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Summary

Medial prefrontal cortex (Cortex praefrontalis medialis, mPFC) is a part of the association cortex
that serves to process and integrate synaptic inputs from sensory and motor cortical areas. The
mPFC plays important roles in numerous cognitive processes, such as emotional processing,
executive function, decision making, spatial orientation, long-term memory and impulse control.
Compared to other cortical areas, the mPFC has a particularly high density of serotonergic axons
which originate from the dorsal and medial raphe nuclei; they play a crucial role in regulating the
development and function of the neocortex. For this reason, a basic knowledge of the role of
serotonin (5-HT) and its receptors (5-HTRs) function in the mPFC in modulating cortical activity is

crucial.

In rodents, approximately 60% of pyramidal neurons (PNs) possess 5-HTiaRs or 5-HTisRs,
particular those in layer 5 (L5) of mPFC, ~80% of which express both receptor subtypes. In
previous studies, L5 PNs were divided into two groups; the first group includes PNs that innervate
brain areas within the telencephalon such as the cerebral cortex, the limbic system and the basal
ganglia. In contrast, PNs of the second group project to brain areas outside the telencephalon such
as the cerebellum, the brain stem and the spinal cord. Besides the PNs, neuronal activity of the
neocortex is also under the control of the different types of inhibitory interneurons (INs); most of
these IN also express 5-HTRs. PNs and INs in L5 form complex neural networks in the mPFC. In
the present work, two different types of PNs and three types of INs in L5 of mPFC were identified
through electrophysiological recordings with the patch-clamp technique in whole-cell mode and
morphological reconstructions. PNs have been divided into adaptive-spiking (AS) and regular-
spiking (RS) types, corresponding to intra- and extratelencephalic PNs. Based on the peak action
potential frequency, L5 INs were classified into non-fast-spiking (nFS), regular-fast-spiking (rFS)

and stuttering/intermittent burst-like fast-spiking (bFS) INs.

In this work, 5-HT showed a cell type-specific effect on electrophysiological properties of L5 PNs
and INs. In AS PNs with high input resistance (Rin), 5-HT induced sustained depolarization through
5-HT»aRs activation and a sustained hyperpolarization in AS PNs with a low input resistance (Rin)
that was mediated by 5-HT1aRs or 5-HTisRs. RS PNs showed a biphasic 5-HT response with an

initial transient hyperpolarization followed by a persistent depolarization. The initial transient

Page 4 of 116



hyperpolarization was caused by a CaZ*-dependent activation of potassium channels with low

single-channel conductivity (so-called ‘small-conductance’ K* channels; SK channels).

5-HT had no effect on nFS INs, but caused a clear depolarization in rFS INs; in bFS INs, 5-HT
induced either depolarization or hyperpolarization depending on the bFS IN subtypes. In INs a 5-
HT induced depolarization was mediated either by 5-HT2aRs or 5-HT3aRs; a 5-HT evoked
hyperpolarization was mediated by either 5-HT1aRs or 5-HTgRs.

To investigate the effects of 5-HT on synaptic transmission between the two cell types, pair
recordings of synaptically coupled pairs of neurons in L5 of mPFC were performed. By activating
5-HTisRs, 5-HT caused a decrease in the EPSP amplitude at all synaptic connections with
presynaptic L5 PNs independent of the specific type. Concomitantly, an increase in the ‘paired-
pulse ratio’ (PPR) was observed suggesting that 5-HT reduces the presynaptic release of the

neurotransmitter glutamate by activating the 5-HTsRs on the presynaptic terminals.

In inhibitory synaptic connections, the activation of presynaptically localized 5-HT3aRs caused a
potentiation of the IPSP amplitude together with a decrease in PPR suggesting a 5-HT-dependent
increase in GABA release. A decrease in the IPSP amplitude observed in a different set of inhibitory

connections could be attributed to presynaptic 5-HT1aRs or 5-HT1sRs.

In summary, the 5-HT induced modulation of L5 PNs and INs in the PFC investigated here causes a
cell type-specific change in excitability that decisively influences the function of the neuronal
network of the mPFC. The results of this work can form the basis for further investigation of 5-HT
mediated neuromodulation and the underlying 5-HTRs in the various layers of the mPFC and other

cortical areas.
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Zusammenfassung

Der mediale préfrontale Kortex (Cortex praefrontalis medialis, mPFC) ist ein Teil des
Assoziationskortex, der der Verarbeitung und Integration von synaptischen Eingidngen aus den
sensorischen und motorischen kortikalen Arealen dient. Der mPFC spielt eine wichtige Rolle bei
zahlreichen kognitiven Prozessen, so der Verarbeitung von Emotionen, dem exekutiven Handeln,
der Entscheidungsfindung, der rdumlicher Orientierung und dem Langzeitgedichtnis sowie der
Impulskontrolle. Im Vergleich zu anderen kortikalen Arealen weist der mPFC eine besonders hohe
Dichte an serotonergen Axonen auf, die dem dorsalen und medialen Raphe-Kernen (Nuclei raphes)
entspringen; sie spielen eine entscheidende Rolle in der Regulation der Entwicklung und Funktion
des Neokortex. Aus diesem Grunde ist eine grundlegende Kenntnis der Rolle von Serotonin (5-HT)
und der Funktion seiner Rezeptoren (5-HTRs) im mPFC bei der Modulierung der kortikalen

neuronalen Aktivitit von entscheidender Bedeutung.

In Nagern besitzen anndhernd 60% aller Pyramidenzellen 5-HT1aRs oder 5-HT1gRs, insbesondere
solche in Lamina 5 (L5) des mPFCs von denen ~80% beide Rezeptorsubtypen exprimieren. In
fritheren Studien wurden L5 Pyramidenzellen in zwei Gruppen eingeteilt; die erste Gruppe umfasst
Pyramidenzellen, die Hirnareale innerhalb des Telencephalons wie den Neokortex, das limbische
System und die Basalganglien innervieren. Die Pyramidenzellen der zweiten Gruppe projizieren
dagegen in Hirnareale aullerhalb des Telencephalons bis hinunter ins distale Riickenmark. Neben
den Pyramidenzellen unterliegt die neuronal Aktivitiat des Neokortex auch der Kontrolle durch die
verschiedenen Typen inhibitorischer Interneurone; die meisten dieser Interneurone exprimieren
ebenfalls 5-HTRs. Pyramidenzellen und Interneurone in Lamina 5 bilden komplexes neuronales
Netzwerk im mPFC. In der vorliegenden Arbeit wurde mittels elektrophysiologischer Ableitungen
mit der Patch-clamp Technik im Ganzzell-Modus sowie morphologischen Rekonstruktionen zwei
unterschiedliche Pyramidenzell-Typen und drei Interneuron-Typen in Lamina 5 des mPFC
identifiziert. Pyramidenzellen wurden in adaptiv-feuernde (adaptive-spiking, AS) und regulir-
feuernde (regular-spiking, RS) Typen unterteilt, die den intra- und extratelencephalen
Pyramidenzellen entsprechen. Basierend auf der maximalen Aktionspotentialfrequenz wurden L5
Interneurone in nicht-schnellfeuernde (non-fast-spiking, nFS), reguldr-schnellfeuernde (regular fast-

spiking, rFS) und intermittierend-schnellfeuernde (burst fast-spiking, bFS) Interneurone unterteilt.
In dieser Arbeit zeigte 5-HT einen Zelltyp-spezifischen Effekt auf die elektrophysiologischen

Eigenschaften von L5 Pyramidenzellen und Interneurone. 5-HT induzierte eine anhaltende

Depolarisation von AS Pyramidenzellen mit hohem Eingangs-widerstand (Rin) jedoch eine
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Hyperpolarisation in AS Pyramidenzellen mit niedrigem Rin. Es zeigte sich bei den L5
Interneuronen des mPFC, dass 5-HT keinen Effekt auf nFS Interneurone zeigte, dagegen aber in
rFS Interneuronen eine deutliche Depolarisation hervorrief. In bFS Interneuronen bewirkte 5-HT
entweder eine Depolarisation oder eine Hyperpolarisation abhdngig vom bFS Interneuron-Subtyp.
In Pyramidenzellen wurde die 5-HT induzierte Depolarisation von 5-HT2aRs vermittelt, in
Interneuronen jedoch von 5-HT3aRs; dagegen wurde die 5-HT evozierte Hyperpolarisation
entweder tiber 5-HT1aRs oder 5-HTgRs vermittelt. Es konnte auch gezeigt werden, dass die in RS
Pyramidenzellen beobachtete transiente Hyperpolarisation auf einer Ca2t-abhéngigen Aktivierung
von Kalium-Kanédlen mit geringer Einzellkanal-Leitfdhigkeit (sogenannter ‘small-conductance’ K*-

Kanile; SK-Kanile) basierte.

Um die Effekte von 5-HT auf die synaptische Transmission zwischen verschiedenen Zelltypen zu
untersuchen, wurden Paarableitungen von synaptisch gekoppelten Neuronenpaaren in Lamina 5 des
mPFC durchgefiihrt. Durch Aktivierung von 5-HTisRs verursachte 5-HT eine Verminderung der
EPSP Amplitude bei allen synaptischen Verbindungen mit pridsynaptischen AS oder RS L5
Pyramidenzellen. Gleichzeitig konnte eine damit einhergehende Erhohung des sogenannten
Verhiltnisses zweier konsekutiver EPSPs (die sogenannte 'paired pulse ratio', PPR) beobachtet
werden. Dies 1dft vermuten, dass 5-HT durch Aktivierung auf den présynaptisch Terminalien

lokaliserten 5-HT1sRs die prasynaptische Freisetzung des Neurotransmitters Glutamat vermindert.

Es konnte daneben auch gezeigt werden, dass bei einigen inhibitorischen synaptischen
Verbindungen die Aktivierung priasynaptisch lokalisierter 5-HT3aRs eine Potenzierung der IPSP
Amplitude bewirkten; eine Verminderung der IPSP Amplitude in inhibitorischen Verbindungen
konnte dagegen auf prasynaptische 5S-HT1aRs or 5-HT1gRs zuriickgefiihrt werden.

Zusammenfassend kann gesagt werden, die hier untersuchte 5-HT induzierte Modulation der
verschiedenen L5 Pyramidenzellen und Interneurone einer Zell-spezifische Verdnderung der
Erregbarkeit bedingt, die die Funktion des neuronalen Netzwerke des mPFC entscheidend
beeinflufit. Die Resulate dieser Arbeit konnen die Basis fiir eine weitere Erforschung der 5-HT
vermittelten Neuromodulation und der zugrundeliegenden 5-HTRs in den verschiedenen Laminae

des mPFC und anderen kortikalen Arealen bilden.
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1. Introduction

1.1. Cerebral cortex

The brain together with the spinal cord constitutes the central nervous system. The brain consists of
three major regions: cerebrum, cerebellum and medulla oblongata or brain stem. The cerebrum is
divided into two cerebral hemispheres with the cerebral cortex being its outer region. In humans,
the neocortex comprises 90% of the cerebral cortex while the remaining 10% belong to the so-
called allocortex (e.g. the olfactory bulb, the perirhinal cortex and the hippocampus) which is
evolutionary substantially older than the former (Strominger 2012). There are about 21-26 billion
neurons in the human cerebral cortex which is subdivided into six major layers, from the outer pial
surface to the inner white matter (Gilmore and Herrup 1997, Herculano-Houzel 2009, Wagstyl,
Larocque et al. 2020). Layer 1 (L1) mainly contains inhibitory interneurons (INs) and extensions of
apical dendritic tufts and axon collaterals of pyramidal neurons (PNs) of deeper layers. Layer 2 (L2)
mostly contains small-sized PNs. Layer 3 (L3) largely contains small and medium-sized PNs. PNs
of L2 and L3 project their axon collaterals to either intracortical or intercortical regions. Layer 4
(L4) contains different types of PNs. L4 is the main target of thalamocortical afferents from the
thalamus and cortico-cortical afferents from contralateral hemispheres (Miller, Pinto et al. 2001,
Lubke and Feldmeyer 2007, Rao and Mizuno 2021). Therefore, L4 is considered to be the primary
input layer that conveys the information to other cortical layers (Feldmeyer 2012, Bopp, Holler-
Rickauer et al. 2017). In the rodent prefrontal cortex (PFC), however, L4 is very thin or almost
absent. Layer 5 (L5) contains large-sized PNs, while layer 6 (L6) contains many small PNs and

different types of multiform excitatory neurons (Thomson 2010, Kawaguchi 2017).

1.2. Prefrontal cortex

Traditionally, each brain hemisphere has been divided into four lobes: the frontal, parietal, occipital
and temporal lobes. The frontal lobe is the largest of all lobes and is covered by the frontal cortex
which includes the premotor cortex and primary motor cortex. The anterior part of the frontal lobe
is the PFC. The most prominent function of the PFC is to regulate working memory and executive
function. The term executive function is defined as the process of higher-order cognitive control to
attain a specific goal (Moriguchi 2014). PFC lesion studies directly link PFC to executive functions
(Chudasama 2011, Kesner and Churchwell 2011, Yuan and Raz 2014). Cognitive control is

impaired in several psychological and psychiatric disorders including autism, attention deficit
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hyperactivity disorder (ADHD), schizophrenia and addiction (Nestler and Malenka 2004, Russo,
Dietz et al. 2010). The PFC has been also implicated in human personality and social behavior
(Frith and Dolan 1996, Roberts 1996, Sakurai and Gamo 2019). The PFC has reciprocal input-
output connections to several cortical areas (motor, sensory, perirhinal and entorhinal cortices) and
other brain regions (amygdala, hippocampus, thalamus, hypothalamus, striatum and brainstem).
Disruptions of these input-output connections lead to an impairment in structural and functional
connectivity between these brain regions and may eventually result in dysfunctional behavior

(Miczek, de Almeida et al. 2007, Siever 2008, Soyka 2011, Rosell and Siever 2015).

Fig. 1.1: Functional and
neuroanatomical homology
between human and rodent PFC.
A region (shown in ) within
dIPFC of human brain (A) shares
homology with mPFC of rodent
brain (B). C. Rodent brain depicting
the coronal sectioning of PFC and
its subdivisions: medial (PrC, ACg,
PrL, IL and MO), lateral (AID,
AlIV), LO, VO and VLO cortices.

Although the rodent brain is about a thousand times smaller than the human brain, there is
significant functional homology between rodent and human PFC (Fig. 1.1) (Kolb B. 2004, Ko
2017). Therefore, rodents and rats in particular are good animal models to study structural and
functional aspects of the PFC as well as PFC-related disorders. Human PFC is divided into two
major regions: the ventromedial PFC (ventral and medial) and the lateral PFC (dorsolateral (dIPFC)
and dorsoventral). In rodents, the PFC is structurally divided into three major regions: medial
(mPFC), lateral and ventral regions (Fig. 1, C) (Dalley, Cardinal et al. 2004). The mPFC is further
sub-divided into precentral (PrC), anterior cingulate (ACg), prelimbic (PrL), infralimbic (IL) and
medial orbital (MO) cortices, while the lateral PFC is sub-divided into the dorsal and ventral
agranular insular (AID, AIV) and lateral orbital (LO) cortices; the ventral PFC is divided into the
ventral orbital (VO) and ventral lateral orbital (VLO) cortices. A specified region in human dIPFC
has been found to be directly associated with executive functions and social behavior (Steinbeis,
Bernhardt et al. 2012, Barbey, Colom et al. 2013). The rodent mPFC is the functional and

neuroanatomical homologue to the human dIPFC (Fig. 1.1, A, B) (Bizon, Foster et al. 2012).
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Therefore, it is important to understand the basic neuroanatomy and function of the mPFC of the rat

brain to correlate the respective functions in the human brain.

1.3. Neuronal classification in the neocortex

The principal neuronal cell type (80-90% of total neurons) in the neocortex are glutamatergic PNs
in which glutamate is the major excitatory neurotransmitter (Elston, Benavides-Piccione et al. 2006,
Meyer, Wimmer et al. 2010, Meyer, Wimmer et al. 2010). The PNs are cortical projection neurons
that receive both excitatory and inhibitory synaptic inputs and provide excitatory output to
intracortical, subcortical and the targets regions in contralateral brain hemispheres. PNs across
different layers of the cortex differ in their molecular identity, morphological characteristics,
electrophysiological properties, and synaptic connectivity (Dembrow, Chitwood et al. 2010,
Kawaguchi 2017, Baker, Kalmbach et al. 2018, Collins, Anastasiades et al. 2018). The diversity of
excitatory PNs in different layers of the PFC is depicted in Fig. 1.2, A. The generic anatomy of a
typical PN has a soma resembling a pyramid; it has a thick long apical dendrite that arises from the
soma and extends towards superficial layers of the cortex sometimes terminating at the border of
the pial surface. PNs have several basal dendrites which are largely confined to the ‘home’ cortical
layer and a single axon that arborizes extensively and projects to distant intra- and subcortical target
regions of the brain (van Aerde and Feldmeyer 2015, Radnikow and Feldmeyer 2018, Wang, Ye et
al. 2018). PN that project to the contralateral cerebral hemisphere are termed commissural/callosal/
cortico-cortical or more broadly intratelencephalic (IT) neurons (neurons projecting within the
telencephalic region including the cerebral cortex, the limbic forebrain structures and the basal
ganglia). On the other hand, PNs that project to distal subcortical structures is termed
corticopontine/long-range corticofugal/pyramidal-tract (PT) neurons all of which art extra-
telencephalic (ET) neurons projecting out of the telencephalic region. Both types of PNs also
project to the striatum. According to the transcriptomic and morphoelectric (morphological and
electrophysiological) properties of PNs, IT, ET and corticothalamic (CT) subtypes of PNs are
separated (Scala, Kobak et al. 2021). Since L5 is the primary output layer of the cortex, PNs in this
layer have been studied in considerable detail (Spruston 2008, Kim, Juavinett et al. 2015). Besides
the basic anatomy, PNs show a significant degree of diversity in different cortical layers (Marx and
Feldmeyer 2013, van Aerde and Feldmeyer 2015, Radnikow and Feldmeyer 2018). There are two
major types of PNs in L5 of PFC; broad (Bd)-tufted PNs with apical dendrites having many

terminal branches and slender (S1)-tufted PNs with only a few tuft dendrites. These two types of
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Fig. 1.2: Types of PNs and INs across different layers in rat neocortex. (A) Different PN types
in L1-L6 of the PFC. Somato-dendritic compartments were shown in brown. (B) IN types in
different layers of the somatosensory or barrel cortex; because no detailed description of PFC INs
is so far available this neocortical region was chosen as example. Dendrites and axon are shown in
red and blue, respectively. Adapted from Feldmeyer, Qi et al. 2018, Radnikow and Feldmeyer

PNs have different subcortical targets in the brain. Bd-tufted PNs send their axons to pontine nuclei,
striatum, the ipsilateral thalamus and the spinal cord, whereas Sl-tufted PNs project only to the
ipsilateral and contralateral striatum (Kawaguchi 2017, Baker, Kalmbach et al. 2018, Collins,
Anastasiades et al. 2018). The long-range axonal projection pattern of a typical PN (Economo,
Clack et al. 2016) is illustrated in Fig. 1.3. Sl-tufted PNs display an adaptive-spiking (AS) firing
pattern while the Bd-tufted PNs display regular-spiking (RS) firing pattern in L5 of mPFC (van
Aerde, Qi et al. 2015, Baker, Kalmbach et al. 2018).
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Fig. 1.3: 3D-reconstruction of a single PN spanning different regions of brain. High-speed

two-photon microscopic picture of whole mouse brain at high resolution reveals the long-range,

brain-wide axonal projection pattern of a single PN; note in particular the dense projections to the

ipsi- and contralateral striatum. The somato-dendritic domain is shown in bright red while

different axonal collaterals are depicted in shades of rcd. Adapted from Economo, Clack et al.

2016.

In addition to the glutamatergic excitatory projection PNs, the neocortex contains local inhibitory
INs which release the inhibitory neurotransmitter GABA (y-aminobutyric acid). INs account for
about 10-20% of the total neuronal population (Lefort, Tomm et al. 2009, Wierenga, Mullner et al.
2010, Meyer, Schwarz et al. 2011, Tremblay, Lee et al. 2016, Riedemann 2019, Swanson and
Maffei 2019). The diversity of inhibitory INs in different neocortical layers is depicted in Fig. 1.2,
B. A typical IN most commonly has a smaller soma size compared to that of PNs, multiple dendrites
and a dense axonal plexus which may span multiple layers within a brain area. GABAergic INs are
enormously heterogeneous and there are more than 20 subtypes of INs in the neocortex (Porter,
Johnson et al. 2001, Gonchar, Wang et al. 2007, Kelsom and Lu 2013, Beebe, Young et al. 2016,
Feldmeyer, Qi et al. 2018, Riedemann 2019, Gouwens, Sorensen et al. 2020). There are several

parameters by which INs have been classified and none of the classification methods is complete.

Consortia on IN classification (Petilla Interneuron Nomenclature, Ascoli et al. 2008, DeFelipe,
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Lopez-Cruz et al. 2013, Yuste, Hawrylycz et al. 2020) have classified INs by combining
morphological (soma size and shape, dendritic arborization, axon orientation, postsynaptic target
etc), molecular (transcription factors, Ca2t-binding proteins, ion channels, cell surface markers, etc)
and electrophysiological parameters (Rin, theobase, AP parameters, firing pattern, etc). For instance,
based on the axonal terminal arrangement that looks like a 'chandelier' or basket around the soma of
a PN, INs were termed chandelier cells or basket cells, respectively. Later, electron microscopic
studies showed that the axon of chandelier cells targets the axon initial segment of PNs while basket
cells innervate the perisomatic region of PNs. Based on molecular markers, INs were categorized
into five different groups, namely those expressing parvalbumin (PV, chandelier and basket cells),
somatostatin (STT, Martinotti cells), NPY (neuropeptide Y, multipolar cells), vasoactive intestinal
peptide (VIP, double-bouquet cells) and cholecystokinin(CCK, basket cells) (Bartos and Elgueta
2012, Bartolini, Ciceri et al. 2013, DeFelipe, Lopez-Cruz et al. 2013). Based on the
electrophysiological parameters like the firing pattern more than nine different types of INs
(Markram, Toledo-Rodriguez et al. 2004, Ascoli, Alonso-Nanclares et al. 2008) were categorized
including fast-spiking (FS, steady inter-spike interval (ISI) rapid firing), non-adapting non-fast-
spiking (nFS, steady ISI non-rapid firing), adaptive nFS (increased ISI non-rapid firing), irregular
spiking (irregular ISI non-rapid firing), intrinsic burst spiking (irregular ISI with a typical burst of
two or more spikes) and accelerating spiking (decreased ISI non-rapid firing). More recently, INs in
the neocortex has been classified into five subgroups mainly based on their transcriptomic and
morphoelectric characteristics. The five IN subgroups that are differentially distributed in different
layers of the neocortex are PV, STT, VIP, synuclein-gamma (SNCG) and lysosomal-associated
membrane protein 5 (LAMPS) expressing (+) INs (Gouwens, Sorensen et al. 2019, Gouwens,
Sorensen et al. 2020, Scala, Kobak et al. 2021). The INs and PNs classifications based on

transcriptomic and morphoelectric characteristics are depicted in Fig. 1.4.

