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ABSTRACT

The basolateral nuclear complex of the amygdala (BNC) — consisting of
the lateral (LA), basolateral (BL), and basomedial nuclei (BM) — detects salient
environmental stimuli (cue-detection) and motivates appropriate behavioral
responses to their implied meaning (cue-guided behavior) via a precise pattern of
internal circuitry. Glutamatergic signals representing environmental stimuli enter
the LA and split into parallel streams that activate pyramidal neurons (PNs) in the
anterior and posterior BL (BLa and BLp), which putatively mediate negative and
positive emotions, respectively. The BL is the most densely innervated target of
the cholinergic basal forebrain (CBF) and ACh transients (phasic ACh) in cortex
are critical for cue-detection and cue-guided behavior. Despite the overlapping
functions of the BNC and cortical phasic ACh, it is not known whether phasic
ACh differentially impacts BLa and BLp PNs or their responses to LA inputs. The
BNC is also a crucial storage site of associative emotional memories and ACh
can facilitate learning and memory. NMDA receptors in the BNC are essential
gatekeepers for the acquisition of associative emotional memories and ACh can
facilitate long-term potentiation, the neuronal substrate of learning, by
potentiating NMDA receptor currents in hippocampal PNs. Interestingly, despite
similar cell types between the hippocampus and BNC, no studies have
determined whether ACh also potentiates NMDA receptor currents in BL PNs.

We addressed these critical knowledge gaps by employing confocal



immunohistochemistry and brain slice electrophysiology combined with
optogenetics and pharmacology. Three core findings emerged from these
studies. First, phasic ACh temporally and associatively enhances the signal-to-
noise ratio at the LA-BLa pathway. Phasic ACh depolarizes BL PNs via
presynaptic a7 and a432 nAChRs on non-LA inputs before hyperpolarizing them
via postsynaptic M1 muscarinic ACh receptors (M1Rs) coupled to GIRK
channels, creating a biphasic response that bidirectionally modulates the ability
of LA inputs to fire them by bringing their membrane potential closer to or farther
from action potential threshold when they arrive. Second, M1Rs can reduce or
potentiate NMDA receptor currents depending on whether they are stimulated by
phasic ACh or bath-applied muscarine, respectively. The reduction and
potentiation are mediated by GIRK and SK channels, respectively. Finally, the
CBF preferentially impacts BLa over BLp PNs and their responses to LA inputs.
M1R expression is substantially higher in the BLa; BLa PNs are more sensitive
and have larger response components to phasic ACh; and BLa PNs have larger
depolarizing responses to bath-applied muscarine. The effect of phasic ACh on
LA-driven output was also more muted in BLp PNs, with no nicotinic facilitation
and a smaller muscarinic reduction. Together, our results provide novel insight
into the circuit- and molecular- mechanisms by which ACh signaling could
modulate attention, learning and memory, and valence processing mediated by

the BNC.

Vi
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CHAPTER 1
GENERAL INTRODUCTION
1.1. SIGNIFICANCE

According to the National Institute of Mental Health, nearly one in ten U.S.
adults experienced a mood disorder in the past year and roughly one in five will
experience one at some point in their lifetime. Despite the prevalence of mood
disorders, there is still a need for improved therapies, the development of which
will be facilitated by acquiring a deeper understanding of the brain’s emotional
circuitry. The amygdala is of particular interest in this regard, as it is commonly
described as the brain’s emotional hub (LeDoux 2000). Abnormal development
and/or dysfunction of the amygdala is not only associated with mood disorders
like anxiety, social phobia, bipolar disorder, and depression, but also addiction
and neuropsychiatric disorders like autism and schizophrenia (Drevets, 2003;
Nestler et al., 2002; Schumann et al., 2011). These observations highlight the
importance of normal amygdala function in maintaining mental health.

The basolateral nuclear complex of the amygdala (BNC) — consisting of
the lateral (LA), basolateral (BL), and basomedial nuclei (BM) — draws attention
to emotionally salient stimuli, determines their valence (negative or positive), and
motivates appropriate behaviors (e.g., avoidance/freezing or approach) (Adolphs
et al., 1994, Blanchard and Blanchard 1972; Brown and Schafer 1888; Kluver

and Bucy 1937; LeDoux et al., 1990; McDonald 2020; Pitkéanen et al., 1997,



Weiskrantz 1956). The BNC also stores associative memories of emotionally
salient experiences through Pavlovian conditioning, whereby neutral stimuli
(CSs) acquire salience and the same valence as the stimuli that initiate the
emotional experiences (USs). This process promotes survival by enabling CSs to
predict outcomes and motivate behaviors related to the USs when these CSs are
reencountered (Fernando et al., 2013).

These functions are accomplished via a precise pattern of internal circuitry
under the control of diverse extra-amygdala inputs (Pitk&nen et al., 1997). The
BL receives the densest cholinergic innervation from the basal forebrain,
suggesting acetylcholine (ACh) is a crucial regulator of BNC circuitry and normal
BNC function. Supporting this, patients with Alzheimer’'s — a disease associated
with the loss of cholinergic cells — commonly display emotional disturbances
(Lyketsos et al., 2011; Mori et al., 1999) and are more likely to have post-
traumatic stress disorder (PTSD) than their healthy counterparts (Desmarais et
al., 2020), implicating the loss of cholinergic signaling in the amygdala in this
deficit. Further, aberrant cholinergic signaling in cortical regions is associated
with many of the same disorders mentioned above, including depression and
schizophrenia (Higley and Picciotto 2014; Lustig and Sarter 2016).

Despite the importance of the amygdala in mental health and evidence
that ACh signaling is a crucial regulator of BNC circuitry and normal function,
surprisingly few studies have examined the molecular- and circuit-level
mechanisms by which ACh impacts computations performed by BNC circuitry.

We sought to fill this knowledge gap via the combined application of anatomy



(confocal immunohistochemistry), brain slice electrophysiology (whole-cell and
single unit recordings combined with pharmacology and electrical stimulation of
LA), and optogenetics. The experiments performed herein will probe the circuit-
and molecular-level mechanisms by which ACh signaling could facilitate the
attentional, motivational, and learning aspects of amygdala function described
above. By doing so, we hope to shed new light on the mechanisms by which ACh
modulates emotional circuitry and facilitate future efforts to improve therapies for
conditions associated with disrupted amygdala and cholinergic function, like
mood disorders, addiction, and schizophrenia, among others.

1.2. AMYGDALA FUNCTION

The amygdala has been implicated in a variety of functions. For example,
it has been reported to be involved in the perception of body movements (Bonda
et al., 1996) and pain (Neugebauer, 2015), as well as generating the emotional
aspects of dreams (Maquet et al., 1996; Scarpelli et al., 2019). However, the
most extensively studied and best understood function of the amygdala is to
draw attention to emotionally salient stimuli, determine their valence, and
motivate appropriate behaviors by predicting biologically relevant outcomes
(Adolphs et al., 1994; Blanchard and Blanchard 1972; Brown and Schafer 1888;
Kluver and Bucy 1937; LeDoux et al., 1990; McDonald 2020; Pitkanen et al.,
1997; Weiskrantz 1956). It was initially thought that the amygdala only responded
to stimuli with negative valence, but it is now well-appreciated that the amygdala
also processes positive stimuli (Baxter and Murray 2002; Pignatelli and Beyeler

2019).



Key aspects of this function were first revealed long ago in pioneering
studies that performed bitemporal lobectomies in non-human primates that
impacted the amygdala among other structures (Brown and Schafer, 1888;
Kluver and Bucy, 1937). These studies reported drastic changes in the monkeys’
temperament (tameness was a key feature), as well as a phenomenon they
termed “psychic blindness”, whereby the monkeys no longer recognized the
emotional or behavioral significance of sensory stimuli. These findings were so
impactful that Kliver-Bucy syndrome became the term to describe symptoms of
patients suffering from damage to both temporal lobes. Subsequent studies
selectively lesioning the amygdala in monkeys (Aggleton and Passingham, 1981;
Weiskrantz, 1956), rats (Blanchard and Blanchard 1972; LeDoux et al., 1990),
and humans (Adolphs et al., 1994; Anderson and Phelps, 2001) have replicated
key aspects of these findings, not only driving home to point that the amygdala is
essential for connecting stimuli with their emotional meaning, but also
demonstrating that amygdala function is conserved across animal species
(discussed further in Janak and Tye 2015).

Another key function of the amygdala is its ability to form and store
associative emotional memories of negative and positive valence (Beyeler et al.,
2016, 2018; Fernando et al., 2013; Namburi et al., 2015). The term used to
describe this form of learning is Pavlovian conditioning. Through this process,
neutral stimuli (conditioned stimuli or CSs) acquire salience and the same
valence as the stimuli that initiate the original emotional experience

(unconditioned stimuli or USs). Normally, Pavlovian conditioning is an adaptive



process because it enables CSs (e.g., neutral odor) to predict biologically
relevant outcomes (e.g., foot shock or food consumption) and motivate
appropriate behaviors (e.g., avoidance or approach) that can promote survival
(Domjan 2005; Fernando et al., 2013). However, it is speculated that
abnormalities in the circuitry underlying this process can also lead to maladaptive
behaviors and conditions like persistent and generalized anxiety, panic disorders,
phobias, PTSD, and drug addiction (Adinoff 2004; Careaga et al., 2016; Otto et
al., 2014; Pape and Pare 2010; Sun et al., 2020).

Taken together, the amygdala is involved in numerous functions, but it is
best understood to assign attention to negative and positive salient stimuli; layer
new meaning onto initially neutral stimuli through experience-dependent and
associative learning; and motivate appropriate behaviors to salient stimuli

(whether innate or learned and negative or positive).

1.3. FUNCTIONAL NEUROANATOMY OF THE AMYGDALA

1.3.1. GENERAL ANATOMY

The amygdala is a structure located in the medial temporal lobe of each
hemisphere. It comprised of more than a dozen interconnected nuclei, which
themselves are comprised of several subdivisions (McDonald 2020; Pessoa
2010; Sah et al., 2003). Data on the contributions that many of these nuclei make
to behavior is surprisingly sparse. However, two subgroupings of these nuclei
have been well-studied, especially with respect to the functions described above.

One is the basolateral nuclear complex of the amygdala (BNC) — consisting of



the lateral (LA), basolateral (BL), and basomedial nuclei (BM) — and the other is
the central nucleus (CeA) (Zhang et al., 2021).

The BNC and CeA are comprised of different cell types. Each nucleus of
the BNC is considered cortex-like because, although they are subcortical in
location, they share the same cell types that are found in the cortex (also the
hippocampus) (McDonald 2020; Muller et al., 2006; Zhang et al., 2021). These
are local inhibitory interneurons (INs) that release GABA and long-range
excitatory pyramidal neurons (PNs) that release glutamate (Janak and Tye 2015;
McDonald 2020; Sah et al., 2003). PNs far outnumber INs in the BNC,
constituting roughly 85 percent of the total neurons (Muller et al., 2006).
Meanwhile, the CeA is more similar to the striatum in its cell type composition,
being comprised primarily of long-range inhibitory medial spiny neurons that
release GABA (McCullough et al., 2018; McDonald 1982; Zhang et al., 2021).

As mentioned above, the nuclei comprising the BNC and CeA can be
further divided into smaller divisions that are distinguishable based on
cytoarchitectonics, chemoarchitectonics, and fiber connections (Pitk&nen et al.,
1997). The LA can be subdivided into the dorsolateral (LAbL), ventrolateral
(LAvL), and the medial (LAwm) divisions; the BL can be subdivided into the anterior
(BLa), intermediate (BLi), and posterior (BLp) divisions; and the CeA can be
subdivided into the capsular (CeC), lateral (CeL), the intermediate (Cel), and the
medial (CeM) divisions (McDonald 2020; Pitkéanen et al., 1997; Sah et al., 2003).
Each of these nuclei and their subdivisions are highly interconnected with one

another. It has been proposed that each nucleus and subdivision represent



discrete computational units and that the processing of information within the
amygdala involves highly organized patterns of communication within and
between them (Pitk&nen et al., 1997).

Each nucleus of the BNC and CeA also receives inputs from multiple brain
regions and forms reciprocal and unidirectional connections with the same and
other brain regions (Sah et al., 2003). A full discussion of all the extrinsic
connections of the BNC and CeA is beyond the scope of this review, but some
highlights are as follows. The BNC communicates with higher order cortical areas
in the prefrontal, temporal, insular, and hippocampal cortices and striatum,
whereas the CeA does not (Pape and Pare 2010). In contrast, the CeA heavily
projects to the brainstem, while the BNC sparsely does, if at all (Pape and Pare
2010). The thalamus projects to BNC and CeA and both regions project to the
lateral hypothalamus, cholinergic basal forebrain, and BNST (McDonald 2020;
Pape and Pare 2010; Penzo et al., 2015). This extremely diverse connectivity
positions the amygdala as a central integrator of sensory information from
diverse sources, as well as a primary influencer of various physiological
processes including autonomic and motor control, memory formation, and
neuromodulation (Pape and Pare 2010; Zhang et al., 2021).

1.3.2. INFORMATION FLOW THROUGH THE BNC AND CEA

A simplified view of how sensory information flows through the amygdala
to mediate its function is as follows. First, glutamatergic signals from thalamus,
associative cortex, and brainstem representing multimodal sensory information

enter the LA (Zhang et al., 2021), which has been called the “sensory interface”



or “gatekeeper” of the amygdala (LeDoux 2007; LeDoux et al., 1990; Maren,
2001). Upon arrival in LA, sensory signals split into parallel streams that move
through the divisions of LA and into BL (Pitkdnen et al., 1997). These streams
can also travel to the basomedial nucleus (BM) and CeA, but the function of the
BM is less known and LA connections to CeA are relatively sparse (LeDoux
2007; Pitkanen et al., 1997). Thus, BL is a primary liaison between LA and CeA
(LeDoux 2007).

As the parallel sensory information streams travel into BLa and BLp from
LA, they can be independently modified by numerous external inputs (Pitkanen et
al., 1997), including those from the medial prefrontal cortex (mPFC; top-down
information), ventral hippocampus (VHPC; contextual information), and
neuromodulatory regions like the ventral tegmental area (dopamine), dorsal
raphe nucleus (serotonin), locus coeruleus (noradrenaline), and the basal
forebrain (ACh) (LeDoux 2007; Zhang et al., 2021). According to the serial model
of information flow, these independent sensory streams ultimately converge in
the CeA, the main output nucleus of the amygdala, which elicit changes in heart
rate and breathing by way of its connections with the hypothalamus and
brainstem (Pitkanen et al., 1997). However, the BL itself is also an important
output region of the amygdala, as it is connected to numerous behaviorally
relevant regions besides the CeA, such as the NAc, mPFC, and vHPC (Janak
and Tye 2015; LeDoux 2007; Zhang et al., 2021) in addition to receiving such
diversified inputs. Thus, the BL is an intriguing region of interest because its net

output and thus contribution to behavior is highly malleable dependent upon



dynamic interactions between BLa and BLp PNs and internal LA and various

external inputs.
1.3.3. THE ROLE OF BL PYRAMIDAL NEURONS IN VALENCE

Importantly, BLa and BLp PNs have been shown to preferentially
processes negative and positive emotions, respectively (Kim et al., 2016, 2017,
Pi et al., 2020; Yang et al., 2016; Zhang et al., 2020), introducing the possibility
that LA-BLa and LA-BLp pathways are negative and positive circuits, as well.
Notably, other studies have reported that negative and positive emotions are
preferentially processed by intermingled populations of PNs defined by
differential projection targets (Ambroggi et al., 2008; Beyeler et al., 2016, 2018;
Namburi et al., 2015; Paton et al., 2006; Stuber et al., 2011; Tye et al., 2008).
There are ways to explain these seemingly contradicting findings. First, that
negative and positive cells are intermingled, not spatially segregated, may have
been concluded from recordings taken from intermediate regions of BL, where
BLa and BLp are adjacent. Second, rather than being monolithically negative or
positive, projector populations could be negatively or positively biased depending
on whether a larger proportion resides in the BLa or BLp, respectively. This latter
hypothesis has seen experimental support (Kim et al., 2016, 2017). For example,
in vivo optical activation of nucleus accumbens (NAc) projectors residing in the
BLa generates negative behaviors despite NAc projectors being reported as
positive cells (Kim et al., 2016, Supplementary Figure 9). They also reported that

approximately 70 percent of their NAc projectors resided in the positive BLp. In a



follow-up study, the same group reported a similar trend upon investigation of the

putatively negative CeA projectors (Kim et al., 2017).
1.3.4. BNC ANATOMY, LEARNING, AND MEMORY

BNC circuitry is also essential for the acquisition of fear and reward
associations (Baxter and Murray 2002; Beyeler et al., 2016, 2018; Cardinal et al.,
2002; Fernando et al., 2013; Maren 1999; Namburi et al., 2015; Pape and Pare
2010; Sah et al., 2003). For example, pre-training lesions of the BNC severely
attenuate the acquisition of fear conditioning to both contextual and discrete
conditioned stimuli (Maren, 2001) and lesions of the BL impair performance on
tasks that require linking an object with the positive value of a rewarding stimulus
(Baxter and Murray 2002). These associative memories form in the BNC through
long-term potentiation (LTP) (Bocchio et al., 2017; Carrere and Alexandre 2015;
Maren 1999; Namburi et al., 2015; Pape and Pare 2010; Tye et al., 2008), the
cellular and molecular correlate of learning (Luscher and Malenka 2012; Lynch,
2004). LTP is a process whereby the communication strength between neurons
co-activated during an experience become enhanced for a prolonged period
(Luscher and Malenka 2012; Yang and Calakos 2013).

Although there are numerous forms of LTP (Citri and Malenka 2008),
substantial evidence suggests that fear (Campeau et al., 1992; Fanselow and
Kim 1994; Gewirtz and Davis 1997; Johansen et al., 2011; Maren 1999;
Miserendino et al., 1990; Pape and Pare 2010; Rodrigues et al., 2001) and at
least some forms of reward-related memories (Baldwin et al., 2000; Burns et al.,

1994; Feltenstein and See 2007; Namburi et al., 2015; Tye et al., 2008) require
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the activation of NMDA receptors in the BNC. It is well-acknowledged —
especially in fear learning — that these NMDA receptors are located on
postsynaptic LA PNs (Johansen et al., 2011; Tye et al., 2008) where sensory
inputs converge, although important roles for NMDA receptors on BL PNs cannot
be ruled out because most studies that infused NMDA receptor antagonists into
the BNC also impacted BL PNs (Campeau et al., 1992; Fanselow and Kim 1994;
Gewirtz and Davis 1997; Johansen et al., 2011; Maren 1999; Miserendino et al.,
1990; Pape and Pare 2010; Rodrigues et al., 2001). There is also evidence that
LTP at synapses between LA and BL PNs depends on the NMDA receptor
(Rammes et al., 2000). Since BL PNs are a primary target LA PNs (Bazelot et al.,
2015; Jolkkonen and Pitkanen 1998; Pu et al., 2009; Rammes et al., 2000; Wang
et al., 2002) and the BL is a primary liaison between LA inputs and numerous
behaviorally relevant regions, LA-BL synapses are likely to store associative
memories via NMDA receptor-dependent LTP.

The NMDA receptor is essential for this form of LTP because it gates the
influx of calcium entry into the postsynaptic PN, which initiates intracellular
mechanisms underlying LTP expression (Luscher and Malenka 2012). During
Pavlovian conditioning, LTP occurs when initially weak sensory inputs
representing neutral stimuli (conditioned stimuli or CSs) signal to the same cells
that are also being fired by different sensory inputs representing salient stimuli
(foot shock or food reward). The strong depolarization resulting from co-
activation of postsynaptic PNs removes Mg?* ions blocking NMDA receptors at

CS synapses and enables calcium influx that initiates postsynaptic molecular
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changes that strengthen the CS-PN synapses. This process enables CS inputs
to access the same BNC circuitry (and the behaviors they mediate) when
detected alone in the future. This learning process is adaptive (Domjan 2005;
Fernando et al., 2013) because it enables learned cues to predict biologically
relevant outcomes in the future and guide appropriate behaviors that promote
organism survival (e.g., approach or avoid an area were food or a predator was
last encountered when a certain smell is detected). Calcium entry through NMDA
receptors is also under the control of numerous molecular mechanisms (Bazzari
and Parri 2019; Kantamneni 2015; Lujan et al., 2009; MacDonald et al., 2007),
introducing numerous means by which LTP magnitude can be modulated by

outside influences such as neuromodulatory inputs.

1.4. ACETYLCHOLINE

1.4.1. A BRIEF HISTORICAL INTRODUCTION

Acetylcholine (ACh) was the first neurotransmitter discovered over 100
years ago at the neuromuscular junction (Haam and Yakel 2017; Mineur and
Picciotto 2021). At the time, most efforts were focused on its effects in the
peripheral nervous system (PNS). Otto Leowi famously called it “vagusstoff”
when noting its bradycardic effects on the frog heart. His work, in conjunction
with Henry Dale and the observations reported in other studies, were so
impactful that both scientists shared the 1936 Nobel Prize in Physiology or
Medicine for revealing that neurotransmission has a chemical, in addition to an
electrical, component. Since its discovery, ACh has been well-studied in

numerous organisms, leading to the conclusion that it is evolutionarily conserved.
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It is also now appreciated that ACh has crucial roles at other mammalian end
organs in addition to the neuromuscular junction and heart (Mineur and Picciotto

2021).

1.4.2. ACETYLCHOLINE IN THE CNS

ACh has essential roles in the central nervous system (CNS) in addition to
the PNS. In the CNS, ACh exerts highly diverse effects on cellular and synaptic
physiology, depending on numerous variables including, but not limited to, the
brain region, receptor type and subtype, cell type, and the location of ACh
receptors with respect to different cell types and cellular components (Picciotto et
al., 2012). ACh signaling, by exerting these dynamic circuit and molecular
effects, has been shown to contribute to switching network dynamics that lead to
behavioral transitions such as from sleep to wakefulness, distraction to attention,
and learning to recall (Colangelo et al., 2019; Hasselmo and Sarter 2011).

ACh is synthesized in cholinergic terminals by the enzyme choline
acetyltransferase (ChAT) (Oda 2002), which does so by combining the two
precursor molecules acetyl-coenzyme A (acetyl-CoA) and choline (Taylor and
Brown 1999). For ChAT to use choline for ACh synthesis, choline must be taken
into the cholinergic terminals from the extracellular space via the choline
transporter (ChT), a protein residing in the terminal membrane. Importantly,
choline uptake by ChT is the rate-limiting step of ACh synthesis (Taylor and
Brown 1999). Once ACh is synthesized by ChAT, it is then loaded into vesicles
by the vesicular acetylcholine transporter (VAChT) that resides on vesicles within

the cholinergic terminals (Fisher and Wonnacott 2012). When a depolarizing
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wave propagates into the terminal during an action potential, it activates voltage-
sensitive calcium channels also in the terminal that enable calcium influx. The
consequent elevation in calcium concentration in cholinergic terminals facilitates
interactions between ACh vesicles and vesicular release machinery, resulting in
ACh release (Sam and Bordoni 2021). Once ACh is released from cholinergic
terminals, it is rapidly degraded back into acetyl-CoA and choline via the highly
efficient catalytic enzyme acetylcholinesterase (AChE) (Trang and Khandhar
2021), whereupon ChT reuptakes choline again and the cycle repeats.

After ACh is released from cholinergic terminals, it diffuses outward and
binds to two broad categories of ACh receptors: nicotinic ACh receptors
(nAChRs) and muscarinic ACh receptors (mMAChRs). These receptors were
named after the agonists that preferentially bind them: nicotine and muscarine
(Karczmar 2007). nAChRs are ionotropic and, most commonly, generate
depolarizing currents characterized by a fast onset and short duration. These
receptors are generally permeable to Na*, K*, and Ca?* and can rapidly
desensitize (Hahn 2015). They are also pentamers that contain different
combinations of subunits, although heteromeric a432 and homomeric a7
NAChRs are most common and can reside on presynaptic and postsynaptic
components of cells (Hahn 2015). CNS nAChRs have important roles in healthy
cognition and their dysregulation is associated with conditions like Alzheimer’s
disease (AD), addiction, schizophrenia, and others (Schaaf, 2014).

In contrast to NAChRs, mAChRs are metabotropic and can generate a

wide variety of effects in addition to alterations of the membrane potential by
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initiating complex intracellular signaling cascades (Picciotto et al., 2012). Their
membrane potential effects can be hyperpolarizing and/or depolarizing
(Radnikow and Feldmeyer 2018) and are generally slower-onset and longer in
duration (Jones et al., 2012). They are proteins comprised of seven
transmembrane segments and couple to G-proteins comprised of a, 3, and y
subunits (Haga 2013). When mAChRs are inactive, the G-proteins are typically
unassociated with the mAChRs and form afy trimers with guanosine
diphosphate (GDP) bound to the a subunit (de Oliveira et al., 2019). When
MAChRSs activate via ACh binding, they undergo conformational changes that
signals the aBy trimers to interact with them (de Oliveira et al., 2019). Upon
MAChR-ay trimer interaction, GDP in the a subunit is replaced with guanosine
triphosphate (GTP) and the trimer splits into an a monomer and By dimer that go
on to perform different downstream functions (de Oliveira et al., 2019). When
ACh is no longer bound to the mAChRs, the a subunit eventually inactivates by
hydrolyzing its GTP back into GDP (de Oliveira et al., 2019), leading subsequent
re-trimerization of the a, 3, and y subunits (Offermanns 2003; Hollmann et al.,
2005; Baltoumas et al., 2013).

There are five subtypes of mAChRs in the CNS: M1, M2, M3, M4, and M5
(Haga 2013). The odd subtypes (M1, M3, and M5) are Gag11-coupled and the
even subtypes (M2 and M4) are Gaiio-coupled (Santiago and Abrol 2019), which
are functionally distinguishable based on key differences in their downstream
effects and effectors. In general, Gagi1-coupled mAChRs (M1, M3, and M5)

increase activity of phospholipase C (PLC), reduce the M-current, and elevate
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intracellular calcium concentration (Wess et al., 2007). In contrast, Gaio-coupled
MAChRs (M2 and M4) reduce activity of adenylyl cyclase and voltage-gated
calcium channels and activate G-protein coupled inwardly rectifying potassium
(GIRK) channels (Wess et al., 2007). Both types can activate mitogen-activated
protein (MAP) kinases (Wess et al., 2007). Just like nAChRs, mAChRs can be
found pre- and postsynaptically. CNS mAChRs modulate cognitive, behavioral,
sensory, motor, and autonomic processes and their dysregulation is associated

with pathologies AD, schizophrenia, depression, among other conditions.

1.4.3. SPATIOTEMPORAL DYNAMICS OF ACETYLCHOLINE

SIGNALING

There is much ongoing debate over how ACh signals in the brain and the
spatiotemporal nature of its release in target brain regions (Disney and Higley
2020; Sarter et al., 2009; Sarter and Lustig 2020). It was initially thought that ACh
signaling in the CNS led to slow changes in the extracellular concentration of
ACh (volume neurotransmission) that primarily mediated transitions between
brain states (Giocomo and Hasselmo 2007; Hasselmo and Sarter 2011; Sarter et
al., 2009). However, it is now appreciated that ACh also signals as a classical,
rapid, point-to-point neurotransmitter (wired neurotransmission) with causal roles
in behavior (Mineur and Picciotto 2021; Sarter et al., 2009; Sarter and Lustig
2020). It has been proposed that ACh likely signals both ways, with transient (or
phasic) modes of release under certain behavioral circumstances and sustained
modes under others (Disney and Higley 2020; Sarter and Lustig 2020). It has

also been suggested that the spread of ACh may span a continuum of multiple
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spatiotemporal zones that depend on the mode of ACh signaling (Disney and
Higley 2020; Mineur and Picciotto 2021; Sarter and Lustig 2019, 2020). Thus,
phasic ACh release may be more restricted and its actions more synaptic,
whereas sustained ACh release may be more diffuse and its actions more
extrasynaptic. If this is true, it introduces the interesting possibility that ACh can
exert different effects on target circuits by recruiting different sets of functionally
distinct ACh receptors, at different distances from ACh release sites, and
potentially located on distinct cellular compartments and cell types. Indeed, there
is experimental evidence supporting this in the amygdala (Aitta-aho et al., 2018;
Unal et al., 2015), where phasic and sustained endogenous ACh signaling
generate different effects on membrane potential and excitability, which the
authors attributed to functionally distinct subtypes of synaptic and extrasynaptic

M1 mAChRs on BLa PNs.

1.4.4. ACETYLCHOLINE AND VALENCE

Until recently, studies involving the CBF did not compare its roles in
negative and positive emotional processing, which may have been due to the
traditional view that it mediates general functions like arousal or consciousness
via slow and diffuse signaling across distributed networks (Hasselmo and Sarter
2011). Recently, however, numerous studies have begun to do so (Aitta-aho et
al., 2018; Chubykin et al., 2013; Crouse et al., 2020; Gritton et al., 2016; Guo et
al., 2019; Hangya et al., 2015; Harrison et al., 2016; Howe et al., 2017; Jiang et
al., 2016; Kuchibhotla et al., 2017; Laszlovszky et al., 2020; Letzkus et al., 2011;

Lin and Nicolelis, 2008; Liu et al., 2015; Lu et al., 2020a; Paolone et al., 2013;

17



Parikh et al., 2007; Sturgill et al., 2020; Teles-Grilo Ruivo et al., 2017), and their
results have contributed to the modern view that the CBF also mediates specific
cognitive operations via precisely orchestrated and spatially restricted ACh
release (Hasselmo and Sarter 2011; Sarter and Lustig 2019).

Despite some discrepancies between individual studies, general trends
emerge when they are considered together. First, both negative and positive
stimuli can activate CBF neurons, generally strongly and rapidly (phasic ACh
release). Second, phasic ACh release can drive behaviors and facilitate learning.
Third, many of these studies note that the transient activation patterns of CBF
neurons may track salience, suggesting phasic ACh release conveys importance
more than value, per se. Supporting this, phasic ACh release into cortex is
essential for cue-detection and cue-guided behavior, highlighting its important
role in attention. Finally, one study concludes transient activation of the CBF
encodes valence-free reinforcement prediction error (Sturgill et al., 2020). Taken
together, CBF neurons transiently activate in response to negative and positive
stimuli while obeying the principles of prediction error (i.e., signaling during
reinforcement, prediction, and surprise) (Sturgill et al., 2020), but this activity
pattern seems to track the salience of stimuli irrespective of valence. Further, the
phasic ACh release it generates can drive behavior and facilitate attentional

performance and learning via its impact on downstream circuits.
1.4.5. ACETYLCHOLINE AND ATTENTION

It has been appreciated for decades that ACh has a vital role in attention

(Picciotto et al., 2012; Sarter and Lustig 2019). Numerous lesion studies
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performed in the 90’s and early 2000’s established that the CBF generally, as
well as CBF projections to cortex more specifically, reported significant disruption
of various attentional functions (Hasselmo and Sarter 2011). Intriguingly, there is
strong evidence that the impairments stemming from cholinergic deafferentation
of cortex are both robust and selective to attention, as non-attentional behaviors
were not disrupted by the procedure (Baxter et al., 1999; Chiba et al., 1995;
Dalley et al., 2004; McGaughy et al., 1996, 2000; McGaughy and Sarter, 1998;
Newman and McGaughy, 2008; Turchi and Sarter, 1997). These findings have
also been verified by numerous microdialysis studies, which found that elevations
in cortical ACh were specifically associated with attentional performance (Arnold
et al., 2002; Dalley et al., 2001; Himmelheber et al., 2000; Kozak et al., 2006;
Parikh et al., 2007; Passetti et al., 2000; Sarter et al., 2006). Interestingly, these
studies also reported that greater ACh levels were associated with greater
attentional effort, but not attentional performance, on various tasks.

