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Abstract: Identifying the neural circuits underlying adaptive fear is
fundamental to understanding and developing more effective treatments for
anxiety disorders. Adaptive behavior requires fear to scale to the level of threat
and dysfunction in this capacity is a hallmark of fear-related anxiety disorders.
Identifying the neural circuits underlying adaptive fear is fundamental to
understanding anxiety disorders and propelling more effective treatments for
patients. Fear is adaptive when the level of the response rapidly scales to degree
of threat. Using a discrimination procedure consisting of danger, uncertainty, and
safety cues, our laboratory has found rapid fear scaling (within 2 s of cue
presentation). However, the neural underpinnings of this behavior are unknown.
The overarching goal of this dissertation is to examine a role for the nucleus
accumbens core (NAcc) in scaling fear to degree of threat. In three experiments
| used neurotoxic lesions, optogenetic inhibition, and in vivo electrophysiology

combined with an intricate fear learning procedure to elucidate a role for the



NAcc in both general and rapid scaling of fear. Permanent NAcc dysfunction, via
neurotoxic lesion, generally disrupted the ability to scale fear to degree of threat
and specifically impaired one component of scaling: rapid discrimination of
uncertain threat and safety. Reversible NAcc dysfunction, via optogenetic
inhibition, specifically impaired rapid discrimination of uncertain threat and safety.
Further, | demonstrated that NAcc activity is threat responsive and exhibits
heterogeneity in the timing and specific nature of threat firing. The results reveal
that the NAcc is essential to scale fear to degree of threat and responds to threat
cues across both rapid and general timescales. Taken together, the results
reveal a novel role for the NAcc in scaling fear and identify it as a plausible
source of dysfunction in stress and anxiety disorders. Identifying the brain
regions underlying adaptive fear is fundamental to understanding and developing

more effective treatments for anxiety disorders.
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Chapter 1: Introduction to the nucleus accumbens and threat learning



1.1. Threat Learning
1.1.1 Behavioral Paradigms

The ability to discriminate danger from safety is critical to survival.
Individuals with stress and anxiety disorders are commonly impaired in
discrimination, showing excessive fear-related responses to safety (Jovanovic et
al., 2010, 2012; Lissek et al., 2014; Duits et al., 2015). Danger and safety
represent extremes of a threat continuum, with most real-world threats involving
uncertainty. ldeally, one’s level of fear should scale to the degree of threat. A
scaled fear response would be most adaptive if it was rapidly organized following
an encounter with a potential threat. The importance of distinguishing danger and
safety is clear, but how do we study learned fear behavior in a laboratory?

One way to study learned fear behavior is through Pavlovian conditioning,
a form of associative learning. In Pavlovian conditioning, pairing a neutral cue
with a biologically salient event, such as food results in the formation of a cue-
food association. This association is evident in the subject’s behavior. A cue
paired with food will acquire the ability to elicit behaviors previously only elicited
by food (Pavlov, 1928). In Pavlov’'s example using dogs, a bell would initially
produce no food-related behavior, while food would elicit salivation. Repeated
bell-food pairings result in the formation of a bell-food association. Following
conditioning, the bell alone is sufficient to produce salivation.

The principles governing cue-food learning are readily applied to threat
learning, which is most commonly termed Pavlovian fear conditioning. In the

cued version of Pavlovian fear conditioning, a discrete cue such as a tone, light,



or odor, is paired with an aversive foot shock (LeDoux, 2000; Maren, 2001).
Cued fear conditioning most commonly involves one cue that predicts foot shock
with absolute certainty (100% of trials). Though less common, some paradigms
include an additional cue that predicts the absence of shock (i.e., safety), with
absolute certainty (0% of trials). In these paradigms, rats are trained to
distinguish cues signaling absolute danger and absolute safety. However, these
approaches do not examine fear to intermediate cues falling between the
extremes of danger and safety. This is problematic because uncertainty is an

inherent feature of many real world threats.

1.1.2 Measuring Fear

There are many methods to study fear in rats, but how do we measure
fear? In Pavlovian fear conditioning, fear is most commonly measured by
freezing. Freezing is a species-specific defensive behavior in rats in which the
animal exhibits a rigid “crouching” posture and withholds bodily movement
(Blanchard, 1969; Fanselow, 1980). Freezing is an adaptive defensive behavior
because predators are less likely to detect immobile prey. For example, a cat is
much less likely to detect an immobile rodent (Hirsch, 1977). Freezing is a
universal defensive behavior in rats that generalizes from predators to other
imminent threats, including those found in a laboratory setting (Hagenaars et al.,
2014). Freezing has been well documented in response to cues signaling an
aversive outcome, making it a useful index of fear (Fanselow, 1980, 1993;

LeDoux et al., 1988; Maren et al., 1996; Maren, 2001; Sierra-Mercado et al.,



2011). When measuring freezing, low freezing is interpreted as low fear and high
freezing is interpreted as high fear.

Another measure of fear is conditioned suppression. In a standard
conditioned suppression procedure, rats are moderately food-deprived and
trained to perform an instrumental response (i.e., lever press or nose poke) to
obtain rewards. Following response-food training, rats go through cued fear
conditioning. After repeated cue-shock pairings, presentation of the cue results in
suppression of instrumental responding for food, termed conditioned suppression
(Estes and Skinner, 1941; Kamin et al., 1963; Anglada-Figueroa and Quirk,
2005; McDannald, 2009; Pickens et al., 2009; Arico and McNally, 2014).
Conditioned suppression is observed due to the competition of responding
between conditioned freezing and the instrumental responding for reward, as well
as the competition between appetitive and aversive states (McDannald, 2009).
Similar to the suppression of movement, animals will also suppress food-seeking
during a threat encounter. If an animal is freezing, it cannot simultaneously be
reward-seeking, and freezing is correlated with the conditioned suppression of
lever pressing and licking (Bouton and Bolles, 1980). Thus, conditioned
suppression and freezing are not synonymous, but rather independent behavioral
consequences of threat learning. Critically, these processes also rely on separate
neural circuits (Killcross et al., 1997; Amorapanth et al., 1999; Lee et al., 2005;
McDannald, 2010; McDannald and Galarce, 2011; Shumake and Monfils, 2015).

One pitfall of using freezing to measure fear is the sex differences in this

measure. The majority of fear studies have only used male rats (Lebron-Milad



and Milad, 2012). However, more recent studies using both males and females
have reported lower freezing rates in females (Maren et al., 1994; Gupta et al.,
2001; Gruene et al., 2015a). Recent investigations into this sex difference
revealed that females exhibit more active fear responses, known as darting,
which is reflected in a reduction in freezing, when in fact, females may display
fear in a more active manner compared to males (Gruene et al., 2015a, 2015b;
Colom-Lapetina et al., 2019; Greiner et al., 2019). There is a clear need for
additional fear research across sexes.

Another measure of fear, fear-potentiated startle (FPS), involves using the
acoustic startle reflex as a behavioral measure. In FPS, a short-lived neutral
stimulus (i.e., a light) is paired with a foot shock. Later, subjects are tested by
presenting a series of startle-eliciting noise bursts, some of which are paired with
the stimulus that had previously been paired with foot shock, while others in the
absence. FPS examines the increase in startle in the presence versus absence
of the conditioned fear stimulus (Davis, 1986, 1992; Walker and Davis, 2002).
FPS is a widely used fear learning paradigm because of its translatability to
humans (Grillon and Davis, 1997). Additionally, the startle response can be
reliably measured up to one month after training, allowing for the examination of
long-term fear memories (Campeau et al., 1990). However, a major drawback of
FPS is that it focuses on examining how threat cues modulate behavior to neutral
cues. Though this is important in its own regards, this paradigm does not
examine adaptive fear responses to cues themselves and instead focuses on

threat cue modulation of a neutral cue. To understand how adaptive fear



responses are organized, cue examination should compare cue presentation to a
baseline period, similar to cued fear conditioning. Additionally, for fear responses
to accurately portray real-life threat encounters, fear learning should include not

just absolute signals of danger and safety, but also uncertainty.

1.1.3 Updated Paradigms from Learning Theory

Associative learning has been instrumental in shaping the fear learning
literature. One of the most prominent learning theory models is the Rescorla-
Wagner model of Pavlovian conditioning which describes the associative
strength between a CS (cue) and US (shock) (Rescorla, 1968; Rescorla and
Wagner, 1972). This model builds on Rescorla’s independent work from 1968
examining the shock contingency of a cue using different probabilities of foot
shock. In this renowned paper, Rescorla demonstrates that increasing the shock
contingency of a cue increases conditioned suppression. Such that, as the
probability of shock associated with the cue increases, conditioned suppression
also increases (Rescorla, 1968). This finding was remarkable, yet it was heavily
ignored until recent years. The overwhelming majority of fear conditioning
procedures have used simplistic cue-shock paradigms, severely limiting our
understanding of the neural circuits underlying fear learning and behavior.
Associative learning has the ability to propel fear research to go beyond the basic
Pavlovian cue-outcome conditioning, to better study the different neural and
behavioral mechanisms of learning by using more complex behavioral

procedures, that better imitate real life encounters.



Danger and safety represent extremes of a threat continuum, with most
real world threats involving uncertainty. Ideally, one’s level of fear should scale to
degree of threat. Drawing from learning theory and Rescorla’s pivotal paper
(Rescorla, 1968), our laboratory has devised a discrimination procedure in which
distinct auditory cues predict unique foot shock probabilities: danger (p=1.00),
uncertainty (p=0.25), and safety (p=0.00) (Berg et al., 2014). Fear conditioning
takes place over a baseline of rewarded nose poking. Importantly, the schedules
for cue and shock delivery are independent of the schedule for rewarded nose
poking. ‘Fear’ is measured by the cue-induced suppression of poking (Estes and
Skinner, 1941). Using this paradigm, we observe scaled fear responses across
the 10 s cue presentation with rats showing highest fear to danger, moderate fear
to uncertainty, and low or no fear to safety (Berg et al., 2014, DiLeo et al., 2016;
Ray et al., 2018). Such that, the degree of suppression observed to each cue
roughly approximates the foot shock probability associated with each cue.

A scaled fear response would be most adaptive if it was rapidly organized
following a threatening encounter. Few studies have examined temporally
specific threat responses. One such study from our laboratory has found that fear
level scales to shock probability within two seconds of cue presentation (DiLeo et
al., 2016). The concept of rapid encoding and responding to stimuli is not new
(Quirk et al., 1995; Setlow et al., 2003; Josselyn et al., 2005; Uchida et al., 2006).
Neurons in the lateral amygdala (LA) respond to a fear conditioned cue at a
latency of ~20 msec (Quirk et al., 1995). In olfaction and vision, rapid perceptual

decisions can be consistently observed in ~200-300 msec latencies (Uchida et



al., 2006), while in FPS, behavior is observed in the ~200 msec period following
the onset of the startle stimulus (Josselyn et al., 2005). This demonstrates that
perceptual, neural, and behavioral responses to stimuli occur on a rapid
timescale. However, this research has focused on either simplistic cue-shock
paradigms or in FPS, behavior in response to another (neutral) stimulus. Our
laboratory was the first to demonstrate the rapid behavioral emergence of scaled
fear responses (DiLeo et al., 2016), yet the brain regions underlying rapid fear

scaling are still unknown.

1.2. Anatomical Substrates of Threat Learning
1.2.1 Amygdala

The neural underpinnings of fear have been widely studied over the years
and implicated a variety of brain regions including, but not limited to, the
amygdala, nucleus accumbens, medial prefrontal cortex (mPFC), and
hippocampus.

The primary theory of amygdalar function suggests that the basolateral
amygdala (BLA) encodes and maintains cue-shock associations (LeDoux et al.,
1990; Maren et al., 1996; Amorapanth et al., 2000; LeDoux, 2000; Goosens and
Maren, 2001; Koo et al., 2004), and sends this information to the central
amygdala (CeA), which mediates the behavioral expression of fear responses
(LeDoux et al., 1988). Amygdala lesions have long been associated with a
reduction in fear (Weiskrantz, 1956). The BLA is divided into the lateral (LA),

basolateral nucleus (BA) and basomedial nucleus (BM). The BLA is comprised



mostly of glutamatergic pyramidal neurons, which are primarily projection
neurons, and some GABAergic interneurons, which form local circuits within the
BLA (McDonald, 1982, 1992; McDonald and Mascagni, 2001). BLA neurons
exhibit increased responding to cue presentation (Quirk et al., 1995, 1997;
Rogan et al., 1997; Repa et al., 2001), with neurons in the LA responding at a
latency of ~20 msec (Quirk et al., 1995). Interestingly, BLA activity is greater for
uncertain or ambiguous cues (Belova et al., 2007; Dunsmoor et al., 2008).

The BLA projects both directly and indirectly to the CeA and this pathway
is associated with negative valence (Goosens and Maren, 2001; Ciocchi et al.,
2010; Beyeler et al., 2016, 2018). Disconnections between the BLA and CeA
abolish cue elicited freezing (Jimenez and Maren, 2009). The CeA is divided into
the dorsolateral, mediolateral, and ventrolateral regions and is primarily
comprised of GABAergic interneurons. The CeA is involved in the acquisition and
expression of conditioned fear memories (Goosens and Maren, 2003; Maren and
Quirk, 2004; Wilensky et al., 2006; Ciocchi et al., 2010; Fadok et al., 2018),

mediating the behavioral expression of fear responses (LeDoux et al., 1988).

1.2.2 Nucleus Accumbens

In order to identify brain regions necessary for fear scaling and its rapid
emergence, | must identify candidate regions. Candidate regions should be able
to process valence and receive amygdalar input (Quirk et al., 1995; Goosens and
Maren, 2001; Koo et al., 2004; McDannald and Galarce, 2011). The nucleus

accumbens is a ventral striatal region comprised of two main subregions: the



core (NAcc) and shell (NAcS). The NAcc is anatomically positioned to receive
threat-related input based on its strong innervation from the BLA, though it's
more widely known for its role in reward settings. The NAcc and NAcS have
reciprocal connections, forming an intrastriatal projection pattern both between
and within these subregions (van Dongen et al., 2005). The NAcc receives
monosynaptic inputs from the ventral pallidum (VP), basolateral and basomedial
subregions of the BLA, multiple cortical regions (agranular insular cortex,
orbitofrontal cortex, prelimbic cortex, etc.), and several other regions (Li et al.,
2018). Most critical to my hypothesis, are the glutamatergic inputs from the BLA
(Kita and Kitai, 1990; Brog et al., 1993; Wright and Groenewegen, 1996). The
prevailing view is that the BLA preferentially routes information regarding
negative valence to the CeA, whereas positive valence is routed to the NAcc
(Beyeler et al., 2016, 2018).

The NAcc is primarily comprised of GABAergic medium spiny neurons
(MSNSs) which are typically dichotomized based on their expression of either D1
or D2 dopamine receptors. D1 and D2 MSNs comprise >95% of all NAcc
neurons. Some MSNs express both D1 and D2 receptors, however, this is
estimated to only account for about 5% of MSNs in the core (Bertran-Gonzalez et
al., 2008; Perreault et al., 2011; Gangarossa et al., 2013; Gagnon et al., 2017).
The majority of inputs to the NAcc do not differ based on MSN cell type and show
an extremely high correlation between inputs. Both D1 and D2 MSNs receive
projections from the orbitofrontal cortex, cingulate cortex, prelimbic cortex,

agranular insular cortex, and several other regions (Li et al., 2018).
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1.2.3 Medial Prefrontal Cortex

One of these NAcc-innervation regions, the mPFC, has been widely
studied in fear learning and extinction. The mPFC has close functional and
anatomical connections with both the NAcc and amygdala (Krettek and Price,
1977; Kita and Kitai, 1990; Garcia et al., 1999; Gabbott et al., 2005; Li et al.,
2018). The mPFC is involved in Pavlovian fear conditioning, particularly in fear
extinction. Fear extinction involves the presentation of a cue in the absence of
shock. Manipulating mPFC activity impairs cued fear extinction (Morgan et al.,
1993; Quirk et al., 2000). The mPFC is divided into two subregions: prelimbic
(PL) and infralimbic (IL). The PL and IL play differential roles in threat learning
(Marek and Sah, 2018). The PL has been implicated in acquisition, consolidation,
and expression of fear memory. In cued fear conditioning, PL stimulation
increases freezing while inhibition of PL activity decreases freezing (Quirk et al.,
2000; Vidal-Gonzalez et al., 2006; Sierra-Mercado et al., 2011). In fear extinction,
PL activity promotes the expression of conditioned fear (Vidal-Gonzalez et al.,
2006; Corcoran and Quirk, 2007; Burgos-Robles et al., 2009; Sierra-Mercado et
al., 2011). The IL does not appear to have a significant role in the acquisition of
extinction but is required for consolidation, and perhaps expression, of extinction
memory. Silencing the IL increases freezing and impairs extinction while
stimulation decreases conditioned freezing and enhances extinction (Vidal-
Gonzalez et al., 2006; Sierra-Mercado et al., 2011; Bukalo et al., 2015).

Additionally, the amygdala modulates mPFC activity related to conditioned fear
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(Garcia et al., 1999) and stimulation of the IL — BLA pathway facilitates extinction
(Bukalo et al., 2021). Together, these studies demonstrate dissociable roles for

the PL and IL in threat learning.