INs can control the neuronal activity within a confined brain area by forming synapses onto
neighboring PNs and other INs. GABAergic INs mainly mediate two types of inhibitions: feed-
forward and feed-back inhibition (Mohler 2002, Isaacson and Scanziani 2011, D'Souza and
Burkhalter 2017). If the excitatory afferent inputs synapses onto PNs or INs, this generates feed-
forward inhibition onto PNs. When there is reciprocal connectivity between PN and IN, the firing of
PNs initiates the activation of IN and as consequence inhibits the firing and activity of PN itself or

neighboring PNs. This is termed feedback (lateral) inhibition. The PN can fire again only when the
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Fig. 1.4: Neuronal classification based on transcriptomic and morphoelectric characteristics.
(A) Example morphologies of LAMP+, VIP+ and SNCG+ INs across different cortical layers
were depicted. (B) Example morphologies of PV+ and STT+ INs across different cortical layers
were depicted. (C) Example morphologies of IT, ET and CT PNs across different cortical layers
were depicted. Somas were indicated with black dots. Dendrites and axons are depicted in dark
and its respective light colors for INs. For PNs, only dendrites are shown. The hyperpolarization
trace (from least current), the first AP (rheobase current) and the firing pattern are depicted for

each of the cell shown. Adapted from Scala F et al., 2020.

Page 17 of 116



feedback inhibition decays. Through these two types of GABAergic inhibitions, INs gain control of
excitatory PNs. This PN-IN microcircuitry balances the excitatory to inhibitory (E/I) ratio and
synchronizes neuronal activity within a brain area. Besides the aforementioned two types of
inhibitions, the 3rd type of inhibition is disinhibition, i.e., this inhibitory circuit consists of an IN-IN
motif of which one is connected to a PN (IN-IN-PN). Within the IN-IN motif, the first IN suppress
the inhibitory activity of the intermediate INs thus disinhibiting the PN (Pi, Hangya et al. 2013,
Letzkus, Wolff et al. 2015). For instance, the IN-IN circuit motif mostly contains a VIP+ IN that
target other STT+ INs, or an STT+ or PV+ IN that specifically targets dendritic tufts (apical and

basal) and somatic region of PNs respectively (Naka and Adesnik 2016, Yang, Murray et al. 2016).

Patterns of the local synaptic microcircuitry between neuronal populations vary across different
brain regions (Brown and Hestrin 2009, Naka and Adesnik 2016, Baker, Kalmbach et al. 2018). In
L5 of the visual and sensory-motor cortex, both AS and RS PNs form homotypic (AS-AS (18%)
and RS-RS (7%)) excitatory synaptic connections. AS-RS heterotypic connections form at a fairly
high rate but RS-RS and RS-AS connections are rare. Both AS and RS PNs establish synapses with
PV+ INs; RS PNs form also synapses with STT+ INs. PV+ INs form homotypic inhibitory synaptic
connections whereas VIP+ INs form heterotypic synapses with PV+ and STT+ INs. 5-HT3aR-
expressing INs in L5 are very rare (6-10%) and little data is available on these neurons (Puig and
Gulledge 2011, Santana and Artigas 2017). However, these connectivity patterns differ among

different cortices and are also layer-specific because the different IN types do not distribute evenly.

1.4. Serotonin and its receptors

The dorsal raphe nucleus (DRN) is the largest source of serotonin in the forebrain and is implicated
in reward-seeking behavior (Nakamura 2013, Liu, Zhou et al. 2014). Several studies (Sharp,
Boothman et al. 2007, Riga, Matos et al. 2014, Challis and Berton 2015, Maier 2015) provided a
detailed insight into the functional connectivity between mPFC and DRN. Fig. 1.5 depicts
serotonergic pathways in the human and rodent brains. The DRN sends serotonergic afferents to all
sub-regions of the mPFC while receiving the highest extent of cortical inputs from PrL and IL of
mPFC (Maier, Amat et al. 2006, Puig and Gulledge 2011). DRN serotonergic neurons project
mostly to L5 of mPFC. PNs of mPFC that project to caudal DRN form monosynaptic connections
with serotonergic neurons, while the mPFC neurons that project to rostral DRN form disynaptic

connections onto serotonergic neurons via intermediate GABAergic neurons. Thus, monosynaptic
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mPFC-DRN connections stimulate serotonergic output while disynaptic connections inhibit

serotonergic output.
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Fig. 1.5: Serotonergic pathways in human and rodent brain. The DRN sends its serotonergic
inputs to PFC and other brain regions including amygdala and hippocampus in human (A) and
rodent (B) brains.

5-HT is released from serotonergic neurons of DRN onto glutamatergic PNs and GABAergic INs of
the forebrain and subcortical regions. There are about 14 different 5-HT receptor subtypes that are
widely distributed across several brain regions and throughout the body. In the PFC, the most
abundantly expressed receptors are 5-HT1aR, 5-HT 18R, 5-HT2aR and 5-HT3aR. About 50-60% of
PNs express 5-HT1aRs and 5-HT2aRs in their somatodendritic compartments, whereas 5-HTgRs
are expressed at axon terminals in L5 of mPFC. 5-HT receptor expression pattern in INs is complex
and not very well known. About 25% of INs are known to express either 5-HT1aRs or 5-HT2aRs
(Celada, Puig et al. 2013, Santana and Artigas 2017). A subset of FS-type INs were shown to
express only 5-HT1aRs and another subset expresses 5-HT2aRs (Puig, Celada et al. 2004, Puig,
Watakabe et al. 2010). 5-HT3aRs are abundantly expressed in L2/3 VIP+ INs of PFC and very
rarely (6-10% expression) in L5 INs of mPFC (Naka and Adesnik 2016, Posluszny 2019).

All 5-HT receptors are G protein-coupled receptors (GPCRs), except for the 5-HT3aR which is a
cation channel that is permeable to Na*, K+ and Ca2* ions and is hence an excitatory ligand-gated
receptor channel (Fig. 1.6) (Millan, Marin et al. 2008, Nichols and Nichols 2008, McCorvy and
Roth 2015, Ohno, Shimizu et al. 2015). GPCRs are heterotrimeric G-protein receptor complexes

containing a G, and Gy, complex. The G, subunit remains associated with either guanosine

diphosphate in the inactive state or guanosine triphosphate in the activated state. In the PFC as in

other cortices, 5-HT3aRs are selectively expressed in subsets of GABAergic INs (Lee, Hjerling-
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Leffler et al. 2010, Tremblay, Lee et al. 2016). Activation of 5-HT3aR channels induces GABA

release onto PFC PN, thereby inhibiting neuronal activity.

There are three different types of GPCRs namely Ggi1, Gio, and Gs-proteins. The G and Gy
subunits always form an inseparable Ggy, complex. In the absence of GPCR activation, the G
subunit binds to guanosine diphosphate (GDP) together with the Gg, subunit complex. Activation of
GPCR by a ligand induces coupling of the heterotrimer. Subsequently, GDP is exchanged for GTP
on the Gq subunit and the GTP-bound G dissociates from the Ggy complex. This dissociated Ggpy

complex from the activated GPCR now stimulates many downstream intracellular second
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Fig. 1.6: Signaling mechanisms associated with 5S-HTRs in mPFC. 5-HT1aR and 5-HT1gR are
coupled to a Gio protein to mediate downstream signaling cascades that reduce neuronal
excitability. 5-HT2aRs are coupled to Ggi11 proteins the activation of which enhances neuronal
excitability. 5-HT3aRs are cation-selective ligand-gated ion channels; influx of Na* and Ca2+
through these channels depolarizes Vm thereby increasing neuronal excitability and synaptic
release probability. Specific kinases (PKA, PKC, MAPK, CAMK and Erk1/2) are involved in
several downstream signaling cascades, for e.g. phosphorylation of transcription factors like
CREB to mediate gene expression or Ca?* release from the endoplasmic reticulum via inositol
trisphospate signaling.
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messenger cascades, protein expression, immediate early genes etc., which in turn trigger excitatory
or inhibitory responses (Hilger, Masureel et al. 2018). The activation of Gg11-coupled receptors
stimulates the activity of phospholipase C (PLC) leading to hydrolysis of membrane
phosphoinositides, thereby elevating the intracellular inositol trisphosphate (IP3) and diacyl-glycerol
(DAG). DAG activates protein kinase C (PKC) which inhibits inwardly-rectifying K+ channels (Ki
channels, also called G-protein-coupled inwardly-rectifying K+ channels, short GIRK channels)
contributing to membrane depolarization (Hibino, Inanobe et al. 2010, Yaman and Bal 2020). The
binding of IP3 to its receptors in the membrane of the endoplasmic reticulum leads to the opening of
these endoplasmatic Ca2* channels thereby elevating intracellular Ca2* (Ryglewski, Pflueger et al.
2007). Activation of Gs-coupled receptors stimulates adenylate cyclase (AC) activity, resulting in an
enhanced conversion of ATP to cyclic adenosine monophosphate (cAMP). cAMP acts as a second
messenger that phosphorylates protein kinase A (PKA) which then regulates membrane excitability
by opening voltage-gated Ca2t (Cay) channels. Increased cytosolic Ca2* either via release from
intracellular stores or via Ca2* influx through Cay channels contributes to membrane depolarization;
Ca2* serves also as a second messenger that enhances neurotransmitter release, kinase activity and
gene expression by activating transcription factors like cAMP response element binding protein
(CREB) (Millan, Marin et al. 2008, Brini, Cali et al. 2014). Activation of Gi,-coupled receptors
inhibits the activity of AC and PKA-dependent pathways with simultaneous inhibition of Cay
channels and activation of Ki: channels. In addition to the PKA-mediated opening of Cay channels

by GPCRs, direct binding of Gy, to the al subunit of N-type (Ca,2.2) and P/Q-type (Cay2.1)

channels can inhibit these Cay2 channels thus regulating membrane excitability and synaptic
transmission (Currie 2010, Zamponi and Currie 2013). 5-HT binding to 5-HT1aRs causes inhibition
of PKA-mediated phosphorylation and an opening of Ki channels, resulting in a neuronal
hyperpolarization and hence a reduced firing rate (Nichols DE et al., 2008, Albert PR et al., 2011,
Masson J et al., 2012, Huang X et al., 2017). Similar to 5-HT1aRs, 5-HTsRs are also coupled to the
Guio proteins; the binding of 5-HT to these receptors has similar effects on PKA-activity and Kj
channels (Sharp, Boothman et al. 2007, Masson and Darmon 2012, McCorvy and Roth 2015).

1.5. 5-HT receptor function in the context of neuropsychiatric disorders

5-HT signaling and function are critically involved in the regulation of cortical neuronal activity.

Abnormalities in 5-HT signaling are strongly associated with cognition, anxiety, mood, depression,
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aggression, impulsivity and motor functions (Apter, van Praag et al. 1990, Celada, Puig et al. 2013,
Wang and Wong-Lin 2013, Garcia-Garcia, Meng et al. 2017). Since 5-HT receptors are
differentially expressed in different neuronal populations in PFC, 5-HT can directly modulate their
neuronal activity by modulating the release of other neurotransmitters like glutamate, GABA and

dopamine as well.

Serenics are anti-aggressive drugs that enhance the activity of both 5-HT1aRs and 5-HTgRs in PFC
to profoundly reduce aggression and enhance sympathy or empathy (Olivier, Mos et al. 1985,
Olivier and van Oorschot 2005). Both selective 5-HT1aR and 5-HTisR agonists are crucial in
mitigating aggressive behavior. The mixed 5-HT1a/1B agonist, eltoprazine and the more specific 5-
HTisR agonists, CP-94,253 are successful in reducing excessive levels of aggressive behavior in
aggressive resident mice (Mos, Olivier et al. 1992, Fish, Faccidomo et al. 1999). Upregulation of 5-
HT24aR availability and function in PFC is a characteristic feature observed in several aggressive
patients (Dean 2003, Soloff, Price et al. 2007, Rosell, Thompson et al. 2010). Therefore, blocking
the 5-HT2aR function could be a possible option to reduce aggressive behavior. Risperidone — a
potent inverse agonist of 5-HT2aRs and a partial dopamine 2 receptor antagonist, significantly
reduced isolation-induced aggressive behavior in mice (Rodriguez-Arias, Minarro et al. 1998).
Therefore, risperidone is considered a second-generation atypical antipsychotic and is used in the
treatment of aggressive and violent behaviors of patients with neuropsychiatric disorders (Burns
2006, Ostinelli, Hussein et al. 2018). Activation of 5-HT1a/18Rs and inhibition of 5-HT2aRs results
in a reduction of offensive aggression, whereas activation of 5-HT2aRs alone can reduce defensive
aggression (Muehlenkamp, Lucion et al. 1995, Sakaue, Ago et al. 2002, de Boer and Koolhaas
2005, Olivier and van Oorschot 2005).

Several studies in rodents have shown that 5-HT2aR modulation is often associated with stress and
steroid-induced pathology (Lopez, Vazquez et al. 1997, Vazquez, Eskandari et al. 2002, Pitychoutis,
Dalla et al. 2012). Rodents often develop a social hierarchy within their habitats. Stronger animals
become dominant, while weaker ones are subordinate. Being subordinate results in chronic stress
leading to profound behavioral, physiological, and endocrine changes. These animals show intense
weight loss due to reduced feeding, reduced aggressiveness, copulation and activity, increased
weight of adrenal glands resulting in elevated basal corticosterone levels, and exhibit earlier

mortality compared to dominant animals and wild-type normal animals (Blanchard, Blanchard et al.
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1985, Blanchard, Flannelly et al. 1988, Blanchard and Blanchard 1990, Blanchard, Yudko et al.
1993). Chronic stress conditions in subordinate animals induced a profound increase in the density
of cortical 5-HT2aRs, as a consequence of the activation of the hypothalamic-pituitary-adrenal
(HPA) axis (McKittrick, Blanchard et al. 1995). In humans, functional changes associated with an
altered 5-HT2aR density could be a mechanism underlying stress-associated neuropsychiatric
disorders. For instance, an increased 5-HT2aR density was found in post-mortem brains especially
in PNs in L5 of PFC of suicide victims that showed a pronounced lifetime aggressive behavior
(Pandey, Dwivedi et al. 2002, Oquendo, Russo et al. 2006). However, reduced 5-HT2aR density in
PFC was observed in subjects with an enhanced risk for schizophrenia (Burnet, Eastwood et al.

1996, Hurlemann, Boy et al. 2005).

Schizophrenia is a well-studied psychiatric disorder characterized by abnormal neuronal activity
and disturbed functional connectivity in the cortico-limbic and cortico-striatal circuitry (Begre and
Koenig 2008, White, Schmidt et al. 2009, Butler, Weisholtz et al. 2012, Eack, Wojtalik et al. 2016,
Cadena, White et al. 2018, Lin, Wang et al. 2018). Schizophrenia is associated with positive
(delusions and hallucinations), negative (apathy, poor motivation, emotional and social deprivation)
and cognitive symptoms (impaired attention, learning and problem solving; Stahl 2008). Projections
from different brain regions innervating glutamatergic neurons in PFC can modulate glutamatergic
signaling. Serotonergic neurons of the DRN innervate the neocortex and receive glutamatergic input
in return. In accordance with the so-called 5-HT hypothesis of schizophrenia, increased 5-HT2aR
activity in PFC overdrives glutamatergic signaling in schizophrenia (Aghajanian and Marek 1999).
Unmedicated naive patients did not show any difference in the cortical expression of 5-HT2aRs,
while schizophrenic patients on medication showed a significant reduction in cortical 5-HT2aR
levels (Meltzer, Li et al. 2003, Hurlemann, Matusch et al. 2008). This indicates that antipsychotics
used to treat schizophrenia were specifically acting on cortical 5-HT2aR to ameliorate the
symptoms. Furthermore, increased 5-HTiaR density in PFC was observed in medicated
schizophrenia patients which were thought to improve negative symptoms (Bantick, Deakin et al.
2001). Therefore, 5-HT2aR antagonists and/or 5-HT1aR agonists can be used to reduce the
excitability of glutamatergic neurons to treat patients suffering from schizophrenia and other

psychiatric disorders.
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1.6. Aim of this doctoral thesis

The primary aim of this thesis is to understand how 5-HT signaling can regulate neuronal activity in
L5 of mPFC. The diversity of the PNs in L5 of mPFC is well documented but how the 5-HT
function differs between the different PN types is less well known. Many studies have classified
PNs and INs based either on their electrophysiological or their morphological properties and in
some cases by the synaptic inputs (thalamus or striatum) they receive. Here, in this work, I set out
to investigate the nature of PNs based on electrophysiological and morphological properties. The 5-
HT effect depends on the different S-HTR’s expression and function in the PNs. 5-HT1aR, 5-HTigR
and 5-HT24R are the three major G-protein coupled 5-HT receptors present in PNs of PFC. It has
been established already that 5-HT1aR and 5-HT2aR largely (60-70%) co-express in rat and mice
PFC, however the functional significance of this co-expression is not clearly known. In addition to
PNs, there are INs in L5 that expresses 5-HT receptors. To date, the structural and functional
properties of INs in L5 are not well studied. Therefore, the diversity of INs and the effect of 5-HT

on the different IN subtypes in L5 of mPFC were also studied in the framework of this thesis.

PNs and INs form local synaptic connections in L5 of mPFC. 5-HT has been shown to regulate
excitatory and inhibitory connections differentially. For instance, 5-HT suppressed excitatory
neurotransmission in the human PFC and rat entorhinal cortex, while 5-HT did not induce any
synaptic changes in GABAergic output in both species (Schmitz, Gloveli et al. 1998, Komlosi,
Molnar et al. 2012). Therefore, the second aim of this study was to investigate how 5-HT affects
excitatory and inhibitory connections in L5 of rat mPFC. Synaptic connections based on pre- and
postsynaptic neurons in the L5 microcircuitry of the mPFC were intended to study. In addition, the
effect of 5-HT and its receptors on the synaptic activity and synaptic connection of L5 neurons were
investigated. In order to achieve these aims, whole-cell patch-clamp recordings in single and
synaptically coupled neurons were performed. Patch-clamp electrophysiology and morphological
analysis were combined with pharmacology, including 5-HT and it's receptor agonists and

antagonists to investigate mechanisms of serotonergic neuromodulation in L5 of mPFC.
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2. Materials and Methods

2.1. Slice Preparation

Following the guidelines of the Federation of European Laboratory Animal Science Association
(FELASA) and the German Animal Welfare Act, coronal sections were made from the Wistar rats
(Charles River Laboratories, Inc, either sex) aged 17-19 postnatal days (P17-P19). Rats were
anaesthetized with isoflurane, decapitated and the brains quickly transferred into an ice-cold
extracellular solution containing 4 mM MgCl, and ImM CaCl, and bubbled with 95% O and 5%
CO» to maintain adequate levels of oxygenation. The extracellular solution helps to reduce the
synaptic activity within these brains. Rat brains were glued with the frontal part (the cut surface) on
the cooled metal stage of a vibration microtome (Leica Biosystems) and were cut with a blade at the
position shown in Fig. 2.1. This glued brain tissue was fully immersed in the ice-cold extracellular
solution and 4-5 coronal slices were cut with a thickness of 350 um. These slices of tissue were then
incubated in the same solution to recover, for at least 1 hour at room temperature (21-24 °C).

2.2. Solutions

A Mounting B
position

X350 um

Fig. 2.1: Preparation of coronal brain sections in rat prelimbic region of mPFC. (A) Dorsal
view of whole rat brain, the blue line representing the mounting position at which the brain was
cut and glued on to the metal stage of vibratome stage and gray lines representing consecutive
sections of 350 um each. (B) Example of the rostral surface of coronal rat brain slice showing
lateral, ventral, and mPFC in one hemisphere; their subregions are depicted in other hemispheres.
All recordings were done in the prelimbic (PrL: red dashed lines) region of mPFC on both right
and left hemispheres.

Individual slices were then transferred to the recording chamber of the patch-clamp setup. Here the
slice was continuously perfused (~5 ml/min) with artificial cerebrospinal fluid (ACSF) containing

(in mM): 125 NacCl, 2.5 KCI, 25 glucose, 2 CaClz, 1 MgClz, 1.25 NaH2PO4 and 25 NaHCQOs. In all
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experiments, the perfusion solution was bubbled with 95% O2 and 5% CO., and the temperature of
this solution in the recording chamber was maintained in the range of 30.5-31.5 °C using a bath

heater.

The recording pipette was filled with intracellular solution containing (in mM): 135 K-Gluconate, 4
KCl, 10 HEPES, 10 Phosphocreatine, 4 Mg-ATP, and 0.3 GTP (PH 7.4, ~300 mOsm). To stain
neurons during the electrophysiological recording, Biocytin (5 mg/ml, Sigma, Munich, Germany)
was added to the intracellular solution. A different solution containing (in mM) 105 Na-gluconate,
30 NaCl, 10 HEPES, 10 Phosphocreatine, 4 Mg-ATP, and 0.3 GTP was used for searching pipettes

during the paired recordings.