The evidence above clearly supports a critical role of ACh in mediating
attention. However, “attention” is a catch all phrase encompassing numerous and
specific forms. Intriguingly — thanks to improved technologies enabling sub-
second monitoring of ACh release and rapid manipulation of cholinergic terminals
in vivo — it is now understood that ACh contributes to different aspects of
attention, depending on the mode of CBF signaling (Hasselmo and Sarter 2011;
Sarter and Lustig 2019). Specifically, rapid cholinergic transients (sub-seconds to
seconds long) in the cortex are essential for cue-detection and cue-guided

behaviors (Gritton et al., 2016; Howe et al., 2017; Lu et al., 2020; Parikh et al.,
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2007), whereas longer-term ACh signaling (tens to hundreds of seconds) is more
important for sustaining attention (Sarter and Lustig 2019).

Given the complexity of attention, it comes as no surprise that the cellular
and molecular mechanisms underlying the cholinergic enhancement of
attentional are also complex. Although there are likely additional mechanisms
involved, a popular theory is that ACh enhances attention by maximizing the
signal-to-noise ratio (SNR) of afferent pathways to cortical regions (Colangelo et
al., 2019; Picciotto et al., 2012). In cellular terms, ACh accomplishes this by
making target circuitry more receptive to specific sensory inputs representing
behaviorally relevant stimuli, while simultaneously reducing the impact of other
inputs representing distracting or irrelevant stimuli (Lustig and Sarter 2016;
Mineur and Picciotto 2021).

It is believed that elevated ACh concentrations enhance SNR by boosting
glutamate release from external inputs (generally thalamic) via presynaptic
NAChRSs, while suppressing glutamate release from recurrent inputs via mAChRs
(Hasselmo 2006). This has been observed in various areas of cortex and
hippocampus (Hasselmo 2006). There is evidence that the nAChRs that enhance
glutamate release are the o432 subtype (Lustig and Sarter 2016), although a7
and a5 containing nAChRs could be involved since they can also improve
attention (Mineur and Picciotto 2021). In addition, ACh suppresses GABA
release from soma-targeting PV+ interneurons (INs), which increases PN
responsiveness to the same thalamic inputs that ACh is boosting presynaptically

and makes them more likely to fire (Lustig and Sarter 2016). Finally, ACh directly

20



enhances the excitability of dendrite-targeting INs via nAChRs and postsynaptic
PNs via mAChRs (Lustig and Sarter 2016). All these mechanisms happen in
concert to facilitate attention by increasing the receptiveness of target circuitry to
behaviorally relevant inputs.

1.4.6. ACETYLCHOLINE, LEARNING, AND MEMORY

Attention, learning, and memory are closely related cognitive functions, as
memory encoding follows attentional processes (Mineur and Picciotto 2021).
Thus, it not surprising that, in addition to facilitating attention, ACh is also
important for learning and memory. For example, abnormally regulated
cholinergic neurotransmission has been hypothesized to contribute to the
cognitive symptoms of neuropsychiatric disorders including schizophrenia, and
the loss of cholinergic neurons is associated with severe forms of dementia and
Alzheimer’s disease (Haam and Yakel 2017; Hasselmo and Sarter 2011, Lustig
and Sarter 2016). These deficits are likely to stem from abnormal interactions
between ACh and nAChRs and mAChRs. Both a7 and a432 nAChRs are
involved in new memory formation in the amygdala and hippocampus (Mineur
and Picciotto 2021) and nAChR deficits are closely associated with cognitive
impairments in Alzheimer’s disease (Levin, 2002). Likewise, mMAChR antagonists
disrupt memory function in humans, non-human primates, and rodents
(Hasselmo and Bower 1993) and AChE inhibitors can reverse these effects
(Hasselmo and Sarter 2011). In fact, AChE inhibitors alone enhance cognitive
performance (Hasselmo and Sarter 2011) and are currently the only class of

cholinergic compounds approved by the FDA to treat Alzheimer’s disease
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(Hampel et al., 2018). Together these data clearly indicate an essential role of
ACh in maintaining, if not facilitating, learning and memory.

Mechanistically, ACh is thought to facilitate learning by enhancing LTP,
the cellular and molecular substrate of learning and memory (Luscher and
Malenka 2012). ACh enhances LTP in numerous areas, including hippocampus,
entorhinal cortex, and piriform cortex (Hasselmo 2006). Although there are
numerous forms of LTP, most of ACh’s enhancing effects appear to be
associated with ACh receptor-mediated enhancement of NMDA receptor
activation (Palacios-Filardo and Mellor 2019). There is some evidence that ACh
can enhance NMDA receptor currents via NAChRs. For example, nAChRs on
astrocytes can do so by evoking D-serine release (Papouin et al., 2017), and
NAChRs on PNs can do so by depolarizing cells (Gu and Yakel 2011) or
interacting with NMDA receptors directly (Li et al., 2013). However, there has
been more focus on MAChRs in this regard. mAChRs have also been reported to
enhance NMDA receptors via diverse mechanisms. mAChRs can enhance
NMDA receptors via direct interactions (Fernandez de Sevilla and Bufio, 2010),
by inhibiting the activity of voltage-dependent potassium channels (Losonczy et
al., 2008; Palacios-Filardo and Mellor 2019; Petrovic et al., 2012), and by
inhibiting the activity of voltage-independent, calcium-activated SK channels,
which negatively regulate NMDA receptor currents (Buchanan et al., 2010;
Calabresi et al., 1998; Dennis et al., 2016; Giessel and Sabatini 2010; Marino et
al., 1998; Sur et al., 2003; Tigaret et al., 2018). Finally, both nAChRs and

MAChRSs on various types of INs can reconfigure network excitability to favor

22



NMDA-dependent LTP at specific synapses while inhibiting others (Palacios-

Filardo and Mellor 2019).

1.5. SIGNIFICANCE REVISITED

Throughout the brain, there is abundant support for a facilitative role of
ACh signaling in cognitive functions like attention and learning (Colangelo et al.,
2019; Hasselmo and Sarter 2011; Palacios-Filardo and Mellor 2019; Picciotto et
al., 2012). Two primary functions of the amygdala, mediated in large part by the
circuitry of the BNC, involve cue-detection — which is closely tied to attention —
and emotional memory — which is closely tied to LTP and learning. There is
strong evidence from studies in the cortex that phasic activation of the CBF is
essential for cue-detection and cue-driven behavior
(Gritton et al., 2016; Howe et al., 2017; Lu et al., 2020b; Parikh et al., 2007),
strongly overlapping with functions of the amygdala (Janak and Tye 2015).
Interestingly, despite the very dense CBF innervation to the BL — a bridge
between internal LA sensory inputs, outside modulatory glutamatergic inputs,
outside neuromodulatory inputs, and numerous behaviorally relevant
downstream brain regions (McDonald 2020; Sah et al., 2003) — no studies have
probed the circuit- and molecular- level mechanisms by which endogenous ACh
signaling might facilitate attention and LTP/learning at the LA-BL pathway.
Further, the BNC contains distinct circuits that mediate the processing of
negative and positive stimuli (Janak and Tye 2015; Kim et al., 2016, 2017; Pi et
al., 2020; Yang et al., 2016; Zhang et al., 2020). Although evidence from a large

body of recent literature seems to suggest that transient activity of CBF neurons
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obeys prediction error principles and is most concerned with tracking the salience
of stimuli irrespective of valence (Aitta-aho et al., 2018; Chubykin et al., 2013;
Crouse et al., 2020; Guo et al., 2019; Hangya et al., 2015; Harrison et al., 2016;
Jiang et al., 2016; Kuchibhotla et al., 2017; Laszlovszky et al., 2020; Letzkus et
al., 2011, Liu et al., 2015; Sturgill et al., 2020; Teles-Grilo Ruivo et al., 2017), the
possibility remains that the CBF differentially contributes to amygdalar valence
processing by differentially impacting putative negative and positive circuits in the
BL. Aberrant cholinergic signaling and dysfunction of the amygdala are both
closely associated with various mood disorders, Alzheimer’s disease,
schizophrenia, among other conditions that currently lack effective treatments.
The experiments performed herein were designed to probe the circuit- and
molecular-level mechanisms by which endogenous ACh might facilitate the
attentional and learning-related functions of the amygdala by employing
optogenetics, in vitro electrophysiology, and various anatomical techniques.
Results generated from these studies offer new insight into the impact of ACh
signaling on emotional circuitry that is required for maintaining mental health and
could inform ongoing efforts to understand circuit dysfunction underlying and

pharmacological treatments for such conditions.
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CHAPTER 2
GENERAL METHODS

2.1. ANIMALS

2.1.1. ANIMAL CARE AND USE PROCEDURES

All animal care, use, and surgical procedures were performed in
compliance with the National Institutes of Health guidelines for care and use of
laboratory animals and approved by The Institutional Animal Care and Use
Committee (IACUC) of the University of South Carolina. All mice were housed in
temperature-controlled cages (with maximum of 5 mice per cage) and maintained

on a 12-hour light/dark cycle with ad libitum food and water.

2.1.2. SURGICAL PROCEDURES FOR INJECTIONS OF

RETROGRADE TRACERS

Stereotaxic injections were conducted on male and female ChAT-Cre
mice (8-12 weeks, Jackson Laboratory, Bar Harbor, ME). All surgical procedures
were performed under aseptic conditions using a stereotaxic instrument
(Stoelting, IL) equipped with a 2uL, 30 gauge Hamilton Neuros Syringe. Mice
were first anesthetized in an enclosed container with gaseous isoflurane (5%)

and kept under anesthesia (2% isoflurane) using the stereotaxic frame for the
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entire surgery. Mice were then unilaterally dual-injected into the NAc (AP:
+2.5mm, ML: -1.0mm, DV: -4.7mm) and CeA (AP: -0.1mm, ML: -2.4mm, DV -
5.3mm) with Cholera Toxin Subunit B conjugated to Alexa Fluor 647 and 555

(CTB 647 and CTB 555), respectively.

2.1.3. ANIMALS USED FOR ELECTROPHYSIOLOGY

In most experiments, six- to 24-week-old ChAT-Cre/Ai32(ChR2-EYFP)
transgenic mice of either sex were used, which express ChR2(H134R)-EYFP in
cholinergic neurons. These were generated by crossing ChAT-Cre animas
(#006410, The Jackson Laboratory) with Cre-dependent reporter Ai-ChR2-eYFP
animals (#012569, Jackson Labs). In Chapter 4 experiments where muscarine
was applied (Fig. 4.6.G-1.), male and female ChAT-Cre mice of a similar age

were used instead.

2.2. SLICE PREPARATION FOR ELECTROPHYSIOLOGY

RECORDINGS

Animals were deeply anesthetized with isoflurane and the brain was
quickly extracted and submerged in ice-cold artificial cerebrospinal fluid (ACSF)
saturated with 95% O2 and 5% CO2 and containing the following (in mM): 110
choline chloride, 2.5 KCL, 25 NaHCO3, 1.0 NaH2PO4, 20 glucose, 5 MgCI2, 0.5
CaCl2. Coronal brain slices (300uM thick) containing amygdala were sectioned
using a vibratome (VT1000S; Leica, Nussloch, Germany) and immediately
transferred to ACSF (saturated with 95% O2 and 5% CO2) containing (in mM)

125 NacCl, 2.7 KCI, 25 NaHCO3, 1.25 NaH2 P04, 10 glucose, 5 MgCI2, 0.5
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CaCl2. All slices were incubated at 34-36°C for a minimum of 20 minutes before

the solution was allowed to equilibrate to room temperature.

2.3. ELECTROPHYSIOLOGY RECORDINGS

Individual slices were transferred from an incubating chamber to a
recording chamber maintained at 32-34°C and continuously perfused with ACSF
(saturated with 95% O2 and 5% COZ2) containing 2 mM calcium and 1 mM
magnesium. Pyramidal neurons were visualized using infrared-differential
interference contrast optics through a 40x objective (Olympus BX51WI).
Recordings were made using a Multiclamp 700B amplifier and filtered at 1 kHz.
Recordings were digitized by a Digidata 1440A analog-todigital (A-D) board
(Molecular Devices, Sunnyvale, CA) in a Windows-based computer using

pClamp 10 software.

2.3.1. WHOLE-CELL RECORDINGS

Borosilicate glass electrodes of 4-6 MQ resistance were used and filled
with potassium gluconate internal solution consisting of (in mM) 130 K-gluconate,
5 KCI, 10 HEPES, 2 MgCI2, 2 MgATP, 0.3 NaGTP, 0.5 EGTA (pH 7.3). To patch
a cell, positive pressure was first applied through the recording electrode and the
electrode was lowered until a dimple surrounding the tip could be seen in the cell
membrane. At this point, positive pressure was released, and, after a brief pause
to allow membrane relaxation, negative pressure was subsequently and slowly
applied until a cell membrane-electrode seal of giga-ohm resistance was formed.

After another brief pause to allow things to settle, negative pressure was
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delicately applied once more until the giga-ohm seal was broken and access to

the inside of the cell was achieved.

2.3.2. SINGLE-UNIT RECORDINGS

As before, borosilicate glass electrodes of 4-6 MQ resistance were used,
but this time filled with recording ACSF instead of internal solution. The same
steps described above were used to patch the cell with two exceptions: a loose
seal of much lower resistance (200-500 MQ) was acceptable, and the cell
membrane was left intact. Compared to whole-cell recordings, this technique is
1) generally easier to perform, 2) preserves (or does not alter) the intracellular
contents of the recorded cell, and 3) (related to #2) provides a more stable
recording environment enabling longer recording sessions. A major disadvantage
is that it only allows you to detect cell firing (i.e., you cannot monitor membrane

potential changes).

2.4. OPTOGENETICS

Phasic and endogenous ACh release was evoked by delivering brief,
single flashes of blue light (473nM; Thor Labs) directly over the recorded cells
through a 40x lens, which activate ChR2 within cholinergic terminals in the slice.
Light flashes were always applied at 60 sec intervals to avoid potential buildup of

residual ACh in brain slices over the course of experiments.
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2.5. BATH APPLICATION OF DRUGS

For some experiments, drugs were applied to the entire brain slice.
Whenever applied this way, drugs were added to the recording ACSF and
perfused through the recording chamber. Rarely, drugs were applied using a
peristaltic pump. More commonly, they were applied via gravity-fed syringes. The
latter approach is more convenient because it enables drugs to be applied much
quicker due to a shorter distance to recording chamber, and multiple syringes
containing different drugs can be successively applied in the same experiments.
The flow rate of solutions applied via syringes was adjusted via clamps applied to
the tubing leading to the recording chamber. For both methods, the flow rate was

adjusted to be the same (roughly 2mL/min).

2.6. PUFF APPLICATION OF NMDA

For some experiments, NMDA was applied onto recorded cells via
pressure-ejection. NMDA was dissolved in the same recording ACSF used for
electrophysiology recordings and transferred into the same borosilicate glass
electrodes described above. The same electrode puller was used to create tips
with the same 4-6 MQ resistance as recording electrodes, as well. These
electrodes were then mounted onto a pipette holder that was connected via
tubing to a picopump unit and an air tank. On the picopump unit itself, various
pressure settings could be adjusted, such as the pressure strength and duration.
Puff electrodes were always positioned approximately 50-100uM away from the

cell body.
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2.7. CONFOCAL IMMUNOFLUORESCENCE MICROSCOPY

2.7.1. GENERATION OF SLICES FOR SUBSEQUENT

IMMUNOHISTOCHEMISTRY

Mice were anesthetized with isoflurane and intracardially perfused with
ice-cold 0.1M phosphate buffered saline (PBS, pH 7.4) containing 0.5% sodium
nitrite followed by ice-cold 4% paraformaldehyde (PFA) in 0.4M phosphate buffer
(PB, pH 7.4). Brains were immediately extracted and postfixed overnight in 4%
PFA in PB (0.4M, pH7.4) at 4°C. A Vibratome (Leica Microsystems) was used to
collect sections at a thickness of 50 yum, which were then stored in 0.1M PBS (pH
7.4) at 4°C until further processing. All sections from each animal were later used

for immunohistochemical processing.

2.7.2. GENERAL IMMUNOHISTOCHEMICAL PROCESSING OF

SECTIONS

Sections were washed 3 times, 30 min total, in 0.05M tris-buffered saline
solution (TBS pH 7.6). Sections were blocked with TBS containing 10% normal
goat serum (NGS) and permeabilized with 0.5% Triton-X100 for 30 min. Sections
were then washed with TBS (0.05M pH7.6) for 5 min 3 times. Sections were
incubated overnight at room temperature with the primary antibody in 0.5% Triton
and 2% NGS. The following day, sections were thoroughly washed with 0.05M
TBS 3 times, 10 min per wash. Sections were then incubated for 3 hours,

covered from light, with the secondary antibody in 0.5% Triton and 2% NGS.
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Sections were washed for 5 min 3 times in 0.05M TBS and then 5 min 2 times in
0.05M tris-buffered solution (TB pH7.4), mounted on 0.5% gelatinized slides, and
coverslipped with Prolong Diamond Antifade Mountant (Invitrogen, Thermo
Fisher). In some cases, ProLongTM Antifade Mountant with DAPI (Invitrogen,

Thermo Fisher) was used instead. All slides were kept in 4°C until imaging.

2.7.3. POST HOC VISUALIZATION OF RECORDED CELLS FILLED

WITH BIOCYTIN

In some cases, biocytin (Sigma, St. Louis, MO) 0.2-0.4% was added to
the internal recording solution used for electrophysiology experiments to enable
later visualization of the neuron morphology. This tissue was processed as
follows. After recordings were performed, slices were transferred from the
recording chamber to 4% paraformaldehyde in 0.1 M phosphate buffer, where
they remained for a minimum of 24-hours at 4 degrees C for fixation. Later, slices
were resectioned at 50-75 ym on a vibratome. Sections were then rinsed in 3
changes of TBS (10 min each) and permeabilized with 0.5% Triton-X100 for 30
min, before incubation in Alexa-488-conjugated streptavidin (1:1,000; Invitrogen,
Thermo Fisher) for 2-3 hours. Sections were then rinsed in 3 changes of TBS (10
min each), mounted on glass slides using Vectashield mounting medium (Vector
Laboratories, Burlingame, CA) and examined with an Invitrogen EVOS FL Auto
2.0 Imaging system (Thermo Fisher Scientific Inc., USA) or a Leica SP8

Multiphoton Confocal System (Leica Microsystem Inc., IL, USA).

* See individual chapters for more detailed information pertaining to each study *
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2.8. STATISTICAL ANALYSES

2.8.1. ELECTROPHYSIOLOGY

Data from electrophysiological recordings was analyzed using Clampfit
10.7 (Molecular Devices) and figures were made using Origin Lab Pro software.
Statistical comparisons were performed using the appropriate t test or ANOVA
with post hoc test. Values are given as mean £ SEM. A minimum of three

animals were used for data presented in each figure.

2.8.2. CONFOCAL MICROSCOPY

All cell counting and M1R fluorescent intensity measurements were done
using Fiji ImageJ 1.52i (National Institutes of Health, USA). For all ImageJ
analysis performed, images were first converted to 8-bit greyscale. The Polygon
Selection Tool was used to outline the borders between the various nuclei
comprising the basolateral nuclear complex (BNC), which were determined by
referencing a DAPI or Nissl counterstain in the same or a similar section and The
Mouse Brain in Stereotaxic Coordinates (Paxinos and Franklin 2013). The
borders of each nucleus were then added and saved to ROl manager. NAc and
CeA projectors within the amygdala of each section were also outlined, added,
and saved to the ROl manager, only instead by using the Oval Selection Tool.
Ovals placed over each cell were identical in shape and size and did not overlap.
Total projectors within the amygdala of each section were simply equal to the
number of projector ROIs saved to the ROl manager for that population. The

count of each type of projector within a given nucleus was determined using the
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following steps. First, “Edit = Clear Outside” was performed with all ROls of a
given projector population selected, leaving behind the outline of only those
projectors within the amygdala. Second, “Edit - Clear Outside” was repeated,
only this time with the ROI of a nucleus of interest. This left behind only the
projectors of a given population within that nucleus. Finally, these projectors were
counted by ImagedJ by first performing “Image - Adjust 2 Threshold” and then
“‘Analyze - Analyze Particles”. These steps repeated for each projector
population within each nucleus of each section of each animal. The CTB channel
corresponding to the projector population being analyzed was used, although
which channel is chosen should not matter because pixel intensity is not being
measured. Average M1R intensity per nucleus was measured using the Measure
function within the ROl manager while having a given nucleus selected in the M1
channel. Likewise, average M1R intensity per projector population was measured
by repeating these steps while having the projector ROIs selected, instead. All
final M1R intensities utilized during statistical tests were background subtracted
values. Based on its consistently low M1R labeling, the average M1R intensity of
the region approximating the stria terminalis — which was determined by
comparing the Nissl or DAPI counterstain channel with The Mouse Brain in
Stereotaxic Coordinates (Paxinos and Franklin 2013) — was used for background
subtractions. Prior to T-tests, F-tests were performed to determine whether the
variances between each group were equal or unequal. Afterwards, a student’s T-
test was performed and interpreted based on the outcome of the preceding F-

test.
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CHAPTER 3
DIFFERENCES IN M1 MUSCARINIC RECEPTOR EXPRESSION

BETWEEN PYRAMIDAL NEURONS OF THE BASOLATERAL
NUCLEAR COMPLEX OF THE AMYGDALA

3.1. INTRODUCTION

The basolateral nuclear complex of the amygdala (BNC) — consisting of
the lateral (LA), basolateral (BL), and basomedial nuclei (BM) — detects
biologically important environmental stimuli and orchestrates appropriate
behavioral responses to their implied meaning (Adolphs et al., 1994; Blanchard
and Blanchard 1972; Brown and Schafer 1888; Kltver and Bucy 1937; LeDoux et
al., 1990; McDonald 2020; Pitkanen et al., 1997; Weiskrantz 1956). The BNC
processes representations of negative and positive stimuli, but there is ongoing
debate over how its circuitry is organized to support these distinct computations
(Ambroggi et al., 2008; Baxter and Murray 2002; Beyeler et al., 2016, 2018;
Goosens and maren 2001; Gore et al., 2015; Janak and Tye 2015; Killcross et
al., 1997; Kim et al., 2016, 2017; Namburi et al., 2015; Paton et al., 2006;
Pignatelli and Beyeler 2019; Stuber et al., 2011; Tye 2018; Tye et al., 2008;
Zhang et al., 2020).

Two bodies of literature have emerged describing the organization of

negative and positive circuits within the BNC, with each emphasizing an
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important role for pyramidal neurons (PNs) residing in the BL. Some studies
suggest that PNs in the anterior BL (BLa) and posterior BL (BLp) correspond to
negative and positive circuits, respectively (Kim et al., 2016, 2017; Pi et al., 2020;
Yang et al., 2016; Zhang et al., 2020), while others suggest that intermingled
populations of BL PNs projecting to different regions correspond to negative and
positive circuits, with central amygdala (CeA) and nucleus accumbens (NAc)
projectors representing two primary pathways that mediate the former and latter,
respectively (Ambroggi et al., 2008; Beyeler et al., 2016, 2018; Namburi et al.,
2015; Stuber et al., 2011; Tye et al., 2008).

The BL is heavily innervated by the cholinergic basal forebrain (Carlsen
and Heimer 1986; Muller et al., 2011) and recent studies have shown that
endogenous ACh signaling in this region is important for negative and positive
emotional processing (Aitta-aho et al., 2018; Crouse et al., 2020; Guo et al.,
2019; Hangya et al., 2015; Jiang et al., 2016). However, no studies published in
peer-reviewed journals have directly compared whether ACh differentially
modulates negative and positive emotional circuits within the BNC or BL using
the projection- and location-based definitions described above.

A couple of anatomical studies from one group did examine the
distribution and neuronal localization of the M1 muscarinic ACh receptor (M1R) in
the rat BNC and observed that, in addition to being almost exclusively expressed
on PNs, making them an ideal marker for this study, M1R labeling appeared
most robust in the BLa compared to its other regions (McDonald and Mascagni

2010; Muller et al., 2013). However, because these studies were conducted
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before the location-based definition of negative and positive circuits emerged,
this finding was not reported in the context of valence processing. In addition,
these studies did not quantify their reported differences in M1R expression
between BCN regions. Finally, no studies published in peer-reviewed journals
have attempted to compare M1R expression between projection-defined
populations of neurons residing in the BNC or BL.

We had two hypotheses in this study. First, we thought M1R expression
would be greatest in the BLa compared to the other regions of the BNC. Second,
we believed M1R expression would be higher on whichever projector population
(NAc or CeA projectors) had a larger proportion that resided in the BLa. We
addressed these hypotheses with two aims. First, we quantified the average M1R
immunofluorescence intensity of the BLa and compared it against the average
intensity of the other regions of the BNC. Second, we compared M1R expression
levels between CeA and NAc projectors. In the latter case, we first compared
M1R expression of all CeA projectors in the BNC against all NAc projectors of
the BNC. Subsequently, we repeated this comparison focusing on only the NAc
and CeA projectors that resided in the BL (BLa and BLp), excluding the
projectors of each population residing in the other BNC regions from analysis.
Findings from this study will offer a fresh take on whether there is an anatomical
basis for differential cholinergic modulation of putative negative and positive
emotional circuits in the BNC and contribute to an understanding of ACh’s role in
valence processing in the amygdala by indicating whether putative negative and

positive emotional circuits are differentially modulated by ACh signaling.
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3.2. MATERIALS AND METHODS

3.2.1. ANIMALS

All animal care, use, and surgical procedures were performed in
compliance with the National Institutes of Health guidelines for care and use of
laboratory animals and approved by The Institutional Animal Care and Use
Committee (IACUC) of the University of South Carolina. All mice were housed in
temperature-controlled cages (with maximum of 5 mice per cage) and maintained

on a 12-hour light/dark cycle with ad libitum food and water.

3.2.2. TISSUE PREPARATION, IMMUNOHISTOCHEMISTRY, AND
RETROGRADE TRACING

3.2.2.A. M1R immunolabeling study design

Male ChAT-Cre mice (8-12 weeks, Jackson Laboratory, Bar Harbor, ME)
were anesthetized with isoflurane and intracardially perfused with ice-cold 0.1M
phosphate buffered saline (PBS, pH 7.4) containing 0.5% sodium nitrite followed
by ice-cold 4% paraformaldehyde (PFA) in 0.4M phosphate buffer (PB, pH 7.4).
Brains were immediately extracted and postfixed overnight in 4% PFA in PB
(0.4M, pH7.4) at 4°C. A Vibratome (Leica Microsystems) was used to collect
horizontal sections along the entire dorsal-ventral axis of the amygdala at a
thickness of 50 um, which were then stored in 0.1M PBS (pH 7.4) at 4°C until
further processing. All sections from each animal were later used for M1R
labeling. During M1R labeling, all sections from the same animal were processed
in the same well and sections from different animals were processed in different

wells simultaneously. Sections were washed 3 times, 30 min total, in 0.05M tris-
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buffered saline solution (TBS pH 7.6). Sections were blocked with TBS
containing 10% normal goat serum (NGS) and permeabilized with 0.5% Triton-
X100 for 30 min. Sections were then washed with TBS (0.05M pH7.6) for 5 min 3
times. Sections were incubated overnight at room temperature with the primary
antibody (see Table 1 below for product details) in 0.5% Triton and 2% NGS. The
following day, sections were thoroughly washed with 0.05M TBS 3 times, 10 min
per wash. Sections were then incubated for 3 hours, covered from light, with the
secondary antibody (see Table 1 below for product details) in 0.5% Triton and
2% NGS. Sections were washed for 5 min 3 times in 0.05M TBS and then 5 min
2 times in 0.05M tris-buffered solution (TB pH7.4), mounted on 0.5% gelatinized
slides, and coverslipped with Prolong Diamond Antifade Mountant (Invitrogen,

Thermo Fisher). All slides were kept in 4°C until imaging.

3.2.2.B. Combined retrograde tracing and M1R immunolabeling study

Stereotaxic injections were conducted on male and female ChAT-Cre
mice (8-12 weeks, Jackson Laboratory, Bar Harbor, ME). All surgical procedures
were performed under aseptic conditions using a stereotaxic instrument
(Stoelting, IL) equipped with a 2uL, 30 gauge Hamilton Neuros Syringe. Mice
were first anesthetized in an enclosed container with gaseous isoflurane (5%)
and kept under anesthesia (2% isoflurane) using the stereotaxic frame for the
entire surgery. Mice were then unilaterally dual-injected into the NAc (AP:
+2.5mm, ML: -1.0mm, DV: -4.7mm) and CeA (AP: -0.1mm, ML: -2.4mm, DV: -
5.3mm) with Cholera Toxin Subunit B conjugated to Alexa Fluor 647 and 555

(CTB 647 and CTB 555), respectively (see Table 1 for product and injection
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details). Ten days after injections, animals were perfused as indicated above.
Coronal sections 50 um thick were collected using a Vibratome (Leica
Microsystems) and stored in 0.1M PBS (pH 7.4) at 4°C for later
immunohistochemical processing. Consecutive sections were taken along the
entire anteroposterior axis of the nucleus accumbens (NAc) and amygdala to
verify the accuracy of both injection sites and capture the full extent of NAc and
CeA projector and M1R distribution throughout the amygdala. Only mice with
centers of injections confined to both the NAc and CeA in the same animal were
selected for further processing and analysis (N =4, 1 male and 3 female). Three
sections containing amygdala at predetermined anterior (-1.07mm AP),
intermediate (-1.91mm AP), and posterior (-2.15mm AP) planes relative to
Bregma according to The Mouse Brain in Stereotaxic Coordinates (Paxinos and
Franklin 2013) were imaged to assess projector distribution and chosen to
undergo subsequent M1R labeling, which involved the same procedure as above

and the additional use of ProLongTM Antifade Mountant with DAPI.

