuned to distinct factors hinting at multiplexed control of encoding by

mPFC and vHip GABAergic and glutamatergic projection neurons.

Overall, our findings point to unified, state-invariant control of behavioral
engagement by mPFC and vHip with distributed control over choice behavior that is
gated by behavioral state. While exploring (i.e. sampling between different options)
mPFC GABAergic activity predicts choice behavior, consistent with previous findings in
mPFC control of reward-motivated behavior. Curiously, we find increased mPFC

GABAergic activity, associates with increased staying probability, a finding that is
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seemingly incongruent with our observation that unrewarded outcomes increase mPFC
activity. This could point to downstream mechanisms that transform mPFC signaling of
choice behavior, or the existence of a sub-population of GABAergic neurons in mPFC
that specifically encodes choice. Future work to resolve likely heterogeneity in the signal
with single cell resolution will lead to interesting insights. In contrast, vHip signaling of
choice aligns with the observation that unrewarded outcomes increase vHip GABAergic
activity. When exploiting, choice behavior associates with vHip GABAergic activity such
that, as GABAergic activity increases in vHip, animals are less likely to stay with their
previous option. This suggests a specialized role for vHip in transitioning out of
exploitation states when no longer advantageous. This is consistent with findings from
recent work proposing a privileged role for vHip in representing as well as transitioning

between states (Mishchanchuk et al., 2024).

Here we examined simultaneous GABAergic neuron encoding in two key brain
regions for motivated behavior in male mice. By situating outcome encoding within the
context of recent outcome history and behavioral state we identified a common neural
mechanism of sustained temporal integration of reward outcomes and reveal how
behavioral state differentially shapes internal representations within mPFC and vHip.
We also identify critical region-specific interactions with choice: while mPFC GABAergic
neuron activity uniquely predicts choice during exploration, vHip GABAergic neuron
activity uniquely predicts choice during exploitation. Overall, our findings demonstrate
that GABAergic neurons integrate outcome information across time and illustrate the
complex interplay between behavioral state and distributed encoding across brain

regions in reward-seeking behavior.
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Methods

Animals

Mice were maintained on a 12-h light-dark cycle (lights on at 7:00AM) at 22-25°C,
group-housed with 3-4 same-sex cage-mates with ad libitum access to food and water.
All experimental manipulations occurred during the light cycle, in accordance with
guidelines of McGill University’s Comparative Medicine and Animal Resources Center
and approved by the McGill Animal Care Committee. 7-week-old male C57BL/6J mice
were obtained from Jackson Laboratories and habituated to the colony room one week
prior to start of manipulations. Mice were food restricted to 85% of their free-feeding

body weight during experimentation.

Surgeries

Stereotaxic surgery was performed under ketamine (100 mg/kg)/xylazine (10
mg/kg) anesthesia. To achieve GABAergic neuron-specific GcaMP6f expression in
mPFC and vHip, 0.5ul pAAV-mDIx-GcaMP6f-Fishell-2 virus (7 x 10'2VG/ml; Addgene)
was infused into the infralimbic mPFC (A/P: 1.90, M/L: +/-0.3, D/V: -2.90) and ventral
subiculum of the vHip (A/P: -3.40, M/L: +/-3.00, D/V: -4.90) at a rate of 0.1pl per min and
allowed to diffuse for 10 min before withdrawing the needle. pAAV-mDIx-GcaMP6f-
Fishell-2 was a gift from Gordon Fishell (Addgene plasmid # 83899 ;
http://n2t.net/addgene:83899 ; RRID:Addgene_83899)(CITE). Chronically implantable
optic fibers (Neurophotometrics) with 200pm core and 0.37 NA threaded through
ceramic ferrules were implanted above the infralimbic mPFC (A/P: 1.90, M/L: +/-0.3,

D/V: -2.80) and ventral subiculum of the vHip (A/P: -3.40, M/L: +/-3.00, D/V: -4.75)

135



Recordings began minimum 4 weeks after surgery to allow sufficient time for stable and

robust retrograde virus expression.

Histology

After completion of all behavioral testing, mice were deeply anesthetized with
ketamine/xylazine and transcardially perfused with phosphate buffered saline (PBS) and
paraformaldehyde (4%). Brains were removed and post-fixed in paraformaldehyde for
24h and stored in PBS until sectioning on a vibratome (50 pym). Sections were mounted
with Vectashield with DAPI (Vector Laboratories) and examined under a fluorescent
microscope (Leica DM6000 B) to confirm viral expression and fiber placement. A
confocal microscope (Zeiss LSM710) was used to obtain fluorescent images. Images
were acquired with a 10x air objective using Zeiss Zen Blue imaging software. Images
were collected in the McGill University Advanced Biolmaging Facility (ABIF),

RRID:SCR_017697. Mistargeted animals were excluded from analysis.