2.3. Identification of cortical layers and neurons in mPFC

With the pial surface pointing forward, the slice was placed in the recording chamber under an
upright microscope (fitted with 4x/0.13numerical aperture (NA) and 40%, water immersion/0.80 NA
objective, Olympus, Tokyo, Japan). To visualize the layer borders, bright-field illumination was
used at low magnification. L2 was easily identified as a thin dark band between L1 and L3 due to
the high density of neuron somata. L1 and L3 have a similar width and are located above and
beneath L2, respectively. There is no L4 in rodent mPFC, therefore L5 borders directly next to L3.
Under high magnification (40% objective), L5 has a large soma size of excitatory neurons with their
thick, long apical dendrites, this makes L5 discriminated from L3 and L6. Depending on the age of
the animal, the total distance from pia to WM is about 1100-1400 pm. The area of mPFC increases
from the first slice to the next one and shows higher proportions in the 4th or 5th slice. L1 to L3
share one-third of the prelimbic cortex, whereas L5 and L6 equally separate the rest (Fig. 2.2). In
this study, all the neurons were recorded in L5 of the prelimbic cortex that ranges between 600-850
pm from pia. Under high magnification, excitatory neurons and INs were differentiated by their
soma appearances and their AP firing patterns. Further, 3D reconstructions of neuronal axon and
dendritic projections aid post hoc identification. During patching, excitatory neurons with the thick
apical dendrites were clearly visible; they showed either an AS or RS firing pattern. On the other

hand, INs that lack apical dendrites displayed a higher AP firing frequency than PNs.
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Fig. 2.2: Representation of cortical layers and identification of neurons in rat mPFC. (A)
Cortical layers were depicted in an infrared differential interface contrast (IR-DIC) image of the
mPFC acute rat brain section. Left and right pipettes indicate the position of pre- and postsynaptic
neurons in the L5 of the PrL region of mPFC. Due to the high density of neuron somas in L2
appears as a thin dark band between L1 and L3. L1 and L3 have similar width and are located
above and below L2, respectively. There is no L4 in the mPFC of rodents, therefore L5 borders
directly on L3. Under higher magnification, somas of excitatory PNs in L5 appear large with thick
and long apical dendrites (B); these features allow a discrimination between L5 PNs and those in
L3 and L6. (C) Firing pattern of the L5 PN shown in (B). (D) High-magnification image of a L5
IN and its corresponding firing pattern (E).
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2.4. Patch-clamp technique
2.4.1. Single-cell recordings

Whole-cell patch-clamp recordings in neurons of the L5 mPFC were performed at 30.5-31.5 °C.
The patch pipettes of 4-9 MQ resistance were pulled from thick borosilicate glass capillaries (outer
diameter, 2.0 mm; inner diameter, 1.0 mm). Recording pipettes that were filled with intracellular
solution and biocytin (5 mg/ml) were used to label the patched neurons. To visualize individual
neurons in the mPFC, infrared differential interference contrast (IR-DIC) video microscopy was
used. A HEKA EPC10 amplifier (Lambrecht, Germany) was used to record the voltage and current
signals. "Patch Master" software (HEKA, Lambrecht, Germany) was used to program the
stimulation protocol. An Ag/AgCl bath electrode was used as a reference electrode. All components
of the setup were grounded to reduce interference and electrical noise. To move the pipette in three
dimensions with micrometre-resolution with reference to the neuron under investigation, high-
precision micro-manipulators (SM-5, Luigs & Neumann, Ratingen, Germany) were used. To avoid

blockage in the pipette while moving into the slice toward a neuron, a weak positive pressure was

Page 27 of 116



applied that blows away the tissue. When the pipette comes into close contact with a neuron, a
dimple on the cell membrane appears. Releasing positive pressure and applying suction results in
the formation of a tight seal between the recording pipette and cell membrane. A tight seal has a
resistance of >1 GQ, - therefore termed ‘gigaseal’ - and ensures a good electrical signal-to-noise
ratio. In addition, the application of more suction leads to a break-through of the cell membrane
attached to the pipette thus forming a direct connection between the neuronal cytoplasm and the
patch pipette (Fig. 2.3). Neurons with a resting membrane potential are more depolarized than -50

mV and/or a whole-cell series resistance (Rs) exceeding 50 MQ at the beginning of the experiment

A B

(i) Approaching a neuron with pipette Feed back resistor

AN S

Ag/AgCl -
electrode

+
(ii) Searching mode | Amplifier

(light suction)

m
5-8 MQ
\Y
m

Output
signal (V)

Vcommand

(i) Cell-attached mode
(gigohm seal)
>1GQ |

m

Vm

(iv) Whole-cell mode On-signal

(rupture patch) Off-signal

-20 MQ J%V
g

m

Whole-cell configuration

Fig. 2.3: Whole-cell patch-clamp technique. (A) Whole-cell configuration is attained in four
steps. (i) In voltage-clamp mode, a patch pipette containing internal solution is brought into
perfusion solution in the recording chamber by applying positive pressure. (ii) Pipettes of
resistance 5-8 MQ were used for searching neurons (iii) Once the pipette touches the cell
membrane (cell-attached mode), pipette resistance increases and forms a giga seal ( > 1 GQ)
between the pipette and membrane which is visible as a decrease in membrane current (iii, black
trace, Im). (iv) Further application of suction results in rupturing of the cell membrane and thus
establishes whole-cell configuration. (B) The patch pipette containing the electrode measures the
membrane potential (red trace, Vm). The electrode is connected to an amplifier which compares
Vm to the command voltage (Vcommand). If Vi is different from Ve, a current is injected (Im) into
the neuron via a negative feedback loop to compensate for the difference in the membrane
potential. Here, open neuron represents an intact PN for which whole-cell mode has not yet been
attained while the filled neuron is a PN in whole cell mode. On- and the Off-signal refers to
the transient capacitive current measured when (de-)charging the membrane capacitance of the
neuron.
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or changing by more than 25% during the entire experiment were excluded from the analysis. All
active and passive electrophysiological properties of the recorded neurons were assessed by an

initial hyperpolarizing current, followed by depolarizing current steps.

After attaining the whole-cell configuration, the resting membrane potential (Vi) was measured
immediately. The Rs of the patched neuron was compensated by 80%. In the current-clamp mode, to
elicit the first AP, current steps of 1s duration were applied starting at -100 pA at a step size of 10
pA. By using this 10 pA step size protocol, the first super-threshold AP was identified. Later, single
AP characteristics were analyzed. Further, to analyze the active properties of AP firing, current steps
of 1s duration were applied starting at -20 pA at a step size of 25 pA. This 25 pA step size protocol
was used to generate the first AP train with a minimum of ten spikes. Continuous recordings of
changes in membrane potential were performed in a current-clamp mode without current injection.

To prevent the generation of APs in the recorded neurons tetrodotoxin (TTX, 0.5 uM) was applied.

2.4.2. Paired recordings

Three different methods were performed to find synaptically coupled neurons. Direct dual patch-
clamp recording (method 1) was performed when the connectivity ratio is high between
synaptically coupled neurons. To check if two neurons were synaptically coupled, first the whole-
cell configuration in a potential postsynaptic neuron was established and later a putative presynaptic

neuron was patched. If the connectivity ratio is low the method is not very effective.

When the connectivity ratio is low, a modified paired-recording technique (method 2) with a
searching protocol (Qi et al. 2015; Feldmeyer and Radnikow 2016) was performed. To avoid
depolarization of the searched neurons, a searching pipette of 8-11 MQ resistance was used in
which K* ions were replaced by Na* ions in the internal solution. This high resistance pipette with
relatively high Na* ions maintains the searched neurons in a healthy condition by preventing
accidental break-through of the neuronal membrane, which induced a prolonged AP firing of

neurons and cytotoxic Ca2* influx.
In the modified pair recording method (Fig. 2.4), a postsynaptic neuron was patched first in whole-
cell current-clamp mode. Using a searching pipette, surrounding neurons were then tested for a

synaptic connection. After attaining a so-called ‘loose-seal’ cell-attached patching in the potential
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presynaptic neuron with a seal resistance of 30-300 MQ, large current pulses (0.2-2 nA) were
applied briefly (5 ms) to elicit APs. This AP is normally visible as a small spikelet on the voltage
response. If the two neurons were synaptically coupled, the postsynaptic neuron would respond to
the stimulation of the presynaptic neuron with a postsynaptic potential (PSP). Frequently, more than
20 potential presynaptic neurons had to be tested to find a synaptic connection. Sometimes, when

the pipette tip was contaminated (>30 MQ), the searching pipette had to be replaced.

A

Searching "
pipette i .
5 c Biocytin
filled pipette

Spikelet

95 ms

50 ms 50 ms 50 ms

Fig. 2.4: Patch-clamp recording from and biocytin labeling of a synaptically coupled neuron
pair. (A) Initially, a postsynaptic neuron (red neuron) is patched with a biocytin (gray)-filled
pipette in whole-cell mode and a putative presynaptic neuron (black unfilled neuron) is patched in
cell-attached current-clamp mode (loose-seal, 30-300 MQ) with a searching pipette (no biocytin).
Then large current pulses ranging between 0.2-2 nA are applied briefly (5 ms) to a potential
presynaptic neuron to elicit three consecutive APs (D, black trace, visible as a small spikelet
riding on the depolarizing voltage pulse) at a stimulation frequency of 10 Hz that would evoke
voltage responses in postsynaptic neuron if synaptically connected (D, red trace). If there is no
response in the postsynaptic neuron, a new presynaptic neuron (B, another black unfilled neuron)
is patched in ‘loose’ cell-attached mode and tested again until a connection is found (E).
Approximately 30 potential presynaptic neurons (dashed neurons in A, B, C) can be tested in the
range of 50-100 pum radial distance from the postsynaptic neuron. Here, the excitatory neurons
were represented in black while inhibitory neurons are red in color. Whenever a postsynaptic
neuron evokes a PSP with a latency of less than 5 ms, the searching pipette is replaced carefully
with a biocytin-filled pipette (C) and the presynaptic neuron is patched in whole-cell current-
clamp mode. APs (F, black) elicited from excitatory neuron induced EPSPs (F, red) in inhibitory
neuron.
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Once a postsynaptic response was observed, the searching pipette was slowly removed without
damaging the presynaptic neuron and replaced by a biocytin-filled patch pipette. The presynaptic
neuron was then re-patched and recorded in whole-cell mode. In the presynaptic neuron, action
potentials (APs) were elicited by injecting short (5 ms) depolarizing current pulses and the
postsynaptic responses (EPSPs or IPSPs) were recorded in current-clamp mode. Importantly, during
EPSP recordings, the postsynaptic neurons were held at resting membrane potential (-70 mV). On
the other hand, during IPSP recordings, the postsynaptic neurons were clamped at -55 mV by
injecting a constant positive current. This is because the reversal potential of IPSPs was calculated
to be -85 mV (Koelbl et al. 2015); thus depolarizing the postsynaptic neuron to -55 mV, increases
the driving force of CI/HCO:™ ions thereby facilitating the detection of inhibitory connections.
Signals were amplified using an EPCI10-triple patch-clamp amplifier (HEKA Elektronik,
Lambrecht, Germany), sampled at 10 kHz, and filtered at 2.9 kHz.

When the connectivity ratio is extremely low, the presynaptic neuron was maintained in the ‘loose-
seal’ configuration (method 3) to record PSPs in the postsynaptic neuron. At the end of the
recording, the searching pipette was replaced with a biocytin-filled pipette to re-patch the
presynaptic neuron and record the active and passive electrophysiological properties. In addition to
the recorded electrophysiological properties of pre- and postsynaptic neurons, the morphology of
these patched neurons were correlated with the recorded firing patterns. Occasionally, the re-
patched neuron was in a poor condition so that the electrophysiological properties could not be
determined. In such cases, the morphology of the presynaptic neuron was instead identified by the

biocytin staining of the neuron recorded.

2.5. Drug Application

All drugs used in this study were purchased either from Sigma-Aldrich (Steinheim, Germany) or

Tocris (Bristol, UK). The following drugs were bath applied through the perfusion system:

1. Tetrodotoxin (TTX, 0.5 uM: a sodium channel blocker)

2. Serotonin (5-HT, 10 uM: a neurotransmitter)

3. CGS-12066 maleate salt (CGS, 5 uM, an agonist of 5-HTsR)

4. SB-216641 (SB, 5 pM: an antagonist of 5-HT1gR)

5. (R)-(+)-8-Hydroxy-DPAT hydrobromide (DPAT, 5 uM: an agonist of 5-HT1aR)
6. Three Ca2* and lipid Binding domains-2 (TCB-2: 3 uM an agonist of 5-HT2aR)
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7. meta-ChloroPhenylbiGuanide (mCPG, 30 pM: an agonist of 5-HT3aR)
All the single-cell recordings were made in presence of TTX (perfusion solution with TTX).
Control or baseline was set with 20-30 sweeps, followed by a 'drug phase' consisting of 20-30
sweeps. After the drug phase, 30-60 sweeps of the 'wash out' phase were recorded. All paired
recordings were made in the absence of TTX. A perfusion solution with either 5-HT and/or ‘agonist/

antagonist’ was used during paired recordings.

2.6. Analysis of electrophysiological data
2.6.1. Passive membrane properties of a single neuron

Igor Pro 6 (WaveMetrics, Lake Oswego, USA) software with custom-written macros was used to
analyze the electrophysiological signals recorded during experiments. After attaining the whole-cell
configuration of the single neuron, initial resting membrane potential (RMP, mV) and series
resistance (Rs, MQ) were measured and recorded. The input resistance (Rin, MQ) of the neuronal
membrane was calculated as a change in the voltage recorded divided by the flow of current which
is in accordance with Ohm's law (R=V/I). Ri, is calculated from a linear fit to the I-V curve in the
range between -50 and +50 pA (0 pA was excluded). The membrane time constant (Tvem, ms) is
defined as the time required for the membrane potential to rise from the RMP to 63% (1/e) or to fall
from its maximum value to reach 37% (1-1/e) in the fitting of the ON- and OFF-phase of the current
pulse. Due to the delayed activation of a hyperpolarization-activated, cyclic-nucleotide gated
(HCN) channel after the onset of the hyperpolarizing voltage steps, a sag in the voltage response
(Vsag, mV) was observed. It was measured as the difference between the most hyperpolarized

voltage (transient) and the steady voltage (stable) deflection (Fig. 2.5).

2.6.2. Active membrane properties of a single neuron

The excitability of any neuron was determined by its active properties. Injection of current pulses
depolarizes the neuron and once Vi reaches a threshold, elicits APs. To determine the characteristics
of the first elicited AP, a Is pulse with a step size of 10pA was injected into the neuron. The
rheobase current (pA) is the minimum amount of current required for eliciting the first one or two
APs in a patched neuron was measured. AP threshold (mV) is defined as the point of start of
acceleration of the membrane potential using the second derivative of the somatic membrane

potential (d2V/dt2). AP time or the delay until 1st AP was described as the minimum time required
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Fig. 2.5: Analysis of passive properties of L5 neurons in mPFC. (A) A series of
hyperpolarizing and depolarizing currents (A, top) of increasing step size (10 pA) was injected
until an AP was initiated (A, bottom). Rheobase (A, top, blue) is the minimum current required to
elicit an AP. (B) The Rin of the membrane was measured as the linear slope that fits the I-V curve
with the current injection between -50 to 50 pA. (C) The membrane time constant, Tvem, 1S
measured as the time for the membrane potential to rise (67%) from the resting membrane
potential or fall (37%) from its maximum membrane potential. (D) Vs,z measured in response to
hyperpolarizing currents.

to elicit the first AP in rheobase current stimulus. The AP amplitude (mV) is defined as the
difference between AP peak and threshold voltages. The AP half-width (ms) is defined as the time
duration of the width of the AP spike at its half amplitude (time between rising phase and decaying
phase of AP). The amplitude of the after-hyperpolarization (AHP, mV) was measured as the
difference between the AP threshold and the minimum voltage during the hyperpolarization phase

of AP (Fig. 2.6, A, B).
To determine the characteristics of the AP firing pattern of a neuron, AP trains of ~10 spikes were

used for analysis. The ISI (ms) is defined as the time between two neighboring AP spikes (Fig. 2.5

B). The firing frequency was calculated by plotting the number of spikes against the amplitude of
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the injected current pulse. The firing frequency per 100 pA current injection was measured as the
slope of the linear fit that corresponds to the number of spikes per sweep to the injected current
pulse. The adaptation ratio was determined as the ratio of the third ISI divided by the tenth IST (ISI3/
ISIi0) from the ten-spike train which was defined as the first super-threshold response with a

minimum of 10 spikes in the AP-spike train. (Fig. 2.6, C, D).
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Fig. 2.6: Analysis of active properties of L5 neurons in mPFC. (A) The rheobase (bottom, blue)
is the minimum current required to elicit an AP (red trace within the gray box). The AP threshold
(A, gray area) is the membrane voltage to reached by a neuron before it generates the first AP. The
inset shows a representative waveform of an AP at a higher magnification showing AP amplitude
and half-width. The AP amplitude is the voltage difference between the threshold and peak
membrane potential; the AP half-width is the time difference between rising and decaying phase
of AP at half maximum amplitude (B) The AP amplitude, AP time or delay until 1st AP and AHP
amplitude are shown. AP time or the delay until 1st AP is the minimum time required to elicit the
first AP spike in rheobase current stimulus; AHP amplitude is the amplitude of the after-
hyperpolarization. (C) The ISI was measured as the time between individual spikes and the
adaptation ratio is determined as the ratio of the 3rd ISI and 10% ISI. (D) The firing frequency per
100 pA was determined from the slope of the linear fit to the plot of the spike number vs the
injected current (red trace).

Page 34 of 116



2.6.3. Physiological properties of synaptically coupled neuronal pairs

The synaptic properties of excitatory and inhibitory connections were analyzed offline using
custom-written algorithms in Igor Pro software (WaveMetrics, Lake Oswego, OR) as described
previously (Feldmeyer et al. 1999; Feldmeyer et al. 2002). Initially, sweeps with high spontaneous
activity were excluded, then all the rest sweeps were aligned to the presynaptic AP peaks and an
average of all the EPSP or IPSP sweeps was generated (Fig. 2.7, A). The PSP peak amplitude (Vpeak)
was measured by calculating the difference between the mean baseline amplitude (B1) and

maximum voltage (Al) of the postsynaptic PSP. A 'peak search window' of 5 ms after the
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Fig. 2.7: Analysis of synaptic properties of synaptically coupled L5 neurons in mPFC.
Injection of a current pulse into the presynaptic neuron initiates APs (red trace) that travels
towards the synaptic terminal and induce neurotransmitter release. Current flow through
postsynaptic receptor channels results in a depolarization of the postsynaptic spine or dendritic
shaft. The resulting change in membrane potential is recorded as EPSP (black trace). A single
presynaptic AP (red) in a PN and the EPSP (black) in another PN are recorded in a PN-to-PN
connection (Vm, membrane potential). The EPSP amplitude is defined as the difference between
Al (maximum voltage of the EPSP) and (mean baseline amplitude). The baseline noise is
measured as the difference between B2 and A2. The rise time was measured as the time from 20%
to 80% (blue crosses) of the peak EPSP amplitude. The latency ( line) is determined as the
time interval between the time of the presynaptic AP peak and the time of the EPSP initiation and
the EPSP decay from a fit of a single exponential function to the decay phase of the EPSP (

line).
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presynaptic AP was selected to evaluate individual peak amplitude and averaged over 1 ms. The
mean baseline amplitude (within the baseline region) was set to 5 ms (A1) preceding the PSP. The
rise time was calculated as the mean time taken by a voltage signal to change from 20% to 80% of
the peak amplitude which was determined from the linear fit. The latency of PSP was calculated as
the time interval between the presynaptic AP amplitude peak and the onset of the PSP. The decay
time constant is a measure of the rate of decline in the PSP determined from a single exponential fit
to the decay phase of both individual and averaged responses. The paired-pulse ratio (PPR) is a
(surrogate) measure of the neurotransmitter release probability of the presynaptic neuron and was
measured as the ratio of the amplitude of the second PSP divided by the first PSP elicited by a train
of 2-3 presynaptic APs at a stimulation frequency of 10 Hz. The coefficient of variation (CV) was
determined as the standard deviation (SD) of the EPSP amplitude corrected for the background
noise (Vnoise) divided by the mean EPSP amplitude (SDepsp /Meanepsp). Failure events were defined
as events with amplitudes that are smaller than 1.5 times the SD of the Vyoise. The failure rate was

calculated as the number of failure events divided by the number of sweeps recorded.

2.7. Morphological reconstructions and analysis
2.7.1. Histological procedures

After the end of single-cell or paired recordings, brain slices were processed as described previously
(Marx et al. 2012). Slices containing biocytin-filled neurons were fixed using 4% paraformaldehyde
(PFA) in 100 mM phosphate buffer (PB, pH 7.4) at 4 °C for at least 24 hours. PFA fixation
quenches the endogenous activity of the neurons within the brain slices. Subsequently, slices were
incubated in 0.1% Triton X-100 solution containing avidin-biotinylated horseradish peroxidase
(Vector ABC staining kit, Vector Lab. Inc., Burlingame, USA) for about 20 minutes. 3,3'-
diaminobenzidine (Sigma-Aldrich, St. Louis, MO, USA) was added as a chromogen that resulted in
a dark precipitate in the biocytin-filled neuron so that its axonal and dendritic branches were clearly
visible. Slices were then subjected to slow dehydration using ethanol and xylene and later rinsed
several times using 100 mM PB solution and mounted on gelatinized slides and embedded in Eukitt

medium (Otto Kindler GmbH, Freiburg, Germany).
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2.7.2. Morphological 3D reconstructions

To reconstruct the entire morphology of excitatory and inhibitory neurons filled with biocytin in
three dimensions (3D), Neurolucida system (MicroBrightField, USA), and Olympus BX61
microscopy at 1000 X magnification (100 X objective and 10 X eyepiece) were employed. Slices
were selected for 3D reconstruction when the neuron was clearly labeled and the background
staining was low. After reconstructing neurons in 3D, the cortical layers, WM, and pial surface were
marked. Later, reconstructions were rotated so that the pial surface was aligned at the horizontal
plane. Fig. 2.8 depicts an example reconstruction of a PN in L5 of the mPFC. Correction for slice
tissue shrinkage was adjusted in all spatial dimensions (correction factor 1.1 in the x and y axes,
factor 2.1 in the z axes) as measured previously in Marx et al. 2012. The morphological properties

were then analyzed using Neuroexplorer software (MicroBrighField, Colchester, USA).

Fig. 2.8: Reconstruction of an excitatory L5 PN in mPFC. (A) Photomicrograph of a
biocytin-filled PN. (B) Three-dimensional (3D) reconstruction of the somatodendritic
compartment (black) and axon (red) of the neuron. (C) Higher magnification of 3D
reconstruction marked in the blue boxed area in (B), shows the original thickness of
somatodendritic and axonal compartments.