1.2.4 Hippocampus

The hippocampus is another threat learning region with anatomical and
functional connections with the NAcc, amygdala, and mPFC. The hippocampus
is the primary region underlying the storage and retrieval of explicit memory,
including threat-related information. Hippocampal neural activity responds to
cues and contexts associated with foot shock (Moita et al., 2003; Moita, 2004).
The hippocampus is comprised of multiple subregions including the dorsal
(dHPC) and ventral (vHPC) subregions. The dHPC and vHPC are functionally
distinguished, with the dHPC normally linked to cognitive functions and spatial
navigation while the vHPC is linked to the regulation of emotional states such as
fear and anxiety (Moser and Moser, 1998; Fanselow and Dong, 2010), yet both
regions have been associated with fear learning. Optogenetic inhibition of the
dorsal hippocampus (dHPC) has shown a role for the dHPC in encoding
ambiguous outcomes to enhance fear memory (Amadi et al., 2017). While
pharmacological inactivation of dHPC neurons impairs remote auditory fear
memory formation (Oh and Han, 2020). The vHPC CA3 subregion is necessary
for the retrieval of cued fear conditioning (Hunsaker and Kesner, 2008) and
stimulation of the vHPC blocks cued fear conditioning (Zhang et al., 2001). The

BLA evenly routes positive and negative valence to the vHPC (Beyeler et al.,
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2016) and stimulation of the BLA — vHPC pathway modulates anxiety-related
behaviors (Felix-Ortiz et al., 2013). Similar to the prevailing view of the BLA, the
vHPC CA1 subregion preferentially routes behavior-contingent information to
distinct target regions. Specifically, the vCA1 preferentially routes anxiety-related
information to the mPFC while goal-related information is routed to the mPFC,
NAcc, and amygdala (Ciocchi et al., 2015). However, it's important to note that
although this paper was pivotal, the data was only collected from four animals.
Taken together, the hippocampus plays a subregion and pathway specific role in
threat and anxiety behaviors and sends threat-related responses to its
anatomical connections, including the nucleus accumbens.

The current threat learning network discussed here includes the
amygdala, accumbens, mPFC, and hippocampus. The BLA encodes and
maintains cue-shock associations (LeDoux et al., 1990; Maren et al., 1996;
Amorapanth et al., 2000; LeDoux, 2000; Goosens and Maren, 2001; Koo et al.,
2004) and sends this information to the central amygdala (CeA), which mediates
the behavioral expression of fear responses (LeDoux et al., 1988). The BLA
sends strong glutamatergic projections to the NAcc, which is a top candidate
region for fear scaling. The mPFC has close anatomical and functional
connections with both the BLA and the NAcc, as well as the hippocampus, both
of which are involved in threat learning. Though each region has been studied
individually, the complex pathways and interactions between these regions to
coordinate threat responses are still unclear. In this dissertation, | will be focusing

on the NAcc and its involvement in threat learning.
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1.3 The Nucleus Accumbens in Reward Learning

The NAcc'’s ability to rapidly signal relative reward value, as well as its
anatomical connectivity with the amygdala, make it a likely candidate for
signaling relative threat. The nucleus accumbens has long been studied in
reward settings. The prevailing view of NAcc function is that it processes
information regarding the relative value of rewards. Relative reward value is the
estimated value of a reward compared to other previous or current rewards, with
the goal of obtaining the highest valued reward. Neurotoxic lesions of the NAcc
have been shown to alter discrimination between rewards of different magnitude
(Galtress and Kirkpatrick, 2010; Steele et al., 2018). Optogenetic inhibition of
accumbens fast-spiking interneurons (FSIs) promotes impulsive reward choices
(Pisansky et al., 2019). NAcc neuron activity has been shown to discriminate
rewards of different values, showing differential firing to reward discrimination.
When NAcc neurons are recorded during a risk-reward task, NAcc neuron
activity differentially scales to animals’ preferred option when animals must weigh
the cost-benefit of value and risk and differentially encodes reward omissions
based on risk preference (Sugam et al., 2014). In non-human primates, single-
unit NAcc recordings have shown that some NAcc neurons show rapid increases
in firing during cues signaling reward availability (i.e., go-cue), reward feedback,
and reward delivery, while other neurons show responses to trial outcomes,
during reward periods (Gale et al., 2014). In rats, NAcc single-units respond to

relative value and palatability of rewards (Taha, 2005). NAcc activity to reward-
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predictive cues and reward delivery is modulated by reward size (Roesch et al.,
2009; Goldstein et al., 2012; Bissonette et al., 2013; Cooch et al., 2015) and

concentration (Taha, 2005; Wheeler et al., 2005; Villavicencio et al., 2018). The
NAcc plays a clear role in appetitive learning, but the critical question is whether

or not the NAcc is involved in threat learning.

1.4 The Nucleus Accumbens in Threat Learning

The prevailing view is that the BLA preferentially routes information
regarding negative valence to the CeA, whereas positive valence is routed to the
NAcc (Beyeler et al., 2016, 2018). While considerable research supports the
view, few studies have examined the routing of negative valence information
from the BLA to the NAcc. One of the few studies that has examined the NAcc in
negative valence demonstrated that the NAcc is an essential component of the
fear network (Ray et al., 2020). These data suggest that the NAcc is essential for
adaptive fear, revising the prevailing view that this region is exclusive to reward.
A role for the NAcc in threat learning would be expected based on immediate
early gene (IEG) studies. Shock-associated cues and contexts reliably
upregulate NAcc c-fos and zif268 (Beck and Fibiger, 1995; Campeau et al.,
1997; Thomas et al., 2002). Although the NAcc contains information about
shock-associated cues and contexts, specifying the role of the NAcc in fear has
presented a considerable challenge. Parkinson and colleagues found that NAcc
lesions impaired cued fear, but enhanced contextual fear (Parkinson et al.,

1999). Taking a similar experimental approach, Levita and colleagues found that
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NAcc lesions had no impact on the acquisition or expression of cued fear, but
impaired retention of contextual fear (Levita et al., 2002). Contemporary work by
Haralambous and Westbrook found that inhibiting accumbens activity (core +
shell) specifically impaired the acquisition, but not the expression of contextual
fear, and had no effect on cued fear (Haralambous and Westbrook, 1999). Even
considering slightly different methodologies, it is difficult to reconcile these
disparate results.

These are not the only conflicts in the literature. Schwienbacher and
colleagues found that blocking NAcc activity with tetrodotoxin abolished
acquisition, and impaired expression, of fear-potentiated startle (Schwienbacher
et al., 2004). The very next year Josselyn and colleagues utilized a variety of
methods to manipulate the NAcc during fear-potentiated startle: lesion, agonizing
dopamine, and blocking glutamate. NAcc manipulation did not impact any aspect
of fear-potentiated startle (Josselyn et al., 2005). Since these initial studies, the
NAcc has been implicated in a variety of fear-related processes. For example,
the NAcc can modulate salience, regulating the ability of cues to enter into
associations with shock (lordanova et al., 2006b, 2006b; lordanova, 2009) and is
necessary for the expression of fear (Dutta et al., 2020). More recent research
into the accumbens has shown that inactivation of the NacS reduces expression
of conditioned suppression, while inactivation of the NAcc does not affect fear
expression. This study utilized a fear learning task with discrete cues for danger

and safety (Piantadosi, 2017; Piantadosi et al., 2020). Thus, it is likely that the
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NAcc plays a more prominent role when there are multiple cues signaling

different probabilities of threat.

1.5 Dissertation Aims and Synopsis

The central aim of this dissertation is to examine the role of the NAcc in
scaling fear to different degrees of threat. To do this, | employed a behavioral
procedure where rats were trained to discriminate three auditory cues predicting
unique foot shock probabilities: danger (p=1.00), uncertainty (p=0.25), and safety
(p=0.00). To measure fear, | utilized conditioned suppression of rewarded nose
poking which permitted unbiased and temporally precise measurement of fear to
each of the three cues. This behavioral paradigm was combined with neurotoxic
lesions, optogenetic inhibition, and single-unit recordings to determine a role for
the NAcc in fear scaling.

In three experiments, | explicitly tested the following research questions:
1. Is the NAcc is necessary for the acquisition of both rapid and general fear
scaling?
2. Is the NAcc is necessary for the expression of rapid fear scaling?
3. Do NAcc single units show firing changes to threat cues? If so, what specific
patterns of threat responding are observed?

In chapter 2, | permanently ablated NAcc neurons in male rats via
neurotoxic lesions. Following recovery, rats received fear discrimination in which
auditory cues predicted unique foot shock probabilities. To isolate the rapid

scaling of fear, | broke the 10-s cues into five, 2-s cue intervals. This permitted
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analysis of rapid scaling of fear, focusing on the first 2-s cue interval, as well as
overall scaling across all intervals. Neurotoxic lesions revealed a general role for
the NAcc in the acquisition of fear scaling, as well as a specific role in acquiring
rapid uncertainty-safety discrimination. The results reveal that the NAcc is an
essential component of a neural circuit permitting the acquisition of rapid and
overall fear scaling, as well as a more specific role in acquiring rapid uncertainty-
safety discrimination. However, the permanent ablation of NAcc neurons leaves
the question of whether the NAcc is involved in the expression of fear scaling.

In chapter 3, | used a within-subjects optogenetic approach which allowed
for the precise and controlled examination of the NAcc's role in the expression of
fear scaling. Male rats acquired general fear scaling and once stable, NAcc
neural activity was optogenetically inhibited at the time of cue presentation or a
control period. Optogenetic inhibition impaired rapid uncertainty-safety
discrimination, demonstrating that NAcc cue activity is necessary for the
expression of rapid uncertainty-safety discrimination. Taken together with chapter
2, the results demonstrate that NAcc activity is necessary for the acquisition of
general fear scaling across cue presentation, as well as the acquisition and
expression of rapid uncertainty-safety discrimination at cue onset. However, the
NAcc activity requirement for fear scaling does not necessitate that NAcc
neurons respond to threat.

In chapter 4, NAcc single-unit activity was recorded in female rats during
fear discrimination taking place over a baseline of reward-seeking. NAcc cue

responsive neurons showed threat responses, but specific threat responding
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differed between populations, specifically, units showing phasic activity at cue
onset and tonic activity across cue presentation. Phasic units showed threat-
responsive firing (i.e., greatest changes in firing to danger and uncertainty, lesser
changes to safety) while tonic units showed danger-responsive firing (i.e.,
greatest changes in firing to danger, lesser changes to uncertainty and safety).
NAcc single-unit activity demonstrates that NAcc neurons are threat responsive
and exhibit heterogeneity in the timing and specific nature of threat firing.

The current aims are independent yet complementary and demonstrate a
novel role for the NAcc in adaptive fear behavior, specifically scaling fear to the
level of threat. Together, the three experiments demonstrate that the NAcc is not
just necessary for fear scaling, but also responds to threat cues across both rapid
and persistent time periods. ldentifying the brain regions underlying adaptive fear
is fundamental to understanding and developing more effective treatments for

anxiety disorders.
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Chapter 2: The Nucleus Accumbens Core is Necessary for General and
Rapid Threat Estimation
Portions of this chapter have been published in the following research article:
Ray, M.H., Russ, A.N., Walker, R.A., and McDannald, M.A. (2020). The nucleus

accumbens core is necessary to scale fear to degree of threat. Journal of
Neuroscience, 40 (24), 4750-4760.
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2.1 Introduction

A role for the NAcc in rapid fear scaling is supported by its ability to rapidly
process reward-predictive cues (Cromwell and Schultz, 2003; Setlow et al., 2003;
Ambroggi et al., 2011; McGinty et al., 2013; Saddoris and Carelli, 2014; Sugam
et al., 2014; Ottenheimer et al., 2018), as well as its anatomical connectivity with
the amygdala (Kita and Kitai, 1990; Petrovich et al., 1996; Wright and
Groenewegen, 1996). Additionally, the NAcc is implicated in a variety of fear-
related processes (Haralambous and Westbrook, 1999; Thomas et al., 2002;
Schwienbacher et al., 2004; lordanova et al., 2006a, 2006b; Fadok et al., 2010;
Badrinarayan et al., 2012; Li and McNally, 2015; Correia et al., 2016).

In the current chapter, | examined a role for the NAcc in acquisition of fear
scaling by permanently ablating NAcc neurons via neurotoxic lesion. Following
recovery, rats received fear discrimination consisting of danger, uncertainty, and
safety cues. Fear was measured with suppression of rewarded nose poking
(Estes and Skinner, 1941; Bouton and Bolles, 1980). Examining suppression
over the entire 10-s cue permitted analysis of overall fear scaling. To examine
the temporal emergence of scaling, | divided the 10-s cues into five, 2-s cue
intervals. Focusing on suppression during the first 2-s cue interval permitted
analysis of rapid fear scaling. The current experiment allowed me to examine a

role for the NAcc in the acquisition of both rapid and general fear scaling.
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2.2 Materials and Methods
2.2.1 Animals

Subjects were forty-five male Long Evans rats weighing 275-300 g upon
arrival (Charles River Laboratories; RGD Cat# 2308852, RRID:RGD_2308852).
Rats were individually housed and maintained on a 12-h dark-light cycle (lights
off at 6:00 PM) with water ad libitum. Procedures adhered to the NIH Guide for
the Care and Use of Laboratory Animals and were approved by the Boston

College Institutional Animal Care and Use Committee.

2.2.2 Behavioral Apparatus

Eight sound-attenuated enclosures each housed a behavior chamber with
aluminum front and back walls, clear acrylic sides and top, and a metal grid floor.
Grid floors were electrically connected to a shock generator. A single external
food cup and central nose poke opening equipped with infrared photocells were
present on one wall. Auditory stimuli were presented through two speakers

mounted on the ceiling of each behavior chamber.

2.2.3 Surgical Procedures

Stereotaxic surgery was performed under isoflurane anesthesia (2-5%)
using aseptic technique. Twenty-four rats received bilateral infusions of N-
Methyl-D-aspartic acid (15 pg/ul in Dulbecco’s PBS) aimed at the NAcc (0.40 pl,
+1.90 AP, £1.80 ML, -6.60 DV from skull). Infusions were delivered via 2 pl

syringe (Hamilton, Neuros) controlled by a microsyringe pump (World Precision
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Instruments, UMP3-2). Infusion rate was ~0.11 yl/min. Thirty seconds after the
completion of each infusion, the syringe was raised 0.1 mm then left in place for
five minutes to encourage delivery to the target site. The remaining twenty-one
rats received identical surgical treatment without infusions. Rats received

carprofen (5 mg/kg) for post-operative analgesia.

2.2.4 Nose Poke Acquisition

Following recovery from surgery, rats were food restricted to 85% of their
initial free-feeding body weight, then fed (2 - 20 g/day) to increase their target
body weight by 1 g/day for the remainder of testing. Rats were shaped to nose
poke for pellet (BioServ F0021 — protein/fat/carbohydrate blend) delivery using a
fixed ratio 1 schedule: one nose poke yielded one pellet. Shaping sessions lasted
30 min or approximately 50 nose pokes. Over the next 3, 60-min sessions, rats
were placed on variable interval (V1) schedules in which nose pokes were
reinforced on average every 30 s (session 1), or 60 s (sessions 2 and 3). For the
remainder of testing, nose pokes were reinforced on a VI-60 schedule

independent of all Pavlovian contingencies.

2.2.5 Pre-exposure

In two separate sessions, each rat was pre-exposed to the three cues to
be used in Pavlovian fear discrimination. Cues were auditory stimuli, 10-s in
duration and consisted of repeating motifs of a broadband click, phaser, or
trumpet. Previous studies have found these stimuli to be equally salient, yet

highly discriminable (Berg et al., 2014; DiLeo et al., 2016; Ray et al., 2018). The
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42-min pre-exposure sessions consisted of four presentations of each cue (12
total presentations) with a mean inter-trial interval (ITl) of 3.5 min. The order of
trial type presentation was randomly determined by the behavioral program and
differed for each rat during each session throughout behavioral testing.

For all sessions, fear to each auditory cue was measured using a
suppression ratio based on nose poke rates during the 20-s baseline period
immediately preceding the 10-s cue period: suppression ratio = (baseline nose
poke rate — cue nose poke rate) / (baseline nose poke rate + cue nose poke
rate). A ratio of 1 indicated complete suppression of nose poking during the cue
and a high level of fear; 0, no suppression and no fear. Intermediate suppression
ratios reflected intermediate fear levels. The same suppression ratio formula was

used to calculate fear in 2-s cue intervals.

2.2.6 Fear Discrimination

Each rat received sixteen, 54-min Pavlovian fear discrimination sessions.
Sessions began with a ~5-min warm-up period during which no cues or shock
were presented. The three cues were associated with a unique foot shock (0.5
mA, 0.5-s) probability: danger (p=1.00), uncertainty (p=0.25), and safety
(p=0.00). Foot shock was administered 1-s following cue offset. A single session
consisted of four danger, six uncertainty omission, two uncertainty shock, and
four safety trials. Auditory stimulus identity was counterbalanced across rats.

Mean ITI was 3.5 min.

24



2.2.7 Histology

Upon the conclusion of behavior, rats were anesthetized with an
overdose of isoflurane and perfused intracardially with 0.9% biological saline.
Brains were extracted and stored in 4% (v/v) formalin and 10% (w/v) sucrose.
Forty-micrometer sections were collected on a sliding microtome. Tissue was
then washed with Phosphate Buffered Solution (PBS), incubated in NeuroTrace
(Thermo Fisher, N21479) at a 1:200 concentration, washed again, mounted,
dried, and coverslipped with Vectashield Hardset mounting media (Vector Labs,

H-1400). Slides were imaged within 3 weeks of processing.

2.2.8 Statistical analysis

Behavioral data were acquired using Med Associates Med-PC |V software
(MED PC, RRID:SCR_012156). Raw data were processed in Matlab (MATLAB,
RRID:SCR_001622) to extract timestamps for nose poke and cue onset.
Suppression ratios were calculated as: (baseline poke rate — cue poke rate) /
(baseline poke rake + cue poke rate) and were analyzed with repeated measures
ANOVA in SPSS (RRID:SCR_002865). Repeated measures ANOVA was
performed with factors of group, cue, and time. Partial eta squared (ny?) and
observed power (op) are reported for ANOVA results for indicators of effect size.
For all analyses, p<0.05 (or an appropriate Bonferroni correction) was considered

significant.
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2.3 Summary of Experiments and Results
2.3.1 Histological Results

Rats received bilateral sham or neurotoxic NAcc lesions. Neurotoxic
damage (cell loss and gliosis) was quantified. Twenty-four NAcc rats showed
damage primarily in the NAcc (>85%) with minor damage (~10% or less) in the
neighboring accumbens shell. Shams showed no evidence of neurotoxic
damage. Representative sham (Figure 2.1A, left), and NAcc lesion (Figure 2.1A,
right) sections are shown. Each subject’s lesion was drawn, made transparent,
and stacked (Figure 2.1B). Darker areas indicate regions of greater overlap and
more consistent damage. Rats fully recovered from surgery before receiving fear

discrimination (Figure 2.1C).

