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Aca — anterior commissure, anterior part
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ACo — anterior cortical amygdaloid nucleus
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1.Introduction
1.1 Overview

Recognizing threats is essential for animal survival. Therefore, it is not surprising that
many brain circuits contribute to the detection of dangerous situations, leading to the
elevation of attention and promoting affective brain state linked to the threat (Davis, 1997;
Izquierdo et al., 2016; Ledoux, 2000; Tovote et al., 2015). This danger-triggered mental
state helps generate the most appropriate behavioral responses, aiming to avoid, or at
least, reduce any potential harm as well as forming memory that can guide future
avoidance of similar threats. The complex brain processes involved in recognizing and
responding to threat are regulated at different levels in the nervous system. Top-down
control is provided by cortical circuits located in the basolateral amygdala (BLA) and
medial prefrontal cortex (mPFC) (Burgos-Robles et al., 2009; Herry et al., 2008; Little
and Carter, 2013; Mcdonald et al., 1996; Sotres-Bayon et al., 2012; Weiskrantz, 1956).
These two structures can be parceled based on their connectivity and role playing e.g., in
the control of fear and negative emotional states (Lacroix et al., 2000; Ledoux, 2000).
As a general principle, cortical function is efficiently and rapidly affected by subcortical
inputs in a brain state-dependent manner. One of the subcortical afferent systems
contributing critically to cortical network operation originates from the basal forebrain
(BF), a heterogeneous structure located in the medial-ventral part of the brain (Hasselmo
and Sarter, 2011; Mesulam et al., 1983; Solari and Hangya, 2018; Zaborszky, 2002). In
this Dbrain region, there are three neuron types: cholinergic, GABAergic, and
glutamatergic cells that are known to project to cortical areas (Farr et al., 1999; Goldbach
et al., 1998; Pascual et al., 2004).

Interestingly, cholinergic cells in the nucleus basalis of Meynert of the BF have been
proposed to project to cortical regions, e.g., to frontal and posterior cortical areas, that are
functionally interconnected with each other (Gombkoto et al., 2021; Zaborszky et al.,
1997; 2015). These results suggest that BF cholinergic inputs may orchestrate activity in
functionally related cortical areas, promoting interaction between regions and ultimately,
enhancing neural computation. However, this attractive hypothesis has not been fully
verified.

Previous studies have revealed that the BLA and mPFC receive cholinergic inputs



primarily from the two main parts of the BF, the horizontal limb of the diagonal band
(HDB) and ventral pallidum/ substantia innominata (\VVP/SI), respectively (Bloem et al.,
2014; Carlsen et al., 1985; Mayo et al., 1984; Nagai et al., 1982). Whether the mPFC and
BLA networks can be simultaneously or differentially regulated by cholinergic afferents
conveying salient information has yet to be determined. It is a particularly important
question as several studies have shown a role for the cholinergic system in fear related
processes, including acquisition and memory recall (Crimmins et al., 2023; Jiang et al.,
2016; Knox, 2016; Mineur et al., 2022; Power et al., 2003).

Furthermore, the cholinergic system also plays a pivotal role in shaping cortical network
operation in various conditions, including salient information transmission and
processing. By modulating neuronal excitability, acetylcholine (ACh) influences arousal,
attention, and sensory computation (Hasselmo and Starter, 2011). Acting on nicotinic and
muscarinic receptors found on both excitatory pyramidal cells and inhibitory
interneurons, it enhances signal-to-noise ratios, sharpens sensory discrimination, and
supports synchronous neuronal activities, including theta (Vandecasteele et al., 2014; Lee
et al., 1994) and gamma oscillations (Betterton et al., 2017; Hasselmo, 2006; Yu and
Dayan, 2005). Its ability to facilitate disinhibition and plasticity further proves its
importance in adapting cortical activity to environmental cues, suggesting that cholinergic
afferents could dynamically regulate cortical network operations across different
behavioral states (Letzkus et al., 2011; Knox, 2016; Sarter et al., 2009). Importantly,
cholinergic neurons in the BF have been shown to rapidly convey salient information,
including noxious signals to the cortical structures (Hangya et al., 2015), showing their

critical contribution to painful stimulus processing.

In this thesis we aimed to reveal the structural basis of BF cholinergic control over the
interconnected BLA-mPFC fear state -regulation circuits. In addition, we studied the
effects of salient/ noxious stimulation on the activity in BF cholinergic cells and spiking
dynamics in frontal cortical neurons with a focus on interneuron firing. Using retrograde
and anterograde tracing techniques, together with immunocytochemistry, we mapped the
projection areas of BF cholinergic neurons located in the HDB and VP/SI, first within the
entire amygdala and prefrontal cortical regions (PFC), then specifically focusing on the

innervation of the basolateral amygdala (BLA) and the medial prefrontal cortex (mPFC),
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regions that are mutually interconnected. Next, we focused on the cholinergic innervation
transmitting noxious information to the frontal cortex. First, we used fiber photometry to
measure the population response of cholinergic cells in the HDB and VP/SI to noxious
stimuli. Then to explore how cortical network elements change their activity during
noxious stimuli, we performed visually guided juxtacellular recordings of various

interneuron types.

1.2 Introducing the two key brain structures
controlling fear states: amygdala and mPFC

The regulation of fear-related processes involves many cortical and subcortical regions,
of which two areas stand out providing the top-down control of affective states: the
amygdala and mPFC. These areas form a highly complex and reciprocal networks, with
each region modulating distinct components of cognitive operation linked to fear. The
amygdala is essential for forming stimulus-specific memory, where a particular stimulus
or a set of stimuli is directly linked to threat (Tovote and Fadok, 2015). Within the mPFC,
two subregions exhibit distinct functions in fear regulation. The prelimbic cortex (PL) is
crucial for the learning and expression of fear (Burgos-Robles et al., 2009; Sotres-Bayon
et al., 2012; Courtin et al., 2014), while the infralimbic cortex (IL) plays a key role in the
extinction of learned fear (Quirk et al., 2000; Chang and Maren, 2010; Fontanez-Nuin et
al., 2011; Sierra-Mercado et al., 2011; Santini et al., 2012).

The following sections will delve deeper into the structure, connections, and roles of the
amygdala and mPFC in regulating cue-dependent fear learning. Additionally, the

integration of the BF neuronal function into the fear-regulation networks will be explored.

1.2.1 The amygdala

The amygdala is a complex brain structure deep within the temporal lobe. It was first
described by Karl Friedrich Burdach (1776-1847), who identified an almond-shaped
region what is now called the basolateral amygdala (BLA; Fig. 1). The complex consists
of approximately 13 nuclei, which can be further divided into various subregions. These

are extensively interconnected both with each other and with different brain areas. In
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humans and other vertebrates, it plays a central role in processing positive and negative
emotions, forming memory traces related to these emotions, and modulating behavior
patterns influenced by emotions (Phelps and LeDoux, 2005). One of its key functions is
the expression of learned fear responses and the acquisition and storage of memories
about the circumstances linked to these responses (Phelps and LeDoux, 2005; Duvarci
and Pare, 2014; Janak and Tye, 2015; Izquierdo et al., 2016). The amygdala consists of

approximately 4 major groups: the basolateral group (BLA), which includes the lateral

(LA), basal (BA), and basomedial (BMA) nuclei; the_cortical-like group, which contains

the cortical nuclei (ACo) and the lateral olfactory tract nucleus (NLOT); the central group
(CeA), which includes the lateral (CeL), medial (CeM), capsular (CeC), and intermediate
(Cel) nuclei; and the medial amygdala (Fig. 1C). Additionally, there are nuclei that do

not fit into the previously described groups, such as the amygdalopiriform transition area,
intercalated cell masses (ITCs) and amygdalo-hippocampal area (AHA) (Sah et al., 2003).
According to another interpretation, the first two groups can be merged, forming the
cortico-basolateral amygdala (CBL), which includes the aforementioned nuclei.
Furthermore, the centromedial group can be more accurately referred to as the extended
amygdala (EA), as the central and medial amygdala extend rostromedially and form a
continuous unit with the bed nucleus of the stria terminalis (BNST) (McDonald, 2003).

1.2.1.1 The basolateral amygdala complex (BLA)

As my experimental work involved delivering retrograde tracers into the basolateral
group (BLA; Fig. 1A, B, C red), I will provide a more detailed anatomical description of

this region.
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Figure 1. The structure and homology of the Amygdala.

A, B) Schematic representation of the location and homology of the amygdala in mice and humans. The
fundamental pathways and functions are conserved across species (Janak and Tye, 2015).

C) Schematic representation of the mouse amygdala based on our results. Red: basolateral group, yellow:
central group, blue: cortical-like group, green: medial amygdala. ACo, anterior cortical amygdaloid
nucleus; BA, basal amygdala; BMA, basomedial amygdala; CeL, central amygdala, lateral division; CeM,
central amygdala, medial division; LA, lateral amygdala; MeA, medial amygdala, anterior part; Pir,
piriform cortex.

Of the three nuclei located here, the LA is situated dorsally, while ventrally lies the BA,
often referred to in the literature as the BLA. These regions are bordered laterally by the
external capsule and medially by the CeA. The BLA can be further subdivided into a
rostral-medial magnocellular subregion (anterior BA) and a more caudal-lateral
parvocellular subregion (posterior BA). The BMA is located directly beneath the BA,
adjacent to the ACo (Sah et al., 2003).

The cellular composition of the basolateral group closely resembles that of cortical
structures. Our lab conducted stereological analyses to determine the ratio of gamma-
aminobutyric acid-containing (GABAergic) interneurons to principal neurons in the LA
and BA. A recent study found that GABAergic neurons were significantly more abundant
in the BA (22%) compared to the LA (16%) in both male and female mice. This pattern
was consistent across hemispheres (Vereczki et al., 2021). At least seven types of
interneurons have been identified in the LA and BA of rodents, including axo-axonic cells
(5.5%-6%), basket cells expressing parvalbumin (17%-20%) or cholecystokinin (7%-
9%), dendrite-targeting inhibitory cells expressing somatostatin (10%-16%),
neurogliaform cells containing neuropeptide Y (14%-15%), vasoactive intestinal
polypeptide (VIP) and/or calretinin-expressing interneuron-selective cells (29%-38%),

and GABAergic projection neurons co-expressing somatostatin and neuronal nitric oxide

13



synthase (5.5%-8%) (Vereczki et al., 2021). Except for the interneuron-selective
interneurons (Rhomberg et al., 2018), amygdalar interneurons target functionally distinct
membrane domains of principal neurons, enabling them to modulate activity in unique
ways and contributing to complex network dynamics. Overall, the diversity and
complexity of interneurons in the amygdala are highly similar to those in cortical
networks (Freund and Buzsaki, 1996; Kepecs and Fishel, 2014). These features and their
implications for network operations will be discussed in greater detail in later chapters.

1.2.1.2 The inputs and outputs of the amygdala
Inputs

The amygdala receives inputs from two primary sources: 1) cortical and thalamic
pathways, which provide sensory and memory-related information, and 2) hypothalamic
and brainstem pathways, which supply information related to behavior and autonomic
processes (Sah et al., 2003). Among these inputs, the most significant information flow
originates from cortical areas. The amygdala, particularly the BA and LA, receives direct
inputs from the thalamus and indirect inputs from various cortical regions involved in
processing distinct sensory modalities. These include the olfactory, somatosensory,
gustatory, visceral, auditory, and visual systems. The projections from cortical areas
primarily originate from glutamatergic pyramidal neurons in layer 1I/111 and V, with their
axons reaching the amygdala via the external capsule (Sah et al., 2003).

In addition to sensory inputs, the amygdala also receives direct projections from the
higher-order cortical regions, including the prefrontal cortex, perirhinal cortex, and
hippocampus, with the prefrontal cortex providing the most substantial input. The
prefrontal cortex integrates information from multiple modalities, which converges in the
BA, enabling the regulation of behaviors influenced by events of varying valence. The
strong reciprocal connections of the BLA with the perirhinal cortex and hippocampus
play a critical role in the formation of long-term declarative (explicit) memory.
Specifically, the perirhinal cortex projects primarily to the medial part of the LA, while
the ventral hippocampus (VHPC) and subiculum send axonal terminals to the BA (Sah et
al., 2003).

Additionally, the amygdala receives significant projections from subcortical modulatory

centers, including the locus coeruleus (giving rise to noradrenergic innervation), raphe
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nuclei (sending serotonergic afferents) and ventral tegmental area (VTA, supplying
dopaminergic inputs) (Sah et al., 2003). The cholinergic axons to all but one amygdala
nuclei originate from the BF, the importance of which will be discussed in greater detail
below (Do et al., 2016).

Outputs

Among the nuclei of the amygdaloid complex, the CeA is classically recognized as its
primary output center. However, the basolateral complex also projects to numerous brain
regions, including cortical, brainstem, and hypothalamic areas. Additionally, it has
reciprocal connections with the sensory cortical regions mentioned earlier, projects to the
VHPC involved in memory formation, the striatal regions, like the nucleus accumbens
(NAc), and olfactory tuberculum, as well as the thalamus (Janak and Tye, 2015). The
CeA sends efferent projections to the autonomic nervous system, enabling it to influence
physiological responses, such as increased heart rate, elevated blood pressure, release of
stress hormones, and the initiation of fear responses like freezing or flight. These target
brain regions include the hypothalamus, the bed nucleus of the stria terminalis (BNST),
and various nuclei in the midbrain, pons, and medulla, such as the periaqueductal gray
(PAG), the parabrachial nucleus (PBN), and the nucleus of the solitary tract (NTS) (Sah
et al., 2003). The projection from the CeA to the PAG is specifically responsible for
triggering the freezing response, a behavior often studied in fear conditioning paradigms
(Tovote et al., 2015).

1.2.2 The medial prefrontal cortex (mPFC)

The medial prefrontal cortex (mPFC) (based on Rose and Woolsey, 1948) is defined as
the frontal lobe region receiving projections from the mediodorsal thalamus (Fig. 2C-D).
This definition is consistent across mammalian species, and there is evidence of
homology between the prefrontal cortex (PFC) of rodents and higher mammals (Giustino
and Maren, 2015; Fig. 2A-B). The mPFC is involved in regulating fear-induced behavior,
modulating emotions, decision-making, danger recognition, and contextual encoding. In
rodents, the mPFC is subdivided into three regions: the anterior cingulate cortex (ACC),
which regulates motor outputs related to behavior, including those linked to noxious

stimulation; the prelimbic cortex (PL), which is involved in emotional and cognitive
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processes like fear expression; and the infralimbic cortex (IL), which plays a role in fear
extinction. The PL and IL regions are particularly relevant to the neural networks of fear
regulation (Burgos-Robles et al., 2009; Herry et al., 2008; Little and Carter, 2013;
Mcdonald et al., 1996; Sotres-Bayon et al., 2012).

M2 \
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Br198 7]

Bri7

Figure 2. Comparison of the Human and Rodent Frontal Cortex.

A) Architectonic map of the medial and orbital surfaces of the human frontal lobe.
B) Architectonic map of the medial and lateral frontal cortex of the rat. Green: agranular cortex, dark
blue: granular cortex, yellow: allocortex. The color coding applies only to panels A and B. (Wallis, 2012)
C) Schematic representation of the mouse prefrontal cortex.

D) Fluorescent images displaying the axonal projections from the mediodorsal thalamus to the mPFC
based on our results. ACC: anterior cingulate cortex, cc: corpus callosum, FR2: second frontal area, fmi:
forceps minor of the corpus callosum, IL: infralimbic cortex, M2: secondary motor cortex, MO: medial
orbital cortex, PL: prelimbic cortex, VO: ventral orbital cortex. The numbers preceding the letters indicate
cortical areas. Panels A and B show sagittal sections, while panel C, D presents coronal sections.

The cell types that make up the mPFC can also be divided into two main categories:
pyramidal neurons (80-90%) and interneurons (10-20%) (Gabbott et al., 2005). The
pyramidal neurons are named after their characteristic morphology, as their cell bodies
giving rise to dendritic branches have a pyramid-like shape. These neurons are typically

located within Layers I1-V1 of the PL and IL regions and are capable of forming long-
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range connections with distant brain areas (DeFelipe and Farifias, 1992).

Although glutamate is the sole fast neurotransmitter of pyramidal neurons, they differ in
firing properties, cell size, and morphology. Furthermore, based on molecular markers,
several specialized subtypes of pyramidal neurons can be identified (Giustino and Maren,
2015).

1.2.2.1 Inputs and outputs of the mPFC
Inputs

The mPFC receives a variety of excitatory inputs, primarily from the mediodorsal
thalamus, the BLA, and the hippocampus. It also receives projections from the
contralateral mPFC and subcortical neuromodulatory centers, located in the brainstem.
The mediodorsal thalamus provides important sensory and cognitive information related
to higher-order processing, while the BLA supplies information related to emotional
processing, including fear states (Burgos-Robles et al., 2009; Little and Carter, 2013;
Mcdonald et al., 1996; Sotres-Bayon et al., 2012). The hippocampus is critical for
contextual and declarative memory processing, with the vHPC and subiculum particularly
projecting to the mPFC, which is essential for encoding context during fear-related
learning (Padilla-Coreano et al., 2016; Tovote et al., 2015). Brainstem inputs include
projections from regions such as the dorsal raphe nucleus, which gives rise to
serotoninergic projections important for modulating waking states and cortical activation
(del Cid-Pellitero and Garzon, 2011) and locus coeruleus, which supplies the mPFC with
noradrenergic afferents, conveying information about novelty and stress (Arnsten, 2009;
Uematsu et al., 2015). Dopaminergic inputs to the mPFC originate from the VTA (Thierry
et al., 1973; Aransay et al, 2015; Abe et al., 2024). The contralateral mPFC projections
contribute to bilateral processing and integration of emotional and cognitive information.
Additionally, the mPFC receives significant cholinergic and GABAergic inputs from the
BF, contributing to attentional and regulatory functions (Bloem et al., 2014; Do et al.,
2016).

Outputs

The mPFC sends outputs to various brain regions, primarily influencing fear responses
and cognitive processing. Both the IL and PL regions project to the BLA, but the PL more
strongly targets the BA, while the IL projects to other areas such as the LA, BMA
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(Giustino and Maren, 2015). The mPFC also sends projections to the BF. Other target
areas include the insular cortex, claustrum, NAc, various thalamic nuclei, and dorsal
raphe in the brainstem (Vertes, 2004). Furthermore, both the IL and PL regions of the
mPFC send direct projections to the PAG, which plays a central role in the freezing
response associated with fear. The rostral IL/PL regions project to the ventrolateral PAG,
while the caudal parts target the dorsolateral PAG (Giustino and Maren, 2015; Rozeske
et al., 2015). This direct influence on the PAG suggests that the mPFC, bypassing the
amygdala, may directly modulate freezing behavior in response to fear.

1.2.3 The fear regulation networks
1.2.3.1 Fear memory formation

A critical aspect of fear memory formation is that the amygdaloid complex receives both
direct and indirect sensory inputs from various sensory modalities. These pathways
primarily target glutamatergic principal neurons in the BLA and are essential for the
development of stimulus-associated fear learning. The information processing that begins
in the BLA is relayed to CeL and CeM subdivisions of the central amygdala, which also
receive direct inputs e.g. from the thalamus and PBN carrying sensory information. The
activation of CeM and its impact on fear expression can occur through different
mechanisms: either via direct glutamatergic excitation from the BLA or through
disinhibition mediated by CeL (Janak and Tye, 2015).

Within the CeL, there are two types of neurons spiking distinctly upon fear aquisition:
CeLon and CeLoff cells (Ciocchi et al., 2010; Haubensak et al., 2010). According to the
current model, the CeLon neurons are activated by a conditioned stimulus (CS) and
inhibit CeLoff neurons. This inhibition prevents CeLoff neurons from suppressing CeM
activity, thereby allowing CeM neurons to exert their effects on fear responses (Janak and
Tye, 2015). Projections from the CeM ultimately reach the PAG, a pathway believed to
play a role in defensive behavior, controlling freezing or flight, as well as the lateral
hypothalamus, which stimulates the sympathetic responses associated with fear-causing
stress (Phelps et al., 2005).