2.8. Statistical analysis

When the number of data points were larger than 10, data were represented as box plots. A box plot
(Fig. 2.9) displays the summary of a set of data that includes interquartile range (IQR) represented
as a box (50% of data points), minimum whisker (lower 25% of data points excluding outliers) and
maximum whiskers (upper 25% of data points excluding outliers), first quartile (Q1: median of data
points to the left of the median), median marks the midpoint of the data represented by a horizontal
line within the box and third quartile (Q3: median of data points to the right of the median). An

outlier is defined as the data points that are numerically distant from the rest of the data and
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therefore lie outside of the minimum and maximum whiskers of the box plot. When the number of
data points were lower than 10, bar graphs with mean + SD were used. Paired student t-test or
Wilcoxon signed-rank test was used for statistical comparisons between the two groups. Tukey's test

was used when the sample size is different between the two groups.
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Fig. 2.9 Schematic representation of a box-plot. A box plot displays a summary of a set of
data. IQR: 50% of data points, Min: minimum whisker depicting lower 25% of data points
excluding the outliers; Q1: first quartile is the median of data points to the left of the median;
Median: median value in the data set; Q3: third quartile is median of data points to the right of
the median; Max: maximum whisker depicting upper 25% of data points excluding the outliers;
Blue circles: outliers are the data points distant from the rest of the data.
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3. Results

3.1. Neuronal classification in L5 of mPFC

The balance of excitation and inhibition (E/I) in cortical microcircuits is crucial to maintaining
normal function and efficiency of information processing. Cortical microcircuits are established by
both excitatory PNs and inhibitory INs. Several studies have investigated the neuronal diversity and
function in rodent mPFC (van Aerde and Feldmeyer 2015, Meunier, Cancela et al. 2017, Ding,
Emmenegger et al. 2021, Nakajima 2021). A previous study from our lab (van Aerde and Feldmeyer
2015) suggests that three major types of excitatory PNs exist in L5 of mPFC: broad (Bd)-tufted RS
PNs, slender (Sl)-tufted low Rin AS PNs and Sl-tufted high Rin AS PNs. Based on the AP firing
pattern, the existence of at least two major classes of inhibitory INs has been proposed (Kawaguchi
and Kondo 2002). Inhibitory neurons displaying a high frequency AP firing pattern and with almost
no adaptation are classified as FS INs while inhibitory neurons with a relatively low frequency
firing pattern and AP frequency adaptation are classified as nFS INs. PNs and INs form synaptic
connections with each other and among themselves. To study the functional and structural
properties of these neurons, whole-cell patch clamp recordings with simultaneous biocytin fillings
were performed during the experiment. PNs were identified by the triangular or pyramidal shape of
their soma and the presence of a thick apical dendrite. L5 INs were identified by their oval soma
shape; the IN soma was considerably smaller than that of PNs. After electrophysiological
recordings, histochemical processing was performed to identify the morphology of the patched

neurons.

3.1.1. Classification of PNs in L5 of mPFC based on AP firing pattern.

Based on the adaptation ratio of the AP firing pattern, PNs in L5 of PFC were classified into two
different groups (Fig. 3.1): adaptive-spiking (AS) PNs and regular-spiking (RS) PNs. In AS PN,
the ISI during a spike train increases, resulting in an adaptation ratio (ISI3/ISIio) smaller than 0.8. In
RS PNs, the ISI during a spike train remained constant after the 31d AP, resulting in an adaptation
ratio larger than 0.8. To understand how distinct these two groups are from each other, the passive
membrane properties, single AP properties and firing properties between these two groups were
compared (Fig. 3.2). Of the neurons included in this work, 108 were in the AS and 93 in the RS
group. AS PNs had a more negative RMP than RS PNs (-69.1 + 4.8 vs -67.7 £ 5.1 mV). In addition,
in AS PNs, Rin (176.9 £ 74.9 vs 125.8 + 71.4 MQ), Tvem (23.6 £ 13.3 vs 15.2 + 8.0 ms), AP half-
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Fig. 3.1: Electrophysiological classification of L5 PNs in mPFC. (A) Based on the adaptation
ratio of the AP firing patterns evoked in response to depolarizing current pulses, L5 PNs were
classified into AS and RS PNs. (B, C) Changes in the ISI (blue bars in A) of a single AS (B) and a
single RS (C) PN, respectively were shown. (D) The adaptation ratio was significantly different
between the two PN groups. AS and RS PNs are color-coded in green and purple, respectively.
Tukey’s test was performed to determine differences between the two neuronal types. Absolute P-
values are given above the box plots.

width (0.9 = 0.2 vs 0.8 £ 0.2 ms) and ISI SD (31.4 £ 23.2 vs 19.8 + 21.5 ms) were larger in
comparison to the RS PNs. AS PNs had a lower rheobase for the generation of the first AP (114.1 +
56.9 vs 181.7 £ 74.0 pA), displayed a lower Vg (-0.7 £ 0.5 vs. -0.8 = 0.3 mV) upon
hyperpolarization and a lower AP amplitude (88.7 + 6.1 vs. 93.9 £ 8.9 mV) and a lower firing
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Fig. 3.2: Quantification of electrophysiological properties of L5 PNs in mPFC. Comparison of
passive and active electrophysiological properties of AS PNs and RS PNs showed differences in
rheobase, Rin, TMem, Vsag, AP half-width, firing frequency AHP amplitude, standard deviation (SD)
of inter-spike-interval (ISI) and ISI average. AS PNs and RS PNs are given in green and purple,
respectively. Tukey’s test was performed to determine differences between the two neuronal types.
Absolute P-values are given above the box plots.

frequency (11.8 + 14.3 vs 16.6 + 20.9 Hz) compared to RS PNs. The electrophysiological

parameters of the two types of PNs and their statistical differences are summarized in Table 1.

Of all recorded LS5 PNs, 47 neurons were reconstructed. Based on their adaptation ratio, 22 neurons
were identified as AS PNs and 25 as RS PNs. In AS PNs, the apical dendrite ended in Sl-tufted
branches; that of RS PNs ended in a broad, profusely branching dendritic tuft in L1 (Fig. 3.3). SI-
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PARAMETERS

Rin (MQ)
RMP (mV)
Visag (mV)

TMem (MS)

Rheobase (pA)
AP threshold (mV)
AP amplitude (mV)
AP half-width (ms)
Delay until 1st AP (ms)
AHP amplitude (mV)

Adaptation ratio (ISI3/ISI1o)
Firing frequency (Hz/100 pA)
ISI average (ms)

ISI SD (ms)

Table 1: Statistical comparison of the electrophysiological parameters between L5 AS and
RS PNs. All electrophysiological properties are given as average = SD. *P < 0.05, **P < 0.01,

AS (n = 108)

Passive properties
176.9 + 74.9
69.1 £4.8
-0.7+0.5
23.6+13.3
AP properties
114.1£56.9
35.6+4.0
88.7+6.1
09+0.2
252.0+105.8
16.5+3.0
Firing properties
0.6+0.1
11.8+16.6
84.7+8.9
31.4+232

RS (n = 93)

125.8+71.4
67.7+5.1
-0.8+0.3
152+8.0

181.7 +74.0
36.3+5.2
93.9+8.9
0.8+0.2

245.6 £ 178.7
145+£2.7

1.0+£0.2
14.3+£20.9
80.5+204
19.8£21.5

P-values

**%9.25e-07
*0.03
*0.04

***4 8e-12

*H47 3e-11
0.2
**%*].e-06
**%2.1e-05
0.7
**%6.2e-06

**0.004
*0.04
**%6.9e-09

*#*P < (0.001, when P value is extremely small i.e., less than e-20, 0.0 is used. Tukey’s test.

tufted PNs showed relatively strong axonal projections to superficial layers and would reach up to
the pial surface while the axons of Bd-tufted PNs projected deep into the white matter. In acute
brain slices, dendrites were almost intact but the axon suffers from major truncation due to their
wide range of projections (Narayanan, Egger et al. 2015). Therefore, axonal properties were not
analyzed for these PNs. In AS PN, the total length of the apical dendrite (4.0 = 1.1 vs 6.9 £ 2.9
mm) was larger and the number of bifurcations (15.5 + 3.9 vs 30 + 10.3) was higher in comparison
to AS PNs. In RS PNs, the mean length of basal dendrites (5.2 + 1.5 vs 4.4 + 1.2 mm) was larger in
comparison to AS PNs. In RS PNs, the dendritic vertical (1.0 + 0.1 vs 1.1 + 0.1 mm) and horizontal
field span (0.4 £ 0.04 vs 0.5 + 0.08 mm) was larger in comparison to AS PNs. The morphological

parameters of the two L5 PN types and their statistical differences are summarized in Fig. 3.4 and

Table 2.
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To understand the relationship between the three major parameters of PNs, a 3D scatter plot with
adaptation ratio, Rin and horizontal field span of the apical dendrites was constructed (Fig. 3.5). The
plot illustrates the difference between AS PNs (dark green triangles) and RS PNs (purple triangles).

Very little overlap between the parameters for the two groups was observed.

A SL-tufted AS PNs

L1

L2

L3

L5

B BD-tufted RS PNs

Fig. 3.3: Morphological reconstructions of L5 PNs in mPFC. Example reconstructions of four
neurons in (A) AS and (B) RS groups are shown, respectively. The corresponding firing patterns
of the both neuronal types are given in the lower/upper panel of A and B. AS PNs showed Sl-
tufted apical dendrite, while RS PNs showed Bd-tufted apical dendrite at the distal end. The cell
bodies of all neurons are in black while dendrites and axon are color-coded green and ,
respectively for AS PNs, and purple and , respectively for RS PNs.
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3.4: Quantification of morphological properties of LS PNs in mPFC. Comparison of the
morphological properties among AS PNs and RS PNs. AS PNs and RS PNs are represented in
dark green and purple, respectively. In acute brain slices, dendrites are mostly intact but the long
range axon collaterals suffer from major truncations (>90% (Narayanan, Egger et al. 2015)).
Therefore, axonal parameters were not included in analysis. Layers are identified as mentioned in
Fig. 2.2. Tukey’s test was performed to test for differences between the two neuronal types.
Absolute P-values are given above the box plots.

AS (Dendrites:n =22) RS (Dendrites:n = 25)

PARAMETERS (Axon:n = 19) (Axon:n = 14) P-values
Number of nodes in apical dendrite 155+39 30+£10.3 **%].2e-07
Total length of apical dendrite (mm) 40+1.1 6.9+29 **%5.2e-05
Horizontal field span of apical dendrites (mm) 0.5+0.04 0.6 +0.07 **%].6e-05
Number of basal dendrites 8.0+25 7.7+19 0.6
Mean length of basal dendrites (mm) 0.7+£0.2 0.6+0.1 0.1
Total length of basal dendrites (mm) 52+1.5 44+12 *0.04
Horizontal field span of dendrites (mm) 0.4+0.04 0.5+0.08 *%%().0005
Vertical field span of dendrites (mm) 1.0+£0.1 1.1+£1.3 *0.03
Soma to pia (mm) 0.6 £0.07 0.7+0.05 *0.05

Table 2: Statistical comparison of morphological parameters between L5 AS and RS PNs.
All the electrophysiological properties are given as average + SD. *P < 0.05, **P < 0.01, ***P <
0.001, Tukey’s test.
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Fig. 3.5: 3D scatter plot of the adaptation ratio, Rin and horizontal field-span of apical
dendrites of AS PNs and RS PNs. In the scatter plot, each point represents one neuron. Dark
green triangles represent AS PNs while the purple triangles represent RS PNs. Note that there is
little overlap between the parameters for the two PN types.

Fig. 3.6: Dendritic origin of the axon in few of the Bd-tufted RS PNs in L5 of mPFC. (A)
Biocytin filled Bd-tufted L5 PN of the mPFC, whose axon (reconstructed axon shown in red)
originated from the soma. (B) In a fraction of Bd-tufted PNs, the axon (reconstructed axon shown
in red) originated from a basal dendrite. In eight of the Bd-tufted PN, the axon originated from
basal dendrite and in 20 of the Bd-tufted PNs axon originated from soma.
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One of the axonal features observed during reconstructions was, that in 8 RS PNs the axon
originated from one of the basal dendrites while in the rest of the 20 RS PN, the axon originated
from the soma (Fig. 3.6). The functional significance of this feature is not yet understood. In AS

PNs, however, the axon originated always from the soma.

3.1.2. Classification of INs in LS of mPFC based on the AP firing frequency

INs were classified into non-fast-spiking (nFS) and fast-spiking (FS) INs based on the adaptation
ratio of the AP firing patterns evoked in response to depolarizing current pulses. INs whose
adaptation ratio was less than 0.8 were categorized as nFS INs (0.5 = 0.1) and those having more
than 0.8 were categorized as FS INs (1.0 + 0.2) (Fig. 3.7). There were 30 neurons in the nFS and 66
neurons in the FS group. A subset of neurons in FS neurons showed variations in the firing
continuity. Therefore, based on firing frequency per 100 pA, FS type INs were further classified
into regular-FS (rFS) (80.2 + 52.0 Hz, n = 43, 59.7 %) and intermittent/burst-like FS (bFS) (49.1 +

PARAMETERS nFS(n=30) rFS(n=43) bFS(m=23) nFSvsrFS nFSvsbFS rFS vs bFS

Passive properties

Rin (M) 377 + 145 203 +88.2 214+£725 **%1.9¢-09 **%].3e-07 0.9
RMP (mV) 61.8+9.1 70.4+4.8 72.3+6.8 **%2.9e-06 **%2.6e-07 0.5
TMem (MS) 242 +8.7 9.5+5.6 10.9+13.3 **%8.8e-09 **%].2e-06 0.8

AP properties
Rheobase (pA) 37.3+£213 161 +85.8 204 + 67.5 **%1.0e-9 **%].21e-9 *0.03
AP threshold
389+4.6 328+5.1 30.7+£5.9 **%*3 5e-10 **%].2e-05 0.1
(mV)
AP half-width
0.6+0.1 03+0.1 0.3 +£0.08 ***8.8e-13 **%*3.0e-13 0.9
(ms)
Delay until 1st
218 +£136 286 +221 467 + 338 0.46 **%0.0004 **0.006
AP (ms)
AHP amplitude
@) 16.8+3.8 22.8+3.8 22.6+2.8 **%2.01e-09 = ***5.5e-08 0.9
m

Firing properties

Adaptation ratio

0.5+0.1 1.0£0.1 1.0+£0.3 **%3.05e-10 | **%2.79¢-10 0.6
(ISI3/ISI1o0)
Firing frequency
22.5+10.4 49.1+£23.2 80.2+52.0 **0.002 **%2.2e-09 **%0.0003
(Hz/100 pA)
ISI average (ms) 67.6+184 38.5+19.1 43.7+20.5 **%*2 4e-08 **%*2 .5e-05 0.5
ISI SD (ms) 29.5+£26.7 21.1+£30.8 66.9 £52.2 0.6 *#%0.0006 **%4.6e-06

Table 3: Statistical comparison of the electrophysiological parameters among L5 nFS, rFS
and bFS INs in mPFC. All the electrophysiological properties are shown as average = SD. *P <
0.05, **P < 0.01, ***P < 0.001, Tukey’s test.
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23.2 Hz, n = 29, 40.2 %) type INs. Here, data from nFS, rFS and bFS INs are color-coded black,
blue and red respectively. rFS (-70.8 = 4.3 mV) and bFS INs (-69.3 + 5.0 mV) had a more negative
RMP than nFS INs (-61.8 + 9.1 mV). Other passive electrophysiological parameters like Rin ([196.9
+76.0 MQ and 215.9 + 78.6 MQ] vs 377.2 £ 145.9 MQ ) and Tvem ([9.5 = 5.6 ms and 8.4 = 2.8 ms]

A L5 INs in mPFC
: 1
‘ Fast-spiking (FS)
|
[ I
Non-fast-spiking (nFS) Regular-fast-spiking (rFS) Burst-fast-spiking (bFS)
> >
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Fig. 3.7: Electrophysiological classification of LS INs in mPFC. (A) Based on the adaptation
ratio of the AP firing patterns evoked in response to depolarizing current pulses, L5 INs were
classified into nFS and FS. Based on the firing frequency, FS neurons were further subdivided into
rFS and bFS neurons. ISI of nFS, rFS and bFS INs are shown in panels B-D, respectively. In case
of bFS, higher magnification of ISIs are given in an inset in panel D. Adaptation ratios and firing
frequencies of FS and nFS INs are shown in E and F respectively. nFS INs are color-coded in
black, while rFS and bFS INs are color-coded in blue and red, respectively. Tukey’s test was
performed to explore differences between the three neuronal types. Absolute P-values are given
above the box plots.
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Fig. 3.8: Quantification of electrophysiological properties of L5 INs in mPFC. (A-J)
Comparison of the passive and active electrophysiological properties among nFS, rFS and bFS IN
types. nFS INs are color-coded in black, while rFS and bFS INs are color-coded in blue and red,
respectively. Tukey’s test was performed to explore differences between the three neuronal types.
Absolute P-values are given above the box plots.

vs 24.2 + 8.7 ms) were lower in rFS and bFS INs in comparison to nFS INs. nFS INs fired at a
lower threshold (-38.9 £4.61 mV vs [-32.8 £ 5.1 mV and -30.7 + 5.9 mV]), displayed a least delay
until 1st AP (218.2 £ 136.52 ms vs [286.1 £ 221.1 ms and 186.7 + 64.3 ms]) and a lower AHP
amplitude (16.86 = 3.88 mV vs [22.8 £ 3.8 mV and 22.6 + 2.8 mV]) but had a larger AP half-width
(0.64 £0.15mV vs [0.3 £ 0.1 mV and 0.3 + 0.1 mV]) compared to rFS and bFS INs. The primary
difference between the two types of FS INs was the rheobase and ISI SD. bFS INs needed a higher
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injection of current (204.4 + 67.5 pA) to generate the first AP than rFS (161.1 + 85.8 pA) and nFS
(37.33 +£21.32 pA) INs. The ISI SD of bFS INs was larger (44.1 + 26.6 ms) than that of rFS (21.1 +
30.8 ms) and nFS (24.7 + 12.8 ms) INs. The electrophysiological parameters of the three L5 IN

A nFS L1 and L5/L6 inhibitors

[
00 ms

[ Qe
200 ms 200 ms

o 20 mv

rFS L5/L6 inhibitors bFS L5 inhibitors

S (S

Fig. 3.9: Morphological reconstructions of LS INs in mPFC. Example reconstructions of two
(A) nFS L1 projecting INs and two nFS L5/L6 projecting INs, (B) two rFS and (C) two bFS IN
types. The corresponding firing patterns of the all neuronal types are given in the lower/upper
panel of A, B and C. The cell bodies of all neurons are in black, while dendrites and axons are
color-coded in black and gray for the nFS INs, dark blue and light respectively for rFS INs
and dark red and light for bFS type INs, respectively.
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Fig. 3.10: Quantification of morphological properties of LS INs in mPFC. Dendritic (A-C)
and axonal (D-F) properties of nFS, FS and bFS IN types in L5 of mPFC. nFS INs are color-
coded in black, while rFS and bFS INs are color-code in blue and red, respectively. Tukey’s test
was performed to explore differences between the three neuronal types. Absolute P-values are
given above the box plots.

PARAMETERS nFS rFS bFS nFS vs rFS nFS vs bFS rFS vs bFS
Number of basal s "
g 50415  51+13 | 69+19 0.9 0.006 0.01
Mean length of basal ., . > ' (4.01 04401 *0.02 *0.03 0.9
dendrites (mm)
Total length of basal « .
dendrites (mmm) 290411 | 19407  32=12 0.03 0.8 0.006
Total length of axon |, , 35 | 54162 | 140283 0,01 0.06 0.8
(mm)
Horizontal field span
of dendrite (mmm) 05+02  05+02 06=02 0.4 0.5 0.9
Vertical field spanof =\, (> (3.01  4x0] 0.5 0.7 0.1
dendrite (mm)
Vertical field spanof ¢, (3 ' (6. 03 06402 *0.01 *0.04 0.6
axon (mm)
Horizontal field span  , (, ' (502 05202 #%0.004 *0.04 0.6

of axon (mm)

Table 4: Statistical comparison of the morphological parameters among L5 nFS, rFS and
bFS INs. All the axonal and somatodendritic properties are shown as average + SD. *P < 0.05,
**P < (.01, ***P < 0.001, Tukey’s test. nFS (dendrites: n = 12, axon: n = 11); rFS (dendrites: n =
18, axon: n = 16); bFS (dendrites: n = 19, axon: n = 12);
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types and their statistical differences (Fig. 3.8) are summarized in Table 3. Of all the mPFC L5 INs
recorded, 49 neurons were reconstructed; 12 were identified as nFS, 18 as rFS and 19 as bFS INs
(Fig. 3.9). The axon collaterals of PFC L5 INs were found to be much denser than those of PNs
because most PN axon collaterals innervate other regions of the cortical and subcortical structures
and therefore undergo extreme truncation during the slice preparation. However, in vivo recordings
in L5 of the somatosensory cortex showed densely and elaborated axon collaterals that measured
about 86 mm (Oberlaender, Boudewijns et al. 2011). Neuronal reconstructions of INs with severe
axonal truncation (< 40% of average axonal length) were excluded from the analysis of the axonal
properties (Fig. 3.10). The average axonal length of nFS INs was ~8 mm, so reconstructions with an
axonal length < 3.2 mm were excluded from the final analysis. The average axonal length of rFS
and bFS INs was ~13 mm, therefore reconstructions with an axonal length < 5.2 mm were excluded
from the final analysis. Based on their axonal projection pattern, two types of nFS neurons were

identified. The first type had axons projecting to L1 and was hence termed nFS-L1 inhibitor, the
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Fig. 3.11: Comparison of AP properties among L5 PNs and INs in mPFC. (A) The AP firing
patterns of different PNs and INs are represented in respectively. (B) The first elicited AP of a
representative PNs and INs in response to rheobase current injection (b1 and b3); b2 and b4, the
first AP in higher magnification that illustrates the differences in AP threshold (gray bars) and
latency. Phase plots of first AP elicited in PNs (C) and INs (D) evoked by rheobase current
injection. The color codes of different neurons is as follows: AS (green), RS (purple), nFS (black),
tFS (blue) and bFS (red) neurons.
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second had axons projecting to L5 and L6, and was therefore termed nFS-L5/L6 inhibitors. rFS and
bFS neurons had distinct axonal projection patterns: rFS neurons whose axons spanned L5 and L6
were termed rFS-L5/L6 inhibitors and bFS neurons whose axons remained in L5 were termed bFS-
L5 inhibitors. The other dendritic and axonal parameters of the three IN types and their statistical

differences are summarized in Table 4.

Comparison of the first AP and AP firing train of PNs and INs showed characteristic differences in
firing patterns as shown in Fig. 3.11. Further, to differentiate different subtypes of INs, rheobase,
firing frequency and AP half-width were plotted in a 3D scatter plot (Fig. 3.12). The scatter plot

illustrates the separation of nFS, rFS and bFS INs, with only little overlap between all types.