RNAscope

To confirm viral expression was restricted to GABAergic neurons, animals were
injected with AAV1-mDLX-GcaMP6 targeting the mPFC and four weeks later
transcardially perfused with formalin, and brains cryopreserved in a 10-30% sucrose
gradient then flash-frozen in 2-methylbutane. Fixed-frozen brains were cryosectioned in
16um thick slices. Inhibitory neurons were identified by RNAScope in situ hybridization
for Slc32a1 (vesicular GABA transporter; vGat (ACD Bio, Mm-SIc32a1-C2 probe) to

identify GABAergic neurons followed by immunohistochemistry for GFP (Aves Labs,
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chicken polyclonal anti-GFP antibody) to identify GcaMP-expressing neurons. Images

were acquired on a Zeiss LSM700 confocal microscope using a 20x (NA 0.8) objective.

Apparatus

Behavioral experiments were performed in standard Med Associates operant
boxes (15.24 x 13.34 x 12.7 cm) enclosed in sound attenuating chambers outfitted with
a programmable audio generator, two retractable levers and cue lights either side of a
food port for delivering a liquid chocolate milk reward (30ul, Nesquik) diluted with water
2:1. Boxes were controlled and data collected by a computer running MED-PC software

(Med-Associates).

Lever Press Training

Training was completed in three stages, with all training sessions lasting 30
minutes. In the first stage, animals were presented with two levers, both of which
delivered a chocolate milk reward with a 100% probability. To signal the start of the trial,
both levers extended and the cue lights above the levers turned on, animals then had
60 seconds to make a response on either lever. A press on either lever resulted in lever
retraction, immediate delivery of a 30 pL chocolate milk reward, and the start ofa 3
second auditory cue (2kHz pure tone or white noise). Following either a lever press or
60 seconds with no press (i.e. an omission), a 10 second intertrial interval (ITl) was
triggered. After one session with over 25 responses, animals progressed to the second
stage. In this stage animals again were presented with two levers but reward was now
delivered with a 50% probability on both levers. To signal the start of the trial, both

levers extended and the cue lights above the levers turned on, animals then had 60
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seconds to make a response. A lever press resulted in lever retraction and immediate
delivery of the outcome, either a 30 pL chocolate milk reward and a 3 second auditory
cue (2kHz pure tone or white noise, counterbalanced across animals) or just a 3 second
auditory cue (white noise or 2kHz pure tone). Following either a lever press or omission,
a 10 second intertrial interval (IT1) was triggered. Following two consecutive sessions
with over 40 responses, animals progressed to the third stage. This stage was the same
as stage two except that animals now had only 10 seconds to make a response before
an omission was registered. Following two consecutive sessions with over 100

responses animals achieved criterion to progress to the two-armed bandit task.

Two-armed bandit Task

The two-armed bandit task was performed over of 6 days with each session
lasting one hour. In this task, animals were presented with two levers with one lever
rewarded on 80% of trials, and the other lever rewarded on 20% of trials. To signal the
start of the trial, both levers extended and the cue lights above the levers turned on,
animals then had 10 seconds to make a response on either lever or an omission was
registered. A lever press resulted in lever retraction and immediate delivery of the
outcome, either a 30 yL chocolate milk reward and a 3 second auditory cue (2kHz pure
tone or white noise, counterbalanced across animals) or simply a different 3 second
auditory cue (white noise or 2kHz pure tone) signaling non-reward. Following either a
lever press or an omission, a 10 second intertrial interval (ITl) was triggered. To
maintain a dynamic learning environment and high rates of rewarded and unrewarded

outcomes, probability of reward was switched between levers after five consecutive
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responses on the high probability lever. Four animals remained on the two-armed bandit

task during the task degradation (data not shown).

One-Lever Forced Choice Task

The one lever forced choice task was performed over 3 days with each session
lasting one hour. In this task, animals were presented with a single lever
(counterbalanced across animals). Pressing this lever resulted in probabilistic reward on
a predetermined schedule. The outcome schedule was matched to each animal’s
individual performance in the final three days of the two-armed bandit task, such that
the first session in the one-lever task was yoked to the reward schedule experienced by
the animal on day four in the two-armed bandit task, the second to day five, and the
third to day six. To signal the start of the trial, the lever extended and the cue light above
the lever turned on. Animals then had 10 seconds to make a response. A lever press
resulted in lever retraction and immediate delivery of the outcome, either a 30 uL
chocolate milk reward and a 3 second auditory cue (2kHz pure tone or white noise) or
simply a different 3 second auditory cue (white noise or 2kHz pure tone). Following

either a lever press or an omission, a 10 second intertrial interval (ITl) was triggered.

No Lever Response Free Task

The no lever response free task was performed over the course of 3 days with
each session lasting one hour. In this task, animals were able to retrieve non-
contingently delivered rewards under a similar trial structure to both the two-armed
bandit task and the one-lever forced choice task but with no levers available. To signal

the start of the trial, cue lights above both levers turned on and remained illuminated for
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a period of time matched to each animal’s response time in the last three days of the
two-armed bandit task. After cue lights turned off, outcomes were delivered, either a 30
ML chocolate milk reward and a 3 second auditory cue (2kHz pure tone or white noise)
or simply a different 3 second auditory cue (white noise or 2kHz pure tone). As in the
one-lever task, the outcome schedule was matched to each animal’s performance in the
final three days of the two-armed bandit task now also matching the latency to receive
the outcome to the trial-by-trial latency to lever press on the two-armed bandit task with

a 10 second intertrial interval (ITI).