However, neurons in the BLA do not merely relay information from upstream regions to
the CeA,; they actively modulate these signals over time through their cortical (mPFC,

hippocampus) and subcortical (basal forebrain) connections (Duvarci and Paré, 2014).

18



Based on the findings of Andreas Liithi’s group (Herry at al., 2008; Senn et al., 2014),
three types of fear state-related neurons can be distinguished within the BLA based on
their spiking in fear responses:1) “Fear neurons”, which exhibit excitatory activity in
response to a CS but cease activation after extinction; 2) “Extinction neurons”, which
only become active during or after extinction; 3) “Extinction-resistant neurons, which
maintain their CS-induced activity even after extinction.

Fear neurons primarily project to the PL cortex of the mPFC, while extinction neurons
target the IL cortex. As hypothesized, the balance between these pathways determines the
relative expression of fear versus extinction memory during relapse (Senn et al., 2014).
Additionally, the BLA is reciprocally connected to the vHPC, with projections to the
VHPC implicated in anxiety-related states (Felix-Ortiz et al., 2013). Moreover, the BF
modulates fear learning via the BLA, a topic that will be discussed in detail in the next

chapter.
1.2.3.2 Fear extinction

An essential aspect of fear state regulation is the ability to extinguish learned fear when
the conditioned stimulus (CS) no longer poses a threat to the organism's safety. Extinction
does not erase the original CS-unconditioned stimulus (US) association but instead forms
a new inhibitory memory that competes with the original fear memory, with the net
outcome determining behavior (Duvarci and Paré, 2014). Although, there are studies
showing that memory erasing may contribute partially to memory extinction (Quirk et al.,
2010; Guo et al., 2025). The activation of the IL cortex is crucial for fear extinction.
Studies have shown that IL activity is suppressed during fear conditioning but increases
during extinction learning (Santini et al., 2008).

Furthermore, Bukalo et al. (2015) demonstrated that in vivo optogenetic stimulation of
the ventromedial PFC (which mainly corresponds to the IL) to BLA pathway enhances
extinction memory formation without preventing relapses. Following IL principal neuron
activation, extinction-related information is transmitted via the BLA to the ITCs, a
specialized population of inhibitory neurons located between the CeA and the BLA.
These ITC neurons primarily consist of inhibitory interneurons that project to the CeA,
where they exert effects opposite to those of fear learning (Marek et al., 2013; Tovote et
al., 2015).
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1.3 The basal forebrain

The stimulus-associated fear learning can be split to two main components: (1)
acquisition/consolidation and (2) extinction, which are opposing, competing processes.
However, their precise regulation remains poorly understood. It is still unclear what the
exact functions of other brain regions involved in regulation are and how the transition
between acquisition/consolidation and extinction is modulated. One highly promising
candidate for this role is the BF. This brain region is known to play a role in learning and
memory processes and has both afferent and efferent connections with the mPFC and
amygdala. Additionally, its physical location between these two structures makes it well-
positioned for regulatory functions (Hasselmo and Sarter, 2011; Mesulam et al., 1983;
Solari and Hangya, 2018; Zaborszky, 2002; Knox, 2016).

The BF is a heterogeneous structure found in the medial and ventral regions of the
cerebral hemispheres, and includes the medial septum/ventral limb of the diagonal band
(MS/VDB), the horizontal limb of the diagonal band (HDB), the substantia innominata
(SI), the nucleus basalis magnocellularis (NBM), and a portion of pallidal areas (ventral
pallidum (VP), globus pallidus GP)), where cholinergic projecting neurons can be
observed (Zaborszky et al., 1999). Neurons in this region are diverse in terms of
neurotransmitter content, morphology, and connectivity patterns, making it a significant
challenge for neurobiologists to fully understand its function. Based on findings, three
major neuron types can be distinguished in the BF based on their neurotransmitter

content: cholinergic, glutamatergic, and GABAergic neurons (Semba, 2000).

1.3.1 Cholinergic neurons of the basal forebrain

Among the aforementioned cell types, the most studied population is the acetylcholine-
containing (ACh) neurons, which play a crucial role in modulating cortical states,
attention, plasticity, fear learning, and extinction learning (Wilson and Fadel, 2016).
Furthermore, dysfunction or widespread loss of these neurons is strongly associated with
the severe cognitive decline observed in Alzheimer’s disease (Schliebs and Arendt, 2011).
In the mammalian BF, cholinergic neurons are classified into four main groups based on
the work of Mesulam and colleagues (Mesulam et al., 1983; Wilson and Fadel, 2016).
The first three groups (Ch1-3) consist of neurons located within the MS, VDB and HDB

20



regions, projecting to the hippocampus, olfactory bulb, and prefrontal cortex. The fourth
group of BF cholinergic neurons is scattered across the NBM, VP, and Sl regions,
innervating all layers of the neocortical regions, including projections to the mPFC and
BLA (Do et al., 2016; Wilson et al., 2016).

The BF cholinergic cells receive widespread innervation from various brain regions. The
densest projections originate from the striatum—specifically, the caudate-putamen and
NACc regions—the lateral hypothalamus, and CeA (Do et al., 2016). A smaller proportion
of inputs comes from different cortical areas, including the mPFC (1.5%), as well as from
brainstem structures such as the PAG, VTA, and PBN (Hu et al., 2016). Notably,
projections from the CeA synapse specifically onto those BF cholinergic neurons that
send axonal terminals to the BLA (Gielow and Zaborszky, 2017). This suggests that the
amygdala may influence cholinergic innervation from the BF, a pathway (BF cholinergic
neurons — BLA) that has been shown to play a role in promoting fear learning and
inhibiting extinction learning (Gielow et al., 2017; Jiang et al., 2016).

In contrast, during fear expression, the CeM becomes activated, inhibiting the BF
cholinergic projections to the BLA, thereby reducing ACh release in the BLA (Gielow et
al., 2017). Based on these findings, it is conceivable that BF cholinergic neurons exhibit
differential activity patterns during fear learning and fear expression—being activated

during fear learning and inhibited during fear expression.

1.3.2 Non-cholinergic neurons of the basal forebrain

In addition to cholinergic neurons, the BF contains two other neuron types. These cells
are found throughout the entire BF, do not form clearly distinct populations, and their
projections, similar to those of cholinergic neurons, innervate various cortical areas.
GABA-containing cells are present in a significantly higher number, with approximately
seven times more of them compared to their cholinergic counterparts (Sarter and Bruno,
2002). Some of these GABAergic neurons are long-range projecting neurons, targeting
not only the neocortex and the BLA but also the pallidum, striatum, midbrain, and
habenula (McDonald et al., 2011; Do et al., 2016).

A subgroup of BF GABAergic neurons, distinguished by the presence of a calcium-
binding protein parvalbumin (PV), synapse onto inhibitory interneurons in the
hippocampus and cortex (Freund and Antal, 1988; Freund and Meskenaite, 1992;
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Borhegyi et al., 2004; Hangya et al., 2009). Since cortical GABAergic inhibitory
interneurons innervate pyramidal cells, the activation of BF GABAergic PV cells lead to
dis-inhibition of pyramidal cells via suppressing the spiking in local cortical interneurons
(Toth etal., 1997). If this cortical disinhibition occurs rhythmically, then it may contribute
to the generation of 40 Hz gamma oscillations in the cortex (Kim et al., 2015). Borhegyi
et al. identified two distinct populations of these neurons in the MS that exhibit bursting
activity synchronized to different phases of the theta rhythm: one group fires at the trough,
and the other near the peak. Anatomical analysis revealed extensive local connections
between these neurons, suggesting a mechanism for their synchronized activity and
influence on the hippocampus through rhythmic disinhibition at specific phases of the
theta cycle (Borhegyi et al., 2004). Other study found that BF GABAergic PV cells
exhibit phasic activation in response to punishment and optogenetic inhibition of these
cells during punishment impaired cue-outcome association formation, indicating their
role in associative learning (Hegedus et al., 2024).

Very little information is available in the literature regarding the BF glutamatergic
neurons. However, one subset of these cells, identified by the expression of vesicular
glutamate transporter 2 (VGLUT2) and projecting from the septum to the hippocampus,
has been found to play a role in movement organization. Their activation precedes the
initiation of movement and regulates movement speed. As the firing rate of septal
VGLUT2 neurons increases, the firing rate of hippocampal CA1 pyramidal neurons also
increases, leading to an overall acceleration of movement speed (Fuhrmann et al., 2015).
Another recent study demonstrates that BF VGLUT2 neurons send projections to key
brain regions involved in arousal and reward/aversion processing, including the lateral
habenula and VTA, as well as neighboring BF cholinergic and PV neurons. Additionally,
optogenetic activation of BF VGLUT2 neurons triggered avoidance behavior, a response
not observed with the stimulation of BF cholinergic or PV neurons. (McKenna et al.,
2021).

1.4 Cortical networks and interneurons
1.4.1 Cortical networks

After exploring the connections and functions of the amygdala and mPFC in fear
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regulation, as well as their innervation by BF cholinergic neurons, | shift to the second
part of my thesis. Here, I introduce the structure of cortical networks, the role of ACh as
a key neurotransmitter in learning, and its specific effects on different types of inhibitory
interneurons.

The cerebral cortex in mice, like in other mammals, is organized into six distinct layers,
each playing a crucial role in processing sensory information, motor control, and higher
cognitive functions. Despite being thinner and less convoluted than the human cortex, the
mouse neocortex follows the same laminar structure, with variations in cell composition,
connectivity, and function across different regions (Wallis, 2012).

Layer I: The outermost layer largely consists of cell bodies of different interneurons but
rich in axons, dendrites, and synapses as well. It serves as an integration hub, where top-
down projections from other cortical and subcortical areas modulate cortical activity.
Neuromodulators such as ACh and serotonin (5-HT) exert significant influence in this
layer, shaping network dynamics (Manes et al., 2022).

Layer 1I: This layer contains small pyramidal neurons, and inhibitory interneurons that
contribute to local processing. It primarily engages in intracortical communication,
receiving inputs from other cortical areas and playing a role in associative processing.
Layer IlI: Slightly deeper than Layer Il, this layer contains medium-sized pyramidal
neurons that project to other cortical areas, both within the same hemisphere (association
fibers) and to the opposite hemisphere via the corpus callosum (commissural fibers). In
mice, this layer is particularly important for interhemispheric communication and sensory
integration.

Layer 1V (present in sensory cortices): As the primary recipient of sensory inputs from
the thalamus, Layer IV is densely packed with small stellate neurons and pyramidal cells
that process and relay sensory information to other layers. In primary sensory areas such
as the somatosensory cortex, this layer is especially prominent, forming the well-studied
barrel cortex in mice, which processes tactile information from the whiskers (Simons and
Woolsey, 1979).

Layer V: This layer contains large pyramidal neurons, including corticospinal and
corticobulbar projection neurons that send outputs to subcortical structures such as the
brainstem and spinal cord. In the motor cortex, Layer V is particularly thick and includes

Betz cells, which are among the largest neurons in the brain and are critical for motor
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control (Naka and Adesnik, 2016).

Layer VI: The deepest layer, Layer VI, consists of a diverse population of pyramidal and
fusiform neurons. It plays a key role in feedback regulation by sending projections back
to the thalamus, modulating thalamic inputs based on ongoing cortical activity. This
cortico-thalamic loop is essential for attention, sensory gating, and state-dependent
cortical processing (description of layers are based on the work of Ramon y Cajal, S).
This structural organization of layers varies significantly between different functional
regions, reflecting their specialized roles in sensory processing, association, and motor
control. One of the key distinctions lies in the presence or absence of Layer IV, which
serves as the primary recipient of thalamo-cortical inputs (Lewis, 1878; Kemper and
Galaburda, 1984; Donoghue and Wise, 1982).

In primary sensory cortices, such as the primary somatosensory cortex (S1) and primary
visual cortex (V1), Layer IV is highly developed and densely packed with small stellate
neurons and pyramidal cells, which receive and process incoming sensory information.
In contrast, agranular regions such as the mPFC and the secondary motor cortex (M2)
lack a well-defined Layer 1V. Instead of a dense population of stellate neurons, these areas
have a more continuous flow of information between Layers 1I/111 and V/VI, facilitating
integrative processing and executive control rather than direct sensory inputs. The
absence of a clear granular layer in association cortices aligns with their role in higher-
order cognitive functions and motor planning, rather than direct sensory representation
(Shipp 2005, 2013).

As mentioned, cortical circuits primarily consist of excitatory (pyramidal, stellate)
neurons, characterized by strong recurrent connections, and a smaller population of
inhibitory interneurons that regulate local activity. The fundamental role of inhibition is
to maintain balance within the network by temporarily suppressing excitation with a
precise manner, thereby enabling complex and rapid dynamics. To maintain this balance
and enhance computational capabilities, an incredibly diverse interneuronal populations
have evolved, allowing for precise regulation of different membrane domains of
glutamatergic pyramidal neurons. Some interneurons inhibit only the dendritic shafts-,
while others target the somatic region of pyramidal neurons or even other interneurons.
In the following section, I will introduce the main categories of inhibitory interneurons in

cortical regions, as well as describe those interneurons that are the focus of my research.
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1.4.2 Cortical interneurons

In the cortex, GABAergic inhibitory neurons are classified into four main functional
groups based on their axonal targets: perisomatic region-targeting interneurons (PTIs),
dendrite-targeting interneurons, interneuron-selective interneurons (ISIs), and

GABAergic projection neurons (Fig. 3).
1.4.2.1 Perisomatic region-targeting interneurons (PTIs)

These interneurons exert strong control over the firing of principal neurons by innervating
the soma, proximal dendrites, or axon initial segment (AIS). This category includes axo-
axonic cells (AACSs) or chandelier cells (ChCs) and basket cells (BCs). AACs exclusively
target the AIS of pyramidal neurons (Szentagothai, 1975; Somogyi, 1977), whereas BCs’
axons form pericellular baskets around the cell bodies and proximal dendrites of target
neurons. Both interneuron types effectively control spiking in their postsynaptic targets
(Miles et al., 1996; Veres et al., 2014; Veres et al., 2017). BCs can be further divided into
parvalbumin-positive (PVBCs) and cholecystokinin and cannabinoid receptor type 1-
expressing subtypes (CCKCB1BCs) (Freund 2003; Freund and Katona, 2007).

Figure 3. Schematic representation of inhibitory interneuron connectivity onto a pyramidal cell (PC).
Different interneuron subtypes target distinct compartments of the pyramidal cell:
VIP (vasoactive intestinal polypeptide) interneurons (gray) inhibit SST and PV interneurons.
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SST (somatostatin) interneurons (red) primarily target the distal dendrites of the pyramidal cell.
NGFC (neurogliaform cells) (cyan) provide widespread inhibition at the dendritic level.

PVBC (parvalbumin-positive basket cells (orange) target the perisomatic region of the pyramidal cell.
CCKBC (cholecystokinin-positive basket cells (blue) also innervate the perisomatic region.

AAC (axo-axonic cells) (green) synapse on the axon initial segment.

1.4.2.1.1 Parvalbumin basket cells (PVBCs)

PVBCs (Fig. 3 orange) are fast-spiking interneurons characterized by their ability to
sustain high-frequency trains of action potentials (40-200 Hz) with minimal spike
frequency adaptation, promoted by fast afterhyperpolarization. They have the lowest
input resistance and the fastest membrane time constant among interneurons, allowing for
rapid synaptic responses (Connors and Gutnick, 1990; Cauli et al., 1997; Markram et al.,
2004). They contain PV, which has been correlated with their fast-spiking capability since
the 1980s (Kawaguchi et al., 1987). As typical for each neocortical region, PV cells
receive major input from local pyramidal cells, the thalamus and other cortical areas,
including the BLA in the mPFC and mediate fast, precise inhibition of target neurons
(Nagy-Pal et al., 2023; Gabernet et al., 2005; Cruikshank et al., 2007; Fekete et al., 2024).
They contribute to both feedforward and feedback inhibition, precisely regulating the
timing of excitatory input integration and action potential generation in principal cells,
while also playing a key role in the initiation and maintenance of fast gamma-frequency
cortical rhythms (Miles et al., 1996; Traub et al., 2004; Bartos et al., 2007; Cardin et al.,
2009; Gulyas et al., 2010; Veres et al., 2017). Additionally, PVBCs and CCKBCs may
innervate each other in the hippocampus and mPFC, but not in the BLA, (Dudok et al.,
2021; Andrasi et al., 2017; Fekete et al., 2024).

1.4.2.1.2 Cholecystokinin and cannabinoid receptor type 1 -
expressing basket cells (CCKCB1BCs)

CCKCBI1BCs, (Fig. 3 dark blue) in contrast, exhibit a regular-spiking, adapting firing
pattern with slower membrane time constants and receive diverse modulatory inputs from
subcortical regions (Armstrong and Soltesz, 2012; Freund and Katona, 2007). They
express cannabinoid receptor type 1 (CB1) and, in some cases, vesicular glutamate
transporter 3 (VGLUTS3) or calbindin (Calb) (Somogyi et al., 2004, Rovira-Esteban et al.,
2017). One of the most important differences between CCKCB1BCs and PVBCs is that
the GABA release from the axon terminals of CCKCB1BCs is controlled by
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endocannabinoid-mediated retrograde signaling. When their postsynaptic targets
depolarize, endocannabinoids are released, activating CB1 receptors on presynaptic
terminals, which in turn reduces neurotransmitter release — a phenomenon known as
depolarization-induced suppression of inhibition (DSI) at short-term (Freund, 2003;
Wilson and Nicoll, 2001, Dudok et al., 2024). If CB1 receptor activation takes longer
time, then long-term depression can be induced at these axon terminals (iLTD)
(Chevalyere and Castillo, 2004). These mechanisms make CCKCB1BCs a highly plastic,
fine-tuning system that is more susceptible to both short- and long-term modulatory
influences (Freund, 2003; Freund and Katona, 2007).

1.4.2.1.3 Chandelier (ChCs) or axo-axonic cells (AACs)

ChCs, also known as AACs (Fig. 3 green), were first described in the 1970s by Janos
Szenthagotai (Szentagothai, 1975) and are distinguished by their vertically oriented
axonal terminals, or "cartridges,” which selectively innervate the AlSs of pyramidal
neurons (Somogyi, 1977). These GABAergic interneurons typically express PV and, in
some cases, Calb, calretinin (CR), as well as vasoactive intestinal polypeptide receptor 2
(VIPR2), which has recently been identified as an additional marker (Schneider-Mizell et
al., 2021; Tasic et al., 2018). Like PVBCs, AACs are fast-spiking cells and are considered
to provide effective synaptic inhibition on their targets (Veres et al., 2014). However,
their impact on pyramidal neurons may be complex, as GABAergic inputs to the AlSs
can be depolarizing rather than inhibitory due to chloride ion concentration shifts
(Szabadics et al., 2006; Woodruff et al., 2009). In the S1, AACs initially depolarize the
AlSs during early development but shift to hyperpolarizing or shunting effects in
adulthood (Pan-Vazquez et al., 2020). Notably, while thalamo-cortical inputs to BCs
produces strong but rapidly depressing synaptic responses, AACs exhibit weak initial
responses that facilitate over time, enabling sustained spiking (Zhang et al., 2022),
highlighting their separate role from BCs.

Overall PVBCs, CCKCB1BCs, and AACs represent functionally specialized inhibitory
interneuron subtypes. PVBCs provide both feedforward and feedback inhibition and
generate rhythmic activities, while CCKCB1BCs enable the “fine tuning” of inhibition.
AACs uniquely gate pyramidal neuron firing through AlS-targeted synapses, making
them an important regulator of pyramidal cell output. Together, these interneurons

orchestrate cortical dynamics through complementary mechanisms, balancing excitation
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and inhibition across temporal and spatial scales.

1.4.2.2 Dendrite-targeting interneurons
1.4.2.2.1 Somatostatin-expressing interneurons (SST INs)

Somatostatin-expressing interneurons (SST INs; Fig. 3 red), also known as SOM INs, are
a diverse group of inhibitory interneurons that play a crucial role in modulating cortical
activity. Defined by their expression of the neuropeptide somatostatin (SST), one group
of these interneurons primarily target the apical dendrites and spines of pyramidal neurons
and constitute approximately 30% of all inhibitory cells in the cortex (Xu and Callaway,
2009; Yavorska and Wehr, 2016). While receiving input from both cortical and
subcortical regions, SST INs are able to regulate dendritic computations through both
feedforward and feedback inhibition (Miles et al., 1996; Murayama et al., 2009; Karnani
etal., 2016a).