2.3.2 Baseline Nose Poking

NAcc lesions altered the progression of nose poking over discrimination
sessions, but did not grossly reduce nose poke rates (Figure 2.1D). Analysis of
variance (ANOVA) for baseline nose poke rate with session (16) and group
(sham vs. NAcc) as factors found a main effect of session (F15645 = 47.14,
p=3.77 x 10, ny,2 = 0.52, op = 1.00), a session x group interaction (F1s645 =
2.10, p=0.008, ny? = 0.05, op = 0.97) but no main effect of group (F1.43 = 0.16,
p=0.69, ny,2 = 0.004, op = 0.07). Dividing the 16 sessions into 2, 8-session blocks;
ANOVA found a block x group interaction (F1.43 = 4.81, p=0.034, ny? = 0.10, op =
0.57). While sham (t20 = 7.69, p=2.13 x 10”") and NAcc rats (t23 = 5.63, p=1.00 x

10-°) both increased poking from the first to second half of discrimination, sham
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rats showed greater increases (Figure 2.1E). Mean + SEM baseline nose pokes
rates for sessions 1-8: sham (28.44 + 2.96) and NAcc (28.83 + 1.97); sessions 9-

16: sham (38.80 * 3.62) and NAcc (35.33 * 2.46; Figure 2.1E).
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Figure 2.1 NAcc lesion experimental outline. (A) Representative sham with
NAcc intact (left) and lesion with NAcc damage (right) is shown. Dotted lines (left)
show approximate NAcc location. Arrows (right) indicate gliosis and damage
restricted to the NAcc. (B) The extent of neurotoxic NAcc lesions across four
coronal planes is shown, and the anterior distance from bregma (millimeters)
indicated. (C) Pavlovian fear discrimination consisted of three, 10-s cues predicting
unique foot shock probabilities: danger (p=1.00), red; uncertainty (p=0.25), purple;
and safety (p=0.00), blue. Cues were divided into 5, 2-s intervals (dotted lines) for
rapid analyses. (D) Mean + SEM baseline nose poke rates for the sixteen fear
discrimination sessions are shown for sham (black) and NAcc (gray) rats. (E) Mean
baseline nose poke rates for sessions 1-8 and 9-16 for sham and NAcc rats. Data
points show individual poke rates. *independent samples t-test, p<0.025, *block x
group interaction p<0.05. Abbreviations: NAcc — nucleus accumbens core, NAs —
nucleus accumbens shell.
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2.3.3 Fear Scaling

Sham rats acquired appropriate scaling of the fear response over the 16
sessions (Figure 2.2A, left). Suppression ratios for the entire 10-s cue were low
in pre-exposure and initially increased to all cues. As discrimination proceeded,
the suppression ratio for each cue diverged: high to danger, intermediate to
uncertainty, and low to safety. NAcc rats showed a similar progression, but
poorer overall scaling (Figure 2.2A, right). In support of the general emergence of
scaling, ANOVA [between factor: group (sham vs. NAcc); within factors: session
(16) and cue (danger, uncertainty and safety)] revealed a main effect of cue (F2ss
=115.51, p=4.34 x 10?5, ny? = 0.73, op = 1.00) and a cue x session interaction
(F30,1200 = 14.05, p=6.30 x 10°, n,2 = 0.25, op = 1.00). Revealing impaired
scaling in NAcc rats, ANOVA found a cue x group interaction (F2,8s = 5.76,
p=0.004, np? = 0.12, op = 0.86). The cue x group interaction was also observed
when only the last six sessions were analyzed (F2:s6 = 4.50, p=0.014, n,2 = 0.10,
op = 0.76), the period by which scaling patterns were stable.

To further reveal the deficit in NAcc rats, | focused on suppression ratios
from the final six sessions. Difference scores were calculated for the two
components of scaling: (danger — uncertainty) and (uncertainty — safety). Sham
(Figure 2.2B, left) and NAcc rats (Figure 2.2B, right) discriminated each cue pair.
One-sample t-tests found that difference scores exceeded zero for each
comparison: sham, danger vs. uncertainty (tzo = 10.25, p=2.07 x 109),
uncertainty vs. safety (too = 6.11, p=4.17 x 10°%); NAcc, danger vs. uncertainty (t23

= 8.01, p=0.001), uncertainty vs. safety (t2z = 3.65, p=0.002). However, NAcc rats
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showed poorer overall discrimination. ANOVA [between factor: group (sham vs.
NAcc); within factor: discrimination (danger — uncertainty) and (uncertainty —
safety)] revealed a main effect of group (F1.43 = 5.68, p=0.022, ny? = 0.12, op =
0.64). Difference scores were reduced across both components in NAcc rats.

These results reveal a general role for the NAcc in fear scaling.

2.3.4 Rapid Fear Scaling

| was interested in revealing a possible role for the NAcc in the rapid
emergence of fear scaling. To do this, | examined mean suppression ratios from
the last six sessions. Each cue was divided into 5, 2-s cue intervals and
suppression ratios were calculated for each cue/interval. Sham rats showed
scaling of the fear response in the first 2-s cue interval and in all subsequent
intervals (Figure 2.2C, left). Scaling was reduced across all 2-s cue intervals in
NAcc rats (Figure 2.2C, right). ANOVA [between factor: group (sham vs. NAcc);
within factors: interval (5, 2-s cue intervals) and cue (danger, uncertainty and
safety)] found a group x cue interaction (F2gs = 3.88, p=0.024, n,2 = 0.08, op =
0.69). Supporting a specific role for the NAcc in rapid fear scaling, NAcc rats
showed impaired scaling even when only the first 2-s cue interval was analyzed
(cue x group interaction; F2g6 = 5.08, p=0.0008, n,2 = 0.11, op = 0.81). No cue x
group interaction was observed when the last 2-s cue interval was analyzed (F2,ss
=1.90, p=0.16, ny2 = 0.04, op = 0.39).

To specify the nature of the deficit in NAcc rats, | reduced scaling into its

component parts: (danger — uncertainty) and (uncertainty — safety) and
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calculated difference scores for the first and last 2-s cue intervals. Sham rats
showed positive difference scores for each cue pair at each interval (Figure 2.2D,
left). Difference scores exceeded zero, as revealed by one-sample t-tests: first 2-
s cue interval: danger vs. uncertainty (tzo = 10.95, p=6.7 x 10*#), uncertainty vs.
safety (t20 = 3.55, p=0.002); last 2-s cue interval: danger vs. uncertainty (to3 =
4.60, p=1.76 x 10*), uncertainty vs. safety (t2s = 5.73, p=1.30 x 10-°) for shams.
NAcc rats were generally impaired at rapid scaling. ANOVA for the first 2-s cue
interval differences revealed a main effect of group (F1.43 = 6.50, p=0.014, ny? =
0.01, op = 0.70), while ANOVA for the last 2-s cue interval differences scores
found no main effect (F143 = 2.49, p=0.12, ny? = 0.05, op = 0.34). Difference
scores also suggest that NAcc rats were more specifically impaired in rapid
uncertainty-safety discrimination (Figure 2.2D, right). One-sample tests found
that only the NAcc uncertainty-safety difference score from the first 2-s cue
interval failed to differ from zero: first interval: danger vs. uncertainty (t23 = 4.20,
p=3.38 x 10*), uncertainty vs. safety (t23 = 1.31, p=0.20); last interval: danger vs.
uncertainty (tzo = 5.22, p=2.70 x 10-°), uncertainty vs. safety (t20 = 4.19, p=3.53 x
10#). All significant, one-sample t tests survive Bonferroni correction (0.05/8,
p<0.00625). Altogether, these results reveal a general role for the NAcc in the
acquisition of rapid and overall fear scaling, as well as a more specific role in

rapid uncertainty-safety discrimination.
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Figure 2.2 NAcc lesions and fear scaling. (A) Mean £+ SEM suppression ratio for
danger (red), uncertainty (purple), and safety (blue) are shown for sham (left) and
NAcc (right) rats. The vertical lines separate the two pre-exposure and sixteen fear
discrimination sessions. The last six discrimination sessions are shaded. (B) Mean
difference score for danger vs. uncertainty (D-U, red bar) and uncertainty vs. safety
(U-S, purple bar) across the entire 10-s cue is shown for sham (left) and NAcc
(right) rats. Data points show individual difference scores. *One-sample t-test
compared to zero, p<0.0125; *main effect of group, p<0.05. (C) Mean + SEM
suppression ratios for the 5, 2-s cue intervals are shown for sham (left) and NAcc
(right) rats. Cue color scheme maintained from A. (D) Mean difference score for
danger vs. uncertainty (D-U, red bar) and uncertainty vs. safety (U-S, purple bar)
is shown for the first 2-s cue interval (left) and last 2-s cue interval (right) for sham
and NAcc rats. Data points show individual difference scores. *One-sample t-test
compared to zero, p<0.00625; *main effect of group, p<0.05.

2.4 Discussion

In this chapter, | set out to examine a role for the NAcc in the acquisition of
fear scaling. Neurotoxic lesions revealed a general role for the NAcc in the
acquisition of fear scaling, as well as a specific role in acquiring rapid uncertainty-
safety discrimination. The results reveal that the NAcc is an essential component
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of a neural circuit permitting the acquisition of rapid and overall fear scaling, as
well as a more specific role in acquiring rapid uncertainty-safety discrimination.

Before considering the implications of these findings, we must first
consider the limitations of the present experiment. Our experiment only used
male rats. Several studies have reported sex differences in danger-safety
discrimination (Day et al., 2016; Foilb et al., 2018; Greiner et al., 2019) while
other cued-fear studies report no sex differences (Maren et al., 1994; Markus and
Zecevic, 1997; Maes, 2002; Baker-Andresen et al., 2013; Fenton et al., 2014;
Clark et al., 2019). We find only modest sex differences in our discrimination
procedure (Walker et al., 2018, 2019), suggesting similar neural circuits may be
used across sexes. Another important consideration is that our dependent
measure of fear is derived from the rate of rewarded nose poking. Conditioned
suppression is a strength because it provides an objective measure of fear on
multiple time scales (Estes and Skinner, 1941; Bouton and Bolles, 1980). Iltis a
potential weakness because the NAcc plays a well-established role in reward-
seeking. Disrupting NAcc function can attenuate reward-related behavior in many
settings (Corbit et al., 2001; Hall et al., 2001; Ito et al., 2004; Blaiss and Janak,
2009; Ambroggi et al., 2011; McDannald et al., 2011, 2013), though this finding is
not universal (Ramirez and Savage, 2007; Corbit and Balleine, 2011). In the
current experiment, NAcc lesions slowed the increase of baseline nose poking
over discrimination sessions and also impaired fear scaling. However, the

temporal emergence of the deficits in reward-seeking and acquisition of fear
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scaling did not align. The fear scaling deficit was apparent across all sessions
while the nose poking deficit only emerged in the later sessions.

The current experiment demonstrates the NAcc is generally necessary for
the acquisition of fear scaling throughout the duration of an encounter, in this
case for the entirety of cue presentation. At the same time, the NAcc is
specifically necessary for one specific component of fear scaling: acquiring rapid
discrimination of uncertain threat and safety. However, the neurotoxic lesions
permanently ablated NAcc neurons which leaves the question of the NAcc’s role
in post-acquisition expression of fear scaling. Chapter 3 will focus on determining

a specific role for the NAcc in the expression of fear scaling.
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Chapter 3: The Nucleus Accumbens Core is Necessary for Rapid
Discrimination of Uncertainty and Safety
Portions of this chapter have been published in the following research article:

Ray, M.H., Russ, A.N., Walker, R.A., and McDannald, M.A. (2020). The nucleus

accumbens core is necessary to scale fear to degree of threat. Journal of
Neuroscience, 40 (24), 4750-4760.
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3.1 Introduction

In chapter 2, | demonstrated that NAcc activity is necessary for the
acquisition of both general fear scaling across cue presentation and rapid
uncertainty-safety discrimination at the time of cue onset. However, the
permanent ablation of NAcc neurons leaves the question of whether the NAcc is
involved in the expression of fear scaling.

In the current chapter, | designed an experiment to determine a role for
the NAcc in the expression of fear scaling. To isolate a specific role for NAcc cue
activity in the expression of fear scaling, | utilized a within-subjects optogenetic
approach. Rats were NAcc-transducted with halorhodopsin or a control
fluorophore and bilaterally implanted with ferrules above the NAcc. Following
recovery, rats received fear discrimination to danger, uncertainty, and safety,
until fear scaling was stable. Once scaling was established, rats received eight
sessions in which the NAcc was green-light illuminated during cue presentation
or a control period, optogenetically inhibiting activity in halorhodopsin rats. This
within-subjects design controlled for general effects of illumination by allowing for
behavioral comparisons of cue and control illumination periods in the same rat.
Thus, if NAcc inhibition generally disrupts behavior, cue and control illumination
would produce equivalent results. However, if NAcc inhibition disrupts adaptive
fear scaling, deficits would only be observed in halorhodopsin rats receiving cue
illumination. The current experiment allowed for the precise and controlled

examination of a specific role for the NAcc in the expression of fear scaling.

3.2 Materials and Methods
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3.2.1 Animals

Subjects were 25 male Long Evans rats weighing 275-300 g upon arrival
(Charles River Laboratories; RGD Cat# 2308852, RRID:RGD_2308852). Rats
were individually housed and maintained on a 12-h dark-light cycle (lights off at
6:00 PM) with water ad libitum. Procedures adhered to the NIH Guide for the
Care and Use of Laboratory Animals and were approved by the Boston College

Institutional Animal Care and Use Committee.

3.2.2 Behavioral apparatus

The behavioral apparatus was identical to chapter 1. In addition to the
standard behavior apparatus, green lasers (532 nm, max 500 mW; Shanghai
Laser & Optics Century Co., Ltd.; Shanghai, China) were used to illuminate the
NAcc. Lasers were connected to the behavior cables via 1X2 fiber optic rotatory
joints (Doric; Quebec, Canada). A ceramic sleeve maintained contact between
the ferrules on the optogenetic cable and the head cap. The ferrule junction was
shielded with black shrink wrap to block light emission into the behavioral
chamber. A PM160 light meter (Thorlabs; Newton, NJ) was used to measure light

output.

3.2.3: Optogenetic materials
Optical ferrules were constructed using 2.5 mm ceramic zirconia ferrules
(Precision Fiber Products; Chula Vista, CA). Behavior cables were custom made

for light delivery (Multimode Fiber, 0.22 NA, High-OH, @200 uym Core).
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3.2.4 Surgical procedures

Stereotaxic surgery was performed under isoflurane anesthesia (2-5%)
using aseptic technique. Thirteen rats received bilateral infusions of AAV-hSyn-
eNpHR3.0-EYFP (halorhodopsin) aimed at the NAcc (0.50 ul, +1.90 AP, £1.80
ML, -6.60 DV at a 0° angle) and bilateral optical ferrules (+1.70 AP, £2.80 ML, -
6.00 DV at a 10° angle). Infusions were delivered via 2 pl syringe (Hamilton,
Neuros) controlled by a microsyringe pump (World Precision Instruments, UMP3-
2). Infusion rate was ~0.11 pl/min. The syringe was raised 0.1 mm after each
infusion, then left in place for five min to encourage delivery to the target site.
The remaining 12 rats received identical surgical treatment but were infused with
a control fluorophore (AAV-hSyn-EYFP). Implants were secured with dental
cement surrounded by a modified, 50 mL centrifuge tube. Post-surgery, rats
received 2 weeks of undisturbed recovery with prophylactic antibiotic treatment
(cephalexin; Henry Schein 049167) before beginning nose poke acquisition. All

rats received carprofen (5 mg/kg) for post-operative analgesia.

3.2.5 Pre-illumination training and cable habituation

Nose poke acquisition, pre-exposure and initial fear discrimination (10
sessions) were identical to chapter 1. | increased the delay between cue offset
and shock onset to 2 s to ensure that neural activity would not be inhibited during
shock delivery. Cable habituation was provided in two consecutive sessions by

plugging rats into optogenetic cables and administering fear discrimination
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without illumination. In total, rats received twelve fear discrimination sessions

before receiving light illumination.

3.2.6 NAcc illumination

Rats received eight sessions of fear discrimination plus NAcc illumination.
The NAcc was illuminated via bilateral delivery of 12.5 mW of 532 nm ‘green’
light: DPSS laser — optogenetic cables — implanted ferrules. There were two
types of illumination sessions: cue and ITI. For cue sessions, light illumination
began 0.5 s prior to cue onset and ended 0.5 s following cue offset, resulting in a
total illumination time of 11 s. Light illumination was given for all trial types
(danger, uncertainty, and safety) for a total of 16 illumination events per session.
For ITI sessions, illumination occurred during the inter-trial intervals between cue
presentations. lllumination was roughly equidistant from the previous cue offset
and subsequent cue onset (~90 s from each). Sixteen ITl illumination events
were administered, each lasting 11 s, equating total illumination time for cue and
ITI sessions. The within-subjects design meant that each rat received four cue
illumination sessions and four ITI illumination sessions. lllumination was given in

two-session blocks, with half of the subjects starting with cue illumination.

3.2.7 Histology
After behavioral testing ended, rats were anesthetized with an overdose of
isoflurane and perfused intracardially with 0.9% biological saline and 4%

paraformaldehyde in a 0.2 M PBS. Brains were extracted and stored in 4% (v/v)

38



formalin and 10% (w/v) sucrose. Forty-micrometer sections were collected on a
sliding microtome. Tissue was rinsed, incubated in NeuroTrace (Thermo Fisher,
N21479) at a 1:200 concentration, rinsed again, mounted, dried, and
coverslipped with Vectashield Hardset (Vector Labs, H-1400). Slides were

imaged within 3 weeks of processing.