Frame Independent Projected Fiber Photometry

To measure calcium-associated changes in fluorescence in real time, recordings
were made from vHip and mPFC GABAergic neurons during the two-armed bandit task.
Samples were collected at a frequency of 20 Hz using Neurophotometrics hardware
through Bonsai and FlyCap software. Recordings were coupled to the start of
behavioral analysis by interfacing Bonsai with MED-PC using a custom DAQ box

(Neurophotometrics).

Photometry data extraction and normalization

Photometry data were extracted and analyzed using custom-written scripts in
Python. To normalize the data, the control channel (415nm) was fitted to the raw
(470nm). The fitted control was then subtracted from the raw trace. The resultant trace
was divided by the fitted control giving the AF/F and converted to a Z-score. This
calculation was performed over the entirety of the session to preserve dynamic

fluctuation in population activity that persists beyond individual trials to allow
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comparison across trials. For analyses of reward history, Z-scores were baseline
subtracted from average activity in the two seconds prior to lever press on trial t-1 to

account for shifted baselines in trial t0.

Data Analysis & Statistics

Linear Mixed Effects Regression

Linear Mixed Effects Regression Models are a powerful approach to probe
variance attributable to variables of interest (e.g. trial outcome) while simultaneously
controlling for random effects (e.g. session ID) (Fetcho et al., 2023; Kato et al., 2022; Yu
et al., 2022). This is useful for modeling instances where there is nonindependence in
the structure of data e.g. multiple trials recorded within multiple animals. Models were fit
using the full interaction of the factors of interest (trial outcome, previous trial outcome,
sex) and using animal ID and session ID as random effects using the /me4 package in
R (Bates et al., 2014). Where the dependent variable was latency, a Gamma link
function was used to approximate the non-gaussian distribution. The fitted models were
used to calculate estimated marginal means using the emmeans package in R (Lenth et
al., 2021). The effect of variables of interest were then examined by comparing
estimated marginal means. Given the large number of samples generated using this
approach (all trials x all animals), comparisons of estimated marginal means were
conducted using a Z-test and Sidak’s method to adjust for multiple comparisons.

Grubbs' test was used to exclude outliers.
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Explore-Exploit Hidden Markov Model

We fit each animal’s sequence of choices to a hidden Markov model to identify
bouts of trials where animals explore their environment vs bouts of trials where animals
exploit a given choice (C. S. Chen et al., 2021). This model is initialized with 3 hidden
state: one where the animal exploits the left lever, one where the animal exploits the
right lever, and one where the animal explores, being equally likely to select either lever.
We defined the emissions matrix for the exploration state as a uniform distribution over
choices, modeling behavior where animals sample between choices, and the emissions
matrix for the exploitation states as a fixed choice, modeling behavior where animals
perseverate on either the left lever or the right lever. We tied parameters across the two
exploit states such that that the probability of transitioning from the explore state into
either of the exploit states was the same. Similarly, we tied parameters such that the
probability of transitioning from either of the exploit states into the explore state was the
same. The exploit states also had the same probability of sustaining themselves. This
defines an explore-exploit structure while allowing for 3 hidden states. This model also
prevented transitions between the two exploit states, forcing entry to an exploration

state first before moving into the other exploit state.

Having fixed emissions matrices and a constrained the transition matrix through
parameter tying, we define an explore-exploit hidden Markov model with only two free
parameters: the transition probability from exploration to exploitation and the transition
probability from exploitation to exploration. We then fit this model to each animal’s
choice sequences using the Baum-Welch algorithm to find the maxima of the complete-

data likelihood. We defined the initial distribution over states as p=1 for the explore state
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and p=0 for the exploit states because animals should have no knowledge of the high-
probability lever at the start of each session and thus needs to initially explore to
discover the reward distribution of its environment. The algorithm was reinitialized 10
times and the model that maximized the observed log likelihood for each session was
selected. The Viterbi algorithm was then used to discover a posteriori the most likely

sequence of latent states.