Among SST INs, Martinotti cells (MCs) represent a well-characterized subgroup. These
are the most abundant SST IN type, distributed across all cortical layers but particularly
concentrated in superficial layers. They possess ascending axons that arborize in Layer I,
where they form synapses on the dendritic tufts and spines of pyramidal neurons
(Martinotti, 1889; Karube et al., 2004; Wang et al., 2004). MCs typically exhibit a regular
adapting firing pattern but can also display bursting activity. They can be further
classified into those expressing CR and those that do not (CR—), with distinct functional
and physiological properties (Bernado et al., 2011).

In contrast, non-Martinotti SST INs encompass a range of anatomical subtypes, including
subsets of basket, bitufted, horizontal, and multipolar cells. Additionally, some SST
inhibitory neurons function as long-projecting GABAergic neurons, extending their
influence beyond local circuits (Reyes et al., 1998; Ma et al., 2006; McGarry et al., 2010;
Suzuki and Bekkers, 2010).

Functionally, SST INs play an essential role in regulating cortical information flow by
primarily inhibiting dendrites of principal neurons. Through their involvement in
disynaptic inhibitory circuits between principal neurons, they contribute to surround
activity suppression, a phenomenon where a pyramidal cell’s spiking is reduced in
response to a stimulus outside its classical receptive field (Silberberg and Markram, 2007;

Fino and Yuste, 2011; Adesnik et al., 2012). In the mouse visual cortex, unlike principal
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neurons, SST INs in the superficial layers exhibit increased activity when the receptive
field surround is stimulated. This difference arises from the preferential excitation of SST
INs by horizontal cortical axons (Adesnik et al., 2012). Through these mechanisms, SST
INs serve as critical modulators of cortical dynamics, shaping sensory processing and

cognitive functions.

1.4.2.2.2 Neurogliaform cells (NGFCs)

Neurogliaform cells (NGFCs; Fig. 3 light blue), first described by Ramon Cajal as
“spiderweb” or “arachniform” cells due to their morphology, are characterized by a small,
round soma and thin, varicose dendrites radiating in all directions to form a dense stellate
plexus around the cell body. These GABAergic interneurons exhibit a dense axonal
arborization that typically remains close to their somato-dendritic profile. While
predominantly abundant in cortical Layer | —where they constitute over 90% of neurons
— NGFCs are distributed across all cortical layers (Kawaguchi and Kubota, 1997; Krimer
et al., 2005; Overstreet-Wadiche and McBain, 2015). Immunocytochemically, most
neocortical NGFCs express neuropeptide Y (NPY), reelin, and COUPTFII, with a
minority positive for nNOS (Miyoshi et al., 2010).

Functionally, NGFCs mediate feedforward inhibition onto pyramidal cell’s dendrites, but
unlike typical interneurons, their synaptic boutons are positioned farther from dendritic
spines and shafts, highlighting a role in volume transmission rather than precise synaptic
signaling (Olah et al., 2009). This “cloud-like” GABA release engages both GABA(A)
and GABA(B) receptors, enabling slow, prolonged inhibition that broadly suppresses
local microcircuits (Tamas et al., 2003). Additionally, NGFCs form electrical synapses
not only among themselves but also with other interneurons, including BCs and AACs,
facilitating synchronized network activity (Simon et al., 2005).

These cells are also important in the integration of feedback inhibition. For instance, in
the medial entorhinal cortex, Layer | NGFCs receive excitatory input from Layer Il
pyramidal neurons and inhibit apical dendrites of principal cells (Szocs et al., 2022).
Furthermore, their cholinergic input specificity allows fine-tuning of circuit functions,
highlighting their adaptability across brain regions (Brombas et al., 2014; Abs et al.,
2018).

In summary, NGFCs represent a morphologically and functionally distinct interneuron

class, utilizing volume transmission to exert broad inhibitory control. Their diverse
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connectivity, the usage of GABA(A) and GABA(B), and regional specialization enable
them to shape neural dynamics, while remaining responsive to subcortical

neuromodulation.

1.4.2.3 Interneuron-selective interneurons (1SIs)

VIP ISIs (Fig 3. grey) are a distinct subpopulation of GABAergic inhibitory neurons
found in various brain regions, including the neocortex, amygdala, and hippocampus
(Acsady et al., 1996; Pi et al., 2013; Krabbe et al., 2019; Francavilla et al., 2018; Tyan et
al., 2014; Rhomberg et al., 2018). As their name ‘interneuron-selective’ implies, they
specifically innervate other interneurons and are distinguished by their expression of the
neuropeptide VIP (Acsady et al., 1996; Hajos et al., 1996). They also display remarkable
diversity in morphology, molecular markers, and electrophysiological properties.
Regarding their morphology, VIP ISIs encompass several types, including bipolar and
bitufted morphologies (Acsady et al., 1996; Cauli et al., 1997; Porter et al., 1998). At the
molecular level, these interneurons frequently co-express markers such as CR and ChAT
(Porter et al., 1998; Amir, 2020). It has to be mentioned that a subpopulation of VIP
interneurons also express CCK and CB1 (Acsady et al., 1996; Hajos et al., 1996; Galarreta
et al., 2004; Sugino et al., 2006; Rhomberg et al., 2018), but these interneurons have
multipolar morphology and are BCs (Hajos et al., 1996; Katona et al., 1999; Rhomberg
et al., 2018), distinct from ISls.

A key role of VIP ISls is disinhibition, as they suppress the activity of other inhibitory
interneurons, particularly those expressing SST and PV. This disinhibitory mechanism
enhances the excitability of principal neurons and facilitates selective amplification of
local circuit processing (Letzkus et al., 2011; Pfeffer et al., 2013; Pi et al., 2013). These
interneurons are also involved in processing sensory information across multiple
modalities, including tactile, auditory, and visual inputs (Mesik et al., 2015; Ibrahim et
al., 2016; Kuchibhotla et al., 2017). Furthermore, VIP ISIs are activated by reinforcement
signals such as reward and punishment, with widespread cortical activation potentially
serving as a global learning signal that strengthens functional connectivity across cortical
representations (Pi et al., 2013; Szadai et al., 2022).

In summary, VIP ISIs represent a diverse and functionally significant class of inhibitory

neurons that modulate cortical circuits through disinhibition. They contribute to sensory
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processing, arousal regulation, learning, and plasticity, primarily by controlling the

activity of other interneurons and fine-tuning principal neuron excitability.

1.5 Cholinergic modulation and salient/noxious
Information processing

Cholinergic signaling in the cortex is highly complex, involving various receptor types,
cell populations, and mechanisms that together shape cortical processing. ACh functions
as a neuromodulator through volume transmission, influencing cell excitability and
network activity over extended periods. This process can enhance the responsiveness of
cortical and hippocampal pyramidal neurons (Picciotto et al., 2012; Sarter et al., 2014).
In addition to its modulatory role, ACh also participates in synaptic transmission (Takacs
et al., 2018). Both the modulatory function and synaptic transmission are achieved via
nicotinic (NAChRs) and muscarinic (MAChRS) receptors, each with distinct localization
and signaling mechanisms. nAChRs located on dendrites and cell bodies can mediate
direct postsynaptic effects, while on axon terminals, they contribute to glutamate release
and the depolarization of cortical interneurons (Hogg et al., 2003). Additionally, mAChRs
boost pyramidal neuron activity and reduce the transmitter release, promoting oscillatory
patterns (Brown, 2012). Together, these cellular and circuit mechanisms underscore the
intricate role of cholinergic signaling in regulating cortical dynamics.

1.5.1 The role of ACh linked to noxious stimuli.

Cholinergic signaling plays a crucial role in the brain's ability to respond to salient and
noxious stimuli, significantly influencing sensory processing, attention, and emotional
learning. BF cholinergic neurons are particularly attuned to novel sensory inputs, acting
as key players in encoding the salience of such stimuli. These neurons activate rapidly,
with response times comparable to conventional synaptic transmission, enabling precise,
time-locked communication of salient information to the neocortex (Richardson and
DeLong, 1990; Wilson and Rolls, 1990a; Zhang et al., 2019, Hangya 2015).

Phasic ACh release plays a pivotal role in enhancing associative learning by modulating
cortical circuits in a layer- and cell type-specific manner. In Layer I, ACh depolarizes

most interneurons via NAChRs, including VIP ISls and other Layer I interneurons, which
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inhibit PVBCs. This disinhibition (i.e., inhibiting PVBCs) reduces synaptic inhibition of
pyramidal neurons, thereby enhancing pyramidal neuron activity and facilitating sensory
and learning processes (Letzkus et al., 2011; Christophe et al., 2002; Arroyo et al., 2012).
ACh also exhibits activity-dependent effects on NGFCs in Layer |, activating them
through nAChRs during low firing rates and inhibiting them via mAChRs during high
firing rates (Brombas et al., 2014). In Layers II/111, pyramidal neurons themselves do not
express NAChRs, but interneurons in these layers do, leading to cholinergic modulation
that typically reduces pyramidal cell firing rates by enhancing GABAergic inhibition
(Poorthuis et al., 2013). In Layer IV of the visual cortex, ACh improves neuronal gain
and response reliability, facilitating sensory processing (Goard and Dan, 2009; Soma et
al., 2012). Meanwhile, in Layers V and VI, both nAChRs and mAChRs modulate
pyramidal neurons and interneurons, producing diverse effects such as suppression or
facilitation, depending on the context (Poorthuis et al., 2013; Luchicchi et al, 2014).
This intricate, layer-specific cholinergic modulation underscores the complexity of ACh’s
role in regulating cortical activity, enabling precise adjustments to sensory input,
attention, and learning across cortical networks.
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2.0bjectives

Based on the findings discussed in the previous chapter, it is evident that the BF plays a
crucial role in the regulation of fear learning and behavior. However, further research is
needed to better understand the precise localization, neurochemical properties, and
behavioral functions of BF cells projecting to different brain regions. Anatomical studies
are particularly important because, in recent years, numerous functional studies have been
conducted on the activity of BF cholinergic and non-cholinergic cells, yet the detailed
neuroanatomical investigations supporting these findings have been lacking (Sarter,
2008).

In the first part of my thesis, we focused on the cholinergic innervation of the amygdala
and mPFC networks by the BF, carrying salient/noxious information to the cortical areas.
We aimed to understand whether specific subregions receive distinct projections from the
BF and whether individual cholinergic neurons can simultaneously innervate these
subregions. To address this, we asked the following questions:

1) What are the projection patterns of cholinergic neurons originating from the HDB and
VP/SI?

2) Do specific subregions of the amygdala and mPFC receive distinct cholinergic
projections from different BF nuclei?

3) Can individual cholinergic neurons simultaneously innervate both the amygdala and
mPFC?

4) Do cholinergic neurons in the VVP/SI and HDB co-express transporters for other
neurotransmitter molecules, such as VGLUT3 and VGAT?

The second part of my introduction outlines the structure of cortical networks,
emphasizing the diversity and functional roles of inhibitory interneurons. It also
highlights their dynamic behavior during noxious stimulation, particularly when ACh is
released from BF terminals in the cortex. My research aimed to further explore how
noxious stimuli alter cortical network activity in a cell-type-specific manner. To explore
this issue, the following questions were posed:

1) Are cholinergic neurons in the HDB and VVP/SI activated during noxious stimulation?
2) How do specific types of cortical inhibitory interneurons respond to noxious

stimulation, and is BF cholinergic input necessary for shaping their activity? Our results
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advance our understanding of how painful or noxious stimuli alters cortical network
dynamics by linking cholinergic signaling to cell-type-specific interneuron activity,

bridging a critical gap in salient information processing.
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3.Materials and Methods

3.1 Animals.

Table 1 collects all the mice used for these experiments (Table 1). All experiments were
performed in male and female mice 5-16 weeks of age. All experiments were approved
by the Committee of the Scientific Ethics of Animal Research (22.1/360/3/2011) and all
procedures involving animals were performed according to methods approved by
Hungarian legislation (1998 XXVIII. section 243/1998, renewed in 40/2013.) and
institutional guidelines of ethical code. All procedures complied with the European
Convention for the Protection of Vertebrate Animals used for Experimental and Other
Scientific Purposes (Directive 86/609/CEE and modified according to the Directives
2010/63/EV). All effort was taken to minimize animal suffering and the number of

animals used.

Table 1. Animals used in the experiments.

Animals cataloge # Company

ChAT-IRES-Cre #006410 JAX

CAG-LSL-ZsGreenl #007906 JAX

CAG-LSL-tdTomato #007914 JAX

BAC-VGLUTS3-iCre #018147 JAX

BAC-CCK-dsRed HUN-REN IEM Medical Gene
Technology Unit

VIP-IRES-Cre #010908 JAX

NPY-IRES-Cre #027851 JAX

Pvalb-IRES-Cre #017320 JAX

BAC-CCK/gfpcolIN_sb HUN-REN IEM Medical Gene
Technology Unit

Nkx2.1-CreER #14552 JAX

LSL-Flpo #28584 JAX

VGAT-IRES-Cre #016962 JAX

SST-IRES-Cre #013044 JAX

NPY-IRES-Cre x BAC-CCK/gfpcolN_sh Generate in the HUN-REN
IEM Medical Gene Technology
Unit

BAC-VGLUT3-iCre x BAC- Generate in the HUN-REN

CCK/gfpcolN_sb IEM Medical Gene Technology

B Unit

Nkx2.1-CreER x LSL-Flpo Generate in the HUN-REN
IEM Medical Gene Technology
Unit

Pvalb-IRES-Cre x CAG-LSL-ZsGreenl Generate in the HUN-REN
IEM Medical Gene Technology
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Unit

VIP-IRES-Cre x BAC-CCK/gfpcolN_sbh Generate in the HUN-REN
IEM Medical Gene Technology
Unit

VIP-IRES-Cre x CAG-LSL-ZsGreenl Generate in the HUN-REN
IEM Medical Gene Technology
Unit

NPY-IRES-Cre x CAG-LSL-ZsGreenl Generate in the HUN-REN
IEM Medical Gene Technology
Unit

VGAT-IRES-Cre x CAG-LSL-ZsGreenl Generate in the HUN-REN
IEM Medical Gene Technology
Unit

3.2 Tracing experiments.
Mice were anaesthetized with 125 mg/kg ketamine and 5 mg/kg xylazine and mounted

to a stereotaxic frame. Eyes were coated with corneal gel (Recugel Ophthalmic Gel), and
body temperature was maintained with small animal heating pads (Supertech Instruments,
Pecs, Hungary). The skin was removed from the skull, so the cranial sutures were clearly
visible. The mouse head was set horizontally based on the level of the bregma and lambda.
Anterior-posterior and medio-lateral coordinates were measured from the bregma. The
skull was carefully drilled with a dental bur (Foredom), then dorso-ventral coordinates
were measured from the level of the dura mater. The performed surgeries are detailed in
Table 2 grouped and numbered by the experiments. 1) To label BF neurons projecting to
the amygdala region, we used Cholera Toxin B (CTB, 0.5 mg/99.5 pl distilled water, List
Biological Laboratories) or Fast Blue (FB, 5% in in 0.9% saline, Polysciences), which
were iontophoretically injected (2/2 s on/off duty cycle, 2 pA pulses, for 5 min for CTB,
2/2 s on/off duty cycle, 5 HA pulses, for 7-10 min for FB) into the LA, BA or BMA
unilaterally (Table 2; exp. 1) using a Drummond Recording Nanoject Il (Drummond
Scientific). 2) To label BF neurons projecting to the mPFC, FluoroGold (FG, 2% in 0.9%
saline, Fluorochrome) was injected iontophoretically (2/2 s on/off duty cycle, 2 pA
pulses, for 5 min; AP/ML/DV; Table 2; exp. 2). These retrograde tracers were applied to
the brain via a glass pipette (ID = 0.530 mm £ 25 um, OD 1.14 mm, World Precision
Instruments) which was filled first with 50% glycerol (tap water: glycerol, 1:1) and then
by the tracer. After 3-5 days following the injections, animals were anesthetized again
with ketamine/xylazine mixture as above and perfused under deep anesthesia first with
saline (0.9%) and then with 4% paraformaldehyde dissolved in 0.1 M phosphate buffer
(PB, pH: 7.4, 100 mL/animal, Sigma-Aldrich). Brains were then removed and cut into
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50-80 um-thick coronal sections with a Vibratome (VT1000S, Leica). 3) To analyze the
axonal arborization of BF cholinergic neurons projecting to the amygdala and the PFC,
we injected 100-100 nl of AAV5.Ef1a.DIO.eYFP (gift from Karl Deisseroth; Addgene
viral prep # 27056-AAVS5, RRID: Addgene_27056) to the HDB and VP/SI within the
same ChAT-Cre animals (Table 2; exp. 3). 4) To individually investigate the cholinergic
projections of these BF nuclei, we injected 30 nl of AAV8.CAG.Flex.GFP virus (gift
from Dr. Ed Boyden, UNC Vector Core) to the HDB or VP/SI into different ChAT-Cre
mice (Table 2; exp. 4). 5) To investigate the glutamatergic projections of the VP/SI, we
injected 30 nl of AAV8.CAG.Flex.GFP virus to the VP/SI of VGLUT3-Cre mice (Table
2; exp. 5). Virus was injected with a Nanoject Il Programmable Nanoliter Injector
(Drummond Scientific). 6) To investigate the dual projection of BF cholinergic cells to
the BLA and mPFC, we injected 3x100 nl AAVS5.Efla.DIO.eYFP to the mPFC
unilaterally into ChAT-Cre mice. This approach allowed retrograde labeling of BF
cholinergic neurons, expressing eYFP in their cell bodies as well as in their remote axons
after 6-8 weeks. In these surgeries, the glass pipettes were used as in retrograde tracing,
but instead of glycerol, mineral oil (Sigma-Aldrich) was filled to the pipettes first,
followed by introducing the virus. Injection speed was set to 3 nl/s until a clear change in
the meniscus (mineral oil-virus border) was observed, then speed was set to 1 nl/s. Once
the injection was completed sutures were used for wound closure. In order to assure
complete closure of the incision, minimal amounts of Vetbond were dropped in between
sutures through a sterile syringe/needle. After 4-5 weeks following the surgery, animals
were anaesthetized and perfused the same way as described for retrograde tracing.
Following tissue processing, we compared the normalized axonal fluorescent intensity
(utilizing NIS elements AR 5.3) - obtained by anterograde virus tracing (HDB, VP/SI) -
within the BLA and mPFC.

Table 2. Tracing experiments

Experiment ~ Animal ~ tracer/virus ~ volume ~ brain region -

~ coordinates (AP/ML/DV mm)

1) C57BIl6 wild type mice CTB or FB ionthophoretic BA retrograde -1.5/3.2/-42
C57Bl6 wild type mice CTB or FG ionthophoretic LA retrograde -1.7/3.4/-3.6
C57Bl6 wild type mice CTB or FG ionthophoretic BMA retrograde -1.7/2.8/-4.6

2) C57Bl6 wild type mice CTB or FG ionthophoretic mPFC retrograde 2.2,19,1.5/0.3/-1

3) ChAT-Cre AAVS Efla.DIO.eYFP 100-100 nl HDB + VP/SI  anterograde HDB 0.5/0.7/-5.0 + VP/S10.5/1.5/-4.4
4) ChAT-Cre AAVS.CAG.Flex.GFP 30nl HDB anterograde 0.5/0.7/-5.0
ChAT-Cre AAV8.CAG.Flex.GFP 30nl VP/SI anterograde 0.5/1.5/-4.4
5) VGLUT3-cre AAVS.CAG.Flex.GFP 30nl VP/SI anterograde 0.5/1.5/-4.4
6) ChAT-Cre AAVS Efla.DIO.eYFP 3x100nl mPFC retrograde-anterograde 2.2, 1.9, 1.5/0.3/-1
7) ChAT-Cre 3/3 AAV2/5.CAG.Flex.GcaMP6f 100 nl HDB fiber photometry 0.5/0.7/-5.0
ChAT-Cre 3/3 AAV2/5.CAG Flex.GcaMP6f 100 nl VP/SI fiber photometry 0.5/1.5/-4.4
8) Nkx2.1-Cre x 3/15 AAV5.EFla.eYFPDIO 3*100 nl M2 Jjuxtacellular recording 2.0/2.5/-0.5

Rosa26-LSL-Flp
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3.3 Preparation of optic fiber implants for fiber photometry.
For our fiber photometry measurements, we used optical fibers with a 400 um diameter

(Thorlabs), which were affixed to ceramic ferrules (Thorlabs) using adhesive (Loctite
405). The preparation of these optical fiber cannulas followed a detailed process: 1) a
fiber stripping tool was employed to carefully remove the protective coating from the
fiber, and 2) the fiber was then scratched at the desired length with a fiber optic scribe
and subsequently broken. It was critical to ensure that the fiber break resulted in a flat,
smooth glass surface. Once a sufficient number of fibers of the appropriate length were
prepared, they were secured into the ceramic ferrules using Loctite 405 adhesive. In cases
where the 400 um tick fibers were cleanly broken, additional polishing was unnecessary.