3.2.8 Statistical analysis

Behavioral data were acquired using Med Associates Med-PC |V software
(MED PC, RRID:SCR_012156). Raw data were processed in Matlab (MATLAB,
RRID:SCR_001622) to extract timestamps for nose poke and cue onset.
Suppression ratios were calculated as: (baseline poke rate — cue poke rate) /
(baseline poke rake + cue poke rate) and were analyzed with repeated measures
ANOVA in SPSS (RRID:SCR_002865). Repeated measures ANOVA was
performed with factors of group, cue, time, and illumination. Partial eta squared
(nNp?) and observed power (op) are reported for ANOVA results for indicators of
effect size. For all analyses, p<0.05 (or an appropriate Bonferroni correction) was

considered significant.

3.3 Summary of Experiments and Results
3.3.1 Introduction to results

The current results aim to determine a temporally specific role for the
NAcc in the expression of fear scaling. The current experiment utilized a within-

subjects, optogenetic approach. Rats were NAcc-transducted with halorhodopsin
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or a control fluorophore, recovered, then acquired a scaled fear response to
danger, uncertainty and safety. Once scaling was established, rats received
sessions in which the NAcc was illuminated during cue presentation or during the
inter-trial interval. If the NAcc plays identical roles in the acquisition and
expression of fear scaling, | would expect to observe a three-way interaction
(group x illumination x cue) with only halorhodopsin rats showing impaired overall
scaling during cue illumination sessions. If the NAcc plays a more selective role
in the expression of rapid fear scaling, | would anticipate a four-way interaction
(group x interval x illumination x cue) with only halorhodopsin rats showing

impaired rapid uncertainty-safety discrimination during cue illumination sessions.

3.3.2 Histological results

Rats received bilateral NAcc transduction with halorhodopsin (Halo) or a
control fluorophore (YFP) and bilateral optical ferrule implantation just above the
NAcc. Representative transduction is shown (Figure 3.1A). Each subject’s total
transduction area was drawn, made transparent, and stacked (Figure 3.1B).
Darker areas indicate regions of greater overlap and more consistent
transduction. Transduction centered around and above the anterior commissure,

the precise NAcc location.

3.3.3 Baseline nose poking
YFP and Halo rats showed equivalent baseline nose poking rates

throughout pre-exposure, discrimination, cable habituation, and light illumination
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(Figure 3.2A). ANOVA for baseline nose poke rate [factors: session (20) and
group (YFP vs. Halo)] demonstrated a main effect of session (F19,.437 = 12.60,
p=4.19 x 103", ny? = 0.35, op = 1.00), but no main effect or interaction with group
(Fs < 0.93, ps>0.55). Equivalent performance lessens the concern that
differences in suppression ratios between groups result from differences in

baseline nose poke rates.

3.3.4 Initial fear scaling

YFP and Halo rats acquired reliable fear scaling over the 10 sessions
(Figure 3.1C). Suppression ratios were low in pre-exposure and initially
increased to all cues. As discrimination proceeded, the suppression ratio for each
cue diverged: high to danger, intermediate to uncertainty, and low to safety.
Demonstrating overall scaling, ANOVA [within factors: session (10) and 10-s cue
(danger, uncertainty and safety); between factor: group (YFP vs. Halo)] revealed
a main effect of cue (F246 = 36.21, p=3.58 x 107'°, n,? = 0.61, op = 1.00), session
(Fo,207 = 25.74, p=2.04 x 102°, np? = 0.53, op = 1.00) and a cue x session
interaction (F1g 414 = 6.26, p=1.14 x 10'3, np? = 0.21, op = 1.00). ANOVA found no
main effect or interaction with group (Fs < 3.42, ps>0.08). Thus, YFP and Halo
entered the light illumination phase (Figure 3.1D, E) showing equivalent fear

scaling.
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Figure 3.1 NAcc illumination experimental outline. (A) Representative NAcc
transduction is shown with YFP expression (yellow fluorescent protein; yellow) and
NeuroTrace (blue). Dotted lines approximate NAcc location. (B) The extent of viral
transduction across four coronal planes is shown for Halo (green, left) and YFP
rats (yellow, right), and the anterior distance from bregma (millimeters) indicated.
Individual ferrule placement indicated in black circles. (C) Mean + SEM
suppression ratios for danger (red), uncertainty (purple), and safety (blue) are
shown for YFP (left) and Halo rats (right) during the ten initial fear discrimination
sessions. (D) In the final eight sessions, rats received NAcc light illumination during
cue presentation (top) or during the inter-trial interval (ITl, bottom). Green indicates
light illumination, yellow indicates shock delivery and candy-striped indicates cue
presentation. (E) Cue and ITl illumination were given in alternating, two-session
blocks. Block order was counterbalanced with roughly half of the subjects first
receiving ITl illumination (top). Abbreviations: NAcc — nucleus accumbens core,
NAs — nucleus accumbens shell.
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3.3.5 Overall fear scaling during light illumination

When suppression ratios were calculated for the entire 10-s cue, YFP and
Halo rats showed scaling of the fear response over the 10 sessions of cable
habituation, cue illumination and ITI illumination (Figure 3.2). ANOVA [between
factor: group (YFP vs. Halo); within factors: session (10) and cue (danger,
uncertainty and safety)] was separately performed for rats receiving ITl-cue
illumination order (YFP, n = 5; Halo, n = 5; Figure 3.2B) and cue-IT! illumination
order (YFP, n =7; Halo, n = 8; Figure 3.2C). Each ANOVA returned a main effect
of cue (Fs > 29, ps<2 x 1077), but neither returned a main effect of group, group x
cue interaction or a group x cue x session interaction (Fs < 2.5, ps>0.1).
Complete ANOVA results provided in Table 3.1. Next, | calculated difference
scores for the two components of scaling: (danger — uncertainty) and (uncertainty
— safety) (Figure 3.2D). ANOVA [between factors: group (YFP vs. Halo) and
order (ITl-cue vs. cue-ITl); within factors: illumination (hab/ITl vs. cue) and
discrimination (danger — uncertainty vs. uncertainty — safety)] found main effects
of illumination (F121 = 8.90, p=0.007, np? = 0.30, op = 0.81) and discrimination
(F121 = 14.29, p=0.001, ny? = 0.41, op = 0.95), as well as a group x illumination
interaction (F121 = 4.75, p=0.041, np?> = 0.19, op = 0.55). The interaction resulted
from YFP rats showing poorer overall discrimination in cue illumination sessions
compared to ITI illumination, whereas Halo rats showed equivalent discrimination
in each session type. No main effect of group (F1,21 = 0.19, p=0.67, ny2 = 0.009,

op = 0.07) or any group interaction was detected (Fs < 1.2, ps>0.3). These
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results reveal that NAcc activity is not necessary for the expression of fear

scaling when suppression is measured for the duration of cues.
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Figure 3.2 NAcc illumination and overall fear scaling. (A) Mean + SEM nose
poke rate is shown for YFP (black) and Halo rats (green) during the 10 pre-
illumination (1-10), 2 cable habituation (H) and 8 illumination (lll.) sessions. (B)
Mean + SEM suppression ratios over the entire 10-s cue are plotted for danger
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(red), uncertainty (purple), and safety (blue). Data are plotted for cable habituation
(H), ITI illumination (I) and cue illumination (C) for YFP (n=5) and Halo rats (n=5)
receiving ITl-cue illumination. ITI ilumination sessions shaded. (C) YFP (n=7) and
Halo rats (n=8) receiving cue-ITI illumination plotted as in A. (D) Difference scores
for danger vs. uncertainty (D-U, red bar) and uncertainty vs. safety (U-S, purple
bar) are shown for YFP (black) and Halo rats (green) during cable habituation/ITI
illumination (left) and cue illumination (right). ITl-cue rats are indicated by open
circles, cue-ITl rats by closed circles.

ITI-Cue
Term F p o> | op

cue 103.37 | 7.09x10"'° | 0.93 | 1.00
cue X group 0.55 0.59 0.06 | 0.13
session 1.55 0.15 0.16 | 0.68
session x group 2.04 0.047 0.2 | 0.82
cue X session 1.21 0.26 0.13 ] 0.79
cue X session x group 1.18 0.29 0.13 | 0.78
group 2.51 0.15 0.24 | 0.29

Cue-ITI
cue 29.23 2.23x107 | 0.69 | 1.00
cue x group 0.15 0.86 0.01 | 0.07
session 3.46 0.001 0.21 | 0.98
session X group 0.77 0.65 0.06 | 0.37
cue X session 1.07 0.39 0.08 | 0.74
cue X session x group 1.47 0.10 0.10 | 0.90
group 1.19 0.30 0.08 | 0.17

Table 3.1 Complete ANOVA results for NAcc illumination and overall fear
scaling. ANOVA was performed for suppression ratio over the 10-s cue with
factors of group, session and cue for: (top) rats receiving the ITI-Cue illumination
order and (bottom) rats receiving the Cue-ITl illumination order. F-statistic, p-value,
partial eta squared (np?) and observed power (op) are reported for every main
effect and interaction. Significant main effects and interactions are bolded.
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3.3.6 Rapid fear scaling during light illumination

To examine rapid fear scaling, | divided the 10-s cue into 5, 2-s intervals.
Suppression ratios are shown for each cue/interval during habituation/ITlI
illumination sessions [YFP rats (Figure 3.3A, left) and Halo rats (Figure 3.3B,
left)] and for cue illumination sessions [YFP rats (Figure 3.3A, right) and Halo rats
(Figure 3.3B, right)]. To examine a possible role for the NAcc in rapid fear
scaling, | performed ANOVA with all factors [within factors: session-type (cable
habituation, ITI illumination and cue illumination), cue (danger, uncertainty and
safety), and interval (5, 2-s cue intervals); between factor: group (YFP vs. Halo)].
The complete ANOVA output is reported in Table 3.2. Consistent with general
scaling across groups, ANOVA revealed a main effect of cue (F246 = 89.04,
p=1.53 x 107'%, ny? = 0.80, op = 1.00), as well as a cue x interval interaction (Fs 184
=6.14, p=5.16 x 107, np? = 0.21, op = 1.00). Indicative of a selective role for the
NAcc in rapid fear scaling, ANOVA revealed a significant 4-way interaction
[session-type x cue x interval x group (F1e,3ss = 1.80, p=0.029, ny? = 0.07, op =
0.95)], but not a significant 3-way interaction [session-type x cue x group (F4.92 =
1.35, p=0.26, np? = 0.06, op = 0.41)].

The 4-way interaction indicates that YFP and Halo rats showed differing
temporal scaling patterns across the different session types. To begin to clarify
the differing patterns, | split YFP and Halo rats and performed identical ANOVAs
[within factors: session-type (habituation, ITI illumination and cue illumination),
cue (danger, uncertainty and safety), and interval (5, 2-s cue intervals)].

Indicative of reliable scaling, ANOVA for YFP rats found a main effect of cue
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(F222 =47.71, p=1.0 x 107'°, ny? = 0.81, op = 1.00) and a cue x interval interaction
(Fs,gs = 2.76, p=0.009, np? = 0.20, op = 0.92). Revealing no effect of illumination
on the temporal pattern of fear scaling, the 3-way interaction (session-type x cue
x interval) was not significant (F1s 176 = 0.59, p=0.89, np? = 0.05, op = 0.39).
ANOVA for Halo rats also found a main effect of cue (F2,24 = 41.39, p=1.66 x 108,
ne® = 0.78, op = 1.00), and a cue x interval interaction (Fs g6 = 4.07, p=3.36 x 10,
ne® = 0.25, op = 0.99). Only now, ANOVA revealed a significant 3-way interaction
(session-type x cue x interval; F16 192 = 1.92, p=0.021, ny? = 0.14, op = 0.95).
NAcc illumination only disrupted the temporal scaling pattern for Halo rats. It
appears that, similar to the NAcc lesioned rats in chapter 2, Halo rats receiving
NAcc optogenetic inhibition during cue presentation were specifically impaired in
rapid uncertainty-safety discrimination (Figure 3.3B, right). If this were the case,
then Halo rats should show poorer uncertainty-safety discrimination in the first 2-
s cue interval during cue illumination sessions compared to ITl illumination
sessions. YFP rats show would equivalent performance during each type of
illumination, with no changes between cue illumination and control periods.

Further, this deficit should not be observed in the last 2-s cue interval.
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Figure 3.3 NAcc illumination and rapid fear scaling. Mean + SEM suppression
ratio is plotted for the 5, 2-s cue intervals for danger (red), uncertainty (purple), and
safety (blue), for (A) YFP and (B) Halo rats during cable habituation/ITI illumination
(left), and cue illumination (right). (C) Mean difference score for danger vs.
uncertainty (D-U, red bar) and uncertainty vs. safety (U-S, purple bar) for the first
2-s cue interval is shown for YFP (left, black circles) and Halo rats (right, black
circles). Data points show individual difference scores. (D) Difference score data
for the last 2-s cue interval shown as in C. (E) Difference scores were separately
calculated for ITI and cue illumination, then an illumination difference was
calculated (cue difference score — ITI difference score). Mean and individual
illumination difference scores are plotted for the first 2-s cue interval (left) and last
2-s cue interval (right), for YFP (black) and Halo rats (green). Open circles are
outliers. *(green) one-sample t-test compared to zero, p=0.0038. *(black)
independent samples t-test, p=0.0041. (F) Mean + SEM suppression ratios are
plotted for the 5, 2-s intervals during ITl illumination (dark green) and for the 5, 2-
s intervals during the post-illumination period (black) (YFP, left; Halo, right).
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| calculated (uncertainty — safety) difference scores for the first (Figure
3.3C) and last 2-s cue intervals (Figure 3.3D). Separate scores were calculated
for cue and ITI illumination sessions. | then calculated a difference score for the
two session-illumination-types (cue difference score — ITI difference score). This
approach capitalized on our within-subject design; each rat was tested during
cue and ITl illumination. The approach is consistent with our ANOVA results,
which found a differential effect of cue and ITI illumination for Halo rats, but not
for YFP rats. A difference score of difference scores has the added benefit of
reducing the differential illumination effects to a single value. Values around zero
would indicate equivalent uncertainty-safety discrimination during cue and ITI
illumination sessions. Negative values would indicate worse uncertainty-safety
discrimination during cue illumination sessions. Two individuals (1 YFP and 1
Halo) had first interval difference scores +2 standard deviations beyond the
group mean. The data for these individuals is shown (Figure 3.3E, open circles),
but were not included in t-test analyses.

In the first 2-s cue interval, Halo rats showed worse uncertainty-safety
discrimination during cue illumination sessions compared to ITI illumination
sessions (Figure 3.3E, left). This was supported by significant, negative shift of
differences scores away from zero (one-sample t-test, t11 = -3.65, p=0.004). YFP
rats showed equivalent uncertainty-safety discrimination during cue and ITlI
illumination sessions; difference scores hovered around zero (t10 = 1.22, p=0.25).
Further, YFP and Halo difference scores differed from one another (independent

samples t-test, to1 = 3.22, p=0.004). Impaired uncertainty-safety discrimination in
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Halo rats receiving cue illumination was restricted to the first 2-s cue interval.
Identical analysis of the last 2-s cue interval found that difference scores did not
differ from zero for YFP (one-sample t-test, t1o = -0.41, p=0.69) and Halo rats
(one-sample t-test, t11 = 0.27, p=0.80) (Figure 3.3E, right). Difference scores
were similar between the two groups (independent samples t-test, t21 = 0.48,
p=0.64). Altogether, the results reveal that NAcc activity at the time of cue
presentation is necessary to rapidly discriminate uncertainty and safety.

Of course, it is possible that NAcc optogenetic inhibition simply
suppressed rewarded nose poking. In this case, impaired rapid fear scaling
would be the byproduct of a general reduction in poking. To rule out this
possibility, | examined nose poke suppression during light illumination in ITI
sessions (Figure 3.3F). No cues were present during this period, allowing us to
determine the effect of light illumination alone to suppress nose poking. The
middle 10 s of the 11-s light illumination was divided into 5, 2-s cue intervals —
exactly as was done for the cue illumination analyses. For comparison, | also
sampled 10 s of nose poking 30-s following illumination offset. This post-
illumination served as a control period to which light illumination could be
compared. ANOVA [within factors: period (light and post) and interval (5, 2-s cue
intervals); between factor: group (YFP vs. Halo)] revealed main effects of period
(F1,23 = 34.53, p=5 x 106, np? = 0.60, op = 1.00) and interval (F4,92 = 2.49,
p=0.049, np? = 0.10, op = 0.69). Critically, ANOVA found no main effect or

interaction with group (Fs < 1.10, ps>0.31). So, while suppression ratios were
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higher during light illumination, this did not differ between YFP and Halo rats and

was therefore not due to inhibition of NAcc activity.

Term F p Np? op
group 1.94 0.18 0.08 | 0.27
session-type 10.64 | 1.59x10* | 0.32 | 0.99
session-type x group 2.22 0.12 0.09 0.43
cue 89.04 | 1.53x 10| 0.80 | 1.00
cue x group 0.57 0.57 0.02 | 0.14
interval 6.00 | 246x 104 | 0.21 0.98
interval x group 1.37 0.25 0.06 0.41
session-type x cue 4.21 0.004 0.16 | 0.91
session-type x cue x group 1.35 0.26 0.06 0.41
session-type x interval 0.71 0.68 0.03 0.32
session-type x interval x group 1.46 0.17 0.06 0.65
cue X interval 6.14 | 516 x107 | 0.21 1.00
cue x interval x group 0.64 0.74 0.03 0.29
session-type x cue X interval 0.78 0.71 0.03 0.54
session-type x cue x interval x group | 1.80 0.029 0.07 | 0.95

Table 3.2 Complete ANOVA results for NAcc illumination and rapid fear
scaling. ANOVA was performed for suppression ratio over the 5, 2-s cue intervals
with factors of group, session-type, cue and interval. F-statistic, p-value, partial eta
squared and observed power are reported for every main effect and interaction.
Significant main effects and interactions are bolded.
3.4 Discussion

In the current chapter, optogenetic inhibition revealed a role for NAcc cue
activity in the expression of rapid, uncertainty-safety discrimination. Light
illumination during the cue period impaired rapid uncertainty-safety discrimination
in NAcc-halorhodopsin rats, but not NAcc-YFP rats. By contrast, light illumination
during the inter-trial interval produced equivalent and modest reductions in nose

poking for both groups. Thus, optogenetic inhibition of the NAcc was insufficient

to reduce rewarded nose poking.
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My experimental design and analysis approach allowed me to examine
two possible roles for the NAcc in the expression of adaptive fear scaling. One
role in which NAcc cue activity is generally necessary for scaling fear across all
cues for the entirety of their duration. Another role in which NAcc cue activity is
specifically necessary to rapidly discriminate uncertainty and safety. The results
clearly point to a more specific role for NAcc cue activity in the expression of fear
scaling.