Subsampling analysis of explore trials

In order to account for the imbalance in sample size between exploration and
exploitation trials, we randomly subsampled the exploration trials so that the total
number of trials matched the total number of exploitation trials. Following this
subsampling, we performed a linear mixed effects regression, as described above, to
estimate the marginal mean activity and Z-value associated with each set of trial
combinations. We then repeated this process 100 times, plotting the estimated means
derived from each regression. p-values were then estimated from the average of the Z-

values calculated from each sub-sample.
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Supplementary Information
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Supplemental Figure 1. mPFC and vHip GABAergic activity time-locked to
different task-relevant features. Estimated mean (A) mPFC and (B) vHip activity time-
locked to the first rewarded and unrewarded lick during the ITI. Estimated mean (C)
mPFC and (D) vHip activity time-locked to lever press on trials in which the previous
choice is repeated (stay) and when a different choice is made (shift). Estimated mean
(E) mPFC and (F) vHip activity time-locked to lever press on trials in which animals
chose the lever contralateral or ipsilateral to their implant. **p<0.001, ***p<0.0001
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Supplemental Figure 2 Outcome encoding in mPFC and vHip under exploration is
not explained by differences in trial number. (A) Animals are more likely to stay
when exploiting than exploring (Z=42.6288, p<0.0001) (B) Animals spend more time
exploring than exploiting in the two-lever probabilistic reward learning task (t(13)=-
4.0636, p=0.0013). Subsampling explore trials 100 times to match the number of exploit
confirms reveal full outcome encoding is observed under comparable trial numbers in
(C) mPFC (U2R vs R2R: Z=1.9182, p=0.0551; U>U vs R2U: Z=3.8397, p=0.0001;
U->U vs U2R: Z=-6.0547, p<0.0001; R->U vs R2R: Z=-8.1729, p<0.0001) and (D)
vHip (U2R vs R2>R: Z=3.1813, p=0.0015; U2U vs R>U: Z=6.5774, p<0.0001; U>U
vs U2R: Z=-5.5250, p<0.0001; R>U vs R2R: Z=-8.0869, p<0.0001).
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Chapter 4

Discussion

Integrating information about actions and their outcomes is essential for goal-
directed behavior. For behavior to remain flexible and adaptive in dynamic
environments, outcome information must be continuously integrated across multiple
timescales. This thesis sought to elucidate the role of glutamatergic inputs to the NAc in
supporting reward processing and motivated behavior, with the expectation that different
inputs and regions would play distinct roles in supporting these processes. Using dual-
site fiber photometry in two important glutamatergic NAc-projecting regions, the mPFC
and vHip, each with distinct attributed behavioral and computational functions, we
surprisingly demonstrate that both projections similarly encode information about
outcomes, with reward driving suppression of neural activity and unrewarded outcomes
gradually restoring activity. This pattern of encoding continues into subsequent trials,
tracking prior reward history as a graded function of unrewarded outcomes. By
degrading task requirements, performing conditional entropy analyses, and through
carefully examination of how outcome encoding interacts with reward history, we find a
degree a specialization across inputs such that, while mPFC projections to NAc
consistently encode outcome, encoding in vHip projections to NAc is anchored to
unrewarded outcomes. Examining the behavioral relevance of activity in these
pathways revealed that higher activity in either pathway associates with decreased
engagement and optogenetic stimulation of either pathway suppressed engagement,

with an additive effect of simultaneous dual-pathway stimulation. Together this
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demonstrates that mPFC and vHip projections to NAc integrate outcomes to modulate
engagement. While each pathway executes this function under somewhat differing
demands, once engaged, there is redundancy in their capacity to modulate behavior

pointing to complementary roles in control of reward seeking.

Thinking that inhibitory interneurons in the mPFC and vHip could be responsible
for the patterns of outcome encoding observed in NAc-projecting neurons, we used
dual-site fiber photometry to record the activity of GABAergic neurons in these regions.
Expecting to see a pattern of activity inverse to that described in the first study, we
instead found a similar pattern of reward integration in the GABAergic neurons of these
regions. Once again, reward drives suppression of neural activity while unrewarded
outcomes gradually restore activity. Using a hidden Markov model to decompose
behavior into bouts of exploration and exploitation, we demonstrate that exploration
gates outcome integration in both mPFC and vHip. As in the first study, examining the
behavioral relevance of activity in the GABAergic neurons of these regions revealed that
higher activity in either region associates with decreased engagement, regardless of
state. However, we show a state-dependent role in modulating choice behavior in each
region. This demonstrates that GABAergic neurons also play an important role in
outcome integration and state-sensitive modulation of reward-motivated behavior. The
similarities in encoding motifs across both studies suggest perhaps a common input,
implicating neuromodulators such as serotonin and acetylcholine in mediating outcome

integration in mPFC and vHip.
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Potential mechanisms of reward-mediated suppression of neural
activity

A principal finding of this thesis is the existence of a reward-encoding motif
present both in glutamatergic projection from mPFC and vHip to NAc as well as in
GABAergic neurons in these regions. Here reward drives a suppression of neural
activity while unrewarded outcomes gradually restore activity, defining a pattern of
outcome integration where neural activity is inversely correlated with the amount of
reward experienced. Initially, following the first study wherein we found reward-mediated
suppression in glutamatergic projections to NAc, we hypothesized that these processes
could be mediated by local inhibitory neurons in mPFC and vHip. Accordingly, we
hypothesized that neural activity of these inhibitory neurons would be the inverse of the
activity in the glutamatergic projections. Instead, when we recorded neural activity from
GABAergic populations in mPFC and vHip, we found a very similar pattern of neural
encoding to that in the glutamatergic projections. Together, this suggests that both NAc
projecting cells as well as GABAergic cells in mPFC and vHip are subject to a common
source of modulation. Further, the similarity in the modulation across regions, as well as
the lack of evidence that one region leads the other in encoding suggests that likely
both mPFC and vHip are modulated by a common source, that is most likely a
neuromodulatory input. Both mPFC and vHip receive a range of neuromodulatory

inputs, including dopamine, serotonin, norepinephrine and acetylcholine.
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Dopamine