After the glue had fully dried, the fibers were ready for implantation.

3.4 Fiber photometry surgery.

The mouse was removed from its home cage and anesthetized using isoflurane. Once
immobility was achieved and the breathing rate slowed, it was taken out of the chamber
and secured in a stereotaxic apparatus using ear bars. Isoflurane delivery was maintained
through a nose cone. The skin was cleaned with alternating applications of Betadine (or
chlorhexidine) and alcohol (or saline). A circular area of skin, with a radius of 5-20 mm,
was excised from the top of the skull using surgical forceps and scissors. The edges of
the remaining skin were glued to the skull with veterinary tissue glue (3M Vetbond). The
exposed skull was mechanically cleaned with a scalpel and disinfected with Betadine
(Povidone-iodine). A dental bur was used to drill a small hole in the occipital region,
where a 1 mm screw was inserted to stabilize the later cemented optic fiber. Another hole,
with a diameter of 0.6-1 mm, was drilled above the target area for the insertion of a glass
capillary containing viral vectors (AAV2/5.CAG.Flex.GcaMP6f; Table 2; exp. 7),
followed by a mono fiber-optic cannula. The viral solution (200 nl total volume) was
injected under pressure using a pneumatic microinjector (WPI, Nanoliter injector) over
5-10 minutes. After the injection, the needle/capillary was retracted, and the microinjector
was replaced with a stereotaxic cannula holder (Doric Lenses Inc.) to position the fiber-
optic cannula 200-300 um above the injection site. Cement was applied while the cannula
holder remained in place to ensure the cannula stayed positioned correctly. Once the
cement hardened, the animal was removed from the stereotaxic frame and placed in a

clean cage on a heating source for recovery.
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3.5 Fiber photometry measurement.
In these experiments, we used ChAT-Cre mice, which were injected with

AAV2/5.CAG.Flex.GcaMP6f (Table 2; exp. 7) into either the HDB or VP and implanted
with an optical fiber positioned above these brain regions. The objective was to assess
whether these BF nuclei activate in response to noxious stimuli. Following the recovery
period, the mice were handled for three days to ensure they could be connected to the
fiber photometry cable without the need for isoflurane anesthesia. On the experimental
days, the mice were connected to the fiber photometry system (Doric Lenses Inc.) and
placed into a shocking chamber. Each mice received seven 1-second long, 0.7 mA
scrambled shocks, while neuronal activity was recorded using the Doric Neuroscience
Studio software. This procedure was repeated over three consecutive days for each
mouse. The resulting CSV files were then analyzed using custom scripts developed by
Balint Kiraly. Mice were then perfused and fixed brain tissue were sectioned for

anatomical inspection.

3.6 Tamoxifen treatment.

To investigate the in vivo activity of AACs in the cortex in response to noxious
stimulation, it was first necessary to label these cells. However, a suitable reporter mouse
line for selectively labeling AACs was not available at the time of experiments. Therefore,
we utilized a tamoxifen-dependent induction of Cre expression followed by viral labeling.
To achieve this, Nkx2.1-CreER mice were crossed with Rosa26-LSL-Flp mice, and
neonatal mice (PO) received an intraperitoneal tamoxifen injection. Following
administration, tamoxifen induces Cre recombinase expression specifically in Nkx2.1-
positive cells, which excises the stop codon upstream of the FLP promoter. Consequently,
only these cells are able to express the FLP-dependent AAV5.EFla.eYFP.fDIO virus
(Table 2; exp. 8) (Taniguchi et al., 2013).
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Figure 4. Visualizing AACs in frontal cortices.

Schematic representation of the genetic strategy used to target axo-axonic cells (AACs). Left: Breeding
strategy utilizing Nkx2.1-CreER and Rosa26-LSL-FIp mice. Tamoxifen injection at postnatal day 0 (PO0)
activates Cre recombinase expression in Nkx2.1-expressing cells, the precursors of AACs. This leads to the
removal of the stop codon upstream of the FLP gene, enabling the labeling of AACs using FLP-dependent
viral vectors at a later time point (Taniguchi et al., 2013). Middle: The experimental workflow illustrates
a surgical procedure using an "L" pipette for side-angle injection of the AAV5.EF1la.eYFP.fDIO virus into
the M2 cortex at postnatal day 21 (P21) or later. This approach enables the selective labeling of AACs
within the targeted cortical region. Right: A confocal image illustrates eYFP expression in AACs in the M2
cortex.

3.7 Virus tracing for in vivo measurements.
Injecting a virus into a specific area (M2), where in vivo visually guided juxtacellular

recordings were planned to be performed, presents several challenges. Drilling the skull
above the target area during virus injection is not feasible, as it would damage the dura
and surface veins, making later two-photon targeted electrophysiological recordings
impossible. To overcome this potential constrain, we needed a method that allowed us to
inject the virus into the M2 cortex without the vertical approach. We achieved this by
using glass pipettes bent into an "L" shape. First, we pulled the glass pipettes, then with
a heat source, we heated the base of the taper of the capillary to its melting point and
carefully bent it at a 90-degree angle. The resulting L-shaped pipette maintains the same
flow capacity as a standard pipette while enabling access to the M2 cortex from the side
of the skull, preserving the integrity of the skull above the M2 cortex. Using a dental bur
a hole was drilled at the most lateral part of the skull 2 mm anterior from bregma, where
the “L” shaped glass capillary containing the viral vector was inserted (Table 2; exp. 8,
Figure 4). The vectors or buffer containing the tracer molecules (300-400 nl/total volume)
were injected under pressure using a pneumatic microinjector (WPI, Nanoliter injector),

injection time 5-10 minutes. After 4-5 weeks following the viral injection, animals are
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ready for in vivo surgery.

3.8 Aseptic surgery.

The mouse was removed from its home cage and anesthetized using isoflurane. Once
immobility was achieved and respiration frequency began to decrease, it was taken out of
the chamber and secured in a stereotaxic apparatus using ear bars, while isoflurane
delivery was maintained through a nose cone. The skin was prepared by alternating
applications of Betadine or chlorhexidine with alcohol or saline. A circular section of
skin, with a radius of 5-20 mm, was excised from the top of the skull using surgical
forceps and scissors. The edges of the remaining skin were glued to the skull bones with
veterinary tissue glue (3M Vetbond). The exposed skull was then mechanically cleaned
with a scalpel and disinfected with Betadine (Povidone-iodine). Two, or at most three,
holes (~0.7 mm) were drilled into the skull bones—one in the frontal part and one (or
two) in the occipital part. Small screws (1 mm) were inserted into these holes to support
headplate stability. Following screw placement, the skull was coated with a thin layer of
cyanoacrylate glue (e.g., Loctite 401). This step served two purposes: (a) to stabilize the
skull bones relative to each other, preventing movement when the mouse initiated motion,
and (b) to preserve a clear, transparent skull, allowing for the avoidance of thick veins
beneath it.

Before visually guided juxtacellular recording, a small (~1-2 mm?) cranial window was
created on the skull above the M2 cortex using a precision drill (Foredom), and the bone
within the window was removed. A small drop of liquid agar solution (Agarose High
EEO, 45°C) was applied to the window and partially covered with a small piece of glass
coverslip, ensuring that two-thirds of the cranial window was covered, while the
uncovered portion allowed access to the brain tissue with a recording pipette. The glass
coverslip was then glued to the skull. To prevent desiccation of the window, the chamber
on the animal’s head was filled with Ringer’s solution or saline.

Before silicone probe recordings, the cranial window was drilled on the lateral side of the
skull, and the silicone probe was inserted horizontally (Fig. 23A) in the M2 cortex to
minimize cortical extrusion around the probe.

The surgical procedure lasted 30-60 minutes. After surgery, isoflurane anesthesia was
replaced by an intraperitoneal urethane injection (dose: 650 mg/kg). The mouse was then

positioned under the objective of a two-photon microscope, and in vivo neuronal and
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population activity was recorded (Spike2 software) in the anesthetized mice. After a
recording session lasting for 60-180 minutes, the mouse was over-anesthetized using
isoflurane, decapitated, and the extracted brain was post-fixed with 4%
paraformaldehyde.

3.9 Preparation of pipette for in vivo juxtacellular recording.
Pulling a pipette for in vivo visually guided juxtacellular recordings presents several

challenges. First, the pipette must be robust enough to navigate in three dimensions
through agarose gel and live brain tissue to target fluorescent cells. Second, it must have
the appropriate physical properties for extracellular spike detection, requiring a resistance
of 10-15 MQ. Achieving these specifications required an iterative, experimental
approach. Using a pipette puller (Sutter Instruments, Model P-1000), we systematically
adjusted the pulling steps and parameters until the desired pipette was produced. The final
protocol consisted of three steps: the first two were crucial for setting the taper's length
and strength, while the third step defined the tip diameter (aprox. 1 pm).

3.10 In vivo measurement.

After the animal has gone through the preparation for in vivo juxtacellular recordings
(“Aseptic surgery”), then the mouse was placed under the two-photon microscope in a
stereotaxic frame (Thorlabs; Fig. 5A-B). Electrical stimuli for noxious stimulation (1 mA,
2 ms) were administered through two wires positioned 1 cm apart, attached to the left
hind paw. Stimulus timing was managed using Spike2 software, delivering a single pulse
every 30 seconds for a total of 20 repetitions. Pipettes were filled with a 3-4%
Neurobiotin solution in 0.5 M NaCl, combined with either Alexa-594 or Alexa-488 for
visualization under the microscope (Fig. 5C1-2), and were maneuvered using Luigs-
Neumann micromanipulators. A grounding electrode was placed in the saline solution
surrounding the craniotomy chamber to minimize recording noise. A 4x magnification
objective guided the glass pipette into the brain, after which it was swapped for a 20x
objective to achieve higher resolution. Spike detection was accomplished by targeting
fluorescent cells with the pipette. To avoid tissue damage during lateral and dorso-ventral
pipette movements, the pipette was retracted from the brain into the agar. Only minor
adjustments—on the scale of a few micrometers—were made within the brain tissue to

precisely target the cells. Once spikes were detected, cell recording began using Spike2
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software. After a 3-minute baseline recording, electrical stimulation was applied,
consisting of 20 shocks over 10 minutes (0.7-1 mA; Fig. 5D). Following the recordings,
cells were loaded with 3-4% Neurobiotin by applying incremental current pulses until
membrane rupture allowed diffusion of Neurobiotin (Fig 5E). This process was repeated
for 3-4 cells per animal. After measurement and filling, the positions of recorded cells
were noted for future anatomical identification (Fig 5F).

After the animal underwent preparation for silicone probe recordings, its head was
secured with a headplate in a stereotaxic frame (Luigs and Neumann), enabling electrical
stimulation of the tail, using the same protocol as in juxtacellular recording. A wire
inserted into the temporal bone served as a reference electrode. Extracellular activity in
the M2 cortex (N=5 animals) was recorded using 64-channel silicon probes (ASSY-77
H10, Cambridge Neurotech) stained with fluorescent Dil. Wideband neural signals (0.1
7.500 Hz) were amplified (gain: 192x) and digitized at 30 kHz (Intan Technologies).
Spike detection and automatic clustering were performed using Kilosort 2.5
(https://github.com/MouseLand/Kilosort/releases/tag/v2.5.2), with manual refinement of
cell grouping conducted in Phy2 (https://github.com/cortex-lab/phy).

3.11 Immunostaining.
Fixed brain sections were washed 3 times for 10 minutes in 0.1M PB, then a blocking

solution (10% NDS, Normal Donkey Serum, 0.5% Triton-x 100 (10%), 0.1M PB) was
applied for 30 minutes. The sections were incubated in a solution containing primary
antibodies (Table 3) in addition to 2% NDS, 0.5% Triton-x 100 and 0.1M sodium azide
dissolved in 0.1M PB for 1 day at room temperature, followed by 2 hours of incubation
in the secondary antibody containing solution (1% NDS, 0.1M PB). The applied primary
antibodies are detailed in Table 3 grouped and numbered by the experiments: for the
retrograde tracing combined with ChAT immunostaining (1); for the visualization of GFP
containing axons (3); for the quantification of different neurochemicals markers
(ChAT/VACHKT, VGLUTS3, VGAT) in the amygdala (2,4); and for the identification of
specific in vivo measured interneurons: NGFCs (5); PVBCs (6); AACs (7); CCKCB1BCs
(8); VIP ISIs (9). Afterthe incubations, the sections were rinsed in 0.1M PB, and mounted

on slides in Vectashield (Vector Laboratories).
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Figure 5. In Vivo Visually Guided Juxtacellular Recordings.

(A-B) Real and schematic representation of the experimental workflow. Mice were anesthetized with
urethane and fixed under a two-photon microscope using an implanted metal bar. A glass pipette was
carefully inserted into the brain through a pre-prepared craniotomy.

(C1) Target cells were visually identified, and (C2) the pipette was precisely navigated to juxtacellular
position. Magnification was achieved using a 16x optical zoom, with additional enhancement provided by
digital zoom.

(D) Example trace showing the response of an AAC to noxious stimuli, with the red line indicating the onset
of foot shock.

(E) Process of labeling recorded neurons with Neurobiotin. Positive current pulses were applied in
increasing magnitude, ranging from 1 nA to 9 nA, until rhythmic firing was observed, confirming successful
diffusion of Neurobiotin through the membrane into the cell.

(F) Left: Streptavidin staining of the recorded and labeled neurons. Right: Fluorescent viral labeling of the
recorded AAC.
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Table 3. Immunostaining used in the experiments.

immuno # provider v catalog# ~ concentration v Secondary Ab v provider ~ concentration v

1/Retrograde tracing Guinea pig anti-FG Protos Bictech NM-101 FluGgp 1:5000 A488 DAGp or Cy3 DAGp  Jackson ImmunoResearch 1:500
Goatanti-CTB  List Biological Laboratory 703 1:20 000 Cy3DAG Jacksen ImmunoResearch 1:500
2/ ChAT immuno Rabbit anti-ChAT SYSY 207013 1:5000 A647 or Cy3 DAR Jacksen ImmunoResearch 1:500
3/ GFP staining Goat anti-GFP Frontier Institute Co. Ltd ~ GFP-Go-Af1480 1:1000 A488 DAG Jacksen ImmunoResearch 1:500
4/ Amygdala neurochemical ~ Rabbit anti-ChAT SYSY 207013 1:5000 A488 DAR Jacksen ImmunoResearch 1:500
content Rabbit anti-VAChT  Frontier Institute Co. Ltd  VAChT-Rb-Af1000 1:1000 A488 DAR Jackson ImmunoR esearch 1:500
Goat anti-VGLUT3  Frontier Institute Co. Ltd VGLuT3-Go-Af870 1:1000 Cy3DAG Jacksen ImmunoResearch 1:500
Guinea pig anti-VGAT Frontier Institute Co. Ltd  VGAT-GP-Af1000 1:1000 Cy5 DAGp Jacksen ImmunoResearch 1:500

5/NGFCs Streptavidin  Invitrogen (ThermoFisher) 434315 1:5000 Cy3

6/ PVBCs Streptavidin Invitrogen (ThermoFisher) 434315 1:5000 Cy3
Mouse anti-Kv2.1 neuromab 75-014 1:1000 Ag47 DAM Jackson ImmunoResearch 1:500

7/ AACs Streptavidin Invitrogen (ThermoFisher) 434315 1:5000 Cy3

8/ CCKCBIBCs Streptavidin Invitregen (ThermoFisher) 434315 1:5000 Cy3
Goat anti-CB1 Frontier Institute Co. Ltd ~ CB1-Go-Af450 1:5000 A647 DAM Jackson ImmunoResearch 1:500
9/ VIP ISIs Rabbit anti-VIP ImmunoStar 20077 1:2000 A647DAR Jackson ImmunoResearch 1:500

Streptavidin Invitrogen (ThermoFisher) 434315 1:3000 Cy3

3.12 Confocal microscopy.
Multicolor large images from different brain regions and filled neurons were taken with

a C2 confocal laser scanning microscope (Nikon Europe, Amsterdam, The Netherlands)
using 10x (Plan Fluor 10x, N.A. 0.3, xy: 1.25 um/pixel) and 20x objectives (CFI Super
Plan Fluor 20X, N.A. 0.45, xy: 0.58 um/pixel). Multichannel images at a high resolution
were acquired in channel series mode. This way quantitative analysis and localization
maps of retrogradely labeled BF cells could be performed on the same images. To
quantify the neurochemical content of retrogradely labeled BF neurons, the NIS-Elements
software was used. Then, large images were exported to Neurolucida software (10.53
software, MBF Bioscience), where the position of retrogradely labeled neurons as well as
the brain structures and landmarks (ventral border of the slice, anterior commissure,
midline) were indicated. This process was repeated at multiple coronal planes of the BF
(0.62, 0.14, and -0.34 mm from bregma) in all injected animals. The drawings from the
corresponding coronal planes were aligned and mapped onto the appropriate coronal
section taken from the mouse brain atlas (Paxinos et al., 2004) using Adobe Photoshop
(version 3.0, Adobe Inc.).

To reveal the neurochemical content of axon terminals in the amygdala region, confocal
images were taken from each nuclei/subnuclei using a C2 microscope with a 60x
objective (CFI Plan Apo VC60X Oil objective, N.A. 1.40; z (n=50) step size: 0.13 um,
xy: 0.08 um/pixel). High resolution fluorescent images (2048x2048 pixel) from the
injection sites in the HDB and VP/SI as well as amygdala region were taken using a 4x
objective (C2 confocal laser scanning microscope, Plan Fluor 4x, N.A 0.13, xy: 1.54

um/pixel). To quantify the VGAT content of BF cholinergic neurons, images were
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acquired in the HDB and VP/SI with a C2 confocal laser scanning microscope using a
10x objective (Plan Fluor 10x, N.A. 0.3, z (n=10) step size: 25.88 um, xy: 1.25 um/pixel).

3.13 Axon arborization and injection parameter maps.

To determine the proportion of the labeled axons in each amygdala nucleus and prefrontal
cortical area, we used two methods: 1) for Figures 9, 11, 12, 18 we imported the confocal
images into the Adobe Photoshop, quantified the pixels representing axons in the region
of interest and compared it to the total number of pixels from the axonal arborization
within the amygdala or prefrontal cortical regions. 2) For Figures 6 and 10, we quantified
the normalized fluorescence intensity using NIS-Elements software by dividing the mean
fluorescence intensity (MFI) of each region of interest (ROI) by the MFI of the darkest
ROI within the same sample. To determine the borders of the amygdala nuclei based on
soma distributions, we mapped the amygdala region at the coronal plains using NeuN
staining (1:1000, Millipore) or we used reconstructed maps from the mouse brain atlas.
In the case of the PFC, we only used edited pictures from the mouse brain atlas. All maps
containing injection location and spread were made based on the mouse brain atlas

(Paxinos et al., 2004). Data are presented as mean * SD.