The current results, taken together with chapter 2, reveal the NAcc is
necessary for the acquisition of general fear scaling, and more specifically, the
acquisition and expression of rapid uncertainty-safety discrimination at cue onset.
NAcc activity is necessary to scale fear to degree of threat. However, these
results do not demonstrate that NAcc single units show specific responding to
threat cues. Although perhaps unlikely, it is possible that NAcc single units do not
specifically respond to threat cues, but rather to the effects of threat cues on
reward-seeking. To answer this question, Chapter 4 will focus on recording NAcc

single-unit activity while rats undergo fear discrimination.
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Chapter 4: Distinct Threat and General Value Signals in the Nucleus

Accumbens Core

The work presented in this chapter is currently in preparation:

Ray, M.H., Moaddab, M., and McDannald, M.A. (In Preparation). Distinct threat
and valence signals in rodent nucleus accumbens core.
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4.1 Introduction

In chapters 2 and 3, | demonstrated that NAcc activity is necessary for the
acquisition of general fear scaling across cue presentation, as well as the
acquisition and expression of rapid uncertainty-safety discrimination at cue onset.
However, the NAcc activity requirement for adaptive fear scaling does not
necessitate that NAcc neurons signal relative threat. Why might NAcc single-unit
activity differentiate threat and safety? Evidence for the NAcc signaling relative
value can be found extensively in reward settings. For example, Setlow et al.
recorded NAcc single-unit activity while rats discriminated odors predicting either
a rewarding (sucrose) or aversive (quinine) liquid. NAcc single units showed
robust discriminative firing of rewarding versus aversive odors (Setlow et al.,
2003). Roitman et al. also recorded NAcc single-unit activity and found that
accumbens neurons not only discriminated between cues signaling rewarding
(sucrose) and aversive (quinine) liquid but did so in opposing manners. NAcc
neurons tended to show inhibitory responses to sucrose and excitatory
responses to quinine (Roitman et al., 2005).

This evidence for NAcc signaling of relative value in reward settings
combined with our previous research showing NAcc activity is necessary to
adaptively respond to relative threat value suggests that NAcc activity may show
differential firing to threatening versus safe cues. However, it's important to note
that aversion and threat are likely processed differently. Aversive stimuli like
quinine fall within taste/reward systems while foot shock, and cues predicting foot

shock, produce species-specific defensive behaviors (Bolles, 1970; Bolles and
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Collier, 1976; Bouton and Bolles, 1980). It is not known if or how NAcc neurons
show firing changes to shock-predictive cues, much less whether they will show
differential firing to uncertain and absolute predictors of shock.

| designed the current experiment to test two hypotheses. First, do NAcc
single units show firing changes to threat cues? If so, what specific patterns of
threat responding are observed? Looking back at chapters 2 and 3, we know that
the NAcc seems to play two separate roles in fear scaling. First, the NAcc is
necessary for the acquisition of fear scaling across cue presentation. Second, the
NAcc is necessary for the acquisition and expression of rapid discrimination of
uncertainty-safety, specifically at cue onset. Based on these findings, | predict
that NAcc activity consists of two signals: tonic activity across the duration of cue
presentation and phasic activity specific to cue onset. NAcc-lesioned rats were
unable to acquire general fear scaling across cue presentation (see chapter 2).
Thus, NAcc tonic activity would likely consist of neurons showing changes in
firing to threat that is sustained for the duration of cue presentation, supporting
the general fear scaling that NAcc-lesioned rats were unable to acquire. The
NAcc phasic activity may consist of changes in cue firing specific to cue onset,
supporting the rapid fear scaling that requires NAcc activity (see chapters 2 and
3). Given that the impairment in rapid scaling is specific to uncertainty-safety
discrimination, it is plausible that phasic neurons show a different pattern of
threat firing compared to the tonic population(s), specifically supporting

uncertainty-safety discrimination.
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It is important to note that a substantive limitation of chapters 2 and 3 was
the exclusive use of only male rats. Our laboratory has previously shown only
moderate sex differences in our behavioral paradigm (Walker et al., 2018, 2019),
and | predict that NAcc threat signaling is conserved across males and females.
Thus, | took my behavioral and neural predictions derived from males and tested
whether these hypothesized neuron populations exist in females. Observing
threat responding in NAcc in female rats consistent with behavioral observations
from male rats would support my interpretation that NAcc threat signaling is
conserved across sexes.

| recorded NAcc single-unit activity from female rats undergoing fear
discrimination consisting of cues predicting unique foot shock probabilities:
danger (p = 1.00), uncertainty (p = 0.25), and safety (p = 0.00). Fear
discrimination took place over a baseline of reward-seeking. The approach
allowed for recording single-unit activity during cue presentation, as well as
during reward-seeking (through nose pokes), and reward delivery. This approach
is especially powerful because it allows for each event to be analyzed separately,

as well as compared.

4.2 Materials and Methods
4.2.1 Animals

A total of 7 adult female Long Evans rats, weighing 215-300 g were
obtained from Long Evans breeders maintained in the Boston College Animal

Care Facility. The rats were single-housed on a 12 h light/dark cycle (lights on at
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6:00 a.m.) with free access to water. Rats were maintained at 85% of their free-
feeding body weight with standard laboratory chow (18% Protein Rodent Diet
#2018, Harlan Teklad Global Diets, Madison, WI), except during surgery and
post-surgery recovery. The Boston College Animal Care and Use Committee
approved all protocols and all experiments were carried out in accordance with
the NIH guidelines regarding the care and use of rats for experimental

procedures.

4.2.2 Electrode assembly

Microelectrodes consisted of a drivable bundle of sixteen 25.4 ym
diameter Formvar-Insulated Nichrome wires (761500, A-M Systems, Carlsborg,
WA) within a 27-gauge cannula (BOOOFN3M7K, Amazon Supply) and two 127
pum diameter PFA-coated, annealed strength stainless-steel ground wires
(791400, A-M Systems, Carlsborg, WA). All wires were electrically connected to
a nano-strip Omnetics connector (A79042-001, Omnetics Connector Corp.,
Minneapolis, MN) on a custom 24-contact, individually routed and gold immersed
circuit board (San Francisco Circuits, San Mateo, CA). Sixteen individual
recording wires were soldered to individual channels of an Omnetics connector.
The sixteen wire bundle was integrated into a microdrive permitting advancement

in ~42 ym increments.
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4.2.3 Surgical procedures

Stereotaxic surgery was performed aseptic conditions under isoflurane
anesthesia (1-5% in oxygen). Carprofen (5 mg/kg, s.c.) and lactated ringer’s
solution (10 mL, s.c.) were administered preoperatively. The skull was scoured in
a crosshatch pattern with a scalpel blade to increase the efficacy of implant
adhesion. Six screws were installed in the skull to further stabilize the connection
between the skull, electrode assembly and a protective head cap. A 1.4 mm
diameter craniotomy was performed to remove a circular skull section centered
on the implant site and the underlying dura was removed to expose the cortex.
Nichrome recording wires were freshly cut with surgical scissors to extend ~2.0
mm beyond the cannula. Just before implant, current was delivered to each
recording wire in a saline bath, stripping each tip of its formvar insulation. The
current was supplied by a 12 V lantern battery and each Omnetics connector
contact was stimulated for 2 s using a lead. Machine grease was placed by the
cannula and on the microdrive. For implantation dorsal to the NAcc, the electrode
assembly was slowly advanced (~100 pym/min) to the following coordinates:
+1.44 mm from bregma, -1.40 mm lateral from midline, and -6.00 mm ventral
from the cortex. Once in place, stripped ends of both ground wires were wrapped
around two screws in order to ground the electrode. The microdrive base and a
protective head cap were cemented on top of the skull using orthodontic resin (C
22-05-98, Pearson Dental Supply, Sylmar, CA), and the Omnetics connector was

affixed to the head cap.
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4.2.4 Behavioral apparatus

All experiments were conducted in two, identical sound-attenuated
enclosures that each housed a Pavlovian fear discrimination chamber with
aluminum front and back walls retrofitted with clear plastic covers, clear acrylic
sides and top, and a stainless steel grid floor. Each grid floor bar was electrically
connected to an aversive shock generator (Med Associates, St. Albans, VT)
through a grounding device. This permitted the floor to be grounded at all times
except during shock delivery. An external food cup and a central nose poke
opening, equipped with infrared photocells were present on one wall. Auditory
stimuli were presented through two speakers mounted on the ceiling of the
enclosure. Behavior chambers were modified to allow for free movement of the
electrophysiology cable during behavior; plastic funnels were epoxied to the top
of the behavior chambers with the larger end facing down, and the tops of the

chambers were cut to the opening of the funnel.

4.2.5 Nose poke acquisition

The experimental procedure started with two days of pre-exposure in the
home cage where rats received the pellets (Bio-Serv, Flemington, NJ) used for
rewarded nose poking. Rats were then shaped to nose poke for pellet delivery in
the behavior chamber using a fixed ratio schedule in which one nose poke
yielded one pellet until they reached at least 50 nose pokes. Over the next 5
days, rats were placed on variable interval (VI) schedules in which nose pokes

were reinforced on average every 30 s (VI-30, day 1), or 60 s (VI-60, days 2
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through 5). For fear discrimination sessions, nose pokes were reinforced on a VI-

60 schedule independent of auditory cue or foot shock presentation.

4.2.6 Fear discrimination

Prior to surgery, each rat received eight 54-minutes Pavlovian fear
discrimination sessions. Each session consisted of 16 trials, with a mean inter-
trial interval of 3.5 min. Auditory cues were 10 s in duration and consisted of
repeating motifs of either a broadband beep, click, phaser, or trumpet. Each cue
was associated with a unique probability of foot shock (0.5 mA, 0.5 s): danger,
p=1.00; uncertainty, p=0.25; and safety, p=0.00. Auditory identity was
counterbalanced across rats. For danger and uncertainty shock trials, foot shock
was administered 2 s following the termination of the auditory cue. A single
session consisted of four danger trials, two uncertainty shock trials, six
uncertainty omission trials, and four safety trials. The order of trial type
presentation was randomly determined by the behavioral program and differed
for each rat, each session. After the eighth discrimination session, rats were
given full food and implanted with drivable microelectrode bundles. Following
surgical recovery, discrimination resumed with single-unit recording. The
microelectrode bundles were advanced in ~42-84 uym steps every other day to

record from new units during the following session.
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4.2.7 Single-unit data acquisition

During recording sessions, a 1x amplifying headstage connected the
Omnetics connector to the commutator via a shielded recording cable
(Headstage: 40684-020 & Cable: 91809-017, Plexon Inc., Dallas TX). Analog
neural activity was digitized and high-pass filtered via an amplifier to remove low-
frequency artifacts and sent to the Omniplex D acquisition system (Plexon Inc.,
Dallas TX). Behavioral events (cues, shocks, nose pokes) were controlled and
recorded by a computer running Med Associates software. Timestamped events
from Med Associates were sent to Omniplex D acquisition system via a
dedicated interface module (DIG-716B). The result was a single file (.pl2)
containing all timestamps for recording and behavior. Single units were sorted
offline using principal components analysis and a template-based spike-sorting
algorithm (Offline Sorter V3, Plexon Inc., Dallas TX). Timestamped spikes and
events (cues, shocks, nose pokes) were extracted and analyzed with statistical

routines in Matlab (Natick, MA).

4.2.8 Histology

Rats were deeply anesthetized using isoflurane and final electrode
coordinates were marked by passing current from a 6 V battery through 4 of the
16 nichrome electrode wires. Rats were transcardially perfused with 0.9%
biological saline and 4% paraformaldehyde in a 0.2 M Potassium Phosphate
Buffered solution. Brains were extracted and post-fixed in a 10% neutral-buffered

formalin solution for 24 h, stored in 10% sucrose/formalin, frozen at -80°C and
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sectioned via sliding microtome. Nissl staining was performed in order to identify
NAcc boundaries. Sections were mounted on coated glass slides, Nissl-stained,
and coverslipped with Omnimount mounting medium (Fisher Scientific, Waltham,
MA), and imaged using a light microscope (Axio Imager Z2, Zeiss, Thornwood,
NY). Electrode placements were reconstructed by subtracting the distance driven
between recording sessions from the final recording site. All recording sites
within the boundaries of NAcc were included in analyses (Paxinos & Watson,

2007).

4.2.9 Statistical analysis

4.2.9.1 95% bootstrap confidence intervals

95% bootstrap confidence intervals were constructed for suppression
ratios and differential firing using the bootci function in Matlab. For each
bootstrap, a distribution was created by sampling the data 1,000 times with
replacement. Studentized confidence intervals were constructed with the final
outputs being the mean, lower bound and upper bound of the 95% bootstrap
confidence interval. Differential suppression ratios and firing were said to be

observed when the 95% confidence interval did not include zero.

4.2.9.2 Calculating suppression ratios

Fear was measured by suppression of rewarded nose poking, calculated as a
ratio: [(baseline poke rate - cue poke rate) / (baseline poke rate + cue poke rate)].

The baseline nose poke rate was taken from the 20 s prior to cue onset and the
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cue poke rate from the 10 s cue period. Suppression ratios were calculated for
each trial using only that trial’s baseline. A ratio of ‘1’ indicated high fear, ‘0’ low
fear, and gradations between intermediate levels of fear. Suppression ratios were
analyzed using ANOVA with cue (danger, uncertainty, and safety) as a factor. F
statistic, p value, partial eta squared (np?), and observed power (op) are reported
for significant main effects and interactions. The distribution of suppression ratios

was visualized using the plotSpread function.

4.2.9.3 Identifying cue-responsive neurons

Single units were screened for cue responsiveness by comparing raw
firing rate (Hz) during the 10 s baseline period just prior to cue onset to firing rate
during the first 1 s and last 5 s of danger, uncertainty, and safety using a paired,
two-tailed t-test (p<0.05). A neuron was considered cue-responsive if it showed a
significant increase or decrease in firing to any cue in either period. Bonferroni
correction (0.5/6) was not performed because this criterion was too stringent,

resulting in many cue-responsive neurons being omitted from analysis.

4.2.9.4 Firing and waveform characteristics

The following characteristics were determined for each cue-responsive
neuron: baseline firing rate and waveform half duration. Baseline firing rate was
mean firing rate (Hz) during the 10 s baseline period just prior to cue onset.
Waveform half-duration was calculated by [D/2)], in which D was the x-axis

distance between the valley of depolarization and the peak of after-

64



hyperpolarization and smaller values indicate narrower waveforms (Roesch et
al., 2007; Wright and McDannald, 2019). To determine if the waveform half-
durations were bimodally distributed, | used Hartigan’s Dip statistic to compare
the maximum difference between the empirical distribution function and unimodal
distribution. This statistic was calculated using the HartigansDipSignifTest

function in Matlab.

4.2.9.5 K-means clustering

Clustering was performed using the Matlab kmeans function using
normalized firing rate to each cue during the onset (first 1 s) and late cue (last 5 s
periods) for six total periods. Cluster number was optimized to produce the
fewest number of clusters and the smallest mean Euclidean distance of each

cluster member from its centroid.

4.2.9.6 Z-score normalization

For each neuron, and each trial type, firing rate (Hz) was calculated in 250
ms bins from 20 s prior to cue onset to 20 s following cue offset, for a total of 200
bins. Mean firing rate over the 200 bins was calculated by averaging all trials for
each trial type. Mean differential firing was calculated for each of the 200 bins by
subtracting mean baseline firing rate (10 s prior to cue onset), specific to that trial
type, from each bin. Mean differential firing was Z-score normalized across all
trial types within a single neuron, such that mean firing = 0, and standard

deviation in firing = 1. The Z-score normalization was applied to firing across the
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entirety of the recording epoch, as opposed to only the baseline period, in case
neurons showed little/no baseline activity. As a result, periods of phasic,
excitatory and inhibitory firing contributed to normalized mean firing rate (0). For
this reason, Z-score normalized baseline activity can differ from zero. Z-score
normalized firing was analyzed with ANOVA using cue, and bin as factors. F and
p values are reported, as well as partial eta squared (ny?) and observed power
(op). For reward firing, the firing rate (Hz) was calculated in 250 ms bins from 2 s
prior to reward delivery to 2 s following reward delivery, for a total of 16 bins.
Mean differential firing was calculated for each of the 16 bins by subtracting pre-

reward firing rate (mean of 1 s prior to reward delivery).

4.2.9.7 Heat plot and color maps

Heat plots were constructed from normalized firing rate using the imagesc
function in Matlab. Perceptually uniform color maps were used to prevent visual

distortion of the data (Crameri, 2018).

4.2.9.8 Population and single-unit firing analyses

Population firing was analyzed using ANOVA with cue (danger,
uncertainty, and safety) and bin (250 ms bins from 2 s prior to cue onset to cue
offset) as factors. Uncertainty trial types were collapsed because they did not
differ firing analysis. This was expected, during cue presentation rats did not
know the current uncertainty trial type. F statistic, p value, partial eta squared

(nNe?) and observed power (op) are reported for main effects and interactions. The
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95% bootstrap confidence intervals were reconstructed for normalized firing to
each cue (compared to zero), as well as for differential firing (danger vs.
uncertainty) and (uncertainty vs. safety), during cue onset (first 1 s cue interval)
and late cue (last 5 s cue interval). The distribution of single-unit firing was
visualized using a plotSpread function for Matlab.