Dopaminergic modulation originating from the ventral tegmental area (VTA) is
one potential source of this modulation. VTA dopamine is known to convey information
about reward in addition to information about associated cues and actions (Berridge,
2007; Jeong et al., 2022; Nestler & Carlezon, 2006; Schultz et al., 1997). Additionally,
both mPFC and vHip receive dopaminergic input from this source (Huang et al., 2019;
Lisman & Grace, 2005; Titulaer et al., 2021; Tzschentke & Schmidt, 2000). The delivery
of a reward is usually associated with an increase in dopaminergic signaling whereas
the omission of a reward is associated with a decrease (Schultz et al., 1997). This
should result in a pattern of modulation where the concentration of dopamine in mPFC
and vHip correlates with the amount of reward received, effectively the inverse of the
pattern of activity we observe in mPFC and vHip. Dopaminergic signaling at D2
receptors could mediate that changing sign of the signaling, with increasing dopamine
concentration decreasing the excitability of neurons (Gerfen, 2023; Kebabian & Calne,
1979; Thibeault et al., 2019). One major caveat is that D1 and D2 receptors are not
completely segregated in mPFC and NAc, implying a level of D1 receptor expression
and modulation in both GABAergic and glutamatergic NAc projecting neurons, thus
likely resulting in a more complex pattern of neural activity in response to dopamine.
More work is needed to fully understand the expression patterns of dopamine receptors
of GABAergic and glutamatergic NAc projecting neurons and the consequences of

rising dopamine on neuronal excitability.
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Serotonin

Serotonergic modulation, originating from the dorsal raphe nucleus, is another
potential source of the reward-mediated suppression we observe in mPFC and vHip
(Cid-Pellitero & Garzon, 2011; O’'Hearn & Molliver, 1984; Segal, 1990; Yoshida et al.,
2019). Projecting to both mPFC and vHip, serotonin neurons in the dorsal raphe
nucleus have been shown to modulate their firing rate to the level of reward in the
environment, a pattern of encoding that parallels patterns of outcome encoding we
observe in mPFC and vHip (Cohen et al., 2015). Similar to dopamine, this could define
a pattern of modulation where the concentration of serotonin in mPFC and vHip
correlates with the amount of reward received. Serotonergic signaling at 5-HT1A
receptors, a common serotonin receptor that decreases excitability and is highly
expressed in both glutamatergic and GABAergic cells of mPFC and vHip, could then
change the sign of the signaling, decreasing the excitability of neurons as the
concentration of serotonin increases (Garcia-Garcia et al., 2014; Hernandes et al.,

2021; Llado-Pelfort et al., 2012, 2012; Santana & Artigas, 2017; Segal, 1990).

Norepinephrine

Both the mPFC and the vHip also receive noradrenergic modulation originating
from the locus coeruleus (Bouras et al., 2023; Lipski & Grace, 2013). Though much less
is known about the role of noradrenergic modulation in these regions, there is
increasing evidence that this might play an important role in supporting motivation and
goal directed-behavior (Hofmeister & Sterpenich, 2015). For example, when monkeys

are taught to perform a task where they press a bar for a reward following a cue that
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predicts reward size, locus coeruleus activity before action initiation increases as the
cued reward size decreases (Bouret & Richmond, 2015). Though this study did not
directly look at the relationship between latency and locus coeruleus activity, the
findings of this study follow a pattern of activity that is reminiscent of the findings of this
thesis whereas activity increases as a function of the amount of unrewarded outcomes
encountered, response latency decreases. This could define a pattern of modulation
whereby as the amount of reward decreases in the environment, noradrenergic input to
mPFC and vHip increases, increasing the excitability of neurons in these regions and

giving rise to the neural encoding of reward history we observe.

Acetylcholine

The basal forebrain sends cholinergic projections to both the mPFC and vHip
and is thought to play an important role in regulating attention (Bloem et al., 2014;
Rapanelli et al., 2023; Wu et al., 2024). However, much less is known about the role of
cholinergic modulation in supporting outcome integration and reward-motivated
behavior. Recent work has shown that cholinergic tone in the basal forebrain is
modulated by reward such that when performing reward-seeking behavior, the delivery
of reward itself strongly suppresses acetylcholine release (Hanson et al., 2021). This is
similar to the general pattern of activity we describe in mPFC and vHip populations,

suggesting a potential role of cholinergic modulation in mediating outcome integration.