3.14 Pavlovian fear conditioning and analysis.
Cue-dependent fear conditioning consisted of a chamber with black dotted white

background, slightly curved walls, metal rod floor, white illumination and was cleaned
with 70% ethanol (context A). First, mice were allowed to habituate to this context for 5
min at Zeitgeber time (ZT) 2-3 h, then returned to their home cage. After 1 h, mice were
transferred back to context A, where, after a 120 s-long acclimation period, three different
protocols were used. (1) only CS group (n = 14): CS (7.5 kHz sound for 20 s) was
presented 7 times without US (with 110 + 23 s intervals; mean + SD); (2) unsigned US
group (n = 12): 7 CS and 7 US (mild electrical shocks, 2 mA for 1 s) were presented
randomly [with 111 + 21 s intervals for CS and 110 + 33 s intervals for US (mean £ SD)];
(3) signed US group (n = 13): 20 s-long CS presentations were co-terminated with the 1
s-long US, pairs repeated 7 times at random intervals (110 £ 23 s; mean £ SD). On the
next day at ZT 1-2 h, for testing cued fear expression, after a 120 s-long acclimation,
mice were subjected to a 20 s-long CS in a novel context (context B: square chamber with

white background, paper floor, red illumination, cleaned with 1% acetic acid). Freezing
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(as an index of fear) was post hoc measured manually on video recordings with an in-
house software (H 77, courtesy of Prof. Jozsef Haller, Institute of Experimental Medicine,
Budapest, Hungary) by trained observers blind to the animal treatment. Freezing was
defined as no visible movement of the body except that required for respiration. Freezing
levels are expressed as a percentage (duration of freezing within the CS/total time of the
CS or duration of freezing during baseline/total time of the baseline, respectively). The

methods applied here are identical to those described in Veres et al. (2023).

3.15 Statistical analysis

To assess the difference in freezing levels during the fear condition (Fig. 21B), we
employed Kruskal-Wallis ANOVA (K-W ANOVA) with a post hoc Dunn’s test, as the
data did not follow a normal distribution according to the Shapiro-Wilk test.

For comparing first spike latencies among Type 1 VIP/CCK ISls, NPY/NGFCs, Type 2
PVBCs, and AACs (Fig. 26B), we randomly selected 100 first spike latencies from each
group (due to high variance in the total number of first spikes) and applied Kruskal—
Wallis ANOVA (K-W ANOVA) with a post hoc Dunn’s test, given the non-normal
distribution detected by the Shapiro-Wilk test.

To examine the effects of hexamethonium and NBQX on Type 1 VIP/CCK ISls (Fig.
27D), we used the Mann—Whitney test, as the data did not meet normality assumptions.

All statistical analyses were conducted using OriginPro 2021.

3.16 Personal contribution to the results
The in vivo silicone probe recordings and analyses in anesthetized mice (Fig. 23) were

conducted by Daniel Magyar, while | prepared the corresponding figure.
Antero-retrograde viral labeling (Fig. 12) was performed by Zsofia Reeb, with the
associated analysis and figure completed by me.

| was responsible for analyzing all fear conditioning behavioral experiments presented in
Figure 21 (Veres et al., 2023).

Figure 20 was created by Orsolya Papp, while | conducted the corresponding cell
counting.

Immunostaining on juxtacellularly recorded and filled interneurons (Figs 24-25) were
done by Petra Nagy-Pal.

All remaining experiments, immunostaining, analyses, and figures were done by me.
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4.Results

4.1 Cholinergic innervation of the amygdala
region by two basal forebrain areas, the HDB
and VP/SI.

First, we aimed to investigate the overall cholinergic innervation of the amygdala region
given rise by the HDB and VP/SI. To this end, we injected a high volume of
AAV5.Ef1a.DI0.eYFP, a Cre-dependent adeno-associated virus vector (AAV) into the
HDB and VP/SI of ChAT-Cre mice (100-100 nl to each area, Fig. 6A, n=3, Fig. 7A).
After analyzing the cholinergic projection patterns in multiple coronal planes within the
amygdala region, we found that the BA received the strongest cholinergic innervation —
based on normalized fluorescence intensity — from these two BF areas (Fig. 6B-C).
Cholinergic innervation extended also to the BMA, the medial division of the CeM, the
anterior- and posteromedial cortical amygdaloid nucleus (ACo, PMCo), the anterolateral
portion of the amygdalohippocampal area (AHIAL), and the piriform cortex (Pir) with
comparable innervation levels among them (Fig. 6B-C). Conversely, the anterior and
posterior sections of the medial amygdala (MeA, MeP), the lateral nucleus of the LA, the
lateral division of the central amygdala (CeL), and the posteromedial part of the
amygdalohippocampal area (AHiPM) received only sparse cholinergic innervation (Fig.
6B-C). Taken together, these findings demonstrate that the amygdala region, particularly
the BA and BMA, receives robust cholinergic innervation from the HDB and VP/SI.
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AAV5.Ef1a.DI0.eYFP injected into ChAT-Cre mice
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Figure 6. Cholinergic innervation of the amygdala region by two basal forebrain nuclei, the HDB and
VP/SI.

(A1, 2) Example injection sites in the HDB and VP/SI in ChAT-Cre mice, 100 nL of AAV5.Ef1a.DIO.eYFP
was injected to each area. Scale bar: 500 um. (B1-3) Coronal images taken at different amygdala planes
showing distribution of cholinergic projections from the HDB and VP/SI. Scale bar: 500 um. (C)
Normalized axonal fluorescent intensity (AU) graph comparing the abundance of cholinergic innervation
within the amygdala region originating from the HDB and VP/SI. Aca, anterior commissure, anterior part;
ACo, anterior cortical amygdaloid nucleus; acp, anterior commissure, posterior part; AHIAL,
amygdalohippocampal area, anterolateral part; AHIPM, amygdalohippocampal area, posteromedial part;
BA, basal amygdala; BMA, basomedial amygdala; CeL, central amygdala, lateral division; CeM, central
amygdala, medial division; HDB, nucleus of the horizontal limb of the diagonal band; LA, lateral
amygdala; MeA, medial amygdala, anterior part; MeP, medial amygdala, posterior part; Pir, piriform
cortex; PMCo, posteromedial cortical amygdaloid nucleus; Sl, substantia innominata; VP, ventral
pallidum.
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Figure 7. Reconstructed maps showing the localization and spread of virus injections used for BF
anterograde labeling.
(A) Localization and spread of 100+100nl AAV5.Efla.DIO.eYFP virus injection to the HDB and VP/SI in
ChAT-Cre mice (n = 3). Different colors represent different animals. These injections appertain to Figures
1, 4. (B, C) Localization and spread of 30nl AAV8.CAG.flex.GFP virus injected to the HDB (B, n = 3) or
VP/SI (C, n=4) in ChAT-Cre mice. Different colors represent different animals. These injections appertain
to Figures 3, 5, and color codes are the same as in the corresponding figures. (D) Localization and spread
of 30nl AAV8.CAG.flex.GFP virus in the VP/SI (n = 2) in VGLUT3-Cre mice. Different colors represent
different animals.

4.2 Localization of BLA-projecting cholinergic
neurons shows separation within the BF.

To distinguish the sources of cholinergic innervation invading the BLA between the
VP/SI and HDB, retrograde tracer Fast Blue (FB) or Cholera Toxin B subunit (CTB) was
injected into the three distinct nuclei of the BLA: LA (Fig. 8Al, n=2), BA (Fig. 8A2,
n=4) and BMA (Fig. 8A3, n=2). In coronal sections obtained from these injected mice,
we determined the location of the somata of BLA-projecting neurons in the BF (Fig. 8B1).
We found that BA-projecting BF neurons were located primarily in the VP/SI region
(based on the mouse brain atlas (Paxinos et al., 2004)). In contrast, BMA-projecting BF
neurons were found dominantly in the HDB (but also partially in the lateral preoptic area
(LPO), median preoptic nucleus (MnPQO), medial preoptic area (MPA)), forming a
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separate neuronal population, the location of which overlapped minimally with BA-
projecting BF neurons (Fig. 8C1-C3). Injecting a retrograde tracer into the LA resulted in
only a small number of labeled neurons located in the HDB (Fig. 8C1), a finding
consistent with the low number cholinergic fibers observed in anterograde tracing (Fig.
6B-C). After performing immunostaining against choline acetyltransferase (ChAT), the
enzyme, responsible for the acetylcholine synthesis (Jope, 1979), we evaluated the
cholinergic content of the amygdala-projecting BF neurons. We found that more than
60% of BA-projecting BF neurons were cholinergic (Fig. 8B1-3 130/212; n= 4 mice),
while this ratio was around 25% (24/91; n=2 mice) among BMA-projecting BF neurons.
Altogether, these results show that neurons in the VVP/SI preferentially innervate the BA,
while those neurons located in the HDB project predominantly to the BMA and to a lesser
extent to the LA. The difference in the ratio of BF cholinergic neurons innervating the
distinct amygdala nuclei is in accord with our anterograde labeling, showing a more
profound presence of cholinergic fibers in the BA in comparison with the surrounding
areas (Fig. 6B-C).

4.3 Cholinergic cells from the HDB and VP/SI
project to the amygdala region in a mutually
exclusive manner.

To confirm that cholinergic neurons in separate BF regions innervate different amygdala
nuclei, we injected a small amount (30 nl) of AAV8.CAG.Flex.GFP either into the HDB
(Fig. 9A, n=3, Fig. 7B) or into the VVP/SI (Fig. 9D, n=4, Fig. 7C) of ChAT-Cre mice. This
approach enabled us to specifically investigate the cholinergic axonal projections
originated from the HDB and VP/SI within the amygdala region. In line with our
retrograde tracing data, we observed that ChAT+ neurons in the HDB projected mostly
to the BMA and other surrounding areas, such as the MeA, ACo, dorsal endopiriform
nucleus (DEN), Pir, but largely avoiding the BA (Fig. 9B, C, G). Although, there were
some labeled axons in the LA, this connection appeared to be weak compared to other
neighboring fields, an observation, which is in accord with the results shown in Fig. 6B-
C, and Fig. 8C1. On the other hand, ChAT+ neurons in the VP/SI almost exclusively
innervated the BA, with marginal projections into the CeM, BMA and Pir (Fig. 9E-G).
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These results show that cholinergic fibers from the HDB and VVP/SI parcel the amygdala

region in a mutually exclusive manner.

Injection site

Basal forebrain”

Retrograde labeling from BA

- .
. f M e ® 8- gpact
L
(TR o ..o'y slpacm

o o0
o BN ad2 e
S,
MCPO | g
. AAV ®
° L ]

@ LA-projecting cells @ BA-projecting cells BMA-projecting cells

HDB
.

|Loca|ization maps ||

ChAT+ cells BA-proj. | 61.3% | 38.7% l
] ChAT- cells BMA-proj. | a8 73.6% |

Figure 8. Distribution and cholinergic content of retrogradely labeled BLA-projecting BF neurons.
(A) Pseudo-colored images showing the injection sites in different BLA regions. (Al) lateral amygdala,
(LA); (A2) basal amygdala, (BA); (A3) basomedial amygdala, (BMA). Scale bar: 500 um. (B1) An example
large image taken from the basal forebrain (Br.: 0.62 mm, BF) showing BA-projecting BF cells in blue,
and ChAT-immunoreactive cells in white. Scale bar: 500 xm. (B2, 3) 20x magnification images taken from
the BF showing expression of ChAT (choline acetyltransferase, B3) in BA-projecting BF cells (B2). Small
yellow arrows indicate non-retrogradely labeled ChAT-expressing cells. Big white arrows indicate ChAT-
positive BA-projecting cells. Scale bar: 50 um. (C1-3) Positions of retrogradely labeled BLA-projecting
BF neurons in different coronal planes of the BF. 61.3 + 7.08% of BA-projecting BF cells expressed ChAT
(130/212; n = 4 mice), while the presence of ChAT was observed in 26.37 + 7.71% of BMA-projecting BF
cells (24/91; n = 2 mice). Purple: LA-projecting cells, Blue: BA-projecting cells, Green: BMA-projecting
cells. Aca, anterior commissure, anterior part; HDB, nucleus of the horizontal limb of the diagonal band;
IPACL, interstitial nucleus of the posterior limb of the anterior commissure, lateral part; IPACM,
interstitial nucleus of the posterior limb of the anterior commissure, medial part; LH, lateral hypothalamic
area; LPO, lateral preoptic area; MCPO, magnocellular preoptic nucleus; MS, medial septal nucleus; SI,
substantia innominata; VP, ventral pallidum.
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Figure 9. Distribution of anterogradely labeled cholinergic projections in the amygdala region from the
HDB or VP/SI.
(A) Example injection sites in the HDB in ChAT-Cre mice. Small volume (30 nL) of AAV8.CAG.flex.GFP
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was injected to the target area. Scale bar: 500 xm. (B) Coronal images taken at different amygdala planes
showing cholinergic projections from the HDB. Scale bar: 500 «m. (C) Overlaid representative cholinergic
projections from the HDB. Axons visualized in different animals (n = 3) are shown in different colors.
Borders of distinct amygdala regions were drawn based on NeuN staining. (D) Example injection sites in
the VP/SI in ChAT-Cre mice. 30 nL AAV8.CAG.flex. GFP was injected to the target area. Scale bar: 500
um. (E) Coronal images taken at different amygdala planes showing cholinergic projections from the
VP/SI. Scale bar: 500 um. (F) Overlaid representative cholinergic projections from the VP/SI. Axons
revealed in different animals (n = 4) are shown in distinct colors. The borders of distinct amygdala regions
are drawn based on NeuN staining. (G) Percentage of amygdala region-projecting HDB or VP/SI
cholinergic axons in each nucleus/region. ACo, anterior cortical amygdaloid nucleus; AHi,
amygdalohippocampal area; APir, amygdalopiriform transition area; BA, basal amygdala; BMA,
basomedial amygdala; CeM, central amygdala, medial division; DEn, dorsal endopiriform nucleus; LA,
lateral amygdala; LEnt, lateral entorhinal cortex; MeA, medial amygdala, anterior part; Mep, medial
amygdala, posterior part; Pir, piriform cortex; PMCo, posteromedial cortical amygdaloid nucleus.

4.4 Cholinergic inputs from the HDB and VP/SI
overlap in the mPFC, with VP/SI showing a
preference for dorsal and HDB for ventral
Innervation of the PFC.

Previous studies uncovered that the mPFC and BLA are reciprocally interconnected
cortical regions playing a role in similar cognitive processes (Arruda-Carvalho and Clem,
2015; Burgos-Robles et al., 2009; Herry et al., 2008; Little and Carter, 2013; Sotres-
Bayon et al., 2012; Weiskrantz, 1956). Therefore, we analyzed the cholinergic projections
from the HDB and VP/SI towards the PFC in the same mice as we did for the innervation
of the amygdala region (Figs 6 and 9). Upon analyzing the cholinergic projection patterns
towards the PFC (Fig. 10A, same injections as shown in Fig. 6), we observed that
cholinergic fibers covered the cingulate cortex area 1 and 2 (Cgl, Cg2), as well as the PL
and IL cortices and the medial orbital cortex (MO) in a similar manner (Fig. 10B-C).
Additionally, these fibers exhibited a slightly weaker innervation to the secondary motor
cortex (M2) (Fig. 10B-C).
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Figure 10. Cholinergic innervation of the prefrontal cortex by the HDB and VP/SI.

(A1, 2) Example injection sites in the HDB and VP/SI in ChAT-Cre mice. Large volume (100 nL) of
AAV5.Efla.DIO.eYFP was injected to each area. Scale bar: 500 um. Same images as shown in Figure 1A.
(B1-3) Coronal images taken at different prefrontal cortical planes showing cholinergic projections from
the HDB and VP/SI. Scale bar: 500 «m. (C) Normalized axonal fluorescent intensity (AU) graph comparing
the abundance of cholinergic innervation within the PFC region originating from the HDB an VP/SI. Aca,
anterior commissure, anterior part; acp, anterior commissure, posterior part; Cgl, cingulate cortex, area
1; Cg2, cingulate cortex, area 2; DP, dorsal peduncular cortex; IL, infralimbic cortex; LO, lateral orbital
cortex; M1, primary motor cortex; M2, secondary motor cortex; MO, medial orbital cortex; PL, prelimbic
cortex; VO, ventral orbital cortex.

Based on small injections targeted separately into the HDB or VVP/SI (injections shown in
Fig. 9), we found that both BF areas projected to the mPFC, namely the ACC/Cqgl, PL
and IL cortices. However, the HDB tended to project to the vPFC, including the MO,
lateral orbital cortex (LO), ventral orbital cortex (VO), dorsal peduncular cortex (DP),
Cg2 (Fig. 11A, B, E), while the VVP/SI innervated the dPFC (including the M2, Cgl and

PL; Fig. 11C-E). The most conspicuous differences were found at the level of 2.4 mm
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Figure 11. Cholinergic afferents from the HDB and VP/SI highly overlap in the mPFC but show
separation in the dorsal and ventral parts of the PFC.
(A, C) Images taken at different prefrontal cortical planes showing cholinergic projections from the HDB
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(A) and VP/SI (C) (injection sites presented in Figure 3). Scale bar: 1000 um. (B, D) Overlaid
representative cholinergic projections from the HDB (B) or VP/SI (D). Axons represented in different
colors were obtained from different animals (n = 2—-4). Maps of the PFC were modified from the mouse
brain atlas (Paxinos and Franklin, 2004). (E) Percentage of PFC-projecting cholinergic axons in each
cortical region from the HDB or VP/SI. Al, agranular insular cortex; Cgl, cingulate cortex, area 1; Cg2,
cingulate cortex, area 2; DP, dorsal peduncular cortex; IL, infralimbic cortex; LO, lateral orbital cortex;
M1, primary motor cortex; M2, secondary motor cortex; MO, medial orbital cortex; PFC, prefrontal
cortex; PL, prelimbic cortex; VO, ventral orbital cortex.

from the bregma, where the HDB predominantly innervated the MO, while the VVP/SI had
prominent projections to the PL, Cgl and M2 (Fig. 11B, D). At the bregma level of 1.1
mm, there was a similar exclusive projection pattern: cholinergic cells in the HDB
innervated the Cg2, but not the M2, while cholinergic cells in the VP/SI gave rise to
projections to the M2, but not to the Cg2 (Fig. 11B, D). Altogether, these results show
that cholinergic innervation originated from the HDB and VP/SI terminates in the
differential parts of the PFC and amygdala regions. Namely, ChAT+ neurons in the HDB
send axons to the vPFC and mPFC as well as to the most amygdala areas, apart from the
BA, while ChAT+ neurons in the VVP/SI prefer to terminate in the dPFC, mPFC and BA.

4.5 Significant portion of BF cholinergic
neurons exhibit dual projections to both the
mPFC and BLA.

The next question we asked was whether the same BF neurons send axonal collaterals
into the mPFC and BLA, or separate populations of neurons innervate these two brain
structures. To reveal the logic underlying the cholinergic control of these regions, first we
performed retrograde-anterograde virus tracing in ChAT-Cre mice by injecting
AAVS5.Efla.DIO.eYFP into the mPFC (Fig. 12B, n=5). This approach reveals whether
neurons projecting to a given area have axonal collaterals in other brain regions, too.
Thus, AAV injection into the mPFC may visualize axons in the BLA if a portion of BF
cholinergic neurons simultaneously project to these regions. Our retrograde-anterograde
virus tracing demonstrated the presence of ChAT+ neurons in the BF (Fig. 12C, Fig. 13)
that innervate both the mPFC (Fig. 12B) and BLA (Fig. 12D-E). The somata of
retrogradely labeled ChAT+ cells were found in both the HDB and VP/SI along the BF
(Fig. 13), revealing the area where the dual projecting cholinergic neurons were located.

Based on overlaid images (Fig 12E), extracted from 5 animals, we found that BA received
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Figure 12. Retrograde-anterograde virus tracing demonstrates the presence of a cholinergic neuronal
population with dual projection toward the mPFC and BLA.