Population reward firing was analyzed using repeated measures ANOVA
with bin (250 ms bins from 2 s prior to reward delivery to 2 s following reward
delivery) as factor. The 95% bootstrap confidence intervals were reconstructed
for normalized firing to reward during pre (250 ms prior to reward delivery), and
post (first 250 ms following reward delivery) (compared to zero), as well as for

differential firing (pre vs. post).

4.2.9.9 Single-unit firing correlations

Single-unit, normalized firing rate was determined for the first 2 s interval
of cue presentation (onset) for all safety cue presentations (4), the entire 10 s
cue presentation for all danger cue presentations (4), and the 2 s surrounding
reward delivery. Each neuron’s firing relationship for safety onset was compared
to danger and safety onset and danger to reward delivery. R? and p value were

calculated for the Pearson’s correlation coefficient.

4.2.9.10 Pitman-Morgan testing

To compare variance in normalized firing rates, the Pitman-Morgan test

was used for within-cluster comparisons. Pitman-Morgan was used to compare
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variability in normalized firing rates within each cluster for each of the three cues.

Associated p values are reported for each test.

4.2.9.11 Temporal correlations

Mean normalized firing rates were calculated for the 10, 1-s bins of each
cue (30 total bins). A 30 x n matrix was created for each cluster, where n equals
the number of cluster single units. A correlation matrix was constructed for each
cluster, resulting in a R value for each bin comparison. The bin comparisons of
greatest interest were those between cues, on the matrix diagonal. That is,
comparing danger firing in cue bin 1 to uncertainty firing in cue bin 1, danger
firing in bin 2 to uncertainty firing in bin 2, through bin 10. Clusters showing
temporally correlated firing between cues will show high R values, while clusters
showing no correlated firing will show R values around zero. The positive or
negative R value signifies the direction of the correlations, positive or negative.
Between cluster differences in temporal correlations were determined using

independent samples t-tests for R values.

4.3 Summary of Experiments and Results
4.3.1 Summary

Female, Long Evans rats (n = 7) were moderately food-deprived and
trained to nose poke in a central port to receive a food reward. Nose poking was
reinforced throughout fear discrimination, but poke-reward contingencies were

independent of cue-shock contingencies. During fear discrimination (Figure 4.1A,
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B), three auditory cues predicted unique foot shock probabilities: danger
(p=1.00), uncertainty (p=0.25), and safety (p=0.00). After eight discrimination
sessions, rats were implanted with drivable, 16-wire microelectrode bundles
dorsal to the NAcc. Following recovery, single-unit activity was recorded while
rats underwent fear discrimination. At the conclusion of recording, rats were
perfused, brains sectioned, and electrode placement confirmed with Nissl
staining (Figure 4.1C). Only placements within the NAcc, defined by a tear-
shaped region surrounding the anterior commissure, were accepted (Figure
4.1D).

Rats showed complete discrimination during the 82 sessions in which cue-
responsive neurons were recorded (Figure 4.1E). Suppression ratios were high
to danger, intermediate to uncertainty, and low to safety. ANOVA for mean
individual suppression ratio to each cue revealed a main effect of cue (F2.26 =
75.34, p=1.52 x 10", np? = 0.85, op = 1.00). Suppression ratios differed for each
cue pair. The 95% bootstrap confidence interval for differential suppression ratio
did not contain zero for danger vs. uncertainty (mean = 0.21, 95% CI [(lower
bound) 0.16, (upper bound) 0.29]), uncertainty vs. safety (M = 0.47, 95% CI
[0.35, 1.03]), and danger vs. safety (M = 0.69, 95% CI [0.50, 1.25]). Observing
complete fear discrimination permits a meaningful examination of threat-related

NAcc firing.
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Figure 4.1 Fear discrimination, histology and behavior. (A) Pavlovian fear
discrimination consisted of three auditory cues, each associated with a unique
probability of foot shock: danger (p=1.00, red), uncertainty (p=0.25, purple) and
safety (p=0.00, blue). (B) Each trial started with a 20 s baseline period followed by
10 s cue period. Foot shock (0.5 mA, 0.5 s) was administered 2 s following the cue
offset in shock and uncertainty shock trials. Each session consisted of 16 trials:
four danger trials, two uncertainty shock trials, six uncertainty omission trials and
four safety trials with an average inter-trial interval (ITl) of 3.5 min. (C) Example of
a Nissl stained NAcc (outlined in black) section showing the location of the
recording site within the boundaries of the NAcc. (D) Histological reconstruction of
microelectrode bundle placements (n = 7) in the NAcc are represented by pink
bars, bregma levels indicated. (E) Mean (bar) and individual subject (data points;
n = 7) suppression ratio for each cue (Danger, red; Uncertainty, purple; Safety,
blue) is shown. *95% bootstrap confidence interval for differential suppression ratio
does not contain zero.

70



A total of 368 NAcc neurons were recorded from 7 rats over 95 fear
discrimination sessions. To identify cue-responsive neurons in an unbiased
manner, | compared mean baseline firing rate (Hz) to mean firing rate during the
first 1 s and last 5 s of cue presentation. A neuron was considered cue-
responsive if it showed a significant change (increase or decrease) in firing from
baseline to danger, uncertainty, or safety during either the first 1 s or the last 5 s
interval (paired, two-tailed t-test, p<0.05). This screen identified 193 cue-
responsive neurons (~53% of all recorded neurons) from 82 sessions, with at
least seven cue-responsive neurons identified in each rat (Figure 4.2). All
remaining analyses focus on cue-responsive NAcc neurons (n = 193) and the

fear discrimination sessions (n = 82) in which they were recorded.
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Figure 4.2. Fear discrimination levels of all individuals. Mean (bar) and
individual session (data points) suppression ratio for each cue (D, danger, red; U,
uncertainty, purple; S, safety, blue) is shown for each individual for all recording
sessions with cue-responsive neurons. Animal identity is shown in the top left. For
each individual, the number of recording sessions with cue-responsive neurons,
the number of cue-responsive neurons, and the number of neurons in each
population (PhE, Phasic Excited; Phl, Phasic Inhibited; TE, Tonic Excited; T, Tonic
Inhibited; NS, Non-Selective) are provided.

4.3.2 NAcc neurons show heterogeneous cue responding

The firing pattern of cue-responsive NAcc neurons varied considerably, as

did the direction and magnitude of their response. Heterogeneity of firing

indicated that NAcc neurons could be divided into discrete, functional

populations. To identify these populations, | summarized firing in a 193 single



unit x 6 epoch matrix. The six epochs were taken from the first 1 s and last 5 s for
each cue. | applied k-means clustering to the matrix and found that five clusters
grouped similar functional types.

To visualize firing patterns, | organized cue-responsive NAcc neurons by
cluster and plotted mean single-unit danger, uncertainty, safety, and reward firing
(Figure 4.3A). Neurons from two of the clusters showed strong phasic firing to
danger and uncertainty, and lesser firing to safety. Phasic Excited neurons
demonstrated this pattern through firing increases (PhE, n = 5; Figure 4.3A, Row
1), and Phasic Inhibited neurons through firing decreases (Phl, n = 26; Figure
4.3A, Row 2). Neurons from another two clusters showed modest tonic firing to
danger, but lesser and similar firing to uncertainty and safety. Tonic Excited
neurons demonstrated this pattern through firing increases (TE, n = 55; Figure
4.3A, Row 3), and Tonic Inhibited neurons through firing decreases (Tl, n = 91;
Figure 4.3A, Row 4). The final population showed firing increases that did not
differentiate the cues (NS, n = 16; Figure 4.3A, Row 5). This was confirmed by
ANOVA for normalized firing rate [factors: cue (danger, uncertainty, and safety)
and interval (250 ms bins from 2 s prior to cue onset to cue offset)] which found
neither a main effect of cue (F2,55 = 2.60, p=0.091, ny? = 0.15, op = 0.48) nor a
cue x interval interaction (F110,1650 = 1.81, p=0.098, np? = 0.07, op = 1.00).

NAcc waveform width has been tied to neuron type identity. Narrow
waveforms are most common in fast-spiking interneurons (FSls) and wide
waveforms are most common in medium spiny neurons (MSNs) (Berke, 2008;

Sosa et al., 2020). Phasic inhibited neurons showed wider waveforms, indicative
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of MSNs but waveform half duration was distributed bimodally (Hartigan’s Dip
Statistic p = 0.036; Figure 4.3B). Tonic Excited neurons had narrower
waveforms, typical of FSIs and waveform half duration and was not distributed
bimodally (Hartigan’s Dip Statistic p = 0.17; Figure 4.3C). Tonic Inhibited neurons
showed the greatest mix of narrow and wide waveforms with a bimodal
distribution (Hartigan’s Dip Statistic, test could not provide specific p-values,
instead returned 0.00; Figure 4.3D). | return to these observations in the
discussion.

Few neurons showed phasic firing increases upon cue presentation (n =
5). Closer inspection revealed that 4 of these units came from one individual.
Thus, | am not confident that these neurons are representative of the NAcc. By
contrast, Phasic Inhibited units were obtained from 4 of 7 subjects, Tonic
Inhibited from all 7 subjects and Tonic Excited units from 6 of 7 subjects. The
remaining analyses focused on NAcc-representative populations showing
differential cue firing: Phasic Inhibited, Tonic Inhibited, and Tonic Excited

neurons.
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Figure 4.3 Heat plot of cue-responsive neurons. (A) Mean normalized firing rate
for each cue-responsive neuron (n = 193) for each of the three trial types danger,
uncertainty, and safety (2 s prior to cue onset to cue offset, in 250 ms bins), as well
as reward (2 s prior to 2 s following reward delivery). Cue onset (On), offset (Off),
and reward are indicated by black arrows. All cue-responsive neurons are sorted
by their cue-responsiveness (Phasic Excited, PhE, n = 5; Phasic Inhibited, Phl, n
= 26; Tonic Excited, TE, n = 55; Tonic Inhibited, Tl, n = 91; Non-Specific, NS, n =
16). Color scale for normalized firing rate is shown to the left. A normalized firing
rate of zero is indicated by the color black, with greatest increases light red and
greatest decreases light blue. Single unit waveform half duration (ms) is shown for
Phasic Inhibited (B, blue), Tonic Excited (C, yellow), and Tonic Inhibited (D,
green) neurons (left). The dotted line depicts the boundary between narrow and
wide waveforms (left). The percentage of units showing narrow (solid) vs. wide
(open) waveforms for each cluster is shown (right).
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4.3.3 Phasic Inhibited NAcc neurons are threat-responsive

| have previously shown that NAcc activity during cue presentation is
necessary to rapidly discriminate uncertain threat and safety (Ray et al., 2020). |
was curious whether phasic NAcc firing rapidly discriminated threat from safety.
To determine this, | first performed ANOVA for normalized firing rate by Phasic
Inhibited neurons (n = 26) [factors: cue (danger, uncertainty, and safety) and
interval (250 ms bins from 2 s prior to cue onset to cue offset)]. Confirming
phasic and differential firing, ANOVA revealed a main effect of cue (F2,50 = 28.61,
p=5.21 x 109, np? = 0.53, op = 1.00), interval (Fss 1375 = 11.17, p=2.12 x 1078, n,?
= 0.31, op = 1.00), and a significant cue x interval interaction (F110,2750 = 5.16,
p=1.60 x 10", ny? = 0.17, op = 1.00). Population activity suggests equivalent
firing decreases to danger and uncertainty that surpassed those to safety (Figure
4.4A). In support, Phasic Inhibited neurons showed greater firing to threat cues
(danger and uncertainty) compared to safety at onset (M =-0.47, 95% CI [-0.63, -
0.32]; Figure 4.4B, left) but now also during late cue (M = -0.44, 95% CI [-0.60, -
0.20]; Figure 4.4B, right), albeit with diminished firing magnitudes. Phasic

Inhibited neurons rapidly discriminated threat from safety.

4.3.4 Tonic NAcc neurons are predominantly danger-responsive
My previous study also found that pre-training NAcc lesions disrupted fear
discrimination across cue presentation (Ray et al., 2020). This was driven in part

by reduced fear to danger in NAcc-lesioned rats. Given that Tonic Excited
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neurons showed sustained firing over cue presentation (Figure 4.4C) | was
curious whether they showed differential cue firing that was more specific to
danger. Confirming differential firing for Tonic Excited neurons (n = 55), ANOVA
revealed a main effect of cue (F2,106 = 11.24, p=3.70 x 10, ny? = 0.18, op = 0.99),
interval (Fss2915= 6.47, p=1.71 x 102, n,? = 0.11, op = 1.00), and a significant
cue x interval interaction (F110,5830 = 2.01, p=3.27 x 10°, ny? = 0.04, op = 1.00).
Firing was maximal to danger and fully discriminated the three cues at onset
(danger vs. uncertainty: M = 0.22, 95% CI [0.11, 0.33]; uncertainty vs. safety (M
=0.21, 95% CI1[0.07, 0.33]; Figure 4.4D, left). As cue presentation proceeded,
firing increases were selective to danger whereas uncertainty and safety firing
were minimal and equivalent. In support, Tonic Excited neurons showed
differential firing to danger compared to the mean of uncertainty and safety
during late cue presentation (M = 0.17, 95% CI [0.07, 0.27]; Figure 4.4D, right).
Tonic Excited neuronal firing initially discriminated all cues before becoming
specific to danger.

Tonic Inhibited neurons (n = 91) were the most abundant functional type,
accounting for ~47% of cue-responsive NAcc neurons. To reveal if these neurons
also showed differential firing that was more specific to danger (Figure 4.4E), |
first performed ANOVA. Confirming differential firing, ANOVA revealed a
significant main effect of cue (F2,17s = 7.37, p=0.01, ny? = 0.08, op = 0.94), interval
(Fs5,4805 = 3.70, p=1.91 x 10-'8, np? = 0.04, op = 1.00), and a significant cue x
interval interaction (F110,9700 = 1.42, p=0.003, np? = 0.02, op = 1.00). Confirming

more selective danger firing, Tonic Inhibited neurons showed danger firing that
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exceeded uncertainty and safety at onset (M =-0.10, 95% CI [-0.19, 0.004];
Figure 4.4F, left), as well as late cue (M = -0.09, 95% CI [-0.16, -0.02]; Figure
4 4F, right).

As a population, Tonic Inhibited neurons showed minimal safety firing.
However, inspection of the individual units (Figure 4.4F, left) revealed
considerable variation in safety onset firing, with some neurons showing large
safety firing increases. Supporting this observation, there was greater variability
in onset safety firing compared to either danger (Pitman-Morgan test, p=0.0087)
or uncertainty (Pitman-Morgan test, p=0.0046). Tonic Inhibited neuronal firing
distinguished danger from uncertainty and safety throughout cue presentation,

though neurons varied in their safety onset firing.
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Figure 4.4 NAcc neurons show heterogenous cue responding. (A) Mean
normalized firing rate to danger (D, red), uncertainty (U, purple) and safety (S,
blue) is shown from 2 s prior to cue onset to cue offset for the Phasic Inhibited
neurons (n = 26). Cue onset and offset are indicated by vertical black lines. (B)
Mean (bar) and individual (data points), normalized firing rate for Phasic Inhibited
during the first 1 s cue interval (onset, left), the last 5 s cue interval (late cue, right)
are shown for each cue (D, danger, red; U, uncertainty, purple; and S, safety, blue).
(C) Identical graphs made for (C, D) Tonic Excited (n = 55) and (E, F) Tonic
Inhibited (n = 91) neurons, as in A and B. (*95% bootstrap confidence interval for
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differential cue firing does not contain zero; I Pitman-Morgan test for equality of
variance, p<0.05)
4.3.5 Different temporal firing patterns to danger and uncertainty

Previous analyses reveal that Phasic Inhibited neurons fire similarly to
danger and uncertainty, while tonic neurons show dissimilar danger and
uncertainty firing. It is possible that despite similar overall levels of activity,
Phasic Inhibited neurons showed distinct temporal signatures in their responding
to danger and uncertainty over cue presentation. | sought to determine the
degree to which the temporal firing pattern for danger predicted the temporal
firing pattern for uncertainty and safety, and to determine if stronger temporal
relationships between danger and uncertainty were observed in Phasic Inhibited
neurons. To do this | divided mean normalized firing for each cue into 10, 1-s
intervals. | constructed a correlation matrix for the neurons of each cluster,
comparing normalized firing rate for each bin and cue. Of greatest interest were
the matrix quadrants comparing danger to uncertainty (Figure 4.5, red top left
box) and safety (Figure 4.5, red bottom left box). Cue pairs showing identical,
temporal firing patterns would be positively correlated in corresponding 1-s bins
(Figure 4.5A), opposing temporal firing patterns would be negatively correlated in
corresponding 1-s bins (Figure 4.5B), and independent temporal firing patterns
would show zero correlation (Figure 4.5C).

Phasic inhibited neurons showed more consistent temporal firing
correlations. The temporal firing pattern for danger positively predicted the

temporal firing pattern for uncertainty (Figure 4.5D, red top left box), and this
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positive correlation was less apparent for danger and safety (Figure 4.5D, red
bottom left box). By contrast, minimal temporal firing correlations were observed
for danger and uncertainty for Tonic Excited (Figure 4.5E, red top left) and Tonic
Inhibited neurons (Figure 4.5F, red top left). Further, Tonic Excited neurons
showed a negative correlation between danger and safety temporal firing
patterns (Figure 4.5E, red bottom left), while Tonic Inhibited neurons showed
zero correlation (Figure 4.5F, red bottom left).