3.2.3. IMAGE ACQUISITION AND DATA ANALYSIS

All images of NAc and CeA injection sites were collected using the
Invitrogen EVOS FL Auto 2.0 Imaging system (Thermo Fisher Scientific Inc.,
USA). All sections collected from each animal containing NAc and CeA were
imaged to verify the accuracy and spread of the injections. Tiled images were
acquired with the 4x objective to view all sections on each slide. All images were
captured using the brightfield setting. The NAc and CeA injections were

visualized using the GFP and Cyb5 filter cubes, respectively. The center, spread,
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and localization of each injection were determined referencing The Mouse Brain
in Stereotaxic Coordinates (Paxinos and Franklin 2013). Only mice with centers
of injections confined to both the NAc and CeA in the same animal were selected
for further processing and analysis (N =4, 1 male and 3 female). All sections
containing amygdala that were processed and used for analysis were imaged
using a Leica SP8 Multiphoton Confocal System (Leica Microsystem Inc., IL,
USA). The same scope imaging settings were used for all confocal images
collected (see Table 2 below for details). All cell counting and M1R fluorescent
intensity measurements were done using Fiji ImageJ 1.52i (National Institutes of
Health, USA). For all ImageJ analysis performed, images were first converted to
8-bit greyscale. The Polygon Selection Tool was used to outline the borders
between the various nuclei comprising the basolateral nuclear complex of the
amygdala (BNC), which were determined by referencing a DAPI or Nissl
counterstain in the same or a similar section and The Mouse Brain in Stereotaxic
Coordinates (Paxinos and Franklin 2013). The borders of each nucleus were
then added and saved to ROl manager. NAc and CeA projectors within the
amygdala of each section were also outlined, added, and saved to the ROI
manager, only instead by using the Oval Selection Tool. Ovals placed over each
cell were identical in shape and size and did not overlap. Total projectors within
the amygdala of each section were simply equal to the number of projector ROIs
saved to the ROI manager for that population. The count of each type of
projector within a given nucleus was determined using the following steps. First,

“Edit - Clear Outside” was performed with all ROls of a given projector
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population selected, leaving behind the outline of only those projectors within the
amygdala. Second, “Edit > Clear Outside” was repeated, only this time with the
ROI of a nucleus of interest. This left behind only the projectors of a given
population within that nucleus. Finally, these projectors were counted by ImageJ
by first performing “Image - Adjust - Threshold” and then “Analyze - Analyze
Particles”. These steps repeated for each projector population within each
nucleus of each section of each animal. The CTB channel corresponding to the
projector population being analyzed was used, although which channel is chosen
should not matter because pixel intensity is not being measured. Average M1R
intensity per nucleus was measured using the Measure function within the ROI
manager while having a given nucleus selected in the M1 channel. Likewise,
average M1R intensity per projector population was measured by repeating
these steps while having the projector ROIs selected, instead. All final M1R
intensities utilized during statistical tests were background subtracted values.
Based on its consistently low M1R labeling, the average M1R intensity of the
region approximating the stria terminalis — which was determined by comparing
the Nissl or DAPI counterstain channel with The Mouse Brain in Stereotaxic
Coordinates (Paxinos and Franklin 2013) — was used for background
subtractions. Prior to T-tests, F-tests were performed to determine whether the
variances between each group were equal or unequal. Afterwards, a student’s T-
test was performed and interpreted based on the outcome of the preceding F-

test.
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3.3. RESULTS

3.3.1. DIFFERENTIAL EXPRESSION OF THE M1R IN THE BNC

First, we sought to quantify differences in M1R expression between
regions of the BNC by applying an antibody targeting the M1R to sections
containing the amygdala and comparing M1R immunofluorescence intensity
between regions of interest within the BNC. Horizontal sections were used
because they contain the full anteroposterior axis of the amygdala. We applied
the antibody to multiple sections taken from various points along the dorsoventral
axis of the amygdala to assess the distribution of M1R expression throughout the
entire BNC. We observed strong perikaryal staining confined to the cytoplasm
and avoiding the nucleus (Fig. 3.1.A.). We also observed significant but slightly
lighter labeling of the surrounding neuropil, which was punctate in nature (Fig.
3.1.A.). Both observations are consistent with previous reports (McDonald and
Mascagni 2010; McDonald and Mott 2021; Muller et al., 2013).

We also observed significant variation in M1R immunolabeling along the
anteroposterior axis of the amygdala, especially in intermediate sections
containing BLa and BLp. The anterior half of the BL had a relatively uniform
labeling pattern that was distinct from the posterior half (Fig. 3.1.B., right). Within
the posterior half of the BL, immunofluorescence intensity was noticeably lighter.
The labeling pattern in this region was also slightly different, with markedly fewer
M1R+ perikarya and a sparser labeling of the neuropil (Fig. 3.1.B., top left vs.
bottom left). These results suggest that the neuronal localization of M1R

expression differs between neurons residing in the anterior and posterior BL.
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Interestingly, there also appeared to be an M1R gradient along the
anteroposterior axis, with the highest and lowest levels of M1R expression
corresponding to the anterior and posterior regions, respectively. We also
generated heat maps that assign warmer and cooler colors to brighter and darker
pixels, which enable better visualization of this M1R expression gradient. An
example of one of these heat maps can be seen on the right side of Figure 1C,
which depicts and intermediate section containing BLa and BLp. We further
guantified this gradient by measuring the average M1R fluorescence intensity of
equally sized and spaced regions of interest (ROIs) running along the midline
and anteroposterior axis (Fig. 3.1.C.; N=6 male mice). Together, these results
suggest the existence of an anteroposterior M1R expression gradient, with the
highest and lowest levels corresponding to the anterior and posterior regions,
respectively.

We also determined whether M1R expression varies between different
regions of the BNC. To do so, we measured the average M1R fluorescence
intensity of ROIs outlining the BLa, BLp, LA, and posterior division of the BM
(BMP) (Fig. 3.2.A.). Our analysis revealed that the BLa had the greatest M1R
fluorescence intensity of all the regions analyzed. Interestingly, we also observed
that the BLp had a significantly greater M1R fluorescence intensity than the LA
(Fig. 3.2.B.). Although previous studies have already noted that M1R expression
appears highest in the BLa (McDonald and Mascagni 2010; McDonald and Mott

2021; Muller et al., 2013), we are the first to quantitatively verify this observation.
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3.3.2. DIFFERENTIAL DISTRIBUTION PATTERNS OF CEA AND
NAC PROJECTORS AND THEIR CORRELATION WITH THE

DISTRIBUTION OF M1R EXPRESSION IN THE BNC

We were ultimately interested in comparing M1R expression between
each projector population. However, before we could do so, we first needed to
establish the distribution pattern of CeA and NAc projectors throughout the BNC
before we could correlate these patterns with the distribution of M1R expression
in the same sections. To accomplish this task, we injected the retrograde tracers
Cholera Toxin B (CTB) conjugated to Alexa Fluor 555 (CTB 555) into the NAc
and CTB 647 into the CeA of the same animals to independently visualize each
cell type in the same sections (Fig. 3.3.A.). In all animals, strong CTB 555
fluorescence can be seen in the NAc core and bordering the ventrally adjacent
NAc shell, indicating the NAc projectors in the present study are likely a mix of
NAc core and shell projectors. The strongest CTB 647 fluorescence of these
animals can be seen in the CeL and CeC region, with possibly lighter
fluorescence in the CeM, suggesting the CeA projectors in our study could
represent a mix of CeL, CeC, and CeM projectors. After waiting for complete
retrograde transport, we imaged the anterior, intermediate, and posterior coronal
planes of the amygdala to assess and compare CeA and NAc projector
distribution patterns throughout the BNC. This strategy successfully labeled three
distinct populations of projector types that were differentially distributed
throughout the BNC: CeA projectors, NAc projectors, and dual projectors, the

latter of which innervate the CeA and NAc simultaneously (Fig. 3.3.B. and
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3.3.C.). We counted a total of 2,410 cells, with 663 cells (27%) projecting to CeA,
1,468 cells (61%) projecting to NAc, and 279 cells (12%) projecting to both the
CeA and NAc (N =4, 1 male and 3 female). The distribution pattern of each
projector type from all animals can be seen in Figure 3.4. We noticed that CeA
(red dots) and dual projectors (blue dots) appeared to preferentially localize to
the more posterior and lateral aspects of the BNC (Fig. 3.4.B. and 3.4.C.),
whereas NAc projectors (green dots) were more evenly distributed along the
mediolateral and anteroposterior axes (Fig. 3.4.B.). Interestingly, very few NAc
projectors localized to the posterior region of the LA (Fig. 3.4.B.).

Next, we repeated our M1R immunolabeling protocol from above in these
same sections to see whether we could correlate the distribution of M1R
expression in the BNC with the distribution of CeA and NAc projectors, two
prominent examples of projectors associated with negative and positive
emotions, respectively. We did not include dual projectors in this analysis
because of how few there were and because their relevance to behavior is less
known. On average, the intermediate sections of amygdala contained the
greatest number of NAc projectors, followed by the anterior and posterior
sections in descending order (Fig. 3.5.A., left). The average number of CeA
projectors, on the other hand, gradually increased along the anteroposterior axis,
with the lowest and highest numbers in the anterior and posterior sections,
respectively (Fig. 3.5.A., left). NAc projectors outnumbered CeA projectors in
every slice, with significant differences between the average number of NAc and

CeA projectors in anterior and intermediate sections, but not posterior sections
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(Fig. 3.5.A,, left). Interestingly, the ratio by which NAc projectors outnumbered
CeA projectors formed a steep and decreasing anteroposterior gradient, with the
highest and lowest NAc/CeA ratios corresponding to the anterior and posterior
sections, respectively (Fig. 3.5.A., middle). We measured the average M1R
fluorescence intensity of the entire amygdala in these same sections and,
interestingly, observed a decreasing gradient of M1R expression along
anteroposterior axis that paralleled the decreasing anteroposterior NAc/CeA ratio
gradient (Fig. 3.5.A., right). Although M1R fluorescence intensity was not
significantly different between coronal sections, the decreasing anteroposterior
trend we observe in these sections nicely supports our earlier finding that there is
a decreasing gradient of M1R expression along anteroposterior axis of BL in
horizontal sections (Fig. 3.2.B.). Together, these results establish that M1R
expression is highest in sections of the amygdala where NAc projectors most
significantly outnumber CeA projectors.

Next, we repeated this analysis focusing on subnuclei of the BNC. NAc
projectors outnumbered CeA projectors in all four regions, with significant
differences in the BLa and BMP (Fig. 3.5.B., left). Interestingly, the NAc/CeA ratio
in the BLa was far greater than it was in the other regions (Fig. 3.5.B., middle).
Specifically, the ratio by which NAc projectors outnumbered CeA projectors in the
BLa (8.1+£1.9) was approximately three time higher than it was in the BLp
(2.7+1.1), approximately four times higher than it was in the BMP (2.1+1.1), and
approximately five times higher than it was in the LA (1.5+0.5) (Fig. 3.5.B.,

middle). There were no significant differences between the NAc/CeA ratios of the
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other regions. We measured the average M1R fluorescence intensity of the same
nuclei in these same sections and, interestingly, found that M1R intensity was
highest in the BLa (Fig. 3.5.B., right). Statistically, M1R expression in the BLa
was also significantly greater than it was in the BLp, but not the other regions
(Fig. 3.5.B., right). Together, these results establish that M1R expression is
highest in the BLa, where the ratio by which NAc projectors outnumber CeA

projectors is also substantially higher than it is in the other regions of the BNC.

3.3.3. DIFFERENTIAL EXPRESSION OF M1R ON CEA AND NAC

PROJECTORS IN THE BNC

Our findings that NAc projectors substantially outnumbered CeA
projectors in the same regions of the BNC where M1R expression was the
highest led us to hypothesize that all NAc projectors would express more M1R
compared to all CeA projectors. To test this hypothesis, we compared the
average M1R fluorescence intensity of every NAc projector in the BNC with the
average M1R fluorescence intensity of every CeA projector in the BNC. In
support of our hypothesis, the average M1R fluorescence intensity of all NAc
projectors in the BNC was significantly higher than the average M1R
fluorescence intensity of all CeA projectors in the BNC (Fig. 3.6.A. and 3.B., left).
Interestingly, 29 percent of all NAc projectors in the BNC resided in the BLa —
where M1R intensity is the highest — compared to only 9 percent of all CeA
projectors in the BNC (Fig. 3.6.B., middle and right), suggesting NAc projectors in
the BNC could express more M1R than CeA projectors in the BNC because a

larger portion of them reside in the BLa, where M1R expression is highest.
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Reports suggest that CeA projectors and the BLa mediate negative
emotions and NAc projectors and the BLp mediate positive emotions (Ambroggi
et al., 2008; Baxter and Murray 2002; Beyeler et al., 2016, 2018; Goosens and
maren 2001; Gore et al., 2015; Janak and Tye 2015; Killcross et al., 1997; Kim et
al., 2016, 2017; Namburi et al., 2015; Paton et al., 2006; Pignatelli and Beyeler
2019; Stuber et al., 2011; Tye 2018; Tye et al., 2008; Zhang et al., 2020).
Therefore, we also compared M1R expression levels between only the CeA and
NAc projectors that resided in the BL (BLa and BLp combined). Since NAc
projectors outnumber CeA projectors in the BLa substantially more than they do
in the BLp (Fig. 3.5.B., middle) and M1R expression in the BLa is significantly
higher than it is in the BLp (Fig. 3.2.B. and Fig. 3.5.B., right), we hypothesized
that NAc projectors in the BL would express more M1R compared to CeA
projectors in the BL. In support of our hypothesis, the average M1R fluorescence
intensity of all NAc projectors in the BL was significantly higher than the average
M1R fluorescence intensity of all CeA projectors in the BL (Fig. 3.7.A.).
Interestingly, 43 percent of all NAc projectors in the BL resided in the BLa
compared to 17 percent of all CeA projectors in the BL (Fig. 3.7.B.), suggesting
NAc projectors in the BL express more M1R than CeA projectors in the BL
because a much larger portion of BL NAc projectors reside in the BLa, where
M1R expression is highest.

So far, our findings indicate that the location rather than projection target
of BNC PNs determines their overall level of M1R expression. This led us to

hypothesize that M1R expression of projection-defined PNs residing in the BLa
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will have higher M1R expression compared to projection-defined PNs residing in
the BLp, regardless of their projection target. Supporting this hypothesis, M1R
expression on PNs of a given projector population that resided in the BLa was
always significantly higher than M1R expression on PNs of the same projector
population that resided in the BLp (Fig. 3.8.A.).

Our data so far has shown that NAc projectors express more M1R than
CeA projectors, but whether this is because of where they project or are located
within the BL is less clear. To address this, we compared M1R expression
between CeA and NAc projectors residing in the same division of BL (BLa or
BLp), as well as CeA projectors of the BLa and NAc projectors of the BLp. If
projection target is the determining factor, we would expect NAc projectors to
have more M1R regardless of location within BL. We found that there were no
significant differences between NAc and CeA projectors residing in the same
division (BLa or BLp) (Fig. 3.8.B.). Further, NAc projectors in the BLp did not
have a higher M1R expression than CeA projectors in the BLa (Fig. 3.8.C.).
Together, these results suggest that that the location of BL PNs with respect to
the BLa, where M1R expression is highest, is a more important factor in
determining whether PNs will express more M1R than their projection target.

3.4. DISCUSSION

Consistent with earlier reports (McDonald and Mascagni 2010; McDonald
and Mott 2021; Muller et al., 2013), we found that M1R expression was highest in
the BLa compared to the BLp and other regions of the BNC. Our study is the first

to quantify these differences, as no studies published in peer-reviewed journals

49



had done so. We also compared M1R expression between the BLa and BLp
because of recent reports suggesting that PNs in the BLa and BLp preferentially
process negative and positive emotions, respectively (Kim et al., 2016, 2017; Pi
et al., 2020; Yang et al., 2016; Zhang et al., 2020). Our finding of greater M1R
expression in BLa compared to BLp may suggest that ACh preferentially
modulates negative over positive emotional circuits.

A separate body of literature suggests that negative and positive
emotional circuits are determined by downstream region they innervate, with
intermingled populations of CeA and NAc projectors representing negative and
positive circuits, respectively (Ambroggi et al., 2008; Beyeler et al., 2016, 2018;
Namburi et al., 2015; Stuber et al., 2011; Tye et al., 2008). Therefore, we also
compared M1R expression between these two cell types to see whether
significant differences emerge. Interestingly, we found that NAc projectors
distributed throughout the entire BNC and only the BL expressed significantly
more M1R than CeA projectors distributed throughout the same regions. In
contrast to above, this finding alone suggests ACh would preferentially influence
positive over negative emotional circuits.

One hypothesis to explain this seeming contradiction is that NAc
projectors in the BLa and BLp mediate negative and positive emotions,
respectively, but that the consequence of their combined output (negative or
positive valence) is biased towards which BL division most of them reside in. For
example, if 75 percent of Population X resides in the positive BLp and 25 percent

resides in the negative BLa, activation of 100 percent of them would lead to
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positive emotion, since most of the output is positively biased. However, selective
activation of the 25 percent of Population X projectors in the BLa would lead to
negative emotion. This would be true of any projector population within the BL.

Supporting this, most of the NAc projectors in our study resided in the
positive BLp, which is consistent findings from a previous study (Kim et al.,
2016). Further, they supported this hypothesis by showing that selective
photoactivation of BLa NAc projectors elicits negative, not positive, behaviors
(see Kim et al., 2016, Supplemental Figure 9). This is interesting when
considering that positive behaviors were produced by photoactivation of BL NAc
projectors in earlier studies that didn’t consider their distribution between BLa
and BLp (Ambroggi et al., 2008; Stuber et al., 2011). It would be interesting to
know if more of the BL NAc projectors they stimulated resided in the BLp
compared to BLa. Taken together, these observations suggest it is possible that
both the location and projection target definitions of negative and positive circuits
are true, with projector populations biased toward negative or positive emotions
depending on whether a larger fraction of their whole resides in the negative BLa
or positive BLp. Within this framework, our findings would suggest that ACh
preferentially influences negative over positive emotional circuits via greater M1R
expression on negative BLa PNs, including a smaller subset of negative NAc
projectors in the BLa.

We also found that more of our CeA projectors resided in the BLp, which
is opposite of what we would expect since CeA projectors are reported to

process negative emotions. The same group from above probed the CeA
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projector population extensively in a follow up study and established that CeA
projectors are comprised of negative and positive subsets that project to different
nuclei within the CeA (Kim et al., 2016, 2017). Importantly, they found that
negative CeA projectors project to the CeC subnucleus and reside in the BlLa,
while the positive CeA projectors project to the CeL and CeM and reside in the
BLp. Therefore, since we observed most of our CeA projectors residing in the
BLp, it is possible we preferentially targeted the positive CeA projectors that
project to the CeL and CeM with our CTB injections. However, our injection sites
indicated sparser CeM labeling, suggesting they might more heavily target the
CeL. In a future study, it would be interesting to compare M1R expression
between NAc projectors and CeA projectors projecting to each of the different
subnuclei of the CeA.

It is also possible that a fraction of our CeA projectors (indicated by CTB
647) are NAc projectors unintentionally labeled by during our CeA injections. A
significant portion of the axons from NAc projectors in the BNC pass through the
CeA region we injected and a previous study has shown that CTB can enter
fibers of passage near injection sites (Chen and Aston-Jones 1995).
lontophoretic injections are smaller than injections using the 30 gauge Hamilton
Neuro Syringe and have been shown to avoid labeling fibers of passage. A
previous study that used a needle to inject NAc with CTB (as we did here)
obtained a similar distribution of NAc projectors to us (Beyeler et al., 2018),
whereas the distribution of NAc projectors labeled by iontophoretic injections into

NAc of other studies (McDonald 1991a, 1991b) appeared to produce slightly
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different patterns, with perhaps sparser labeling of the posterior BLp. Therefore,
it is possible some of the most posterior CeA projectors in our study are NAc
projects labeled by uptake of CTB 647 into fibers of passage through the CeA
region.

Regardless of valence, our results ultimately suggest that differences in
M1R expression between PNs is determined by their location in the BNC rather
than their projection target. Supporting this, our earlier observation that NAc
projectors express more M1Rs than CeA projectors is likely due to a much larger
percentage of these cells residing in the BLa, where M1R expression is highest,
compared to CeA projectors. Further, PNs located in the BLa always had a
higher M1R expression than PNs in the BLp, regardless of where they projected,
including BLa CeA projectors compared to BLp NAc projectors.

Interestingly, we also noticed a nonsignificant trend of higher M1R
expression on NAc compared to CeA projectors within each division. These
observations could suggest an intricate scenario. Broadly, by way of a higher
M1R expression in the BLa compared to BLp, ACh could preferentially modulate
negative over positive emotional circuits. Simultaneously, however, ACh could
also preferentially modulate negative and positive NAc projectors over negative
and positive CeA projectors. If true, the precise translation of this observation to
behavior is hard to predict. Future studies employing projection-specific in vivo
optogenetic techniques should explore this possibility further to determine

whether it could be true.
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Our results provide an anatomical basis for future physiological and
behavioral studies to expand on, as the consequence of a greater M1R
expression in the BLa compared to other BNC regions can only be speculated
here. M1R are known to increase PN excitability and have been shown to be
important for emotional learning and memory consolidation (Power et al., 2003a,
2003b; Power and Sah 2008; Washburn and Moises 1992). Therefore, if the BLa
represents an area of the BNC where negative emotions are preferentially
processed, ACh may act through these M1R expression differences to
preferentially enhance BLa excitability at various points of behavior (encoding,
consolidation, etc.), promoting negative emotional bias. If true, perhaps there is
an evolutionary advantage of prioritizing negative over positive valence. For
example, it may be more beneficial for survival to react to unexpected stimuli with

defensive rather than appetitive behavior.
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Figure 3.1. M1R expression varies along the anteroposterior axis of the
BL. A. Representative image (maximum projected 40x water Z-stack) of M1R
immunolabeling in BLa. B. (Right) Representative image (maximum projected
20x tiled Z-stack) of M1R immunolabeling in a horizontal section from the
intermediate plane of the dorsoventral axis of the amygdala and (Left)
cropped and zoomed images corresponding to the red squares in right image
depicting M1R immunolabeling differences between the BLa and BLp. C.
(Right) Pixel intensity heat map of the same image from the right side of B. to
facilitate visualization of M1R expression differences along the anteroposterior
axis of BL and (Left) the average M1R immunofluorescence intensity of
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equally sized and spaced ROIs running along the midline and anteroposterior
axis of the BL (N = 6 mice). An example of each ROI is illustrated on the heat
map on the right side of C.
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Figure 3.2. M1R expression varies between the different regions of the
BNC. A. Representative images (all maximum projected 20x tiled Z-stack) of
M1R immunolabeling in horizontal sections from the dorsal (Left), intermediate
(Middle), and ventral (Right) planes of the dorsoventral axis of the amygdala.
The images in the bottom row are pixel intensity heat maps of the same
images above them to facilitate visualization of M1R expression differences
throughout the BNC. B. Average M1R immunofluorescence intensity of BLa,

BLp, LA, and BMP (N = 6 mice). * = p < 0.01, ** = p < 0.01, *** p < 0.001.

57



Figure 3.3. Injecting CTB into the NAc and CeA of the same animals
labels distinct populations of projection neurons in the BNC. A.
Representative EVOS images (4x) of CTB 555 (Left) and CTB 647 (Right)
injections in the NAc and CeA, respectively, of the same mouse. B.
Representative SP8 image (maximum projected 20x tiled Z-stack) of a coronal
section of BNC from the intermediate plane of the anteroposterior axis
depicting NAc, CeA, and Dual projectors in the same slice and mouse as A. C.
Representative image (maximum projected 40x water Z-stack) of NAc, CeA,
and Dual projectors in the BLa of the same mouse as B. and C. Green = CTB
555 (NAc projectors), Red = CTB 647 (CeA projectors), Orange = CTB 555
and CTB 647 in came cells (Dual projectors).

58



Anterior Intermediate Posterior
-1.07¥mm AP “1.91mm AP -2.15mm AP

B NAC
B ceA

NAc and CeA
Projectors

Dual
Projectors

Figure 3.4. NAc and CeA projectors have different distribution patterns
throughout the BNC. A. Templates of the anterior (Left), intermediate
(Middle), and posterior (Right) coronal sections of BNC that were used for
mapping projector distributions. B. Dot plots depicting the distribution of all
NAc and CeA projectors counted (N = 4 mice) on the templates depicted in A.
C. Same as B. but depicting the Dual projectors instead (same 4 mice).
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Figure 3.5. M1R expression is highest in regions where NAc projectors
outnumber CeA projectors. A. Left. Side-by side comparisons of the
average number of NAc and CeA projectors in each coronal plane of the BNC.
Middle. The average number of NAc projectors in each coronal plane of BNC
divided by the average number of CeA projectors in the same coronal planes
of the BNC. Right. Average M1R immunofluorescence intensities in each
coronal plane of the BNC. B. Left. Side-by side comparisons of the average
number of NAc and CeA projectors in the BLa, BLp, LA, and BMP. Middle.
The average number of NAc projectors in the BLa, BLp, LA, and BMP divided
by the average number of CeA projectors in the same subregions of the BNC.
Right. Average M1R immunofluorescence intensities in the BLa, BLp, LA, and
BMP. All analysis in this figure is of the same 12 sections and 4 mice (an
anterior, intermediate, posterior section per animal). *=p <0.01, * =p <

0.01, *** p < 0.001.
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Figure 3.6. NAc projectors in the BNC express more M1R than CeA
projectors in the BNC. A. A representative image (maximum projected 40x
water Z-stack, zoomed and cropped) of differential M1R immunolabeling of
CeA and NAc projectors in the BLa of the same slice. Red arrows point to
CeA projectors selectively labeled with M1R. Green arrows point to NAc
projectors selectively labeled with M1R. B. Left. Average M1R
immunofluorescence intensity of all CeA projectors (red dots) and all BLp
projectors (green dots) in the entire BNC (N = 4 mice). Middle and right. The
percentage of all BNC NAc projectors (middle) and all BNC CeA projectors
(right), analyzed in B., that distribute into the BLa, BLp, LA, and BMP. Arrows
emphasize differences in the BLa, where M1R expression is highest. * = p <

0.01, ** = p < 0.01, *** p < 0.001.
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Figure 3.7. NAc projectors in the BL express more M1R than CeA
projectors in the BL. A. Average M1R immunofluorescence intensity of only
the CeA projectors (red dots) and BLp projectors (green dots) residing in the
BL (BLa + BLp) (N = 4 mice). B. The percentage of BL NAc projectors (left)
and BL CeA projectors (right), which were analyzed in A., that distribute into
the BLa or BLp. Arrows emphasize even larger differences in the BLa, where

M1R expression is highest. * = p < 0.01, ** = p < 0.01, *** p < 0.001.

62



A. Pr's Combined NAc Pr's CeA Pr's

*% * *
70 = I I 70 = I I 70 - I I
o_ - .
. ~ \\
260 - o 2 60 - 2 60
7] 1] W
[ = = =
2 2 2
£ £ £
|._I. E 50 = E 50 =
@ @ @
= = =
% %‘ 40 = %. 40 =
Q Q \ o]
@ @ \ @
3 8 30 4 S 30 4
20 20— 20 e
BLa BLp BLa BLp BLa BLp
Within BLa Within BLp
B. ns ns c IEI
80 = 1 80 - 1 70 ~
70 -
> o 2 70 2 60
2 2 g
= w
£ 60 - £ 60 - £
; s L
% 50 - ¥ c
= = =
= = > 40 =
= = =
o 40 & 3
@ @ o :
I = ° L% ]
© 30 - 3 © 304
20 20 d—
NAc CeA 20 “NAc CeA pe T oon®®
. . 2!
Pr's Pr's Pr's Pr's 9\9“ 3‘}0

Figure 3.8. M1R expression differences between BL CeA and NAc
projectors are determined by distribution with respect to BLa, not
projection target. A. Left. Average M1R immunofluorescence intensity of
CeA and NAc projectors combined residing in the BLa (left side) and BLp
(right side). Middle. Average M1R immunofluorescence intensity of NAc
projectors residing in the BLa (left side) and BLp (right side). Right. Average
M1R immunofluorescence intensity of CeA projectors residing in the BLa (left
side) and BLp (right side). B. Left. Average M1R immunofluorescence
intensity of NAc projectors (left side) and CeA projectors (right side) residing
within the BLa. Right. Average M1R immunofluorescence intensity of NAc
projectors (left side) and CeA projectors (right side) residing within the BLp. C.
Average M1R immunofluorescence intensity of NAc projectors residing in the
BLp (left side) and CeA projectors residing in the BLa (right side).
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All analysis in this figure is of the same sections from the same 4 mice.*=p <
0.01, *=p < 0.01, ** p < 0.001.
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Table 3.1. Product information.

Antibodies
Type, Target Product Name Company Concentration | Product Number
1° Ab, M1R Rabbit anti-mAChR-M1-Rb-Af340 | Frontier Institute Co., Ltd 1:400 AB 2571791
2° Ab, Rabbit Ab Goat anti-rabbit-Alexa Fluor 488 Thermo Fisher 1:400 A21447

Counterstain

Product Name Company Concentration | Product Number
NeuroTrace™ 530/615 Red Fluorescent Nissl Stain Invitrogen 1:100 N21482
ProLong™ Diamond Antifade Mountant with DAPI Thermo Fisher N/A P36971

Retrograde Tracer

Product Name Company Volume Injected | Product Number
Cholera Toxin B, Alexa Fluor™ 555 Conjugate (CTB 555) Invitrogen 150nL C34776
Cholera Toxin B, Alexa Fluor™ 647 Conjugate (CTB 647) Invitrogen 70nL C34778
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Table 3.2. Leica SP8 microscope settings. All images analyzed were collected using these settings. PH 3
was chosen for the 488nm laser because it produced optimal visualization of M1R signal. The same PH 3 was
chosen for the other lasers to minimize variations in imaging settings between channels. Fluorescence
intensity produced from the 555nm and 638nm lasers were not compared with fluorescence intensity produced
from the 488nm laser.

Objective | Pinhole (AU) | Laser Line - Intensity | Gain|Offset | Scan Speed |Z (um)
10x 3 488nm - 5% 850 | -8 600 6.37

488nm - 5% 900 | -65

20x 3 555nm - 5% 740 | -13 400 10.88
638nM - 3.5% 790 | -45
488nm - 5% 960 | -45

40x Water 3 555nm - 5% 680 | -16 400 15.69
638nM - 3.5% 720 | -47




CHAPTER 4
PHASIC ACETYLCHOLINE ASSOCIATIVELY AND
TEMPORALLY IMPROVES THE SIGNAL-TO-NOISE RATIO OF
INTERNAL INPUTS TO PYRAMIDAL NEURONS IN BASAL
NUCLEUS OF THE AMYGDALA

4.1. INTRODUCTION

The basolateral nuclear complex of the amygdala (BNC) — consisting of
the lateral (LA), basolateral (BL), and basomedial nuclei (BM) — detects salient
environmental stimuli (cue-detection) and orchestrates appropriate behavioral
responses to their implied meaning (cue-guided behavior) (Adolphs et al., 1994;
Blanchard and Blanchard 1972; Brown and Schafer 1888; Kluver and Bucy 1937;
LeDoux et al., 1990; McDonald 2020; Pitkanen et al., 1997; Weiskrantz 1956).
Whether a selected behavior is appropriate depends partly on the value of the
perceived stimulus. Some stimuli have negative value and motivate aversive
behaviors (like avoidance), while others have positive value and motivate
appetitive behaviors (like approach) (Pignatelli and Beyeler 2019; Tye 2018). The
BNC responds to both types of stimuli and mediates both types of behaviors
(Belova et al., 2008; Bermudez and Schultz, 2010; Gore et al., 2015; Janak and

Tye 2015; LeDoux et al., 1990; Paton et al., 2006).
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The function above is accomplished through a precise pattern of internal
circuitry. Sensory information representing environmental stimuli enters the LA,
splits into parallel streams that move into the anterior (BLa) and posterior (BLp)
divisions of the BL and activates specific populations of pyramidal neurons (PNs)
located in different regions of the BL that project to different brain areas (Beyeler
et al., 2018; Janak and Tye 2015; Jimenez and Maren, 2009; Kim et al., 2016;
LeDoux 2000; Maren, 2001; Pitkanen et al., 1997). BLa and BLp PNs are
reported to preferentially process negative and positive emotions, respectively
(Kim et al., 2016, 2017; Pi et al., 2020; Yang et al., 2016; Zhang et al., 2020),
suggesting the LA-BLa and LA-BLp pathways do as well.

Internal information streams conveying sensory information from LA to
BLa and BLp PNs are modulated by diverse extra-amygdalar inputs (Pitkanen et
al., 1997). Therefore, the ability of LA terminals to fire these different PNs and,
consequently, the BNC to attribute salience and valence to environmental stimuli
is also under their influence. Interestingly, the cholinergic basal forebrain (CBF)
innervates the BL more heavily than any of its other targets (Carlsen and Heimer
1986; Muller et al., 2011), highlighting acetylcholine (ACh) as a prime candidate
for mediating these effects via its interactions with LA inputs onto BLa and BLp
PNs. Our lab has previously shown that the BLa receives a greater cholinergic
innervation than the BLp, suggesting ACh could preferentially modulate LA-BLa
PN over LA-BLp PN circuits.