(A) Schematic representation of retrograde-anterograde Cre-dependent axonal labeling.
AAV5.Efla.DIO.eYFP was injected into the mPFC (3 x 100 nL) in ChAT-Cre mice (n = 5). Green arrow
shows retrograde spread of the Cre-dependent virus retrogradely to BF cholinergic cells. Black arrow
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indicates anterograde labeling of axons toward the injection site. Cyan arrow shows anterograde labeling
of axons toward the amygdala. (B) Coronal images taken from the injection sites in the mPFC showing
cholinergic fibers from retrogradely labeled cholinergic BF cells. Scale bar: 1000 zm. (C) Coronal images
of retrogradely labeled cell bodies of processes of cholinergic neurons in the BF. Scale bar: 500 um. (D)
Fluorescent images of BLA-projecting axon collaterals in the BA of those BF cholinergic neurons, which
also innervated the mPFC. Scale bar: 500 um. (E) Overlaid representative axonal projections in the BLA
originating from dual projecting cholinergic BF cells. Axons revealed in different animals (n = 5) are
shown in distinct colors. Scale bar: 500 um. (F) Percentage of BLA-projecting cholinergic axons in the BA,
BMA and LA. BA, basal amygdala; BMA, basomedial amygdala; Cgl, cingulate cortex, area 1; Cg2,
cingulate cortex, area 2; IL, infralimbic cortex; LA, lateral amygdala, M1, primary motor cortex; M2,
secondary motor cortex; MO, medial orbital cortex; PL, prelimbic cortex; HDB, nucleus of the horizontal
limb of the diagonal band; Sl, substantia innominata; VP, ventral pallidum.

a substantial cholinergic innervation from dual projecting neurons, with the strongest
innervation found at the level of -1.5 mm from the bregma (Fig. 12E-F). BMA also
received axon collaterals from the dual projection, while there were barely any fibers in
the LA (Fig. 12E-F). Our results provide evidence that the mPFC-BLA circuit receives
dual cholinergic innervation from both the HDB and VP/SI.

Retrogradely labeled cells from mPFC

Br.:0.62

Br.:0.28 ‘

Br.:0.14

Figure 13. Localization of retrogradely labeled cholinergic BF neurons from retrograde- anterograde
virus tracing.
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Green dots represent retrogradely labeled BF cholinergic neurons projecting to the mPFC. The area
covered by greens dots defines the source of single and double- projecting cholinergic neurons in the BF.
Aca, anterior commissure, anterior part; HDB, nucleus of the horizontal limb of the diagonal band; LPO,
lateral preoptic area; MCPO, magnocellular preoptic nucleus; MS, medial septal nucleus; S, substantia
innominata; VP, ventral pallidum.

To further validate the observation that cholinergic neurons simultaneously innervate the
mPFC and BLA, we injected different retrograde tracers (FG and FB) into the mPFC and
BA (Fig. 14A-C, Fig. 15, n=3), areas receiving the strongest innervation from cholinergic
cells with dual projections (Fig. 12). In line with our previous tracing results, retrogradely
labeled neurons from the mPFC were located both in HDB and VVP/SI (Fig. 14D-E1, E3),
while BA-projecting cholinergic cells were mostly found in the VP/SI (Fig. 14D-E1, E3).
Importantly, we identified a population of dual-projecting cells in the VP/SI (Fig. 14F),
accounting for 30.07+12.5% (Fig. 14G, 109/355, n=3) of the retrogradely labeled cells,
the vast majority of which (92.7%) was immunopositive for ChAT (Fig. 14E4, G,
101/355, n=3), leaving a small portion (2.2+1.2%, Fig. 14G, 8/355, n=3) of dual-
projecting cells immunonegative for ChAT. These results confirm that BF cholinergic
cells can regulate the interaction between the mPFC and BLA simultaneously and/or

independently.
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Es mPFC-projecting
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Double-projecting ChAT- cells
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Figure 14. Double-retrograde labeling of BF neurons that project to the mPFC and BA.

(A) Experimental design: iontophoretic injection of Fluorogold into the mPFC and Fast Blue to the BA.
(B) Example coronal image taken at the injection site in the mPFC showing Fluorogold labeling in the PL
and IL regions. Scale bar: 1000 um. (C) Example coronal image taken from the same animal showing the
injection site of Fast Blue labeling in the BA. Scale bar: 500 um. (D,E1-4) 10x and 20x magnification
coronal images at a BF plane showing BA-projecting (E2), mPFC-projecting (E3) and ChAT-
immunopositive (E4) cells in the VP/SI. White arrows indicate double-labeled cholinergic neurons. Scale
bar: (D) 500 um, (E1-4) 100 um. (F1-3) Localization of double-projecting cholinergic neurons shown in
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purple in different planes of the BF. (G) Bar graph showing that 28.5 + 12.48% (n = 3, 101/355) of
retrogradely labeled neuros were double-projecting and ChAT-positive, while only 2.2 £ 1.22% (n = 3,
8/355) were double-projecting and ChAT-negative. 69.3 £ 11.5% of retrogradely labeled neurons were
single-projecting (n = 3, 246/355). Purple: double-projecting ChAT-positive neurons; Yellow: double-
projecting ChAT-negative neurons; Green: single-projecting neurons. Aca, anterior commissure, anterior
part; BA, basal amygdala; Cgl, cingulate cortex, area 1; DP, dorsal peduncular cortex; HDB, nucleus of
the horizontal limb of the diagonal band; IL, infralimbic cortex; LA, lateral amygdala; LPO, lateral
preoptic area; MCPO, magnocellular preoptic nucleus; MS, medial septal nucleus; PL, prelimbic cortex;
PS, parastrial nucleus; SI, substantia innominata; VP, ventral pallidum.
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Figure 15. Reconstructed maps showing the localization and spread of retrograde tracers used for
double-retrograde tracing.

(A) Localization and spread of Fluorogold in the mPFC (n = 3). (B) Localization and spread of Fast Blue
in the BA (n = 3). Different colors represent different animals.
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4.6 ChAT and VGLUTS3 cells form highly
overlapping populations within the VP/SI

A previous study obtained in rats has uncovered (Poulin et al., 2006) that BF cholinergic
neurons projecting to the BLA express VGLUTS3. To clarify whether amygdala-projecting
cholinergic neurons also contain VGLUT3 in mice, we revealed the neurons expressing
VGLUT3 by crossing VGLUT3-Cre and Ail4 reporter mice. In offspring, we performed
immunostaining against ChAT that allowed us to quantify the number of cholinergic
neurons in the HDB and VP/SI that expressed VGLUT3, too. We observed that 71.19%
(168/236, n=2; Fig. 16) of cholinergic neurons in the VVP/SI expressed VLGUT3, whereas
this ratio was 33.69% (94/279, n=2; Fig. 16) in the HDB.

ChAT |mmunosta|n|ng in VGLUT3-tdTomato mice
~ AT cells By NGBS C.

Iy A

ChAT-VGLUT3 co-labeling ~ VP/SI

ChAT+ cells HDB

Figure 16. Ratio of ChAT and VGLUT3 co-labeling in the HDB and VP/SI.

(A) Example coronal slice taken at the BF, showing ChAT content of VGLUT3-expressing neurons. The
yellow dashed lines represent the borders of the HDB and VP/SI, where the co-labeling was counted. Scale
bar: 500 um. (B) ChAT+ cells in the VP/SI (B1) and HDB (B2). Scale bar: 100 um. (C) VGLUT3+ cells in
the VP/SI (C1) and HDB (C2). Scale bar: 100 um. (D) Merged images taken at the VP/SI (D1) and HDB
(D2). Scale bar: 100 um. Yellow arrows indicate co-labeled neurons. Bottom graph showing the ratio of
co-labeling in the VP/SI and HDB, respectively.

Knowing that most cholinergic cells also contain VGLUT3 in the VP/SI, we administered
30 nl AAV8.CAG.Flex.GFP into the VP/SI of VGLUT3-Cre mice to explore the
projection patterns and cholinergic phenotype of VGLUT3+ neurons and their axons in
the PFC and amygdala region (Fig. 17, Fig. 7D). We found that 64% (Fig. 17A, 89/139,

n=2) of VGLUT3+ neurons were also positive for ChAT at the injection site, and these
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cells exhibited similar projection patterns towards the amygdala (Fig. 17B) and PFC (Fig.
17D), mirroring our observations obtained in ChAT-Cre mice. The most prominent
difference was that VGLUT3+ axons in the BA could not be observe in posterior
amygdala planes (from Br.: -1.8mm to -2.9 mm), while fewer axons were found in the
M2 cortex (Fig. 18). However, more prominent projections were seen in the anterior
insular cortex (Al, Fig. 17D, Fig. 18). Additionally, ChAT immunostaining revealed that
VGLUT3+ axons contained ChAT enzyme in both the BA (Fig. 17C) and mPFC (mainly
Col, PL) (Fig. 17E), further supporting the observation that VGLUT3+ and ChAT+

neurons form overlapping populations in the VP/SI.
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Figure 17. VGLUT3-expressing neurons within the VP/SI show ChAT immunoreactivity and project to
the mPFC and BA.

(A) Coronal image taken from the BF showing the injection site (A1) in the VP/SI in VGLUT3-Cre mice.
Small amount (30 nL) of AAV8.CAG.flex.GFP was injected to the target area. Cholinergic cells were
visualized with ChAT immunostaining (A2) to reveal the cholinergic content of VGLUT3-expressing BF
cells (A3) in the VP/SI. Scale bar: 500 xm. White arrowheads: double labeled neurons. (B) Overlaid
representative glutamatergic projections in the BLA originating from VP/SI cells. Axons revealed in
different animals (n = 2) are shown in distinct colors. Scale bar: 500 x«m. (C) 60x magnification fluorescent
images showing VGLUT3-GFP (C1) and ChAT (C2) co-labeling (C3) within the BA. Scale bar: 5 um. White
arrows: double labeled axons. (D) Overlaid representative glutamatergic projections in the mPFC
originating from VP/SI cells. Axons revealed in different animals (n = 2) are shown in distinct colors. Scale
bar: 1000 um. (E) 60x magnification fluorescent images showing VGLUT3-GFP (E1) and ChAT (E2) co-
labeling (E3) within the PL. Scale bar: 10 um. White arrows: double labeled axons. Aca, anterior
commissure, anterior part; Al, agranular insular cortex; BA, basal amygdala; BMA, basomedial
amygdala; Cgl, cingulate cortex, area 1; IL, infralimbic cortex; LA, lateral amygdala, LO, lateral orbital
cortex; M1, primary motor cortex; M2, secondary motor cortex; MO, medial orbital cortex; PL, prelimbic
cortex; VO, ventral orbital cortex; S1, primary somatosensory cortex; DI, dysgranular insular cortex; S,
substantia innominata; VP, ventral pallidum.
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Figure 18. Ratio of glutamatergic (VGLUT3) projections in the amygdala and PFC subregions
originating from the VP/SI.

(A) Percentage of amygdala region-projecting VP/SI glutamatergic axons in each nucleus/region at
different bregma levels. (B) Percentage of PFC region-projecting VP/SI glutamatergic axons in each
nucleus/region at different bregma levels. These graphs appertain to Figure 17.

Collectively, these data predict that most cholinergic axon terminals within the BA should
also contain VGLUT3 immunolabeling, whereas the ratio of the double labeled axonal
boutons for ChAT and VGLUT3 should be substantially less in other amygdala areas. In
agreement with this hypothesis, we found that, among all amygdala areas, the BA had the
highest ratio of axon terminals immunoreactive for both ChAT and VGLUTS3 (Fig. 19A).
Interestingly, this ratio was not homogeneous within this nucleus: its anterior part (Fig.
19A, C, 63.28%= 8.58, 324/512, n=3) contained twice as many double immunopositive
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Figure 19. Cholinergic axon terminals in the BA co-express VGLUT3.

(A) Cholinergic (A1; green. ChAT/VAChT) and glutamatergic axon terminals (A2; red. VGLUT3) revealed
by immunostaining showing high co-occurrence in cholinergic boutons in the BA (A3). Scale bar: 3 um.
White arrows point to ChAT/VAChT-containing boutons. Orange arrowheads indicate VGLUT3-
containing boutons. White dotted circles indicate double labeled, i.e., cholinergic and VGLUT3-
immunostained boutons. Scale bar: 3 um. (B) Cholinergic (B1; green) and VGLUT3-containing axonal
boutons (B2; red) form largely non-overlapping populations in the BMA. Scale bar: 3 um. (C) Graph
showing that the VGLUT3 content in cholinergic axon terminals is the highest in the anterior BA (BAa;
64.8 + 8.35%; n = 3, 332/512) and posterior BA (BAp; 29.67 £+ 3.51%, n = 3, 89/300), while the co-
expression is lower in surrounding amygdala nuclei: LA (5.82 £ 6.33%, n =2, 17/292), BMA (2.38 + 0.68%,
n =2, 6/252), PMCo (6.85 + 4.93%, n = 2, 24/350), Pir (2.57 + 1.05%, n = 2, 8/311), CeM (1.69 + 1.92%,
n =2, 3/177). (D) Images taken at low magnification from ChAT/VAChT (D1; green) and VGLUT3 (D1;
red) immunostained sections showing high expression levels for these proteins in the BA, but not in
surrounding amygdala regions. Scale bar: 500 um. BAa, basal amygdala, anterior part; BAp, basal
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amygdala, posterior part; BMA, basomedial amygdala; CeM, central amygdala, medial division; LA,
lateral amygdala; Pir, piriform cortex; PMCo, posteromedial cortical amygdaloid nucleus.

axonal boutons than its posterior part (Fig. 19C, 29.67%= 3.51, 89/300, n=3). This
observation might explain why fewer VGLUT3+ fibers were observed in caudal
amygdala planes (Fig. 17B). As expected, in neighboring regions, the co-expression of
ChAT and VGLUT3 was minimal (Fig. 19B, C). These results together suggest that
cholinergic pathways from the VVP/SI typically contain VGLUT3, while ChAT+ fibers
located in other amygdala regions - originating primarily from the HDB - express this
glutamate transporter at a much lower level. In addition, these observations further
strengthen the conclusion that the BA and its surrounding regions receive cholinergic
control from two distinct BF sources that differ in their VGLUT3 content.

4.7 GABAergic phenotype is not characteristic
for cholinergic neurons in the HDB and VP/SI
In adult mice.

Previous studies convincingly demonstrated that GABA can be released from cholinergic
axon terminals in the neocortex (Saunders et al., 2015), hippocampus (Takéacs et al., 2018)
and striatum (Lozovaya et al., 2018). To assess whether cholinergic neurons in the HDB
and VP/SI are also GABAergic, we visualized inhibitory cells in the BF by crossing
VGAT-Cre with Ai9 reporter mice (CAG-LSL- ZsGreenl, Fig. 20A1, B1), whereas
ChAT content of neurons was revealed by immunostaining (Fig. 20A2, B2). We found
that 96.98% (546/563, n=3) of cholinergic neurons expressed the reporter protein under
the control of VGAT promoter in the HDB, whereas this ratio was 58.8% (137/233, n=3)
in the VP/SI (Fig. 20E, dark green). To confirm the GABAergic nature of cholinergic
afferents in the BLA, we examined the VGAT immunoreactivity in cholinergic axon
terminals. To our surprise, we observed no co-expression of VGAT and cholinergic
markers (ChAT; VAChT) (Fig. 20F, 0.75%, 3/400, n=2) in axonal boutons at the
amygdala level. To resolve this contradiction, we labeled BF GABAergic cells in adult
VGAT-Cre mice by injecting AAV8.CAG.Flex.GFP vector simultaneously into the HDB
and VP/SI (Fig. 20C1, D1). After 4 weeks following the injections, we performed
immunostaining against ChAT (Fig. 20C2, D2) and counted the GFP content of
cholinergic cells in the BF (Fig. 20C3, D3). Under these circumstances, we found that
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there were only a few neurons co-expressing ChAT and GFP both in the HDB (3.06%,
19/620, n=3) and VP/SI (1.19%, 3/253, n=3) (Fig. 20E, light green). These data are in
line with the findings that cholinergic axon terminals do not contain VGAT
immunolabeling in the amygdala (Fig. 19F). Thus, our results collectively show that in
adult mice, GABA is not typically present in cholinergic neurons in the HDB and VP/SI.

VGAT-Cre CAG-LSL-ZsGreenl AAVS8.CAG.Flex.GFP
<® X ( - % VGAT-Cre
HDB VGAT-Zsteeni vP/si wos VGAT-GFP VP/si

N=3

563 cells

Bl VGAT-ZsGreenl
VGAT-GFP

N=3
233 cells

% of VGAT+ cholinergic cells

N=3
253 cells

HDB VP

Figure 20. Cholinergic cells in the HDB and VP/SI do not express VGAT in adult mice.

(A,B) Visualizing GABAergic cells in the HDB (Al) and VP/SI (B1) within the BF, in VGAT-ZsGreenl
offspring generated by breeding VGAT-IRES-Cre and CAG-LSL-ZsGreenl mice. Scale bar: 50 um. Insets:
images taken at higher magnification of a GABAergic BF neuron containing ChAT immunolabeling. Scale
bar: White arrowheads point to co-labeled ChAT/VGAT-ZsGreenl cells. 5 um. (C,D) Virus labeling of
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GABAergic cells in the HDB (C1) and VP/SI (D1) by injecting AAV8.CAG.Flex.GFP into VGAT-Cre mice.
Scale bar: 50 um. Insets: images taken at higher magnification showing GABAergic and cholinergic cells
intermingled in the BF. Scale bar: White elongated arrowheads point to ChAT positive cells, while narrow
white arrows indicate VGAT-GFP neurons. 5 um. (A2-D2) ChAT immunostaining revealing cholinergic
cells in the BF. Scale bar: 50 um. (A3,B3) Merged images showing co-expression of VGAT and ChAT both
in the HDB and VP/SI in VGAT-ZsGreenl mice. Scale bar: 50 um. (C3,D3) Merged images showing that
cholinergic cells in the HDB and VP/SI do not contain VGAT in AAV-injected VGAT-Cre mice. Scale bar:
50 um. (E) Percentage of VGAT-expressing cholinergic cells in the HDB (Dark green, 96.7%, 546/563, n
= 3) and VP/SI (Dark green, 58.8%, 137/233, n = 3) in VGAT-ZsGreenl and AAV-injected VGAT-Cre
(Light green, HDB: 3.06%, 19/620; VP/SI: 1.19%, 3/253, n = 3) mice. (F1-3) Cholinergic (F1; green.
ChAT/VACHT) and GABAergic (F2; white. VGAT) axon terminals showing non-overlapping populations
in the BA (F3). Scale bar: 3 um. Orange arrows show ChAT/VAChT-containing boutons. Dark blue
arrowheads point to VGAT-immunoreactive boutons.

4.8 Electrical stimulation as noxious signal.

In animals, three primary fear responses can be distinguished based on the proximity of
the danger source: fight, flight, and freezing (LeDoux, 2000; Tovote et al., 2015). In
experiments investigating whether fear-regulating neural pathways in the brain have been
activated, the presence and duration of the freezing response are analyzed (Janak and Tye,
2015; Tovote et al., 2015). One of the most commonly used methods in neuroscience to
study the structural and functional organization of these pathways is Pavlovian fear
conditioning (Fig. 21A1). Here, | describe an experiment, as an exemplar, we performed
to examine the neuronal circuits involved in associative learning. In this procedure,
experimental mice were placed in an unfamiliar environment (context A) to explore their
surroundings, a behavior referred to as "exploration”, when mice form spatial map of the
novel environment (Tovote et al., 2015). During the fear conditioning phase, the
presentation of a neutral conditioned stimulus (CS) is co-terminated with an
unconditioned stimulus (US), such as an aversive stimulus (e.g., an electric shock) (signed
US; Fig. 21A2). The pairing of CS with US several times forms an association memory.
To test the memory formation on a subsequent day, the animal is placed into a different
environment (context B) and the CS is presented several times. If the association between
CS and US has been formed, then mice will show freezing behavior during CS
presentation in the context B (Fig. 21B). If we present the same number of CS and US to
mice, but independent of each other, i.e., un-paired during conditioning (unsigned US;
Fig. 21A2), the association between the CS and US will not be formed, indicated by CS-
induced low freezing observed in the context B (Fig. 21B). These results show that CS

and US presentations need to be delivered close in time and in a structured manner, so the
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animal will form a fear memory trace, when CS will predict the US, proxied by freezing.
Irrespective whether the US is delivered linked to CS or independently from it, mice
typically show aversive behavior, like jumping, vocalization and fight response triggered
by electric foot shock. These behavior signs indicate that US clearly induces an aversive
emotional state.
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Figure 21. Electrical stimulation is a highly potent learning signal.