Revealing stronger temporal firing relationships between danger and
uncertainty. Phasic Inhibited neurons showed higher danger-uncertainty
correlation coefficients than Tonic Excited (t1s = 4.05, p=0.001) and Tonic
Inhibited neurons (t1s = 4.48, p=0.0003; Figure 4.5G). Owing to negative R
values for danger-safety correlations, Phasic Inhibited and Tonic Excited neurons
showed differing danger-safety correlation coefficients (t1s = 4.59, p=0.0002;
Figure 4.5H). The results revealed greater temporal firing relationships between
danger and uncertainty for Phasic Inhibited neurons compared to Tonic Excited

and Tonic Inhibited neurons.
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Figure 4.5 Different temporal firing patterns. Correlation matrices were
constructed to compare normalized firing rate for each bin (1-10) and cue (D,
danger, red; U, uncertainty, purple; S, safety, blue). (A) Cue pairs showing
identical, temporal firing patterns would be positively correlated, (B) opposing
temporal firing patterns would be negatively correlated, and (C) independent
temporal firing patterns would show zero correlation. Correlation matrices were
constructed for (D) Phasic inhibited, (E)Tonic Excited, and (F) Tonic Inhibited
neurons Mean (bar) and individual (data points) correlation coefficients (R) are
shown for each cluster (Phl, Phasic Inhibited, dark blue; TE, Tonic Excited,
orange; Tl, Tonic Inhibited, green) for (G) Danger-Uncertainty, (H) Danger-
Safety, and () Uncertainty-Safety. * t-test, p<0.05.
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4.3.6 Distinct NAcc signals for valence and threat

The goal of the current experiment was to examine NAcc threat-related
firing. Of course, the NAcc is best known for its role in reward-related behavior.
While our procedure was optimized to assess threat, the use of conditioned
suppression permitted us to record activity around reward presentation. To
examine if our threat-defined populations showed reward-related responses, |
aligned firing of our three main clusters (Phasic Inhibited, Tonic Excited, and
Tonic Inhibited) to pellet feeder advance (Figure 4.6A). | performed ANOVA for
normalized firing rate [factors: cluster (Tonic Inhibited, Tonic Excited and Phasic
Inhibited) and interval (16, 250 ms bins: 2 s prior to and 2 s following pellet
feeder advance)]. ANOVA revealed a main effect of interval (F152430 = 3.83,
p=8.49 x 107, np? = 0.02, op = 1.00), but more critically, a cluster x interval
interaction (F30.2430 = 1.72, p=0.009, np? = 0.02, op = 1.00). The interaction was
the result of Tonic Inhibited neurons selectively increasing firing following pellet
feeder advance. ANOVA restricted to Tonic Inhibited neurons found a main effect
of interval (F1s5,1290 = 8.78, p=1.24 x 10°"°, n,2 = 0.09, op = 1.00), while separate
ANOVA for Tonic Excited and Phasic Inhibited neurons found no main effects of
interval (F < 1.1, p>0.4). Population firing patterns were evident in single units
(Figure 4.6B, C, D). Pre and post-reward firing differed neither from zero nor from
each other in Tonic Excited and Phasic Inhibited neurons (all 95% Cls contained
zero; Figure 4.6B, C). By contrast, Tonic Inhibited neuronal firing around zero

prior to reward (M = 0.04, 95% CI [-0.07, 0.13]) gave way to firing increases post
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reward (M = 0.47, 95% CI [0.28, 0.62]), and post reward firing exceeding pre
reward firing (M = 0.42, 95% CI [0.21, 0.58]; Figure 4.6D).

Reward firing increases by Tonic Inhibited neurons — which sustained
firing decreases to danger and showed variable firing increases to safety onset —
may indicate more general signaling of valence. If this were the case, positive
firing relationships would be observed for safety onset and reward onset (both of
which have positive valence); negative firing relationships would be observed for
danger and reward (which have opposing valence). Phasic Inhibited neurons
(Figure 4.6E) showed a non-significant, negative firing relationship between
reward onset firing and safety onset firing (R?> = 0.07, p=0.18), a significant,
negative firing relationship between reward onset firing and danger firing (R? =
0.15, p=0.05), and these two correlations did not differ from one another (Z = -
0.50, p=0.62). Tonic Excited neurons (Figure 4.6F) showed a non-significant
positive firing relationship between reward onset firing and safety onset firing (R?
= 0.06, p=0.07), a non-significant, negative firing relationship between reward
onset firing and danger firing (R? = 0.06, p=0.07), but these two correlations
differed from one another (Z = -2.10, p=0.035). Tonic Inhibited neurons (Figure
4.6G) showed a significant, positive firing relationship between reward onset
firing and safety onset firing (R = 0.08, p=0.006), a significant, negative firing
relationship between reward onset firing and danger firing (R? = 0.12, p=8.42 x
104), and these two correlations significantly differed from one another (Z = -
3.96, p=7.70 x 10®). Finally, if neurons signal valence, opposing firing changes

should be observed to safety onset and danger., While zero firing relationship
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was observed for Phasic Inhibited neurons (R? = 0.06, p=0.24; Figure 4.6H),
Tonic Excited (R? = 0.25, p=1.17 x 104; Figure 4.61), and Tonic Inhibited (R? =
0.06, p=0.015; Figure 4.6J) neurons showed significant positive firing
relationships. The results reveal complete valence signaling by Tonic Inhibited
neurons, partial valence signaling by Tonic Excited neurons and selective threat

signaling by Phasic Inhibited neurons.

85



A Feeder advance B Phasic Inhibited C D e
¥ 4 4 4 +
0.50 Phl — +
2 23 L 3 L3
o o o o
E) 025} .82 . .82 .82
s & & S
kot ® 1 . ® 1 ®
,'_j A N & » N 8 d
© 4 © . wde © ©
EO.OOM& &'q E o R € 0l— 1= E o0 ___:L
o 4 (<] e L <] <)
z z e R z z
025! -1 -1 -1
-1 0 1 2 pre post pre  post pre post
Time (s)
E  Phasic Inhibited rR=00r  F R=006 G hib R = 0.08
2 e 2 s 2 S
el S
=0. n=0.07 =8.42 x
3 25050 g zZ210 3 P70
o p=0.62 o p=0.035 o p=7.70 x 10°
31 3 1 31
o s © Safety
o o Safety o :
= £ o c
= 0 = 0 ) q;?,
hel i il bl f :,;,._,\
N \\ Safety 8 panger N y
T DAY T T
E 1 Danger E 1 E 1 Danger
(o] o] [o]
z z z
-1 0 1 2 3 4 -1 0 1 2 3 4 -1 0 1 2 3 4
Normalized firing rate reward Normalized firing rate reward Normalized firing rate reward
H  Phasic Inhibited I J
S R?=0.06 © R?=0.25 © 2=,
O =024 S p=1.17 x 10+ S F§>=of)o(1)g
c 1 c 1 c 1
© © ©
© © ©
(O] [0] (0]
® ® ®
£ o — £ o £o
= °o® o = =
kel m‘3 el el
@ //W ® @
= N A N
© ©
S S £ -1 £ -1
(o] o o
z z z
-2 -1 0 1 2 -2 -1 0 1 2 -2 -1 0 1 2
Normalized firing rate safety Normalized firing rate safety Normalized firing rate safety

Figure 4.6 Tonic Inhibited neurons show opposing responses to danger and
reward. (A) Mean £ SEM normalized firing rate to reward is shown 2 s prior to and
2 s after reward delivery (advancement of feeder) for the Phasic Inhibited (Phl, n
= 26, dark blue ), Tonic Excited (TE, n = 55, orange ), and Tonic Inhibited (TI, n =
91, green) neurons. Reward delivery is indicated by black arrow. SEM is indicated
by shading. Mean (bar) and individual (data points), normalized firing rate for (B)
Phasic Inhibited, (C) Tonic Excited, and (D) Tonic Inhibited neurons are shown
during 500 ms interval prior (pre) to and 500 ms interval after (post) reward
delivery. *95% bootstrap confidence interval for differential reward firing does not
contain zero. (E-G) Mean normalized firing rate to reward vs. cue (danger, red;
Safety, blue) is plotted for (E) Phasic Inhibited, (F) Tonic Excited, and (G) Tonic
Inhibited neurons. Trendline, the square of the Pearson correlation coefficient (R?)
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and associated p value (p) are shown. Reward-danger and reward-safety
correlations significantly differed for Tonic Excited and Tonic Inhibited, but not
Phasic Inhibited neurons. Fisher r-to-z transformation (Z) is shown.
4.4 Discussion

The current experiment used single-unit recording to demonstrate that
NAcc neurons respond to threat. Clustering analysis revealed two primary types
of NAcc cue-responsive neurons: units showing phasic activity at cue onset and
tonic activity across cue presentation. Both phasic and tonic populations
consisted of separate populations of inhibitory and excitatory neurons.
Interestingly, all NAcc neurons showed responding to threat cues, but specific
threat responding differed between populations. Phasic units showed threat-
responsive firing (i.e., greatest changes in firing to danger and uncertainty, lesser
changes to safety) while tonic units showed danger-responsive firing (i.e.,
greatest changes in firing to danger, lesser changes to uncertainty and safety).

While the primary objective of the experiment was to examine threat-
related activity, the NAcc is primarily known for its role in reward-related
behavior. One of the major strengths of our experimental approach is that it
allowed not only for the examination of threat-related activity but also reward-
related activity and their comparison. Our analyses revealed distinct reward firing
patterns for each population. Tonic Inhibited neurons showed a response pattern
that suggests bidirectional valence signaling: reward firing increases but danger
firing decreases. Danger and reward firing were negatively correlated at the
single-unit level. Tonic Inhibited neurons showing greater reward firing increases

showed greater danger firing decreases. Even more, Tonic Inhibited neurons
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showing stronger phasic, safety firing increases showed greater danger firing
decreases. Phasic Inhibited neurons were threat-selective, showing the strongest
changes in firing to danger and uncertainty onset and a lesser decrease to safety
onset and showed a negative correlation for danger - reward delivery. This
finding alone would support valence signaling by Phasic Inhibited neurons,
however, there was no relationship between safety-reward firing and danger-
reward firing, suggesting that these neurons are instead threat-selective. Tonic
Excited neurons exhibited partial valence signaling, showing greatest excitation
to danger, lesser excitation to uncertainty and safety, as well as a negative
correlation between danger and safety onset. Tonic Excited neurons showed a
modest pattern where safety onset and reward delivery were positively related
and a negative pattern between danger and reward delivery. Interestingly, though
the patterns observed were modest, the difference between these patterns was
strong, suggesting that there is a partial valence signal by Tonic Excited neurons.
Taken together, the current results reveal complete valence responses by Tonic
Inhibited neurons, partial valence responses by Tonic Excited neurons and
selective threat responses by Phasic Inhibited neurons.

A strength of this experiment is that it used only female rats while my previous
two experiments (see chapters 2 and 3) used only male rats. The decision to
switch from males to females allowed for our NAcc findings to better generalize
to both sexes. Our laboratory has found only modest sex differences in our
paradigm (Walker et al., 2018, 2019), while other cued-fear conditioning studies

have found no sex differences (Maren et al., 1994; Markus and Zecevic, 1997;
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Maes, 2002; Fenton et al., 2014; Clark et al., 2019), suggesting similar neural
circuits may be used across sexes. Additionally, given that the present data
demonstrate NAcc activity directly related to our behavioral findings in males, it is
likely that NAcc neurons in males and females respond in similar manners during
our paradigm. Finally, it is important to look at the field of behavioral
neuroscience and acknowledge that the overwhelming majority of behavioral
neuroscience research has only used males (Beery and Zucker, 2011; Shansky
and Woolley, 2016) while women are more susceptible to many psychiatric
illnesses, such as PTSD (Kessler et al., 1996; Breslau et al., 1999, 2004) and
experience greater symptom severity (Kessler et al., 1996; Breslau et al., 2004;
Tolin and Foa, 2006). The importance of utilizing females in research is critical
(Shansky and Woolley, 2016).

A second limitation of the present study is the inability to conclusively link
function to genetic cell type. Although the present experiment does not include a
method to conclusively identify specific cell types, differences in waveform width
(Roesch et al., 2007; Wright and McDannald, 2019) may give us clues. Fast-
spiking interneurons have narrower waveforms (Kawaguchi, 1993) and can fire at
substantially higher baseline rates while medium-spiny neurons have wider
waveforms and lower baseline firing rates (Plenz and Kitai, 1998; Berke, 2011).
Phasic Inhibited neurons are likely MSN projection neurons based on their wide
waveform. Tonic Excited neurons are likely fast-spiking interneurons based on
their narrow waveform whereas Tonic Inhibited, which showed greater variation

in waveform half duration, are likely a mix of medium-spiny neurons and fast-
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spiking interneurons (Berke et al., 2004; Gage et al., 2010; Lansink et al., 2010;
Ahmad et al., 2017). The waveform duration data suggest that Phasic and Tonic
Inhibited neurons broadcast threat information to regions outside the NAcc.
There are two main types of NAcc MSNs, dopamine receptor 1 (D1) and
dopamine receptor 2 (D2). The canonical view of D1 vs D2 MSNs is that D1-
MSNs encode positive valence and reward while D2-MSNs encode negative
valence and aversive responses (Hikida et al., 2010; Lobo et al., 2010; Kravitz et
al., 2012; Tai et al., 2012). However, more recent studies have shown that both
D1 and D2 MSNs bidirectionally control reward and aversion (Soares-Cunha et
al., 2016, 2018, 2020; Vicente et al., 2016; Natsubori et al., 2017), making it
difficult to functionally distinguish these subtypes.

The current study demonstrates that NAcc neurons are threat responsive
and exhibit heterogeneity in the timing and specific nature of threat firing. Taken
together with chapters 2 and 3, this suggests the NAcc is not just necessary for
fear scaling but also processes threat cues on both a rapid and enduring

timescale.
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Chapter 5: Discussion
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5.1 Summary of Findings

The main objective of the current dissertation was to answer the following
research questions:

1. Is the NAcc is necessary for the acquisition of both rapid and general fear
scaling?

2. Is the NAcc is necessary for the expression of rapid fear scaling?

3. Do NAcc single units show firing changes to threat cues? If so, what specific
patterns of threat responding are observed?

Chapter 2 tested the first hypothesis by permanently ablating NAcc
neurons in male rats via neurotoxic lesion to determine whether the NAcc is
necessary for the acquisition of rapid and general fear scaling. Following
recovery from surgery, rats underwent a fear discrimination paradigm consisting
of three auditory cues predicting unique foot shock probabilities: danger (p=1.00),
uncertainty (p=0.25), and safety (p=0.00). NAcc lesions slowed the progression
of baseline nose poking, with sham rats showing greater increases in nose
poking across the sixteen sessions. When looking at overall fear scaling, sham
rats acquired appropriate scaling of fear showing high fear to danger,
intermediate fear to uncertainty, and low fear to safety. NAcc-lesioned rats
showed impaired acquisition of fear scaling, showing decreased discrimination
between cue pairs compared to sham rats. When looking at rapid fear
discrimination at cue onset, sham rats showed fear scaling in the first 2-s interval,
while scaling was reduced in NAcc-lesioned rats. Specifically, NAcc-lesioned rats

were impaired in rapid uncertainty-safety discrimination. These results
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demonstrate that the NAcc is necessary for the acquisition of general fear scaling
as well as rapid uncertainty-safety discrimination.

Based on the findings in Chapter 2, Chapter 3 tested the second
hypothesis that the NAcc is necessary for the expression of rapid fear scaling. To
inhibit NAcc activity during post-acquisition expression, the NAcc was reversibly
inhibited using optogenetics. Rats were NAcc-transducted with an inhibitory
opsin, halorhodopsin, or a control fluorophore, and bilaterally implanted with
ferrules above the NAcc. Following recovery, rats received ten sessions of fear
discrimination to danger, uncertainty, and safety. Next, rats received eight
sessions in which the NAcc was green-light illuminated during cue presentation
or a control period, optogenetically inhibiting activity in halorhodopsin rats. This
within-subjects design controlled for general effects of illumination by allowing for
behavioral comparisons of cue and control illumination periods in the same rat.
Light illumination during the cue period impaired rapid uncertainty-safety
discrimination in NAcc-halorhodopsin rats, but not NAcc-YFP rats. By contrast,
light illumination during a control period produced equivalent and modest
reductions in nose poking for both groups. Thus, optogenetic inhibition of the
NAcc was insufficient to reduce rewarded nose poking.

The failure of NAcc inhibition to suppress nose poking may seem odd.
Mice will readily perform actions that channelrhodopsin-excite D1 and D2 cell
types (Cole et al., 2018), and rats will perform actions that channelrhodopsin-
excite NAcc glutamatergic inputs (Stuber et al., 2011; Britt et al., 2012). However,

these studies demonstrate that NAcc activity is sufficient, but not necessary, to
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support reward-seeking. Prominent theories posit that reward-seeking initially
depends on medial striatal structures, such as the NAcc. With further training,
lateral striatal regions (e.g., dorsolateral striatum) control reward-seeking
(Gerdeman et al., 2003; Belin and Everitt, 2008; Corbit et al., 2012; Burton et al.,
2015). In this experiment, rats had extensive experience with nose poking by the
time the NAcc was inhibited. By this time, reward-seeking may not have been
under NAcc control, yet the NAcc continued to contribute to rapid fear scaling. In
another intriguing reward tie-in, dopamine bursts, “blips” onto D1-NAcc neurons
promote cue-reward generalization while dopamine pauses, “dips”, onto D2-
NAcc neurons promote cue-reward discrimination (lino et al., 2020). Receptor
and cell type specific dopamine shaping of NAcc threat responding would be an
appealing future research direction and is perhaps likely to occur (Badrinarayan
et al., 2012; Jo et al., 2018). The current results demonstrate that NAcc activity is
necessary for the expression of rapid uncertainty-safety discrimination. Chapters
2 and 3 together, demonstrate that NAcc activity is necessary for the acquisition
of general fear scaling across cue presentation, as well as the acquisition and
expression of rapid uncertainty-safety discrimination at cue onset.