Fig. 3.12: 3D scatter plot

using intrinsic properties
12 of LS INs in mPFC. Scatter
P plot showing different
1 groups of INs. In the scatter
i e plot, each point represents
one neuron. Black circles
g within black dashed line
P e 0. N i represents nFS, while blue
.\. % and red circles within blue
. @ ™ and red dashed lines
i@ .”.’ '“. . ° 0 represents rFS and bFS INs
02 respectively. Note that there
. 200 is little overlap between the
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3.2. Effect of 5-HT on PN activity in L5 of mPFC

To investigate the effect of 5-HT on the activity of a single neuron, L5 PNs of the PFC were
recorded in whole-cell mode and 5-HT, its specific agonists and antagonists were bath-applied. PNs
with a series resistance < 40 MQ that did not change by more than 25% during the experiment were
used for analysis. After attaining the whole-cell configuration, passive and active membrane
properties of single neurons were measured. Later, TTX was applied through the perfusion system
to prevent the generation of APs during recordings. The TTX-containing perfusion solution serves

as a control in all phases of experiments. 5-HT at a concentration of 10 uM was applied to all the
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Fig. 3.13: Effect of 5-HT on L5 AS PNs in mPFC. Example reconstruction of a L5 AS PN (A).
Bottom, the corresponding firing pattern and the rheobase current are shown. 5-HT induced a
depolarization of the RMP (black, B, C). A minor fraction of neurons showed a hyperpolarization
of the RMP following 5-HT application (gray, D, E). The blue bar marks the duration of 5-HT
application. In case of hyperpolarizing AS PNs, a desensitization of the response was observed in
presence of 5-HT. The soma, dendrites and axon are color-coded black, green and
respectively, for AS PNs. Black circles represent depolarizing PNs while circles represent
hyperpolarizing PNs. A Wilcoxon signed-rank test was performed to explore significant effect of
5-HT. Absolute P-values are given above the bar graphs.

PNs in bath application mode. The RMP was measured before, during and after the 5-HT
application. In RS PNs (Fig. 3.13), 5-HT induced an initial transient hyperpolarization (-64.3 + 2.8
vs -65.9 £ 2.6 mV) followed by a depolarization (-64.3 £ 2.8 vs -62.7 + 2.5 mV). A similar transient
hyperpolarization has also been observed in L2/3 and L5 PNs following acetylcholine application
and was found to be mediated by SK channels (Gulledge and Stuart 2005, Eggermann and
Feldmeyer 2009). In the majority (66.7%) of AS PNs (Fig. 3.14, B, C), 5-HT induced depolarization
of the RMP (3.71 + 2.40 mV). In a minor fraction (33.3%) of AS PNs (Fig. 3.14, D, E), 5-HT
induced hyperpolarization of the RMP (-1.9 + 1.2 mV). In the case of hyperpolarizing AS PNs, a

decrease in the 5-HT response was observed during application which is probably due to receptor
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desensitization. Compared to AS PNs, RS PNs showed a significantly smaller 5-HT induced
depolarization (2.6 + 1.3 vs 4.3 + 2.7 mV; Fig. 3.15).
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Fig. 3.14: Effect of 5-HT on L5 RS PNs in mPFC. Example reconstruction of a L5 RS PN (A).
Bottom, the corresponding firing pattern and the rheobase current were given. (B) 5-HT induced
transient initial hyperpolarization (light box) followed by a depolarization (green box). The
blue bar marks the duration of 5-HT application. The amplitudes of the depolarizing and
hyperpolarizing components were measured relative to the baseline recording ( box). Soma,
dendrites and axon are color-coded black, purple and , respectively. (C) circles
represent the baseline, light circles represent transient hyperpolarizing component and green
circles represent the persistent depolarizing component. Wilcoxon signed-rank test was performed
to explore whether the 5-HT effect was statistically different from control. Absolute P-values are
given above the bar graphs.

Morphological and electrophysiological properties of AS-depolarizing PNs and AS-hyperpolarizing
PNs were analyzed for comparison (Fig. 3.16): AS-depolarizing PNs displayed a higher Ri, (196.6 £
52.2 vs 114.1 £ 49.7 MQ) and a longer Tvem (25.6 £ 6.0 vs 19.3 £ 5.8 ms) but a lower rheobase
(110.7 £ 30.5 vs 147.1 + 32.5 pA). The number of basal dendrites were more in AS-hyperpolarizing
PNs (9.5 + 2.8) than in AS-depolarizing PNs (7.3 + 1.8). The electrophysiological and
morphological parameters including their statistical differences responding to the 5-HT application

are summarized in Table 5.
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Fig. 3.15: Comparison of the 5-HT depolarizing effect between L5 AS PNs and RS PNs in
mPFC. (A) Example reconstructions of an AS PN and RS PN. The corresponding firing patterns
and rheobase currents of AS and RS PNs are given at the bottom of the panel. 5-HT induced a
larger depolarization of the RMP (B, C) in Sl-tufted AS PNs than in Bd-tufted RS PNs and AS
PNs show no transient hyperpolarization component in response to 5-HT. The blue bar marks the
duration of the 5-HT application. PN cell bodies are color-coded in black, dendrites and axon of
AS PNs are color-coded green and , respectively, and purple and , respectively, for RS
PNs. Green and purple circles in (C) represent depolarizing AS and RS PN, respectively. Tukey’s
test was performed to explore differences among the two groups. Absolute P-values are given
above the bar graphs.
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Fig. 3.16: Quantification of electro-morphic properties among 5-HT responding L5 AS PNs
in mPFC. Active, passive and morphological properties of AS-depolarizing and AS-
hyperpolarizing PNs in L5 of mPFC are compared (A-E). Dark green circles represent
depolarizing AS, while open green circles represent hyperpolarizing AS PNs. Tukey’s test was
performed to explore differences among the two types of 5-HT responding AS PNs. Absolute P-
values are given above the bar graphs.
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AS-D AS-H RS-D AS-D vs AS-D vs AS-H vs

(n =14) =T (n=9) AS-H RS-D RS-D
Passive properties
Rin (M) 196.5+522  114.1+49.6 105.0 £29.6 **0.004 ***4 47e-05 0.4
RMP (mV) 69.3+4.6 68.2+2.5 68.8 +4.0 0.8 0.94 0.9
TMem (MS) 25.6+6.0 193+5.8 15.0+3.2 *0.04 **%0.0002 0.2
AP properties
Rheobase (pA) 110.7+304 = 147.1+£325 190 +39.0 *0.03 1.1E-05 *0.04
AP threshold (mV) 346+5.7 353+21 373+£28 0.9 0.33 0.6
AP amplitude (mV) 86.3+6.8 92.5+3.8 96.1 £9.1 0.1 **0.009 0.5
AP half-width (ms) 1.1+0.1 0.9+0.1 0.9+0.1 *0.04 **0.009 0.9
Delay until 1st AP
(ms) 260.4+66.1 = 246.7+65.0 173.4+33.9 0.8 **0.002 *0.04
ms
AHP amplitude
17+£3.6 17.6 £2.1 151+24 0.8 0.3 0.2
(mV)
Firing properties
Adaptation ratio
0.7+0.1 0.7+0.1 0.9+0.1 0.7 **%2 3e-05 **0.001
(ISI5/1SI10)
Firing frequency
8.1+27 6.7+2.1 7.6+1.7 0.4 0.8 0.7
(Hz/100 pA)
ISI average (ms) 86.8+7.0 87.0+£7.2 90.1+94 0.9 0.6 0.7
ISI SD (ms) 26.7+17.5 235+54 182+52 0.5 *0.01 0.2
Morphology
Field span of apical 297.2+79.4 277+37.5 442.6 +89.4 0.8 **%(.0002 **%0.0003
dendrites (um)
Number of basal 73+1.8 9.5+28 7.7+1.9 *0.03 0.7 0.08
dendrites
Soma to pia (pm) 687.5+79.3  689.2+73.7 720.5 +72.6 0.9 0.5 0.6

Table 5: Statistical comparison of the electro-morphic parameters between AS-Depolarizing
(AS-D), AS-Hyperpolarizing (AS-H) and RS-Depolarizing (RS-D) L5 PNs upon 5-HT
application. All the electro-morphic properties are shown as average = SD. *P < 0.05, **P < 0.01,
*#*P < (.001, Tukey’s test.

Further, to test whether the 5-HT induced hyperpolarization in RS PNs was mediated by SK
channels, the SK channel blocker apamin was applied. Bath application of apamin (300 nM)
together with the 5-HT, blocked SK channels thus preventing the occurrence of the transient

hyperpolarization (-64.6 + 0.9 vs -64.2 £ 1.0 mV) without affecting the monophonic depolarization

(-63.9 + 2.3 vs -62.3 + 3.2 mV) of the RMP in RS PNs (Fig. 3.17).
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Fig. 3.17: Blockade of SK channels with apamin in LS RS PNs in mPFC. Example
reconstruction of RS (A) PN. Bottom, the corresponding firing pattern is given. (B) In RS PN, 5-
HT induced a transient initial hyperpolarization (light rcd box) followed by a depolarization (green
box). (C) Application of 5-HT together with the SK channel blocker apamin (AP) blocked the
transient hyperpolarization (open box) without affecting depolarizing component (open green
box). Changes in transient hyperpolarization and depolarization in control, 5-HT and 5-HT plus
apamin conditions are shown in D. The blue bar marks the duration of drug application. Soma,
dendrites and axon are color-coded black, purple and , respectively, for RS PNs. Gray boxes
represents baseline while light and green boxes represent hyperpolarizing and depolarizing
components, respectively. Wilcoxon signed-rank test was performed to explore significant effect
in different drug application conditions. n = 6, absolute P-values are given above the bar graphs.

T Fig. 3.18: 3D scatter plot of 5-HT
responding L5 PNs in mPFC. In the scatter
plot, each triangle represents one neuron.
Adaptation ratio, Rin and horizontal field-span
of apical dendrites of PNs are plotted in 3D.
Green triangles represent AS PNs that showed
depolarization upon 5-HT application, open
green triangles represents AS PNs showing a
5-HT induced hyperpolarization. Purple
triangles represent RS PNs that showed initial
transient hyperpolarization followed by
persistent depolarization upon 5-HT
application.
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The 3D scatter plot using adaptation ratio, Rin and horizontal field span of the apical dendrites (Fig.
3.18) showed two separate clusters, one corresponding to AS neurons (filled green triangles) and the

other to RS neurons (filled purple triangles). The AS-hyperpolarizing PNs (open green triangles) lie
within the AS-depolarizing PNs.
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Fig. 3.19: Effect of 5-HT receptor agonists in L5 PNs in mPFC. The 5-HTgR agonist, CGS
(bluish green, A,B) and the 5-HT1aR agonist DPAT ( C.D) induced a hyperpolarization
of the RMP while the 5-HT2aR agonist, TCB2 (pink, E,F) induced a depolarization of RMP.
Desensitization of receptors was observed in presence of 5-HTiaR and 5-HTigR agonist
application. Open circles are AS and filled circles are RS L5 PNs. The blue bar marks the duration
of drug application. For statistical comparisons between control and agonist response the
Wilcoxon signed-rank test was performed. Absolute P-values are given above the box plots.
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3.3. Effect of 5-HT receptor agonists on the AS and RS PNs in L5 of mPFC

To investigate the 5-HT receptor subtypes through which 5-HT modulates the neuronal activity of
L5 neurons, specific 5-HT receptor agonists were bath-applied and membrane potentials were
recorded (Fig. 3.19). The application of the 5-HT 18R agonist, CGS (5 uM) or the 5-HT1aR agonist,
DPAT (5 uM) to mPFC L5 PNs induced both a hyperpolarization (CGS: -67.8 = 5.8 vs -69.1 + 5.5
mV; DPAT: -69.5 + 6.0 vs -71.0 = 5.5 mV). Bath application of the 5-HT2aR agonist, TCB2 (3 uM)
induced depolarization in mPFC L5 PNs (-72.3 £ 5.9 vs -71.3 + 5.9 mV). For all drug applications,
recordings were made in both AS type and RS type PNs. Although the 5-HT effect differed between
the AS and RS PNs, the application of specific 5-HT agonists had no significant effect. Therefore,
the effect of 5-HT agonists on AS and RS PNs were combined and plotted together.

3.4. Effect of 5-HT on INs in L5 of mPFC

To investigate the effect of 5-HT in INs of L5 of PFC, INs were identified by their soma
morphology and recorded in whole-cell mode. Neurons with a series resistance <40MQ or that did
not change by more than 25% during the experiment were used for analysis. After attaining the
whole-cell configuration, passive and active membrane properties of single neurons were measured.
Later, TTX was applied via bath application to prevent the generation of APs during recording. The
TTX-containing perfusion solution serves as a control in all phases of experiments. 5-HT at a
concentration of 10uM was applied to all the neurons via the bath. The resting membrane potential
(RMP) was measured before, during and after 5-HT application. 5-HT application did not affect the
RMP (-69.2 £+ 8.8 vs -69.0 + 9.2 mV) of nFS INs (Fig. 3.20, B, C) but induced a depolarization
(-68.6 £ 6.0 vs -61.9 £ 9.9 mV) in all rFS INs (Fig. 3.20, E, F). In a subset (4 of 6) of bFS INs, a 5-
HT induced a weak hyperpolarization (-68.5 + 6.1 vs -70 £ 5.7 mV; Fig. 3.20, H (upper panel), |
(left)). In another subset (2 of 6) of bFS INs, a 5-HT induced depolarization of the RMP was
observed (-73.2 £ 6.1 vs -70.0 = 5.7 mV; Fig. 3.20, H (lower panel), I (right)). However, no

differences in morphology were observed among the two subsets of bFS INs.

3.5. Synaptic transmission in the L5 of mPFC

To study the neuronal microcircuitry in L5 of the mPFC, functional and morphological properties of
L5 synaptic connections were recorded from synaptically coupled neurons. Dual whole-cell

patching with the prior ‘loose seal’ searching protocol was used to find excitatory and inhibitory
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neuron pairs. To characterise synaptic properties in monosynaptically coupled pairs of L5 neurons,
the amplitude of the PSP, the paired pulse ratio (PPR), latency, 20-80% rise time, decay time, CV

and failure rate were measured and analysed as shown in Fig. 2.6. A total of 43 neuron pairs (19 E-
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Fig. 3.20: Effect of S-HT on LS INs in mPFC. Example reconstructions of a nFS (A), rFS (D)
and bFS (G) IN. The corresponding firing patterns of all the three IN types are given at the bottom
of each panel. 5-HT had no significant effect on the RMP of nFS INs (B,C). 5-HT induced a
depolarization of the RMP in almost all rFS INs (E, F). In addition, a fraction of bFS INs showed
a depolarization while another showed a hyperpolarization upon 5-HT application (H, I). All
somas are color-coded black, dendrites and axon are color-coded black and gray, respectively, for
nFS INs, dark blue and light , respectively, for rFS INs and dark red and light ,
respectively, for bFS INs. To evaluate significant differences between control and 5-HT response,
a Wilcoxon signed-rank test was performed. Absolute P-values are given above the bar graphs.
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E, 16 E-I and 8 I-E) were found to be synaptically coupled and their PSPs were recorded. All E-I
and I-E pair recordings were performed using a modified paired-recording technique with a
searching protocol. Within E-E pairs, 4 were recorded using the modified paired-recording
technique while the rest of the 15 E-E pairs were recorded in a ‘loose-seal’ configuration because of
the extremely low connectivity among the PNs. The synaptic connectivity was determined with

reference to the pre- and postsynaptic neuron types.

3.5.1. Synaptic connectivity between E-E pairs in LS of mPFC

Based on the morphological and electrophysiological classification, there are two types of
excitatory PNs in LS of PFC. The probability to find a connection for AS-RS PN pairs was 2.4%
(10 connections out of 409 pairs tested) and 2.0% (8 connections out of 409 pairs tested) for RS-RS
pairs. However, these connectivity ratios might be a major underestimate because of the major
axonal truncations in PNs of mPFC. A total of 19 E-E pairs (Fig. 3.21) was recorded of which 10
were AS-RS PN pairs, 8 were RS-RS PN pairs and 1 AS-AS PN pair. There were some strong
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® Pre-synaptic AS ® Pre-synaptic RS
n=11 n=8
Fig. 3.21: Comparison of synaptic properties between E-E connections in L5 of mPFC. (A)
Top, schematic representation and firing pattern of a synaptic connection with a presynaptic AS
PN and a postsynaptic RS PN. Bottom, postsynaptic EPSPs (purple) elicited by two presynaptic
APs ( ) at a 100 ms interval. (B) Top, schematic representation and firing pattern of a
synaptic connection with a presynaptic RS PN and a postsynaptic RS PN. Below, postsynaptic
EPSPs (purple) elicited by two presynaptic APs ( ) at a 100 ms interval. 10 E-E pairs are AS-
RS PN connections, 8 are RS-RS PN connections and 1 AS-AS PN connection.
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connections with a mean unitary EPSP amplitude >2 mV and some weak connections with a unitary
EPSP amplitude <0.5 mV; EPSPs displayed short-term depression (PPR: < 1). The average EPSP
amplitude, PPR, and CV were compared between AS-RS and RS-RS PN pairs. For RS-RS PN pairs
and AS-RS PN pairs, the difference in EPSP amplitude (1.1 £ 0.6 vs 0.7 + 0.5 mV), PPR (1.0 £ 0.2
vs 0.9 £ 0.3) and CV (0.4 + 0.2 vs 0.5 = 0.2) and failure rate (16.3 £ 15.4 vs 11.8 + 10.7 %) were

statistically not significant.

3.5.2. Synaptic connectivity between E-I pairs in L5 of mPFC

Because of their axonal projection pattern, nFS INs are likely to inhibit neurons (or apical tufts)
located either predominately in L1 or L5/L6, rFS INs those in L5 and L6, and bFS INs almost
exclusively L5 neurons. A total of 18 E-I neuron pairs (Fig. 3.22) were recorded of which 7 were
AS-bFS neuron pairs, 9 were RS-rFS neuron pairs, 1 AS-nFS pair and 1 RS-bFS pair. The
probability to find a connection was 8.4% for AS-bFS pairs (7 connections out of 83 pairs tested)

and 10.8% for RS-rFS pairs (9 connections out of 83 pairs tested). There were some strong
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Fig. 3.22: Comparison of synaptic properties among E-I connections in L5 of mPFC. (A)
Top, schematic representation and firing pattern of a synaptic connection with a presynaptic AS
PN and a postsynaptic bFS IN. Below, postsynaptic EPSPs (dark red) elicited by two presynaptic
APs ( ) at a 100 ms interval. (B) Top, schematic representation and firing pattern of a
synaptic connection with a presynaptic RS PN and a postsynaptic rFS IN. Below, postsynaptic
EPSPs (dark blue) elicited by two presynaptic APs ( ) at a 100 ms interval. 8 E-I pairs are
RS-rFS E-I connections, 6 AS-bFS E-I connections, 1 RS-bFS E-I connection, and another one
AS-nFS E-I connection.
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connections with a unitary EPSP amplitude >8 mV and some weak connections for which the
unitary EPSP amplitude was <0.5 mV. EPSPs displayed short-term depression (PPR: < 0.8). The
average EPSP amplitude, PPR, and CV were compared between AS-bFS and RS-rFS pairs. For AS-
bFS pairs and RS-rFS pairs the differences in EPSP amplitude (3.5 £ 3.6 vs 1.9 = 1.5 mV), PPR (0.8
+ 0.2 vs 0.8 £0.04), CV (0.7 £ 0.5 vs 0.4 = 0.2) and failure rate (10 £ 20 vs 20 = 20 %) were not

statistically significant.

3.5.3. Synaptic connectivity between I-E pairs in L5 of mPFC

A total of 8 I-E pairs (Fig. 3.23) were recorded and the probability to find a connection between
bFS-AS neuron pairs was 7.2% (6 connections out of 83 pairs tested) and 2.4% between rFS-RS
neuron pairs (2 connections out of 83 pairs tested). There were some strong connections with a
mean unitary IPSP amplitude >1.5 mV and some weak connections with a mean unitary EPSP
amplitude <0.4 mV. The postsynaptic EPSPs displayed short-term depression (PPR: < 1). The
average EPSP amplitude, PPR, and CV were compared between bFS-AS and rFS-RS neuron pairs
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Fig. 3.23: Comparison of synaptic properties among I-E connections in L5 of mPFC. (A)
Top, schematic representation and firing pattern of a synaptic connection with a presynaptic bFS
IN and a postsynaptic AS PN. Bottom, postsynaptic IPSPs (dark green) elicited by two
presynaptic APs (light red) at a 100 ms interval. (B) Top, schematic representation and firing
pattern of a synaptic connection with a presynaptic rFS and postsynaptic RS PN. Bottom,
postsynaptic EPSPs (purple) elicited by two presynaptic APs (light ) at a 100 ms interval. 6 of
these I-E pairs are bFS-AS neuron connections and two are rFS-RS neuron connections.
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(Fig. 3.23). EPSP properties of different subtypes of excitatory and inhibitory connections and their

statistical differences are summarized in Table 6.

PSP Amplitude R Rise time = Decay time Latency cv Failure
PROPERTIES (mV) (ms) (ms) (ms) rate (%)
AS-RS
1.1+0.6 1.0+£0.2 1.6+14 702+2.4 - 04+02  11.8+10.7
(n=10)
RS-RS
(n=8) 0.7+0.5 09+0.3 1.8+1.1 71.8+25 - 05+02  163+15.4
n=
AS-bFS
(=6 35+3.6 0.8+0.2 0.7+0.4 67.3+3.7 1.0+£04 0.7+0.5 10 +20
n=
RS-rFS
(=8 1.9+£1.5 08+0.04 08+0.3 65.7+7.1 1.4+1.4 04+0.2 20420
n=
bFS-AS

=6 0.7+0.5 0.8+£0.2 14+02 64.1 £8.5 09+0.2 0.5+0.1 10.9+13.7
n=

Table 6: Unitary EPSP characteristics of different subtypes of LS excitatory and inhibitory
connections. The postsynaptic properties are shown as average + SD. For pairs recorded in the
‘loose-seal’ configuration, the latency was not calculated.

3.5.4. Serotonergic suppression of E-E connections in LS of mPFC

To understand whether 5-HT acted via pre- or postsynaptic receptors, paired recordings were made
from synaptically coupled L5 neurons in mPFC. 5-HT was added to the mPFC slices via bath
application for about 100-200 s. Electrophysiological and synaptic properties were measured
before, during and after 5S-HT application. In 7 E-E connections with a presynaptic AS PN and a
postsynaptic neuron RS PN, the mean EPSP amplitude (1.1 = 1.0 vs 0.7 = 0.7 mV) decreased while
PPR (1.1 £ 0.2 vs 1.5 + 0.3) increased significantly following 5-HT application; no significant
changes in other synaptic properties like 20-80% rise time, decay time, latency, CV and failure rate
were observed. A representative 3D reconstruction and a pharmacological profile of a synaptically

coupled AS-RS PN pair is shown in Fig. 3.24.