ACh is a neuromodulator that alters synaptic transmission and neuronal

excitability by activating nicotinic (nAChRs) and muscarinic (MAChRS) receptors
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on distinct cell types and circuit components (Crouse et al., 2020; Laszlovszky et
al., 2020; Picciotto et al., 2012). ACh has well-established roles in attention and
arousal (Everitt and Robbins 1997; Hasselmo and Sarter 2011) and substantial
evidence from hippocampus and cortex indicate that nAChRs and mAChRs
cooperate to enhance the signal-to-noise ratio of inputs, a postulated mechanism
for the cholinergic enhancement of attention to and encoding of salient stimuli
(Colangelo et al., 2019; Hasselmo 2006; Lustig and Sarter 2016; Mineur and
Picciotto 2021). Interestingly, no studies have determined whether nAChRs and
MAChRS cooperate to enhance the signal-to-noise ratio (SNR) of LA inputs to
BLa and BLp PNs.

Mounting evidence suggests that ACh can signal rapidly (or phasically) via
point-to-point synapses (Colangelo et al., 2019; Dasgupta et al., 2018; Disney
and Higley 2020; Hangya et al., 2015; Hedrick and Waters 2015; Joshi et al.,
2016; Letzkus et al., 2011; Mufioz and Rudy 2014; Nelson and Mooney 2016;
Sarter and Lustig 2020; Urban-Ciecko et al., 2018) and ACh is phasically
released during negative and positive emotional experiences (Hangya et al.,
2015; Laszlovszky et al., 2020; Sturgill et al., 2020; Teles-Grilo Ruivo et al.,
2017). Phasic ACh release in cortex is intimately associated with cue-detection
and cue-guided behavior (Gritton et al., 2016; Howe et al., 2017; Lu et al., 2020;
Parikh et al., 2007; Sarter and Lustig 2019) — key functions of the amygdala —
and phasic activation of cholinergic terminals in BNC in response to salient
stimuli facilitates attention to and learning of cue-reward contingencies (Crouse

et al., 2020).
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Despite the overlapping functions of phasic ACh release and BNC circuits
in cue-detection and cue-guided behavior, no studies have examined the impact
of phasic ACh on the ability of the LA inputs to fire BLa and BLp PNs. Therefore,
this was the focus of our study. We hypothesized phasic ACh would preferentially
direct information flow from LA inputs through BLa PNs over BLp PNs by
recruiting NAChRs and mAChRs to enhance SNR. We tested this hypothesis with
two aims. First, we compared the effects of phasic ACh on BLa and BLp PN
membrane potential and excitability in response to LA inputs. Second, we
determined the molecular mechanisms underlying these effects. Findings from
this study will provide novel insight into the circuit- and molecular- mechanisms
by which ACh signaling could modulate attention, learning and memory, and

valence processing mediated by the BNC.

4.2. MATERIALS AND METHODS

4.2.1. ANIMAL CARE AND USE PROCEDURES

All animal care, use, and surgical procedures were performed in
compliance with the National Institutes of Health guidelines for care and use of
laboratory animals and approved by The Institutional Animal Care and Use
Committee (IACUC) of the University of South Carolina. All mice were housed in
temperature-controlled cages (with maximum of 5 mice per cage) and maintained
on a 12-hour light/dark cycle with ad libitum food and water.

4.2.2. ANIMALS

In most experiments, six- to 24-week-old ChAT-Cre/Ai32(ChR2-EYFP)

transgenic mice of either sex were used, which express ChR2(H134R)-EYFP in
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cholinergic neurons. These were generated by crossing ChAT-Cre animas
(#006410, The Jackson Laboratory) with Cre-dependent reporter Ai-ChR2-eYFP
animals (#012569, Jackson Labs). In experiments where muscarine was applied
(Fig. 4.6.G. and 4.6.H.), male and female ChAT-Cre mice of a similar age were
used instead. All mice were group housed in a climate-controlled facility with a
12/12 light/dark cycle and provided with ad libitum access to food and water.

4.2.3. SLICE PREPARATION

Animals were deeply anesthetized with isoflurane and the brain was
quickly extracted and submerged in ice-cold artificial cerebrospinal fluid (ACSF)
saturated with 95% O2 and 5% CO2 and containing the following (in mM): 110
choline chloride, 2.5 KCI, 25 NaHCOs3, 1.0 NaH2PO4, 20 glucose, 5 MgClz, 0.5
CaClz. Coronal brain slices (300uM thick) containing amygdala were sectioned
using a vibratome (VT1000S; Leica, Nussloch, Germany) and immediately
transferred to ACSF (saturated with 95% O2 and 5% CO2) containing (in mM)
125 NacCl, 2.7 KCI, 25 NaHCOg3, 1.25 NaH2 POa4, 10 glucose, 5 MgClz, 0.5 CaCla.
All slices were incubated at 34-36°C for a minimum of 20 minutes before the
solution was allowed to equilibrate to room temperature. For recordings,
individual slices were transferred to a recording chamber maintained at 32-34°C
and continuously perfused with ACSF (saturated with 95% Oz and 5% CO>)
containing 2 mM calcium and 1 mM magnesium.

4.2.4. SLICE ELECTROPHYSIOLOGY RECORDINGS

PNs were visualized using infrared-differential interference contrast optics

through a 40x objective (Olympus BX51WI). For whole cell recordings,
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borosilicate glass electrodes of 4-6 MQ resistance filled with potassium gluconate
internal solution consisting of (in mM) 130 K-gluconate, 5 KCI, 10 HEPES, 2
MgCl2, 2 MgATP, 0.3 NaGTP, 0.5 EGTA (pH 7.3) were used. In some cases,
biocytin (Sigma, St. Louis, MO) 0.2-0.4% was added to the internal solution for
post hoc visualization of the neuron location and morphology. For single unit
recordings, the internal solution was replaced with ACSF, the recording electrode
was positioned close to the cell membrane, and the holding current was adjusted
to a setting resulting in zero output from the amplifier. Phasic and endogenous
ACh release was evoked by delivering brief, single flashes of blue light (473nM;
Thor Labs) directly over the recorded cells through a 40x lens. Light durations
varied from 1-4ms, 7ms, and 10ms and were always applied at 60 sec intervals.
Electrical stimulation of glutamatergic LA input was achieved by delivering single
or dual (50ms apart) pulses of current (0.1ms) every 20 sec through a monopolar
stimulating electrode positioned in LA. All LA EPSCs were recorded at a holding
potential of -70mV. In some experiments, ACh was phasically released an early
or late interval in relation to single or paired LA stimulation. At the early interval, a
single 10ms flash or pair of 10ms flashes (50ms apart) were delivered
simultaneously with a single or paired stimulation of LA, respectively. At the late
interval, a single 10ms flash was delivered 160ms before a single or paired
stimulation of LA. In all experiments combining cholinergic and LA stimulation,
light was applied once every third electrical stimulation, or 60 sec apart. In whole
cell experiments recording LA EPSCs, a stable EPSC baseline was achieved

before starting the experiment. To determine the effect of light on EPSC
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amplitude, direct post-synaptic currents produced by optically released ACh
alone were recorded and subtracted from evoked EPSC traces where light was
also applied. Whenever drugs were used, they were added to ACSF and

perfused through recording chamber during recordings.

4.2.5. CONFOCAL IMMUNOFLUORESCENCE

4.2.5.A. Validation of selective expression of ChR2 in cholinergic

neurons

In one set of experiments (see Figure 4.1.), we validated the selective
expression of ChR2 in the cholinergic neurons of our transgenic ChAT-
Cre/Ai32(ChR2-EYFP) mice. To do so, we first perfused them and prepared
50um thick coronal brain sections containing the horizontal limb of the diagonal
band of Broca (HDB), a region of the CBF, which we used for subsequent
confocal immunohistochemistry. Images were collected as maximum projected z-
stacks. Cholinergic neurons in the HDB were identified via immunolabeling
targeting choline acetyltransferase (ChAT), an enzyme that synthesizes ACh.
Specifically, we used a goat anti-ChAT primary antibody (Millipore, [1:500]) and a
donkey anti-goat IgG secondary antibody conjugated to Alexa Fluor 546 (Thermo
Fisher, [1:400]). ChAT positive (ChAT+) and ChR2 positive (ChR2+) cells were
defined as cells that were labeled by ChAT immunolabelling (red) and transgenic
expression of eYFP (green), respectively. Cells with both markers (ChAT+
ChR2+) appeared orange when imaging. For quantification, cells of each group
in the HDB were counted by hand and two definitions of percent overlap were

used (depicted in Figure 4.1.B.): ChAT+ cells that also expressed ChR2 (red
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cells that were also green) (Figure 4.1.B., Bottom, Left) and ChR2+ cells that also
expressed ChAT (green cells that were also red) (Figure 4.1.B., Bottom, Right).
We also imaged these same channels in coronal sections containing the BLa

(see Figure 4.1.C).

4.2.5.B. Post hoc visualization of recorded cells with biocytin

In some cases, biocytin (Sigma, St. Louis, MO) 0.2-0.4% was added to
the internal recording solution to enable later visualization of the neuron
morphology. After recordings were performed, slices were transferred from the
recording chamber to 4% paraformaldehyde in 0.1 M phosphate buffer, where
they remained for a minimum of 24-hours at 4 degrees C for fixation. Later, slices
were resectioned at 50-75 ym on a vibratome. Sections were then rinsed in 3
changes of TBS (10 min each) and permeabilized with 0.5% Triton-X100 for 30
min, before incubation in Alexa-488-conjugated streptavidin (1:1,000; Invitrogen,
Thermo Fisher) for 2-3 hours. Sections were then rinsed in 3 changes of TBS (10
min each), mounted on glass slides using Vectashield mounting medium (Vector
Laboratories, Burlingame, CA) and examined with an Invitrogen EVOS FL Auto
2.0 Imaging system (Thermo Fisher Scientific Inc., USA) or a Leica SP8
Multiphoton Confocal System (Leica Microsystem Inc., IL, USA).

4.2.6. ANALYSES AND STATISTICS

Data from electrophysiological recordings was analyzed using Clampfit
10.7 (Molecular Devices) and figures were made using Origin Lab Pro software.

Statistical comparisons were performed using the appropriate t test or ANOVA
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with post hoc test. Values are given as mean £ SEM. A minimum of three

animals were used for data presented in each figure.

4.3. RESULTS
4.3.1. DEFINING THE RESPONSE TO PHASIC RELEASE OF
ENDOGENOUS ACETYLCHOLINE

4.3.1.A. ChR2 is selectively expressed in cholinergic neurons of our

ChAT-Cre/Ai32(ChR2-EYFP) mice

Our first goal was to anatomically verify that ChR2 was expressed
selectively in the cholinergic neurons of our ChAT-Cre/Ai32(ChR2-EYFP)
transgenic mice, as intended. Figure 1A and 1C show significant overlap
(orange) between ChAT antibody immunofluorescence (red) and ChAT
promoter-driven eYFP-ChR2 fusion protein fluorescence (green). Figure 1C
shows cholinergic terminals in the BLa. Figure 1B quantifies the number of
ChAT+ HDB cell bodies (877) that also express ChR2 (690) (78.7% overlap) and
the number of ChR2+ HDB cell bodies (694) that also express ChAT (690)
(99.4% overlap). One hundred and eighty-seven of the 877 ChAT antibody+ cells
did not express ChR2, whereas only four of the 694 ChR2+ cells were not
labeled by the ChAT antibody (data not shown). Together, these anatomical data
suggest ChR2 is selectively expressed in the cholinergic neurons of our ChAT-

Cre/Ai32(ChR2-EYFP) transgenic mice.
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4.3.1.B. Phasic acetylcholine release produces a biphasic response

in BLa pyramidal neurons

To determine the impact of phasic and endogenous ACh release on BLa
PN membrane potential, we next performed whole cell recordings from BLa PNs
voltage clamped at -60mV while delivering brief flashes of blue light (10ms
duration; 473nm; 60 sec apart; Fig. 4.2.A.). We found that phasic ACh release
reliably and repeatably evoked a biphasic response in BLa PNs (Fig. 4.2.B.),
comprised of a fast depolarization or early EPSC (amplitude = -25.93 + 2.57 pA,
time to peak from light = 22.58 + 1.53 ms, n = 46 cells; Fig 4.2.C) that always
preceded a slower hyperpolarization or late IPSC (amplitude = 38.78 + 2.45 pA,
time to peak from light = 181.2 + 3.47 ms, n = 46 cells; Fig. 4.2.C.). Our
observation of the late IPSC is consistent with earlier reports that also recorded
the responses of BLa PNs to optically evoked endogenous ACh release in the
amygdala (Aitta-aho et al., 2018; Jiang et al., 2016; Unal et al., 2015).
Interestingly, however, our study appears to be the first to report the presence of

a faster depolarization (or early EPSC) immediately preceding it.

4.3.2. DEFINING THE MOLECULAR AND CIRCUIT MECHANISMS
UNDERLYING EACH COMPONENT OF THE RESPONSE TO

PHASIC ACETYLCHOLINE RELEASE
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4.3.2.A. The early cholinergic EPSC is mediated by a7 and a432

nicotinic receptors located on presynaptic glutamate terminals

Our observation that phasic release of endogenous ACh evokes an early
EPSC in BLa PNs is novel and unreported. Therefore, we focused on elucidating
its underlying mechanism first. Given the rapid onset of the early EPSC following
photostimulation, we suspected it would be mediated by the activation of nicotinic
ACh receptors (NAChRs), whereas we suspected the late IPSC would not be. To
test these hypotheses, we repeated the photostimulation protocol from Figure 2
(a 10ms flash) and measured the amplitudes of the cholinergic EPSC and IPSC
in the absence and presence of the general NAChR antagonist mecamylamine
(MEC, 20uM). MEC significantly decreased the amplitude of the early EPSC
(ACSF: -34.86 + 8.67 pA, MEC: -11.63 + 1.01 pA, 38.98 + 4.70% of the EPSC
remained, n = 9 cells, p = 0.025, two-tailed paired t test; Fig. 4.3.B. and 4.3.E.)
and had no effect on the late IPSC (ACSF: 30.98 + 9.33 pA, MEC: 26.99 + 7.33
pA, 79.91 + 8.0% of the IPSC remained, n =9 cells, p = 0. 0.212, two-tailed
paired t test; Fig. 4.3.B. and 4.3.E.), suggesting the early EPSC, but not late
IPSC, is mediated by the activation of NAChRSs.

Next, we wanted to determine the circuit-level mechanism by which the
NAChRs activated by phasic ACh release produce the early EPSC. There is
evidence that nAChRs in the BL can evoke GABA release onto PNs (Pidoplichko
et al., 2013; Unal et al., 2015; Zhu et al., 2005). To test this possibility, we
compared the amplitude of the early EPSC in ACSF with its amplitude in the

presence of the GABAA receptor antagonist picrotoxin (Pic, 50 uM). Pic had no
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effect on the amplitude of the early EPSC (ACSF: -20.97 £ 2.81 pA, Pic: -20.17 £
2.68 pA, 98.89 + 13.53% of the EPSC remained, n =5 cells, p = 0.764, two-tailed
paired t test; Fig. 4.3.C., middle, and Fig. 4.3.E.) nor the amplitude of the late
IPSC (ACSF: 56.37 £ 14.59 pA, Pic: 50.39 £ 13.11. pA, 95.22 + 10.84% of the
IPSC remained, n =5 cells, p = 0.173, two-tailed paired t test; Fig. 4.3.C., middle,
and Fig. 4.3.E.), suggesting the early EPSC is not mediated by the GABAAa
receptor. It is also unlikely we would be able to detect GABAA receptors currents
in our recordings because our cells were voltage clamped near GABAA receptor
reversal, at -60mV. Thus, our experimental conditions and results combined
suggest that neither the early cholinergic EPSC nor the late cholinergic IPSC are
mediated by GABA release onto GABAA receptors evoked by activation of
nAChRs.

The nAChRs responsible for the early cholinergic EPSC could be located
postsynaptically on BLa PNs and directly depolarize them via positive current
influx (Klein and Yakel, 2006). Alternatively, they could be located presynaptically
on glutamate terminals and indirectly depolarize them by evoking glutamate
release (Jiang et al., 2013, 2016; Jiang and Role, 2008). We tested both
possibilities by first measuring the size of the cholinergic EPSC and IPSC in the
absence and presence of the AMPA receptor antagonist 6-cyano-7-
nitroguinoxaline-2,3-dione (CNQX, 20 uM). If the nAChRs are located on the
postsynaptic cell, we would expect CNQX to have no effect on the early EPSC
nor the late IPSC. However, if the nAChRs are located on presynaptic glutamate

terminals instead, we would expect CNQX to reduce the size of the early EPSC
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to a similar extent as MEC without affecting the size of the late IPSC. We found
that CNQX significantly decreased the amplitude of the early EPSC (ACSF: -
53.41 + 7.42 pA, CNQX: -21.38 + 1.59 pA, 42.01 + 3.85% of the EPSC remained,
n =5 cells, p = 0.009, two-tailed paired t test; Fig. 4.3.C., left, and Fig. 4.3.E.)
and had no effect on the late IPSC (ACSF: 45.04 + 7.44 pA, CNQX: 51.92 +4.71
PA, 120.17 + 8.43% of the IPSC remained, n = 5 cells, p = 0.137, two-tailed
paired t test; Fig. 4.3.C., left, and Fig. 4.3.E.), suggesting the early EPSC, but not
the late IPSC, is mediated by AMPA receptors. To verify this finding, we repeated
this experiment by replacing CNQX with a cocktail of synaptic blockers
(containing CNQX and Pic and sometimes also MK801 and CGP), which
eliminates other receptors commonly involved in synaptic transmission potentially
contributing to the early EPSC. Cocktail decreased the amplitude of the early
EPSC (ACSF: -33.34 £ 5.15 pA, cocktail: -9.81 £ 0.96 pA,n=19 cells, p =
0.0003, two-tailed paired t test; Fig. 4.3.C., right, and Fig. 4.3.E.) to a similar
extent as CNQX alone (37.86 + 5.66% of the EPSC remained in cocktail versus
42.01 + 3.85% in CNQX alone; Fig. 4.3.E.), without affecting the late IPSC
(ACSF: 45.04 £ 7.44 pA, CNQX: 51.92 + 4.71 pA, 102.91 + 4.66% of the IPSC
remained, n =5 cells, p = 0.137, two-tailed paired t test; Fig. 4.3.C., right, and
Fig. 4.3.E.), confirming that the early EPSC, but not late IPSC, is mediated by an
AMPA receptor. Finally, CNQX alone and cocktail decreased the amplitude of the
early EPSC to the same extent as MEC (38.98 + 4.70% of the EPSC remained in

MEC versus 37.86 + 5.66% in cocktail and 42.01 + 3.85% in CNQX alone, Fig.

79



4.3.E.), suggesting the early EPSC, but not late IPSC, is mediated by glutamate
release evoked by nAChRs located on presynaptic glutamate terminals.

Next, we were interested in determining which nAChR subtype(s)
mediate(s) the early cholinergic EPSC. We suspected a possible contribution of
both a432 and a7 nAChRs because previous studies have shown that both can
evoke glutamate release from cortical inputs in the BLa (Jiang et al., 2013; Jiang
and Role, 2008). First, we focused on the a42 subtype by measuring the size of
the cholinergic EPSC and IPSC in the absence and presence of the a42 nAChR
antagonist dihydro-B-erythroidine hydrobromide (DHBE, 1 uM). DHBE
significantly decreased the amplitude of the early EPSC (ACSF: -42.28 + 9.78
pA, DHBE: -29.57 + 7.51 pA, 65.43 + 11.69% of the EPSC remained, n = 11
cells, p = 0.0087, two-tailed paired t test; Fig. 4.3.D. and 4.3.E.) and had no effect
on the late IPSC (ACSF: 48.10 + 8.76 pA, DHBE: 44.40 + 4.98 pA, 99.50 +
5.93% of the IPSC remained, n = 11 cells, p = 0.55, two-tailed paired t test; Fig.
4.3.D. and 4.3.E.), suggesting a432 nAChRs contribute to the early EPSC, but
not late IPSC. We also repeated this experiment replacing DHBE with the a7
nAChR antagonist methyllycaconitine (MLA, 100 nM) to assess whether a7
NAChRs are also involved in the early EPSC. As we saw with DHBE, MLA
significantly decreased the amplitude of the early EPSC (ACSF: -40.48 + 9.96
pA, MLA: -27.58 = 6.30 pA, 74.89 + 8.68% of the EPSC remained, n = 11 cells, p
= 0.049, two-tailed paired t test; Fig. 4.3.D. and 4.3.E.) without affecting the late
IPSC (ACSF: 46.17 £ 8.68 pA, MLA: 43.13 + 7.02 pA, 95.04 + 6.02% of the IPSC

remained, n = 11 cells, p = 0.35, two-tailed paired t test; Fig. 4.3.D. and 4.3.E.).
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Interestingly, the size of the effects of DHBE alone and MLA alone on the early
EPSC were similar (65.43 £ 11.69% of the EPSC remained in DHBE and 74.89 +
8.68% remained in MLA) but also noticeably smaller than MEC, CNQX alone,
and cocktail (38.98 + 4.70% remained in MEC, 42.01 * 3.85% of the EPSC
remained in CNQX alone, and 37.86 + 5.66% remained in cocktail), suggesting
the early EPSC is mediated by a combination of a42 and a7 nAChRs (Fig.
4.3.E.). If true, we would expect the simultaneous application of DHBE and MLA
to reduce the early EPSC to a similar extent as MEC, CNQX alone, and cocktail.
DHBE and MLA decreased the amplitude of the early EPSC (ACSF: -42.39 +
10.81 pA, DHBE+MLA: -15.81 + 4.10 pA, n = 10 cells, p = 0.015, two-tailed
paired t test; Fig. 4.3.D. and 4.3.E.) without affecting late IPSC (ACSF: 4 46.76 +
9.57 pA, DHBE+MLA: 38.38 + 4.23 pA, 92.47 £ 9.50% of the IPSC remained, n =
10 cells, p = 0.37, two-tailed paired t test; Fig. 4.3.D. and 4.3.E.). Supporting our
hypothesis, the size of the effect of DHBE and MLA combined on the early EPSC
(40.51 £ 10.72% remained) was similar to MEC (38.98 + 4.70%), CNQX alone
(42.01 £ 3.85% remained), and cocktail (37.86 + 5.66%) (Fig. 4.3.E.), indicating
the early cholinergic EPSC, but not the late cholinergic IPSC, is mediated by both

0432 and a7 nAChRs.

4.3.2.B. The late cholinergic IPSC is mediated by M1 muscarinic

receptors located on postsynaptic pyramidal neurons that are coupled

to GIRK channels

It has previously been reported that endogenous ACh release into the BL

causes an IPSC mediated by postsynaptic M1 muscarinic ACh receptors
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(mAChRS) linked to G protein-gated inwardly rectifying potassium (GIRK)
channels (Aitta-aho et al., 2018; Jiang et al., 2016; Unal et al., 2015). Therefore,
we sought to determine whether the late IPSC component of the biphasic
response to phasic ACh release was mediated by the same mechanism. In these
experiments, we applied the same photostimulation protocol from Figures 2 and
3. First, we tested whether the late IPSC was mediated by the activation of
postsynaptic mMAChRs by measuring the amplitude of the pharmacologically
isolated late IPSC in the absence and presence of the general mMAChR
antagonist atropine (ATR, 5 uM). ATR significantly decreased the amplitude of
the late IPSC (cocktail: 39.53 £ 5.05 pA, ATR: 0.689 + 0.689 pA, 1.089 £ 1.089%
of the IPSC remained, n = 12 cells, p = 0.000006, two-tailed paired t test; Fig.
4.4.A.), suggesting it is mediated by the activation of postsynaptic mAChRs.
Next, we sought to determine whether the late IPSC was mediated by the M1
MAChHR subtype (M1R) by measuring the effect of the M1 mAChR antagonist
pirenzepine (PRZ, 1 uM) on size the isolated IPSC. PRZ significantly decreased
the amplitude of the late IPSC (cocktail: 36.35 + 10.02 pA, PRZ: 4.42 + 1.70 pA,
14.03 £ 5.085% of the IPSC remained, n = 6 cells, p = 0.017, two-tailed paired t
test; Fig. 4.4.B.), suggesting the late IPSC is mediated by activation of M1R.
Next, we sought to determine the ion conductance underlying the M1R-mediated
late IPSC. To do so, we recorded the amplitude of the isolated late IPSC in
response to phasic ACh release (a 10ms flash) as the recorded cell was voltage
clamped at a range of different membrane potentials (from -110 to -50 mV). The

amplitude of the late IPSC was voltage-dependent and reversed around -100 mV
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(Fig. 4.4.C.). Linear fit analysis of the late IPSC provided a reversal potential of (-
103.09 + 11.78 mV; n = 7 cells; Fig. 4.4.C.), very close to the calculated reversal
potential for the potassium ion under our conditions (-103.20 mV; Nernst
Equation), suggesting the late IPSC is mediated by the opening of an inwardly
rectifying potassium channel. To determine whether the inwardly rectifying
potassium channel mediating the late IPSC is linked to a G protein signaling
cascade stemming from M1R activation, we next attempted to occlude the late
cholinergic IPSC by comparing its size in the absence of drug (ACSF) with its
size in the presence of the GABA& receptor agonist baclofen (Bac, 20 uM), which
stimulates the GIRK channel. If the M1R’s activated by phasic ACh release
mediate the late IPSC by transiently opening GIRK channels, as suspected,
releasing ACh in the presence of Bac should no longer produce the late IPSC
since Bac will already be keeping a majority of the GIRK channels constantly
open. Bac significantly decreased the amplitude of the late IPSC (ACSF: 47.40 +
9.90 pA, Bac: 14.12 £ 4.53 pA, 27.62 + 5.96% of the IPSC remained, n = 9 cells,
p = 0.0008, two-tailed paired t test; Fig. 4.4.D.), confirming that the late IPSC, but
not early EPSC, is mediated by M1R activation of GIRK channels. Finally, to
confirm that the late cholinergic IPSC is mediated by a GIRK channel located on
the postsynaptic neuron, we recorded the amplitude of the late IPSC in response
to phasic ACh release (a 10ms flash) in ACSF while the internal solution was
filled with the selective GIRK-channel blocker QX-314 (5 mM) (Andrade, 1991;
Hu et al., 2002). The amplitude of the late IPSC recorded in ACSF and cells filled

with QX-314 was significantly smaller than it was in a separate group of cells
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recorded in ACSF and regular internal without QX-314 (regular internal (n = 46
cells): 38.78 £ 2.45 pA vs. QX-314 internal (n = 4 cells): 13.75 £ 8.91 pA, p =
0.006, two-tailed unpaired t test; Fig. 4.4.E.), indicating QX-314 blocked the late

IPSC and that it is mediated by a postsynaptic GIRK channel.

4.3.3. COMPARING THE RESPONSE OF BLA PYRAMIDAL
NEURONS TO PHASIC ACETYLCHOLINE RELEASE WITH PNS IN

THE BLP

Recent studies have reported that the BLa and BLp preferentially process
negative and positive emotions, respectively (Kim et al., 2016, 2017; Pi et al.,
2020; Yang et al., 2016; Zhang et al., 2020) but no studies have attempted to
compare the cholinergic modulation of PNs in these two divisions of the BL.

Therefore, we wanted to explore this possibility next.

4.3.3.A. BLa and BLp pyramidal neurons can be distinquished by

their active and passive electrical properties

Previous studies have reported that BLa and BLp PNs are non-
overlapping, morphologically, and electrophysiologically distinct cell types (Kim et
al., 2016; McDonald 1982; Sah et al., 2003). Therefore, we first sought to
distinguish between BLa and BLp PNs based on their electrophysiological
characteristics. We found that BLa and BLp PNs can be distinguished based on
numerous passive and active electrical properties (Figure 5 and Table 1).
Consistent with a previous report, we found that BLa PNs (n = 20 cells) have a
larger membrane capacitances (BLa Cm = 45.9 + 0.71 pF versus BLp Cm =

34.29 £ 0.5 pF, p = 2.55E-16, two-tailed unpaired t test; Table 1), lower
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membrane resistances (BLa Rm = 115.5 + 5.45 QM versus BLp Rm = 147.71 +
7.4 QM, p = 0.0013, two-tailed unpaired t test; Table 1), more negative resting
membrane potentials (BLa RMP =-71.35 + 0.92 mV versus BLp RMP= -68 +
0.96 pF, p = 0.016, two-tailed unpaired t test; Table 1), and lower spike
thresholds (BLa Spike Thresh = -42.26 + 0.69 mV versus BLp Spike Thresh = -
40.19 £ 0.74 mV, p = 0.048, two-tailed unpaired t test; Table 1) compared to BLp
PNs (n = 21 cells). The larger membrane capacitances of BLa PNs reflects a
larger soma size compared to BLp PNs, which is consistent with the reports
mentioned above. We are also the first to report that BLa PNs have a shorter
delay to initial spike onset (BLa (n = 20 cells): 318.04 + 47.92 ms versus BLp (n =
21 cells): 596.67 £ 88.14 ms p = 0.0093, two-tailed unpaired t test; Table 1 and
Fig. 4.5.C. and 4.5.G.), have more diverse types of initial spikes (BLa: 10/20 cells
(50%) singlet and 10/20 cells (50%) doublet versus BLp: 21/21 cells (100%)
singlet; Fig. 4.5.D.), and display a greater frequency of spontaneous synaptic
events (BLa (n = 20 cells): 3.23 + 0.73 Hz versus BLp (n = 10 cells): 13.40 + 3.81
Hz, p = 0.024, two-tailed unpaired t test; Fig. 4.5.H.). Together, these data verify
and build upon previous work demonstrating that BLa and BLp PNs can be

distinguished based on their electrophysiological characteristics.