(A1) Experimental design. (A2) The three mouse groups with different combinations of CS (tone) and US
(shock) presentation. (B) Freezing tested on the consecutive day was elevated only in the signed US group,
therefore, the other two conditioning paradigms can serve as assessments of the effects of the sensory inputs
on the network. Asterisk indicates significant difference (K-W ANOVA p = 3 x10—6, only CS vs. unsigned
US p = 0.39, only CS vs. signed US p = 2x10—6, unsigned US vs. signed US p = 0.003). Box represents
mean, whiskers SEM. Only CS group n = 14, unsigned US group n = 12, signed US group n = 13 (Veres
et al., 2023).

4.9 Cholinergic cells in the HDB and VP/SI
show increased activation upon noxious
stimulation

After investigating the projection characteristics and neurochemical properties of BF
cholinergic cells, next we wanted to see if these cell groups have a role in the transmission
of noxious signals towards the amygdala and cortical areas. To this end, we used fiber
photometry, a technique which involves using optical fibers to deliver light into brain
regions where neurons express fluorescent indicators suitable to monitor changes in

intracellular Ca?* concentrations. These indicators emit fluorescence signals when
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neurons are active, proxied by Ca?* elevation, allowing researchers to measure and
analyze neural activity by detecting changes in light collected through the optic fiber. In
our experiments ChAT-cre mice were injected with AAV2/5.CAG.Flex.GcaMP6f virus,
then an optical fiber was implanted 100 um above the HDB or VP/SI (Fig. 22A). After
the recovery period, mice received mild electrical shocks (7 times/day for 3 days, 0.7mA),
while fluorescent signals in cholinergic cells were measured. After analyzing the results,
we observed that cholinergic cells were activated upon noxious stimulation (Fig. 22C-D).
These data, in line with previous observations (Hangya et al., 2015), suggest that BF
cholinergic neurons are profoundly excited by foot shocks, findings that imply their

significant role in salient information processing.

A

Optic fiber

# of shocks
# of shocks

Figure 22. VP/SI and HDB cholinergic neurons are activated in response to noxious stimulation.
(A) Schematic representation of the experimental setup. (B) Pseudocolored fluorescent images illustrating
the injection site and optic fiber placement in the VP/SI or HDB. (C) Heatmaps depicting cholinergic cell
activation in the VP/SI and HDB, with warmer colors indicating higher activation and cooler colors
indicating inactivation. Time 0 marks the foot shock onset, and the red line denotes the end of the foot shock
at 1 second. (D) Peristimulus graphs showing AF/F changes in the VP/SI (n=2) and HDB (n=1) following
noxious stimulation.
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4.10 Cortical processing of noxious stimulation

After determining the projection patterns of BF cholinergic neurons towards the frontal
cortices and showing that these neurons are activated by noxious stimulation, we moved
forward with our experiments in understanding how cortical network operation is changed
upon delivery of electrical shocks. We have chosen two different approaches: 1) in vivo
silicone probe recordings and 2) in vivo juxtacellular recordings visually guided by two-
photon imaging in urethane-anesthetized mice in the M2 cortex. The first method has a
great advantage in recording multiple neurons at the same time, and gathering information
about putative principal cells and interneurons, while lacking cell type specificity.
Meanwhile the second method can record the action potentials of individual neurons
specifically followed by labelling the measured cells with Neurobiotin for subsequent
anatomical identification. With silicone probe recordings we collected data from many
neurons, the majority of which were likely principal neurons, while with juxtacellular
recordings different types of genetically defined inhibitory cells were sampled in distinct
transgenic mouse lines.

We selected the M2 cortex for four main reasons: 1) its location on the dorsal brain surface
allows easy access for two-photon-guided juxtacellular recording, 2) it receives dense
cholinergic innervation from the basal forebrain, primarily the VP/SI (Fig. 10B, Fig. 11C,
D), 3) like the mPFC, it has reciprocal connections with the BLA (based on our
unpublished observations) and 4) M2 cortical neurons respond similarly to foot shocks as
those neurons located in the PFC and BLA (our unpublished observation), indicating that
basic principles of circuit mechanisms driven by aversive stimulation may be shared by

these neuronal networks.

4.10.1 Noxious stimulus-driven spiking in cortical
neurons

With silicone probe recordings, we found three main response types among cortical
neurons: 1) excitation (N= 29, 32.93%; Fig. 23C1-2), 2) inhibition (N= 46, 52.27%; Fig.
23D1-2) and 3) no response (N= 13, 14.77%; Fig. 23E) to noxious stimuli. Excitatory
responses could further be dissected based on their response length, with 26.13% of the

cells (N=23; Fig. 23C1) exhibiting a short and rapid increase in activity immediately after
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(173.68+119 ms, N= 419) the foot shock delivery, and a smaller subset (N=6, 6.8%; Fig.
23C2) with an also immediate, but sustained (2s) excitation. Inhibitory responses in
spiking could also be divided into similar groups, where 17.05% of cells (N=15; Fig.
23D1) showed a short decrease in activity following the foot shock, and another subset
(N=31, 35.22%; Fig. 23D2) with prolonged inhibition. Cells with no significant change
in spiking (black traces) constitute 14.77% of the sample (N=13; Fig. 23E). These data
provide insight into the dynamic responses of cortical neurons in the frontal cortex upon

aversive stimuli, with distinct patterns of excitation, inhibition, and non-responsiveness.

4.10.2 Firing in perisomatic region-targeting
Inhibitory neurons upon noxious stimuli

To obtain recordings in the different types of interneurons, we used in vivo visually guided
juxtacellular recordings in transgenic mice expressing fluorescent proteins in defined
GABAergic cells. First, we wanted to understand how the three types of inhibitory cells
giving rise to perisomatic inhibition - PVBCs, AACs, and CCKCB1BCs - react to noxious
stimulation.

PVBCs were measured in the offspring of Pvalb-IRES-Cre x CAG-LSL-ZsGreenl mice.
We found two populations of PVBCs based on their responses to noxious stimulation.
Type 1 PVBCs 60.35 % (N=35, 16 filled with Neurobiotin; Fig. 24A1, B1, C1) showed
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Figure 23. Silicon probe recordings in the M2 cortex reveal diverse response patterns in cortical neurons.
(A) Schematic representation of the experimental setup, with the silicon probe inserted laterally to preserve
the integrity of the upper cortical layers during craniotomy. (B) Heatmap illustrating pyramidal cell
responses, where warmer colors indicate higher activation and cooler colors indicate inhibition. Time 0
marks the foot shock onset. (C1, C2) Examples of pyramidal cells exhibiting distinct activation patterns.
(D1, D2) Pyramidal cells displaying different inhibition durations. (E) Non-responsive pyramidal cells
(Daniel Magyar’s experiments).
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Figure 24. Spiking alterations in perisomatic inhibitory interneurons to noxious stimulation.

(A1-4) Fluorescent images of interneuron types that were juxtacellularly recorded and subsequently
labelled followed by visualization with Streptavidin-conjugated fluorescent dyes. From top to bottom: Type
1 PVBCs, Type 2 PVBCs, AACs, and CCKCB1BCs. (B1-4) Raster plots displaying the spiking upon delivery
of five consecutive shocks and an example trace illustrating the response in each neuron type to noxious
stimuli. The red line indicates foot shock onset. (C1-4) Z-scored firing rate plots showing the individual
(color) and averaged (black) responses in recorded neurons within each group. Inserts show the averaged

traces.
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prolonged inhibition, lasting for 2-4 seconds upon electrical stimulation, while Type 2
PVBCs 39.65% (N=23, 10 filled with Neurobiotin; Fig. 24A2, B2, C2) had a more
complex response, starting with a fast-short inhibition, then the activity of the cells
returned to baseline (302.62 + 89 ms, N=507; Fig. 26A, B, D), with a portion of the cells
reaching higher activation, followed by a decrease in activity lasting for 1-2 seconds.
AACs were measured in the offspring of Nkx2.1-CreER x LSL-Flpo mice. The Nkx2.1
marker is commonly used to identify certain subtypes of inhibitory interneurons,
particularly in the cortex. Nkx2.1 is a transcription factor that is crucial for the
development of several cell types, including specific interneurons derived from the
medial ganglionic eminence (MGE) during embryonic development (Taniguchi et al.,
2013). The genetical construction of Nkx2.1-CreER x LSL-Flpo allowed the tamoxifen
inducible expression of Flpo in interneurons in a specific time window (P0O), when
development/migration of a group of AACs starts (detailed in materials and methods, Fig.
4). In P60, mice were injected with AAV5.EFla.eYFP.fDIO to the frontal cortex (M2) to
trigger Flpo dependent eYFP expression in AACs. These neurons (N=11, 5 filled with
Neurobiotin) showed a fast (391.08+ 359 ms, N= 155), strong and long-lasting spike
increase (2-4 s; Fig. 24A3, B3, C3; Fig. 26A, B, F) upon stimulation.

CCKCB1BCs were sampled in both BAC-CCK-dsRed and the offspring of BAC-
VGLUT3-iCre x BAC-CCK/gfp-colN_sb mice. In the first type of mice there were many
dsRed labeled cells, which were not BCs (determined after recordings). Therefore, we
changed strategy to target these BCs in double transgenic mice, leading to a higher
success rate. Overall, identified CCKBCs were immunopositive for CB1 recorded in both
types of mice and these cells showed delayed activation, starting at 1 second after noxious
stimulation and lasting for 4-5 seconds (N= 10, 5 filled with Neurobiotin; Fig. 24A4, B4,
C4).

4.10.3 Dendrite-targeting and Interneuron selective
Interneurons

Next, we examined two other groups of interneurons, 1) interneurons which are
responsible for dendritic inhibition, and 2) VIP ISIs. In the first group, we measured the
activity of NPY-positive NGFCs (NPY/NGFCs) and SST INs. NPY/NGFCs cells were
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Figure 25. The responses of dendrite-targeting and interneuron-selective interneurons to noxious
stimulation.

(A1-4) Fluorescent images of interneuron types that were juxtacellularly recorded and subsequently
revealed with Streptavidin-conjugated fluorescent dyes. From top to bottom: NPY/NGFCs, Type 1 VIP ISls
(VIP/CCK ISIs), Type 2 VIP ISIs (VIP/Nkx2.1 ISIs), Type 3 VIP ISls (VIP/ChAT ISIs). (B1-4) Raster plots
displaying spikes in relation to five consecutive shocks and an example trace illustrating the response of
each neuron type to noxious stimuli. The red line indicates foot shock onset. (C1-4) Z-score plots showing
the individual (color) and averaged (black) responses of recorded neurons within each group. Inserts show
the averaged traces.
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sampled in the offspring of NPY-IRES-Cre x BAC-CCK/gfp-coIN_sb and NPY-IRES-
Cre x CAG-LSL-ZsGreenl. Among all the interneurons these cells (N=9; 6 filled with
Neurobiotin, Fig. 25A1, B1, C1) fired with the shortest latency upon noxious stimulation
(262.42+ 97 ms, N= 137) (Fig. 26A, B, E). Interestingly, SST INs recorded in SST-Cre
mice injected with AAV5.EF1a.DIO.eGFP were typically silent and discharged no spikes
upon electrical stimulation (data not shown).

A subset of ISIs in cortical structures expresses VIP and preferentially inhibits other
interneuron types. Here we found three functionally different types of VIP ISls, showing
distinct activation patterns to electrical stimuli. In the offspring of VIP-IRES-Cre x BAC-
CCK/gfp-coIN_sb, VIP/CCK ISIs (Type 1 VIP ISls; N= 26, 15 filled with Neurobiotin;
Fig. 25A2, B2, C2) were activated with a short latency but slightly later than NPY/NGFCs
(291.02+ 105 ms, N=427; Fig. 26A, B, C). Using Nkx2.1-CreER x LSL-FIpo mouse line,
we discovered that if the tamoxifen is administered at P1 or P2, most virus infected cells
will be, instead of AACs, VIP ISls, confirmed by morphological features and
immunostaining against VIP. This allowed us to investigate another group of VIP ISls,
VIP/Nkx2.1 I1SIs (Type 2 VIP ISIs; N=20, 9 filled with Neurobiotin; Fig. 25A3, B3, C3),
which to our surprise exhibited a different activation pattern to stimulation in comparison
to VIP/CCK ISls. All VIP/Nkx2.1 ISls responded with a long-lasting activation upon
electrical shocks, but the start of their activation varied, contrary to other groups. Some
of the cells were activated immediately -, while the majority of the cells peaked their
spiking at 2 seconds after shocks, reaching an average peak amplitude between 2.5-3
seconds (Fig. 25B3, C3). Lastly, we measured the response of VIP ISIs in ChAT-Cre
mice. Based on our immunolabeling at least 80% of ChAT neurons were positive for VIP
in the frontal cortex. These VIP/ChAT ISIs (Type 3 VIP ISls; N=10, 4 filled with
Neurobiotin; Fig. 25A4, B4, C4) had a low baseline firing rate and no observable response

to noxious stimulation.

4.10.4 Drug application

In the next set of experiments, we investigated the nature of synaptic transmission driving
interneuronal firing upon noxious stimulation. There are two subcortical inputs that may
account for exciting interneurons: glutamatergic afferents from the thalamus and

cholinergic projection from the BF. To block the effects of these subcortical modulatory

79



inputs, we applied locally the nAChR blocker hexamethonium and the AMPA/kainate
receptor antagonist NBQX (2,3-dihydroxy-6-nitro-7-sulfamyl-benz(f)quinoxaline). To
achieve effective and specific delivery, we used an additional glass pipette filled with the
water-soluble drugs, allowing their controlled application using iontophoresis (Fig. 27
Al-2). Given that Layer 2/3 VIP ISIs are one of the targets of cholinergic afferents in the

cortex (Letzkus et
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Figure 26. First spike latency in interneuron types with the shortest response time
A) Z-scored firing rate plot showing the averaged spike responses in four IN types. (B) First spike latencies
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following noxious stimulation showing that NPY/NGFCs respondign significantly faster then Type 1 VIP
ISIs and Type 2 PVBCs (K-W ANOVA p=0.0325, NPY/NGFCs vs Type 1 VIP ISls; p=0.0102, NPY/NGFCs
vs Type 2 PVBCs). (C—F) First spike latencies in individual neurons within each interneuron type: (C) Type
1 VIP ISls, (D) Type 2 PVBCs, (E) NPY/NGFCs, and (F) AACs.
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Figure 27. Both Hexamethonium and NBQX attenuate the shock response of Type 1 VIP ISIs (VIP/CCK
ISls).
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(A1, A2) Schematic and real representation of the experimental approach. A second pipette, filled with
either hexamethonium or NBQX, was positioned within 1-2 soma distances from the recorded neuron. The
water-soluble (positively charged) drugs were retained in the pipette using a -20 nA holding current and
released by applying a +20 nA current pulse. (B) Peristimulus raster plot and histogram depicting the
response of an example Type 1 VIP ISIs to foot shock in the absence of drug application. The red line
indicates foot shock onset. (C) Peristimulus raster plot and histogram showing the response of another
Type 1 VIP ISIs to foot shock during Hexamethonium or NBQX application. The red line indicates foot
shock onset. (D) Effect of drug application on spike count following foot shock (Mann-Whitney Test,
p=0.0019 Control vs Hexamethonium; p=0.0001 Control vs NBQX).

al., 2011), we investigated how hexamethonium and NBQX influence their response to
noxious stimulation. Our findings indicate that hexamethonium reduced Type 1 VIP ISls
(VIP/CCK ISls) activity by approximately 45% (Fig. 27 B, C, D), while NBQX had an
even stronger suppressive effect (84.43%, Fig. 27 B, C, D). However, due to the limited
sample size, these results should be considered preliminary, offering initial insights into
the role of ACh and glutamate in modulating VIP/CCK IN activity triggered by noxious
stimulation.

Overall, our data underscore the critical influence of BF cholinergic and potentially
thalamic glutamatergic input on frontal cortical function and provide the first insights into

the synaptic mechanisms how noxious stimulation alters interneuron activity patterns.
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5. Discussion

In the first part of my thesis, we investigated the cholinergic innervation of two
reciprocally interconnected cortical structures, the mPFC and BLA. Our main findings
are the followings (Fig. 28). 1) Cholinergic cells located in two separate BF areas, the
HDB and VP/SI innervate different parts of the BLA in a mutually exclusive manner.
Although, they exhibit overlapping projections in the mPFC, the HDB tends to project
more to the VPFC, whereas the VVP/SI prefers to innervate the dPFC. 2) Importantly, using
retrograde-anterograde virus tracing and double-retrograde tracing, we provide evidence
that a significant portion of cholinergic cells can simultaneously innervate the BLA and
mPFC. 3) Dual-projecting cells are intermingled with single-projecting neurons within
the HDB and VP/SI. 4) Cholinergic and VGLUT3-containing BF cells form largely
overlapping populations in the VP/SI and exhibit similar projection patterns toward the
amygdala region and PFC. Moreover, VGLUT3+ axons originate primarily from the
VP/SI and express ChAT in both the mPFC and BA. 5) VGLUT3 is much less typical for
cholinergic cells and their axon terminals in the HDB and other amygdala areas. 6)
Cholinergic cells in the HDB and VP/SI do not express VGAT in adult mice, thus, they
unlikely have GABAergic phenotype (Fig. 28).

Our results are in good agreement with previous observations showing that most BF
neurons (61%) located in the VP/SI innervating the BA express ChAT (Carlsen et al.,
1985; Poulin et al., 2006). In addition, we provide evidence that the HDB innervates the
BMA, yet the ratio of cholinergic neurons in this pathway is considerably lower (25%).

The difference in the proportion of cholinergic neurons within the BF afferents

terminating in the BA and BMA is also reflected in the abundance of cholinergic fibers

in these amygdala nuclei (Fig. 6B-C).

In our study we found striking similarities in the distribution of BF afferents innervating
the PFC to that observed earlier (Bloem et al., 2014). However, we substantially
expanded these pervious findings by showing that the same BF regions distinctly

projected to the amygdala region. Thus, beside the extensively studied nucleus basalis

of Meynert (Crouse et al., 2020; Jiang et al., 2016; Kitt et al., 1987; Mallet et al., 1995),

the VVP/SI gives rise to a significant innervation to the BA, while the HDB provides

inputs to additional amygdala areas albeit less intensively. We also observed cholinergic
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projection from the VP/SI to the CeM, in agreements with a previous study (Aitta-aho et

al., 2018). Based on our tracing experiments,

) ChAT+/VGAT-
mmmp ChAT+/VGLUT3+/VGAT-

s ChAT+/VGAT-

Figure 28. Schematic illustration of BF cholinergic inputs to the interconnected PFC-BLA networks in
adult brain.
Both single- and dual-projecting BF cholinergic cells give rise to the innervation of the functionally linked
PFC and BLA. This structural arrangement of cholinergic inputs can allow the maximalization of
computational support for coordinated functioning of interconnected cortical regions. Anatomical and
functional related brain regions are indicated in the same colors. The thickness of the arrows corresponds
to the abundance of cholinergic innervation. The color of the arrows represents the neurochemical content
of the projecting neurons. BA, basal amygdala; BLA, basolateral amygdala; BMA, basomedial amygdala;
dPFC, dorsal part of the PFC; HDB, nucleus of the horizontal limb of the diagonal band; LA, lateral
amygdala; mPFC, medial PFC; PFC, prefrontal cortex; VP/SI, ventral pallidum/substantia innominata;
VPFC, ventral part of the PFC.

two parallel cholinergic innervation patterns can be outlined: 1) the VP/SI to the dPFC —
mPFC and BA and 2) the HDB to the vPFC — mPFC and BMA/LA projections. While
these parallel pathways overlap in the mPFC, they may have differential effects on circuit
operation in subregions like PL and IL, potentially regulating opposing fear states
(Burgos-Robles et al., 2009; Santini et al., 2008; Senn et al., 2014). Collectively, these

neuronal circuits may play a crucial role in conveying salient information to the BLA and
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mPFC, thereby regulating functions associated with fear and reward processing, as well
as social memory and interaction (Jiang et al., 2016; Kim et al., 2016; Lee and Kim, 2019;
Okada et al., 2021; Robert et al., 2021). A recent study reported that the HDB is important
in 1) predicting whether a perceptual outcome in a behavioral task was hit or miss and 2)
encoding the omission of anticipated rewards, while the VVP/SI can encode 1) nociceptive
inputs and auditory stimuli and 2) learning related plasticity of auditory cues associated
with punishment (Robert et al., 2021). These observations highlight the distinct functions
for the two parallel cholinergic pathways.