3.5.5. 5-HT suppresses synaptic transmission of E-E microcircuitry in LS of mPFC

through 5-HTigRs.

Previous studies have shown that 5-HT suppresses glutamate release from presynaptic terminals of
PNs through the activation of 5-HT1gRs (Li and Bayliss 1998, Ruf and Bhagwagar 2009, Guo and
Rainnie 2010, Puig and Gulledge 2011, Tian, Yamanaka et al. 2017). To test whether the 5-HT
induced suppression of synaptic transmission is mediated by 5-HTigRs, SB (5 uM, a selective 5-

HTsR antagonist) was co-applied with 5-HT (10 uM) following bath application of 5-HT alone.
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Fig. 3.24: 5-HT suppresses synaptic transmission of E-E connections in L5 of mPFC. (A-D)
Example recordings from an E-E connection under control and in the presence of 5-HT (10pM).
(A) Morphological reconstruction of the recorded AS-RS PN pair. All cell bodies are in black.
Pre- and postsynaptic dendrites are shown in green and purple, respectively. Bottom, firing
patterns of the pre- and postsynaptic neurons. (B) Eight consecutive EPSP doublets elicited by a
train of two presynaptic APs (green) at an inter-stimulus interval of 100 ms are given in gray. The
black trace at the bottom represents the average of all EPSPs. (C) Time course of the first EPSP
amplitude before (gray) and during the application of 5-HT (light ). The blue bar marks the
duration of the 5-HT application. (D) Top, overlay of the average EPSP waveforms under control
and during 5-HT application. Bottom, superimposed mean EPSPs in control and during 5-HT
application normalized to the amplitude of the 1st EPSP in control showing the increase of the
PPR. (E) Summary data (n = 9) of 5-HT induced changes in EPSP amplitude, PPR, CV and
failure rate. Wilcoxon signed-rank test was used for statistical comparison between control and 5-
HT effect. Absolute P-values are given above the bar graphs.
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Fig. 3.25: 5-HT-induced decrease in presynaptic release probability at AS PN - RS PN pairs
in LS of mPFC. (A) Morphological reconstructions of the recorded AS-RS PN pair; color code as
in Fig. 3.24; firing patterns of both neurons are depicted at the bottom of the panel. (B) Time
course of the first EPSP before (gray) and during the application of 5-HT (light ) and the 5-
HTsR antagonist SB (cyan green). Blue bars indicate the duration of the drug application. (C)
Top left, overlay of average EPSPs under control, 5-HT and SB application. Bottom left, overlay
of mean EPSPs in control, 5-HT and in SB normalized to the amplitude of the 1st EPSP in control
showing the change of PPR. (D) Summary data (n = 8) of 5-HT and SB induced changes in EPSP
amplitude, PPR, CV and failure rate. Wilcoxon signed-rank test was used for statistical
comparisons. Absolute P-values are given above the bar graphs.
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Fig. 3.26: S-HT-induced decrease in presynaptic release probability at RS PN - RS PN pairs
in L5 of mPFC. (A) Morphological reconstructions of the recorded RS-RS PN pair; all cell
bodies are in black. Presynaptic and postsynaptic dendrites are shown in black and purple,
respectively; Firing patterns of both neurons are given at the bottom of panel A. (B) Time course
of the first EPSP amplitude before (gray) and during the application of 5-HT (light ) and the
5-HTigR antagonist SB (bluish green). Blue bars indicate the duration of the drug application. (C)
Top left, overlay of average EPSPs under control, 5-HT and SB application. Bottom left, overlay
of mean EPSPs in control, 5-HT and in SB normalized to the amplitude of the 1st EPSP in control
showing the change of PPR. (D) Summary data (n = 7) of 5-HT and SB induced changes in EPSP
amplitude, PPR and CV. Wilcoxon signed-rank test was used for statistical comparisons. Absolute
P-values are given above the bar graphs.
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Application of the 5-HTR antagonist SB (5 uM) blocked the effect of 5-HT in both AS-RS and

RS-RS pairs. In the presence of 5-HT alone, the EPSP amplitude was reduced in AS-RS (1.2 + 0.7

vs 0.8 £ 0.3 mV) and RS-RS pairs (0.7 = 0.6 vs 0.4 = 0.3 mV). Co-application of 5-HT and SB

resulted in the recovery of the EPSP amplitude in AS-RS (0.9 £ 0.4 mV) and RS-RS (0.7 £ 0.4 mV)

PN pairs. In addition, SB blocked the 5-HT effects on the PPR and CV in these synaptic

connections. These results suggest that 5-HT reduces the release probability of excitatory

connections (E-E) through the activation of 5-HTsRs in presynaptic terminals of AS and RS PNs in

L5 of mPFC. A representative 3D reconstruction and pharmacological profile of a synaptically

coupled AS-RS pair is shown in Fig. 3.25 and an RS-RS pair is shown in Fig. 3.26. The EPSP

properties of different subtypes of E-E connections and their statistical differences are summarized

in Table 7.

EPSP PROPERTIES

EPSP amplitude (mV)
PPR
(6)%

Failure rate (%)

EPSP amplitude (mV)

PPR

CV

Failure rate (%)

EPSP amplitude (mV)

PPR

Cv

Failure rate (%)

AS-RS (n =8)
Control
1.2+0.7
1.0+£0.2
03+0.2
11.2+10.5

5-HT (10 pM)
0.8+0.37

*0.03
1.1£0.2

*%0.007
0.5+£0.2

*%0.007
31.8+223

*0.02
5-HT:sR antagonist: SB (5 pM)
09+04

*0.01
09+0.2

*%0.007
04+0.2

*0.03
16.7 +20.0

*0.01

RS-RS (n="7)

0.7+0.6

0.8+0.2

0.6+0.4
13.7+16.7

0.4+0.3

*0.01
1.1£0.3

*0.01
0.7+£0.3

*0.03
21.7+23.8

*0.01

0.7+0.4

*0.01
0.8+0.3

0.07
0.5+0.1

*0.01
18.5+14.3

1.06

Table 7: Unitary EPSP characteristics of LS E-E connections under control, 10 pM 5-HT
alone and 10 pM 5-HT + 5 pM 5-HTisR antagonist SB. The average and + SD of various
uEPSP properties for excitatory (AS-RS and RS-rFS) pairs are shown. Bold font indicates
significant differences to control; *P < 0.05, **P <0.01, ***P < 0.001 for Wilcoxon signed rank

test.
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Fig. 3.27: 5-HT-induced suppression of synaptic transmission at reciprocal E-I pairs in L5 of
mPFC. (A-G) Example recordings from 1 of the 3 reciprocally connected E-I/I-E pair under
control and 5-HT (10uM) condition. (A) Morphological reconstruction of the E-I reciprocal pair.
All cell bodies are in black. Dendrites and axon of the RS PN are shown in purple and ,
respectively; dendrites and axon of the rFS IN in dark blue and light , respectively. The firing
pattern of both neurons are shown at the bottom of the panel. (B) Two EPSPs and IPSPs elicited
by two consecutive APs in the RS PN ( ) and the rFS IN (light ), respectively, are shown.
Bottom black traces represent average of all PSPs. Time course of the 1st EPSP (D) and IPSP (E)
amplitude before (gray) and during the 5-HT application (light ); Blue bars indicate the
duration of the 5-HT application. (F, G) Top, overlay of average EPSPs and IPSPs under control
and during 5-HT application. Bottom, PSPs recorded in the presence of 5-HT are normalized to
the peak PSP in control and superimposed revealing the change of PPR.
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3.5.6. Serotonergic suppression in reciprocal E-I and I-E connections in L5 of mPFC

I found 3 reciprocal E-I/I-E connections of which two were RS-rFS pairs and one AS-bFS pair. A
representative 3D reconstruction and a pharmacological profile of a synaptically coupled RS-rFS
pair is shown in Fig. 3.27. In the presence of 5-HT, the mean unitary EPSP and IPSP amplitudes at
these connections were significantly reduced (0.6 = 0.1 vs 0.4 £ 0.1 mV) and the PPR increased (0.5
+ 0.09 vs 0.8 £ 0.05; Fig. 3.27, B-G). There were no significant changes in other synaptic
properties. The decrease in EPSP amplitude could be due to a pre- or postsynaptic effect or a
combination thereof. The increase in PPR in E-E connections suggests that 5-HT acts primarily
presynaptically by reducing the neurotransmitter release probability. Because of the low sample size

in E-I/I-E connections (n = 3), statistical comparisons were not performed.

3.5.7. 5-HT suppresses synaptic transmission of E-I microcircuitry in L5 of PFC through
5-HTisRs.

To investigate the pure presynaptic effect of 5-HT acting via the 5-HTigR, the specific 5-HTigR
agonist CGS (5 uM) was bath applied to E-I pairs with a presynaptic AS PN and postsynaptic bFS
IN and in E-I pairs with a presynaptic RS PN and postsynaptic rFS IN. The 6 AS-bFS and one AS-
nFS pair were pooled for analysis because they all have a presynaptic AS PN; similarly, the 6 RS-
rFS and one RS-bFS neuron pair were also pooled because the presynaptic neuron was always an
RS PN. The application of CGS alone significantly reduced the EPSP amplitude (1.6 + 1.6 vs 1.0 +
1.0 mV) and increased the PPR (1.0 + 0.5 vs 1.7 = 1.0) and CV (0.7 + 0.6 vs 1.4 & 1.8) in pairs with
a presynaptic AS PN. In RS PN formed pairs, application of CGS alone reduced the EPSP
amplitude (2.2 £ 3.2 vs 1.7 £2.7 mV) and increased the PPR (0.8 + 0.2 vs 1.5 £ 0.8) and failure rate
(0.2 £ 0.2 vs 0.3 £ 0.2). These results suggest that the suppression of synaptic transmission in E-I
connections results from a reduction of the neurotransmitter release probability in presynaptic AS
and presynaptic RS PNs in L5 of mPFC. This suppression is caused by the activation of presynaptic
5-HTisRs. A representative 3D-reconstruction and a pharmacological profile of a synaptically
coupled AS-bFS pair is shown in Fig. 3.28 and the RS-rFS pair is shown in Fig. 3.29. The EPSP

properties of different subtypes of E-I and their statistical differences are summarized in Table 8.
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Fig. 3.28: Effect of CGS on synaptic transmission of excitatory AS PN - bFS IN synaptic
connections in L5 of mPFC. (A) Morphological reconstructions of the recorded E-I pair (AS PN-
bFS IN). All cell bodies are in black. Presynaptic dendrites and axon are shown in green and

, respectively; postsynaptic dendrites and axon are shown in dark red and light ,
respectively. Firing patterns of the pre- and postsynaptic neurons are shown at the bottom of panel
A. (B) Time course of the 1st EPSP before (gray) and during application of the 5-HTsR agonist
CGS (5uM) (bluish green). The blue bar indicates the duration of the CGS application. (C) Top
left, overlay of average unitary EPSPs under control and CGS application. Bottom left, EPSPs
recorded in the presence of CGS are normalized to the peak EPSP in control are superimposed
revealing marked changes in short-term synaptic plasticity.(D) Summary data (AS, n = 6) of CGS
induced changes in EPSP amplitude, PPR, CV and failure rate. Wilcoxon signed-rank test was
used for statistical comparisons. Absolute P-values are given above the bar graphs.
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Fig. 3.29: Effect of the CGS on synaptic transmission at RS PN - rFS IN connections in LS of
mPFC. Morphological reconstructions of the recorded E-I pair (RS PN-rFS IN) (A). All cell
bodies are in black. Presynaptic dendrites and axon in purple and , respectively. Postsynaptic
dendrites and axon are shown in dark blue and light , respectively; the firing patterns of both
neurons are shown at the bottom of the panel. (B) Time course of the 1st EPSP before (gray) and
during the application of the 5-HTisR receptor agonist CGS (5uM) (bluish green). The blue bar
indicates the duration of the CGS application. (C) Top left, overlay of average EPSPs under
control conditions and in the presence of CGS application. Bottom left, EPSPs recorded in the
presence of CGS are normalized to the peak EPSP in control are superimposed revealing changes
in short-term synaptic plasticity. (D) Summary data (n = 6) of CGS induced changes in EPSP
amplitude, PPR, CV and failure rate. Wilcoxon signed-rank test was used for statistical
comparisons. Absolute P-values are given above the bar graphs.
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PSP PROPERTIES AS-bFS (n = 6) RS-rFS (n = 6)

Control
EPSP amplitude (mV) 2.86 £3.24 1.17+1.05
PPR 0.79 +0.05 0.65 +0.38
Cv 0.45+0.18 1.02+0.41
Failure rate (%) 8+ 12 24+13
5-HT1gR agonist: CGS (5 uM)
1.93£2.64 0.8+1.04
EPSP amplitude (mV)
*0.03 *0.03
1.43+0.61 1.59+0.88
PPR
*0.03 *0.03
0.63+0.31 1.25+0.5
Cv
*0.03 *0.03
25+16 42+19
Failure rate (%)
*0.03 *0.01

Table 8: Unitary EPSP characteristics of L5 E-I connections under control and 5 pM 5-
HTisR agonist CGS. The average and + SD of various uEPSP properties for E-I pairs (AS-RS
and RS-rFS) are shown. Bold font indicates significant differences to control; *P < 0.05, **P
<0.01, ***P < 0.001 for Wilcoxon signed rank test.

3.5.8. 5-HT facilitates synaptic transmission of the I-E microcircuitry in L5 of PFC

through 5-HT34Rs.

The expression pattern of 5-HT receptor subtypes in GABAergic INs is quite diverse. INs in the
cortex either express 5S-HT1aR or 5-HT2aR or 5-HT3aR. In contrast to the other 5-HT receptors, 5-
HT3aRs are ligand-gated cation channels expressed on presynaptic terminals of ~30% of neocortical
INs (Koyama, Matsumoto et al. 2000, Ferezou, Cauli et al. 2002). To test the presence and effect of
5-HT3aR activation in I-E pairs, the 5-HT3aR agonist mCPG (30 uM) was bath applied. In 6 bFS-
AS pairs application of mCPG significantly increased the IPSP amplitude (0.7 + 0.6 vs 1.1 £ 0.9
mV) and reduced the PPR (0.9 £ 0.1 vs 0.8 £ 0.1) and CV (0.5 £ 0.1 vs 0.3 = 0.1). A representative
3D-reconstruction and pharmacological profile of a synaptically couple bFS-AS pair is shown in
Fig. 3.30. The IPSP properties of different subtypes of I-E connections and their statistical

differences are summarized in Table 9
In summary, 5-HT through the activation of presynaptic 5-HTigRs reduced presynaptic

neurotransmitter release in LS5 excitatory connection (E-E and E-I) and through the activation of

presynaptic 5-HT3aRs enhanced the synaptic efficiency in L5 inhibitory connections (I-E).
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Fig. 3.30: Effect of the mCPG on synaptic transmission at bFS IN - RS PN connections in L5
of mPFC. (A) Morphological reconstruction of the recorded I-E pair (bFS IN-RS PN). All cell
bodies are in black. Presynaptic dendrites and axon are shown in dark red and light ,
respectively; postsynaptic dendrites and axon in green and , respectively. Firing patterns of
the pre- and postsynaptic neurons are depicted at the bottom of panel A. (B) Time course of the 1st
IPSP before (gray) and during the application of the 5-HT3aR agonist mCPG (30 uM) (magenta).
The blue bar indicates the duration of the mCPG application. (C) Top, overlay of average IPSPs
under control and during mCPG application. Bottom, IPSPs recorded in the presence of mCPG
are normalized to the peak IPSP in control and superimposed to determine changes in short-term
synaptic plasticity. (D) Summary data (n = 5) of mCPG induced changes in IPSP amplitude, PPR,
CV and failure rate. Wilcoxon signed-rank test was used for statistical comparisons. Absolute P-
values are given above the bar graphs.
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PSP PROPERTIES bFS-AS (n =5)

Control 5-HT:3aR agonist: mCPG (30 pM)
EPSP amplitude (mV) 0.7+ 0.6 11209
amplitude (m . .
P *0.03
0.8 +0.1
PPR 0.9+0.1
*0.03
0.3+0.1
CvV 0.5+0.1
*0.03
Failure rate (%) 0.1+0.1 8+7

Table 9: Unitary IPSP characteristics of L5 I-E connections in control and the presence of the
5-HT3aR agonist mCPG. The average and + SD of various ulPSP properties for inhibitory (bFS-
AS) pairs are shown. Bold font indicates significant differences to control; *P < 0.05, **P <0.01,
***P < 0.001 for Wilcoxon signed rank test.
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4. Discussion

4.1. Classification of PNs in L5 of mPFC

PNs in L5 of mPFC integrate input from several brain regions and distribute its output to cortical
and subcortical regions. Several studies have classified PFC L5 PNs into two main groups
(Dembrow, Chitwood et al. 2010, Kawaguchi 2017, Baker, Kalmbach et al. 2018, Collins,
Anastasiades et al. 2018). Here, two types of PNs were identified in L5 of PFC. One group
comprises PNs projecting within the telencephalic region including the cerebral cortex, the limbic
forebrain structures and the basal ganglia (commissural or callosal/cortico-cortical/IT neurons). To
the second group belong PNs projecting out of the telencephalic region (corticopontine/long-range

corticofugal/PT/ET neurons).

A previous study (Degenetais, Thierry et al. 2002) classified PNs in the mPFC based on the intrinsic
properties, while another study (Wang, Markram et al. 2006) used morphological features to
classify L5 PNs in mPFC. In the present work, both intrinsic and morphological properties were
used to distinguish and better understand distinct PN groups in L5 of mPFC. Initially, PNs were
classified into two groups based on the adaptation ratio of the AP firing patterns evoked in response
to depolarizing current pulses. Later, the morphology of these two PN groups were correlated with
the firing patterns. PNs whose adaptation ratio was less than 0.8 were categorized as AS type while
those with an adaptation ratio greater than 0.8 were categorized as RS PNs. AS and RS PNs are two
distinct groups of L5 excitatory neurons in mPFC that differ in intrinsic electrophysiological
properties and morphological features. In addition to adaptation ratio, RMP, Rin, Tmem, rheobase, AP
amplitude and half-width were significantly different between AS and RS type PNs. The unique
intrinsic electrophysiological properties across different neuronal populations are due to a
differential expression of ion channels. Voltage-insensitive leak potassium (K*) channels (Kieak) are
involved in the regulation of neuronal excitability and thus determine the RMP and Rin. Activation
of Kieak channels results in hyperpolarization of the RMP, suppression of AP firing and neuronal
transmission. Therefore, neurotransmitters like 5-HT that act via G-proteins mainly inhibit Kjeak
channels (e.g., TREK 1) that would result in the induction of membrane depolarization and an
increase in AP discharge (Lesage F 2003). In addition to Kieak channels, neuronal excitability is also
controlled by voltage-dependent ion channels. Since K+ ions are highly membrane-permeant, the

typical RMP of neurons is close to the K+ equilibrium potential.
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The RMP in PNs, as well as INs, is mainly maintained by the dynamic equilibrium between Na*
channels (NayX (voltage-gated): leads to membrane depolarization), K* channels (KX, Kieak and
Kirn: leads to membrane repolarization) and hyperpolarization-activated cyclic nucleotide-gated
(HCN) channels (Day, Carr et al. 2005, Hu and Bean 2018). In L5 of the neocortex, AP initiation
and propagation require the critical involvement of Na*(Nayl1.1, Nay1.2, Nay1.3 and Nay1.6) and K*
(Kv1, Ki2, K3 and K.4) conductances. PNs were depolarized by the activation/deactivation of
Nay1.2, Nay1.3 and Nay1.6 channels (Tai, Abe et al. 2014, Frederiksen, Lu et al. 2017). The firing
pattern in PNs was specifically regulated by the expression of fast-inactivating transient and slow-
inactivating persistent Nay channels (Vervaeke, Hu et al. 2006, Ramaswamy and Markram 2015,
Shvartsman, Kotler et al. 2021). On the other hand, repolarization of PNs were dependent primarily
on Ky4 channels. Further K1 mediated repolarization was specifically observed in AS PNs but not
in RS PNs (Pathak, Guan et al. 2016). HCN channels are voltage-gated ion channels that were
permeable to both Na* and K* ions. HCN channels were active at voltages near RMP, and their
activation leads to depolarization of membrane and initiation of AP, thus influencing the neuronal
excitability, synaptic integrity and neurotransmitter release by regulating the RMP and Ri
(Benarroch 2013, Shah 2014). The ion conduction through the HCN channel is termed Is-current.
The differences in various intrinsic properties like Vs and firing frequency between AS and RS
PNs were meditated by the differences in In-current mechanisms involving different HCN isoforms
(Dembrow, Chitwood et al. 2010). HCN1 and HCN2 isoforms were shown to be predominately
expressed in L5 PNs of mPFC (Dembrow, Chitwood et al. 2010, Kase and Imoto 2012). In addition
to Na2+ and K* conductances, Ca2* currents especially through voltage-gated Ca2* channels (Cay)
mediate various physiological events like regulation of neurotransmitter release and synaptic
neurotransmission, thus regulating the excitability of neurons (Catterall 2011). Cay channels in CNS
are primarily of two types. Low voltage activated (T- and R-type) and high voltage activated (L-, N-
and P/Q-type). The soma of PNs in L5 of mPFC express 5 types of Cay channels (R-, L-, N- and P/
Q-type) (Almog and Korngreen 2009). Further, Ca2+ activated Kca channels are unique channels that
can sense intracellular Ca2* signals to changes in membrane potential. There are three subtypes in
Kca channels: small conductance (SK, ~4-14 pS), intermediate conductance (IK, ~32-39 pS) and big
conductance (BK, ~200-300 pS) channels. SK channels are primarily expressed in CNS and their
functional role is not well studied. In dendritic spines of PNs in hippocampus and amygdala, SK
channels regulate the amplitude of EPSPs and blocking of these channels enhanced LTP (Kshatri,

Gonzalez-Hernandez et al. 2018). Further, Cl-ions play a crucial role in regulating the membrane
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excitability of PNs. Under normal physiological conditions, the GABA released from INs activate
GABAA receptors present on PNs resulting in CI- influx causing hyperpolarization until the CI-
equilibrium is reached which is around -70 mV. Increased intracellular CI- levels shifts CI- flow in
opposite direction, thus depolarizing the neuron. Therefore Cl- homeostasis helps in stabilizing the
membrane potential of the neurons in cortex and other brain areas (Martina, Royer et al. 2001,

Glickfeld, Roberts et al. 2009, Sorensen, Ledri et al. 2017).