4.3.3.B. Phasic acetylcholine release preferentially impacts BLa over

BLp pyramidal neurons

Next, we tested the relative sensitivities of BLa and BLp PNs to phasic
and endogenous ACh release by performing whole cell recordings from BLa and

BLp PNs while delivering single flashes of blue light that gradually increased in
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duration (1-4ms, 7ms, and 10ms; 473nm; 60 seconds apart; Fig. 4.6.A.iii.). We
found that a majority of BLa PNs responded to weak cholinergic stimuli (2ms
flash: 16/23 cells or 70%, 3ms flash: 20/23 cells or 87%), whereas the same
stimuli produced no responses in BLp PNs (2ms and 3ms flashes: 0/13 cells or
0%) (Fig. 4.6.B. and 4.6.C.). When the maximal cholinergic stimulus (a 10ms
flash) was applied, it produced responses in all BLa PNs (50/50 cells or 100%;
Fig. 4.6.B. and 4.6.C.) but only a minority of BLp PNs (11/36 cells or 31%; Fig.
4.6.B. and 4.6.C.). BLa PNs also had larger response amplitudes than BLp PNs
in response to identical cholinergic stimuli (Fig. 4.6.B. and 4.6.D.). At the 4ms
duration, BLa PNs had an early EPSC amplitude of -15.78 £ 1.76pA and a late
IPSC amplitude of 22.72 + 1.66 pA (n = 29 cells) compared to an early EPSC
amplitude of 0 pA and late IPSC amplitude of 2.11 + 1.43 pA in BLp PNs (n = 26
cells) (late IPSC: p = 7.71E-13, two-tailed unpaired t test; Fig. 4.6.D.). At the 7ms
duration, BLa PNs had an early EPSC amplitude of -17.74 £ 1.95pA and a late
IPSC amplitude of 26.46 + 1.81 pA (n = 29 cells) compared to an early EPSC
amplitude of -1.14 + 0.80 pA and late IPSC amplitude of 3.64 + 1.73 pA in BLp
PNs (n = 25 cells) (early EPSC: p = 1.97E-9, two-tailed unpaired t test; late IPSC:
p = 2.231E-12, two-tailed unpaired t test; Fig. 4.6.D.). At the 10ms duration, BLa
PNs had an early EPSC amplitude of -38.40 + 7.10pA and a late IPSC amplitude
of 40.52 + 2.60 pA (n = 50 cells) compared to an early EPSC amplitude of -5.05 +
1.63 pA and late IPSC amplitude of 7.11 + 2.05 pA in BLp PNs (n = 36 cells)
(early EPSC: p = 2.77E-5, two-tailed unpaired t test; late IPSC: p = 4.02E-16,

two-tailed unpaired t test; Fig. 4.6.B. and 4.6.D.). When we compared the effect
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of a 10ms flash on spike firing in BLa and BLp PNs, accomplished by
continuously injecting positive current into the soma, a similar trend was
observed. Phasic ACh release inhibited spike firing in all BLa PNs (7/7 cells or
100%) but only a minority of BLp PNs (2/9 cells or 22%) and the duration of
inhibition was significantly longer in the BLa PNs (BLa: 543.63 £ 50.32 ms versus
BLp: 543.63 + 50.32 ms, p = 1.88E-5, two-tailed unpaired t test) (Fig. 4.6.E. and
4.6.F.). Together, these data indicate that BLa PNs are more sensitive phasic
release of endogenous ACh compared to BLp PNs.

We have previously shown that the BLa expresses significantly more M1R
than the BLp (Fig. 3.2.B. and 3.5.B.). Therefore, it is possible that the greater
sensitivity of BLa PNs to phasic ACh release is mediated by a greater expression
of GIRK-coupled M1R’s on BLa compared to BLp PNs. Here, we would like to
emphasize our interest in the M1Rs coupled to GIRK channels — since these are
the ones activated by phasic ACh release — as opposed to M1Rs in general, of
which there could be distinct subtypes coupled to distinct effectors. To address
this possibility, we bath-applied the mAChR agonist muscarine (Musc, 10uM) to
brain slices while recording from BLa and BLp PNs voltage clamped at -60mV in
the presence of a cocktail blocking synaptic transmission (same as used in Fig.
4.3. and Fig. 4.4. above). Because M1Rs are the predominant mAChR subtype
expressed on BL PNs (McDonald and Mascagni 2010; McDonald and Mott 2021,
Muller et al., 2013) and any interfering effects from synaptic transmission are
blocked, the effects of muscarine are likely to reflect activation of postsynaptic

M1Rs on each cell type. Muscarine elicited a biphasic response comprised of an
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early muscarinic IPSC and late muscarinic EPSC (Fig. 4.6.H.) in all BLa PNs
(11/11 cells or 100%) and 5/11 (45%) BLp PNs, while the remaining 6/11 (55%)
BLp PNs only responded with a muscarinic EPSC (data not shown). By
measuring the amplitudes of the muscarinic IPSCs in the BLa and BLp PNs that
exhibited the muscarinic IPSC, we inferred and compared the relative amounts of
GIRK-coupled M1Rs expressed in each cell type. We found that there was no
difference in the amplitude of the early muscarinic IPSC between BLa and BLp
PNs (BLa (n = 11 cells): 26.03 + 4.07 pA versus BLp (n =5 cells): 27.22 + 6.58
pA, p = 0.88, two-tailed unpaired t test) (Fig. 4.6.1., left), suggesting BLa and BLp
PNs express a similar amount of GIRK-coupled M1Rs and that the greater
sensitivity of BLa PNs to phasic ACh release is not due to greater GIRK-coupled
M1R expression in BLa PNs. Interestingly, we did notice that the amplitude of the
slower muscarinic EPSC was significantly larger in BLa PNs compared to BLp
PNs (BLa (n = 11 cells): -47.73 + 4.91 pA versus BLp (n = 11 cells): -27.13 +
3.12 pA, p = 0.003, two-tailed unpaired t test) (data not shown), suggesting there
may be a greater amount of M1R’s coupled to non-GIRK channel effectors that
depolarize the cell. However, we did not explore this further because our phasic
mode of ACh release did not cause a slow depolarization.

We also inferred and compared the relative amounts of overall GIRK
channel expression between BLa and BLp PNs by bath-applying baclofen (Bac,
10uM) after Musc in the same cells and comparing the amplitudes of their Bac
IPSCs. Bac produced an IPSC in all BLa and BLp PNs (BLa: 11/11 cells or

100%, BLp: 11/11 cells or 100%; Fig. 4.6.1.) and the Bac IPSC amplitudes were
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similar in both cell types (BLa (n = 11 cells): 78.57 £ 11.04 pA versus BLp (n =11
cells): 78.19 £ 8.38 pA, p = 0.98, two-tailed unpaired t test), suggesting BLa and
BLp PNs express similar levels of GIRK-coupled GABAE receptors. Interestingly,
the Bac IPSC amplitudes of BLa and BLp PNs were much larger than Musc IPSC
amplitudes (Fig. 4.6.1.), suggesting the population of GIRK channels that are
coupled to M1Rs in each cell type only represent a fraction of the overall

population of GIRK channels each cell type expresses.

4.3.4. PHASIC ACETYLCHOLINE RELEASE ASSOCIATIVELY
ENHANCES THE SIGNAL-TO-NOISE RATIO OF APPROPRIATELY
TIMED LA INPUTS TO BNC, BUT NOT BLP, PYRAMIDAL
NEURONS

4.3.4.A. Acetylcholine receptors activated by phasic ACh release do

not influence evoked glutamate release at LA-BLa synapses

Nicotinic and muscarinic receptors located on glutamate terminals can
alter the probability of glutamate release from the terminals they reside on. Some
studies in the amygdala have shown that mAChR and nAChR agonists can alter
the probability of evoked glutamate release from cortical afferents in the
amygdala (Jiang et al., 2013; Jiang and Role, 2008; Yajeya et al., 2000).
Additionally, a recent study measuring the amplitudes and paired pulse
facilitation ratios (PPRs) of glutamate responses evoked from cortical afferents in
the amygdala before and after a sustained period of endogenous ACh release

reported increased amplitudes of each response without an effect on the PPR,
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which they attributed to nAChRs located on the cortical afferents (Jiang et al.,
2016). However, no studies have measured the effect of simultaneously present
and phasically released endogenous ACh on the amplitudes and PPR of
glutamate responses evoked from LA terminals in the BLa. We have shown that
phasic ACh release in the BLa activates both mAChRs and nAChRs (Fig. 4.2—
4.4. and 4.6.), raising questions as to whether these receptors can influence
evoked glutamate release at LA-BLa synapses. We tested this possibility by
recording the amplitudes and PPRs of evoked glutamate responses at LA-BLa
synapses in the absence and simultaneous presence of endogenous ACh. To
assess contributions of NAChRs and mAChRs, we released ACh at two intervals
relative to LA stimulation. At the shorter interval, two 10ms light flashes (50ms
apart) were applied simultaneously with two electrical stimuli (also 50ms apart)
delivered to LA to align the peak of the early nicotinic EPSC with each evoked
release of glutamate (Fig. 4.7.A. and 4.7.B.). At the longer interval, a single 10ms
light flash was applied 160ms before the two electrical stimuli (50ms apart) were
delivered to LA to align the peak of the late muscarinic IPSC with evoked
glutamate release (Fig. 4.7.D. and 4.7.E.). ACh was released on every third LA
stimulation (60 sec inter-stimulus interval) for both protocols to avoid rundown of
the cholinergic response throughout the experiments.

Phasic ACh release did not significantly affect the amplitudes nor the
PPRs of the LA-BLa EPSCs at the shorter interval (Fig. 4.7.B-C.). The amplitude
of the first EPSC without ACh was 107.66 + 23.18 pA compared to 96.03 + 24.01

pA in the presence of ACh (n = 10 cells, p = 0.12, two-tailed paired t test), the
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amplitude of the second EPSC without ACh was 162.37 = 35.61 pA compared to
151.75 = 37.45 pA in the presence of ACh (n = 10 cells, p = 0.09, two-tailed
paired t-test), and the PPR without ACh was 1.54 + 0.08 compared to 1.62 + 0.08
in the presence of ACh (n = 10 cells, p = 0.29, two-tailed paired t test) (Fig.
4.7.C.). Interestingly, at the later interval, phasic ACh release significantly
decreased the amplitudes of each LA-BLa EPSC without affecting the PPR (Fig.
4.7.E-F.). The amplitude of the first EPSC without ACh was 157.83 £ 49.79 pA
compared to 112.52 + 35.84 pA in the presence of ACh (n =7 cells, p = 0.048,
two-tailed paired t test), the amplitude of the second EPSC without ACh was
225.78 + 64.16 pA compared to 163.47 + 49.75 pA in the presence of ACh (n=7
cells, p = 0.034), and the PPR without ACh was 1.64 + 0.18 compared to 1.56 £
0.14 in the presence of ACh (n =7 cells, p = 0.64, two-tailed paired t test) (Fig.
4.7.F.). The percent decrease between the two EPSCs were strikingly similar
(30.67 £ 4.7% first EPSC versus 32.68 + 6.94% second EPSC, p = 0.67, two-
tailed paired t test; data shown in Fig. 5.3.F., right), explaining no change in the
PPR and suggesting the effect is mediated through a postsynaptic mechanism.
Overall, these results suggest that neither the nicotinic nor muscarinic receptors
activated by phasic ACh release alter the probability of glutamate release from
LA-BLa terminals. Importantly, because we know the nAChRs are presynaptic
(Fig. 4.3.), this indicates they are located on glutamate terminals other than those

belonging to the LA.
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4.3.4.B. Activation of a7 and a432 nAChRs does not influence evoked

glutamate release at LA-BLa synapses

It has previously been shown that pharmacological activation of nicotinic
receptors alters the probability of evoked glutamate release from cortical inputs
to BL PNs and that these effects are mediated by a7 or a4p2 nicotinic receptors
(Jiang et al., 2013; Jiang and Role, 2008). It is therefore possible that LA-BLa
terminals do express nicotinic receptors that can alter the probability of evoked
glutamate release, but that the spread of ACh from phasic release is inadequate
to reach and activate them. Therefore, we tested this possibility by recording the
amplitudes and PPRs of evoked glutamate responses at LA-BLa synapses in the
absence and presence of the a7 agonist PNU-282987 (300nM) and the a432
agonist RJR-2403 (100nM). These concentrations have been successful in
earlier studies (Gardufio et al., 2012; Hajos et al., 2005). Like with ACh release,
we found that neither PNU-282987 nor RJR-2403 affected the LA-BLa EPSC
amplitudes nor their PPRs. The amplitude of the first EPSC in ACSF/control was
144.7 + 28.39 pA compared to 152.89 + 30.21 pA in the presence of PNU-
282987, 139.18 + 22.93 pA in the additional presence of RJR-2403, and 147.57
+ 22.2 pA in the additional presence of MEC (n =5 cells, p = 0.99, one-way
ANOVA) (Fig. 4.8.C., left). The amplitude of the second EPSC in ACSF (control)
was 245.42 + 52.07 pA compared to 241.73 £+ 40.14 pA in the presence of PNU-
282987, 229.56 * 30.94 pA in the additional presence of RJR-2403, and 229.77
+ 26.47 pA in the additional presence of MEC (n =5 cells, p = 0.99, one-way

ANOVA) (Fig. 4.8.C., left). The PPR of the two LA-BLa EPSCs in ACSF (control)
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was 1.79 = 0.10 compared to 1.69 + 0.08 in the presence of PNU-282987, 1.82 +
0.08 in the additional presence of RJR-2403, and 1.79 + 0.09 in the additional
presence of MEC (n =5 cells, p = 0.76, one-way ANOVA) (Fig. 4.8.C., right).
This data suggests that LA-BLa inputs do not express functional a7 or a432

nicotinic receptors.

4.3.4.C. Phasic acetylcholine release associatively enhances the

ability of appropriately timed LA inputs to fire BLa, but not BLp,

pyramidal neurons

Next, we determined whether the early nicotinic depolarizing response to
phasic ACh release associatively increases a baseline action potential (AP)
probability driven by LA inputs to BLa and BLp PNs. The term “associatively”
refers to the simultaneous depolarization of the recorded cell by electrically
recruited LA terminals and non-LA terminals recruited by ACh (Fig. 4.7. and Fig.
4.8.). To align the peak of the early nicotinic depolarization with the arrival of LA
glutamatergic EPSPs (Fig. 4.9.B., right), we implemented a modified Figure 4.7.
protocol that simultaneously presents a single 10ms flash with every third, single
stimulation of LA (Fig. 4.9.A-B., left). Single unit recordings were performed to
maintain intracellular composition and support longer experiment durations. We
hypothesized ACh would preferentially enhance LA-driven BLa PN output since
BLa PNs are more sensitive than BLp PNs to phasic ACh release (Fig. 4.6.).
Phasic ACh significantly increased the LA-driven BLa PN output (48.57 £ 15.86%
increase, No ACh probability: 0.46 + 0.028, ACh probability: 0.63 £ 0.056, n = 21

cells, p = 0.017, two-tailed paired t test; Fig. 4.9.C-D.) but did not affect LA-driven
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BLp PN output (1.89 + 8.57% increase, 0.48 + 0.026 without ACh versus 0.48 +
0.034 with ACh, n = 10 cells p = 0.96, two-tailed paired t test; Fig. 4.9.C-D.),
supporting our hypothesis that phasic ACh preferentially enhances LA-driven
output of BLa over BLp PNs when LA inputs are appropriately timed (p = 0.015,
two-tailed unpaired t test; Fig. 4.9.D., right). To confirm the increase was
mediated by nAChRs, we repeated the experiment in BLa PNs in the absence
and subsequent presence of MEC (20 uM) (Fig. 4.9.E-H.). MEC blocked the
cholinergic increase in LA-driven AP probability that was observed in control,
indicating it was mediated by nAChRs as expected (Fig. 4.9.G-H.). As above,
phasic ACh significantly increased the LA-driven BLa PN output in ACSF/control
(70.13 £ 15.94% increase, No ACh probability: 0.45 + 0.046, ACh probability:
0.74 = 0.021 with ACh, n =4 cells, p = 0.010, two-tailed paired t test), whereas
the probability did not significantly change in MEC (80.86 + 14.15% of baseline,
No ACh probability: 0.52 £ 0.023, ACh probability 0.42 + 0.076 with ACh, n=4
cells, p = 0.076) (Fig. 4.9.G-H.). Together, these data suggest that phasic ACh
release associatively enhances the ability of appropriately timed LA inputs to fire

BLa, but not BLp, PNs.

4.3.4.D. Phasic acetylcholine release reduces the ability of

inappropriately timed LA inputs to fire BLa and BLp pyramidal

neurons

We also wanted to know whether the late muscarinic hyperpolarizing
response to phasic ACh release directly reduces a baseline LA-driven AP

probability in BLa and BLp PNs. Here, we use the term “directly” because the
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GIRK-coupled M1Rs responsible for the muscarinic hyperpolarization in
response to phasic ACh release are located postsynaptically on the recorded
cells in BL (Fig. 4.3. and Fig. 4.4.). We tested this possibility by repeating the
Figure 8 procedure, except that the 10ms flash was delivered 160ms before LA
stimulation to align the peak of the late muscarinic hyperpolarization with the
arrival of the LA glutamatergic EPSPs (Fig. 4.10.A-B.). Like above, we
hypothesized ACh would preferentially reduce LA-driven BLa PN output since
BLa PNs are more sensitive than BLp PNs to phasic ACh release (Fig. 4.6.).
Surprisingly, phasic ACh significantly reduced the probability of LA-driven APs in
BLa and BLp PNs (Fig. 4.10.C-D.). However, supporting our hypothesis, this
effect was significantly greater in BLa PNs (p = 0.001, two-tailed unpaired t test;
Fig. 4.10.D., right). Phasic ACh reduced baseline AP probability in BLa PNs by
86.34 + 4.94% (No ACh probability: 0.79 + 0.052, ACh probability: 0.13 + 0.049,
n =15 cells, p = 1.10E-9, two-tailed paired t test; Fig. 4.10.C-D.), whereas phasic
ACh only reduced baseline AP probability in BLp PNs by 39.50 + 15.33% (No
ACh probability: 0.81 + 0.049, ACh probability: 0.50 £ 0.14, n =5 cells, p = 0.049,
two-tailed paired t test) (Fig. 4.10.C-D.). GABA& receptors activate the same
GIRK channels as the M1Rs activated by phasic ACh. Therefore, in addition to
confirming that the reduction in LA-driven BL PN output observed above is
mediated by mAChRs, we also wanted to rule out the possibility that it was
mediated by GABA& receptors. To do so, we repeated this experiment in BLa
PNs in the absence and subsequent presence of CGP (2 uM) in one set of cells

and ATR (5 puM) in a separate set of cells (Fig. 4.10.E-H.). As expected, ATR, but
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not CGP, blocked the cholinergic decrease in LA-driven AP probability observed
in BLa PNs, indicating it was mediated by mAChRs, not GABAE receptors (Fig.
4.10.F.). In the CGP cells, phasic ACh significantly decreased the LA-driven BLa
PN output in ACSF/control (91.87 + 3.64% decrease, No ACh probability: 0.88 +
0.040, ACh probability: 0.072 £ 0.032, n = 6 cells, p = 0.00002, two-tailed paired t
test) to a similar extent as it did in CGP (80.93+ 7.47% decrease, No ACh
probability: 0.87 + 0.034, ACh probability: 0.17 £ 0.068, n = 6 cells, p = 0.0002,
two-tailed paired t test) (Fig. 4.10.G-H., Top). When ATR was tested, phasic ACh
significantly decreased the LA-driven AP probability of BLa PNs in ACSF/control
(90.20 £ 6.00% decrease, No ACh probability: 0.86 £ 0.062, ACh probability:
0.096 + 0.059 with ACh in ACSF, n =5 cells, p = 0.00005, two-tailed paired t
test), whereas the baseline probability did not significantly change in ATR
(105.70 £ 21.53% of baseline, No ACh probability: 0.75 + 0.093, ACh probability:
0.73 = 0.068 with ACh, n =5 cells, p = 0.86) (Fig. 4.10.G-H., Bottom). Together,
these data suggest that phasic ACh release directly reduces the ability of
inappropriately timed LA inputs to fire both BLa and BLp PNSs, but that this effect
is significantly greater in BLa PNs.

4.4. DISCUSSION

The core finding of this study is that phasic ACh release indirectly and
associatively enhances the ability of appropriately timed LA glutamatergic inputs
to fire BLa PNs, while also directly reducing the ability of inappropriately timed LA
glutamatergic inputs to fire the same cells. This is accomplished via the slightly

staggered activation of nicotinic and muscarinic receptors on different circuit
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components that together generate a biphasic response in the membrane
potential. Presynaptic a7 and o432 nAChRs depolarize the cell by evoking
glutamate release from terminals that do not belong to LA. Previous studies by
Lorna Role’s lab have shown cortical inputs to BLa express functional a7 and
a432 nAChRs (Jiang et al., 2013, 2016; Jiang and Role, 2008), indicating these
inputs could be cortical. This effect precedes the activation of postsynaptic M1Rs
that hyperpolarize the cell by opening postsynaptic GIRK channels. The latter
component has been reported before (Aitta-aho et al., 2018; Jiang et al., 2016;
Unal et al., 2015), but we are the first to report the former, although previous
pharmacological studies suggest the a7 and o432 nAChRs could be located on
cortical inputs (Jiang et al., 2013; Jiang and Role, 2008). Whether phasic ACh
makes BLa PN spike firing more or less likely depends on which component of
this biphasic response is active when LA inputs arrive, as the nicotinic and
muscarinic components bring the cell closer to and farther away from AP
threshold, respectively.

The nicotinic enhancement of LA-driven BLa PN output is associative
because the nAChRs that evoke glutamate release are not present on the LA
terminals driving the baseline AP probability. Thus, by depolarizing BLa PNs via
NAChRs on non-LA terminals while LA terminals unaffected by ACh are
simultaneously depolarizing the same cells, the two sets of inputs associate in
time to boost BLa PN AP probability. To our knowledge, we are the first to report
such a mechanism for presynaptic nAChRs, although a recent study reported a

similar phenomenon in cortex (Urban-Ciecko et al., 2018), which we will discuss
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in more detail below. This effect is also indirect because ACh must involve
different cells to influence the membrane potential of the recorded cell. In
contrast, the muscarinic reduction of LA-driven BLa PN output is direct because
ACh produces the effect by activating M1Rs located directly on the recorded cell
itself. These findings layer a novel mechanism onto a well-established body of
literature in the cortex that nAChRs and mAChRs cooperate to enhance the
signal-to-noise ratio of inputs to enhance attention to and encoding of important
stimuli (Colangelo et al., 2019; Hasselmo 2006; Lustig and Sarter 2016; Mineur
and Picciotto 2021).

We also compared the effect of phasic ACh on the membrane potential
and LA-driven excitability between BLa and BLp PNs. Interestingly, we found that
the effects of ACh in BLp PNs were muted compared to those in the BLa. BLa
PNs were more sensitive to phasic ACh release and had significantly larger
response amplitudes than BLp PNs in response to the same cholinergic stimuli. It
should be noted that BLp PNs that did respond to ACh displayed both
components of the biphasic response observed in the BLa. In terms of phasic
ACh’s impact on LA-driven BLp PN output, the nicotinic facilitating effect was not
detected and the muscarinic reductive effect, while significant, was smaller. Our
results suggest that differences in the muscarinic effect are not due to differences
in the postsynaptic expression of GIRK-coupled M1Rs because the amplitudes of
the hyperpolarizing responses to bath-applied muscarine in BLa and BLp PNs
were not significantly different. Instead, based on previous anatomical data from

our lab (not shown), the more likely explanation for differences in the nicotinic
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and muscarinic effects is a greater cholinergic innervation of the BLa. However, a
differential expression of nAChRs between the two regions could explain the
former difference because no studies have quantitatively compared nAChR
expression between the BLa and BLp. Future studies should explore this
possibility further.

Interestingly, we also found that BLa PNs had significantly larger slow
depolarizing responses to muscarine compared to BLp PNs. We did not focus
much on this difference because phasic ACh release did not reproduce this
response. However — because our 10ms flash likely creates a brief and small
ACh spread zone of only tens to hundreds of nanometers from presynaptic
release sites (Sarter and Lustig 2020), whereas muscarine ubiquitously activates
all M1Rs in the slice, including those beyond phasic ACh’s reach — this
observation could reflect the existence of distinct sets of M1Rs coupled to
different effectors that are activated by different modes of ACh release: “synaptic”
GIRK-coupled M1Rs that hyperpolarize the cell and respond to phasic ACh
release, and “extrasynaptic” M1Rs coupled to depolarizing effectors (like KCNQ
channels that mediate the M-current) that respond to sustained ACh release via
a farther-reaching zone of ACh spread. Indeed, there is much ongoing debate
over the nature of ACh signaling in vivo and how ACh spreads in target regions
(Disney and Higley 2020; Sarter and Lustig 2020) and the presence of synaptic
versus extrasynaptic mAChRs has been proposed before (Aitta-aho et al., 2018;
Hasselmo and Sarter 2011, Unal et al., 2015). If true, perhaps the differences in

M1R expression between the BLa and BLp from our previous work (Chapter 3)
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reflect a greater expression of extrasynaptic M1Rs in the BLa. Future studies

should explore this possibility further. (Hasselmo and Sarter 2011)
4.4.1. FUNCTIONAL IMPLICATIONS

Phasic ACh release in cortex is necessary for behaviors reporting cue
detection (Gritton et al., 2016); the BL — a cortex-like region — is the most densely
innervated target of the cholinergic basal forebrain (CBF) (Carlsen and Heimer
1986; Muller et al., 2011); salient emotional experiences elicit phasic ACh
release in the BNC (Crouse et al., 2020) and other regions (Hangya et al., 2015;
Laszlovszky et al., 2020; Sturgill et al., 2020; Teles-Grilo Ruivo et al., 2017); and
the BNC detects biologically important environmental stimuli and orchestrates
appropriate behavioral responses to their implied meaning (Adolphs et al., 1994,
Blanchard and Blanchard 1972; Brown and Schafer 1888; Kluver and Bucy 1937,
LeDoux et al., 1990; McDonald 2020; Pitk&nen et al., 1997; Weiskrantz 1956).
Despite the overlap of these observations, no studies have searched for circuit-
level and molecular mechanisms by which salient stimulus-driven phasic ACh
release could shape attentional computations performed by the BNC.

Our results suggest that LA inputs — simulating sensory information
flowing into the BL — are more likely to fire BLa PNs when they arrive at the
precise moment when ACh is released due to the additional depolarization
provided by the nicotinic recruitment of extra-amygdalar glutamatergic inputs.
This could be a mechanism by which ACh ensures behaviorally relevant stimuli —
defined as those represented by LA terminals signaling in the BNC when ACh is

initially released — are detected and responded to. This process could also
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facilitate the acquisition of associative emotional memories at the LA-BLa
pathway by promoting spike-timing dependent long term-potentiation of LA-BLa
synapses. Supporting this, a recent study showed that the formation of
associative emotional memories requires ACh transients in the BL that peak
around 500ms after reward retrieval (Crouse et al., 2020), which is relatively
close to the duration our 10ms light flash. Further supporting the physiological
nature of our stimulus, a recent review suggests ACh may signal along multiple
spatiotemporal zones, with one zone corresponding to a region that is tens to
hundreds of nanometers surrounding cholinergic release sites and accomplished
by signaling lasting tens of milliseconds (Sarter and Lustig 2020).

Our results also suggest that these same LA inputs are less likely to fire
the same BLa PNs if they arrive merely tens of milliseconds later. This could be a
means by which ACh ensures behaviorally irrelevant or distracting stimuli —
defined as those represented by LA terminals signaling in the BNC at a delayed
interval after initial ACh release — are not noticed or responded to. Together, both
components of the biphasic response to phasic ACh could represent a temporal
signal-to-noise ratio (SNR) filter. Indeed, ACh has long been postulated to
enhance the SNR of sensory inputs to cortex (Sarter et al., 2005) and a study in
the BNC reported that phasic ACh enhances the SNR of BLa PNs by
bidirectionally modulating their excitability depending on their level of activity
when ACh impacts the cells (Unal et al., 2015). Our findings reveal an additional

mechanism by which phasic ACh could enhance the SNR in the BLa, in this case
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in response to internal sensory inputs. To our knowledge, we are the first to
report a such an effect.

Intriguingly, a temporally specific facilitation of glutamatergic signaling via
presynaptic NAChRs activated by phasic ACh (generated by the same 10ms
flash used here) was recently reported in the cortex and its authors suggested it
could represent a potential mechanism by which ACh enhances sensory
processing in the attentive, cued state (Urban-Ciecko et al., 2018). This raises
the interesting question of whether transient recruitment of presynaptic nAChRs
on glutamate terminals represents a common synaptic motif by which stimulus
driven phasic ACh release facilitates attentional performance throughout the
brain. In support of this, N AChRs have been implicated in enhancing attention
and deficits in NAChR signaling are associated with attentional deficits in
schizophrenia and Alzheimer’s disease (Freedman, 2014; Guillem et al., 2011;
Hahn, 2015; Parikh et al., 2007; Sarter et al., 2005). It will be interesting to see
whether future studies continue to reveal this mechanism in other brain areas.