Our retrograde-anterograde tracings not only confirmed the presence of dual-projecting
cholinergic cell axons in the mPFC and BLA, but also defined the area in the BF where
these neurons were located. To reveal the ratio of double-projecting cells, we used double
retrograde tracing between the mPFC and BA. Based on these experiments, we found that
~ 30% of VP/SI cholinergic cells project to both cortical structures. This observation is
somewhat contradictory to earlier observations obtained in rats (Carlsen et al., 1985),
where the authors barely found any double-labeled neurons between the BA and the neo-
or allocortex. In our study, we noticed that different retrograde tracers or viruses had
different success in labeling BF cells. For example, when we injected
AAVretro.CAG.eGFP or AAVretro.CAG.tdTomato into the mPFC and/or BLA, we
found no retrogradely labeled cells in the BF, but there were many retrogradely labeled
cells in the other regions, including the thalamus, PFC and BLA. Similarly, using Alexa-
conjugated CTB, we only found 1-3 retrogradely labeled BF cells per section, whereas
using FG and Fast Blue with the same injection parameters, we observed 10-20
retrogradely labeled BF cells in a section. Carlsen et al. used Fast Blue combined with
Nuclear Yellow, an approach that might have different success compared to our method,
while they also injected into mostly different cortical regions as we did. Furthermore,
injecting a small volume of tracers into brain areas, which have extensive rostro-caudal
spread — such as the mPFC and amygdala — might not cover the axonal fields of BF cells
in both areas, therefore, the double-projecting cholinergic cells may be missed.
Meanwhile, larger injections have the risk to spread into neighboring regions, resulting
in unwanted labeling. To overcome this issue, we applied multiple small injections within
the mPFC and BA along the anterior-posterior axis. In line with our findings, Li et al.,

2017 have shown that single cholinergic cells in the medial septum/ ventral diagonal band
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of Broca projected simultaneously to multiple brain areas, such as the mPFC and MeA.
Collectively, our and other results indicate that cholinergic cells in the HDB and VP/SI
predominantly send axons separately the BLA and mPFC, but a significant portion of
ChAT+ neruons have dual projections towards both regions, an innervation strategy,
which allows for simultaneous as well as independent control of operation in these
cortical areas.

A portion of subcortical neuromodulatory afferents typically express more than one kind
of neurotransmitter molecule. For instance, dopaminergic cells can release GABA or
glutamate in addition to dopamine (Stuber et al., 2010; Tecuapetla et al., 2010; Tritsch et
al.,, 2012, 2014). Similarly, BF cholinergic cells projecting to the neocortex and
hippocampus typically release GABA as well (Saunders et al., 2015; Takacs et al., 2018).
Here, we showed that 70% of VVP/SI cholinergic neurons co-express VGLUTS3, while this
ratio is ~30% in the HDB. Moreover, VGLUT3-containing neurons and cholinergic cells
in the VVP/SI share similar projection patterns, innervating mostly to the mPFC and BA.
We also found that 60% of cholinergic axon terminals in the BA contain VGLUT3,
whereas this ratio is insignificant in other areas surrounding the amygdala. These results
are in agreement with data obtained previously in rats (Poulin et al., 2006), showing that
one of the two parallel BF projections to the amygdala, the VP/SI to BA pathway
expresses significantly more VGLUTS3, and therefore, may release both glutamate and
acetylcholine.

In addition, our data suggest that cholinergic cells in the HDB and VP/SI
transiently express VGAT during development. This conclusion is based on the fact that
i) the vast majority of ChAT+ neurons in the HDB and VVP/SI also expressed the reporter
protein ZsGreenl under the control of VGAT promoter in offspring of mice crossed by
VGAT-Cre and Ai6 and ii) neither the labeling of VGAT+ cell bodies in the BF, nor the
VGAT+ axon terminals in the BA showed immunoreactivity for ChAT in adult mice.
These results can be explained if VGAT gene is transiently switches on during
development, resulting in expression of ZsGreenl, the lifetime of which protein
significantly outlasts the VGAT expression in cholinergic cells. Our findings, thus, show
that GABAergic phenotype of ChAT+ neurons innervating the BLA is transient in

agreement with recent results (Granger et al., 2023).
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In summary, our results indicate that there are two parallel cholinergic pathways that are
in the position to control simultaneously or independently the mPFC and BLA. This
organizational principle of cholinergic projections can allow the maximalization of
computational support for coordinated functioning of innervated brain regions. The
uncovered structural arrangement sheds light on logic underlying cholinergic control of
cortical function and has implications for understanding the neural basis of emotional

regulation.

The second part of my thesis examines how noxious stimulation, a well-established
teaching signal, activates BF cholinergic neurons and modulates cortical network
dynamics. Our main findings are as follows (Fig. 29). 1) Foot shock stimulation robustly
activates cholinergic neurons in HDB and the VP/SI. 2) Silicon probe recordings in the
frontal cortex revealed that cortical neurons, the majority of which are pyramidal cells,
exhibit diverse responses, with approximately 32% showing excitation, 50% inhibition,
and 15% remaining unresponsive. 3) Using in vivo visually guided juxtacellular
recordings, we characterized the spiking features of eight distinct interneuron types,
including PTls, dendrite-targeting interneurons, and ISIs. We observed that NPY/NGFCs,
Type 1 VIP ISIs, AACs, and Type 2 PVBCs were the first to fire in response to noxious
stimulation, with NPY/NGFCs activating slightly earlier than Type 1 VIP ISls and Type
2 PVBCs. Additionally, we identified three genetically distinct subtypes of VIP ISls, all
of which responded differentially to noxious stimuli. Interestingly, CCKCB1BCs were
the latest to be activated, while SST interneurons showed no activation to noxious
stimulation. 4) By applying hexamethonium, an nAChR antagonist, and NBQX, an
AMPA/kainate receptor antagonist, via iontophoresis during noxious stimulation, we
demonstrated that both cholinergic and glutamatergic signaling are crucial for shock-
induced spiking in, Type 1 VIP ISls. These findings provide new insights into how
neuromodulatory systems shape cortical network activity during aversive experiences,

highlighting distinct activation patterns across interneuron subtypes.

Our silicon probe recordings align with recent studies (Del Arco et al., 2020),
demonstrating that noxious stimulation leads to both activation and inhibition of
pyramidal neurons across multiple cortical regions. The most detailed study to date

(Letzkus et al., 2011) showed that BF cholinergic projections to the auditory cortex
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activate Layer 1 VIP ISls, which in turn inhibit Layer 2/3 PVBCs via GABAergic
transmission. This disinhibition enables pyramidal cells to encode auditory cue-
dependent information. While this model explains how some pyramidal neurons become
active following noxious stimulation, it does not account for the widespread inhibition
observed in many pyramidal cells.

In our study, we confirmed similar activation patterns in VIP ISls and PVBCs in the M2
cortex as previously reported in the auditory cortex (Letzkus et al., 2011) but expanded
these findings by characterizing the shock-evoked spiking in three additional interneuron
types: 1) NPY/ NGFCs, 2) AACs, and 3) CCKCB1BCs. Currently, only two studies
(Bienvenu et al., 2012; Massi et al., 2012) are in line with our findings that AACs increase
their firing rate with a short latency (~400 ms) following noxious stimuli. However, there
is no existing data in the literature regarding the response of NPY/NGFCs and
CCKCB1BCs under similar conditions. Overall, these interneurons have distinct
activation profiles and contribute to the inhibition of pyramidal cells, providing a more
complete explanation for why approximately 50% of pyramidal neurons are suppressed
in response to aversive stimuli, when VIP-expressing disinhibitory circuits are switched
on.

Our study is the first to characterize the activation patterns of three genetically distinct
subtypes of VIP ISIs in response to noxious stimulation. The first subtype, VIP/CCK ISls,
exhibited a
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Figure 29. Cholinergic modulation of inhibitory interneuron networks and their effects on pyramidal
cell activity upon foot shock.

This schematic illustrates the observed changes in frontal cortical networks, including pyramidal cells and
six functionally distinct interneurons upon foot shock (red lightning bolt). The current model implies that
in response to the noxious stimulus, the BF cholinergic neurons release acetylcholine (ACh, green), which
activates VIP ISls (gray). These VIP ISls inhibit SST interneurons (red) and PVBCs (orange), resulting into
the disinhibition of the PC’s dendrites and soma, thereby increasing their excitability (red upward arrows).
Our research extends these results by demonstrating that additional interneuron types inhibit PCs upon
noxious stimulation. NGFCs (cyan) provide direct inhibition to the distal dendrites of PCs (blue downward
arrows). Additionally, AACs (green) specifically inhibit the axon initial segment of PCs (green downward
arrows), directly regulating their action potential generation. CCKCB1BCs (blue) mediate a delayed
inhibition of the soma and proximal dendrites of PCs (blue downward arrows), controlling their excitability
at a delayed time period.

Together, these inhibitory interactions, shaped by ACh release from the BF, play a crucial role in
modulating PC excitability in response to aversive stimuli. The red upward arrows indicate increased
neuronal activity, while the blue downward arrows represent inhibition. Averaged Z-scored spike rate plots
are also displayed near each neuron type.

fast and short response profile. While previous studies have identified these neurons
(Apicella, 2022; Xu et al., 2010), their firing behavior during noxious stimulation had not
been revealed using electrophysiological recordings. The second subtype, VIP/Nkx2.1

89



ISIs has not been recognized so far. Genetic labeling of AACs was first achieved through
fate mapping neural progenitors of the medial ganglionic eminence (MGE) at late
embryonic stages using the Nkx2.1-CreER mouse line (Taniguchi et al., 2013). To label
AACs in our experiments, we applied the genetic fate-mapping technique described by
Taniguchi et al. and injected tamoxifen between P0-P2. Interestingly, when tamoxifen
was administered at P1-P2, the labeled neurons were not AACs but VIP ISIs with
activation patterns distinct from VIP/CCK ISls. This discovery challenges current
knowledge about VIP ISls, as they are widely believed to originate from the caudal
ganglionic eminence (CGE; Miyoshi et al., 2010). The third subtype, VIP/ChAT ISls,
was already found to be distinct in basic electrophysiological properties from ChAT-
negative VIP ISIs by previous studies reviewed in Dudai et al., 2020. In our experiments,
under urethane anesthesia, these cells, along with SST INs, displayed little to no baseline
activity and did not respond to noxious stimulation. The only definitive conclusion we
can draw is that under these conditions, VIP/ChAT ISIs and SST INs do not increase their
firing rates in response to noxious stimulation. In future experiments, we aim to reveal
the firing features of these three VIP interneuron types in awake mice, as they may play
a significant role in shaping cortical dynamics under diverse conditions.

Another important question regarding these interneuron activation patterns is to reveal
the sources of their feed forward excitation. Previous study showed that the NB
cholinergic neurons play a crucial role in dynamically regulating cortical coding of
sensory information by reducing redundancy among neurons and increasing individual
neuron accuracy (Goard and Dan, 2009). Moreover, thalamocortical inputs are also
enhanced by nAChR activation, while excitatory intracortical synaptic activity can be
suppressed by stimulating of mMAChRs (Hsieh et al., 2000). Our preliminary experiments
on VIP/CCK ISls showed that both hexamethonium and NBQX can suppress their firing
to noxious stimulation with different magnitudes, indicating that both thalamic and
cholinergic inputs can contribute to shock-evoked responses. It is also a possibility that
these subcortical afferents have synergistic effects at VIP ISIs.

While the resolution of local drug spread is inherently limited, the proximity of the
iontophoretic pipette—placed within 1-2 soma distances from the recorded neurons—
ensured that the applied compounds predominantly affected somatic and proximal

dendritic compartments, which are known to contain both nicotinic acetylcholine
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receptors (NAChRs) and AMPA/kainate receptors. Previous anatomical and functional
studies (Letzkus et al., 2011) have demonstrated the somatic and dendritic expression of
nAChRs on VIP-expressing interneurons, supporting the interpretation that
iontophoretically applied hexamethonium likely blocked cholinergic excitation at these
sites. Similarly, AMPA/kainate receptors, targeted by NBQX, are abundantly expressed
along the somatodendritic axis of interneurons, including VIP/CCK-positive ISls.
Although terminal and distal dendritic receptor populations cannot be ruled out entirely,
the observed rapid and robust suppression of firing in response to local application

suggests a primarily somatic/proximal effect.
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6. Conclusion

Our study provides a detailed characterization of cholinergic innervation patterns in the
mPFC and BLA, revealing two parallel cholinergic pathways that may allow independent
as well as simultaneous regulation of these interconnected cortical structures. The
presence of dual-projecting cholinergic neurons suggests a structural arrangement
optimized for coordinated neuromodulatory influence over circuits involved in fear,
reward processing, and social behaviors. Furthermore, our findings on VGLUT3-
expressing cholinergic neurons in the VP/SI emphasize the potential role of glutamatergic
co-transmission in shaping cortical and amygdala activity.

In addition, our research sheds light on how noxious stimuli engage cholinergic circuits
to influence cortical network dynamics. We identified distinct activation patterns across
multiple interneuron types, expanding current models of cortical processing during
aversive experiences. Notably, our findings challenge prior assumptions about
homogenous VIP interneuron populations by identifying three genetically distinct
subtypes with different activation profiles upon noxious stimulation. Pharmacological
interventions demonstrated that both cholinergic and glutamatergic transmission can play
critical roles in modulating the firing in VIP ISIs, suggesting a complex interplay of
subcortical influences on cortical inhibition and excitation.

Overall, our findings advance the understanding of BF cholinergic function, revealing the
structural basis of regulating cortical and amygdala circuits involved in emotional and
sensory processing. This work provides a foundation for future research into the
functional implications of cholinergic co-transmission and its relevance to
neuropsychiatric conditions involving altered cholinergic signaling, such as anxiety,

depression, and neurodegenerative diseases.
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7. Summary

In this thesis, we investigated the cholinergic innervation of the interconnected medial
prefrontal cortex (mPFC) and basolateral amygdala (BLA) and examined the impact of
noxious stimulation on neuronal spiking in frontal cortical networks. To achieve this, we
employed a combination of anatomical tracing, in vivo electrophysiology, and
pharmacological interventions.

Using viral tracing techniques, we mapped the projections of cholinergic neurons from
two basal forebrain (BF) regions, the horizontal limb of the diagonal band (HDB) and the
ventral pallidum/substantia innominata (\VVP/SI), to the BLA and mPFC. Retrograde and
anterograde tracing methods allowed us to determine that these BF areas innervate
distinct subregions of the BLA while exhibiting overlapping projections in the mPFC.
Additionally, dual-labeling approaches revealed that a subset of cholinergic neurons
simultaneously target both the mPFC and BLA, suggesting coordinated neuromodulatory
control. Immunohistochemical analyses further demonstrated that VGLUT3 is co-
expressed in a significant proportion of VP/SI cholinergic neurons, indicating their
potential to release both acetylcholine and glutamate, while cholinergic cells in the HDB
and VP/SI do not express VGAT in adult mice.

To investigate the functional impact of cholinergic activation in the frontal cortex, we
used in vivo electrophysiology to record neuronal activity following foot shock
stimulation. Our recordings showed that HDB and VP/SI cholinergic neurons were
strongly activated by noxious stimuli, while cortical pyramidal neurons were diverse in
their responses, with some exhibiting excitation while others were inhibited. To dissect
the underlying mechanisms, we classified nine interneuron types based on their spiking
properties and neurochemical markers, including axo-axonic cells (AACs), parvalbumin-
positive basket cells (PVBCs), cholecystokinin-positive basket cells (CCKCB1BCs),
vasoactive intestinal polypeptide and cholecystokinin-positive interneurons (VIP/CCK
ISIs), VIP/Nkx2.1 ISls, VIP and choline acetyltransferase (VIP/ChAT ISIs),
Neuropeptide-Y-positive neurogliaform (NPY/NGFCs) and somatostatin interneurons
(SST INs). Pharmacological manipulations using cholinergic and glutamatergic
antagonists confirmed that both neurotransmitter systems contribute to the shock-evoked
firing in VIP/CCK ISls, highlighting the complex interplay between subcortical afferents

during aversive experiences.
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8. Osszefoglalas

Disszertaciomban a medidlis prefrontalis kéreg (mPFC) és a bazolateralis amigdala
(BLA) bazalis eléagy (BF) altali kolinerg innervaciojat vizsgaltuk, valamint
feltérképeztik az elektromos stimulécid, mint fajdalmi inger hatasat a frontalis agykérgi
idegsejtek tlizelésere. Ennek megvalositasahoz anatémiai palyakovetési modszereket, in
vivo elektrofizioldgiat és farmakologiai beavatkozasokat alkalmaztunk.

Virusos palyakdvetési technikak segitségével feltérképeztik a BF két régiojabol — a
diagondlis koteg horizontalis &gabol (HDB) és a ventrélis pallidum/substantia
innominatabol (VP/SI) — szarmazé kolinerg vetités eloszlasat a BLA-ba és az mPFC-be.
Retrograd és anterograd palyakdvetési mddszerek segitsegével kimutattuk, hogy ezek a
BF teriiletek eltéré BLA alrégiokat idegeznek be, mikdzben atfedd projekciokat mutatnak
az mPFC-ben. Tovabba kettds retrograd jeloléssel igazoltuk, hogy a kolinerg neuronok
egy alcsoportja egyszerre innervalja az mPFC-t és a BLA-t, mely 0Osszehangolt
modulaciét tesz lehetévé a két kortikalis struktira kozt. Immunhisztokémiai elemzéseink
kimutattak, hogy a VP/SI kolinerg neuronok jelent6s hanyada VGLUT3-at is kifejez, ami
arra utal, hogy ezek a sejtek egyszerre képesek acetilkolint és glutamétot felszabaditani,
mig ugyanezen sejtek nem expresszalnak VGAT-ot feln6tt egerekben.

A Kkolinerg modulacié hatésainak vizsgalatdhoz in vivo elektrofiziologiai méréseket
végeztliink, mely soran aramiités hatasat vizsgaltuk el6szor a BF-ban, majd a kérgi
hal6zatokban. Eredményeink azt mutattak, hogy HDB és VP/SI kolinerg neuronjai
aktivalodtak elektromos sokkra, amivel parhuzamosan a kortikalis idegsejthal6zatokban
is jelent6sen valtozott az egyes idegsejttipusok aktivitasa. Az elektromos sokk hatésara a
piramissejtek egy része aktivalodik, masik része gatlodik, mig a kilenc vizsgalt
interneuron tipus - Axon-axonikus sejtek (AAC-k), parvalbumin-pozitiv kosarsejtek
(PVBC-k), kolecisztokinin-pozitiv kosarsejtek (CCKCB1BC-k), vazoaktiv intesztinalis
polipeptid- és kolecisztokinin-pozitiv interneuronok (VIP/CCK ISI-k), VIP/Nkx2.1 ISI-
k, VIP- és kolin-acetiltranszferaz-pozitiv sejtek (VIP/ChAT ISI-K), neuropeptid Y-pozitiv
neurogliaform sejtek (NPY/NGFC-k) és szomatosztatin interneuronok (SST-K) - egyedi
aktivitasi mintazatot mutattak. A kolinerg és glutaméaterg antagonistakkal végzett
farmakologiai beavatkozasok megerdsitették, hogy mindkét neurotranszmitter-rendszer
hozzajarul a VIP/CCK ISI-k sokk altal kivaltott aktivitdsdhoz, kiemelve a szubkortikalis

afferensek kozotti dsszetett kdlcsonhatast averziv élmények soran.
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