A comparison of morphological characteristics such as soma size, the pattern of apical dendrite and
axonal projections revealed that the AS PNs and RS PNs were distinct in their morphological
features. The PNs classification in the present study is partly consistent with previously published
classification schemes in L5 of mPFC (Dembrow, Chitwood et al. 2010, van Aerde and Feldmeyer
2015, Elliott, Tanaka et al. 2018) and other cortical regions (Harris and Shepherd 2015, Kawaguchi
2017, Baker, Kalmbach et al. 2018, Anastasiades and Carter 2021). For instance, PNs in the
secondary motor cortex were divided into corticostriatal (CS) cells that project to the ipsi- and
contralateral striatum and corticopontine (CPN) cells that project to the ipsilateral striatum and
pontine nuclei (Kawaguchi 2017). Baker and coworkers subdivided neocortical PNs into IT PNs
whose axons are confined to the telencephalon and ET PNs whose axons project to other regions of
the brain (Baker, Kalmbach et al. 2018). In other studies (Harris and Shepherd 2015, Anastasiades
and Carter 2021), PNs across the entire neocortex were basically divided into two subgroups: IT
and PT PNs. In L5 of the mPFC, IT PNs project to other cortical areas, the striatum, the amygdala
or the claustrum while PT PN target diverse subcortical regions including the thalamus, pons and
the ipsilateral striatum. In the current study, based on the apical dendrite morphology and the firing
pattern, CS/IT PNs correspond to AS PNs while CPN/ET/PT cells correspond to RS PNs. Although
PNs across different cortical regions share common features such as firing pattern or morphology,
mPFC L5 PNs have unique properties such as projection specificity or synaptic connectivity.
Therefore, a deeper insight into these properties is necessary to understand cortical activity and

functions.

4.2 Classification of INs in L5 of mPFC

INs are very heterogeneous but play a critical role in regulating intracortical signaling and cortical

output. Many studies have classified INs in the PFC based on electrophysiological, morphological
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and molecular, developmental and connectivity properties (Xiang and Prince 2003, Naka and
Adesnik 2016, Chistiakova, Ilin et al. 2019, Mihaljevic, Benavides-Piccione et al. 2019, Mazuir,
Fricker et al. 2021). In L5 of the neocortex, PV+ INs are the most abundant IN class and have an
rFS firing pattern. The next abundant IN type in L5 are STT+ INs of which some target apical
dendritic tufts of PNs (Yavorska and Wehr 2016). The most abundant STT+ IN is the Martinotti cell
which has a nFS firing pattern (McGarry, Packer et al. 2010). Both FS PV+ INs and nFS SST+
Martinotti cells were depolarized by the activation/deactivation of a single subtype of Nayl.l
channels while the repolarization was dependent on K3 (K,3.1 or/and K,3.2) channels (Tai, Abe et
al. 2014, Frederiksen, Lu et al. 2017). FS phenotype is predominately attributed to Ky3.1 channel
kinetics. The absence of K,3.1 and expression of Ky3.2 alone in SST+ INs resulted in nFS
phenotype (Chow, Erisir et al. 1999). Another type of ion channel that mediated FS phenotype was
HCN and Kieak channels. PNs showed significantly slower In-current kinetics than L5 INs in mPFC
and this difference is thought to be mediated by different HCN isoforms (Yang, Li et al. 2018).
Although Ip-current via HCN6 isoform was shown to be predominately mediated in PV+ INs in the
hippocampus (Hughes, Boyle et al. 2013), further studies are required to identify specific HCN
isoforms in INs in the cortex. The expression of Kiex channels TWIK1 and TASKI1 in FS INs
contributed to lowered Rin compared to nFS INs (Okaty, Miller et al. 2009).

In the neocortex, most L5 PV+ INs are either basket cells or chandelier cells (Zhu, Stornetta et al.
2004). Axons of basket cells target the somatodendritic compartment of PNs while axons of
chandelier cells target the axon initial segment of PNs (Woodruff, Anderson et al. 2010, Tai, Gallo
et al. 2019). The axon of L5 Martinotti cells project to superficial layers and form a dense axonal
plexus in L1 where they innervate the apical dendritic tufts of L5 PNs. This vertically projecting,
L1-targeting axon is a typical feature of Martinotti cells which were described previously in L5 and
other cortical layers (Wang, Toledo-Rodriguez et al. 2004, Ascoli, Alonso-Nanclares et al. 2008,
Nigro, Hashikawa-Yamasaki et al. 2018, Gouwens, Sorensen et al. 2019, Gouwens, Sorensen et al.
2020, Zhou, Mansori et al. 2020). Another type of STT+ INs in L5 are the one with characteristic
stuttering or quasi-like firing pattern (Ma, Hu et al. 2006, Stiefel, Englitz et al. 2013). The axons of
these INs target L4 of the neocortex rather than L1. VIP+ INs have a bipolar appearance; in L5,
VIP+ INs were short and their axon projects to L5 upper and lower borders; Very little is known
about various IN types in L5 of mPFC. Therefore the current study focused on investigating the

heterogeneity of INs in L5 of mPFC with respect to electrophysiology and morphology. INs were
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classified into two major groups based on the adaptation ratio of the AP firing patterns evoked in
response to hyperpolarizing and depolarizing current pulses. INs whose adaptation ratio was less
than 0.8 were broadly categorized as nFS type while those with an adaptation ratio greater than 0.8
were categorized as FS INs. Based on the firing frequency, FS INs were classified into two
subgroups: rFS and bFS. Here, the L5 INs were shown to innervate neurons not only in their home
layer but also in other cortical layers. There were 12 nFS INs, of which 8 were reconstructed; the
remainder was excluded from the analysis because of extreme truncation of the axon. In my
experiments, 4 L1 inhibitors (~13%) were identified in a sample of 30 nFS INs, a percentage similar
(10%) to that of Martinotti cells in L5 of mouse barrel cortex (Nigro, Hashikawa-Yamasaki et al.
2018). In addition to nFS L1 inhibitors, there were nFS INs that innervated L5 and L6, referred to
as nFS L5/L6 inhibitors. nFS L5/L6 inhibitors were described in mouse visual cortex as LAMP5+
and/or as SNCG+ INs (Gouwens, Sorensen et al. 2019, Gouwens, Sorensen et al. 2020). In our
experiments, 4 L5/L6 inhibitors (13%) were found among 30 nFS INs. Major truncations of the
axon were observed (neurons whose axon was severely truncated were excluded from the analysis)
in many nFS INs. Another IN type that innervated L5 and L6 were rFS INs also referred to as rFS
L5/L6 inhibitors. rFS L5/L6 inhibitors could be large basket cells which are PV+ INs as described
in Gouwens et al 2020. There were 43 rFS INs, of which 18 were reconstructed and the remainder
excluded from the analysis because of extreme axon truncation. bFS IN whose axon specifically
innervated a large area in L5 were referred to as L5 inhibitors. bFS L5 inhibitors could be small
baskets cells that were PV+ INs (Gouwens, Sorensen et al. 2020). However, only
immunohistochemical staining helps in determining the precise expression of the molecular markers
in INs. There were 23 bFS INs, of which 10 were reconstructed and the rest were not included in
the analysis because of extreme truncation of the axon. The two major groups of PNs and the three
major groups of INs in L5 of mPFC were plotted in 3D space revealing a clear separation of these

groups.

In the current study, the classification of INs in L5 of mPFC was in line with previous studies in the
barrel cortex and other cortical regions (Ma, Hu et al. 2006, Bartolini, Ciceri et al. 2013, Naka and
Adesnik 2016, Zeng and Sanes 2017, Chistiakova, Ilin et al. 2019, Gouwens, Sorensen et al. 2020).
Of the five subtypes of INs described in Gouwens et al. (2020), the two main subtypes of PV+ INs
were FS basket cells and FS chandelier cells (Fish, Hoftman et al. 2013, Hu, Gan et al. 2014,

Miyamae, Chen et al. 2017, Ferguson and Gao 2018). In the current study, based on the firing
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pattern and the morphology of rFS INs, these INs could be identified as either large or small basket
cells that showed occasionally a translaminar projection pattern. Intrinsic burst spiking or adapting
nFS INs include SST+ Martinotti cells or VIP+ bipolar or double-bouquet cells. SST+ Martinotti
cells were another subtype of INs with an nFS firing pattern. Some of the L5 nFS INs in the current
study resemble STT+ Martinotti cells because they show an axonal projection towards L1 and the
pial surface. Furthermore, in order to correlate IN firing patterns with specific molecular markers,
immunostaining of these INs especially with PV and STT is helpful and important, and this needs to
be done in future work. For instance, in transgenic mice named X98, STT+ INs were specifically
labeled with a green fluorescent protein (GFP) in the barrel cortex (Ma, Hu et al. 2006, Sabo and
Sceniak 2006). Comparing the morphology and firing pattern of SST+ INs in these transgenic mice,
GFP+ INs in the lower part of L5 and L6 in X98 mice correspond to some of the L1-targeting nFS
Martinotti cells identified here. In addition to L1-targeting nFS INs, there are also some nFS non-
Martinotti cells in L5 of mPFC whose axonal arbor was projected to L5/L6. Some groups (Gelman
and Marin 2010, Bartolini, Ciceri et al. 2013) have classified INs based on their developmental
origins in the embryonic subpallium (preoptic area, medial (MGE) and caudal (CGE) ganglionic
eminences). Most PV+ and SST+ INs originate from the MGE and the remainder such as VIP+, and
NYP+ INs originate from the CGE. A small and diverse set of PV+, SST+ and NPY+ INs originates
in the preoptic area. However, according to the recent classification of INs (Scala, Kobak et al.
2021), all PV+ and SST+ INs originate from the MGE while all VIP+, SNCG+ and LAMP+ INs

originate from the CGE.

4.3. Serotonergic effect in LS neurons in mPFC
4.3.1. Serotonergic effect in LS PNs in mPFC

5-HT1aRs and 5-HT2aRs are localized on the somatodendritic compartment of PNs, whereas 5-
HTigRs are located on presynaptic axon terminals of PNs (Celada, Puig et al. 2004, Guiard and Di
Giovanni 2015, Yohn, Gergues et al. 2017). Activation of 5-HTiaRs or 5-HTisRs results in a
hyperpolarization of PNs while that of 5-HT2aRs causes a depolarization (Puig and Gulledge 2011,
Celada, Puig et al. 2013). In rat association cortex, bath application of 5-HT to PNs induced one
type of response in one subset of PNs and another response in another subset of PNs. The first
response is membrane hyperpolarization, which was blocked by the 5-HTi1aR antagonists BMY

7378 and piperone but not by the 5-HT2aR antagonist ketanserin. The second response is membrane
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depolarization in conjunction with rapid AP firing; this effect was reversed by the 5-HT:aR
antagonist ketanserin (Araneda and Andrade 1991). In later studies in which two types of PNs were
distinguished, 5-HT evoked a monophasic excitatory response (enhanced AP firing) or biphasic
response (inhibition of firing followed by enhanced AP firing) via activation of 5-HT2aR receptors
in AS PNs and an inhibitory response via activation of 5-HT1aRs in RS PNs in mouse mPFC
(Avesar and Gulledge 2012). In rats, the 5-HT effect is opposite to that observed in mice. Activation
of 5-HT2aRs in RS PNs results in an excitatory response (inward current) while the activation of 5-
HT1aRs in AS PNs results in an inhibitory response (outward current). These effects were blocked
by their respective antagonists and suggest that 5-HT exerts its effects in a PN type-specific manner
(Elliott, Tanaka et al. 2018). These findings are partly in accordance with my findings. Here, bath
application of 5-HT to RS PNs induced depolarization of the RMP, while in the majority of AS PNs
(66.7%), 5-HT induced a depolarization while a subset of AS PNs (33.3%) showed a
hyperpolarization. When electrophysiological properties between the two populations of AS PNs
were compared, depolarizing AS PNs showed a larger Rin, Tvem, AP half-width and smaller
rheobase current in comparison to hyperpolarizing AS PNs. In a previous study, an unsupervised
cluster analysis combining morphological and electrophysiological properties has classified PNs in
L5 of mPFC into three groups (van Aerde and Feldmeyer 2015): Sl-tufted AS PNs with high Rin, SI-
tufted AS PNs with low Rin and Bd-tufted RS PNs. The two subgroups of AS PNs in the current
study correspond to the previously described high Rin AS PNs and low Rin AS PNs. In our
recordings, high Rin AS PNs showed a depolarization of the RMP while low Rin AS PNs showed a
hyperpolarization upon 5-HT application. The third group of PNs from van Aerde et al., 2015
corresponds to the broad-tufted RS PNs that showed a depolarization of RMP upon 5-HT

application.

It has been suggested that 80% of neurons expressing 5-HTiaRs also co-express 5-HT2aRs in
almost all PFC regions (Martin-Ruiz, Puig et al. 2001, Amargos-Bosch, Bortolozzi et al. 2004,
Santana, Bortolozzi et al. 2004, Puig and Gulledge 2011, Celada, Puig et al. 2013, Carhart-Harris
and Nutt 2017). Despite this abundant co-expression, it is not well understood why a subset of AS
PNs shows a hyperpolarization following 5-HT application. In addition, the hyperpolarizing subset
of AS PN showed receptor desensitization which is thought to result from the over-activation of 5-
HT1aRs as seen in the case of 5-HT1a auto-receptors (Hervas, Vilaro et al. 2001, Yohn, Gergues et

al. 2017, Turcotte-Cardin, Vahid-Ansari et al. 2019). Occasionally, desensitization was observed in
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some of the depolarizing AS PNs and RS PNs and this is thought to be mediated by the
hypersensitivity of 5-HT2aRs (Yamauchi, Miyara et al. 2006). Although both the inhibitory 5-
HT1aRs and the excitatory 5-HT2aRs are co-expressed in individual PNs, the application of 5-HT
induced a net depolarization of the RMP. The most convincing mechanism for this may be a
differential distribution of the 5-HTR subtypes with 5-HT2aRs being localized on the soma,
proximal apical and basal dendritic compartments and 5-HT1aRs on the axon initial segment of PNs
(Cruz, Eggan et al. 2004). Therefore, activation of 5-HT2aRs on the soma and apical dendritic
compartments of a PN induced depolarization of RMP while activation of 5-HT1aRs on the axon
initial segment of the PNs would modulate the initial generation of AP. Several studies support the
idea of a differential compartmental localization of the two 5-HT receptor subtypes in mPFC PNs
which would result in independent mechanisms regulating the excitability of different PN types
(Jansson, Tinner et al. 2001, Martin-Ruiz, Puig et al. 2001, Czyrak, Mackowiak et al. 2003, Celada,
Puig et al. 2013). The 5-HT mediated excitatory responses involve the activation of 5-HT2aRs
leading to the coupling of Gq associated G-protein o subunits thus resulting in a suppression of
potassium (Kv7) channels. Suppression of Ky7 channels results in a depolarization of L5 PNs. In
addition to the suppression of Kv7 channels, 5-HT2aRs engage multiple ionic effectors (Ca2*-
dependent and independent non-specific cation channels) to enhance the intrinsic excitability of
PNs (Puig and Gulledge 2011, Stephens, Baker et al. 2018). 5-HT regulates membrane excitability
of neurons via several ion channels. In spinal motoneurons, 5-HT inhibits Kieax channels (TASK 1)
through either 5-HT1a24aRs, and activates GIRK channels through 5-HT1aRs (Perrier, Rasmussen et
al. 2013). In addition, 5-HT enhanced I current through 5-HT2aRs in spinal motoneurons (Hsiao,
Trueblood et al. 1997) and reduced In current in axon initial segment through 5-HT1aRs in auditory
brain stem nuclei (Ko, Rasband et al. 2016). 5-HT via 5-HT1aRs inhibited N- and P/Q-type Ca2*
currents in neocortical PNs (Foehring 1996) and serotonergic neurons in caudal raphae nucleus
(Bayliss, Li et al. 1997). 5-HT via 5-HT>cRs inhibited T-type Ca2* currents in PNs of subiculum
hippocampus (Petersen, Jensen et al. 2017). In L5 PNs of mPFC, 5-HT inhibited P-type Ca2*
channels which had thus inhibited Ky1.2 conductance resulting in enhanced glutamate release and
excitation (Lambe and Aghajanian 2001). However, studies are required to identify the ion channels

regulated by 5-HT in mPFC and other cortical areas.
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4.3.2. Serotonergic effect on SK channels in LS PNs in mPFC

In a recent study (Roshchin, Terusalimsky et al. 2020), it has been demonstrated that L5 PNs can be
distinguished by two genetic markers that are differentially expressed in AS and RS PNs: the
transcription factor ER81/etvl was exclusively expressed in AS PNs while glycosyltransferase-25
(GT) was only found in RS PNs. Although both types of PNs express SK channels (Gulledge, Park
et al. 2007, Faber 2010, Yi, Ling et al. 2015, Elliott, Tanaka et al. 2018), ER81-expressing AS PNs
had a larger AHP amplitude following an AP than GT-expressing RS PNs. Therefore, ER81-
expressing AS PNs were referred to as slow-after-hyperpolarizing (sAHP) PNs. This sAHP
following an AP was shown to be mediated by an ‘intermediate-conductance’ type of K+ channels
(Kca3.1) but not by SK channels. GT-expressing RS PNs were referred to as non-sAHP PNs which
do not possess Kca3.1 channels. In L5 PNs, SK channels were predominantly expressed in RS PNs
than AS PNs (Guan, Armstrong et al. 2015) and therefore mediate a medium after-hyperpolarization
(mAHP) after an AP in RS PNs but not the SAHP (Villalobos, Shakkottai et al. 2004).

In the present study, a transient hyperpolarization of RMP in RS PNs was observed upon 5-HT
application which was hypothesized to be due to the activation of SK channels. In the CNS, three
subtypes (SK1(Kca2.1), SK2(Kca2.2) and SK3 (Kca2.3)) of SK channels are present; the bee venom
toxin apamin blocks all three of these SK channels (Vogalis, Storm et al. 2003). In order to test for
the presence of SK channels, apamin was applied together with 5-HT. This prevented the
occurrence of the transient hyperpolarization so that in RS PNs 5-HT application produced only a
monophasic depolarization. In line with our findings, the apamin inhibition of the mAHP was
specific for RS PNs indicating the expression of apamin-sensitive Kca2.x SK channels in RS PNs
(Elliott, Tanaka et al. 2018). In the same study, apamin insensitivity was observed in AS PNs

indicating the absence of the Kca2.x SK channels in this sub-group of PNs.

It has been shown that 5-HT modulates SK channels (expressed in Xenopus laevis oocytes) and that
activation of 5-HT1aRs (in slices from the lumbar region of the spinal cord from adult turtle) by its
agonist (8-OH-DPAT) consistently inhibited SK channels responsible for the mAHP current after an
AP (Grunnet, Jespersen et al. 2004). This was the first demonstration that metabotropic 5-HT1aRs
regulate SK channels. However, the underlying signaling pathway involved remains to be

identified. Later, 5-HT was found to increase the excitability and AP firing frequency (Deemyad,
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Maler et al. 2011, Perrier, Rasmussen et al. 2013). This phenomenon was shown to be mediated by
inhibition of SK channels responsible for mAHP currents. 5-HT plays a major role in regulating
anxiety and depression-like behaviors. In socially isolated mice, inhibition of SK channels through
acute systemic administration of apamin these behaviors are normalized suggesting a role of 5-

HT1aRs in these disorders (Sargin, Oliver et al. 2016).

Here, the extent of the 5-HT-induced depolarization of the RMP was higher in AS than in RS PNs.
In addition to a smaller depolarization, RS PNs displayed a biphasic response in which an initial
transient hyperpolarization of the RMP was followed by sustained depolarization. It has been shown
previously that acetylcholine induced a similar biphasic responses in both types of L5 PNs of mouse
mPFC and that the initial inhibition of AP firing was eliminated by the SK channel blocker, apamin
(Gulledge and Stuart 2005, Baker, Kalmbach et al. 2018). Similarly, in the current study, apamin
blocked the initial transient hyperpolarization in RS PNs but did not alter the 5-HT induced
depolarization. Although both types of PNs express SK channels, the ‘intermediate conductance’
Ca2*-activated Kca3.1 channels are predominant in AS PNs as shown in a recent study (Roshchin,
Ierusalimsky et al. 2020), while Ca?+-activated SK channels are predominant in RS PNs in
accordance with our study. Therefore, our results suggest that preferential serotonergic excitation is
projection-specific and depends on the intrinsic differences between AS PNs and RS PNs in L5 of
rat mPFC. However, further studies are needed to determine the role of the 5-HTi1aR-mediated

activation of SK channels in regulating the initial transient hyperpolarization.

4.3.3. Serotonergic effect in L5 INs in mPFC

In in vitro studies, 5-HT application resulted in the excitation of most neocortical PNs. However, in
in vivo studies, 5-HT generally inhibited these PNs. This discrepancy is due to the predominant
activation of 5-HT2aRs in GABAergic INs which establish monosynaptic inhibitory connections
with PNs (Zhou and Hablitz 1999). These findings indicate that the cortical output is dependent on
the IN microcircuitry and the balance between cortical excitation and inhibition. INs express either
of the three G-protein coupled 5-HT receptors (5-HT1aR, 5-HTisR and 5-HT2aR) (Xiang and
Prince 2003, Andrade 2011, Puig and Gulledge 2011). In addition to these metabotropic 5-HT
receptors, some but not all neocortical INs express 5-HT3aRs which are exclusively localized on

presynaptic terminals; their activation results in a depolarization of the IN (Lee, Hjerling-Leffler et
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al. 2010, Corradi and Bouzat 2014, Murthy, Niquille et al. 2014). In L5 of the mPFC, 20-30% of
GABAergic INs express 5-HT1aRs and/or 5-HT2aR of which 30% are PV+ FS INs (Puig and
Gulledge 2011, Rudy, Fishell et al. 2011, Tremblay, Lee et al. 2016). INs expressing 5-HT3aRs are
rare (6-10%) in L5 of the mPFC (Naka and Adesnik 2016, Posluszny 2019). 5-HT via its receptors
regulates the membrane excitability by modulating various ion channels expressed in INs. In striatal
cholinergic INs, 5-HT inhibits both Kieak and GIRK channels to enhance the neuronal excitability
(Bonsi, Cuomo et al. 2007)(Roth and Hu 2020). In mPFC, 5-HT via 5-HT2aRs suppresses GIRK
channels in FS INs (Athilingam, Ben-Shalom et al. 2017). In neonatal intersegmental commissural
INs, 5-HT increases membrane excitability by decreasing the Ca2* current, thus indirectly reducing
K+ conductance. Ca2* currents through P/Q-type but not N-type mediate GABA release in PV+ FS
INs in mPFC (Zaitsev, Povysheva et al. 2007), while the Ca2* currents through T-type (Zhi, Cao et
al. 2022) and N-type (Blazon, LaCarubba et al. 2021) were specifically observed in STT+ and
CCK+ INs in spinal dorsal horn and hippocampus respectively. Further studies are required to

identify the 5-HT regulated ion channels in mPFC.