While there is a case to be made for the involvement of each of these
neuromodulators in supporting integration of reward history across mPFC and vHip, the
observed modulation of activity that emerges across the ITl is likely a product of the

interactions between a variety of neuromodulators signaling reward-associated
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information at different timescales. This invites further study to better characterize the
role of each of these neuromodulators in reward integration, both individually and in
tandem. Recent advances now allow for the use of genetically encoded fluorescent
indicators to record neurotransmitter release in vivo. This includes constructs such as
GrabDA for dopamine, GRAB_5-HT for serotonin, GACh for acetocholine, and nLightG
for norepinephrine (Jing et al., 2018; Kagiampaki et al., 2023; Wan et al., 2021; Zhuo et
al., 2024). Systematically recording the release of these neurotransmitters in mPFC and
vHip while animals perform a two-armed bandit task and subsequent task degredations,
as described in chapters 2 and 3, would reveal the extent of their contribution towards

outcome encoding and reward integration in mPFC and vHip.

Reward integration across mPFC, vHip, and NAc

Chapter 2 of this thesis revealed that mPFC and vHip projections to NAc
integrate reward history by suppressing activity to reward. In chapter 3 once again we
find this pattern of encoding in the GABAergic neurons of these regions. The similarity
in reward-encoding motifs across these two studies suggests common sources of
modulation in mPFC and vHip, which we have speculated on in the previous section.
However, one notable difference in the patterns of reward integration across the two
studies is the granularity of reward encoding. While GABAergic neurons in mPFC and
vHip seem to encode a complete outcome history, at least when exploiting,
glutamatergic NAc-projecting neurons from these regions seem to be encoding more of
a history of unrewarded outcomes with a singular reward maximally suppressing activity
with each consecutive unrewarded outcome gradually increasing activity. This suggests

that while mPFC and vHip may be encoding a full outcome history at a region-level,
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there is some sort of processing or filtering of information that is occurring, transforming
a fully gradated outcome history to a simplified history of unrewarded outcomes such
that neural activity is inversely correlated with the amount of reward experienced. We
also note that this transformed encoding pattern is also observed in mPFC and vHip
GABAergic neurons when animals are in an exploit state. However, because we did not
analyze how state modulates outcome encoding in mPFC and vHip projection activity,
we cannot say for certain if encoding is further transformed in NAc-projecting neurons
when animals are exploiting. However, this body of works suggests that even after
further transformation, the information would be more oriented towards a history of

unrewarded outcomes.

This history of unrewarded outcomes is then transmitted downstream such that
many unrewarded outcomes should increase input from mPFC and vHip to the NAc to
suppress engagement. Optogenetic manipulations from the first set of studies confirm
this, demonstrating that strong activation of either mPFC of vHip can suppress
engagement. However, weaker activation requires synchronous recruitment to suppress
engagement. This suggests that while more balanced activity, resulting from similar
integration of outcome history across mPFC and vHip inputs to NAc modulates
engagement, strong activation of either input may allow for a given circuit to exert more
direct behavioral control. For example, the vHip input to NAc appears to be more
sensitive to unrewarded outcomes, ceasing to encode outcome history after
consecutive rewards. This potentially defines a mechanism whereby in environments

where reward is less consistent, the vHip input to NAc exerts more behavioral control.
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mPFC and vHip projections to NAc both integrate reward-related information,
regulating the activity of MSNs in the NAc shell. These MSNs go on to modulate activity
in downstream regions that exert more direct control over motor output. The ventral
pallidum (VP) is one such region, representing the primary output of MSNs in the NAc
shell and receiving input from both D1 and D2 MSNs, with D1 MSNs also collateralizing
to VTA (Kupchik et al., 2015; Pardo-Garcia et al., 2019). Activity in this region has been
implicated in motivated behavior, encoding information about relative value of reward,
reward-associated cues, and modulating motivation and projecting to motor regions of
the brain stem (Soares-Cunha & Heinsbroek, 2023). Specifically, VP activity appears to
modulate engagement, with optogenetic stimulation in a lever pressing task, decreasing
latency to lever press, consistent with our observations of mPFC-NAc and vHip-NAc.
Altogether this work suggests a cascade of activity whereby reward-relevant information
is conveyed to and integrated by mPFC and vHip, wherein reward suppresses and
unrewarded outcomes increase neural activity. This information is then transformed to
encode a history of unrewarded outcomes where reward now maximally suppresses
NAc-projecting cells and activity scales with the number of unrewarded outcomes
encountered. This should then modulate the activity of MSNs in the NAc such that they
provide increasing inhibition of the VP as the number of unrewarded outcomes

increase, thus decreasing engagement.