Finally, there is evidence that negative and positive emotions are
preferentially processed by the BLa and BLp. We have observed a more
heightened influence of phasic ACh signaling in the BLa, suggesting ACh could
differentially contribute to the BNC’s processing of negative and positive emotion.
Since phasic ACh signaling is increasingly appreciated to correspond to
attentional performance and the early nicotinic facilitation of LA-driven BLa PN
output was not observed in the BLp, our results could suggest that the brain is

wired to perceive with an attentional bias to negative stimuli. However, it should
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again be noted that the nicotinic response was detected in BLp PNs, suggesting
a similar role for these receptors could emerge under different circumstances.
Although this possibility awaits further experimental verification, it does tempt
speculation. Perhaps defaulting to negative valence and defensive behavior over
positive valence and appetitive behavior is evolutionally advantageous and more

beneficial for survival, as an example.
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Figure 4.1. ChR2 is selectively expressed in cholinergic neurons. A.
Representative images of ChR2 expression (green) and ChAT antibody
immunoreactivity (red) in the horizontal limb of the diagonal band of Broca
(HDB), one source of cholinergic terminals to the BLa. Overlap is depicted in
yellow. B. Top. The total number of ChAT antibody+ cells (left bar), ChR2+
cells (right bar), and overlapping (ChR2+ and ChR2+) cells in the HDB.
Bottom, Left. The percentage of ChAT antibody+ cells in the HDB that also
express ChR2. Bottom, Right. The percentage of ChR2+ cells in the HDB
that are also ChAT antibody+. C. Representative images of ChR2 expression
(green) and ChAT antibody immunoreactivity (red) in the BLa. Overlap is
depicted in yellow.
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Figure 4.2. Phasic acetylcholine release produces a biphasic response in
BLa pyramidal neurons. A. Top. Schematic of the experimental setup
depicting the positioning of the recording electrode in the BLa and the
targeting of the BLa with the blue light flash. Bottom. lllustration of the 10ms
blue light flash that was used to evoke phasic acetylcholine release into the
BLa during recordings. B. Representative trace depicting the biphasic
membrane potential response of a BLa PN to a 10ms flash (blue bar). Both
components are labelled. C. Left. Bar graph showing the average amplitudes
of the EPSC and IPSC components of the biphasic response to phasic ACh in
BLa PNs in ACSF. Right. Bar graph showing the average time it took from the
start of a 10ms flash to reach the peak of the EPSC and IPSC components of
the biphasic response.
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Figure 4.3. The faster cholinergic depolarization is mediated by a7 and a4B2 nicotinic receptors located on
presynaptic glutamate terminals. A. Schematic of the experimental setup depicting the positioning of the recording
electrode in the BLa, the targeting of the BLa with a blue light flash, and the occasional application of drug to probe the
transmitters and receptors mediating the early EPSC. B. Top. Representative traces depicting the membrane potential
responses of a BLa PN to a 10ms flash (blue bar) in ACSF (black trace) and the subsequent addition of 20uM MEC
(gold trace). The inset shows a zoomed view of the early EPSC. Its boundaries are defined by the adjacent black box.
Bottom. Bar graph showing the average amplitudes of the EPSC and IPSC components of the biphasic response to
phasic ACh in BLa PNs in ACSF (black bars) and MEC (gold bars). C. Top. Representative traces depicting the
membrane potential responses of a BLa PNs to a 10ms flash (blue bars) in ACSF (all black traces) and the subsequent
addition of 20uM CNQX (left gold trace), 50uM Pic (middle gold trace), and cocktail (CNQX + Pic and sometimes also
MK801 and CGP) (right gold trace). The insets show zoomed views of the early EPSCs in each drug condition. Their
boundaries are defined by the adjacent black boxes. Bottom. Bar graphs showing the average amplitudes of the
EPSC and IPSC components of the biphasic response to phasic ACh in BLa PNs in ACSF (black bars of all bar
graphs) and CNQX (gold bars of left bar graph), Pic (gold bars of middle bar graph), and cocktail (gold bars of right bar
graph). D. Top. Representative traces depicting the membrane potential responses of a BLa PNs to a 10ms flash (blue
bars) in ACSF (all black traces) and the subsequent addition of 1uM DHRBE (left gold trace), 100nM MLA (middle gold
trace), and DHBE + MLA (right gold trace). The insets show zoomed views of the early EPSCs in each drug condition.
Their boundaries are defined by the adjacent black boxes. Bottom. Bar graphs showing the average amplitudes of the
EPSC and IPSC components of the biphasic response to phasic ACh in BLa PNs in ACSF (black bars of all bar
graphs) and DHBE (gold bars of left bar graph), MLA (gold bars of middle bar graph), and DHBE + MLA (gold bars of
right bar graph). E. Bar graph showing the average amplitude of the early EPSC and late IPSC in the presence of each
drug expressed as a percentage of the average amplitude of the same response component recorded in control

conditions (or ACSF). A = ACSF, ME = MEC, CN = CNQX, Ct = Cocktail, DH = DHBE, ML = MLA. * = p < 0.01, ** = p
< 0.01, *** p < 0.001.
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Figure 4.4. The slower cholinergic hyperpolarization is mediated by
postsynaptic M1Rs coupled to GIRK channels. A. Left. Representative
traces depicting the membrane potential responses of a BLa PN to a 10ms
flash (blue bar) in cocktail (black trace) and the subsequent addition of 5uM
ATR (gold trace). Middle. Bar graph showing the average amplitudes of the
EPSC and IPSC components of the biphasic response to phasic ACh in BLa
PNs in cocktail (black bar) and ATR (gold bar). Right. Bar graph showing the
average amplitude of the late IPSC in the presence of ATR expressed as a
percentage of the average amplitude of the late IPSC recorded in control
conditions (or cocktail). B. Left. Representative traces
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depicting the membrane potential responses of a BLa PN to a 10ms flash
(blue bar) in cocktail (black trace) and the subsequent addition of 1uM PRZ
(gold trace). Middle. Bar graph showing the average amplitudes of the EPSC
and IPSC components of the biphasic response to phasic ACh in BLa PNs in
cocktail (black bar) and PRZ (gold bar). Right. Bar graph showing the average
amplitude of the late IPSC in the presence of PRZ expressed as a percentage
of the average amplitude of the late IPSC recorded in control conditions (or
cocktail). C. Left. Representative traces depicting the membrane potential
responses of a BLa PN to a 10ms flash (blue bar) in ACSF and held at -
110mV, -90mV, -70mV, and -50mV. Right. Graph showing the direction and
average amplitudes of the late IPSCs recorded at -110mV, -90mV, -70mV,
and -50mV. D. Left. Representative traces depicting the membrane potential
responses of a BLa PN to a 10ms flash (blue bar) in ACSF (black trace) and
the subsequent addition of 20uM Bac (gold trace). Middle. Bar graph showing
the average amplitudes of the EPSC and IPSC components of the biphasic
response to phasic ACh in BLa PNs in ACSF (black bar) and Bac (gold bar).
Right. Bar graph showing the average amplitude of the late IPSC in the
presence of Bac expressed as a percentage of the average amplitude of the
late IPSC recorded in control conditions (or ACSF). E. Left. Representative
trace depicting the membrane potential response of a BLa PN to a 10ms flash
(blue bar) in ACSF and internal solution containing 5mM QX-314 (gold trace).
Right. Bar graph showing the average amplitude of the late IPSC in one set of
cells that had regular internal solution (black bar) and a separate set of cells
that had intracellular QX-314 (gold bar). Responses in both sets of cells were

recorded in ACSF. * =p <0.01, ** = p < 0.01, *** p < 0.001.
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Figure 4.5. BLa and BLp pyramidal neurons can be distinguished by
their passive and active electrical properties. A. Schematic of the
experimental setup depicting the positioning of the recording electrode in the
BLa. B. Representative image depicting a biocytin-filled BLa PN. C. Voltage
response of a BLa PN to hyperpolarizing and depolarizing current pulses. D.
Schematic of the experimental setup depicting the positioning of the recording
electrode in the BLp. E. Representative image depicting a biocytin-filled BLp
PN. F. Voltage response of a BLp PN to hyperpolarizing and depolarizing
current pulses. G. Left. Bar graph showing the percentage of BLa (left bar)
and BLp (right bar) PNs that had initial spikes in response to depolarizing
current pulses characterized as a singlet (solid bar) or doublet (diagonal lines).
Right. Representative traces depicting a BLa PN singlet (top, left), BLa PN
doublet (top, right), and a BLp PN singlet (bottom). H. Left. Bar graph showing
the average frequency of spontaneous depolarizing synaptic events (SEPSCs)
in BLa PNs (left bar) and BLp PNs (right bar). Right. Representative traces
depicting SEPSCs in a BLa PN (top) and BLp PN (bottom). *=p <0.01, **=p

<0.01, ** p < 0.001.
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Figure 4.6. Phasic acetylcholine release preferentially impacts BLa over BLp pyramidal neurons. A. Schematic
of the experimental setup depicting (i.) the positioning of the recording electrode in the BLa and the targeting of the
BLa with blue light flashes or (ii.) the positioning of the recording electrode in the BLp and the targeting of the BLp with
blue light flashes. iii. lllustration of the blue light flash protocol that was used to evoke increasing amounts of phasic
acetylcholine into the BLa and BLp during recordings from BLa and BLp PNs. 1ms, 2ms, 3ms, 4ms, 7ms, and 10ms
flashes were presented in successive order to every cell recorded. B. Representative traces depicting the membrane
potential responses of BLa (black traces) and BLp (red traces) PNs to a (Left) 3ms flash (blue bar) in ACSF or (Right)
10ms flash (blue bar) in ACSF. C. Bar graph showing the percentage of BLa (black bars) and BLp (red bars) PNs that
displayed responses to each light flash duration. D. Bar graph showing the average amplitudes of the EPSC and IPSC
components of the biphasic response to phasic ACh in BLa (black bars) and BLp (red bars) PNs in ACSF at each light
duration. E. Representative traces depicting the responses of BLa (black traces) and BLp (red traces) PNs to a 10ms
flash (blue bar) in ACSF during spiking in response to steady depolarizing current injection. F. Left. Bar graph showing
the percentage of spiking BLa (black bar) and BLp (red bar) PNs that responded to a 10ms flash in ACSF with a brief
pause in action potential firing. Right. Bar graph showing the average duration of AP inhibition produced by a 10ms
flash in BLa (black bar) and BLp (red bar) PNs in ACSF. G. Schematic of the experimental setup depicting the
positioning of the recording electrode in the BLa or BLp and the application of drug to compare the responses between
BLa and BLp PNs. H. Representative trace depicting the membrane potential responses of a BLa PN to the successive
application of 10uM muscarine, 10uM ATR, 10uM Bac, and 2uM CGP in the presence of cocktail. I. Left. Bar graph
showing the average amplitude of the IPSC component of the biphasic response to muscarine in BLa (black bars) and
BLp (red bars) PNs in cocktail. Right. Bar graph showing the average amplitude of the Bac IPSC in BLa (black bars)

and BLp (red bars) PNs in cocktail. * = p < 0.01, ** = p < 0.01, *** p < 0.001.
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Figure 4.7. Acetylcholine receptors activated by phasic acetylcholine release do not influence evoked
glutamate release at LA-BLa synapses. A. Left. Schematic of the experimental setup depicting the positioning of the
recording electrode in the BLa, the simulating electrode in the LA, and the targeting of the BLa with two blue light
flashes. Right. The timing relationship between the paired stimulation of LA (50ms apart) and the presentation of two
10ms flashes (also 50ms apart). B. Top. Representative trace depicting the membrane potential response of a BLa PN
to two successive 10ms flashes (blue bars) in ACSF. Although LA is not stimulated in this trace, the timing of LA inputs
with respect to this response is illustrated by two red arrows. Bottom. Representative traces depicting the membrane
potential response to paired stimulation of LA in the absence (Left) and presence (Right) of phasic ACh evoked by two
10ms flashes. Note that the membrane potential response to ACh is subtracted from the right trace. The left and right
traces were recorded in ACSF. C. Left. Graph showing the amplitude of the first LA-BLa EPSC (Pulse 1 or P1) and the
second LA-BLa EPSC (P2) evoked by paired LA stimulation in the absence (black, left half of graph) and presence
(blue, right half of graph) of phasic ACh evoked by two 10ms flashes. Right. Bar graph showing the paired-pulse
facilitation ratio (P2 amplitude/P1 amplitude) of the LA-BLa EPSCs in the absence (black bar) and presence (right bar)
of phasic ACh evoked by two 10ms flashes. D. Left. Schematic of the experimental setup depicting the positioning of
the recording electrode in the BLa, the simulating electrode in the LA, and the targeting of the BLa with individual blue
light flashes. Right. The timing relationship between the paired stimulation of LA (50ms apart) and the presentation of
a single 10ms flash. E. Top. Representative trace depicting the membrane potential response of a BLa PN to a single
10ms flash (blue bar) in ACSF. Although LA is not stimulated in this trace, the timing of LA inputs with respect to this
response is illustrated by two red arrows. Bottom. Representative traces depicting the membrane potential response
to paired stimulation of LA in the absence (Left) and presence (Right) of phasic ACh evoked by a single 10ms flash.
Note that the membrane potential response to ACh is subtracted from the right trace. The left and right traces were
recorded in ACSF. F. Left. Graph showing the amplitude of the first LA-BLa EPSC (P1) and the second LA-BLa EPSC
(P2) evoked by paired LA stimulation in the absence (black, left half of graph) and presence (blue, right half of graph)
of phasic ACh evoked by a single 10ms flash. Right. Bar graph showing the paired-pulse facilitation ratio (P2
amplitude/P1 amplitude) of the LA-BLa EPSCs in the absence (black bar) and presence (right bar) of phasic ACh

evoked by a single 10ms flash. * = p < 0.01, ** = p < 0.01, *** p < 0.001.
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Figure 4.8. Activation of a7 and a4B2 nicotinic acetylcholine receptors
does not influence evoked glutamate release at LA-BLa synapses. A.
Schematic of the experimental setup depicting the positioning of the recording
electrode in the BLa, the simulating electrode in the LA, and the application of
drug. The LA stimulation protocol is also depicted, which involves a paired
stimulation of LA (50ms apart). B. Representative traces depicting the
membrane potential responses of a BLa PN to paired LA stimulation in ACSF
and the subsequent and successive application of 300nM PNU-282987,
100nM RJR-2403, and 20uM MEC. C. Left. Graph showing the amplitude of
the first LA-BLa EPSC (Pulse 1 or P1) and the second LA-BLa EPSC (P2)
evoked by paired LA stimulation in ACSF (far left) and the subsequent
addition of PNU-282987 (middle left), RIR-2403 (middle right), and MEC (far
right). Right. Bar graph showing the paired-pulse facilitation ratio (P2
amplitude/P1 amplitude) of the LA-BLa EPSCs in ACSF (far left) and the
subsequent addition of PNU-282987 (middle left), RIR-2403 (middle right),

and MEC (far right). * =p <0.01, ** = p < 0.01, *** p < 0.001.
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Figure 4.9. Phasic acetylcholine release associatively enhances the ability of appropriately timed LA inputs to
fire BLa, but not BLp, pyramidal neurons. A. Schematic of the experimental setup depicting (Left) the positioning of
the recording electrode in the BLa, the simulating electrode in the LA, and the targeting of the BLa with individual blue
light flashes or (Right) the positioning of the recording electrode in the BLp, the simulating electrode in the LA, and the
targeting of the BLp with individual blue light flashes. B. Left. The timing relationship between the single stimulation of
LA and the presentation of individual 10ms flashes. Right. Showing how the protocol on the left is designed to align the
peak of the early nicotinic depolarization with the arrival of LA input. The nicotinic depolarization and muscarinic
hyperpolarization of BLa PNs (black trace) are drawn with larger amplitudes than those of the BLp (red trace) based on
findings from Figure 4.6. C. Representative traces depicting recordings of single units from consecutive sweeps
(overlaid) in BLa (top left and bottom left) and BLp (top right and bottom right) PNs in the absence (top left and top
right) and presence (bottom left and bottom right) of phasic ACh. D. Left. Bar graph showing the average probability of
observing LA-driven single units in BLa (black bars, left half) and BLp (red bars, right half) PNs in the absence
(colorless bars) and presence (blue shaded bars) of phasic ACh. Right. Bar graph showing the average probability of
observing LA-driven single units in BLa (black bar, left half) and BLp (red bar, right half) PNs in the presence of ACh
expressed as a percentage of baseline (the average probability of observing single units in either cell type without
ACh). No drugs were present in these experiments. E. Schematic of the experimental setup depicting the positioning of
the recording electrode in the BLa, the simulating electrode in the LA, the targeting of the BLa with individual blue light
flashes, and the application of drug (MEC) to assess the contribution of nicotinic receptors to the effect of phasic ACh
at this interval. F. Left. The timing relationship between the single stimulation of LA and the presentation of individual
10ms flashes. Right. Showing how the protocol on the left is designed to align the peak of the early nicotinic
depolarization with the arrival of LA input. G. Representative traces depicting recordings of single units from
consecutive sweeps (overlaid) in BLa PNs in ACSF (top left and bottom left) and 20uM MEC (top right and bottom
right) in the absence (top left and top right) and presence (bottom left and bottom right) of phasic ACh. H. Left. Bar
graph showing the average probability of observing an LA-driven single unit in BLa PNs in ACSF (black bars, left half)
and MEC (purple bars, right half) in the absence (colorless bars) and presence (blue shaded bars) of phasic ACh.
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Right. Bar graph showing the average probability of observing an LA-driven single unit in BLa PNs in ACSF (black bar,
left half) and MEC (purple bar, right half) in the presence of ACh expressed as a percentage of baseline (the average

probability of observing single units in BLa PNs without ACh). NL = no light (or no ACh), L = light (ACh is present). * =
p<0.01, ** =p<0.01, ***p<0.001.
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Figure 4.10. Phasic acetylcholine release reduces the ability of inappropriately timed LA inputs to fire BLa and
BLp pyramidal neurons. A. Schematic of the experimental setup depicting (Left) the positioning of the recording
electrode in the BLa, the simulating electrode in the LA, and the targeting of the BLa with individual blue light flashes or
(Right) the positioning of the recording electrode in the BLp, the simulating electrode in the LA, and the targeting of the
BLp with individual blue light flashes. B. Left. The timing relationship between the single stimulation of LA and the
presentation of individual 10ms flashes. Right. Showing how the protocol on the left is designed to align the peak of
the late muscarinic hyperpolarization with the arrival of LA input. The nicotinic depolarization and muscarinic
hyperpolarization of BLa PNs (black trace) are drawn with larger amplitudes than those of the BLp (red trace) based on
findings from Figure 4.6. C. Representative traces depicting recordings of single units from consecutive sweeps
(overlaid) in BLa (top left and bottom left) and BLp (top right and bottom right) PNs in the absence (top left and top
right) and presence (bottom left and bottom right) of phasic ACh. D. Left. Bar graph showing the average probability of
observing LA-driven single units in BLa (black bars, left half) and BLp (red bars, right half) PNs in the absence
(colorless bars) and presence (blue shaded bars) of phasic ACh. Right. Bar graph showing the average probability of
observing LA-driven single units in BLa (black bar, left half) and BLp (red bar, right half) PNs in the presence of ACh
expressed as a percentage of baseline (the average probability of observing single units in either cell type without
ACh). No drugs were present in these experiments. E. Schematic of the experimental setup depicting the positioning of
the recording electrode in the BLa, the simulating electrode in the LA, the targeting of the BLa with individual blue light
flashes, and the application of drug (CGP or ATR) to assess the contribution of GABAs and muscarinic receptors to the
effect of phasic ACh at this interval. F. Left. The timing relationship between the single stimulation of LA and the
presentation of individual 10ms flashes. Right. Showing how the protocol on the left is designed to align the peak of
the late muscarinic hyperpolarization with the arrival of LA input. G. Representative traces depicting recordings of
single units from consecutive sweeps (overlaid) in BLa PNs in ACSF (left traces), 2 uM CGP (top right traces), and 5
MM ATR (bottom right traces) in the absence (black traces for ACSF, green traces for CGP, pink traces for ATR) and
presence (blue traces for all drug conditions) of phasic ACh. H. Top Left. Bar graphs showing the average probability
of observing an LA-driven single unit in BLa PNs in ACSF (black bars, left half) and CGP (green bars, right half) in the
absence (colorless bars) and presence (blue shaded bars) of phasic ACh. Top Right. Bar graph showing the average
probability of observing an LA-driven single unit in BLa PNs in ACSF (black bar, left half) and
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CGP (green bar, right half) in the presence of ACh expressed as a percentage of baseline (the average probability of
observing single units in BLa PNs without ACh). Bottom Left. Bar graphs showing the average probability of observing
an LA-driven single unit in BLa PNs in ACSF (black bars, left half) and ATR (pink bars, right half) in the absence
(colorless bars) and presence (blue shaded bars) of phasic ACh. Bottom Right. Bar graph showing the average
probability of observing an LA-driven single unit in BLa PNs in ACSF (black bar, left half) and ATR (pink bar, right half)
in the presence of ACh expressed as a percentage of baseline (the average probability of observing single units in BLa
PNs without ACh). * = p < 0.01, ** = p < 0.01, *** p < 0.001.



Table 4.1. Active and passive electrical properties of BLa and BLp pyramidal neurons. Cm = membrane
capacitance, Rm = membrane resistance, RMP = resting membrane potential, spike onset delay = time from start of
depolarizing current pulse until initial spike, spike thresh = spike threshold = the membrane potential at which the cell

spikes, rheobase = the amount of current required to reach spike threshold. * = p < 0.01, ** = p < 0.01, *** p < 0.001.

XA

Bla (n=20) | Blp (n=21) 2-Sample T-Test
Cell Property Mean + SEM  Mean + SEM | P-Value Significance
9 Cm (pF) 45.9 + 0.71 34.29+0.5 | 2.55E-16 ¥ ok %
@ Rm (QM) 115.5+5.45 147.71+7.4 | 0.0013 * %
& RMP (mV) 7135+092  -68+0.96 0.016 *
© | Spike Onset Delay (ms) |318.04+47.92 596.67 + 88.14| 0.0093 * %
s Spike Thresh (mV) 4226 +0.69 -40.19+0.74 | 0.048 *
< Rheobase (pA) 99 + 6.24 107.62+4.87 | 0.28 ns
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Table 4.2. Drugs used in Chapter 4.

Drug Name Drug Type Target Method | Dose Citation
6-cyano-7-nitroquinoxaline-2,3-dione (CNQX) Selective Antagonist | AMPA Receptors Bath 20uM Lee et al., 2010
Dizocilpine Maleate (MK-801) Selective Antagonist NMDA Receptors Bath 20uM | Sison and Gerlai 2011
Picrotoxin (Pic) Selective Antagonist | GABA, Receptors Bath 50uM Power and Sah 2008
Baclofen (Bac) Selective Agonist GABA; Receptors Bath 20uM Skov et al., 2011
CGP Selective Antagonist | GABAg Receptors Bath 2uM Bony et al. 2013
Mecamylamine (MEC) Non-Selective Antagonist nNAChRs Bath 20uM Shen and Horn, 1998
RJR-2403 Selective Agonist 0432 nAChRs Bath 100nM| Gardufo et al., 2012
Dihydro-B-erythroidine Hydrobromide (DHBE) Selective Antagonist 0432 nAChRs Bath 1uM Brusco et al., 2015
PNU-282987 Selective Agonist a7 nAChRs Bath 300nM Hajos et al., 2005
Methyllycaconitine (MLA) Selective Antagonist a7 nAChRs Bath 100nM | van Goethem et al., 2019
Muscarine (Musc) Non-Selective Agonist MAChRs Bath 10puM Meng et al., 2017
Atropine (ATR) Non-Selective Antagonist MAChRs Bath 5uM Yang et al., 2014
Pirenzepine (PRZ) Selective Antagonist M1 mAChRs Bath 1uM Unal et al., 2015
QX-314 Selective Antagonist GIRK Channels |Intracellular| 5mM Smirnov et al., 1999




CHAPTER 5
OPPOSITE IMPACT OF OPTICALLY AND
PHARMACOLOGICALLY STIMULATED M1 MUSCARINIC
RECEPTORS ON SYNAPTIC NMDA CURRENTS IN PYRAMIDAL
NEURONS OF THE BASOLATERAL NUCLEAR COMPLEX OF THE
AMYGDALA

5.1. INTRODUCTION

The basolateral nuclear complex of the amygdala (BNC) — consisting of
the lateral (LA), basolateral (BL), and basomedial nuclei (BM) — detects
biologically relevant environmental stimuli and orchestrates appropriate
behavioral responses to their implied meaning (Adolphs et al., 1994; Blanchard
and Blanchard 1972; Brown and Schafer 1888; Kliiver and Bucy 1937; LeDoux et
al., 1990; McDonald 2020; Pitkanen et al., 1997; Weiskrantz 1956). The BNC is
also a crucial storage site for associative emotional memories (Bocchio et al.,
2017; Pape and Pare 2010). Like the cortex, the BNC is comprised of local
inhibitory interneurons that release gamma-aminobutyric acid (GABA) and long-
range excitatory pyramidal neurons (PNs) that release glutamate (McDonald
2020; Sah et al., 2003). Sensory information enters the LA, and its PNs send
heavy projections to the PNs in the ventrally-adjacent (Bazelot et al., 2015;

Jolkkonen and Pitkdnen 1998; Pitkénen et al., 1997; Pu et al., 2009; Wang et al.,
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2002), the output of which are important for mediating BNC function (Ambroggi et
al., 2008; Baxter and Murray 2002; Beyeler et al., 2016, 2018; Goosens and
Maren 2001; Gore et al., 2015; Janak and Tye 2015; Killcross, Robbins, and
Everitt 1997; Kim et al., 2016, 2017; Namburi et al., 2015; Paton et al., 2006;
Pignatelli and Beyeler 2019; Stuber et al., 2011; Tye 2018; Tye et al., 2008;
Zhang et al., 2020).

Associative emotional memories are formed in the BNC through long-term
potentiation (LTP) (Bocchio et al., 2017; Carrere and Alexandre 2015; Maren
1999; Pape and Pare 2010), the cellular and molecular correlate of learning
(Luscher and Malenka 2012; Lynch 2004). LTP is a process whereby the
communication strength between neurons activated during experience becomes
and remains enhanced for a prolonged period (Luscher and Malenka 2012; Yang
and Calakos 2013). At the cellular level, synapses of weak sensory inputs
representing neutral stimuli that are unable to activate BNC behavioral output
neurons alone become strengthened via their coincident signaling onto the same
postsynaptic cells as strong sensory inputs representing salient stimuli
(Johansen et al., 2011; Sigurdsson et al., 2007). The synaptic modifications that
result from this pairing (i.e., LTP) enable the initially neutral stimuli to activate the
same BNC circuitry (and generate the same emotional behaviors) as the salient
stimuli they were paired with during the original emotional experience (Johansen
et al., 2011; Sigurdsson et al., 2007). This process enables the BNC to assign
meaning to stimuli through experience and predict biologically relevant outcomes

that promote organismal survival (Janak and Tye 2015).
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N-Methyl-D-aspartic acid (NMDA) receptors are essential for the LTP
underlying associative emotional learning in the BNC (Campeau et al., 1992;
Fanselow and Kim 1994; Lee et al., 2001; Maren 1999; Maren et al., 1996;
Miserendino et al., 1990) because their activation during emotional experiences
enables calcium influx into BNC PNs, which initiates intracellular mechanisms
underlying LTP expression (Luscher and Malenka 2012). The size of NMDA
receptor currents, and therefore the amount of calcium entry they permit, can be
controlled via numerous molecular mechanisms (Bazzari and Parri 2019;
Kantamneni 2015; Lujan et al., 2009; MacDonald et al., 2007).

The BL is heavily innervated by cholinergic fibers originating in the basal
forebrain (Carlsen and Heimer 1986; Muller et al., 2011) and acetylcholine (ACh)
has important roles in learning in memory (Drever et al., 2011; Hasselmo 2006).
ACh is transiently released during significant emotional experiences and
muscarinic ACh receptors (mMAChRs) are a major class of receptors by which
ACh is known to influence learning and memory (Wilson and Fadel, 2017).
MAChRSs are G protein-coupled receptors (GCPRs) and GCPRs are known to
modulate postsynaptic NMDA receptor expression and function (Bazzari and
Parri 2019; Kantamneni 2015; MacDonald et al., 2007). In fact, pharmacological
activation of the M1 mAChR (M1R) subtype has been shown to potentiate NMDA
receptor currents in hippocampal PNs by preventing the normal opening of
nearby small conductance calcium-activated potassium (SK) channels that
negatively regulate NMDA receptor currents (Buchanan et al., 2010; Calabresi et

al., 1998; Dennis et al., 2016; Giessel and Sabatini 2010; Marino et al., 1998; Sur
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et al., 2003; Tigaret et al., 2018). This mechanism has also been shown to
underlie the facilitation of LTP induction in hippocampal neurons elicited by
electrically induced trains of endogenous ACh release (Buchanan et al., 2010).

Surprisingly, very few studies have explored the role of ACh in LTP or
learning in the BNC (Crouse et al., 2020; Jiang et al., 2016; Park et al., 2004,
Watanabe et al., 1995). Among these, there was substantial variation in the
techniques used, study focus, and findings. Two were older studies that used
exogenous cholinergic agonists that fail to closely mimic endogenously released
ACh, with one reporting a unique form of presynaptic LTP and the other focusing
on structures other than the BL (Park et al., 2004; Watanabe et al., 1995). The
other two studied explored the effects of endogenous ACh signaling on learning,
but each reported different results and only one looked at the underlying LTP
(Crouse et al., 2020; Jiang et al., 2016). The study that only looked at learning
reported a necessary role for mAChR activation but did not identify the mAChR
subtype nor molecular mechanism by which the mAChRs exerted their effects
(Crouse et al., 2020). The other study, which also looked at LTP, reported that
sustained ACh signaling in BNC is sufficient to elicit LTP and strengthen
emotional learning but, contrary to the first study, said this effect was mediated
by a presynaptic mechanism that did not depend on mAChRs (Jiang et al.,
2016). Neither study assessed the impact of ACh signaling on postsynaptic
NMDA receptors in BNC PNs, warranting future studies examining such

possibilities.
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In the present study, we hypothesized that M1Rs activated by phasic ACh
and muscarine would potentiate NMDA receptor currents at LA-BLa synapses by
blocking SK channels. We focused on the BLa due to its exceptionally high
cholinergic innervation and M1R expression (Chapter 3; Muller et al., 2011,
2013). We tested this hypothesis with three aims. First, we determined whether
M1Rs activated by phasic ACh release potentiate glutamate responses at LA
synapses onto BLa PNs. Second, we compared the effects of M1Rs activated by
phasic ACh release and bath-applied muscarine on LA-BLa NMDA responses.
Third, we determined the molecular mechanisms underlying the effects of M1Rs
activated by each mode on LA-BLa NMDA responses. If M1Rs potentiate NMDA
receptor currents in amygdala, this could lower the threshold for LTP induction
and represent a means by which ACh strengthens the acquisition of emotional

memories.

5.2. MATERIALS AND METHODS

5.2.1. ANIMAL CARE AND USE PROCEDURES

All animal care, use, and surgical procedures were performed in
compliance with the National Institutes of Health guidelines for care and use of
laboratory animals and approved by The Institutional Animal Care and Use
Committee (IACUC) of the University of South Carolina. All mice were housed in
temperature-controlled cages (with maximum of 5 mice per cage) and maintained

on a 12-hour light/dark cycle with ad libitum food and water
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5.2.2. ANIMALS

In most experiments, six- to 24-week-old ChAT-Cre/Ai32(ChR2-EYFP)
transgenic mice of either sex were used, which express ChR2(H134R)-EYFP in
cholinergic neurons. These were generated by crossing ChAT-Cre animas
(#006410, The Jackson Laboratory) with Cre-dependent reporter Ai-ChR2-eYFP
animals (#012569, Jackson Labs). All mice were group housed in a climate-
controlled facility with a 12/12 light/dark cycle and provided with ad libitum

access to food and water.

5.2.3. SLICE PREPARATION FOR ELECTROPHYSIOLOGY

RECORDINGS

Animals were deeply anesthetized with isoflurane and the brain was
quickly extracted and submerged in ice-cold artificial cerebrospinal fluid (ACSF)
saturated with 95% O2 and 5% CO2 and containing the following (in mM): 110
choline chloride, 2.5 KCL, 25 NaHCO3, 1.0 NaH2PO4, 20 glucose, 5 MgClI2, 0.5
CaCl2. Coronal brain slices (300uM thick) containing amygdala were sectioned
using a vibratome (VT1000S; Leica, Nussloch, Germany) and immediately
transferred to ACSF (saturated with 95% O2 and 5% CO2) containing (in mM)
125 NaCl, 2.7 KCI, 25 NaHCO3, 1.25 NaH2 PO4, 10 glucose, 5 MgCI2, 0.5
CaCl2. All slices were incubated at 34-36°C for a minimum of 20 minutes before
the solution was allowed to equilibrate to room temperature. For recordings,
individual slices were transferred to a recording chamber maintained at 32-34°C
and continuously perfused with ACSF (saturated with 95% O2 and 5% CO2)

containing 2 mM calcium and 1 mM magnesium.
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5.2.4. SLICE ELECTROPHYSIOLOGY RECORDINGS

PNs were visualized using infrared-differential interference contrast optics
through a 40x objective (Olympus BX51WI). For whole cell recordings,
borosilicate glass electrodes of 4-6 MQ resistance filled with potassium gluconate
internal solution consisting of (in mM) 130 K-gluconate, 5 KCI, 10 HEPES, 2
MgCl2, 2 MgATP, 0.3 NaGTP, 0.5 EGTA (pH 7.3) were used. Phasic and
endogenous ACh release was evoked by delivering brief, single flashes of blue
light (473nM; Thor Labs) directly over the recorded cells through a 40x lens. Light
flashes were always applied at 60 sec intervals. Electrical stimulation of
glutamatergic LA input was achieved by delivering single pulses of current
(0.1ms) every 20 sec through a monopolar stimulating electrode positioned in LA.
All LA EPSCs were recorded at a holding potential of -70mV. To assess the
influence of phasic ACh release on glutamate receptor responses (Fig. 5.1—
5.4.), we implemented a protocol whereby glutamate release at LA-BLa
synapses (or NMDA puffs in Fig. 5.4.) was periodically evoked and ACh was
additionally released 160ms before every third LA stimulation (or every second
NMDA puff in Fig. 5.4.) by presenting a 10ms blue light flash, which we know
evokes ACh release because cholinergic agonists block the responses they
evoke (Chapter 4) and we have previously shown ChR2 is selectively expressed
in the cholinergic neurons of the ChAT-Cre/Ai32(ChR2-EYFP) transgenic mice
we used in this study (Fig. 4.1.). We chose the 160ms interval for two primary
reasons. First, we have previously shown that phasic ACh release at this interval

does not influence glutamate release from LA terminals at LA-BLa synapses and
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we were interested in studying ACh'’s postsynaptic effects on glutamate receptor
responses. Second, previous studies have shown that postsynaptic M1Rs can
influence glutamate receptor responses (Buchanan et al., 2010; Calabresi et al.,
1998; Dennis et al., 2016; Giessel and Sabatini 2010; Marino et al., 1998; Sur et
al., 2003; Tigaret et al., 2018) and we have previously shown that M1Rs are
activated by phasic ACh release at this interval. In whole cell experiments
measuring the effects of muscarine and apamin on the amplitude of LA EPSCs
(Fig. 5.5.— 5.7.), drugs were added to the recording ACSF and only applied to
slices in the recording chamber after a stable EPSC baseline was achieved in a
prior condition.