Application of 5-HT has been shown to excite (increased AP firing) mPFC FS INs. In L5 of rat
visual cortex, 79% of FS INs and 74% of nFS INs were found to be responsive to 5-HT. Of the 5-
HT responsive neurons, 50% of FS INs and 15% of nFS INs displayed an inward current
(excitation), 41% of FS INs and 81% of nFS INs displayed an outward current (inhibition) and 9%
of FS INs and 4% of nFS INs displayed an inward current followed by an outward current (Zhong
and Yan 2011, Athilingam, Ben-Shalom et al. 2017). Inward currents were blocked by a 5-HT3aR
antagonist while outward currents were blocked by a 5-HT1aR antagonist in all of the three 5-HT
responsive groups (Xiang and Prince 2003). In my study in L5 of rat mPFC, almost all nFS INs
were found to be unresponsive to 5-HT. Previous reports suggest a very low (8%) expression of 5-
HT3aRs (Puig, Santana et al. 2004) or no expression of 5-HTi1a2aRs (Weber and Andrade 2010,
Mengod, Palacios et al. 2015) in rat L5 nFS INs. In addition, higher 5-HT concentrations (30-100
uM) are required to activate 5-HT3aRs than those used in the current study (10 uM). Therefore, the
lack of 5-HT responsiveness observed here may result from a low or no expression of 5-HT
receptors or the fact that the 5-HT concentration was insufficient to substantially activate 5-HT3aRs
in L5 nFS INs of mPFC. All rFS INs displayed a depolarization of the RMP, while 66.7% of the
bFS INs showed a hyperpolarization and 33.3% a depolarization of the RMP upon 5-HT

application. The depolarizing effect could result either from the activation of either 5-HT2aRs or 5-
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HT3aRs or both. Since the expression levels of 5-HT3aRs was low in L5 of mPFC (Naka and
Adesnik 2016, Posluszny 2019) this depolarizing effect is likely to be mediated by the activation of
5-HT2aRs which is in accordance with previous studies (Zhou and Hablitz 1999, Puig and Gulledge
2011, Zhong and Yan 2011, Athilingam, Ben-Shalom et al. 2017). The 5-HT induced
hyperpolarization in INs may result from the activation of 5-HT1aRs. 5-HT1aRs were shown to be
expressed mainly by PV+ neocortical INs (Aznar, Qian et al. 2003, Llado-Pelfort, Santana et al.
2012) while in one recent study, SST+ INs were shown to express mainly 5-HT2aRs (de Filippo,
Rost et al. 2021). My results demonstrate that 5-HT exerts differential effects on the excitability of

the three physiologically distinct IN types in L5 of mPFC identified here.

4.4. Monosynaptic connections in L5 of mPFC

E-E connections: Connectivity patterns between PNs in different cortical layers are highly
selective. Previous studies suggest that the connection probability between neocortical L5 PNs is in
the range of 1-12 % (Thomson, Deuchars et al. 1993, Markram, Lubke et al. 1997, Morishima and
Kawaguchi 2006, Le Be, Silberberg et al. 2007, Otsuka and Kawaguchi 2008, Brown and Hestrin
2009). In L5 of the rat frontal cortex, the connection probability between RS-AS pairs was found to
be lower (~1%) than that of AS-RS pairs (~11%) and AS-AS pairs (~10-13%) and RS-RS pairs
(~13%) (Morishima and Kawaguchi 2006, Morishima, Morita et al. 2011). Similar connection
probabilities were observed in the mouse motor cortex where the connection probability in AS-RS
pairs and AS-AS pairs was ~20% and ~11% respectively, while RS-RS pairs were very rare (~4%)
and no connections were found between RS and AS PNs (Kiritani, Wickersham et al. 2012).
Relatively higher connection probabilities were observed for AS-AS pairs (18%) and RS-RS pairs
(7%) in mice visual cortex than in the above mentioned two reports (Brown and Hestrin 2009).
These reports indicate that AS PNs have a higher connection probability with other AS PNs as well
as RS PNs, while RS PNs preferentially form synaptic connections with other RS PNs. This
asymmetric connectivity was demonstrated in other reports as well (Kiritani, Wickersham et al.
2012, Harris and Shepherd 2015). In summary, AS PNs form connections with RS PNs but showed
only sparse connectivity with other AS PNs. On the other hand, RS PNs formed connections with
RS PNs but virtually none with AS PNs. The results from the current study are partly in line with

the above mentioned earlier reports in which almost no RS-AS connections were found. However,
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the connectivity ratios were rather low compared to the reported studies and was dependent on the

specific PN types in L5 of mPFC.

E-I and I-E connections: GABAergic INs regulate cortical activity not only by feed-forward
inhibition but also through feedback inhibition of neighboring PNs. PNs form connections with INs
either unidirectionally or reciprocally. However, the specificity of IN synaptic connectivity in the
mPFC is not well known. A fraction of 60% of mPFC L5 INs receive larger thalamocortical inputs
than the excitatory PNs (5%) in the neocortex and thus provide feed-forward inhibition from the
thalamus to the cortex (Porter, Johnson et al. 2001). Thalamocortical inputs activate especially FS
INs including PV+ (Tan, Hu et al. 2008, Naka and Adesnik 2016). In addition to the thalamocortical
inputs, neocortical L5 INs, in particular L5 PV+ FS INs, receive input from neighboring PNs and
thus provide feedback inhibition (Naka and Adesnik 2016, Yavorska and Wehr 2016, Riedemann
2019, Sempere-Ferrandez, Martinez et al. 2019). INs can also form inhibitory connections with
other INs such as SST+ and VIP+ INs forming disinhibitory circuits (IN-IN-PN) (Naka and
Adesnik 2016). In L5 of the rat frontal cortex, RS PNs specifically excite STT+ INs. In turn, STT+
INs were shown to non-selectively inhibit both AS and RS PNs. Both AS and RS PNs excite PV+
INs and both of these PNs were inhibited by PV+ INs (Hilscher, Leao et al. 2017, Morishima,
Kobayashi et al. 2017). In L5 of mouse mPFC, PV+ INs inhibit RS PNs more strongly than AS PNs
(Lee, Gee et al. 2014, Ramaswamy and Markram 2015). In another study, FS INs were shown to
preferentially form reciprocal connections with AS PNs in L5 of the rat frontal cortex (Kubota,
Kondo et al. 2015). Most studies suggest that PV+ FS INs are powerful regulators of PNs thus
balancing the E/I ratio in PFC (Voinova, Valiullina et al. 2015, Naka and Adesnik 2016, Baker,
Kalmbach et al. 2018, Ferguson and Gao 2018). Only a few studies on the synaptic connectivity
between STT+ INs and PNs are currently available. For example, in mouse barrel cortex, the axons
of L5 STT+ non-Marinotti cells project predominately to L4 and were shown to inhibit L4 PNs
(Nigro, Hashikawa-Yamasaki et al. 2018); in turn, L4 PNs were shown to excite L5 STT+ INs
(Naka, Veit et al. 2019).

In the current study, E-I synaptic connections between PNs and INs in L5 of mPFC were sometimes
reciprocal (17.7%) but mostly unidirectional (82.3%). The connection probability between RS-rFS,
RS-bFS, AS-bFS, AS-nFS pairs was 9.6%, 1.2%, 8.4% and 1.2%, respectively. The probability to

find a connection between PNs and INs was markedly higher than between two PNs. This is the
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tendency which was found in almost all the studies of synaptic connectivity across the entire
neocortex, independent of the type of layer and area of interest. The current findings on connection
probabilities are partly in line with a previous study reporting that the PN-FS reciprocal
connectivity was 68%, while 9% showed unidirectional PN-FS connections and 23% showed
unidirectional FS-PN connections in L5 of rat frontal cortex (Otsuka and Kawaguchi 2009). In the
current study in L5 of mPFC, unidirectional PN-FS connectivity was higher than their reciprocal
connectivity i.e., 24% (6 of 25) of PN-FS connections were reciprocal and 68% (17 of 25) of PN-FS
connections were unidirectional while 8% (2 of 25) of FS-PN connections were unidirectional; RS
PNs preferentially innervated rFS INs (88.9%, 8 of 9) while AS PNs preferred to innervate (87.5%,
7 of 8) bFS INs. AS-nFS (1 of 8) and RS-bFS (1 of 9) pairs were rarely found (11-12%) in L5 of
mPFC.

The probability to find a synaptic connection between a PV+ IN to PN has been found to be
markedly higher (~ 67%) in L5 of mice barrel cortex (Packer and Yuste 2011) and also in L4 of rat
barrel cortex (Koelbl, Helmstaedter et al. 2015). The PV+ INs in the neocortex of rodents have a
very dense axonal domain in a specified layer while the STT+ INs have a broad trans-laminar
axonal domain. In the current study, the probability to obtain an I-E pair was considerably lower
than that reported previously: rFS IN-RS PN (~ 7.2%) and bFS IN-AS PN (~ 2.4%). Like the E-I
connection specificity, all tFS INs in our brain slices preferentially innervated RS PNs while all bFS
INs preferred to innervate AS PNs. In summary, the findings from the connectivity patterns among
E-E, E-I and I-E connections provide major insight into the L5 neuronal connectivity and reveal

distinct serotonergic modulation of L5 microcircuitry in rat mPFC.

Synaptic transmission is a rapid and dynamic process resulting from a combination of events,
initiated by the influx of extracellular Ca2* into the presynaptic terminal, depletion of the readily-
releasable neurotransmitter vesicle pool, and the diffusion or re-uptake of neurotransmitters out of
the cleft causing rapid deactivation of receptors. Short-term plasticity reflects changes in synaptic
strength lasting tens of milliseconds to several seconds. In short-term depression, the response to
the second AP stimulus is smaller than that evoked by the first. This reduction results from a
depletion of readily-releasable neurotransmitter vesicles in the presynaptic terminal or from the
inactivation of NayX or Ca2* channels. Short-term depression is commonly observed at synapses

with short inter-stimulus intervals of less than 20 ms. On the other hand synapses with longer inter-

Page 89 of 116



stimulus intervals (20-500 ms) show pair-pulse facilitation in which the response to the second AP
stimulus is larger than that evoked by the first. This enhancement was probably due to the
availability of leftover Ca2* after the first AP that contributes to the enhanced neurotransmitter
release upon second stimulation (Citri and Malenka 2008, Pozo and Goda 2010). Furthermore, the
activation of neurotransmitter receptors present on the presynaptic terminals may also be involved
in modulating the synaptic release probability (Miller 1998, Zilberter 2000, Citri and Malenka
2008).

Short-term plasticity at excitatory and inhibitory connections can be either depressing or facilitating
(Markram, Wang et al. 1998, Hempel, Hartman et al. 2000, Ma, Hu et al. 2012). In short-term
facilitation, the PSP in response to the second AP stimulus is larger than that evoked by the first.
This enhancement is thought to be mediated by an elevation of presynaptic Ca2* influx after the first
AP, acting on molecular targets that enhance the release probability of neurotransmitters (Zucker
1989, Zucker and Regehr 2002, Bennett 2003, Thomson 2003, Abbott and Regehr 2004, Regehr
2012). In the current study, all E-E, E-I and I-E pairs in L5 of mPFC showed short-term depression
indicative of a reduction of glutamate release at PN axon terminals or GABA release at IN axon

terminals.

In dual cell recordings, the EPSP amplitude reflects presynaptic release probability as well as
postsynaptic membrane properties. PPR, CV and failure rate are mainly governed by presynaptic
mechanisms while latency, rise time and decay time are generally determined by the postsynaptic
neuron (Feldmeyer, Egger et al. 1999, Silver, Lubke et al. 2003). For several neocortical
connections, it has been shown that the PPR, CV and failure rate are - in general terms - inversely
related to the amplitude of the unitary EPSP or IPSPs (Markram, Lubke et al. 1997, Feldmeyer,
Egger et al. 1999, Feldmeyer, Lubke et al. 2002, Feldmeyer, Lubke et al. 2006, Qi and Feldmeyer
2016). Therefore, a small mean PSP amplitude indicates a high PPR, large CV and high failure rate
which in turn could reflect a low neurotransmitter release probability (Markram, Lubke et al. 1997,
Feldmeyer, Egger et al. 1999, Feldmeyer, Lubke et al. 2002, Feldmeyer, Lubke et al. 2006, Qi and
Feldmeyer 2016). In the E-E / E-1 / I-E pairs described here, the PSP amplitude was highly variable
ranging from 0.16-0.30 (weak connection) to 1.86-9.29 (strong connection) mV. In line with studies
in rat frontal cortex (Otsuka T et al., 2008, Brown SP et al., 2009), my results did not show

significant differences in the EPSP amplitudes and synaptic properties like PPR, CV, failure rate,
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latency, rise time and decay time between AS-RS and RS-RS connections. When the EPSP
amplitudes and other synaptic properties were compared between two types of E-I connections (AS
PN-bFS IN and RS PN-rFS IN), no significant differences were observed either. This finding is in
line with a previous study (Morishima, Kobayashi et al. 2017) reporting no significant difference in
synaptic properties between AS-FS and RS-FS pairs. In most studies, rFS and bFS type INs were
categorized into one group (Galarreta and Hestrin 2002, Angulo, Staiger et al. 2003, Goldberg,
Jeong et al. 2011, Aracri, Banfi et al. 2015, Chistiakova, Ilin et al. 2019, Unal, Unal et al. 2020).
Here, L5 FS INs in mPFC were split into two groups, the rFS and bFS INs, because of their distinct
electrophysiological and morphological characteristics (see above). Although there was no
difference in synaptic properties between AS-bFS and RS-rFS pairs, a preference for AS PNs to
have connections with bFS type were observed while RS PNs preferred rFS type IN. In addition,
similar preference patterns were observed in I-E pairs as well. In one study (Lee, Gee et al. 2014),
PV+ FS INs were shown to preferentially inhibit RS PNs which is similar to the current findings in
which rFS INs preferred to form connections with RS PNs. However, because there were only two
rFS-RS pairs, a comparison of their synaptic properties is not possible. Taking all types of
monosynaptic connections into account, the findings presented here provide novel details of the
complex organization of the local neuronal microcircuitry in L5 of rat mPFC involving both

excitatory PNs and inhibitory INs.

4.5. Serotonergic modulation on synaptic neurotransmission in mPFC of rats.

In addition to the postsynaptic modulatory effect of 5-HT in single neurons, the effects of 5-HT on
synaptically connected neuron pairs were explored. Previous studies have reported that 5-HT
produces a biphasic effect on synaptic transmission in the dorsal horn of the spinal cord (Li and
Zhuo 1998) and an inhibitory effect on both excitatory and inhibitory transmission in the
periaqueductal gray (Jeong, Chenu et al. 2008) and bed nucleus of the stria terminalis (Gaspar,
Cases et al. 2003, Guo, Hammack et al. 2009). In another study (Tian, Yamanaka et al. 2017) 5-HT
produced an inhibitory effect at excitatory synaptic connections in the anterior cingulate cortex
where L5/6 PNs were stimulated extracellularly and their response was recorded in L2/3 PNs.

However, the effect of 5S-HT at the synaptic level within mPFC has not been studied in detail.
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The concomitant increase in PPR suggests that 5-HT suppressed presynaptic neurotransmitter
release at PN excitatory connections either through the activation of presynaptic 5-HT1aR or 5-
HTisRs. 5-HT1aR mediated suppression of synaptic transmission has been shown to describe the
PNs of L2 and L3 of rat medial entorhinal cortex (Schmitz, Gloveli et al. 1998), L2 and L3 of mice
anterior cingulate cortex (Tian, Yamanaka et al. 2017), in L2/3 of human mPFC (Komlosi, Molnar
et al. 2012) and the dentate granule cells of rat hippocampus (Nozaki, Kubo et al. 2016). In contrast,
serotonergic suppression of synaptic release via presynaptic 5-HTisR was found in L5 PNs in rat
visual cortex (Murakoshi, Song et al. 2001), L4 PNs in mouse somatosensory cortex (Laurent,
Goaillard et al. 2002), L5 PNs of mouse mPFC (Kjaerby, Athilingam et al. 2016) and other brain
regions like the corpus callosum or subcortical white matter (Tanaka and North 1993, Troca-Marin
and Geijo-Barrientos 2010), the bed nucleus of the stria terminalis (Guo and Rainnie 2010), and the
substantia nigra (Ding, Li et al. 2015). Here, in both types of E-E connections, 5-HT alone produced
a reduction of evoked EPSP amplitudes; this reduction was abolished in the presence of a 5-HT1s8R
antagonist (Summary Fig.). The increase in PPR, CV and failure rate in the presence of 5-HT and
the reduction in the presence of the 5-HTsR antagonist indicate that serotonergic modulation of
synaptic release was mediated by 5-HTsR receptors. In addition, 5-HTisR agonist, CGS induced
membrane hyperpolarization in AS PNs and RS PNs during single recordings, suggesting a

postsynaptic mechanism as well.

Reports on the effect of 5-HT on synaptic E-I connections in the cortex are rare. A specific study in
the CAl region of rat hippocampus demonstrated that 5-HTisRs are responsible for presynaptic
inhibition of neurotransmission in E-E and E-I connections (Mlinar, Falsini et al. 2003). The current
results also demonstrate a 5-HT 18R agonist-induced suppression of synaptic transmission in both of
the E-I connection types. The reduction of evoked EPSP amplitude and increase in PPR, CV and
failure rate in presence of a 5S-HT R agonist indicates that the presynaptic effects are mediated by
5-HTisRs. 5-HTisRs have different effectors at presynaptic (voltage-gated ion channels) and
postsynaptic (ligand-gated ion channels) sites. At the postsynaptic site, activation of 5-HTgRs that
couple to Guio proteins inhibits the activity of AC thereby reducing the intracellular cAMP levels
and the downstream signaling events. Thus, besides being a classical neurotransmitter, 5-HT acts as
a neuromodulator that regulates the balance of glutamatergic and GABAergic neurotransmission
(Ciranna 2006, Celada, Puig et al. 2013, Pehrson and Sanchez 2014, Xie, Zuo et al. 2016, Tian,

Yamanaka et al. 2017). For instance, activation of 5-HT1a18Rs located at the presynaptic site of
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Summary Fig.: Schematic representation of the serotonergic modulation of LS neuronal
population and microcircuits in rat mPFC. AS PNs are IT neurons projecting to cerebral
cortex, limbic forebrain structures and basal ganglia, whereas RS PNs are ET neurons projecting
to distal subcortical structures including thalamus, pons and ipsilateral striatum. (i) In single
neuronal recordings, 5-HT through the activation of somatodendritic 5-HT2aRs and 5-HT1aRs
induced a depolarization and hyperpolarization of RMP, respectively, in AS PNs. (ii) In RS PN,
5-HT induced an initial transient hyperpolarization (via SK channels) followed by depolarization
(via 5-HT2aRs). (iii) Activation of and 5-HT2aRs enhances intracellular Ca2+ levels that would in
turn activate SK channels. (iv) In rFS INs, 5-HT induced depolarization which is thought to be
mediated by the activation of 5-HT2aRs. (v) In bFS INs, 5-HT induced depolarization of RMP
(via 5-HT2aRs) in a subset of INs and hyperpolarization of RMP (via 5-HT1aRs) in another subset
of INs. Further, pair recordings were conducted to study the function of 5-HTsRs expressed on
axon terminals of PNs. (vi) 5-HT via activation of 5-HTisRs, suppresses synaptic
neurotransmission due to presynaptic inhibition of glutamatergic release in AS-RS, RS-RS, AS-
bFS and RS-rFS excitatory pairs. (vii) 5-HT via activation of 5-HT3aRs, enhances synaptic

neurotransmission in bFS-AS inhibitory pairs.

PNs and INs reduces the glutamate (Boeijinga and Boddeke 1996, Schmitz, Gloveli et al. 1998,
Torres-Escalante, Barral et al. 2004) and GABA release (Mlinar, Falsini et al. 2003, Matsuoka,
Hasuo et al. 2004), respectively in the cortex and other brain regions, In addition, 5-HT potentiates
the inhibitory effects of GABA through the activation of 5-HT2aRs located on the INs in different
brain regions (Li, Lang et al. 2000, Feng, Cai et al. 2001, Garcia-Oscos, Torres-Ramirez et al.

2015). This serotonergic potentiation of GABAergic inhibition indirectly influences the activity of
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other neurons in the respective regions. Thus, GABAergic inhibition in PFC either through direct,
5-HTianBR-mediated or indirect, 5-HT2aR-mediated mechanisms, underlie the actions of several

anti-psychotic drugs such as eltoprazine and risperidone.

In I-E connections with a presynaptic rFS IN and a postsynaptic RS PN, 5-HT produced a
suppression in the evoked IPSP amplitude as was found for excitatory connections. The increase in
PPR suggests that this suppression was mediated by activation of presynaptic 5-HT1a/18Rs which
are largely expressed in distinct populations of FS INs in L5/6 of mPFC (Puig, Watakabe et al.
2010, Athilingam, Ben-Shalom et al. 2017) and medial entorhinal cortex. However, a 5-HT3aR
agonist potentiated evoked IPSPs in I-E connections with a presynaptic bFS IN and postsynaptic AS
PN. This effect was in agreement with a previous study (Ferezou, Cauli et al. 2002) which showed
bFS INs response to the 5-HT3aR agonist in different neocortical layers. In addition to the increased
IPSP amplitude, a decrease in PPR, CV and failure rate is indicative of a presynaptic enhancement
of neurotransmitter release. This suggests the existence of a previously not described differential 5-
HT modulation of synaptic transmission at different I-E pairs, i.e., 5-HTia18R mediated
suppression of IPSPs in rFS-RS pairs and 5-HT3aR mediated potentiation in bFS-AS pairs.
However, the detailed mechanism behind the enhanced synaptic neurotransmission by the 5-

HT3aRs are not yet clear.
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