Neural encoding and behavioral demands

Much of the extant work on reward is predicated on the concept that reward-
encoding is static and invariant. That is, that these neural processes and correlates hold

true regardless of task demands or behavioral state. A large part of this is due to the
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statistical approaches Yet existing studies have not generally modulated task
requirements to test this assumption. By explicitly varying task demands, this thesis,
provides strong evidence that behavioral demands shape neural encoding. In chapter 2
where we examine neural encoding of reward history in mPFC and vHip projections to
NAc, we demonstrate that when animals no longer have to perform a specific action for
a reward, encoding of reward history simplifies to only encode the previous outcome in
mPFC-NAc and to encode consecutively unrewarded outcomes against other outcome
histories in vHip-NAc. This demonstrates that the degree of complexity in reward
encoding can be modulated directly by the complexity of the task. These changes in
behavioral demands likely affect the behavioral state the animal is in and thus the
neural mechanisms utilized to integrate outcomes and support reward-motivated
behavior. We provide further evidence of this in chapter 3 where we examine neural
encoding of reward history in mPFC and vHip GABAergic neurons. Here we find
variations in behavioral state map on to differences in encoding. When exploring, mPFC
and vHip GABAergic neurons encode a full reward history, however, once exploiting, the
neural representation becomes anchored to unrewarded outcomes, likely driven by the
decreased utility of reward-oriented information during exploitation. This demonstrates
that as behavioral demands change as animals shift between exploration and
exploitation states, neural encoding of the same reward information changes. Together
this provides strong evidence that neural encoding is highly intertwined with behavioral

demands, and thus behavioral state.
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Limitations and future directions

This thesis presents a set of studies that identify a novel motif of reward
integration implemented across glutamatergic and GABAergic neuronal populations in
mPFC and vHip and demonstrate how these patterns of neural encoding influence
reward-motivated behavior. This thesis also presents clear evidence that neural
encoding of reward is shaped by behavioral state. However, within this body of work
there are technical and methodological limitations that leave some questions open and
invite further investigation. A clear limitation of this thesis is the exclusive use of males
in chapter 3. Though in chapter 2 we show that patterns of reward integration in mPFC
and vHip projections to NAc are largely similar across sexes, this does not preclude the
possibility that there exist sex difference in how GABAergic neurons integrate
outcomes. As one example of a surprising sex difference, in other research, | found that
while males use the mPFC projection to NAc to distinguish between threatening and
non-threatening cues, females use the vHip projection to NAc underlining the possibility

of latent sex differences in neural encoding (Muir et al., 2024).

In chapter 2, we utilized excitatory opsins to increase activity in mPFC and vHip
projections to NAc during the ITI. This allowed us to establish that increases in neural
activity in mPFC and vHip projections to NAc lead to decreases in engagement.
However, | did not perform an inverse experiment using inhibitory opsins to decrease
activity in these projections. Without exploring the effects of inhibition, we cannot say for
certain if decreasing neural activity in these projections would lead to an increase in
engagement. However, for a number of reasons, it is likely that such an experiment with

inhibitory opsin would not provide definitive results. The signal that we observe in NAc
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projecting cells is maximally suppressed by reward, with unrewarded outcomes
gradually restoring activity. This means that the richest modulation occurs in the
excitatory direction and suggests a lower bound for the effect of bulk inhibition of NAc
projections on behavior. Additionally, a key finding of this thesis is the redundancy
across the brain in control over engagement and reward-motivated behavior. Thus, it is
equally likely that inhibitory manipulations would be without effect given compensatory

input from other NAc projecting regions.

In chapter 2, stimulation was applied either across the entirety of the ITI or during
the lever extension period. This allowed us to link neural activity specifically during the
ITI and engagement. However, activity across the ITl is dynamic in both mPFC and
vHip, with suppression emerging across the ITl. Additionally, the signal appears to have
several components. In mMPFC-NAc we see a peak to lever press, a slight increase in
activity to reward delivery, and then suppression to reward. In vHip-NAc we see a peak
to lever press, a suppression of activity, followed by an increase in activity to
unrewarded outcomes. Further studies clarifying the role of these features in supporting
reward-motivated behavior provide an exciting avenue of future research. For example,
we note that each of these features appear to emerge at specific time-points across the
ITI. Using BiPOLES for bidirectional optogenetic manipulation of activity in NAc-
projecting neurons we can systematically ablate these features, for example
suppressing mPFC-NAc activity when we expect a peak to lever press or stimulating
vHip-NAc activity when we expect a suppression of activity (Vierock et al., 2021). This
would reveal the specific contributions of each of these signal components towards

supporting reward-motivated behavior and outcome integration. We could also use this
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approach to manipulate GABAergic neuron activity in mPFC and vHip following our
findings in chapter 3 to better understand the causal relationship between these neural

populations and reward motivated behavior.