Chapter 4 tested the final hypotheses: first, do NAcc single units show
firing changes to threat cues and second, what specific patterns of threat
responding are observed? To test these hypotheses, | used in vivo
electrophysiology to record NAcc single-unit activity from female rats undergoing
fear discrimination to danger, uncertainty, and safety. Fear discrimination took

place over a baseline of reward-seeking, allowing for the recording single-unit
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activity during cue presentation, as well as during reward-seeking and reward
delivery. This design enabled each event to be analyzed separately, as well as
compared. Clustering analyses revealed two primary types of NAcc cue-
responsive neurons: units showing phasic activity at cue onset and tonic activity
across cue presentation. Both phasic and tonic populations consisted of separate
populations of inhibitory and excitatory neurons. Interestingly, all NAcc neurons
showed responding to threat cues, but specific threat responding differed
between populations. Phasic units showed threat-responsive firing (i.e., greatest
changes in firing to danger and uncertainty, lesser changes to safety) while tonic
units showed danger-responsive firing (i.e., greatest changes in firing to danger,
lesser changes to uncertainty and safety). The current finding of NAcc threat-
responsive units extends NAcc threat function beyond IEG upregulation (Beck
and Fibiger, 1995; Campeau et al., 1997; Thomas et al., 2002) by demonstrating
the most robust threat signals in the NAcc are achieved by firing decreases,
which only electrophysiology can detect.

Our analyses revealed distinct response patterns for each population.
Tonic Inhibited neurons showed a response pattern that suggests bidirectional
valence signaling. This is supported by strong inhibition to danger throughout cue
presentation and excitation to reward as well as negative correlations for both
danger - safety onset and danger - reward delivery, as well as a positive
correlation for safety onset - reward delivery. Phasic Inhibited neurons were
threat-selective showing the strongest increases in firing to danger and

uncertainty onset and a lesser increase to safety onset and showed a negative
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correlation for danger - reward delivery. Tonic Excited neurons exhibited partial
valence signaling showing greatest excitation to danger, lesser excitation to
uncertainty and safety, as well as a negative correlation between danger and
safety onset. Tonic Excited neurons showed trends for a positive correlation
between safety onset and reward delivery and a negative correlation between
danger and reward delivery. Taken together, the current results reveal complete
valence responses by Tonic Inhibited neurons, partial valence responses by
Tonic Excited neurons and selective threat responses by Phasic Inhibited
neurons. This demonstrates that NAcc neurons are threat responsive and exhibit
heterogeneity in the timing and specific nature of threat firing. Taken together
with the chapters 2 and 3, this suggests the NAcc is not just necessary for fear

scaling but also processes threat cues on both a rapid and enduring timescale.

5.2 Additional Research

My dissertation is focused on the NAcc, however, studies examining the
BLA-NAcc pathway would likely be fruitful. It has long been demonstrated that
the BLA is essential to fear learning and expression and the BLA sends direct
projections to the NAcc. The predominant view suggests the BLA-NAcc pathway
preferentially routes positive-valence to the NAcc and negative-valence to the
CeA (Beyeler et al., 2016). While considerable research supports this, few
studies have examined the routing of negative-valence information from the BLA
to the NAcc. One such study found that optogenetic stimulation of the BLA-NAcc

pathway decreases long-term fear (Correia et al., 2016). Consistent with the
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overwhelming BLA fear literature, our laboratory has found that BLA lesions
diminish fear to all three auditory cues. Additionally, the present data from my
NAcc-lesioned rats show the NAcc is necessary for general fear scaling while
single-unit data demonstrates NAcc activity is threat-responsive. Taken together,
the data suggest the BLA-NAcc circuit is essential for adaptive fear, revising the
prevailing view this circuit is exclusive to reward.

To test this hypothesis, | propose the following two studies to 1) determine
if NAcc single units receiving direct BLA input are threat-selective and 2)
determine if the BLA-NAcc pathway is necessary for adaptive fear. Experiment
one would utilize single-unit recordings in the NAcc with opto-tagging inputs from
the BLA. This viral/recording approach permits ‘photo-tagging’ with blue-light to
determine whether isolated NAcc units receive direct BLA inputs. | would predict
that NAcc neurons that receive direct BLA inputs will be threat-selective,
increasing or decreasing activity to threatening cues (danger and uncertainty).
The second aim will determine if BLA-NAcc projections are necessary for
adaptive fear by inhibiting BLA terminals in the NAcc during ongoing fear
discrimination, similar to the approach in chapter 3. | would predict that inhibiting
BLA terminals in the NAcc will result in impaired scaling of fear, compressing fear
to danger and safety. These experiments would reveal routing of negative
valence threat information from the BLA to the NAcc and a necessary role for the
BLA-NAcc pathway in adaptive fear.

However, it is possible that the BLA is not routing negative-valence

information to the NAcc. Therefore, | would hypothesize that either the mPFC or
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vHPC is responsible for routing threat-relevant information to the NAcc. In this
case, similar electrophysiology and optogenetic approaches, either isolating the
mPFC-NAcc or vHPC-NAcc pathways, would prove useful in elucidating the

negative-valence routing to the NAcc.

5.3 Biological Sex

One important strength of our findings is generalization of findings to both
sexes. Specifically, | found that NAcc activity in females (chapter 4) is directly
related to our behavioral findings in males (chapters 2 and 3), it is likely that
NAcc neurons in males and females respond in comparable ways during our
paradigm. Multiple cued-fear conditioning studies have found no sex differences
(Maren et al., 1994; Markus and Zecevic, 1997; Maes, 2002; Fenton et al., 2014;
Clark et al., 2019), and our laboratory has found only modest sex differences
(Walker et al., 2018, 2019), suggesting akin neural circuits may be used across
sexes. However, it is important to recognize that while women are more
vulnerable to anxiety disorders (Kessler et al., 1996; Breslau et al., 1999, 2004)
and experience worsened symptom severity (Kessler et al., 1996; Breslau et al.,
2004; Tolin and Foa, 2006), the overwhelming majority of behavioral
neuroscience research has used only males (Beery and Zucker, 2011; Shansky
and Woolley, 2016). Given the prevalence of anxiety disorders in women, it is
more critical than ever that our field utilizes females in research (Shansky and

Woolley, 2016).
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For the current studies, | used conditioned suppression of my measure of
fear. Though at first glance this may seem confusing given that freezing is a
more popular measure, one major drawback of using freezing is the sex
differences found in this measure. Females exhibit lower freezing rates than
males (Maren et al., 1994; Gupta et al., 2001; Gruene et al., 2015a) and recent
investigations have revealed that females display more active fear responses,
known as darting, which is reflected as a reduction in freezing (Gruene et al.,
2015a, 2015b; Colom-Lapetina et al., 2019; Greiner et al., 2019). Our lab is
currently collecting more data on potential behavioral sex differences using more

complex behavioral measures and analyses, such as machine learning.

5.4 Where does the NAcc fit in the context of a larger network-level model
of aversive learning?

The present work establishes the NAcc as a necessary component for
rapid fear scaling. Critically, | am not saying that the NAcc is the region for fear
scaling, but rather one component of a larger neural circuit permitting fear scaling
(Figure 5.1).

The NAcc is comprised of GABAergic MSNs and FSls. NAcc MSNs are
characterized by their expression of either D1 or D2 receptors, while few (~5%)
of MSNs express both (Bertran-Gonzalez et al., 2008; Perreault et al., 2011;
Gangarossa et al., 2013; Gagnon et al., 2017). The prevailing view is that D1
MSNSs encode positive valence while D2 MSNs encode negative valence (Hikida

et al., 2010; Lobo et al., 2010; Kravitz et al., 2012; Tai et al., 2012), however,
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more recent studies have revised this theory, proposing that D1 and D2 MSNs
control both positive and negative valence (Soares-Cunha et al., 2016, 2018,
2020; Vicente et al., 2016; Natsubori et al., 2017), making it challenging to
theorize on the functionality of these cell types. MSNs and FSIs can be
distinguished based on differences in waveform width (Roesch et al., 2007;
Wright and McDannald, 2019). FSls have narrower waveforms (Kawaguchi,
1993) and can fire at substantially higher baseline rates while MSNs have wider
waveforms and lower baseline firing rates (Plenz and Kitai, 1998; Berke, 2011).
Based on these characteristics, the wide waveforms of Phasic Inhibited neurons
suggest they are likely MSN projection neurons whereas, the narrow waveforms
of Tonic Excited neurons suggest they are FSIs. While these two populations
showed distinct waveform widths, Tonic Inhibited neurons showed the greatest
variation, suggesting they are likely a mix of MSNs and FSls (Berke et al., 2004;
Gage et al., 2010; Lansink et al., 2010; Ahmad et al., 2017). The waveform
characteristics of each population suggest that while Tonic excited neurons are
likely non-projection FSls, Phasic and Tonic Inhibited neurons likely
communicate threat information to regions receiving NAcc innervation.

The NAcc may serve as a valence hub, like that typically ascribed to the
amygdala. The greatest evidence for this is found in the Tonic Inhibited neurons.
Tonic inhibited neurons responded in a pattern consistent with bidirectional
valence signaling. Parts of this pattern are also seen in the Tonic Excited
neurons, which demonstrated partial valence signaling. Concurrently, the NAcc

more uniquely signals threat, as found in the Phasic Inhibited neurons which
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selectively responded to threat. The present electrophysiology data in
combination with the lesion and optogenetic inhibition data reveal the NAcc is
required for adaptive fear behavior and NAcc activity responds to threat value.
Continued work delineating the NAcc’s position in the threat network is likely to
be fruitful.

Before we discuss where the NAcc might be sending threat-information,
it's important to discuss where the NAcc might be receiving threat input from. The
BLA is the most likely candidate based on its direct glutamatergic projections and
role in forming and maintaining cue-shock associations (LeDoux et al., 1990;
Maren et al., 1996; Amorapanth et al., 2000; LeDoux, 2000; Goosens and Maren,
2003; Koo et al., 2004). The BLA is a valence hub and the predominant view is
that the BLA preferentially routes information regarding negative valence to the
CeA while the NAcc receives information regarding positive valence (Beyeler et
al., 2016, 2018). However, that view is based on simplistic behavioral paradigms.
Given the present data demonstrating a critical role for the NAcc in adaptive fear,
it is plausible that the BLA is also routing negative valence to the NAcc,
particularly when the fear learning is more complex, as is the case in our
paradigm. If this were the case, | would expect that the NAcc threat responsive
neurons would receive direct BLA input.

The NAcc also receives direct innervation from the mPFC, which has
close anatomical and functional connections with both the NAcc and amygdala
(Krettek and Price, 1978; Kita and Kitai, 1990; Garcia et al., 1999; Gabbott et al.,

2005; Li et al., 2018). Manipulating the mPFC impairs cued fear learning (Morgan
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et al., 1993; Quirk et al., 2000). The mPFC subregions play dissociable roles in
the expression and extinction of fear conditioning: IL activity inhibits fear during
extinction while PL activity promotes the expression of conditioned fear (Quirk et
al., 2000; Corcoran and Quirk, 2007; Burgos-Robles et al., 2009). Given the
NAcc innervation by the PL (Brog et al., 1993) and its role in the expression of
conditioned fear, it is plausible that the PL routes threat-related information to the
NAcc that is necessary for the expression of fear scaling.

Another region of interest for NAcc input is the vHPC, which is classically
associated with the regulation of emotional states, including fear and anxiety
(Moser and Moser, 1998; Fanselow and Dong, 2010). Some studies have shown
a role for the vHPC in the expression of fear and fear memory (Zhang et al.,
2001; Kjelstrup et al., 2002; Hobin et al., 2006; Oh and Han, 2020), while others
have shown a role for the vHPC in fear acquisition (Bast et al., 2001; Chen et al.,
2016). Though the conflicts in vHPC fear literature are dissatisfying, it is clear
that future studies utilizing careful behavior and neural activity manipulation is
needed, similar to the design of the NAcc experiments in the current dissertation.
One notable vHPC finding is that inactivation of the vHPC impairs acquisition of
fear learning (Bast et al., 2001; Chen et al., 2016). Specifically, rats who receive
muscimol in the vHPC did not freeze to a danger cue, suggesting an inability to
acquire fear learning. Thus, it is possible that the vHPC routes threat signals to
the NAcc, informing the NAcc and shaping adaptive threat responses. Looking at
these three NAcc threat-input candidate regions: BLA, PL, and vHPC, the BLA is

the most likely candidate region, followed by the PL and vHPC, respectively.
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The waveform duration data from chapter 4 suggests that Phasic and
Tonic Inhibited neurons are medium-spiny projection neurons that are
broadcasting threat information to regions outside the NAcc. Phasic inhibited
neurons are threat-selective showing strongest changes in firing to danger and
uncertainty onset. Meanwhile, Tonic Inhibited activity was indicative of
bidirectional valence signaling: reward and safety firing increases but danger
firing decreases. These two populations likely support rapid and general fear
scaling, respectively. So where are these signals being sent?

A likely candidate for receiving NAcc threat activity is the Ventral Pallidum
(VP). Similar to the NAcc, the VP is a region classically known for its role in
reward processes. However, our lab’s postdoctoral fellow Dr. Mahsa Moaddab
has developed a pivotal line of work demonstrating that VP neurons dynamically
signal relative threat in our behavioral paradigm. Specifically, neural activity in
the VP revealed widespread threat-related firing and relative threat signaling with
most neurons being maximally responsive to danger. Additionally, one population
of neurons increased activity following reward delivery, signaling relative value
that spans threat and reward (Moaddab et al., 2021). Unlike the VP, NAcc
neurons do not signal relative threat. Thus, NAcc threat representations may
shape or guide VP relative threat signals. Interestingly, the VP projects directly to
the BLA (Woolf and Butcher, 1982; Carlsen et al., 1985; Root et al., 2015). This
anatomical connection suggests that the NAcc may indirectly route threat

information to the BLA, via the VP. This indirect pathway would allow for the
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NAcc to send threat-relevant activity to the BLA, shaping the cue-shock
associations formed and potentially supporting more accurate fear responses.

New neural recording techniques are being developed at a rapid pace and
propelling the field forward. One such technique is the development of high-yield
electrophysiology recordings, such as Neuropixels. Neuropixels allows
researchers to simultaneously record hundreds of neurons along a DV axis. Our
lab has recently begun using Neuropixels to record in midbrain regions. Using
Neuropixels to record in the striatum would allow for simultaneous recordings of
hundreds of neurons in the NAcc, NAcS, and VP, which standard single-unit
recordings cannot account for. Neuropixels recordings would potentially delineate
neural interactions between the NAcc, NAcS, and VP during adaptive fear
behavior.

| propose the following updated neural circuit for adaptive fear: BLA-NAcc-
VP-BLA. Supporting this theory, neuroanatomical studies looking at the
glutamatergic inputs to the NAcc demonstrated that, although the NAcc receives
glutamatergic input from the BLA, vHPC, and mPFC, only the glutamatergic BLA
projections synapse directly onto the NAcc MSNs projecting directly to the VP
(Papp et al., 2012). This suggests that the glutamatergic inputs from the BLA,
and not the vHPC or mPFC, are responsible for the direct flow of information
from the NAcc to VP. The VP in turn sends GABAergic, glutamatergic, and
cholinergic projections to the BLA, though the cholinergic and GABAergic are
most likely to be sending threat signals to the BLA (Woolf and Butcher, 1982;

Carlsen et al., 1985; Mascagni and McDonald, 2009; Root et al., 2015; Unal et
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al., 2015; Faget et al., 2018; Macpherson et al., 2019; Wulff et al., 2019). Taken
together with the current results, it is plausible that the NAcc’s role in adaptive
fear is part of the BLA-NAcc-VP-BLA circuit in which works together to coordinate

accurate threat responses.
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Figure 5.1 Proposed neural network for fear scaling. Based on the present
experimental evidence for the NAcc’s role in fear scaling, combined with
experimental and neuroanatomical findings, | propose the BLA-NAcc-VP-BLA
circuit for fear scaling. The BLA, mPFC, and vHPC send projections to the NAcc,
however, only the BLA projections synapse directly onto VP projections MSNs.
This suggests that the BLA sends cue-shock associations to the NAcc, which
sends two signals to the VP: bidirectional valence and threat-selective signals.
These signals converge in the VP, where relative threat is signaled. The VP in turn
projects this information back to the BLA to shape and guide cue-shock
associations. Abbreviations: BLA: basolateral amygdala; PL: prelimbic cortex;
VHPC: ventral hippocampus; NAcc: nucleus accumbens core; VP: ventral
pallidum.
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5.5 Relevance to Clinical Research

Identifying the neural underpinnings of adaptive fear is fundamental to
understanding and developing more effective treatments for anxiety disorders.
Adaptive fear requires fear to scale to the level of threat and dysfunction in this
capacity is a hallmark of fear-related anxiety disorders, including post-traumatic
stress disorder (PTSD). Women are at a higher risk for being diagnosed with
PTSD and anxiety-disorders, comorbid disorders, and experience greater
symptom severity (Kessler et al., 1996; Breslau et al., 1999, 2004; Tolin and Foa,
2006). While our present data suggest that NAcc function is conserved across
sexes, future research into potential sex differences is critical and currently
underway in our laboratory.

The current results demonstrate that NAcc activity is necessary for
adaptive fear responses and responds to threat and offer a potential mechanism
by which maladaptive fear occurs (Ray et al., 2020). These results clarify at least
one role for the NAcc in adaptive fear, yet much more work remains. NAcc
structure and function is altered in anxiety and stress disorders (Cha et al., 2014;
Felmingham et al., 2014; Manning et al., 2015; Morey et al., 2017). Disrupted
threat-safety discrimination may be conceptualized as maladaptive fear scaling.
Recent work shows that NAcc resting-state functional connectivity is highly
conserved across mice, macaques and humans (Balsters et al., 2020).
Preclinical research detailing NAcc threat function, and mapping a more
complete neural circuit for fear scaling, is likely to inform strategies to promote

adaptive fear in anxiety and stress disorders. Identifying novel neural circuits
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underlying adaptive fear will reveal neural targets to propel future

pharmacological treatments for anxiety disorders.

5.6 Conclusion

My dissertation examined a role for the NAcc in scaling fear to degree of
threat. These experiments demonstrate that the NAcc is essential to scale fear to
degree of threat and responds to threat cues across both rapid and longer-lasting
timescales. Taken together, the results reveal a novel role for the NAcc in scaling
fear and identify it as a critical component of a larger fear scaling network. Future

research should work to elucidate the larger neural network for fear scaling.
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