5.2.5. ANALYSES AND STATISTICS

Data from electrophysiological recordings was analyzed using Clampfit
10.7 (Molecular Devices) and figures were made using Origin Lab Pro software.
Statistical comparisons were performed using the appropriate t test or ANOVA
with post hoc test. Values are given as mean £ SEM. A minimum of three

animals were used for data presented in each figure.

5.3. RESULTS
5.3.1. THE POSTSYNAPTIC IMPACT OF PHASIC AND
ENDOGENOUS ACETYLCHOLINE RELEASE ON GLUTAMATE

RESPONSES IN BL PYRAMIDAL NEURONS
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5.3.1.A. Acetylcholine decreases the size of glutamate responses at

LA-BLa synapses when it is phasically released 160ms before LA

stimulation

We first assessed whether phasic ACh release alters the size of glutamate
responses from LA terminals innervating BLa PNs (Fig. 5.1.), which has not been
done before. To accomplish this, we implemented a protocol whereby glutamate
release was periodically evoked at LA-BLa synapses and ACh was additionally
released 160ms before every third LA stimulation via a 10ms flash of blue light
(Fig. 5.1.A.). We know that ACh is released by the 10ms flash based on our
previous work (Chapter 4). We also know that, at this interval, ACh does not alter
glutamate release from LA terminals and that postsynaptic M1Rs are active
(Chapter 4). We hypothesized that ACh would increase the size of LA-BLa
EPSPs because postsynaptic M1Rs can increase the size of NMDA receptor
currents in hippocampus (Buchanan et al., 2010; Calabresi et al., 1998; Dennis
et al., 2016; Giessel and Sabatini 2010; Marino et al., 1998; Sur et al., 2003;
Tigaret et al., 2018). We optimized our ability to detect NMDA receptor
contributions to our LA-BLa EPSPs by lowering extracellular Mg?* levels to
0.1mm (alleviating Mg?* block) and prevented GABAA receptor interference by
adding the GABAA receptor antagonist picrotoxin (Pic, 50 uM) to the recording
ACSF. We identified BLa PNs based on their passive and active electrical
properties (Fig. 4.5. and Table 4.1.; Fig. 5.1.B.) and characteristic biphasic
response to phasic ACh release (Chapter 4; Fig. 5.1.B.). In contrast to our

hypothesis, phasic ACh release decreased, rather than increased, the amplitude
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of LA-BLa EPSPs (Fig. 5.1.D. and 5.1.E.). The amplitude of the EPSP without
ACh was 4.83+0.17 mV compared to 4.0+0.3 mV in the presence of ACh (p =
0.041, two-tailed paired t-test) (Fig. 5.1.E., left), translating to a decrease of
17.2+4.07% (n= 3 cells).

Next, we determined whether phasic ACh release can also reduce the
size of LA-BLa AMPA and/or NMDA receptor responses (Fig. 5.2.). To do so, we
repeated the protocol from Figure 5.1. while pharmacologically isolating AMPA
and NMDA receptors. First, we isolated AMPA receptor responses by adding the
NMDA receptor antagonist dizocilpine maleate (MK-801 maleate, 20uM) to the
recording ACSF while keeping the other conditions the same. Consistent with
above, phasic ACh release significantly decreased the amplitude of LA-BLa
AMPA EPSPs (Fig. 5.2.B. and 5.2.C., left). The amplitude of the AMPA EPSP
without ACh was 4.17+0.34 mV compared to 3.62+0.42 mV in the presence of
ACh (n = 3 cells, p = 0.034, two-tailed paired t-test; Fig. 5.2.C., left). The percent
decrease of the LA-BLa AMPA EPSPs (13.56+£3.66%; Fig. 5.2.C., right) was
close to the percent decrease of LA-BLa EPSPs reported above (17.2+4.07%;
Fig. 5.1.E., right).

Next, we isolated NMDA receptor responses by removing all Mg?* from
the recording ACSF and replacing MK-801 maleate with the AMPA receptor
antagonist 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX, 20uM). Once again,
phasic ACh release significantly decreased the amplitude of LA-BLa NMDA
EPSCs (Fig. 5.2.E. and 5.2.F., left). The amplitude of the NMDA EPSC without

ACh was 100.05+16.65 pA compared to 60.34+£10.49 pA in the presence of ACh
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(n =4 cells, p = 0.04, two-tailed paired t-test; Fig. 5.2.F., left). Interestingly, the
percent decrease of the LA-BLa NMDA EPSCs (37.81+7.06%; Fig. 5.2.F., right)
was noticeably larger than it was for LA-BLa AMPA EPSPs (13.56+3.66%; Fig.
5.2.C., right) and LA-BLa EPSPs (17.2+4.07%; Fig. 5.1.E., right). Together, these
results indicate that ACh decreases, rather than increases, the size of AMPA and
NMDA receptor responses at LA-BLa synapses when it is phasically released

160ms before LA stimulation.

5.3.1.B. Intracellular GIRK channel blocker OX-314 prevents phasic

acetylcholine release from decreasing LA-BLa NMDA EPSCs

Next, we wanted to determine the cause of the inhibitory effects of ACh
reported above. We suspected postsynaptic GIRK channels could be responsible
because, in the protocol above, LA inputs arrive at the peak of postsynaptic,
M1R-mediated GIRK currents (Fig. 4.4.; Fig. 5.1.A., Fig. 5.2.A. and 5.2.D.).
Studies have shown the hyperpolarizing current produced by postsynaptic GIRK
channels reduce NMDA receptor currents by facilitating Mg?* block (Chalifoux
and Carter 2010; Morrisett et al., 1991; Mott et al., 1999; Otmakhova and Lisman
2004), but this mechanism cannot explain the reduced LA-BLa NMDA EPSCs
above because our cells were voltage-clamped and Mg?* was not present in our
recordings. It also cannot explain the decrease in isolated AMPA receptor
responses that we observed (Mott et al., 1999). Postsynaptic GIRK channels can
also provide local shunting inhibition of AMPA receptor currents (Chalifoux and
Carter 2010; Takigawa and Alzheimer 2002, 2003). We suspected this

mechanism to underlie ACh’s effects above and focused on NMDA receptor
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currents moving forward because this mechanism has never been shown to
impact NMDA receptor currents before and NMDA receptors are central to LTP
and learning.

To determine whether postsynaptic GIRK channels activated by phasic
ACh release reduce LA-BLa NMDA EPSCs via shunting inhibition, we repeated
the experiment in Figure 2C and 2D above with the GIRK channel blocker QX-
314 (5 mM) (Andrade, 1991; Hu et al., 2002) added to the intracellular solution
(Fig. 5.3.). This technique allows us to block GIRK channels in only recorded
cells without affecting the surrounding circuitry. QX-314, also a voltage-gated
sodium channel blocker, inhibited spiking in every cell (data not shown; n=4,
representative trace: Fig. 5.3.A., left), verifying it has a positive effect. In these
same cells, the amplitude of the late, GIRK channel-mediated IPSC (13.75+8.91
pA, n = 4 cells) was significantly smaller (p = 0.006, two-tailed unpaired t test)
than the amplitude of the late IPSC recorded under control conditions
(38.78£2.45 pA, n = 46 cells) (data shown in Fig. 4.4.E.), suggesting GIRK
channels were blocked by QX-314 (representative trace: Fig. 5.3.A., right).
Contrary to above, phasic ACh release did not significantly decrease the
amplitude of LA-BLa NMDA EPSCs under these conditions (Fig. 5.3.B.). We
have previously shown that, at the 160ms interval, phasic ACh release does not
affect the paired pulse facilitation ratio (PPR) of LA-BLa EPSCs (Fig. 4.7.F., right;
Fig. 5.3.C., right), suggesting it does not alter glutamate release from LA
terminals. The PPR without ACh was 1.64+0.18 compared to 1.56+0.14 in the

presence of ACh (n =7 cells, p = 0.64, two-tailed paired t test; Fig. 5.3.C., right).
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At this interval, ACh did, however, significantly decrease the amplitudes of both
paired EPSCs (Fig. 4.7.F., left; Fig. 5.3.C., left). The amplitude of the first EPSC
without ACh was 157.83+£49.79 pA compared to 112.52+35.84 pA in the
presence of ACh (n =7 cells, p = 0.048, two-tailed paired t test) and the
amplitude of the second EPSC without ACh was 225.78+64.16 pA compared to
163.47+49.75 pA in the presence of ACh (n = 7 cells, p = 0.034) (Fig. 5.3.C.,
left). ACh reduced both EPSCs in the PPR paradigm equally, suggesting a
postsynaptic mechanism (Fig. 5.3.D-E.). The amplitudes of the first and second
EPSCs recorded in ACh were 0.69+0.047 and 0.67+0.069 of the amplitudes of
the first and second EPSCs recorded in control (no ACh), respectively (p = 0.67,
two-tailed paired t test; Fig. 5.3.E.). Interestingly, ACh decreased both EPSCs in
the PPR paradigm (n= 7 cells) and the single NMDA EPSC with regular internal
(n = 4 cells) by a similar amount (P1 = 31.47+5.0 percent decrease, P2 =
29.21+6.27 percent decrease, control NMDA EPSC = 37.81+7.06 percent
decrease), and the reduction of these was significantly greater than the
4.32+5.11 percent decrease of single NMDA EPSCs with intracellular QX-314 (n
=5 cells) (QX-314 NMDA vs. P1 EPSC: p = 0.004, two-tailed unpaired t test; QX-
314 NMDA vs. P2 EPSC: p = 0.013, two-tailed unpaired t test; QX-314 NMDA vs.
control NMDA: p = 0.006, two-tailed unpaired t test) (Fig. 5.3.F.). Together, these
data suggest that ACh shunts LA-BLa NMDA EPSCs by activating postsynaptic

GIRK channels when it is phasically released 160ms before LA stimulation.
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5.3.1.C. Phasic acetylcholine release does not affect the size of the

NMDA current evoked by NMDA puffs in BLa or BLp pyramidal

neurons

We have previously shown that BLa and BLp PNs are differentially
impacted by phasic ACh release (Fig. 4.6.). Therefore, we next determined
whether phasic ACh release differentially impacts NMDA currents in BLa and
BLp PNs. We have not assessed whether phasic ACh release influences
glutamate released from LA terminals in the BLp. Therefore, to avoid this
potential confounding factor, we evoked NMDA currents by puffing NMDA onto
BLa and BLp PNs instead of stimulating LA. We used the same protocol as
above, except that ACh was released 160ms before every second NMDA puff
(instead of every third LA stimulation) (Fig. 5.4.A.). Interestingly, despite a slightly
increasing trend in BLa and BLp PNs, ACh had no significant effect on the
amplitude of puffed NMDA EPSCs in either cell type (Fig. 5.4.B-E.). In BLa PNs,
the amplitude of the puffed NMDA EPSC without ACh was 160.42+50.68 pA
compared to 173.36+£59.4 pA in the presence of ACh (n =4 cells, p = 0.24, two-
tailed paired t test) (Fig. 5.4.D., left). In BLp PNs, the amplitude of the puffed
NMDA EPSC without ACh was 287.85+91.56 pA compared to 290.49+85.55 pA
in the presence of ACh (n = 4 cells, p = 0.76, two-tailed paired t test) (Fig. 5.4.D.,
right). The amount by which ACh increased the amplitude of the puffed NMDA
EPSCs was also not significantly different between the same BLa and BLp PNs
(BLa = 3.31+6.34 percent increase vs. BLp = 5.1+4.49 percent increase, p = 83,

two-tailed unpaired t test; Fig. 5.4.E.). MK-801 maleate (20uM) applied at the end
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of the recording completely blocked the response to puffed NMDA in every cell it
was applied to, indicating the responses were mediated by selective NMDA
receptor activation (data not shown; representative traces: Fig. 5.4.B., left and
Fig. 5.4.C., left). Together, these data suggest that ACh does not affect NMDA
puff-evoked NMDA EPSCs in BLa or BLp PNs when it is phasically released

160ms before NMDA is puffed.

5.3.2. THE IMPACT OF MUSCARINE ON NMDA RECEPTOR
CURRENTS IN BL PYRAMIDAL NEURONS

5.3.2.A. Bath-applied muscarine potentiates isolated LA-BLa NMDA

EPSCs

ACh phasically released 160ms before LA stimulation reduces the size of
LA-BLa glutamate responses in PNs via M1R-coupled postsynaptic GIRK
channels, but M1Rs stimulated by cholinergic agonists can also potentiate NMDA
receptor currents in hippocampal PNs (Buchanan et al., 2010; Calabresi et al.,
1998; Dennis et al., 2016; Giessel and Sabatini 2010; Marino et al., 1998; Sur et
al., 2003; Tigaret et al., 2018). We explored this possibility next, as it has not
been done in the amygdala. To do so, we reverted to LA stimulation and
compared the amplitude of periodically evoked LA-BLa NMDA EPSCs at
baseline with their amplitudes in the presence of the general muscarinic
acetylcholine receptor (MAChR) agonist muscarine (Musc, 100nM) (Fig. 5.5.).
Just as with Figure 5.2.D-F. and Figures 5.3.-5.4. above, NMDA current
responses were isolated by using recording ACSF containing zero Mg?*, 50uM

Pic, and 20uM CNQX. Consistent with the previous report in hippocampus, Musc
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significantly increased the amplitude of LA-BLa NMDA EPSCs. The amplitude of
the LA-BLa NMDA EPSC without Musc was 41.65+6.42 pA compared to
65.34+10.28 pA in the presence of Musc (n = 6 cells, p = 0.012, two-tailed paired
t test) (Fig. 5.5.A-B.). The percent increase of the baseline LA-BLa NMDA EPSC
amplitude produced by Musc (muscarinic NMDA potentiation) was 57.58+12.19
(Fig. 5.5.D.). MK-801 applied at the end of each recording completely blocked
the response to LA stimulation in every cell, indicating the EPSCs were mediated

by NMDA receptors (Fig. 5.5.A-B.).

5.3.2.B. Pirenzepine prevents muscarine from potentiating isolated

LA-BLa NMDA EPSCs

Next, we determined whether the muscarinic potentiation of LA-BLa
NMDA EPSCs was mediated by the activation of M1Rs. To do so, we repeated
the experimental protocol from Figure 5 in the presence of the M1R antagonist
pirenzepine dihydrochloride (PRZ, 1uM). Under these conditions, Musc did not
significantly affect the amplitude of the LA-BLa NMDA EPSCs (Fig. 5.6.A-B.).
The amplitude of the LA-BLa NMDA EPSC in PRZ without Musc was
74.29+29.75 pA compared to 72.19+23.52 pA in the presence of Musc and PRZ
(n =5 cells, p =0.78, two-tailed paired t test) (Fig. 5.6.A-B.). The percent
increase of the baseline LA-BLa NMDA EPSC amplitude (in PRZ) produced by
Musc (muscarinic NMDA potentiation) was 4.53+7.51 percent (Fig. 5.6.C., left),
which was significantly lower than the 57.58+12.19% muscarinic NMDA
potentiation of LA-BLa NMDA EPSCs observed in the absence of PRZ (p =

0.007, two-tailed unpaired t-test; Fig. 5.5.C. and Fig. 5.6.C., right). MK-801
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applied at the end of each recording completely blocked the response to LA
stimulation in every cell, indicating the EPSCs were mediated by NMDA

receptors (Fig. 5.6.A-B.).

5.3.2.C. Apamin minimizes the muscarinic potentiation of

pharmacologically isolated LA-BLa NMDA EPSCs

Studies have reported that calcium entry through NMDA receptors
activates nearby SK channels that, in turn, limit the size of those NMDA receptor
currents by shunting them (Babiec et al., 2017; Bloodgood and Sabatini 2007; E.
S. L. Faber 2010; E S Louise Faber, Delaney, and Sah 2005; Ngo-Anh et al.,
2005). Studies have also reported that M1Rs potentiate NMDA receptor currents
by preventing these SK channels from opening (Buchanan et al., 2010; Dennis et
al., 2016; Giessel and Sabatini 2010; Tigaret et al., 2018). We determined
whether this mechanism was responsible for the potentiating effects of Musc on
LA-BLa NMDA EPSCs reported above by repeating the protocol from Figures 5
and 6 but applying the selective SK channel blocker apamin (100nM) before
applying Musc. If Musc potentiates LA-BLa NMDA EPSCs by preventing SK
channels from opening, we would expect: 1) apamin alone to potentiate the
NMDA receptor currents to a similar extent as Musc alone and 2) Musc to
produce minimal potentiation of the NMDA receptor currents after apamin has
been previously applied.

Apamin alone significantly increased the amplitude of baseline LA-BLa
NMDA EPSCs recorded under control conditions (Fig. 5.7.A-B.). The amplitude

of the LA-BLa NMDA EPSCs without apamin was 51.61+13.46 pA compared to
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80.92+26.58 pA in the presence of apamin (n =5 cells, p = 0.05, one-tailed
paired t test) (Fig. 5.7.A-B.). In line with our first expectation, the amount by
which apamin potentiated these control LA-BLa NMDA EPSCs (47.26+13.16
percent increase, n = 5 cells) and the amount by which Musc alone potentiated
LA-BLa NMDA EPSCs under the same control conditions in Figure 5.5. above
(57.58+12.1 percent increase, n = 6 cells) were similar (p = 0.58, two-tailed
unpaired t-test) (Fig. 5.7.C.), suggesting a shared mechanism could be involved.
Despite an increasing trend, Musc plus apamin did not significantly increase the
amplitude of LA-BLa NMDA EPSCs recorded in the presence of apamin alone
(Fig. 5.7.A-B.). The amplitude of the LA-BLa NMDA EPSCs in the presence of
apamin alone was 80.92+26.58 pA compared to 99.45+36.89 pA in the presence
of Musc and apamin (n =5 cells, p = 0.23, two-tailed paired t test) (Fig. 5.7.A-B.).
In line with our second expectation, this translates to a minimal muscarinic
potentiation of LA-BLa NMDA EPSCs recorded in the presence of apamin
(21.9+£10.91 percent increase, n = 5 cells) (Fig. 5.7.D.), suggesting both drugs
potentiate control LA-BLa NMDA EPSCs by acting on the same effector. MK-801
maleate (20uM) applied after Musc + apamin completely blocked the LA EPSCs,
indicating they were mediated by NMDA receptors (Fig. 5.7.A-B.). Together,
these results suggest that Musc potentiates LA-BLa NMDA EPSCs by preventing
SK channels from opening.

5.4. DISCUSSION

Our first goal was to determine whether phasic ACh release affects the

size of glutamate responses at LA synapses onto BLa PNs at the 160ms interval
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used in Chapter 4. We used this interval because we wanted to study the
postsynaptic mechanisms of any potential effects and we knew that, at this
interval, 1) ACh does not alter glutamate release from LA terminals and 2)
postsynaptic M1Rs, which can modulate glutamate receptor responses in other
brain areas (Buchanan et al., 2010; Calabresi et al., 1998; Dennis et al., 2016;
Giessel and Sabatini 2010; Marino et al., 1998; Sur et al., 2003; Tigaret et al.,
2018), are activated by ACh. We hypothesized we would see an increase in the
size of LA-BLa EPSPs because pharmacological activation of postsynaptic M1Rs
in hippocampal PNs can potentiate NMDA receptor currents (Marino et al.,
1998). However, to our surprise, phasic ACh release reduced LA-BLa EPSPs
instead. This reduction was observed even when we repeated the experiments
while isolating the AMPA and NMDA receptor components of LA-BLa responses.
Equivalent reductions of paired LA-BLa EPSCs and an unaffected PPR coupled
with no reduction of LA-BLa NMDA EPSCs in the presence of intracellular GIRK
channel blocker QX-314, both at the 160ms interval, confirmed the effect is
mediated by postsynaptic GIRK channels that provide shunting inhibition of the
LA-BLa NMDA EPSCs. This is further supported by a greater amount of
reduction of individual LA-BLa NMDA receptor responses compared to individual
LA-BLa AMPA receptor responses, as a presynaptic effect would be expected to
reduce both equally. Importantly, the lack of increase in LA-BLa NMDA EPSC
size in the presence of phasic ACh and QX-314 — the latter of which blocks
potential GIRK-channel interference — suggests that phasic ACh also does not

block SK channel opening at the 160ms interval via the activated M1Rs, as
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predicted. To name a few possible explanations for this: 1) phasic ACh does
block SK channels but this occurs before or after the 160ms LA input arrival
timepoint, 2) phasic ACh does block SK channels but we could not observe the
effect because the subset of NMDA receptors recruited by LA stimulation are not
positioned adjacent to them (whereas cortical or other inputs could be), or 3)
phasic ACh does block SK channels but we do not observe its effect because the
spread zone of ACh from the activated cholinergic terminals is small and ACh
only reaches M1Rs coupled to GIRK channels. There are surely other
possibilities as well, which future studies should explore. Although postsynaptic
GIRK channel-mediated shunting inhibition of AMPA receptor currents has been
reported before (Chalifoux and Carter 2010; Takigawa and Alzheimer 2002,
2003), we are the first to report the same for NMDA receptor currents. We are
also the first to show that GIRK channels activated by endogenous ACh can do
so for AMPA and NMDA currents.

Intriguingly, postsynaptic M1Rs on BLa PNs can potentiate LA-BLa NMDA
receptor currents when they are pharmacologically activated by muscarine
instead. This effect is consistent with previous studies in other areas (Buchanan
et al., 2010; Calabresi et al., 1998; Dennis et al., 2016; Giessel and Sabatini
2010; Marino et al., 1998; Sur et al., 2003; Tigaret et al., 2018) that motivated our
hypothesis above that M1Rs activated by ACh release in the BLa would do the
same. This discrepancy raises interesting questions about differences between

the effects of endogenous ACh signaling and cholinergic agonists.
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Indeed, there is strong and ongoing debate over the nature of ACh release
from presynaptic cholinergic terminals (Disney and Higley 2020; Sarter and
Lustig 2020). The advent of improved technologies has enabled our ability to
detect multiple modes of ACh release in vivo and it is now becoming appreciated
that ACh can be released rapidly and tonically under different behavioral
circumstances (Crouse et al., 2020; Hangya et al., 2015; Laszlovszky et al.,
2020; Sarter et al., 2014; Sturgill et al., 2020; Teles-Grilo Ruivo et al., 2017). It is
speculated that the spread of endogenous ACh from cholinergic terminals, and
therefore the effects it has on its cellular targets, could depend on the strength
and/or mode of cholinergic signaling, with there being multiple spatiotemporal
“zones” spanning an underlying continuum (Disney and Higley 2020). This
spread is expected to be further restricted by the rapid activity of the powerful
degradative enzyme acetylcholinesterase (AChE), which is expressed at very
high concentrations in the BLa (Ben-Ari et al., 1977; McDonald and Mascagni
2010). Our 10ms flash represents a phasic mode of ACh release that is said to
have a spread zone of only tens to hundreds of nanometers from presynaptic
cholinergic release sites (Sarter and Lustig 2020). Bath-applied muscarine, on
the other hand, would be present everywhere and not degraded by AChE;
lingering and constantly stimulating all muscarinic receptors in the slice for as
long as it is present. Therefore, a possible explanation for the differences we
observe between phasic release of endogenous ACh and bath-applied
muscarine could be that the former transiently activates and opens a distinct set

of “synaptic” M1Rs coupled to GIRK channels, while the latter constantly
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stimulates those M1Rs in addition to “extrasynaptic” M1Rs coupled to SK
channels near NMDA receptors, which they prevent from normally opening in the
presence of calcium. Indeed, the existence of synaptic and extrasynaptic M1Rs
has been postulated before (Aitta-aho et al., 2018; Unal, Pare, and Zaborszky
2015). The fact that we didn’t observe a GIRK channel-mediated reduction of LA-
BLa NMDA EPSCs in the presence of muscarine could be explained by temporal
differences in GIRK channel activation between the two modes of M1R
stimulation. It would be interesting to see whether stronger modes of
endogenous ACh stimulation and/or the addition of AChE inhibitors could
replicate the potentiation observed by muscarine, which would presumably
activate “extrasynaptic’ M1Rs coupled to SK channels.

Phasic ACh release at the 160ms interval does not affect the size of
NMDA receptor currents evoked by NMDA puffs in BLa or BLp PNs, despite our
observation that GIRK channels activated by phasic ACh release shunt LA-BLa
NMDA EPSCs. The ability of GIRK channels to shunt NMDA receptor currents
depends on where on the BLa PNs they are positioned with respect to the
activated NMDA receptors (e.g., between the depolarizing wave and soma)
(Spruston et al., 2016) and NMDA puffs and LA stimulation likely recruit different
populations of NMDA receptors with different distribution patterns on the cell,
likely explaining the discrepancy. Indeed, NMDA puffs recruit both synaptic and
extrasynaptic NMDA receptors (Dasgupta, Seibt, and Beierlein 2018; Pallas-
Bazarra et al., 2019), the latter of which are more abundant (Hardingham and

Bading, 2010), distributed throughout the cell, whereas LA stimulation, in
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contrast, would be expected to primarily recruit synaptic NMDA receptors in the
dendrites. Therefore, the differential effect of phasic ACh release between these
two modes of NMDA receptor stimulation likely reflects that the GIRK channels
activated by phasic ACh (and the cholinergic terminals responsible for its
release) are positioned between the synaptic NMDA receptors activated by LA
terminals and the soma of BLa PNs. Somatic GIRK channel expression would be
expected to equally shunt both types of NMDA currents since they would be
integrated in the soma (Spruston et al., 2016) and can therefore be ruled out.
The lack of an effect in the BLp, on the other hand, is consistent with other
comparisons of cholinergic modulation we have made between the BLa and BLp,
and, as postulated in those cases, could reflect a weaker cholinergic innervation
of the BLp, which our lab has shown before (data not included). Future studies
should explore these interesting possibilities further.

A study in amygdala (Power and Sah 2008) demonstrated that bath
muscarine causes a transient, SK channel mediated hyperpolarization of BLa
PNs. This response occurs when calcium is released from the endoplasmic
reticulum in or near the soma via a mAChR and IP3-mediated mechanism, which
then activates calcium-sensitive SK channels in or near the soma. It is likely this
effect occurred in our experiments but was unobserved due to its transient and
desensitizing nature coupled with the constant presence of muscarine (i.e., the
effect would not regenerate while muscarine remains present). Importantly, this
effect does not occur in the dendrites, where our effect of M1R on SK channels

(i.e., to block them) simultaneously occurs.
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5.4.1. FUNCTIONAL IMPLICATIONS

The core finding of the present study is that M1Rs can either reduce or
enhance the size of NMDA receptor currents evoked at synapses between LA
terminals and BLa PNs, depending on how they are stimulated. The M1Rs that
mediate these opposite effects may represent discrete populations that are
coupled to different potassium channel effectors. The limited spread zone and
transient presence of phasic ACh release (Sarter and Lustig 2020) and its
dampening effect on LA-BLa NMDA EPSCs could suggest that cholinergic
terminals are preferentially positioned near “synaptic” GIRK channel-coupled
M1Rs, whereas the uniform and lingering presence and opposite potentiating
effect of muscarine seem to suggest that SK channel-coupled M1Rs may be
located farther away from these terminals. If true, the former type would be
preferentially activated by weaker modes of ACh signaling while the latter type
would be recruited under conditions of stronger and more sustained cholinergic
signaling, when the spread of ACh can reach them. This scenario might also
suggest that the effect of ACh on NMDA receptor dependent long-term
potentiation (LTP) and learning depends upon the strength of cholinergic
signaling and the timing of LA input arrival with respect to ACh release. For
example, LTP may be reduced or prevented at LA-BLa synapses when ACh is
phasically released and glutamate is also released during the peak of the M1R-
mediated GIRK channel current, whereas it may be facilitated by a stronger
mode of ACh signaling at these synapses by a different set of M1Rs coupled to

SK-channels. Here, however, the timing of LA input arrival would likely need to
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be later so that ACh will have been able to spread far enough to reach the
appropriate M1Rs. A final possibility is that, based on our work from Chapter 4,
LTP may be facilitated at LA-BLa synapses when ACh is phasically released and
glutamate is released during the peak of the presynaptic nicotinic receptor
mediated response, as the additional depolarization might facilitate spike-timing
dependent plasticity by boosting the removal of Mg?* block at the NMDA receptor
and therefore the amount of calcium entry into spines. Future studies will need to

explore these possibilities further.
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Figure 5.1. Phasic acetylcholine release decreases the size of LA-BLa
EPSPs when phasically released 160ms after LA stimulation. A. Left.
Schematic of the experimental setup depicting the positioning of the recording
electrode in the BLa, the simulating electrode in the LA, and the targeting of
the BLa with individual blue light flashes. Right. The timing relationship
between the single stimulation of LA and the presentation of individual 10ms
flashes. B. Voltage response of a BLa PN to hyperpolarizing and depolarizing
current pulses. C. Representative trace depicting the membrane potential
response of a BLa PN to a single 10ms flash (blue bar) in ACSF. Although LA
is not stimulated in this trace, the timing of LA input with respect to this
response is illustrated by a red arrow. D. Representative traces depicting the
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membrane potential response of a BLa PN to LA stimulation in the absence
(Left) and presence (Right) of phasic ACh evoked by a single 10ms flash.
Note that the membrane potential response to ACh is subtracted from the right
trace. The left and right traces were recorded in ACSF. E. Left. Bar graph
showing the average amplitudes of LA-BLa EPSPs recorded in the absence
(black bar) and presence (blue bar) of phasic ACh in ACSF. Right. Bar graph
showing the average percent by which phasic ACh decreased the amplitude
of LA-BLa EPSPs recorded in the absence of ACh in ACSF. * =p <0.01, ** =

p < 0.01, *** p < 0.001.
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Figure 5.2. Acetylcholine decreases the size of isolated LA-BLa AMPA
and NMDA responses when phasically released 160ms after LA
stimulation. A. Representative trace depicting the membrane potential
response of a BLa PN to a single 10ms flash (blue bar) in ACSF. Although LA
is not stimulated in this trace, the timing of LA input with respect to this
response is illustrated by a red arrow. B. Representative traces depicting
pharmacologically isolated AMPA receptor responses in BLa PNs to LA
stimulation in the absence (Left) and presence (Right) of phasic ACh evoked
by a single 10ms flash. Note that the membrane potential response to ACh is
subtracted from the right trace. The left and right traces were recorded in
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ACSF. C. Left. Bar graph showing the average amplitudes of LA-BLa AMPA
EPSPs recorded in the absence (black bar) and presence (blue bar) of phasic
ACh in ACSF. Right. Bar graph showing the average percent by which phasic
ACh decreased the amplitude of LA-BLa AMPA EPSPs recorded in the
absence of ACh in ACSF. D. Representative trace depicting the membrane
potential response of a BLa PN to a single 10ms flash (blue bar) in ACSF.
Although LA is not stimulated in this trace, the timing of LA input with respect
to this response is illustrated by a red arrow. E. Representative traces
depicting pharmacologically isolated NMDA receptor responses in BLa PNs to
LA stimulation in the absence (Left) and presence (Right) of phasic ACh
evoked by a single 10ms flash. Note that the membrane potential response to
ACh is subtracted from the right trace. The left and right traces were recorded
in ACSF. F. Left. Bar graph showing the average amplitudes of LA-BLa
NMDA EPSCs recorded in the absence (black bar) and presence (blue bar) of
phasic ACh in ACSF. Right. Bar graph showing the average percent by which
phasic ACh decreased the amplitude of LA-BLa NMDA EPSCs recorded in

the absence of ACh in ACSF. *=p <0.01, ** = p < 0.01, *** p < 0.001.
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Figure 5.3. Intracellular GIRK channel blocker QX-314 prevents phasic
acetylcholine release from decreasing LA-BLa NMDA EPSCs. A. Left.
Voltage response of a BLa PN to hyperpolarizing and depolarizing current
pulses. Note the absence of spiking at the maximum level of depolarization
(which normally produces strong spiking), reflecting QX-314 is exerting
intended effects in the recorded cell. Right. Representative trace depicting the
membrane potential response of a BLa PN filled with QX-314 to a single 10ms
flash (blue bar) in ACSF. Note a smaller late IPSC, suggesting QX-314 is
blocking the GIRK channels that mediate it. Although LA is not stimulated in
this trace, the timing of LA input with respect to this response is illustrated by a
red arrow. B. Left. Representative traces depicting pharmacologically isolated
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NMDA receptor responses in BLa PNs filled with QX-314 to LA stimulation in
the absence (Left) and presence (Right) of phasic ACh evoked by a single
10ms flash. Note that the amplitudes of the NMDA receptor responses are
similar in both conditions. Also note that the membrane potential response to
ACh is subtracted from the right trace. The left and right traces were recorded
in ACSF. Right. Bar graph showing the average amplitudes of LA-BLa NMDA
EPSCs recorded in the absence (black bar) and presence (blue bar) of phasic
ACh in ACSF and the presence of intracellular QX-314. C. Left. Graph
showing the amplitude of the first LA-BLa EPSC (P1) and the second LA-BLa
EPSC (P2) evoked by paired LA stimulation in the absence (black, left half of
graph) and presence (blue, right half of graph) of phasic ACh evoked by a
single 10ms flash. Right. Bar graph showing the paired-pulse facilitation ratio
(P2 amplitude/P1 amplitude) of the LA-BLa EPSCs in the absence (black bar)
and presence (right bar) of phasic ACh evoked by a single 10ms flash. When
considering B. and C. together, note that the individual LA-BLa NMDA EPSCs
of B. and the paired LA-BLa EPSCs of C. are evoked at the same 160ms
interval following phasic ACh release. D. Representative traces depicting the
paired LA-BLa EPSCs in the absence (black trace) and presence (blue trace)
of phasic ACh release overlaid with the peaks of each response overlapping.
Note that each peak is equally reduced by ACh, suggesting the effect is not
presynaptic. E. Graph showing the average amplitude of P1 in ACh divided by
the average amplitude of P1 without ACh (left side) and the average amplitude
of P2 in ACh divided by the average amplitude of P1 without ACh (right side).
Note the similarity between them, suggesting the effect is not presynaptic. F.
Bar graph comparing the average percent by which phasic ACh decreased the
amplitude of LA-BLa NMDA EPSCs in ACSF and the presence of intracellular
QX-314 (far left bar), the amplitude of LA-BLa NMDA EPSCs in ACSF and
regular intracellular solution (middle left bar), the first of the paired LA-BLa
EPSCs (P1) in ACSF and regular intracellular solution (middle right bar), and
the second of the paired LA-BLa EPSCs (P2) in ACSF and regular
intracellular solution (far right bar). Note the similar effect of ACh on the three
responses recorded with regular internal solution compared to a substantially
smaller effect of ACh on the responses recorded with the presence of

intracellular QX-314. * = p < 0.01, ** = p < 0.01, *** p < 0.001.