In this thesis, | describe how population-level activity is modulated as a
consequence of interactions with rewarded and unrewarded outcomes. However, the
specific neural basis of this modulation remains unclear. This limitation is due to the use
of fiber photometry as the technique for recording neural activity. Fiber photometry,
though useful for its high throughput and cell-type specificity, lacks single cell resolution.
That is, while we are able to describe at a population level how various projections and
cell-types process reward, we are unable to determine how this manifests at a single
cell level. This leads to several interesting questions that remain unanswered. For
example, it is unclear if outcome integration is being performed by an entire population
or just a subset of cells. Likewise, we observe an increase in activity following
unrewarded outcomes compared to rewarded outcomes. This could be encoded by two
separate populations, one signaling reward and another signaling the omission of a
rewarded outcome with the latter population comprising of a larger number of cells and
representing the primary site of modulation by outcome history. The other possibility is
that both reward and the omission of reward are signaled by the same population of
cells with overall activity modulated by outcome history. Each possibility would have a

different implication for the neural mechanisms governing outcome integrations.

Another unanswered question is the neural substrate of the change observed in
mPFC-NAc and vHip-NAc outcome integration following degradations in task structure.

As elements such as choice and action are removed from the environment, the neural
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signal in these pathways become more and more noisy. It could be the case that this
increase in noise is due to the fact that encoding becomes less specific as the
complexity of task structure decreases. The other possibility is that the as task
complexity decreases so does the size of the neural population encoding outcome.
Future studies utilizing neural recording techniques at a cellular resolution such as

microendoscopy or in vivo electrophysiology are needed to answer these questions.
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Chapter 5

Conclusions

Prior to this thesis, the role of glutamatergic afferents in supporting reward
processing remained relatively unexplored. The primary goal of this thesis was to
address this gap, by determining redundancy and specialization in how two distinct
glutamatergic inputs to the NAc, mPFC-NAc and vHip-NAc, process reward and

contribute towards reward-motivated behavior.

In the first set of studies, | examined how population-level activity in mPFC and
vHip projections to NAc encode information about outcomes, finding that reward drives
suppression of neural activity and unrewarded outcomes gradually restore activity. |
then described how this motif can be implemented across many trials, tracking prior
reward history as a graded function of unrewarded outcomes. Using task degradations
and conditional entropy analyses | find that while the mPFC projection to NAc
consistently encodes outcome, encoding in the projection from vHip to NAc is anchored
to unrewarded outcomes. Examining the behavioral relevance of reward integration in
mPFC-NAc and vHip-NAc revealed a co-operative and somewhat redundant role of

these pathways in dynamically modulating engagement in rewarding environments.

The second study expanded upon this work and was based on the hypothesis
that inhibitory populations in mPFC and vHip might contribute to the reward-mediated
suppression identified in the first study. Surprisingly, | again found a similar pattern of

reward integration as described in the glutamatergic projection neurons. Inhibitory

193



neurons in MPFC and vHip suppressed activity to reward, tracking prior reward history.
However, in inhibitory neurons, this seemed to be gated by behavioral state. Examining
the behavioral relevance of state-gated reward integration in mPFC and vHip again
revealed a role in dynamically modulating task engagement in both regions, but a state-

dependent role in modulating choice behavior in each region.

Together, this work identifies a novel motif of outcome integration implemented
across various important reward-processing neural populations in mPFC and vHip. In
this motif, the level of activity inversely correlates with the amount and recency of
reward received. Critically, we show that at a neural level, implementation of this
outcome-integrating motif is dependent on task demands and behavioral state. While
we demonstrate some state-dependent associations between neural activity and choice
behavior in GABAergic neurons, we find that the primary role of these neurons as well
as of NAc-projecting neurons is to mediate engagement, a relationship that has
historically been less well characterized than that of choice. Finally, this work highlights
the cooperative roles of mMPFC and vHip in supporting outcome integration and reward-

motivated behavior.

These results challenge the traditional view that reward processing can be neatly
divided among different brain regions and cell types, and instead propose that neural
encoding is more likely a distributed function, simultaneously occurring across multiple
brain regions and cell types. This is evidenced in the by the repeated discovery of a
reward integration motif with similar behavioral correlates across GABAergic neurons
and glutamatergic projections neurons in both the mPFC and vHip. These findings

underline not only the high level of redundancy in the brain but also the importance of
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putting neural circuits in context with each other. At first glance, each cell type examined
in this thesis appears to be performing the same function: suppressing activity to
reward, however, we find that the specialization of each cell type in reward encoding
only becomes apparent when compared directly to other cells in the broader circuit. This
suggests that differences in cell-type and region-specific encoding are highly nuanced
and that coarse-grained interrogations of encoding are likely inadequate to explain the
relevance of encoding. This is further complicated by evidence provided in this thesis
that encoding can also be differentially modulated by environmental, behavioral, and
other latent factors, highlighting the importance in exploring and defining the limits
associated with encoding. Overall, the significant redundancy within the brain likely
enables the maintenance of high-level behavior, utilizing gradual shifts in the balance
between brain regions and cell types to further fine-tune behavior, resulting in

continuous and highly adaptive behavior.

The brain is a complex and highly redundant structure. Taken together, this work
underlines the importance of simultaneously considering multiple cell-types and circuits
in context as we work towards developing an integrative understanding of how the brain

continuously processes information to produce ever-adapting behaviors.
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