155



Light I
NMDA Puff I
L1
160ms
B D

BLa Puffed NMDA EPSC 3509

300 o
No ACh +ACh +MK801 230+
200 =
150 <
100 o

50—

I :

1

I

1

I

I

1

I

1

I _\.

g lﬁp‘“‘
BLa Puffed NMDA EPSC Amp (pA)

=
L

Ay
e

X
S

%
%

L]
n
[]

BLp Puffed NMDA EPSC

)
(=]
1

No ACh +ACh +MK801

==
(=]
1

w
1

% Increase of Puffed NMDA EPSC
i

(=]

“BLa BLp
ACh

Figure 5.4. Phasic acetylcholine release does not affect the size of the
NMDA current evoked by NMDA puffs in BLa or BLp pyramidal neurons.
A. Schematic of the experimental setup depicting (Left) the positioning of the
recording electrode and NMDA puffer pipette in the BLa and the targeting of
the BLa with blue light flashes or (Right) the positioning of the recording
electrode and NMDA puffer pipette in the BLp and the targeting of the BLp
with blue light flashes. Middle. The timing relationship between the single puff
of NMDA and the presentation of individual 10ms flashes. B. Representative
traces depicting NMDA receptor responses evoked by NMDA puffs in BLa
PNs. The left and middle traces were recorded in ACSF and the absence (left
trace) and presence (middle trace) of phasic ACh. The right trace was
recorded in the presence of the NMDA receptor antagonist MK-801 (20 uM)
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and absence of phasic ACh. Note that the membrane potential response to
ACh is subtracted from the middle trace. C. Same as B. but all responses
were recorded in a BLp PN. D. Left. Bar graph showing the average
amplitudes of puffed NMDA EPSCs in BLa PNs recorded in the absence (left
bar) and presence (blue bar) of phasic ACh in ACSF. Right. Bar graph
showing the average amplitudes of puffed NMDA EPSCs in BLp PNs
recorded in the absence (left bar) and presence (blue bar) of phasic ACh in
ACSF. E. Bar graph showing the average percent by which phasic ACh
increased the amplitude of puffed NMDA EPSCs in BLa (black bar) and BLp

(red bar) PNs in ACSF. *=p <0.01, ** = p <0.01, *** p < 0.001.
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Figure 5.5. Bath-applied muscarine potentiates isolated LA-BLa NMDA
EPSCs. A. Schematic of the experimental setup depicting the positioning of
the recording electrode in the BLa, the simulating electrode in the LA, and the
application of drug. B. Representative traces depicting pharmacologically
isolated NMDA receptor responses in BLa PNs to LA stimulation in baseline
(ACSF) and the subsequent and successive application of 10 UM muscarine
and 20 uM MK-801. C. Bar graph showing the average amplitudes of LA-BLa
NMDA EPSCs in ACSF (black bar), muscarine (cyan bar), and MK-801 (far
right). D. Bar graph showing the average percent by which muscarine
increased the average amplitude of LA-BLa NMDA EPSCs recorded in ACSF.

*=p<0.01, ** =p<0.01, *** p < 0.001.
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Figure 5.6. Pirenzepine prevents muscarine from potentiating isolated
LA-BLa NMDA EPSCs. A. Representative traces depicting pharmacologically
isolated NMDA receptor responses in BLa PNs to LA stimulation in PRZ and
the subsequent and successive application of 10 uM muscarine and 20 uM
MK-801. B. Bar graph showing the average amplitudes of LA-BLa NMDA
EPSCs in PRZ (black bar), muscarine (cyan bar), and MK-801 (far right). C.
Bar graph showing the average percent by which muscarine increased the
average amplitude of LA-BLa NMDA EPSCs recorded in ACSF (left bar)
compared to the average percent by which muscarine increased the average

amplitude of LA-BLa NMDA EPSCs recorded in PRZ (right bar). * = p < 0.01,
** =p<0.01, ** p <0.001.
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Figure 5.7. Apamin minimizes the muscarinic potentiation of
pharmacologically isolated LA-BLa NMDA EPSCs. A. Representative
traces depicting pharmacologically isolated NMDA receptor responses in BLa
PNs to LA stimulation in baseline (ACSF) and the subsequent and successive
application of 200nM apamin, 10 uM muscarine, and 20 uM MK-801. B. Bar
graph showing the average amplitudes of LA-BLa NMDA EPSCs in ACSF
(black bar) and the subsequent addition of apamin (red bar), muscarine (cyan
bar), and MK-801 (far right). C. Bar graph showing the average percent by
which muscarine increased the average amplitude of LA-BLa NMDA EPSCs
recorded in ACSF in one set of cells (cyan bar) compared to the average
percent by which apamin increased the average amplitude of LA-BLa NMDA
EPSCs recorded in ACSF in a different set of cells (right bar). Note that the
effects of muscarine and apamin on the size of baseline LA-BLa NMDA
EPSCs are similar. D. Bar graph showing the average percent by which
muscarine increased the average amplitude of LA-BLa NMDA EPSCs
recorded in apamin. Note how small the effect is compared to the values

depicted in C. *=p < 0.01. * = p < 0.01. *** p < 0.001.
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Table 5.1. Drugs used in Chapter 5.

Drug Name Drug Type Target Method | Dose Citation
6-cyano-7-nitroguinoxaline-2,3-dione (CNQX) Selective Antagonist AMPA Receptors Bath 20uM Lee et al., 2010
N-methyl-D-aspartate (NMDA) Selective Agonist NMDA Receptors Bath 100uM Faber et al., 2005
MK-801 Maleate Selective Antagonist NMDA Receptors Puff 20uM | Sison and Gerlai 2011
Picrotoxin (Pic) Selective Antagonist |GABA, Receptors Bath 50puM | Power and Sah 2008
Apamin Selective Antagonist SK Channels Bath 100nM| Ngo-Anh et al., 2005
Muscarine (Musc) Non-Selective Agonist mAChRs Bath 10uM Meng et al., 2017
Pirenzepine (PRZ) Selective Antagonist M1 mAChRs Bath 1uM Unal et al., 2015
0QX-314 Selective Antagonist GIRK Channels |Intracellular| 5mM Smirnov et al., 1999
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CHAPTER 6
GENERAL DISCUSSION AND SIGNIFICANCE
6.1. KEY FINDINGS OF THE STUDY

Chapter 3:

1) M1R expression in the BLa is significantly higher than it is in the BLp and other
nuclei of the BNC.
2) Because of #1, the distribution of projection-defined populations of pyramidal
neurons (PNs) in relation to BLa determines their overall M1R expression,
whereas their projection target does not appear to be as important in this regard.
This is demonstrated in three examples below.
A) NAc projectors in the entire BNC and only the BL express more M1R
than CeA projectors in the same regions. This is most likely explained by
the fact that a greater fraction of NAc projectors in the entire BNC or only
BL reside in the BLa, where M1R expression is highest.
B) NAc and CeA projectors in the BLa express more M1R than NAc and
CeA projectors in the BLp.
C) Even though NAc projectors in the entire BNC and only the BL express
more M1R than CeA projectors the same regions, NAc projectors in the

BLp do not express more M1R the CeA projectors in the BLa.
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3) In addition to #2, there also appears to be trending, although not statistically
significant, differences between M1R expression on NAc and CeA projectors
within BLa and BLp. Within each BL division, NAc projectors express slightly
more M1R than CeA projectors.
4) M1R expression levels on BL-residing projector populations is as follows, in
order from highest to lowest. M1R expression on NAc projectors in BLa is > M1R
expression on CeA projectors in BLa, which is > M1R expression on NAc
projectors in BLp, which is > M1R expression on CeA projectors in BLp.
Chapter 4:
1) Phasic release of endogenous ACh elicits a biphasic response in BLa and BLp
PNs. The faster cholinergic depolarization is mediated by a7 and a4f32 nicotinic
receptors located on presynaptic glutamate terminals. The slower cholinergic
hyperpolarization is mediated by postsynaptic M1Rs located coupled to GIRK
channels. The former finding has not been reported before.
2) Phasic ACh release preferentially impacts BLa PNs over BLp PNs.
A) BLa PNs are more sensitive to phasic ACh release than BLp PNs.
Weak cholinergic stimulation (a 3ms flash) produced responses in a
majority of BLa PNs without producing any responses in BLp PNs.
Maximal cholinergic stimulation (a 10ms flash) produced a response in
100 percent of BLa PNs, but only approximately a third of BLp PNs.
B) The amplitude of responses to phasic ACh release in BLa PNs are
significantly larger than they are in BLp PNs. This was true of every light

flash duration tested (1-4ms, 7ms, and 10ms). These differences likely do
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not reflect differences in M1R-coupled GIRK channel expression because
the amplitudes of hyperpolarizing responses to bath-applied muscarine
were not significantly different between BLa and BLp PNs. Instead, these
differences likely reflect a greater cholinergic innervation of BLa compared
to BLp, which our lab has shown before (data not included).
3) BLa PNs had significantly larger depolarizing responses to muscarine than
BLp PNs, possibly reflecting a greater BLa PNs expression of M1Rs coupled to
depolarizing effectors (like KCNQ channels that mediate the M-current). This
finding appears to align with our anatomical observation above that M1R
expression is higher in the BLa than it is in the BLp.
4) The amount of glutamate evoked from LA terminals innervating BLa PNs is not
affected by the AChRs activated by phasic ACh release nor bath-applied a7 and
0432 nAChR agonists. Importantly, this means that the a7 and a4p2 nAChRs
activated by phasic ACh release must be located on glutamate terminals other
than those belonging to the LA (presumably cortical because of Jiang et al.,
2016).
5) The biphasic response to phasic ACh release bidirectionally and temporally
modulates the ability of LA inputs to fire BLa PNs. Phasic ACh release boosts the
ability of LA inputs to fire BLa PNs when they arrive during the initial moments
after ACh release and substantially hinders their ability to do so when they arrive
slightly later. This effect is more muted in the BLp. Here, phasic ACh release
does not affect the ability of LA inputs arriving closely after ACh release to fire

BLp PNs and reduces the ability of LA inputs arriving later to fire BLp PNs to a
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lesser extent than it does in the BLa. The early boosting effect of ACh in the BLa
is associative because it is mediated by nAChRs on non-LA (presumably cortical)
inputs that, by temporal association, facilitate the ability of LA inputs to fire BLa
PNs by providing additional depolarization via the mechanism in #1 above. The
later hindering effect of ACh in the BLa and BLp is mediated by postsynaptic
MAChRs (presumably M1Rs coupled to GIRK channels per #1 above), and not
GABAB receptors. This biphasic membrane potential response could serve as a
mechanism by which ACh — acting through nAChRs and mAChRs on different
circuit components at slightly different timepoints — enhances the signal to noise
ratio of behaviorally relevant sensory information entering the BL. The differential
effects between BLa and BLp could also have implications for how the amygdala
processes valence.

Chapter 5:

1) Atthe 160ms interval from Chapter 4 above, when postsynaptic M1Rs —
which can potentiate NMDA receptor currents in other brain areas (Buchanan et
al., 2010; Calabresi et al., 1998; Dennis et al., 2016; Giessel and Sabatini 2010;
Marino et al., 1998; Sur et al., 2003; Tigaret et al., 2018) — are activated, phasic
ACh release decreases the size of AMPA and NMDA receptor currents at LA-
BLa synapses. This decrease is caused by postsynaptic GIRK channel-mediated
shunting inhibition (presumably activated by M1Rs per Chapter 4, #1). Although
GIRK channels have been shown to shunt AMPA receptor currents before

(Chalifoux and Carter 2010; Takigawa and Alzheimer 2002, 2003), we are the
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first demonstrate GIRK channel-mediated shunting inhibition of NMDA receptor
currents.

2) Phasic ACh release at the 160ms interval does not affect the size of NMDA
receptor currents evoked by NMDA puffs in BLa or BLp PNs, despite our
observation that GIRK channels activated by phasic ACh release shunt LA-BLa
NMDA EPSCs. These differences are likely explained by a differential
recruitment of synaptic and extrasynaptic NMDA receptors between the two
modes of NMDA receptor stimulation and likely suggest that the GIRK channels
activated by phasic ACh preferentially shunt synaptic NMDA receptor currents.
Further, due to the small spread zone of phasic ACh release (Sarter and Lustig
2020), these results may suggest that cholinergic terminals innervate BLa PNs
somewhere between the synaptic NMDA receptors activated by LA terminals and
the soma of BLa PNs. See chapter 5 discussion for further explanation. Finally,
the lack of an effect in the BLp is consistent with other comparisons we have
made regarding the cholinergic modulation of BLa and BLp PNs (all of Chapter 3;
Chapter 4, #2-3, #5), which may reflect a weaker cholinergic innervation of the
BLp, which our lab has shown before (data not included).

3) In contrast to #1, but agreement with previous reports (Buchanan et al., 2010;
Calabresi et al., 1998; Dennis et al., 2016; Giessel and Sabatini 2010; Marino et
al., 1998; Sur et al., 2003; Tigaret et al., 2018), bath-applied mAChR agonist
muscarine potentiated LA-BLa NMDA receptor currents. This effect is mediated
by M1Rs that prevent SK channels from opening in response to calcium entry

through NMDA receptors, also consistent with previous reports (Buchanan et al.,
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2010; Dennis et al., 2016; Giessel and Sabatini 2010; Tigaret et al., 2018). By
preventing these SK channels from opening, M1Rs potentiate NMDA receptor
currents by removing the shunting inhibition that SK channels normally provide
on them.

6.2. DISCUSSION OF RESULTS AND SIGNIFICANCE

These studies investigated the impact of ACh on the internal circuitry of
the BNC via the combined application of anatomy (confocal
immunohistochemistry), brain slice electrophysiology (whole-cell and single unit
recordings combined with pharmacology and electrical stimulation of LA), and
optogenetics. The experiments performed probed the circuit- and molecular-level
mechanisms by which ACh signaling could contribute to attention, learning and
memory, and valence processing mediated by BNC, as relatively few studies
have done so. As an unintended consequence, these studies also revealed
interesting details pertaining to the spatiotemporal dynamics of endogenous ACh
release from cholinergic terminals, a topic of much interest and debate in the

neuroscience community.

6.2.1. Temporal and associative enhancement of signal-to-noise ratio

at the LA-BLa pathway: Cholinergic mechanism of facilitating

amyqdalar cue detection?

A core finding from our studies is that phasic ACh release (simulating the
transient activation of cholinergic inputs in response to salient stimuli per Crouse
et al., 2020, among others) temporally enhances the signal-to-noise ratio (SNR)

of appropriately timed LA inputs (simulating signals representing environmental

167



stimuli) at BLa PNs. We propose that this mechanism could be a means by which
ACh enhances the detection of behaviorally relevant environmental stimuli
(represented by LA terminals signaling to BLa PNs when ACh is initially
released) and minimizes the detection of behaviorally irrelevant/distracting
environmental stimuli (represented by LA terminals signaling to BLa PNs at a
later timepoint). This finding adds to a well-developed body of literature
suggesting that ACh enhances attentional performance by maximizing the SNR
of sensory inputs by improving their impact on target circuitry of the hippocampus
and cortex (Colangelo et al., 2019; Hasselmo 2006; Higley and Picciotto 2014;
Lustig and Sarter 2016).

This finding also reveals an additional mechanism by which ACh signaling
enhances SNR in the BLa. Unal et al., 2015 reported that a train of endogenous
ACh release enhances SNR in the BLa by bidirectionally modulating the
excitability of BLa PNs depending on their firing rate at the time of ACh impact.
Specifically, this train inhibited spiking via the same GIRK-coupled M1R
response we reported here when the cells had low spiking frequencies at the
time of ACh impact. However, when ACh from the same train impacted the same
cells as they were spiking at higher frequencies, this effect was overcome and
replaced with a calcium-dependent afterdepolarization supporting prolonged
spiking. This bidirectional effect of sustained ACh release on BLa PN excitability
has been replicated by other studies, as well (Aitta-aho et al., 2018; Jiang et al.,

2016).
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Our mechanism on SNR in the BLa is distinct from the one reported by
Unal et al., 2015 in important ways. First, ours is in response to a brief release of
ACh (10ms flash) while theirs was in response to sustained ACh release
(1,500ms train of 5ms pulses at 10 Hz). The concept that our mechanisms are
distinct is further supported by their own results, as they did not report an
excitatory effect of ACh in response to a single 5ms flash, a stimulus
substantially closer to ours. Aitta-aho et al., 2018 also did not report excitatory
effects of brief and single flashes of light. Jiang et al., 2016 only used trains.

Second, as mentioned above, we reveal a mechanism whereby
endogenous ACh enhances the SNR of LA inputs by enhancing their impact on
BLa PNs in a timing-dependent manner. This is distinct from Unal et al., 2015
because they did not examine the modulatory impact of endogenous ACh on
glutamatergic inputs nor how inputs interacted with BLa PNs in the presence of
ACh, as we did here. Finally, the cholinergic enhancement of LA impact on BLa
PNs that we report is mediated by nAChRs on glutamate terminals and Unal et
al., did not report this response (nor did Aitta-aho et al., 2018 and Jiang et al.,
2016). Therefore, we reveal an additional mechanism by which ACh signaling
enhances SNR in the BLa that is unique to phasic modes of ACh signaling, which
simulates cholinergic transients evoked by salient stimuli that are intimately
associated with cue-detection and cue-guided behaviors mediated by the cortex
(Gritton et al., 2016; Howe et al., 2017; Lu et al., 2020; Parikh et al., 2007; Sarter

and Lustig 2019). Our results combined with the other studies mentioned above
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point to the interesting possibility that the CBF could differentially impact SNR
processing depending on the strength of cholinergic signaling in the BLa.

It is intriguing that we are the first to report the early nicotinic
depolarization in response to endogenous ACh release (Aitta-aho et al., 2018;
Jiang et al., 2016; Unal et al., 2015). Our experiments combined with
pharmacological studies in the BLa revealed these were a7 and a432 nAChRs
on non-LA glutamate terminals, likely belonging to cortex (Jiang et al., 2013;
Jiang and Role, 2008). Importantly, the temporal enhancement of SNR at LA-BLa
synapses that we report is associative because the nAChRs responsible for this
effect depolarize BLa PNs at the same time as LA terminals unaffected by ACh.
To our knowledge, no studies have demonstrated this type of role for NnAChRs
before, although a recent study did report a similar effect with a slightly different
mechanism of action (Urban-Ciecko et al., 2018). This raises the interesting
guestion of whether transient recruitment of presynaptic nAChRs on glutamate
terminals represents a common synaptic motif by which phasic ACh facilitates
attentional performance throughout the brain. In support of this, NAChRs have
been implicated in enhancing attention and deficits in nAChR signaling are
associated with attentional deficits in schizophrenia and Alzheimer’s disease
(Freedman, 2014; Guillem et al., 2011; Hahn, 2015; Parikh et al., 2007; Sarter et
al., 2005). It will be interesting to see whether future studies continue to reveal

this mechanism in other brain areas.
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6.2.2. Differential effects of M1Rs activated by phasic ACh and

muscarine on LA-BLa NMDA receptor currents: Bidirectional effect on

plasticity depending on ACh signaling strength and the timing of

glutamate release at LA-BlLa synapses?

Another prominent finding from our studies is that M1R activation
bidirectionally modulates the size of synaptic NMDA currents at the LA-BLa
pathway depending on the method used to stimulate them. Specifically, the
M1Rs recruited by phasic ACh reduce LA-BLa NMDA receptor currents via GIRK
channel-mediated shunting inhibition. This is a novel effect of GIRK channels,
although they can shunt AMPA currents (Chalifoux and Carter 2010; Takigawa
and Alzheimer 2002, 2003). In contrast, the M1Rs recruited by bath-applied
muscarine potentiate LA-BLa NMDA receptor currents by preventing the shunting
inhibition normally provided by SK channels adjacent to NMDA receptors that
normally open in response to NMDA receptor calcium. This mechanism is
consistent with studies using bath-applied carbachol in the hippocampus, but we
are the first to report it in the BNC. The implications of this latter effect are most
obvious and have already been demonstrated in hippocampus: to increase the
magnitude of LTP induction. In the amygdala, such an effect would presumably
strengthen the acquisition of emotional memories.

Another intriguing thought arises when the potentiating effect of muscarine
(which is ubiquitous and non-degrading) is considered alongside the opposite
effect of phasic ACh release (which is transient and rapidly degraded): the impact

of endogenous ACh on the size of LA-BLa NMDA receptor currents, and by
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extension, its influence on LTP and learning and memory may depend on the
signaling strength of cholinergic terminals in the BLa and the timing of glutamate
release at LA-BLa synapses.

Such a possibility would likely be due to the spatiotemporal dynamics of
ACh release from cholinergic terminals and the positioning of such terminals with
respect to functionally distinct subpopulations of M1Rs: “synaptic” M1Rs near
cholinergic terminals coupled to GIRK channels and “extrasynaptic” M1Rs farther
from cholinergic terminals coupled to SK channels. Given the limited spread of
phasic ACh (Sarter and Lustig 2020), stronger modes of ACh signaling may be
required for endogenous ACh to reach the latter type. This concept of synaptic
and extrasynaptic M1Rs has been postulated and partially demonstrated in the
BLa before (Aitta-aho et al., 2018; Unal et al., 2015), so these findings would
seem to agree. Importantly, for extrasynaptic M1Rs coupled to SK channels to
potentiate LA-BLa NMDA receptor currents, the timing of LA input arrival with
respect to initial ACh release may need to be more delayed to provide sufficient

time for ACh reach them.

6.2.3. Differential cholinergic modulation of BLa and BLp pyramidal

neurons: Negative emotional bias?

Throughout these studies, we made a point to compare the effects of ACh
on PNs of the BLa and BLp due to an emerging body of literature suggesting
these two cell types preferentially process negative and positive emotions.

Intriguingly, we consistently saw more pronounced effects of ACh in the BLa.
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The BLa expressed substantially higher levels of M1R than the other
regions of the BNC, consistent with previous anatomical work from our lab
showing the BLa receives a denser cholinergic innervation than the BLp (not
shown). Analysis of M1R expression of projector populations proposed to
preferentially process negative (CeA projectors) and positive (NAc projectors)
valence found that higher M1R expression patterns were correlated with their
distribution with respect to BLa, not their projection target. BLa PNs are also
more sensitive and have larger response to phasic ACh release, as well as larger
depolarizing responses to bath-applied muscarine, than BLp PNs. Finally, the
effect of phasic ACh on LA-driven PN output were more muted in the BLp, with
no nicotinic facilitation and a smaller muscarinic reduction.

Although it is impossible to say with certainty what the behavioral
consequences of these differences are, our results do indicate that ACh signaling
preferentially impacts BLa PNs. Because these cells are ascribed to negative
emotion, it is reasonable to speculate that ACh may preferentially impact
negative emotional circuitry. Perhaps defaulting to negative valence and
defensive behaviors over positive valence and repetitive behaviors is
evolutionarily advantageous and more beneficial for survival. Perhaps in support
of this, a recent review postulated that elevated levels of ACh correlate with a
negative encoding bias (Mineur and Picciotto 2021). Perhaps this observation
stems from the anatomical and electrophysiological differences between the BLa

and BLp that we report here. Future studies will need to explore this further.

173



6.3. FUTURE DIRECTIONS

1) In our studies here, we measured M1R expression of CeA projectors without
accounting for which subnucleus of CeA our CTB 647 injections were targeting.
Further, we measured and compared the M1R expression of these neurons
against NAc projectors assuming the former and latter represented negative and
positive cells based on projection-based definitions of valence from the literature.
However, as mentioned in Chapter 3, previous studies have shown that CeC
projectors represent negative cells and reside in the BLa while CeL and CeM
projectors represent positive cells and reside in the BLp. Therefore, it would be
interesting to repeat the experiment comparing M1R expression of CeC
projectors against CeL and CeM projectors, as well as NAc projectors against
CeC, Cel, and CeM projectors, to see what differences emerge. Based on
findings #1 and #2 of Chapter 3 above, | would anticipate CeC projectors would
have the highest since they should predominantly reside in the BLa where M1R
expression is highest, followed by NAc projectors since we reported that roughly
half resided in the BLa and BLp, followed by a tie between CeL and CeM
projectors since they should primarily reside in the BLp.

2) We reported differences in the effects of phasic ACh and bath-applied
muscarine at various points throughout our studies and speculated that these
differences likely reflect the spatiotemporal dynamics of phasic and endogenous
ACh release compared to the ubiquitous nature of bath-applied muscarine.
Although there are surely plentiful ways to test this hypothesis further, a few

would be as follows.
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A) Bath-applied muscarine in the BLa produced an initial hyperpolarization
(likely M1Rs coupled to GIRK, which we also observed with phasic ACh)
followed by a much slower and longer lasting depolarization (presumably
mediated by “extrasynaptic’ M1Rs coupled to depolarizing effectors (like
KCNQ channels that mediate the M-current) that was blocked by ATR. It
would be interesting to see whether this response could be replicated
under a more sustained mode of ACh signaling that accomplishes larger
zone of ACh spread from cholinergic terminals in the slice. If it did, this
would suggest the expanded reach of ACh activated more distant M1R
responsible depolarizing the cell. The highly efficient degradative enzyme
AChE also likely plays important roles in confining ACh’s spread upon
release. Therefore, it would also be interesting to assess its role by seeing
whether phasic ACh release could elicit the depolarizing response in the
presence of AChE inhibitor physostigmine.

B) Phasic ACh did not increase the size of pharmacologically isolated LA-
BLa NMDA EPSCs, even in the presence of intracellular GIRK-channel
blocker QX-314, but bath-applied muscarine increases the size of these
responses via M1Rs coupled to SK channels, suggesting cholinergic
terminals could be preferentially positioned near “synaptic” M1Rs coupled
to GIRK channels and not “extrasynaptic” M1Rs coupled to SK channels.
Like 2.A. above, it would be interesting to see whether repeating this
experiment with physostigmine generated an increase in the LA-BLa

NMDA EPSC like muscarine did. Alternatively, a more sustained mode of
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ACh could be used. It is possible in either of these two cases that the
timing to reach SK channel activation after ACh release may also be an
important factor, so different intervals between ACh release (whether
phasic or sustained) and LA stimulation could also be tested.
3) We focused on determining whether postsynaptic M1Rs activated by phasic
ACh release located on BLa PNs could potentiate NMDA receptor currents
based on findings in the literature showing that cholinergic agonists in
hippocampus did the same. However, we know that a7 and a432 nAChRs on
presynaptic glutamate terminals are also activated by this same mode of release.
It would be interesting to see if aligning this nicotinic event with the arrival of LA-
BLa EPSPs would result in a larger current and to subsequently determine
whether this was due to a facilitation of the removal of Mg?* block. If this were
true, it would be the first demonstration of a facilitation of NMDA receptor
currents via presynaptic nAChR-mediated glutamate release and could have
implications for the mechanisms by which ACh contributes to the acquisition of
emotional memories.
4) Piggybacking on #3, it would also be interesting to see whether aligning the
nicotinic response to phasic ACh release with a subthreshold spike-timing-
dependent plasticity protocol that pairs glutamate responses from LA and BLa
PN action potentials is sufficient to induce LTP. This would be the first
demonstration of such a phenomenon and would likely involve the mechanism

described in #3 above.
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Figure 6.1. Circuit diagram of Chapter 4 findings. A. When LA inputs arrive at BLa PNs during the early cholinergic
depolarization, the cells are more likely to fire compared to baseline conditions (the absence of ACh). This effect is
associative because two distinct sets of glutamatergic inputs (LA inputs unaffected by ACh and non-LA inputs activated
by ACh) associate in time by simultaneously depolarizing the same cell (temporal summation). This effect makes BLa
PNs more likely to fire because it brings them closer to action potential threshold. The early cholinergic depolarization
is indirect because it is mediated by glutamate release evoked by presynaptic a7 and a432 nAChRs on non-LA inputs.
B. When LA inputs arrive at BLa PNs later, after the cholinergic depolarization has passed and the cholinergic
hyperpolarization takes over, the cells are less likely to fire compared to baseline conditions since their membrane
potential is farther from action potential threshold. The cholinergic hyperpolarization is direct because it is mediated by
postsynaptic M1 mAChRs coupled to GIRK channels.
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